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Abstract

Bisphenols are a group of industrial chemicals increasingly recognized as contaminants of
emerging concern because of their presence in the environment and endocrine disrupting
effects. They are used in the production of polycarbonate plastic, epoxy resins and thermal
paper, in most cases without restriction. The global exception is bisphenol A, which is
banned in infant bottles and is, together with bisphenol S, authorized under European
regulation with a specific migration limit for plastic food contact materials. Bisphenol A is
the most abundant and well-studied of the group, whereas for other bisphenols available
studies do not adequately reflect their occurrence, fate and potential toxicity. This absence
of data is a combination of the lack of awareness of bisphenol A analogues and related
toxicity and validated analytical methods.

In this work, reliable, sensitive and accurate gas and liquid chromatography MS-based
analytical methods for target analysis of 18 bisphenols and suspect and non-target based
analysis of their metabolites/transformation products were developed. These methods were
applied to determine trace amounts of bisphenols in the aqueous environment, which, in
this thesis, includes surface and drinking water, wastewater and aqueous-based food
simulants. With developed methods, their stability, removal efficiency, reaction kinetics,
and the identification of metabolites/transformation products during biological and
photochemical processes were addressed. The migration of bisphenols from food contact
materials, a source of bisphenols to humans and environment, was also investigated, and
their toxicity towards algae and bacteria studied.

The results showed that bisphenols are stable for up to four weeks under experimental
conditions allowing the development of sampling and analytical protocols with assured
stability of tested compounds. All tested bisphenols were present in wastewaters at ng L
levels, their removal efficiency and kinetic depended on the type of treatment, and mostly
followed pseudo-first-order kinetics. Biological, UV photolysis and advance oxidation
processes yielded high removal efficiencies. However, a single treatment did not lead to
complete mineralization, and transformation products were confirmed: three new bisphenol
S metabolites, 11 novel phototransformation products of bisphenol F, S and Z and 11 newly
identified bisphenol F and S biotransformation products. Bisphenols were also shown to
leach from food contact materials into food simulants for different beverages (ng L'—ng L
Y, and it was also shown that the degree of leaching was dependent on migration
conditions. Linings of beverage cans and reusable steel bottles were identified as the source
of bisphenol A and bisphenol F isomers. Moreover, toxicity models of bisphenol A and F
towards algae and bacteria revealed an underestimation of mixture toxicity towards
experimental data.

In summary, the confirmed presence of bisphenols in the aqueous environment
emphasizes the need for new treatment technologies or combinations of the existing ones.
The thesis delivers new insights into the stability of bisphenols during analysis and their
fate during water treatment, addressing not only the parent compounds but also their
metabolites/transformation products. It also provides new knowledge about the migration
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of bisphenols from food contact materials, which represent a significant source of human
exposure.
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Povzetek

Bisfenoli so skupina industrijskih spojin, ki postajajo zaradi svoje prisotnosti v okolju in
endokrinih ué¢inkov prepoznani kot prioritetna organska onesnazevala. Uporabljajo se
predvsem pri izdelavi polikarbonatne plastike, epoksi smol in termi¢nega papirja. Vec¢inoma
je njihova uporaba neregulirana. Izjema je bisfenol A, ki je prepovedan v steklenickah za
dojencke na globalnem nivoju in ima skupaj z bisfenolom S predpisano mejo migracije iz
plasti¢nih materialov v stiku z zivili. Bisfenol A je med bisfenoli najbolj razsirjen in preucen,
medtem ko za ostale bisfenole razpolozljive Studije pomanjkljivo opisujejo pojavnost,
krozenje in strupenost. Pomanjkanje podatkov je predvsem posledica pomanjkljivega
osvesCanja o nadomestkih bisfenola A ter podatkov o njihovi strupenosti in pomanjkanja
validiranih analiznih metod.

V okviru raziskave smo razvili zanesljive, obcutljive in natancne analizne metode na
osnovi plinske in tekocCinske kromatografije sklopljene z masno spektrometrijo za izvajanje
tarénih analiz izbranih bisfenolov in analiz na principu netarcnih postopkov za njihove
presnovne/transformacijske produkte. Metode smo uporabili za dolocanje sledov bisfenolov
v vodnem okolju, ki v okviru predstavljenega doktorskega dela vkljucuje povrsinske, pitne
in odpadne vode ter simulante zivil. Z uporabo razvitih metod smo obravnavali njihovo
stabilnost in udcinkovitost odstranjevanja med cisCenjem vod, kinetiko reakcij ter
identifikacijo presnovnih/transformacijskih produktov med bioloskimi in fotokemijskimi
procesi. Raziskovali smo tudi sproscanje bisfenolov iz materialov v stiku z zivili, ki
predstavljajo pomemben vir cloveske in okoljske izpostavljenosti, in ocenili strupenost
izbranih bisfenolov na alge in bakterije.

Rezultati kazejo, da so bisfenoli stabilni do stiri tedne pod izbranimi pogoji, kar je
omogocilo razvoj postopka vzorcenja in analize z zagotovljeno stabilnostjo preucevanih
spojin. Vsi analizirani bisfenoli so v odpadni vodi prisotni v ng L. U¢inkovitost njihovega
odstranjevanja in vrsta kinetike sta odvisna od tehnologije ¢is¢enja, a v vecini primerov
nakazuje reakcijo psevdo-prvega reda. Z bioloskimi postopki, UV fotolizo in naprednimi
oksidacijskimi postopki ciséenja vod smo dosegli visoko ucinkovitost odstranjevanja
preucevanih bisfenolov. Uporaba samostojnega postopka c¢iS¢enja obic¢ajno ne vodi do
mineralizacije teh spojin, saj smo potrdili nastanek transformacijskih produktov: tri nove
produkte presnove bisfenola S, enajst novih fototransformacijskih produktov bisfenolov F,
S in 7Z ter enajst novih biotransformacijskih produktov bisfenolov F in S. Bisfenoli se prav
tako sprosc¢ajo iz materialov, ki pridejo v stik z zivili v simulante Zivil razliénih pija¢ (ng
L'—pg L), pri cemer je kinetika sproscanja odvisna od migracijskih pogojev. Premazi
ploCevink za pijace in steklenic iz jekla za veckratno uporabo so glavni vir bisfenola A in
izomerov bisfenola F. Modeli strupenosti bisfenola A in F na alge in bakterije so razkrili
podcenjevanje strupenosti mesanic teh spojin glede na eksperimentalne podatke.

Predstavljeno doktorsko delo potrjuje prisotnost bisfenola A in njegovih nadomestkov
v vodnem okolju in poudarja potrebo po novih tehnologijah ¢is¢enja ali kombinacijah ze
poznanih. Ponuja nov vpogled v stabilnost bisfenolov med analizo in njihovo krozenje med
CiS¢enjem vode, pri cCemer ne obravnava le izhodne spojine, temve¢ tudi
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presnovne/transformacijske produkte. Poleg tega ponuja nova znanja o sproscanju snovi iz
materialov v stiku z zivili, ki predstavljajo pomemben vir ¢loveske izpostavljenosti.
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Chapter 1

Introduction

1.1 Background and Application

The rapid growth in the variety and quantity of contaminants of emerging concern (CECs),
such as bisphenols, reported in the environment and wastewaters (WWs), indicates the
necessity for investigating their occurrence and fate. Bisphenols are a class of anthropogenic
chemicals with two hydroxyphenyl groups linked by a hydrocarbon bridge, produced by
the electrophilic addition of aldehydes or ketones, e.g. acetone to aromatic hydroxy
compounds, e.g. phenol in the presence of an acid as catalyst (Figure 1) [1].

OH R,
X 0 H*/cat. X X
2| + /lL | = |/ =
V& R R, HO " N OH
R
Reactant 1 Reactant 2

Figure 1: Synthesis of bisphenols [2].

This synthesis is a well-known electrophilic aromatic substitution. It is selective due to
the high electronic density at the para position on the phenyl ring, which enables large
conversion levels to para-para (p/p) bisphenol products resulting in efficient
polymerizations.

Bisphenol A (BPA) was synthesized in 1891 by chemist Aleksandr Dianin [3] and
reported by Theodor Zincke in Germany in 1905 [4]. However, it was not until 1953 when
Hermann Schnell and Dan Fox discovered its practical application as a monomer in the
production of various polymers, e.g. polycarbonates, epoxy resins, unsaturated polyesters,
and polysulfone resins. The synthesized materials exhibited good thermal stability,
chemical resistance, and excellent mechanical properties, such as optical clarity, shatter-
resistance and high heat-resistance [1], [2]. Commercial and large-scale production of BPA
began in the United States (U.S.) in 1957 and then in Europe a year later [5] leading to its
wide use in various industrial and commercial applications, with BPA being the prototype
compound [2], [6]. Bisphenol A is one of the highly produced chemicals worldwide with an
annual production exceeding 5 million tons [7][8].

The first evidence of BPA toxicity came from experiments on rats carried out by
Edward Charles Dodds in the late 1930s, who discovered its hormonal action [9], [10]. Since
then, its presence in different environmental matrices and food products has aroused the
interest of many scientists [11], but it was not until the early 1990s that the adverse effects
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of low-dose exposure on laboratory animals were first reported [12]. In 1996, the European
Commission classified BPA as “xenobiotic” and harmful to human health due to its
potential action as an endocrine disrupting chemical (EDC), i.e., mimicking, blocking, or
interfering with hormones of the endocrine system [13].

Grave concern over the adverse effects of BPA has had two main consequences: (1) in
science, much effort has gone into researching the environmental occurrence, human
exposure, and the toxicity of BPA [2], and (2) industry has begun the search for BPA
alternatives having the same or even better properties [3]. In contrast, the background
histories of BPA alternatives (Table 1) are less well known. However, recent studies report
their presence, especially bis(4-hydroxyphenyl)methane (bisphenol F, 44BPF), bis(4-
hydroxyphenyl)sulfone (bisphenol S, BPS), 1,1,1,3,3,3-hexafluoro-2,2-bis(4-
hydroxyphenyl)propane  (bisphenol ~AF; BPAF), 2,2-bis(4-hydroxyphenyl)butane
(bisphenol B, BPB) in the environment, foodstuffs, personal care products, and human
biological samples [14].
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Table 1:
Name CAS Structure
HO OH
Bisphenol A\ o5 37 O O
BPA o
Me Me
Bisphenol F Ho OH
(BPF) 620-92-8 =z /|
44BPF 2467-03-0 A
24BPF 2467-02-9 Ty
22BPF
OH
Bisphenol /©/
isphenol S ¢ 10 50 %

BPS

o]
\
\
IOk
HO

HO OH
Bisphenol
AF 1478-61-1
BPAF F
3

C CFy
HO OH
Bisphenol B ) 7 O O
BPB o
Et Me
Bisphenol Z
843-55-0

OH
Q
OH
Me
HO l l OH
BPC Me M

Bispl 1
isphenol C 70.97-0
e

Bisphenol E

BPE 620-92-8

Me Me

Chemical classification and structures of the studied compounds.

IUPAC Name

4,4'-propane-2,2-diyldiphenol

4,4'-methylenediphenol
2,4'-methylenediphenol
2,2'-methylenediphenol

4,4'-sulfonyldiphenol

4,4'-(1,1,1,3,3,3-
hexafluoropropane-2,2-
diyl)diphenol

4,4'-butane-2,2-diyldiphenol

4,4'-cyclohexane-1,1-diyldiphenol

4,4'-ethane-1,1-diyldiphenol

4,4'-propane-2,2-diylbis(2-
methylphenol)

Name

Bisphenol C2
BPC2

Bisphenol AP
BPAP

Bisphenol BP
BPBP

Bisphenol FL
BPFL

Bisphenol PH
BPPH

Bisphenol DM
BPDM

Bisphenol P
BPP

Bisphenol M
BPM

CAS

14868-03-2

1844-01-5

3236-71-3

24038-68-4

5613-46-7

2167-51-3

13595-25-0
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HO

IUPAC Name

4,4'-(2,2-dichloroethene-1,1-
diyl)diphenol

4,4'-(1-phenylethane-1,1-
diyl)diphenol

44
(diphenylmethanediyl)diphenol

4,4'-(9 H-fluorene-9,9-diyl)diphenol

4,4'-propane-2,2-diylbis(2-
phenylphenol)

2,2-bis(3,5-dimethyl-4-
hydroxyphenyl)propane

4-bis(2-(4-hydroxyphenyl)-2-
propyl)benzene

1,3-bis[2-(4-hydroxyphenyl)-2-
propyl|benzene
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Some BPA analogues, namely 44BPF, BPS, BPAF and BPB are found in similar
materials and used in similar applications to BPA, in plastic materials and metal coatings
for (food) containers (e.g. polycarbonate plastic and epoxy resins), as a developer for
thermal paper and as a cross-linking reagent in the production of fluoropolymers and
fluoroelastomers used in food contact materials (FCMs) (Table 2). The European
Chemicals Agency reports the annual production or imports of BPF and BPS up to 10,000
and 100,000 tons in the European Economic Area, respectively, while the annual production
of BPAF is reported to be in the U.S. between 5 to 250 tons from 1986 to 2002 [3]. The
production and usage data of BPA analogues is missing, but the production and the
number of materials that contain BPA analogues are expected to increase globally [15]-

[18].

Table 2: Bisphenols and their application.

Bisphenol Material Application Reference
beverage and food containers, resin
polycarbonates | coatings, infant feeding bottles (banned),
epoxy resins digital and electronic equipment
BPA pPOxy g . . quip ) 19]
polysulfones construction glazing,
polyester resins  sports safety equipment, thermal paper,
medical devices and dental sealants
manufacture lacquers and varnishes, resin
polycarbonates . . .
. coatings and adhesive plastic, dental
44BPF epoxy resins : ) [20]
material, beverage and food containers,
natural sources
mustard
olycarbonates
POty . beverage and food containers, additives in
epoxy resins . .
BPS pesticides, dye agents, leather tanning [21]
polyethersulfone ) )
. agents, fiber improvers, thermal paper
polyester resins
polycarbonates
epoxy resins beverage and food containers, dental
BPAF poxy '8 22]
fluoroelastomer = material
fluoropolymer
olycarbonates
BPB oty beverage and food containers, resin coatings [23]

epoxy resins

At the same time, given their structural similarities to BPA, its analogues are likely to
exert similar endocrine disrupting activity and adverse effects on the reproductive system
of organisms [14], [17]. As for BPA, the endocrine disrupting properties of BPB and 44BPF
were first reported in 1930 [9], but more recently other bisphenols: BPE, BPS, and BPAF,
have been found to also exhibit endocrine disrupting effects (e.g. estrogenic and
antiandrogenic activities) [17], [24]-[26].

The available literature suggests that 44BPF and BPS are the most commonly used
BPA alternatives, but over twenty other bisphenols are known and applied commercially
[16], [27]. However, except for BPA, available data regarding their occurrence and fate in
the environment and humans is limited at best, but studies have shown their presence in
different environmental and biological samples at ng L levels [16], [28]-[30]. Therefore, an
investigation on the occurrence, fate, and transformation of such highly potent species
(Table 1) in the environment is warranted.
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1.1.1 Legislation

The potential concern over BPA began in the early 1980s in the U.S. [10] and accordingly,
research interest in the study of synthetic and environmental estrogens started to increase
[10]. The recognition of BPA in 1988 by the U.S. Environmental Protection Agency (U.S.
EPA) [31] as a weak estrogenic chemical led to restrictions on its use in the early 1990s [3].
Knowing that a primary route for human exposure to bisphenols is through ingestion of
food and drinks [16], the first Tolerable Daily Intake (TDI) of 0.05 mg/kg bw/day for BPA
was established in 1993 [32]. Thus, the Food and Drug Administration (FDA) and the
European Food Safety Authority (EFSA) continued to issue a BPA safety evaluation for
FCMs [33]. In 2006, EFSA adopted the same TDI, and the FDA followed by releasing a
document entitled “Draft Assessment of Bisphenol A for Use in Food Contact
Applications” in 2008. While EFSA and the FDA continued to review additional studies,
Canada was the first country to regulate BPA by banning its use in baby bottles in 2008
[34]. Later, in 2011, the European Commission assembled a list of substances used in the
production of plastic FCMs requiring regulation (EU Regulation 10/2011) including BPA
and BPS [35].

In the European Union (EU), the use of BPA was prohibited in the production of baby
bottles in 2011, and set specific migration limits (SML) of 0.6, and 0.05 mg kg” from a
material or article into food or food simulants for BPA and BPS, respectively [35].
Individual EU Member States have introduced further national bans on the use of BPA in
FCMs and coatings [36]. An example is France, where, since 2015, the use of BPA has been
prohibited in all packaging intended to come into direct contact with food [37]. In the same
year, EFSA decided to perform a comprehensive review of BPA exposure and toxicity
taking into consideration non-dietary sources and after a full re-evaluation reduced the
TDI to 4 mg/kg bw/day [38]. This TDI is, however, only temporary (t-TDI), and in 2018,
EFSA set up a working group to evaluate recent toxicology data in order to publish an
updated assessment. The report is scheduled for 2020 [39], but the task is yet to be finalized.
Also in 2018, the European Commission amended Regulation (EU) No 10/2011 lowering
the SML for BPA from plastic FCMs to 0.05 mg/kg and additionally the same SML was
applied to varnishes and coatings [40]. Although the World Health Organization (WHO)
indicated that currently there is no evidence of risks to health concerning BPA in drinking
water, which is a minor source of exposure, the benchmark value for BPA (0.01 pg L) was
included in the Drinking Water Directive based on the precautionary principle [41].

Migration from FCMs also contributes to the release of bisphenols in the environment,
and WW effluents are recognized as the main point source [42]. Bisphenol A is not regulated
in WWs. However, besides legislation covering food and FCMs, each member state adopts
active EU regulations for its monitoring. For example, for Slovenia, the umbrella “Decree
on the emission of substances and heat when discharging WW into surface waters and the
public sewage system” [43] (see Attachment 2) defines discharge limit values for BPA when
it is directly or indirectly discharged to surface water (0.16 mg L) or municipal wastewater
(0.16 mg L") [43]. This decree also has a subset of decrees regulating different (e.g.,
municipal and industrial) WWs and as reported above, mainly concerns industrial WWs.
Since WW effluents are the main inflow of pollutants including bisphenols into inland
surface waters, the Water Framework Directive (WFD) introduced a holistic approach to
the management of water quality, which requires the protection and improvement of all
aspects of the water environment including rivers, lakes, estuaries, and coastal waters. The
WFD in 2000 [44] established a list of 45 priority compounds for which environmental
quality standards (EQS) in surface waters have been set. In 2008 [45], the WFD added a
further 17 compounds to the Watch list, including BPA. The latter has not yet assigned a
guideline value, but as a possible future environmental quality standard (EQS), a
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benchmark value of 0.01 pg L' is proposed. In Slovenia, the “Decree on surface water
status” defines the annual average-EQS of specific pollutants for inland surface waters [46].
The decree includes BPA and assumes a risk for aquatic organisms if the environmental
concentration of BPA exceeds its EQS of 1.6 ug L. It is possible that in the future, also
the inclusion of selected BPA alternatives will follow if sufficient evidence of their
occurrence and effects will be shown.

1.2 Bisphenol Residues in Surface Water, Drinking Water
and Wastewater

Concern over BPA and its replacement by BPA analogues and their potential toxicity has
led to increasing interest in studying their occurrence and cycling in the aqueous
environment, which in this study includes, apart from the surface and drinking water, also
WW.

1.2.1 Sources and exposure pathways

Human exposure to bisphenols occurs primarily through oral ingestion and dietary sources,
e.g., dental composite, canned and plastic FCMs, tap water and fresh foods, as well as
through inhalation (dust, indoor/outdoor air) and dermal routes (cosmetics, thermal paper)
[16], [47]. Upon oral ingestion, bisphenols are almost completely excreted via urine in
conjugated (glucuronide and sulfate) forms within 24 h, while for example, the excretion
upon dermal absorption is slower, resulting in incomplete conjugation [47], [48]. Figure 2
shows the potential pathways of bisphenols, their metabolites, and TPs into the
environment. Once excreted, they end up in household WW that enters the sewerage
system, connected to a municipal wastewater treatment plant (WWTP). If they are not
entirely removed during WW treatment, residues will enter surface waters and potentially
reach groundwater and drinking water. Thus, WW effluents from municipal or industrial
WWTPs are major sources of bisphenols in the environment. Other potential sources are
also industrial discharges, runoff and landfill leachate.
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Figure 2: The exposure pathways of bisphenols in the environment modified from Petrovic
et al., 2003 [49].

1.2.2 Fate and behavior

The fate and behavior (e.g., transport, bioavailability, distribution, and transformation)
into various environmental compartments (e.g., water, air, soil, and biota) of a compound
are governed by its chemical structure and physico-chemical properties. These include
water solubility, dissociation constant (pK.), n-octanol-water partition coefficient (Koy),
organic carbon partition coefficient (K..), air-water partition coefficient (K.y), Henry’s
coefficient (Ku), bioconcentration factor (BCF), and bioaccumulation factor (BAF). The
experimentally determined data on these parameters for bisphenol analogues are still
limited, but can be to some extent predicted from their chemical structures and calculations
using different approaches, such as the U.S. EPA Estimation Program Interface (EPI)
Suite (Table 3) [15].

The solubility of bisphenols (120-1100 mg L) in water is higher than their typical
environmental concentrations [50]; hence, it does not limit their occurrence in aquatic
compartments. Based on their estimated pK, values (between 7.6—10.3), most bisphenols
in environmental waters (pH = 5-9) are in their neutral and partially dissociated forms
[16]. The low/moderate water solubility, high melting points and low Ky (Ky = 1.0 x 10°
-1.0 x 10") and K. (logK.w < -5) values are also typical for bisphenols; thus, the
proportion of bisphenols in the gas phase is expected to be negligible [51]. Sorption of a
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compound to organic matter is defined by the Ko and the Ko (Table 3) [48]. Bisphenols
with logKew < 4, (BPA, BPB, BPF isomers, BPE, BPC2, and BPS), will be mostly present
in the water phase, while bisphenols with logK., = 4-7 (BPBP, BPP, BPZ, BPM, BPC,
and BPPH) are more likely to be in soils and sediments and have the potential to
accumulate in fat tissues of living organisms [15], [16]. The experimental or calculated data
on bisphenol K, are, to the best of our knowledge, not available for all bisphenols. The
only logK.. of 4.7, 4.6, 3.8, 3.7 and 3.5 mL g for 44BPF, BPAP, BPA, BPAF, and BPS,
respectively, were experimentally established by Jin et al. [52] and imply that sediment
and soil are important sinks for bisphenols. In addition, the potential accumulation of
bisphenols in aquatic organisms can be predicted from their calculated BCF and BAF
values [53]. These factors are similar for most bisphenols and range from 3.5-640 L kg™,
which suggests a low potential for bioconcentration in aquatic organisms. Indeed, according
to the European Union Registration, Evaluation and Authorization of Chemicals (REACH)
regulation, only BPM and BPP are considered bioaccumulative based on their calculated
BCF and BAF values, i.e., 2000 and 1000 L kg, respectively [15]. Bisphenols, based on
their predicted half-lives, are more persistent in sediments (135-1621 days) than in soil
(30-360 days), and water (15-180 days) [15]. Overall, the physico-chemical properties of
the bisphenols (Table 3) imply there is a higher tendency for them to partition in sediments
and soil than in the aqueous phase, but their trace concentrations show they are also
present in aqueous matrices as well. The exception is BPS that is more likely to be in the
aqueous phase on account of its unique structure, which is more rigid and contains polar
SO, groups. This fact also explains its higher temperature and light stability [19].
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Physico-chemical
properties
Bisphenol

BPA
44BPF**
BPS
BPAF
BPB
BPZ
BPE
BPC
BPCII
BPAP
BPBP
BPFL
BPPH
BPDM
BPP
BPM

Reference

MW

[g mol]

228.3
200.2
250.3
336.2
242.3
268.4
214.3
256.3
281.1
290.4
3524
350.1
380.48
284.2
346.5
346.5

pKa

10.29
9.91
7.64
8.74

10.27
9.97
10.1

10.22

10.31

[15}7
[54]

Table 3: Physical and chemical properties.

Solubility
in water
[mg L]

120- 300
190- 360
1000- 1100
22
44
14
99
26

13

0.59

[26], [50],
[51]

logKow"

3.43
3.06
1.65
4.47
4.13
)
3.19
4.74
3.75
4.86
6.08

7.17

6.25
6.55
[15],

[16], [54]

logK.."

-9.43
-9.55
-12.96
-7.63
-10.64
-9.41
-10.55
-11.86
-9.34
-10.64
-9.3

-11.66

-10.23
-10.23

[16]

*Calculated physico-chemical properties of bisphenol analogues based on EPI Suite 4.1.

logKo.

3.8

3.5
3.7

4.7

4.6

[52]

K+
[(atm m?)
mol]
5.34x107"
1.22x10°¢
7.8x1071
3.38x107°
2.2x1077
2.2x1078
3.53x10°6
1.24x107¢

1.33x107°

3.21x10°1

[55]

Water
38
15
15

180
38
38
15
38
38
38
38

38

60
60

**The structural similarity between isomers of BPF is also suggesting to share similar physico-chemical properties [54].

Half-live*
[day]
Soil = Sediment
75 338
30 135
30 135
360 1621
75 338
75 338
30 135
75 338
75 338
75 338
75 338
75 338
120 542
120 542
[15]

BCF"
L kg

172.7
28.02
3.535
639.3
170.2
271.4
45.61
112.6
227.5
249.7
385.1

192.8

1970
1970

BAF"
L kg

172.8
28.02
3.353
643
170.3
272.1
45.61
112.6
227.6
250.1
416.4

585.9

9097
9097
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1.2.3 Occurrence

The presence of bisphenols in the environment is governed by their physico-chemical
parameters, the quantities produced, the metabolism and elimination from the human body
and their removal during WWT, which represents the primary point source to the
environment. Their physico-chemical properties (Table 3) vary and imply their occurrence
in sediments and soils as well as in aquatic compartments, e.g. surface water, groundwater,
and drinking water. Compared to BPA, which can reach hundreds of ng to pg per liter in
the treated effluent [56], there is only limited data on BPA analogues. A particular gap
exists concerning the occurrence of bisphenols in European countries [3]. So far, only a few
studies report the occurrence of BPA analogues in different environments, e.g. samples of
sediments, soil, surface water, dust, WWs, aquatic organisms, drinking water, different
kind of foods and beverages, food simulants, paper, and human urine and blood [15], [42],
[57]-[65]. Although their reported concentrations are generally several times lower (ng L)
than those of BPA, the confirmed presence of 44BPF, BPS, BPAF, BPE, BPP, and BPB
in different environmental compartments [52], [66], [67] makes their monitoring essential.

1.2.3.1 Surface and drinking water

The occurrence data of bisphenols in surface waters (rivers, freshwater lakes, urban rainfall-
runoff) and drinking water (source and drinking water) are given in Table 4. This thesis is
limited to those studies where bisphenols are the focus and excludes those studies that
investigate only BPA. The literature shows that BPA is the dominant bisphenol in the
aquatic environment with a maximum reported concentration of 14,800 ng L [68] and has
the highest frequency of detection. The data show (Table 4) that levels of 44BPF, BPS,
and BPAF in surface water are similar to, or even exceed, those of BPA (<0.01-65,600,
<0.002-246, and <0.01-28 ng L', respectively). Repeated sampling of Lake Taihu in China
[52], [69] showed an increase in the concentrations of bisphenols, including BPA of one
order of magnitude and 44BPF and BPS of two orders of magnitude over a three-year
period (2013-2016), with 44BPF becoming the predominant bisphenol. The bulk of the
studies come from Asia (e.g. China, Japan, South Korea, and India), most notably from
China and from solely two European countries (Slovenia and Croatia) and none from the
U.S. (Table 4). Given this evident lack of data regarding the concentration of the bisphenols
in seawater, groundwater, and tap water, as well as being aware of how sampling technique
and sampling time and rate together with the analytical methodology affect the results,
reliable data for bisphenols in the aqueous environment have yet to be gathered.
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Location

China

China
South
Korea
Japan
India

China

China

China

China
China

Slovenia
China
China

Slovenia,
Croatia

India
China
China

China

Sample
BPA

2.84-3.47

<1.9-2850

14.7-24.8

<(0.5-10)-1600

surface

26-720
water

<(0.30-12)-474

63.7

0.05-36.7
<1.04

38.3-14,800
0.24-255

drinking <05-12.6

water <0.5-0.9

n.d.: not detected (no LOD available)

44BPF

0.28-67

<5.0-7200

0.28-67

<(0.5-10)-
1600

4.1-160
9.9-65,600

0.52-36.2
0.18-14.9

0.08-293
1.68-35.2
<16.7-209
0.07-131
<0.01-5.2

<0.01-1.6

Table 4: The occurrence of bisphenols in surface and drinking water.

BPS

0.90-
245.69

n.d.

0.31-11
0.7-84

110-140

<0.58

0.05-
9.49
6.45-
6.45
<16.7-
341
<0.06-
6.59
<0.002-
10.8
<0.002-
4.7

BPAF

<0.11

n.d.

<0.11
< 0.078

<(0.5-
10)-28

18-46

<0.08

<0.01-
14.3

<0.01-
3.2

BPB

n.d.

<0.026-
0.70

<(0.5-
10)-45

17

<0.13

0.25-
9.11

n.d.

<0.04-
1.09

<0.01

<0.01

Concentration range [ng L]

BPZ

<0.01

<0.13-
2.69
<0.02-
6.2
<0.02-
0.6

BPE

n.d.

0.01-
0.08

1.0-56

1.6-
2.9

<0.23

0.54-
0.90

n.d.

<0.02

<0.02

BPAP

n.d.

<0.09

n.d.

<0.13-
1.93

<0.02

<0.02

BPP

<0.062

<0.005

<0.005

BPC

<0.05-
0.069

BPFL

22BPF

BPC2

<0.23

<0.61-
0.43

<0.06

<0.06

BPBP

<0.09.

<0.04-
1.03

<0.004

<0.004

BPPH

2.84-
3.47

<1.9-
2850

14.7-
24.8

<(0.5-
10)-
1600

26-720

<0.30-
12-474

63.7

0.05-
36.7

<0.09

n.d.

0.24-
255
<0.02-
12.6
<0.02-
0.9

11

Reference

(23]

[70]

(71]
[52]
(69]
(72]
(73]
[74]

[75]

[76]
[77]
(68]

(78]

[79]
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1.2.3.2 Wastewater

Bisphenols can reach WWTPs through the sewer system, and like most organic
micropollutants, they enter the environment mainly via WW discharge [64]. A review by
Hu et al. [3] reports numerous studies, which show the presence of BPA in WWs and sludge
at concentrations ranging from ng L'-mg L' and pg kg'-mg kg!, whereas, again, there is
only limited information available on the global occurrence and fate of BPA analogues in
WWs [57]. In Table 5, the available studies addressing the presence of BPA analogues in
WW influents and effluents are presented. The data show that the levels of BPA in WWs
are generally one or two orders of magnitude higher than other BPA analogues and that
44BPF and BPS are the most frequently detected BPA analogues at concentrations
between 0.6-1170 and <0.32-427 ng L' in influent and effluent, respectively, followed by
BPAF, BPB, and BPE (Table 5). Furthermore, deviation regarding the quality of sampling
and analysis, source and WWTP type and provided results, either as a concentration range
(e.g., 8.65-292 ng L!), median (e.g., 58.9 ng L) or average concentration (e.g., 3.39 ng L),
hinders the comparability of such data, not only on the global scale but already at the
regional level.

Few studies show mnoticeable seasonal, spatial, temporal and source variations
responsible for the discrepancies in bisphenol concentrations in WWTPs [3], [57], [74].
These fluctuations in influent are due to different WW sources as confirmed by Sun et al.
[57], while smaller fluctuations observed in WW effluents likely result from different WWT
technologies [3].
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Location

China

South
Korea*

India

New
York
State,
USA

Slovenia

Croatia

Sample

wastewater
influent

wastewater
effluent

wastewater
effluent

wastewater
influent

wastewater
effluent

wastewater
influent

wastewater
influent

wastewater

effluent

wastewater
effluent

BPA

1318;

189-
20,400

117;
16.2-1,100

93.0-1100
60.5;
184.5-20.1

5.2;
1.1-14.2

654;
36.8-8,990

71.6;
<30-8500

39.1;
<30-3380

58.7
540/177

Table 5: The occurrence of bisphenols in WWTP influent or effluent.

44BPF 22BPF
50;

<1.16- -
166

<1.16;

<1.16- -
35.4

8.65-292 -

10.4;
2.9-27.6

0.6;
n.d.-2.1
81.5;
<16.7- -
333
90.2;
<100- -
1170
64.9;
<100-325

3.39 5.04
3.77/3.77 | 27.1/35.6

1690/2340 71.2/58.9 @ 15.4/15.4
n.d. not detected (no LOD available). * g day" WWTP..

Mean/median concentration or range ng L]

BPS
48;
<0.43-
746
<0.43;
<0.43-
3.70

8.93-95.3

14.7,
6.7-32.3

2.4;
n.d.-4.3

78.3;
<16.7-
438

29.4;
<20-707

25.5;
<20-427

28
<0.32
316,404

BPAF

0.282;
<0.04-1.02

0.714;
<0.04-16.6

0.003-0.02

1.1;
n.d.-2.8

n.d.

n.d.

2.24
0.037/0.042
2.43/58.9

BPB

<0.55

2.5;
0.6-5.5

0.6;
n.d.-0.6

n.d.

<0.23
<0.23
27.1/27.1

BPZ

<1.73

0.07

0.6:
n.d.-
3.2

n.d.

n.d.

BPE
3.7;
<1.32-
97.6
3.64;
<1.32-
75.2

<0.21
<0.21
476476

BPAP BPP
0.001-
0.01 0.005
0.3; n7’§;_
n.d.-1.7 96.6
0.8;
ndo 428
n.d. n.d.

BPC

13

Reference

(57]

(80]

(81]

(68]

(64]

(74]

[77]
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According to Table 5, the performance of the WWTP plays an important role in
reducing the potential risk of bisphenols in the environment. In this regard, the capacity
of different WWTP to remove bisphenols, or any other WW contaminants, is often based
on the aqueous phase removal percentage, calculated as follows:

Removal ef ficiency [%] = (cinf - ceff) X 100/cpny Equation 1

where cs and cime are WW  effluent concentration and WW influent concentration,
respectively.

Biological treatment is among other treatment technologies considered to play a key
role in reducing the levels of CECs in WWs [57] including BPA by obtaining > 90%
removal efficiencies [82]. Nevertheless, BPA is commonly reported in treated effluents
which are discharged into the environment. The pathway by which BPA analogues enter
the environment will be similar because of their structural similarities to BPA [42].
However, variations regarding their occurrence in the effluent may result from them being
either less susceptible to degradation compared to BPA, e.g. BPAF and BPE, or more
biodegradable, e.g. BPAP, BPP and 44BPF [83]. Importantly, even though the removal
efficiencies of CECs are high, they can still be released in sufficient amounts into the
environment, especially when present in high influent concentrations. Equally, their poor
removal efficiencies, although with lower influent concentrations, mean that BPA
analogues could still be released into the environment. Accordingly, the occurrence and
fate of bisphenols, especially BPA analogues, in WW'TPs have to be explored to understand
their potential environmental risks.

1.2.4 Adverse effects

One of the parameters used to describe the toxicity of compounds are the median effective
concentration (ECs) that produces a specific effect in 50% of test organisms and the lethal
concentration (LCs) that causes 50% death of the tested population [84]. Studies have
shown that BPA analogues can have toxic effects, namely endocrine disruption,
cytotoxicity, genotoxicity, reproductive toxicity, dioxin-like effects, and neurotoxicity [14],
[15].

One of the most researched toxic effects, e.g. endocrine disruption, has only recently
been addressed regarding bisphenol alternatives including BPS, 44BPF, and BPAF [14]. In
general, available data is from in vitro studies [85], which suggest that they interact with
physiological receptors [17], such as estrogen o and B, androgenic, glucocorticoid, aryl
hydrocarbon receptors and thyroid hormone receptors [14]. Recent literature reviews by
Chen et al. [15] and Wang et al. [83] showed that 44BPF, BPS, BPAF, BPB, BPZ, BPC,
BPP, BPAP, and BPE exhibit estrogenic and antiandrogenic effects similar or even greater
than that of BPA. Based on the maximum estrogenic potencies reported (7.8 x 10" — 7.74
x 107), the most estrogenic bisphenol was BPAF followed by BPB > BPZ > BPA > BPC
> BPP > BPAP > 44BPF > BPE > BPS. Moreman and co-workers [85] demonstrated
an estrogen receptor-dependent mechanism in zebrafish embryo-larvae. Their ranking
orders for toxicity and teratogenic effect were BPAF (1.6 mg L) > BPA (12 mg L") >
44BPF (32 mg L'') > BPS (199 mg L") and estrogenicity BPAF (0.01-0.1 mg L'') > BPA
= 44BPF (0.1-1 mg L") > BPS (550 mg L"), respectively. Similar estrogenic and
antiandrogenic effects of 44BPF and BPS as BPA at higher concentrations than BPA were
also observed by Park et al. [86]. Moreover, BPA, 44BPF and BPS mixture had increased
endocrine-disrupting activity at lower concentrations compared to that of a single
bisphenol. This increase demonstrates a synergistic effect, namely that inactive
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concentrations of a single bisphenol can be harmful when mixed. Thus, it is necessary to
consider the effects of mixtures when assessing endocrine disruption since organisms are
exposed to mixtures of chemicals, rather than single ones. Besides BPAF, BPB also exerts
a higher estrogenic activity than BPA via a non-genomic G-protein [87].

Generally, BPS seems to be less estrogenic and antiandrogenic than BPA but has a
larger effect on 17a-hydroxyprogesterone [88]. Additionally, Stossi et al. [89] also report
antiestrogenic and androgenic activities for BPAF, BPAP, BPB, BPC, and BPZ, which
exhibited higher affinity for estrogen  than for a and acted as estrogen B antagonists with
one order of magnitude lower ECs, compared to BPA. Limited studies also revealed greater
or similar genotoxicity of some analogues. However, since the information of effects other
than estrogenic is even more scarce, the data comparison between in vitro studies is difficult
to interpret as the metabolic capabilities for most cell-based assay systems can vary
according to tissue or species type [15], [85]. However, it was shown that 44BPF, BPS and
BPAF enhanced the formation of reactive oxygen species damaging lipids and proteins [8],
[62], 44BPF and BPS induce significant DNA damage in HepG2 cells, and BPS was
observed to affect gene expression related to fetal development [84], [90]. However, only
BPA affected genes related to the immune system [91]. Tisler et al. [26] demonstrated the
higher toxicity of BPAF to Daphnia magna, Danio rerio, Desmodesmus subspicatus
compared to BPA and 44BPF. In most cases, BPA was more toxic to these aquatic
organisms compared to 44BPF, but the pigmentation of zebrafish embryos and
reproduction of water fleas Daphnia magna after test exposure to 44BPF were much more
impaired.

Bisphenols can bind to multiple nuclear receptors (androgen, glucocorticoid, and
thyroid hormone receptors) also in the human body. Recent animal studies have shown the
potential of some BPA analogues, e.g., BPS, BPF and BPAF to induce a similar
neurobehavioral disruption as BPA [14], [92]. The human metabolism of bisphenols can
also provide an insight into the fate and effects of possibly formed metabolites in the
environment [93]. Despite human metabolism of BPA [22], [94], only a few studies have
used in wvitro and in silico experiments to provide relevant information regarding other
bisphenols [22], [95]. Conjugation with glucuronic acid or sulfate is generally regarded as
the main detoxification pathway for most bisphenols. However, based only on their
structural similarity, it cannot be assumed that their metabolism is interchangeable [22].
Limited studies evaluate the formation of phase I and phase II metabolites of BPF, BPS
and BPAF and apart from glucuronide, and sulfate conjugates oxidative metabolites,
dimers and glutathione adducts, were elucidated [22], [96], [97]. In contrast to conjugated
metabolites, enhanced endocrine activities were presented for several oxidative metabolites
[22]. Recently, it was shown that co-exposures exhibit significant inhibitory effects on BPA
metabolism, demonstrating the underestimated risks of simultaneous exposure to
environmental toxicants [97]. Thus, there is a vast knowledge gap in the elucidation of
metabolites to investigate, not only the effects of co-exposure to the bisphenol mixture, but
also the effects of their interaction with their metabolites.

A common approach for the assessment of the impact on the ecosystem, when being
affected by one or more environmental stressors, is the calculation of risk quotient (RQ),
accepted and adopted in the development of environmental risk assessment guidelines [98].
Herein, the RQ is calculated as the ratio of the measured or predicted environmental
concentrations (MEC or PEC) to the appropriate threshold value or predicted no-effect
concentration (PNEC), which can be delivered as the ratio of toxicological endpoint data
(L(E)Cs or no observed EC (NOEC)) to the assessment factor (AF) [99], [100]. In general,
the RQ > 1, corresponds to high risk, 0.1 < RQ > 1 to medium risk and to low, when RQ
is < 0.1 [100]. Thus, a recent review by Lie et al. [18] evaluates the ecological risk based
on the calculated RQ using the available data from Table 4. The ecological risk of BPA
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and BPS from surface waters in China, Japan, South Korea and India is reported to be
low or medium, while the risk associated with 44BPF from China, Japan and South Korea
is reported to be relatively high.

Overall, little is known about the toxicity of other BPA analogues and the toxicity of
bisphenol metabolites and TPs. Accordingly, studies are needed to elucidate their
environmental occurrence, sources and pathways of environmental and human exposure
[86]. There is also a need for epidemiological and in vitro studies addressing the toxicity of
bisphenol mixtures (co-exposure) and their TPs formed during environmental or metabolic
processes instead of considering only the single parent compounds [14]. Exposure to
mixtures of bisphenol residues and other environmental contaminants is needed. These
missing pieces of information regarding the toxic effects of bisphenols could prevent the
underestimation of the actual risk posed by bisphenols [16].

1.3 Bisphenols in Water Treatment Systems

1.3.1 Treatment technologies for the removal of bisphenols

Research dealing with the development of effective water technologies to remove a specific
chemical, pathogens, or a group of chemicals has increased in the last decades due to
stringent water quality control and regulations [101]. Various WWT processes are capable
of removing such contaminants while producing environmentally safe, treated WW effluent
[6]. A traditional WWTP is usually comprised of physical and biological processes,
including preliminary, primary, secondary, and occasionally a tertiary step. Wastewater
can be treated using different processes and operations within a single step according to its
source, type, flow, characteristics, and intended usage [102]. Preliminary WW treatment
mechanically eliminates the coarse solids by rakes and sieves. The WW enters the primary
treatment, where smaller particles are physically removed by sedimentation [102].
Afterwards, WW reaches the secondary level, which typically involves biological treatment
using suspended (conventional) activated sludge [82]. This process is designed to
degrade/transform or preferably mineralize organic substances and nutrients (organic
matter, nitrogen, and phosphorus) by the involvement of two main mechanisms: biological
degradation and ad(b)sorption [83]. The prevalence of a particular mechanism depends on
the WWTP performance and characteristic (e.g., size, configuration), and especially on the
compound’s physico-chemical properties, namely for compounds with logK., < 4.0
biodegradation is expected to be the primary elimination mechanism, while a greater
tendency for ad(b)sorption is expressed in the case of compounds with logK., > 4.0 [6],
[80].

Although biological methods can efficiently remove numerous pollutants and are by far
the most widely used WWT technology, they cannot mineralize all organic compounds
including BPA analogues, e.g. BPAF and BPS [19], [103], [104]. Thus, the possible release
of such compounds into the environment is implying the desire for the technical and
operational solutions that could improve purification [102], [105] by upgrading existing
conventional biological treatment [106] as well as by developing new treatment
technologies. Recently, advanced oxidation processes (AOPs) have shown promise for
removing persistent compounds, including bisphenols [107], albeit data on their fate and
removal during different WW and water treatment technologies and the possibility for such
technologies to be scaled-up are scarce. Also, besides parent compounds, their TPs formed
during water treatment should be addressed since the possibility to be more toxic compared
to parent compounds cannot be excluded [15].



1.3. Bisphenols in Water Treatment Systems 17

1.3.1.1 Biological treatment

The most commonly applied conventional activated sludge process is a continuous or semi-
continuous aerobic treatment, where WW is subject to microbial degradation and
undergoes nitrification. Its performance and characteristics are evaluated by monitoring
standard WW parameters including pH, temperature, RedOx potential, hydraulic retention
time (HRT), suspended retention time (SRT), total nitrogen (nitrate (NOs-N), nitrite
(NOs-N) and ammonia (NH4N), total phosphorus, chemical oxygen demand (COD),
biological oxygen demand (BOD), and suspended solids (the type of microorganism, food-
to-microorganisms ratio) [102]. Alternative biological treatment technologies include, e.g.,
trickling filter or biological aerated filter processes, where biomass is attached to media in
a packed tower or on special carriers, and membrane bioreactors or hybrid mechanisms
[108], [109]. Despite their simplicity (e.g., smaller space demand) and low energy input
(e.g., lower hydraulic retention time), these treatment technologies offer high removal
efficiencies for specific compounds, including BPA when compared to suspended biomass
due to their higher biomass retaining period, higher active biomass concentration, as well
as low sludge production [110][78], [79)].

The literature describing the removal of BPA analogues (%) from the aqueous phase
(Eq. 1) during biological treatment is presented in Table 6 and demonstrates a lack of
data, with temporal and spatial variations, as well as different sampling methods, and
treatment type. These differences make it challenging to compare removal efficiencies
between different treatment technologies and between individual bisphenols. The
calculated average removals based on activated sludge processes vary greatly and
demonstrate a discrepancy between different full-scale studies at the real municipal or
industrial WWTPs as well as at different scales (full- or lab-scale) studies (Table 6).
However, the highest removal during biological treatment at WWTPs was observed for
BPAP, BPP, and BPZ, followed by BPA, 44BPF, BPS, and BPB, and the lowest for
BPAF and BPE. The negative values of calculated removals for BPAF and BPE suggested
that these bisphenols are the two most recalcitrant BPA analogues [111]. The possible
explanation for significantly lower removal efficiencies of BPA, 44BPF and BPS observed
by Xue et al. [64], when compared to other studies, could be in the poor performance of
the WWTP rather than in the treatment type. Generally, higher removal efficiencies were
obtained in lab-scale experiments, while showing the characteristic of the bacteria to
degrade specific bisphenols preferably, i.e. Bacillus amyloliquefaciens prefer to degrade
44BPF rather than BPA. At the same time, the contrary was observed for Sphingomonas
species. According to Huang et al. [112], removal efficiency is enhanced when exposing BPS
to the microbial community instead of isolated bacteria. In addition, lab-scale experiments
suggest that the removal efficiency of bisphenols decreases with increasing initial
concentrations [104], [113].

Investigations of the BPA analogue biodegradability during WW treatment conducted
at WWTP or on the lab-scale, and especially pilot-scale experiments, are limited.
Additionally, these investigations address only a single compound at the non-environmental
concentrations or isolated organisms. Thus, there is an urgent need for studies that would
more realistically reflect actual treatment conditions. There has also been no study
concerning the removal of BPA analogues using an advanced biological treatment, such as
attached growth biomass.
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Table 6: Removal efficiency of bisphenols.
Type of WWTP Removal efficiency
Sampling type Reference
Full (number) BPA 44BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC
ull-
scale at composite industrial ) ) ) ) ) ) )
the real (0-24 h, 7 days) municipal (n=7) e o4 99 153 86 57
WWTP grab municipal (n=5) 72 95 83 100 69 100 - 100 95 - [81]
composite . . . ) ) ) ) . .
(0-24 b, 7 days) municipal (n=2) 23 28 13 [64]
Organism/Type of Testing time / Removal efficiency
. 1 Reference
matrix Ci [mg L) BPA 44BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC
Bacillus
amyloliquefaciens/activ 24 h / 10—-250 7 69 - - - n.r 7 - - 95 [113]
ated sludge
Sphingomonas sp. 15 min / 0.278—
NP5 /activated sludge 0.680 t 100 m i i 59 07 i i 15 (114
microbial
Lab- community/activated 8 days / 50 - - 100 - - - - - - - [112]
scale sludge
laccase/fungi-
immobilized on 100 100 - - 100 - - - - -
polyacry}lomtrﬂe btlsads 90 min / 200-250 [115]
tyrosinase/fungi-
immobilized on 92 94 - - 93 - - - - -
polyacrylonitrile beads
laccase/fungi- 24h / 2-50 98 96 47 - . - . . - . [104]

immobilized on spongin

n.r.: not reported
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1.3.1.2 Advanced oxidation processes

Advanced oxidation processes have mostly been used to disinfect drinking water rather
than treat complex matrices like WW and landfill leachates due to cost [116]. They are
effective treatment technologies due to their in-situ generation of highly reactive oxygen
species (ROS) [117] [107]. However, the same studies also highlight their potential as pre-
or tertiary WW treatments [56]. Although AOPs comprise a range of different strategies,
they are characterized by the production of hydroxyl radicals ("OH). The most researched
AOPs include homogeneous and heterogeneous photochemical reactions, heterogeneous
photocatalysis and other reactions generating ‘OH, based on ozone (Os), hydrogen peroxide
(H205), titanium dioxide (TiO), Fenton reagent, UV irradiation or cavitation [118], [119].
Among the other oxidants like O3, HoOs and KMnQOy, these types of radicals are the most
oxidizing species (oxidation potential=2.8 V) that can readily and non-selectively attack
organic compounds, preferably resulting in their complete mineralization [56].

UV photolysis is a very effective and widely applied process used in advanced water
treatment technologies for disinfection of groundwater and drinking water [116]. It involves
the source of artificial light and is classified into direct and indirect photolysis [120]. In
both cases, low-pressure mercury lamps emitting light at 254 nm are the most commonly
used UV sources [116]. In direct photolysis, the target compound itself absorbs photons
resulting in structural changes, which preferentially leads to its complete mineralization.
Thus, the removal of contaminants in such treatment highly depends on the structural
characteristics of the compound, requiring the presence of functional groups responsible for
photoactivity (e.g. aromatic rings, heteroatoms, and double bonds). In indirect photolysis,
the structural degradation of contaminants is facilitated by other sensitizing species, which
absorb radiation to reach an excited state and generate ROS [120]. UV photolysis alone is
not an AOP; however, since many AOPs involve UV irradiation as an important step in
the synthesis of 'OH that leads to more efficient treatment technology compared to the
same operation in the absence of irradiation, we included this process in this paragraph
[121]. This phenomenon was already confirmed in studies of BPA elimination from aqueous
solutions and only recently in the case of the elimination of 44BPF, BPS, BPAF, BPB,
BPE, and BPP (Table 7). In addition, the photolysis of BPA analogues was studied by
Cao et al. [21] who reported increased and more rapid degradation when exposing BPS to
UV radiation lamp (A = 254 nm) compared to a metal halide lamp (A > 314 nm). The
reason is that BPS absorbs almost no light at wavelengths above 320 nm [122].

The combined action of UV irradiation and an oxidant (ozone, hydrogen peroxide, and
halogens) or catalyst (Fenton, cyclodextrin, and humic acid), is carried out in homogenous
phases. Among various combinations of these methods (UV/H>0,, UV /O3, UV/H>0,/0s,
H,0,/03, photo-assisted Fenton reaction), UV /H,0, is the most commonly applied for the
degradation of EDCs including BPA [121]. These combinations, as well as the majority of
AOPs discussed, have not been investigated regarding BPA analogues.

The photolysis of O3, H,O, or Fenton reagent enhances the formation of "‘OH according
to the following reactions [123], [124]:

05 + Hy0 + hv — Hy0,+ 0,
H,0, + hv — 20H"
Fe?* + H,0,+ hv - Fe3t + OH + OH™

Fe3* + H,0+ hv > Fe?*+ OH' + H*
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These mechanisms reduce the need to recover the dissolved catalyst, a characteristic of
the homogeneous catalytic process, and make the Fenton reaction one of the most efficient
methods for 'OH formation. The degradation rate using Fenton with this reaction has
shown to be dependent on the pH and the initial concentration of H;O, and Fe** [125]. The
complete removal of BPA within less than 10 min shows the potential of this technology
for the treatment of (waste) water containing bisphenols [126]. So far, only one study of
BPAF [127] and two of BPS [21], [122] have applied the Fenton-like reaction for their
elimination from the water. The results showed that both compounds exhibited enhanced
degradation in the presence of Fe®" ions.

Cyclodextrin (CD) enhanced photolysis has also emerged as a prospective
photocatalytic method to remove contaminants from the water. The addition of B-
cyclodextrin (B-CD) to the reaction medium also gives the ability to catalyze the
degradation of BPA, 44BPF, BPZ, BPE, and BPP. Their enhancement of
photodegradation (up to 9-fold increase) with removal in less than 2 h is thought to result
from moderate inclusion of bisphenol molecules in the B-CD cavity which in turn increases
the production of "OH radicals [128]-[131] (Table 7).

The complete mineralization of BPA was also achieved by titanium dioxide (TiO.)
photocatalysis [132], [133] as one of the AOPs and a representative of heterogeneous
photocatalysis, where the generated photoelectron (e)/photohole (h") pairs by light
activation of semiconductor material are responsible for ‘OH formation [132]. Due to the
excellent properties (photoactivity, physical and chemical stability, low cost, and easy
access) of this semiconductor, the TiO, based photocatalysis may find application as a part
of sequential treatment technology [126]. Erjavec et al. [107] compared photolysis and TiO,
supported photocatalytic degradation of BPA, 44BPF, and BPAF. Under the conditions
described, all three bisphenols were removed entirely from the water within 4 h, while more
than 80% remained after being exposed to UV irradiation only. Bisphenol A and 44BPF
were entirely mineralized. The presence of two CF; groups and restricted cleavage of strong
C - F bonds in the structure of BPAF meant that it was the most
photolytically/catalytically stable compound among the examined bisphenols. Similarly,
Vela et al. [134] found that photolysis was less efficient at removing BPA and BPB
compared to photocatalysis with TiOs.

Cavitation is another promising AOP that results in a significant enhancement in
compound removal from aqueous media, especially when combined with some other process
[101], [135], [136]. During cavitation, gas-filled bubbles are formed and subsequently
collapse. This implosion occurs rapidly resulting in the release of high energy resulting in
the homolytic cleavage of water molecules into "OH [137]. Hydrodynamic and acoustic
cavitation [119] have both been shown to efficiently degrade BPA (> 90%) in water [13§],
[139]. In hydrodynamic cavitation, cavities are formed because of a sudden pressure drop
due to increasing fluid velocity (Bernoulli principle) or boundary layer separation. In
acoustic cavitation, cavities under the influence of an ultrasonic field are generated using
an ultrasonic transducer [137]. The current improvements of hydrodynamic cavitation,
namely higher bubble densities and better scale-up and economic possibilities, make this
technology a promising solution for treating (waste) water. Encouraging results suggest the
need to investigate further the removal efficiency of this type of treatment technology for
mixtures of bisphenol, especially from WW at pilot- and full-scale.

As in the case of biological treatment, BPA has been by far the most widely studied
bisphenol by AOPs [126], [133], [140]-[142]. The data suggest that these processes are more
effective than biological treatment [143], while the economic perspective needs to be further
investigated. Table 7 shows how only a few studies have reported the fate of BPA analogues
during photolysis or AOPs in aqueous solutions and demonstrate that the removal
efficiency of AOPs depends on the compound and on additive concentration as well as
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process conditions (e.g., pH, temperature, and time). Unlike in biological treatment,
degradation rate increases with increasing initial concentration [21], [130], [144].
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Bisphenol AOP

uv

TiO,/UV

44BPF uv

UV/B-CD
uv
TiO,/UV

BPAF
[0AY%

UV /montmorillonite
KSF dispersion (Fe*")

Photolysis

BPS

UV/NaCl

UV/Fe**

Table 7: AOP removal efficiency of BPA analogues.

Matrix
type

ultrapure
water,
lab-scale

.. C;
Condition (mg L]
150 W, Apax = 365 nm
150 W, Aax = 365 nm, TiOs, 8.8
pH>6
30 W, Apax= 254 nm
2.5—15
30 W, )\max: 254 nm, B— (10)

CD: 0.57g LY pH=7
150 W, Apax= 365 nm

150 W, Awax = 365 nm, TiO,, 147
pH>6

250 W, Awax = 365 nm

250 W7 )\max :365 nm, ].35
KSF: 1.0 g L, pH=3.7

40 W metal halid lamp, Aex>
313 nm, pH =11

20 W UV lamp7 )\max =

254 nm, pH = 11 5750
40 W UV lamp7 )\max =
254 nm, pH =11
20 W Apax = 254 nm, NaCl:
0.05 mol L
15

40 W Apax = 254 nm, Fe?*:
0.04 mol L', pH = 3

Degradation
[%] (time)

20 (4 h)
100 (4 h)
25 (60 min)
65 (60 min)
10 (4 h)
100 (4 h)
<5 (120 min)

98 (120 min)
2.7 (120 min)
33.3 (120 min)

83.3 (120 min)

100 (120 min)

73.4 (180 min)

22

Mineralization Ref
(%] (time) eference

[26]

100 (6 h)
[130]

enhanced
[26]

70 (6 h)
[127]

78 (120 min)

- [21]



1.3. Bisphenols in Water Treatment Systems

BPS

BPE

BPZ

BPP

BPB

photolysis
photolysis/humic acid

photolysis/Fe?*

Uuv

UV/B-CD
UV

UV/B-CD

UV/TiO,

UV/Ti0O,/B-CD

photolysis

UV/TIOZ/NagSgOgg

ultrapure
water,
lab-scale

Ww
effluent,
pilot-scale

350 W xenon lamp, A =
solar spectrum

xenon flash laser lamp, Apax
= 266 nm

xenon flash laser lamp, Ay
= 266 nm, B-CD: 8.8 g L'

35 W Auax = 254 nm

35 W Anax = 254 nm, B-
CD: 136 mg L, pH =17

250 W7 )\nmx = 365 nim,
TiOs: 1 g LY, pH=12

250 W7 )\nmx: 365 nm, B_
CD: 6.8 mg L', pH=6

natural sunlight irradiation,
Aex = 200—1100 nm

natural sunlight irradiation,
Aex = 200—1100 nm, TiOs:
200 mg L', NayS:0s: 250 mg
LY, pH="7

10

75—210

0.3

72 (5 h)
80 (5 b
91 (5 h)

@ = 0.004 (5-
6 ns)

@ = 0.019 (5
6 ns)

20 (16 min)

100 (16 min)

70 (60 min)

100 (60 min)

50 (240 min)

100 (240 min)

30 (80 min)

70 (80 min)

40.6 (100 min)

94.8 (100 min)

40 (240 min)

80 (240 min)

[122)

[129]

[131]

[128]

[134]

23
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1.3.2 Transformation of bisphenols

During water treatment compounds undergo similar transformation reactions as in the
environment, i.e. organisms in biological processes and chemical /photochemical processes
can mineralize or transform the chemical structure of organic compounds [42], [113]. The
complete mineralization of aqueous pollutants to non-toxic products like carbon dioxide,
water, and mineral acids or transformation into harmless organic species is the main
objective of any water treatment technology. However, TPs can form [145] and may behave
differently in terms of environmental persistence and toxicity compared to their parent
compounds [70].

Different degradation pathways and TPs have been identified for BPA during biological
treatment and AOPs. Various bacteria, fungi, and algae included in the biological processes
have been shown to degrade and transform BPA following two primary mechanisms: (1)
oxidative skeletal rearrangement of an aliphatic methyl group in the BPA molecule and
(2) hydroxylation of the phenolic rings of BPA followed by ring cleavage [27], [42], [146].
In general, the most common bio-TPs are hydroxy BPA, 4-hydroxy acetophenone, 4-
hydroxy benzaldehyde, 4-hydroxy benzoic acid, and the 4-hydroquinone [42], [147]. In
addition, bacterial co-metabolism also plays an important role in the transformation of
BPA as observed by McCormick et al. [148], where Mycobacterium species catalyzed the
O-methylation of the parent compound resulting in the formation of the BPA mono- and
dimethyl ether. AOPs also contribute towards the elimination of BPA from the aquatic
environment, whereby the structural transformations mainly occur wvia oxidation or
hydrolysis to form 4-isopropenyl phenol and 4-hydroxy-cumyl alcohol as the primary TPs
[27].

Information regarding the degradation mechanisms and transformation products formed
during water treatment of other bisphenols are limited but include 44BPF, BPS, BPAF,
BPC, BPZ, and BPE (Table 8). Ounly four biotransformations and seven AOPs
transformations are reported. Also, the majority of studies use a single bacterial strain
instead of a bacterial consortium. Apart from 44BPF and BPS, their biodegradation
pathways generally begin with the breakage of the alkyl groups that bind the two phenolic
rings [146] resulting in the formation of similar TPs. Due to a well-characterized
biodegradation pathway, namely a Baeyer Villiger reaction of 44BPF wusing the
Sphingobium yanoikuyae FM-2 strain isolated from a river, a similar pathway is proposed
during biological treatment [149]. Despite matching bio-TPs between BPA and other
bisphenols formed during biological treatment, the Bacillus amyloliquefaciens was
responsible for the formation of phosphate conjugates of BPA analogues [113]. Zdarta et
al. [104] also demonstrated the formation of di- and trimers of BPF using the isolated
laccase from fungi. Again BPS was recognized as a more biologically persistent BPA
analogue since none of the isolated microbes were able to remove it from water, while
exposure to a microbiological community led to the formation of 4-hydroxy(methyl)
benzenesulfonic acid [112]. Hydroxylated, cleaved and polymerized TPs of BPA analogues
were also formed during aggressive AOP treatment (Table 8).
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Table 8: Transformation products formed during biological and advanced oxidation processes.

Treatment type/Bisphenol

Bacillus
amyloliquefaciens/
activated sludge

Sphingomonas sp.

Bio NP5/activated sludge

activated sludge

Laccase/Fungi-
immobilized on
spongin

UV/B-CD

laser flash photolysis
(Aex = 266 nm)

UV /montmorillonite
KSF dispersion (Fe*")
photolysis/Fe3*

AOP UV/B-CD

Fe’/peroxymonosulfate

MnO2/T

44BPF
BPZ
BPE
BPC

44BPF

BPS
BPZ
BPE
BPC

BPS
44BPF

BPS
44BPF

44BPF

BPAF

BPS

BPZ

BPM

BPS

BPAF

Transformation products

phosphate conjugates

4-(hydroxymethyl)phenol

1,4-hydroquinone

4-hydroxy(methyl) benzensulfonic acid
4-hydroxy

benzaldehyde ortho-hydroxy-BPF

di- and trimer BPF

meta-hydroxy-BPF

4-(4-hydroxybenzyl)
cyclohexa-3,5-diene-
1,2-dione

ortho-hydroxy-BPF 4-hydroxy

benzaldehyde di-hydroxy-BPF

ortho-hydroxy-BPAF

p-hydroxybenzenesulfonic acid

ortho-hydroxy- trihydfc_))((i:ﬁlyinyl)_@ 5,5-bis(4-
BPVAF meta-hydroxy-BPAF - (4-hydroxy hydroxyphenyl)

) ) tanoi id
phenyl) butanoic acid pentanoic acid

di- and trimer BPM oligomers hydroxylated derivatives
mono-, di-, tri- p-hydroxybenzenesulfonic
hydroxylated BPS acid
2-hydroxy-2-(4-
hydroxyphenyl)hexafluoropr
opane

dimer BPS

mono-, tri- hydroxylated

BPAF dimer BPAF

BPF+BPF smaller moieties

2,4,5-trihydroxy benzoic acid

4-(hydroxymethyl)
benzene-1,2-diol

4-(1-(4-hydroxy
phenyl)pentyl)phenol

bond-cleavage (small)
products

mono-, di-, tri-, tetra-
iodinated BPS (7TPs)

mono-, di-, tri-, tetra-
iodinated BPAF (7TPs)

Reference

[113]

[114]

[112]
[104]

[131]

[150]

[127]

[122]

[131]

[152]
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1.4 Bisphenols in Beverages and Food Simulants

The production of FCMs, i.e., all materials and articles intended to come into contact with
food [29], comprises a significant segment of the food packaging market, which is becoming
one of the largest global industrial sectors, amounting to around 839 billion USD in 2015
and set to reach 998 billion USD in 2020 [153], [154]. Along with becoming one of the
largest global industrial sectors [155], it is also one of the leading sources of human exposure
and eventually aqueous environment to bisphenols by contaminating food through leaching
from packaging [156], [157]. In this context, European regulation No 10/2011 [35] on plastic
materials and articles intended to come into contact with food has been established [155].
This regulation includes migration tests, where the simulation of a chemical leaching from
plastic FCMs into food is modulated by various factors: 1) food composition, 2) whether
or not the contact with food is direct, 3) contact time, 4) contact temperature and pH
values, 5) thickness of packaging material; 6) chemical nature, and 7) amount of migrant
compound [156]. Thus, the conventional approach for the FCMs safety assessment includes
the monitoring of chemicals in materials [158] or leachable residues in food as well as in
food simulants used as a surrogate for actual foodstuffs [159].

Migration of BPA into various foods and food simulants has been the focus of research
since the early 1990s [160]-[163], although its analogues have received limited attention
only recently [29]. So far, studies have found BPA, 44BPF, 22BPF, 24BPF, BPS, BPB,
BPE, BPC, BPAP, BPP, BPZ, BPAF, and BPM in paper, lids and food from plastic
containers and cans including vegetables, seafood, meat, milk products, oils, eggs, cereal,
honey (1-959 pg kg'), and in beverages (14-3790 ng L") [29], [163]-[167]. Their highest
concentrations are reported from canned products, namely vegetables and seafood [167].
The migration studies analyzing BPA analogues from food simulants exposed to plastic
containers or cans are even scarcer (Table 9). The majority of such studies use different
aims as a justification for not following the EU testing guidelines, e.g., verification of
migration test adequacy, the development of non-target approaches or short- and long-
term migration testing for organic coating materials [168]-[170]. Moreover, the detected
values in beverages and simulants are significantly lower compared to other food categories,
and in many cases, not detectable (Table 9). This fact may be due to relatively high limits
of quantification of the applied analytical methods as well as different production of
materials intended to be used for beverages [29]. However, in some cases, the concentration
of bisphenols, namely 44BPF and BPS, is also near or even higher to those of BPA (Table
9) [171], [172]. Currently, SML and migration test are established only for plastic FCMs.
To protect human health, the migration of BPA analogues from FCMs into various
foodstuffs and the establishment of migration tests, for other materials than plastics, are
needed [29].
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Table 9: Occurrence of bisphenols in beverages and aqueous-based food simulants.

Concentration as a range [pg L]

Material Matrix
BPA 44BPF = 22BPF  24BPF BPS BPAF BPB BPZ BPE BPAP BPP

carbonated 0.51.9.97 0.27- 3.21- <0.03- <0.02-  <0.10-
. beverages T 1.44 13.43 0.37 2.41 0.80
plastic <1.52 <3.09 . - <1.36 <053 <086 <126 <1.36 . <1.38
<0.81 <0.71 - - <0.88 <0.81 <0.98 <046 <090 <0.89 <0.55
plastic
baby | simulant’ n.d. - . - n.d. . - - - - -
bottles
baby 0.36.102 0.39- 0.15- 0.071-  0.035-  0.045- 0.062-  0.60-
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1.5 Methodological Approaches for the Determination of
Bisphenol Residues in the Aqueous Environment

This chapter describes the analytical methods for the determination of bisphenol residues
in aqueous matrices, including sample preparation, instrumental analysis, method
validation, and data analysis. Quantitative analysis was exclusively carried out by gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS). The development of target analysis requires optimizing sample
clean up, concentration, derivatization in the case of GC-MS, and method validation.
For qualitative analysis, liquid chromatography coupled to high-resolution mass
spectrometry (LC-HRMS) has become the method of choice [16], [154]. These types of
analyses include the identification of suspects or unknowns, e.g. metabolites/TPs of
bisphenols, and require the development of non-target analytical tools (data processing)
that can filter relevant mass features from a large number of possibly relevant mass
features [159].

1.5.1 Sample preparation

1.5.1.1 Sampling and storage

Sampling is one of the first crucial steps in sample preparation since it may be the step
which contributes the most to the overall uncertainty in the whole analytical procedure.
The simplest, grab sampling, is also the most common sampling technique, by which the
sample is taken at a specific point and time. Its main disadvantage is that it may miss
events over time, which is taken into account by composite sampling that could be either
time- or flow-proportional. The most advanced way of sampling is passive sampling,
which allows for continuous sampling over time [180]. The selection of the most
appropriate sampling technique depends on the given situation, e.g. purpose of the
investigation, matrix type, and awareness of the advantages and disadvantages of each
technique. Literature shows that composite sampling for monitoring of bisphenols
residues in the aqueous environment, including WW, is replacing grab sampling since it
provides more representative samples [56], [57], [64]. Its main drawback is the equipment
cost, while passive sampling is still under development.

A suitable container and conditions for the collection, transport, and storage are
based on desired sample volume, compound stability and potential contamination, e.g.
bisphenols leaching from plastic containers. Among the studies investigating the
occurrence of bisphenols (Tables 4 and 6), large sample volumes (100400 mL) are
usually collected in polypropylene (PP) bottles [16]. Although the stability of bisphenols
during storage has not been assessed, samples are typically stored in the dark at 4 °C if
processed in less than a week, else they are filtrated and stored frozen to prevent
biodegradation.

1.5.1.2 Sample extraction

Simultaneous analyte concentration wvia sample extraction is a common step in sample
preparation in most of the analytical methods [16]. In particular, liquid-liquid extraction
(LLE), where the isolation of the analyte is achieved by its partition between two
immiscible liquids and solid-phase extraction (SPE), where the analyte is partitioned
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between a solid and a liquid phase, are the most used extraction techniques. Solid-phase
extraction, when compared to LLE, offers increased analyte recovery and a higher
preconcentration factor with lower consumption of organic solvents. Thus it has become
the primary choice for the extraction of organic contaminants like bisphenols from
aqueous samples [181]. The general SPE procedure consists of four basic steps:
conditioning, sample loading, washing, and elution. In the case of complex water samples,
the available literature (Tables 4, 5 and 6) reports filtration prior to SPE to remove
suspended material and prevent the SPE from clogging. Degasification before extraction
by sonication is also necessary for the analysis of carbonated drinks [167]. Sometimes the
adjustment of sample pH before being loaded on cartridges is reported to achieve better
recoveries.

An important factor is the selection of a suitable SPE sorbent with appropriate
selectivity, affinity, and capacity based on the attractive forces between the compound
and its functional groups on the sorbent. Mixed-mode sorbents like OASIS HLB
(hydrophilic and lipophilic interactions) [55], [182] and hemimicelles/admicelles
(surfactant-coated mineral oxides) [183] are typically used for the extraction of
bisphenols from aqueous matrices, including food, beverages, natural and residual waters.
However, other sorbents in either on-line or off-line SPE have also been proposed, such
as reversed-phase sorbent C18 [166]. Additionally, interferences (matrix effect) causing
ion suppression in LC-MS analysis can be removed by using Oasis MAX, a mixed-mode
anion-exchange sorbent [23]. The solid-phase extraction efficiency is closely connected
with the eluent used to desorb target compounds from the SPE cartridge. The type and
volume of the eluent used are dependent on the physico-chemical properties of the
analytes and the elution strength of the solvent. Commonly used eluents are ethyl
acetate, acetone, and methanol. Despite high extraction efficiencies, ranging from 61 to
128%, of bisphenols from aqueous samples reported in the review by Caballero et al. [16],
this area was and could be further optimized especially towards developing a more
selective and greener sample treatment (e.g. lower solvent consumption).

Interest into the fate of bisphenols and their occurrence in the environment has also
led to the development of an effective sample pretreatment approach that has high
selectivity, sensitivity, precision, and accuracy. On-line SPE can minimize sample
manipulation compared to off-line SPE while providing higher recoveries [166]. Similarly,
solid-phase microextraction (SPME) using, e.g. sorbents made of inverted hexagonal
aggregates  (SUPRAS), has been proposed as a robust, fast and straightforward
technique for bisphenol extraction [50]. A rapid developing technique based on
Molecularly Imprinted Polymers (MIPs) with excellent molecular recognition properties
is Molecularly Imprinted Solid-Phase Extraction (MISPE) [184]. Moreover, the
imprinted polymers that can selectively clean and concentrate BPA and closely related
structures are already commercially available under the trade name AFFINIMIP® [185].

1.5.2 Quantitative analysis

The selection of the instrumental technique for quantitative analysis depends on the
physico-chemical properties and concentration of target analytes. For the trace analysis
of aqueous matrices and micropollutants including bisphenols, both GC and LC are the
primary separation techniques used in combination with MS or MS/MS (tandem mass
spectrometry) instrument. Mass spectrometry techniques coupled to high-
performance/ultra-high performance (HP/UHP) LC are due to the rapid development
of LC and especially MS system becoming methods of choice for multi-analyte analysis.
These methods allow the detection of compounds with a wide range of polarities without
the need for prior derivatization, including bisphenols. In this regard, the method of
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choice for bisphenol analysis is LC-MS/MS. However, GC-MS has certain advantages,
e.g. spectral library, which can compare a compound of interest’s structure based
on the mass spectra matching and higher sensitivity resulting from a lower matrix
effect, which continues to make it a valuable technique for bisphenol analysis.

1.5.2.1 Gas chromatography-mass spectrometry

In GC, separation is based on the volatility of the analyte and its interactions with liquid
or solid-phase immobilized on the surface of an inert solid (stationary) phase. The GC-
MS system consists of a carrier gas supply (source of chemically inert gas, e.g. helium),
sample injector, separation (column and temperature oven) and a detection system,
typically a mass spectrometer. Once the sample passes the heated injection port,
compounds enter the chromatographic column in the gas phase. Thus this type of
chromatography is best suited for organic/inorganic compounds that can be vaporized
without decomposition (less polar, volatile and thermally stable compounds) [186]. Hence
GC-based methods are limited to volatile or low molecular weight compounds. Analytes
with high polarity need to be derivatized prior to analysis to increase their volatility for
analysis, which is the main limitation of this technique [16], [187]. Accordingly,
derivatization is also necessary after sample clean up and pre-concentration in the case
of semi-volatile bisphenols. Most commonly, derivatization is conducted with the
acetylation or silylation of the hydroxyl functional groups to yield thermally stable and
highly volatile bisphenol derivatives (acetyl- and silyl-ethers). In particular, acetylation
is achieved with acetic anhydride, while N-methyl- N-(trimethylsilyl trifluoroacetamide),
MSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide, BSTFA, and MTBSTFA (M-
methyl- N-(tert-butyldimethylsilyl) trifluoroacetamide) are the most popular silylation
reagents [16]. The MS spectra of acetyl or silyl derivatives with a correspondingly higher
molecular mass show a characteristic MS fragmentation that improves the reliability of
detection. Furthermore, the most commonly applied electron ionization (EI) technique
and chemical ionization (CI) are less affected by the matrix suppression, compared to
ionization modes commonly used in LC-MS, resulting in enhanced sensitivity and
selectivity. Thus, ultra-trace levels of selected bisphenols can be quantified from complex
matrices based on GC-MS methods with a lower limit of quantification (LOQ) compared
to LC-MS [154].

Linear quadrupoles (Q) operating in the single ion monitoring (SIM) mode have been
the most used analyzers for GC-MS analysis of organic contaminants, including
bisphenols. For years, this approach has been one of the most studied and applied
approaches because of its high sensitivity, good resolution and low cost [16]. Recently,
GC with triple quadrupole MS analyzers capable of performing selected (SRM) and
multiple reaction monitoring (MRM) has become popular because of its increased signal-
to-noise (S/N) ratios and method sensitivity that can be achieved with MS/MS analysis
[187].

1.5.2.2 Liquid chromatography-mass spectrometry

The most widely used type of LC is liquid-solid column chromatography in reverse-phase
mode, where the liquid mobile phase and a liquid absorbed on a solid nonpolar stationary
phase are used. The separation of the components is based on their different interactions
with the reversed liquid stationary phase and mobile phase, causing different velocities
of compounds. This technique is also suitable for analysis of nonvolatile polar compounds
with lower thermal stability [186]. The latest development in the field of ion sources,
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namely the introduction of atmospheric pressure ionization (API) techniques, capable of
handling a wide range of flow rates and mobile phases, enables direct coupling of LC to
the mass spectrometer [188].

LC-MS instruments are generally composed of a mobile phase reservoir, pumping
system, sample injection system, liquid chromatography column, and mass spectrometer
[186]. The mobile phase is usually a mixture of water and organic solvents, e.g.
acetonitrile or methanol that continue to be the most used mobile phases. As solvent
modifiers, mainly formic or acetic acid and ammonia are added to enhance ionization
efficiencies or improve peak separation or peak shape of target compounds [154].
Generally, the analysis is carried out using a reversed-phase, e.g. m-octadecyl or C18
column in the length range of 100-250 mm, with a particle size diameter 2-5 pm and <
2 pm in the case of HPLC and UHPLC, respectively [154]. In this way, the obtained
higher peak resolving power leads to improved separation and sensitivity (narrower
peaks) and reduced cost through shorter analysis time and lower solvent consumption.

Among API representatives, “soft” electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) can be applied to analyze a broad range of
compounds and are the most widely used ion sources in the LC-MS system. Their
efficient sample ionization and ion transmission to the mass analyzer contribute to high
instrumental sensitivity, which is essential for the analysis of trace contaminants (ng L-
') [189]. Nevertheless, the ESI mode is usually preferred over the APCI because it
provides better sensitivity for the majority of organic molecules, including bisphenols
and derivatives, whereas the APCI is more suitable for ionizing neutral and low polarity
molecules [188], [190].

Single quadrupole instruments have also been the main choice in the early stage of
LC-MS analysis, but its rapid progress caused the development of more sophisticated
mass analyzers (e.g. triple quadrupole — QqQ, ion trap — IT, time-of-flight — TOF, and
Orbitrap). Their coupling to LC enabled tandem MS operation, which helps to avoid
false-positive determinations and enable structure elucidation of yet unknown
compounds [188], [191]. The characteristics and applications of mass analyzers are
discussed in detail in Section 1.5.3.1. However, because of its sensitivity, dynamic range
and robustness, the quadrupole-linear ion trap (QqLIT) and mostly triple quadrupole
(QqQ) analyzer have been the most applied mass detection techniques for the
quantification of micropollutants at trace levels, including bisphenols. Their superior
performance is enabled by operating in MRM mode, where at least two transitions
between the precursor and product ions are obtained [191]. This operation greatly
increased the specificity of the analysis over single-stage mass analysis.

LC-MS/MS technique is becoming the first choice for routine quantitative analysis
of organic compounds present at trace levels, such as bisphenols because of its low
method quantitation limits without derivatization. It usually involves the use of ESI in
the negative mode, methanol /water as the mobile phase, reversed C18 columns and QqQ
analyzer operating in the MRM mode [16], [190].

1.5.3 Qualitative analysis

In order to evaluate the fate and exposure risks to humans and environmental organisms,
it is important to address not only the parent compounds but also qualitatively and
quantitatively evaluate stable TPs formed during WWT and in the environment. To
date, literature mostly ignores TPs, which can behave differently in terms of
environmental persistence and toxicity [15]. The recent improvements in MS, notably
the development of high-resolution mass spectrometry (LC-HRMS) analyzers working in
the full-scan mode, represent the best option for identification of suspects or unknown
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compound, including metabolites/TPs using suspect and non-target screening
approaches. In particular, two applicable strategies based on such instruments and
library searching are suggested to fulfil the missing information: 1) the use of accurate-
mass measurements, and 2) the use of multiple-mass fragmentations (MS") [191]. These
non-target-based screening approaches can be applied to study bisphenol transformation.

1.5.3.1 Principles of mass spectrometry

The principle of MS is the conversion of the analyte to a charged state (e.g. ionization)
followed by analysis based on the mass-to-charge (m/z) ratio and relative abundance of
molecular or fragment ions formed during ionization processes [188]. Thus, the coupling
of a chromatographic technique with a mass spectrometer into a GC-MS or LC-MS
system requires the appropriate selection of its two major components, namely ion source
and mass analyzer [189]. The EI and CI are the most commonly used techniques coupled
with GC in which the vaporization of sample molecules before their ionization is required.
Most instruments are equipped to switch between EI and CI conditions, both applicable
for the volatile and thermostable compounds. The EI is one of the most widely used
ionization methods and considered a hard ionization technique. Typically, EI accelerates
one (seldom more) electron (e”) out of the neutral molecule (M) with a beam power of
70 eV electrons, producing radical cation M** (molecular ion) and two e". The high ion
currents give a good sensitivity leading to extensive fragmentation. Thus, molecular ions
have very low intensities, while their fragmentation products have high intensities in the
EI mass spectrum. Fortunately, the use of 70 eV enabled the creation of searchable EI
mass spectral libraries that can compare the compounds qualitatively based on the
mass spectra. Despite the isomers, each compound has an individual fragmentation
pattern. Chemical ionization is a soft ionization technique, where a reagent gas, e.g.,
methane, is used. It is convenient for the detection of molecular mass by giving a well-
defined molecular ion signal in the mass spectra [189].

The challenge of linking MS to LC was overcome by the development of API
techniques that can dissolve sample molecules, ionize, and transmit them to the high-
vacuum environment of the mass analyzer. Among all, the ESI and APCI are used
predominantly [188]. Based on the available literature, the determination of unknown
compounds (TPs) is mainly carried out with the ESI [192], especially for the analysis of
polar or moderately polar molecules, while neutral or low polarity molecules are applied
more to APCI. In both cases, a strong electrical field is responsible for the formation of
protonated [M+H]|" or deprotonated [M-H] ions in positive or negative ion mode,
respectively. While ESI favors the formation of multiply charged ions, with the APCI,
the analyte is ionized via charge transfer of the primary ionized solvent spray producing
dominantly singly-charged ions [186], [188], [189].

The four common mass analyzers are Q and IT that provide unit-mass resolution
and TOF and Orbitrap that provide high-resolution accurate-mass analysis. The single-
stage Q analyzer is one of the most widely used MS analyzers due to its simplicity, good
quantitative analysis, and price. The core of the Q analyzer (Figure 3) consists of two
pairs of rods, charged by either a positive or negative potential, where only a selection
of ions with stable trajectories based on their m/z values and the applied voltage will
pass the mass detector. The signal-to-noise ratio is improved when the Q mass analyzer
operates in selected-ion monitoring (SIM), where only a limited m/z range is
transmitted /detected by the instrument, as opposed to the full spectrum range. However,
it still provides poor unit-mass resolution and poor selectivity. The latter is its main
disadvantage, resulting in uncertain spectral data, but can be remedied by tandem mass
analyzers, such as QqQ mass detector. The QqQ-MS is the representative of tandem-in-
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space instruments, in which the three steps of the MS/MS process: precursor-ion
selection, CID and mass analysis of product ions are performed in spatially separated
devices [188], [189] achieved by placing a quadrupole functioning as a collision cell (q)
between two quadrupole mass analyzers (Q1 and Q2) acting as mass filters.

Nonresonate ion
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ions source ®
o / f Resonate ion

Figure 3: Schematic diagram of a quadrupole mass analyzer [189].

Precursor-ion scans, constant neutral-loss scans, and MRM wia fragmentation by
collision-induced dissociation (CID) greatly increase specificity over the single () mass
analysis. Nevertheless, the product ion scans of triple configuration when compared to
IT or TOF instruments are less sensitive, which however is crucial for structural
elucidation of TPs. The QqQ MS instruments are now being replaced by more powerful
mass analyzers for qualitative analysis, while being the first choice in quantitative
analysis, with excellent sensitivity, wide dynamic range and repeatability [191].

An important feature in terms of qualitative analysis is the IT mass analyzer (Figure
4), having the ability to fragment and isolate ions several times in succession before the
final mass spectrum is obtained. Therefore, the IT-based instruments are an example of
a tandem-in-time mass spectrometer, where the three steps (precursor-ion selection, CID,
mass analysis of product ions) are performed sequentially in the same device. The overall
effect is a significant improvement in the sensitivity of the scan mode, resolution and
reproducibility compared to simple Q and most importantly ability to provide good MS"
[189]. The generation of spectra of the parent and product ions (and their fragment ions)
contribute significantly towards the elucidation of the fragmentation mechanism of
unknown species, consequently increasing the level of confidence in postulating the
chemical structure of a tentative candidate [191]. The conventional IT (3D) uses three
hyperbolic electrodes to trap ions in a three-dimensional space using static and RF
voltages. In order to improve its scan rate and ion capacity, a new design was introduced,
namely linear IT (LIT). The latter has a quadrupole made of four hyperbolic cross-
sectional rods in a linear feature (2D), where the ions are radially trapped. This type of
IT showed an enhancement of ion capacity, scan rate and detection (trapping) efficiency
while quantification remains less reliable in comparison to MRM with triple quadrupole
instruments [189], [193].
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Figure 4: Scheme of IT mass analyzer [189].

The third mass analyzer is a TOF mass analyzer (Figure 5, right). Its basic structure
consists of an accelerating grid and a flight tube. Here, ions are accelerated by a high
voltage and begin their flight toward the detector all at the same time and with the
same initial kinetic energy. Hence, TOF instruments utilize the time taken by ions to
pass (fly) along an evacuated tube as a means of measuring m/z values, namely lower
m/z ions will, due to their higher velocity, arrive at the detector before higher m/z ions
[188]. A TOF-MS instrument is capable of 70,000 resolving power expressed in terms of
full peak width at one-half maximum (FWHM); thus replacing sector field and Fourier-
transform ion-cyclotron resonance mass analyzers [186]. It has a high acquisition speed
with high full scan spectra sensitivity and provides accurate mass measurements (<3
ppm) accepted for the verification of the elemental composition of parent and fragment
ions used for the identification of unknown species. With respect to monitoring practices
which use SIM or MRM, TOF-MS offers identification and structural elucidation of
target and non-target compounds in a sample. However, TOF is most commonly used
as a second analyzer in the so-called tandem-in-space MS instruments having two
independent mass analyzers with collision cell enabling fragmentation prior entering into
the second TOF analyzer. Such a configuration enables the ultimate confirmation of
analytes [194].

A stand-alone version of the most recent mass analyzer, Orbitrap, consists of one
spindle-like central electrode and two cup-shaped outer electrodes facing each other. A
radial electric field between electrodes leads to circular movements (oscillation) of ions
around the central electrode proportional to (m/z)~"? and independent of the ion
velocity. An enhanced performance was provided by rapidly raping the RF voltage at
the C-trap rods, delivering the adequate ion package in the Orbitrap, the so-called high-
field compact Orbitrap. This mass analyzer provides HRMS above 10° FWHM and a
mass accuracy < 1 ppm, and even though a stand-alone Orbitrap has been produced, far
better analytical capabilities are achieved with hybrid systems [189].

In this sense, tandem MS that uses a combination of different mass analyzers, namely
hybrid analyzers, represents a powerful methodology to obtain the sufficient data for
reliable structural elucidation of an unknown TP, i.e. combining TOF-MS and Orbitrap-
MS accurate mass measurements to generate empirical formula and IT-MS" providing
additional fragmentation data [195]. Thereby, the advantages of mass analyzers are
combined and integrated. Alternatively, two particular hybrid analyzers used for
qualitative analysis are quadrupole time-of-flight (QqTOF) (Figure 5) and quadrupole —
linear ion trap (QqLIT) mass spectrometer, where a TOF or a LIT analyzer replaces the
third quadrupole. These types of hybrid instruments have several advantages, from
which the main advantage of QqLIT is the ability of rapid switching between linear Q
and LIT mode, achieving a combination of SRM and full-spectrum product analysis. The
QqTOF instruments are outstanding in their ability to perform accurate-mass
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determination (<3 ppm) for both precursor and product ions, which is reflected in their
wide use in structure elucidation and TP/metabolite identification. However, some

deficiencies remain, notably lower sensitivity of QqTOF and lower accuracy of QqLIT
[189].
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Figure 5: Scheme of QqTOF hybrid tandem mass analyzer: Quadrupole segment (left)
and TOF analyzer (right) [189].

More recently, Orbitrap hybrid MS systems have been developed. The initial
instrumental set-up consisted of the hybrid LIT-Orbitrap configuration, in which LIT
controls the number of ions transferred to Orbitrap and performs MS”, a C-trap to direct
the ion package into the Orbitrap, and the Orbitrap itself. The introduction of the
higher-energy collision-induced (HCD) cell next to the C-trap enabled the stand-alone
Orbitrap, providing all-ion fragmentation without prior selection of precursor ion. The
faster configuration, i.e. achieving FWHM 140,000 within 1 s was obtained when the
LIT was replaced with Q into a Q-Orbitrap hybrid analyzer. The most advanced
Orbitrap-based system, tribrid mass spectrometer (Figure 6), combines both LIT and Q
mass analyzer, an HCD cell and C-trap next to the Orbitrap analyzer (LITQ- Orbitrap).
The uniqueness of this configuration and eventually any Orbitrap hybrid system for
MS/MS or MS" is the integration of high sensitivity, mass accuracy (<1 ppm) and
resolution (10° FWHM) necessary to give exact-mass measurements in a single
instrument [188], [189], [196]. Further improvements are expected as relatively young
Orbitrap technology already plays an important role, e.g. metabolite identification, in
peptide sequencing and has a great potential for the structure elucidation and
identification of unknown compounds [189], [196].
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Figure 6: Scheme of tribrid LITQ-Orbitrap mass analyzer [196].

1.5.3.2 Identification

The rapid progress in the field of HRMS resulted in higher sensitivity and selectivity of
instruments, which enables the identification of compounds without being pre-selected
or commercially available, as required in the case of target identification. This ability
triggered the introduction of various qualitative screening approaches that successfully
extended the environmental monitoring of CECs [197]. The advantage of non-target
screening performed with GC-HRMS are the extensive libraries (e.g., the NIST library)
of comparable EI mass spectra and the direct comparison of any new-formed peaks in
total ion chromatograms (TIC) of the sample compared to the control, whereas this is
not feasible using LC. However, the range of this application is limited since the
compounds must be volatile and thermally stable [198]. Instead, LC-HRMS allows the
detection of a broader range of compounds but lacks the accessibility, easy-to-use
spectral libraries, or databases for compound identification. This deficiency has been
remedied by gaining parameters for structure elucidation, e.g. chromatographic
retention, physico-chemical properties, and spectral data, etc. by which the suspect and
unknown compounds can be detected using spectral and chromatographic search
algorithms [199].

The two most used workflows for the identification of the compound
metabolism /transformation are based on suspect or non-target screening approaches and
are most commonly applied together. In this sense, several freely (MZmine, XCMS) or
commercially (Compound Discoverer from Thermo Fisher Scientific, MassHunter™ from
Agilent, MetaboLynx™ from Waters) available data processing software tools have been
developed to handle the immense amount of data resulting from LC-MS mass scans
recorded in short time frames. Most of them include similar steps of raw data
preprocessing as a critical step in reducing data quantity and complexity, e.g. noise
filtering, feature and peak detection, blank and control subtraction, replicate filtering,
componentization by the grouping of isotopes, adducts, multi-charged ions and in-source
fragments, alignment and normalization [197], [199], [200]. The obtained data from
preprocessing is then reduced by using statistical methods such as principal component
analysis, clustering and regression analysis, which are critical for prioritizing the most
relevant and interesting components in a sample set [200]. Finally, the identification of
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prioritized components resulting from data analysis relies on the interpretation of the
MS and MS/MS data (accurate mass, isotope and fragmentation pattern) using suspect
and non-target-based approaches [200], [201].

Suspect analysis usually begins with building a database of compounds based on
literature review and compounds that are suspected to be present or formed during
metabolism /transformation. The tentative confirmation is based on accurate mass and
isotope information provided in the generated list. If in suspect screening, mass spectral
peaks are matched purposefully, the use of non-target-based screening also explores
unexpected or unknown compounds, e.g. metabolites/ TPs that are absent or exceed an
intensity ratio compared to the control [148], [186], [188]. Thus, the tentative structure
of potential metabolite/ TP can be postulated based on the mass and retention time shift
between the metabolite/ TP and its respective parent compound, their elemental formula
and the interpretation of MS/MS fragmentation based on the MS/MS spectrum of the
parent compound (common fragment ions) [202]. In this step, information obtained using
software to predict molecular formula (e.g., SIRIUS), chemical compound databases
(e.g., ChemSpider, PubChem) and mass spectral database (e.g., mzCloud, MassBank,
METLIN) are involved. The data from experimental MS/MS or database repositories
can be compared with the results from in-silico fragmentation (e.g., MetFrag, CFM-ID)
[200], [203]. Although these recently developed methods enable the tentative
identification without requiring reference standards [159], the confidence level of the
presented HRMS identifications varies between studies and substances. Based on a
proposal by Schymanski et al. [204], they are classified into five levels, from which Level
1 (Confirmed structure) represents the ideal situation, where the proposed structure has
been confirmed by a reference standard with MS, MS/MS and retention time matching.
The Level 2 (Probable structure), indicates that it was possible to propose an exact
structure using different evidence, namely Library (Level 2a), when matching literature
or library spectrum data, and Diagnostic (Level 2b), when no other structure fits the
experimental information (e.g., MS/MS fragments, ionization behavior), but no standard
or literature information is available for confirmation. Level 3 is where there is evidence
for possible structure(s) (Tentative candidate/s), but it is not sufficient to assign an
exact structure (e.g., positional isomers). Obtaining an Unequivocal molecular formula
(Level 4) is possible when a formula can be unambiguously assigned using the spectral
information (e.g., adduct, isotope, fragment information), but there is a lack of the
information to propose possible structures. Finally, only the Exact mass (Level 5), which
can be of specific interest, can be measured, but data is not sufficient even for molecular
formula assignment [204].

In line with rapidly growing mass spectral libraries and software packages that are
capable of processing big data generated from LC-HRMS instruments, the chance for
correctly and reliably identifying unknown spectra is also improving [200]. Since TPs
and metabolites of contaminants tend to be more hydrophilic than their parent
compounds, LC-HRMS has become the method of choice for the analysis of
environmental, food and health-related samples (surface water, wastewater, drinking
water, food simulants, biological fluids, etc.) [165]. Furthermore, the additional
information can be provided by using other analytical techniques, such as LC with
nuclear magnetic resonance (NMR) or hyphenated LC-NMR-MS systems in order to
elucidate the structural ion, i.e. in the case of a structural isomer.

To date, the development and optimization of non-target workflow based on HRMS
regarding bisphenol transformation during cycling in the environment are scarce [104],
[154], [159]. This method opens the window for research to fill the missing gap over the
identification of trace levels of unknown TPs and metabolites of bisphenol and their
pathway.
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1.5.4 Application of mass spectrometry in qualitative and

quantitative analysis

The continuous improvement of hyphenated LC-MS instruments and especially the
ongoing development of data processing make LC-HRMS methods the first choice for
TPs and metabolite identification in the environment. However, the GC-HRMS is a
necessary complementary method, where also nonpolar and volatile compounds are
considered. Additionally, with such instruments, the #zs are easier to compare, allowing
the confirmation of compound identity with high certainty but only a limited number of
exact mass libraries are currently available [205]. As described in Section 1.5.3.1, different
types of mass analyzers exist, able to provide either information about fragmentation
patterns from MS/MS or MS" spectra, high accurate masses of unknown compounds or
even both. Accordingly, the most common application of specific mass analyses is a
reflection of its performance (Table 10) [189], [206].
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Table 10: Performance of various mass analyzers and their applicability adopted from
Niessen & Correa [189] and Petrovic et al. [206].

MS L o Mass Dynamic = Fragmentation o
Sensitivity Selectivity Application
analyzer accuracy range power
Q medium (SIM) Low low high MS
medium (full quantitative
QqQ scan) High low high MS/MS analysis
high (SRM)
TOF high Low high low MS )
di partially
QqTOF Hediim High high medium MS/MS qualitative for
(MS/MS)
- unknown
1T medium High high medium MS» compounds
(MS/MS) 6 6 P
dium-
QqLIT high (SRM) High high m‘;“llm MS® quantitative
igh
LIT.Q £ and qualitative
o high (SRM) High high high MS» analysis
Orbitrap

1.5.5 Validation of the analytical method

The confidence of any decision based on analytical results relies on their quality. Thus
reliable analytical methods for obtaining accurate and comparable measurements are
required [207]. This need means that in the case of non-standard methods, standard
methods used outside their intended scope or in the case of amplification and
modification of standard methods, the validation of method performance must be
considered [208]. Typical method validation of target analysis involves the evaluation of
a series validation parameters, i.e. stability, working and linear range, sensitivity,
selectivity, trueness, precision (repeatability and reproducibility), robustness, limit of
detection (LOD) and quantification (LOQ) and uncertainty of measurements, where the
quantification of the compounds is the main goal [208]. Whereas validation procedure of
qualitative analysis, in terms of identification of unknown compounds, is currently
limited due to the absence of commercially available standards (e.g. TPs) [209]. Given
the importance of method validation, requirements for how it should be carried out are
specified in several guidelines [207], [208], [210]-[212], depending on the type of analysis,
customer needs and regulations. Accordingly, the validation parameters are explained as
follows:

Evaluation of analyte stability should be carried out as the first step in method
validation to ensure that storage and processing conditions do not affect the
determination of the analyte. In this context, the stability of analyte in the investigated
matrix and stability of the analyte and internal standard in the stock and working
solutions and in extracts under the entire period of sample storage, preparation and
analysis should be ensured. Working and linear range is the interval over which the
method provides results with an acceptable uncertainty, proportional to the amount
(concentration) of analyte in the sample [208]. A minimum of six calibration
concentration levels should be used to determine the relationship between the
concentration of analyte and the corresponding response of the instrument with reported
calibration curve parameters (the correlation coefficient (R?), y-intercept and slope)
[212]. Sensitivity relates to the degree to which a method responds uniquely to the
required analyte expressed as the slope of the calibration curve. Selectivity is the ability
of the analytical method to measure unequivocally and differentiate the analyte of
interest from other components in the sample matrix, i.e. there is no signal interfering
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with the signal of the analyte or the internal standard. Trueness is an expression of how
close the mean (expected) value of results, produced by the method, is to a reference
(true) value. It is expressed quantitatively in terms of bias obtained by the three general
approaches; 1) Analysis of certified reference material (CRM), 2) Recovery experiments
using spiked samples, 3) Comparison with results obtained with another method.
Precision is a measure of how close the individual results and a series of measurements
are to one another. It is usually expressed by statistical parameters, which describe the
spread of results, e.g., the variance, standard deviation, or coefficient of variation of a
series of measurements. Normally, repeatability (the smallest), as a measure of the
variability in results when performed by a single analyst using the same equipment over
a short timescale, and reproducibility (the largest), as a measure of the variability in
results between laboratories, represent the two extreme measures of precision. Between
these two extremes, intermediate precision expresses the variation of measurements
within-laboratories, but under conditions that are more variable than repeatability (e.g.
new calibrations, different days, analysts, equipment). Robustness or ruggedness is a
measure of its capacity to remain unaffected by small, but deliberate variations in
method parameters (e.g. extraction time, pH of the mobile phase, temperature, stability
of analytical solutions). The LOD is the lowest amount of analyte in a sample that can
be detected and reliably distinguished from zero, while not necessarily quantitated as an
exact value. The LOQ is the lowest amount of analyte that can be determined
quantitatively with an acceptable level of repeatability, precision, and trueness.
Uncertainty is defined by the international vocabulary of metrology (VIM) as a “non-
negative parameter characterizing the dispersion of the quantity values, being attributed
to a measurand, based on the information use”. The measurand refers to the particular
quantity (amount) of an analyte being measured. Estimating uncertainty became one of
the most important metrological concepts in analytical science over the last years. It
covers all sources of errors (systematic and random) and is expressed as a range [213].
According to the type of its quantification, standard or expanded uncertainty can be
used. Standard uncertainty u(z) refers to individual contributor to the uncertainty of
the result, quantified as standard deviation. All possible correlation between separated
u(x) are considered by determining the covariance, and if being derived from different
sources of uncertainty, this is expressed as combined standard uncertainty (u.(y;)). Thus,
the analytical result is usually reported with the expanded uncertainty (U), which is
obtained by multiplying the u.(y;) of a result by the coverage factor k, based on the
desired confidence level [207], [214].
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Chapter 2

Aims and Hypotheses

Only a limited number of publications report the presence of BPA analogues in the
environment and WW despite evidence that these compounds share a similar toxicity
profile to BPA. However, efficient treatments preventing bisphenols from entering the
environment have yet to be established. Greater insights into their occurrence,
metabolism /transformation and migration from FCMs, an important link between
environment and human, must be appropriately addressed in order to gain insight into
their fate and the risk they pose to the environment. Equally, stability studies of bisphenols
during sampling, storage and analysis have also been neglected. In order to fulfil these
knowledge gaps, the aims of this thesis were the following:

1.

w

To develop, optimize and validate analytical methods for the simultaneous
determination of 18 bisphenol residues and to identify metabolites/TPs in aqueous
samples based on GC-MS, GC-MS/MS and LC-MS/MS.

To evaluate the occurrence of selected bisphenols in Slovenian aqueous samples.
To examine the stability of bisphenols in aqueous matrices.

To assess the efficiency of hydrolysis, adsorption, biological treatment, and
photochemical and advance oxidation processes for removing bisphenols from WW.
To investigate the breakdown and identify TPs of bisphenols during
biodegradation, photodegradation and advance oxidation processes.

To evaluate the migration of bisphenols from FCMs into food simulants.

In order to achieve these aims, the following hypotheses were tested:

H1: Residues of bisphenols are present in Slovenian WWs.

H2: The stability of bisphenols depends on storage temperature and time,
concentration, matrix, and compound properties.

H3: Single treatment (biodegradation, photodegradation or advance oxidation
process) is not sufficient to completely mineralize bisphenols and TPs are formed
during treatment.

H4: The migration of bisphenols from FCM depends on the material, food simulant
and migration condition.
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Chapter 3

Publications

The outcomes of the present work are presented in eight separate scientific papers divided

into four parts:

i)

ii)

i)

iv)

Stability, occurrence, treatment and sources (Section 3.1);

Stability, biological treatment and UV photolysis of 18 bisphenols under
laboratory conditions.

The removal of bisphenols and other contaminants of emerging concern.

The occurrence and source identification of bisphenol compounds in
wastewaters.

Identification of transformation products (Section 3.2);

1.

Suspect and untargeted screening of bisphenol S metabolites produced by
in vitro human liver metabolism.

Photochemical degradation of BPF, BPS and BPZ in aqueous solution:
identification of transformation products and degradation kinetics.

Kinetics and biotransformation products of bisphenol F and S during
aerobic degradation with activated sludge.

Migration from food contact materials (Section 3.3);

1.

The migration of bisphenols from beverage cans and reusable sports bottles.

Effects (Section 3.4);

1.

The effects of bisphenol A, F and their mixture on algal and cyanobacterial
growth: from additivity to antagonism.
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3.1 Stability, Occurrence, Treatment and Sources

3.1.1 Stability, biological treatment and UV photolysis of 18 bisphenols

under laboratory conditions

The paper “Stability, biological treatment and UV photolysis of 18 bisphenols under
laboratory conditions” by A. Kovaci¢, M. Cesen, M. L. Geraniou, D. Lambropoulou, T.
Kosjek, D. J. Heath and E. Heath was published in Environmental Research in September
2019. I am solely responsible for the experimental design, method optimization, validation,
and experimental work. I was also responsible for data analysis and visualization, and
drafting the manuscript.

The paper examines the stability in different matrices as well as hydrolysis, adsorption,
biological treatment and UV photolysis of eighteen bisphenols (BPA, 22BPF, 24BPF,
44BPF, BPS, BPB, BPAF, BPE, BPC, BPM, BPPH, BPP, BPBP, BP26DM, BPC2, BPZ,
BPFL, and BPAP). All analyses were carried out by using an optimized and validated GC-
MS method. The results revealed that bisphenols do not hydrolyze and are most stable in
methanol, followed by ultra-pure water and WW. The main factor affecting their stability
in WW samples was storage time, but all compounds were stable for up to 4 weeks at —20
°C or 4 °C. The study revealed that biological treatment and UV photolysis are efficient
at removing bisphenols. In general, the behavior of bisphenols with higher Ky, namely
BPM, BPPH, BPP, BPBP, and BPFL, differs from that of other bisphenols, most likely
due to rapid adsorption/desorption processes. For the majority of the studied bisphenols,
the removal efficiency was > 85%, using either suspended or attached-growth biomass.
Adsorption to biomass was also recognized as an essential removal mechanism for
bisphenols, and the difference in their adsorption affinities reflected the differences in their
Ko values. Unlike in biological treatment, greater variability in removal efficiencies was
observed using UV photolysis that in terms of degradability within 4 h of irradiation divides
bisphenols between three groups: (i) highly removable (RE > 94%), (ii) moderately
removable (RE 50-80%) and (iii) poorly removable (RE 25-45%). In nearly all cases
degradation followed pseudo-first-order kinetics.

This study sets out to achieve three aims of this thesis, namely to (1) develop, optimize
and validate analytical GC-MS method for simultaneous determination of 18 bisphenol
residues; (2) examine bisphenols stability; and (3) assess the removal efficiency of
bisphenols by hydrolysis, adsorption, biological treatment and photochemical processes. It
is the first work to address the stability of bisphenols and the removal of their mixture by
both bacterial consortia and photolysis and confirms their effectiveness. The outcome of
this paper is crucial for understanding the behavior of bisphenols in the environment and
during water treatment.
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The limited knowledge on the stability, removal, and the fate of bisphenol A analogues in the aqueous en-
vironment led us to assess the removal by hydrolysis, adsorption, biological treatment and UV photolysis of
eighteen common bisphenol compounds (BPs). Hydrolysis of BPs does not occur. The main factor affecting their
stability in wastewater samples is storage time, and safe storage conditions were found to be —20°C or 4°C for
up to four weeks. The results also revealed no significant reduction in the levels of BPs standards when stored in
either methanol or ultrapure water. BPE was found to be the most stable, followed by BPF isomers, BPS and BPF,
while BP26DM was the least stable and BPM, BPPH, BPP, BPBP and BPFL were quickly adsorbed. For most BPs,
the removal efficiency of biological treatment was > 85%, and there was no difference between the suspended
activated sludge and moving bed bioreactors. Different adsorption affinities of the BPs to biomass were observed
and reflect the differences in their Ky, In terms of degradability, direct UV photolysis in water produced three
groups of BPs: (A) highly removable (RE > 94%), (B) moderately removable (RE 50-80%) and (C) poorly

removable (RE 25-45%). In nearly all cases degradation followed pseudo-first-order kinetics.

1. Introduction

Bisphenol A (BPA) is an industrial chemical used as a monomer in
the manufacturing of polycarbonate plastic, epoxy resins, dental com-
posites and thermal paper (Cesen et al., 2018b; Jin and Zhu, 2016). The
concern over the safety of BPA, a known endocrine disrupting com-
pound (EDC), has resulted in its gradual replacement by other struc-
turally similar bisphenol compounds (BPs). The most common are bi-
sphenol F (BPF), bisphenol S (BPS), and bisphenol AF (BPAF), but over
twenty other BPs are known (Ashfaq et al.,, 2018; Caballero-Casero
et al., 2016; Carballa et al., 2008). They all have similar chemical
structures (two hydroxyphenyl functional groups, Tables SI-1), which
suggests that they are also endocrine disrupting and should be treated

as contaminants of emerging concern (CECs) (Caballero-Casero et al.,
2016; Gramec Skledar and Peterlin Masi¢, 2016; Liu et al., 2010).
The primary source of BPs entering the aquatic environment is
through wastewater (WW) effluent (Caballero-Casero et al., 2016).
Unlike BPA (Ashfaq et al.,, 2018; Noszczyriska and Piotrowska-Seget,
2018; Petrie et al., 2019) there exist only a limited number of published
studies addressing the fate of BPs, during wastewater treatment (WWT)
and in the aqueous environment. These studies report levels of BPF,
BPS, BPAF, BPE, BPP and BPB from 0.90-1170ng L~ !in WW influents,
0.60-555ngL™" in WW effluents, 0.97-249ng g™ " in sewage sludge,
n.d.-2850 ng L~ ' in natural waters, and 0.05-172ngg~ ' in sediments
(Caballero-Casero et al., 2016; Cesen et al., 2018b; Chen et al., 2016a;
Gys et al., 2018; Jin and Zhu, 2016; Karthikraj and Kannan, 2017; Lee

Abbreviations: AS, activated sludge; AB, samples with activated biomass; BPA, bisphenol A; BPs, bisphenols; cg, initial concentrations; ¢,, residual concentrations;
COD, chemical oxygen demand; DO, dissolved oxygen; EDC, endocrine disrupting compound; FDH, formaldehyde; FB, samples with deactivated biomass exposed to
formaldehyde; GC-MS, gas chromatograph-mass sprectrometry; HRT, hydraulic retention time; K, sorption coefficients; K, n-Octanol/Water Partition Coefficient;
k;, kinetic constants; LOD, limits of detection; LOQ, limits of quantification; MBBR, moving bed bioreactor; MeOH, methanol; MQF, samples with MilliQ-water and
formaldehyde; MQ, samples with MilliQ-water; NH4-N, ammonia ion; NO3-N, nitrate ion; RB, samples with deactivated biomass exposed to vy-irradiation; RE,
removal efficiency; RSD, relative standard deviation; SASR, suspended activated sludge reactor; SPE, solid-phase extraction; t s, half-lives; UV, ultraviolet (irra-
diation); WW, wastewater; WWT, wastewater treatment; WWTP, wastewater treatment plant
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et al., 2015; Sun et al., 2017; Wu et al., 2018; Xue and Kannan, 2019;
Yamazaki et al., 2015; Yan et al., 2017; Yang et al., 2014; Yu et al.,
2015; Zhang et al., 2018). The efficiency of WW treatment, therefore,
plays an important role in the occurrence of BPs in the aqueous en-
vironment. Different techniques have been applied to remove BPs from
WW, among which biodegradation seems to be the most effective
process (Noszczyriska and Piotrowska-Seget, 2018), hence conventional
biological treatment with activated sludge (AS) is the most widely
studied (Ahmed et al., 2017). These studies show that microorganisms
are also capable of removing (> 78%) BPs from WW, and that removal
efficiency (RE) is influenced by factors such as amount of oxygen, mi-
crobiological composition, T, pH, photochemical properties, and ad-
sorption onto activated sludge (Ahmed et al., 2017; Chen et al., 2016b;
Karthikraj and Kannan, 2017; Noszczynska and Piotrowska-Seget,
2018; Sun et al., 2017). To date, most investigations have been per-
formed under different experimental conditions using isolated bacterial
strains. In the majority of ecosystems, however, microorganism form
species-rich communities that are able to degrade a wider range of
substrates (Danzl et al, 2009; Noszczynska and Piotrowska-Seget,
2018; Ogata et al., 2013; SAKAI et al., 2007; Ziihlke et al., 2016). Re-
cently, photochemical and photocatalytic based technologies have been
shown to be efficient for treating water (Ahmed et al., 2017; Gmurek
et al., 2017). In the case of BPs, studies report the rapid removal of BPF,
BPS and BPZ while BPAF appears more recalcitrant (Cao et al,, 2012;
Kovaci¢ et al., 2019; Liu et al., 2010; Salomatova et al., 2015; Wang
et al., 2014). In addition, the stability of BPs during sampling and
storage has been neglected in the literature.

This study has two aims: (1) to investigate the stability of 18 BPs in
methanol (MeOH), ultrapure water and WW in order to determine
optimum preparation and storage conditions of samples and laboratory
standards; and (2) to determine the removal efficiency (RE) of biolo-
gical treatment and UV photolysis (UV-C radiation) for BPs under
controlled laboratory conditions.

2. Materials and methods
2.1. Chemicals and reagents

Analytical standards (minimum purity > 98%, Tables SI-1) of
22BPF, BPAF, 24BPF, BPF, BPE, BPA, BPC, BPM, BPPH, BPP, BPBP,
BP26DM, BPC2, BPZ, BPFL, BPAP, BPS were obtained from Sigma-Al-
drich (St. Louis, USA) while BPB was purchased from Dr Ehrenstoffer
(Augsburg, Germany). Isotopically labelled ["Cy2] BPF (*'Cy2-BPF),
BPS ('%C,,-BPS), BPB ('°C,,-BPB) purchased from CanSyn Chem. Corp.
(Toronto, Canada), and deuterated BPA (BPA-d;¢) from Sigma Aldrich
(USA) were used as internal standards. Compound specifications
(Tables SI-1) and physicochemical properties (Tables SI-2) are given in
SI-1.  The derivatisation agent N-Methyl-N-(trimethylsilyDtri-
fluoroacetamide (MSTFA, = 99.0%) and catalyst anhydrous pyridine
(Pyridine, 99.8%) were purchased from Sigma-Aldrich (Schnelldorf,
Switzerland and Steinheim, Germany). Acetonitrile (ACN), ethyl
acetate (EtAc) and MeOH were purchased from J. T. Baker (Deventer,
the Netherlands), while concentrated hydrochloric acid (37%, HCI) and
formic acid (FA) used for solid-phase extraction (SPE) were purchased
from Sigma-Aldrich (St. Louis, USA). Formaldehyde (FDH, 37%) was
obtained from Merck (Darmstadt, Germany). All solvents were of ana-
Iytical grade purity. Stock solutions (=1mgL™") of each compound
were prepared in MeOH and ACN, while internal standards
(=10mg L™ 1) were dissolved in MeOH to give a final concentration of
1pg mL~". Standards were prepared by serial dilution from the stock
solutions. Ultrapure water was prepared with a MilliQ-water purifica-
tion system (Millipore Merck Direct-Q"™) to a specific resistance of >
18.0MQem ~'at 25C.
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2.2. Sample preparation

Optimization of sample preparation was done in order to achieve
high sensitivity and selectivity of the analytical method. The method
used in this study was adapted from Cesen et al. (2018a) with further
optimization of the SPE procedure and the derivatisation protocol (data
not shown). In the case of biological treatment, samples (250 mL) of
WW influent and effluent were filtered first through glass fibre pre-
filters (0.5 ym, Machery Nagel, Dueren, Germany) and then through
cellulose nitrate filters (1.2 pm, Sartorius, Goettingen, Germany) to
prevent clogging of the SPE cartridges. Extraction was performed using
divinylbenzene-N-vinylpyrrolidone copolymer SPE cartridges (60 mg,
3 mL; Oasis Prime HLB Waters, Massachusetts, USA). Samples were first
acidified to pH 2 with HCI (0.5 mL of 37%) and loaded onto SPE car-
tridges at a flow rate of 3mLmin ' using a Vacuum Manifold (Agilent
Technologies). After loading, the sorbents were dried under vacuum
(—1.33 kPa) for 45 min. The elution step was performed using 5% FA in
EtAc (3 x 0.6 mL). The solvent was evaporated under a gentle stream of
nitrogen at 40°C. Derivatisation was achieved by adding 50 pL of
MSTFA and 50 pL of pyridine to the dry residue, followed by mixing
and heating at 80 °C for 1 h.

The same sample preparation was used in the adsorption experi-
ments with the following modifications: samples (5.0mL) were cen-
trifuged at 9000 rpm for 20 min before SPE, the supernatant (3.0 mL)
was then loaded onto the cartridges, and the sorbent dried under va-
cuum for 20 min. All UV light experiments were performed in MilliQ-
water, and the samples (350 mL) were prepared as above, but without
the filtration step, The stability tests required only a derivatisation step
after complete evaporation of the sample for MeOH and water, and a
filtration step for the WW samples.

2.3. Chemical analysis

All samples were analysed using a 7890B series gas chromatograph
(GC) coupled to a 5977A single quadrupole mass selective detector
(Agilent, United States). Chromatographic separation was achieved
using a DB-5 MS capillary column (30m x 0.25mm x 0.25pm;
Agilent, USA) with helium as the carrier gas (1 mLmin~ ). Samples
(1uL) were injected in splitless mode at 250°C. The GC oven tem-
perature programme was as follows: an initial temperature of 120°C
was ramped at 20 °C min~ ! to 250 °C and held for 6.0 min, then ramped
to 300°C at 10°C min~"' and held for 3 min, Total runtime was
22.0min. The mass spectrometer was operated in electron impact (EI)
mode at 70eV. The target compounds were identified and quantified
using selected ion monitoring (SIM mode). The monitored SIM ions and
retention times (RTs) for the derivatized BPs and internal standards are
presented in Table 1. Data were processed using MassHunter software
(Agilent Technologies).

2.4. Method validation

Method performance for WW (Tables 51-3) and MilliQ-water
(Tables SI-4) were assessed in terms of SPE recovery, linearity, accu-
racy as analyte recovery, limits of detection (LOD), limits of quantifi-
cation (LOQ), sensitivity and precision expressed as instrumental re-
peatability. Full details are given in SI-2. Due to the widespread use of
polymers in the laboratory, blanks were prepared to evaluate con-
tamination during sample preparation (Caballero-Casero et al., 2016;
Cesen et al., 2016). All glassware was cleaned according to standard
laboratory cleaning protocols for trace analysis. Procedural blanks were
prepared for each experimental setup. Contamination was assessed by
evaluating the ratio of the areas between the quantifier ions of the
target BPs and the internal standards in the blanks (Cesen et al., 2018b,
2016). Full details are given in SI-2.3, and Tables SI-5 shows the con-
tribution that BPs make to background contamination. Additionally,
solvent blanks (EtAc) were analysed after every tenth sample to
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Table 1

Summary of derivatized compounds and internal standards measured as ions
[m/z] (quantifier ion in bold and two qualifier ions), and their retention times
(RT).

o d i ion Moni d ion Monitored ion RT [min]
1 [m/z] 2 [m/z] 3 [m/z]

22BPF-TMS 344 329 241 8.45
BPAF-TMS 480 465 411 8.95
24BPF-TMS 344 329 241 9.45
BPF-TMS 344 329 179 10.42
BPE-TMS 358 343 193 10.69
BPA-TMS 372 357 339 11.01
BPC-TMS 400 385 221 11.64
BPM-TMS 490 475 387 17.12
BPPH-TMS 524 509 283 20.47
BPP-TMS 490 475 387 19.58
BPBP-TMS 496 419 331 20.31
BPB-TMS 386 371 357 11.73
BP26DM-TMS 428 413 235 13.00
BPC2-TMS 424 374 259 13.17
BPZ-TMS 412 397 369 14.27
BPFL-TMS 494 329 239 21.63
BPAP-TMS 434 419 269 15.28
BPS-TMS 394 379 229 14.95
130,,-BPE-TMS 356 341 185 10.42
BPA-d;e TMS 386 368 217 10.93
3C1o-BPB-TMS 398 383 369 11.73
13C)o-BPS-TMS 406 391 379 14.95

evaluate potential carryover between samples.
2.5. Stability studies

The study stability of the target BPs was studied by performing three
separate experiments (Fig. 1):

2.5.1. Exp 1. hydrolysis

Hydrolysis was selected as the first step, as suggested by Franquet-
Griell et al. (2017). A series of aluminium foil covered amber glass
bottles (250 mL) were filled with MilliQ-water (100 mL) and spiked
(4pgmL~Y, 0.5mL) with a mixture of BPs each at an initial con-
centration of 20 pg L™, The bottles were then sealed and incubated at
room temperature (23 °C) for 48 h. Aliquots (0.5 mL) were taken at 0,
15, 30 min, 1, 2, 4, 8, 12, 24 and 48 h intervals.

2.5.2. Exp 2. stability of BPs in the stock solution
To a series of glass vials (n = 27) was added 1 mL of stock solution
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(1 mgL~ " in MeOH). The vials were then stored in the darl at 23, 4 and
— 20 °C for 24 weeks. For each experiment, a procedural blank was also
prepared. At each sampling time (0, 4 and 24 weeks) an aliquot
(0.5 mL) was spiked (25 uL) with the internal standard mixture (*°C,,-
BPF, 13C,5-BPS, 1*C,5-BPB and BPA-d;4). The samples and blanks were
then reduced to dryness under a gentle stream of nitrogen at 40 °C and
derivatized just prior to analysis by GC-MS. All samples were prepared
and analysed in triplicate.

2.5.3. Exp 3. stability in different matrices and at different temperatures

In a similar experiment, to 60 glass vials was added 1 mL of each
matrix (MilliQ-water or artificial WW from the RO bioreactor, Section
2.6). The experiment included three replicates for each matrix, a tem-
perature setting and sampling time. The controls were prepared in tri-
plicate. Each sample was then spiked (20pL) with a mixture of the
target compounds (1ugmL~ ') to give a final concentration of
20pgL~" and stored in the dark at 4 and —20 °C for 24 weeks. In this
case, an aliquot (0.5 mL) was sampled at 0, 1, 4, 14 and 24-week in-
tervals and analysed as above (Exp. 2).

2.6. Biological treatment

Most studies report the near-complete removal of BPA by bacterial
consortia in wastewater treatment plant (WWTP) and rivers, The most
commonly used biological technology for treating WW is the suspended
activated sludge (SAS) process (Noszczyniska and Piotrowska-Seget,
2018), while the attached-growth biomass process remains a popular
option for upgrading conventional biological WWT (Gapes and Keller,
2009). For this reason, biological treatment was simulated in two dif-
ferent lab-scale flow-through bioreactors (Fig. SI-1): (1) a suspended
activated sludge reactor (SASR) and (2) a moving bed bioreactor
(MBBR) containing Mutag Biochip™ carriers (Multi Umwelttechnologie
AG, Sachsen, Germany). The SASR consists of four different compart-
ments: a selector, anoxic chamber, settling chamber and the main
aeration chamber, while the MBBR has only an aerated compartment.
In this study, three SASRs (RO, R1 and R2) and three MBBRs (M0, M1
and M2) bioreactors were used. The reactors, RO and MO, acted as
controls. All the bioreactors were operated under identical conditions
(hydraulic retention time (HRT): 48 h, working volume: 41) using
synthetic WW (2L dﬂy’1 (Tables SI-6)) (Cesen et al., 2015). A mixture
of 16 BPs (4 g L~") was continuously added to each bioreactor (each
BP: 200 ng L™ ). To the controls, MeOH was added in the same amount
as in the spike. After the one-month adaptation period, influents and
effluents were sampled at monthly intervals (n = 6) over six months. In

MATRIX TC) Time
MilliQ-wate|
V:?[GVE m[ +23 0 --> 48 hours
Exp 1 c=20pgL?
MeOH -20 I
STABILITY Exp 2 V =1mL +4 0, 4, 24 weeks
of BPs c=1mglL! +23
Exp 3
MilliQ-water
V=1mL
c=20pglL? -20 0,1,4 14,24
+4 weeks
ww
V =1mL
c=20pglL?

Fig. 1. The experimental design used for stability study of 18 BPs.
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total, this amounted to 24 samples and 12 controls. Based on the HRT of
the reactors, influent samples were taken 48h before the effluent
samples, which allowed the removal of each BP to be calculated. All
samples were stored in the dark at —20°C. The performance of the
bioreactors was determined by measuring total and dissolved chemical
oxygen demand (COD, and COD;) and nitrogen species (NO3-N and
NH;4-N) in the influents and effluents before, halfway and at the end of
the experiment (Tables SI-7). At the same time, the biomass con-
centration was determined following the procedure of Zupanc et al.
(2013). Additionally, dissolved oxygen (DO), T and pH in each were
also monitored (Tables SI-8 and Tables SI-9). Details of the procedures
and results are presented in the SI-3.

2.7. Adsorption to biomass

Batch adsorption experiments were performed in 250 mL amber
glass bottles (total wetted volume of 100 mL) at room temperature
(T = 23°C) with constant shaking (200 rpm). The biomass was ob-
tained from the blank RO bioreactors (Section 2.6). Samples with ac-
tivated biomass (AB), deactivated biomass, controls and blanks were
prepared. Biological inhibition was achieved using two different ap-
proaches: (1) exposing samples (RB) to y-irradiation (25 kGray) and (2)
adding 6% FDH (FB) and shaking for 12 h (Kosjek et al., 2016). Samples
were irradiated at the TRIGA Mark II nuclear research reactor facility at
the JoZzef Stefan Institute (Ambrozi¢ et al., 2017; Snoj et al., 2012).
Control experiments used MilliQ-water with FDH (MQF) and without
FDH (MQ). An aliquot (0.5mL) of the solution of BPs in MeOH
(4ugl™ 1) was added to each of the test samples (100 mL) to give a final
concentration of each BP of 20 ugL~". The blank (BL) consisted of
100 mL of MilliQ-water. The volume of sample was 5.0 mL. Each
sample was then spiked (V = 25 pL) with the internal standard mixture.
Sampling times were 0, 1, 2, 4, 6, 8, 10, 12, 24 and 48 h. Samples were
centrifuged (9000 rpm at 20min) and the supernatant transferred to
10 mL glass vials and prepared according to Section 2.2. The standard
WWT parameters (DO, T, pH, biomass concentration and COD) were
measured as described in full in SI-3 (results not given).

2.8. UV photolysis

Laboratory scale UV light experiments were performed by irra-
diating aqueous solutions (MilliQ-water) of BPs for 10, 20, 40, 60, 120
and 240 min in a cylindrical glass immersion reactor (760 mL, Fig. SI-
3). The source of UV irradiation was a monochromatic (A, = 254 nm)
6-W low-pressure Mercury UV lamp. The intensity of the emitted light,
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measured by ferrioxalate actinometry, was 8.91 x 10~7Es~! (Union
et al., 2005). The initial concentration of each BP was 200ng L~ ! ex-
cept for of BPA, which was added at a higher concentration (1pugL~")
to reflect realistic WW concentrations (Chen et al., 2016b). Acetonitrile
was chosen in place of MeOH as a co-solvent to avoid radical scaven-
ging in the photolysis solution (Kosjek et al., 2013). The reactor solu-
tion was maintained at room temperature (T = 23°C) under atmo-
spheric pressure using a water-cooled quartz immersion well. The
content of the immersion reactor was homogenised by continuous
stirring using a magnetic stirrer (400 rpm). Additionally, two types of
negative control samples were included in the experiment. Blank
samples (without BPs) were exposed to UV irradiation in order to
evaluate potential contamination. Zero samples were spiked with BPs
and mixed for 10 min but were not exposed to UV irradiation.

2.9. Statistical analysis

Statistical calculations and visualization were made using the open
source software package R, version 3.4.1. (R Development Core Team,
2011). A statistical comparison of two or more data samples was em-
ployed to assess the influence of the matrix, temperature and the sto-
rage time on the stability of the target compounds, and to reveal sig-
nificant differences between the treatments. The Shapiro-Wilk test for
checking data normality and the Levene's test for checking homo-
scedasticity of variance (significance level = 0.05) were used to select
the most appropriate statistical test. In some instances, two data sam-
ples (paired) or more than two data samples (paired) satisfied the re-
quired conditions. Therefore a parametric test, paired t-test or repeated
measures ANOVA and nonparametric test, a Wilcoxon signed-rank and
the Friedman test were selected (Tables SI-10) (Eftimov et al., 2017).
The statistical significance was evaluated at a level of 0.05. Ranking the
stability of individual BPs was done by adopting a combination of a
multi-criteria decision approach and an information theory approach,
which ranks the best algorithm in numerical order according to stabi-
lity, i.e., #1 is the most stable (Eftimov et al., ).

3. Results and discussion
3.1. Stability study

3.1.1. Exp 1 hydrolysis

The following BPs: 22BPF, 24BPF, BPA, BPAF, BPAP, BPB, BPC,
BPC2, BPE, BPF, BP26DM, BPS, BPZ out of 18 BPs were shown to be
stable (> 90% remaining) in MilliQ-water (Fig. 2). For BPA, this agrees

160- Hydrolysis of BPs
g‘“ﬁ-'!‘-ﬂ“ﬂﬂ**" ﬁhﬁﬂ p;;-ﬁmin

228PF BPAF 24BPF BPF BPE BPA BPC BPM BPPH BPP BPBP BPB BP26DMBPC2 BPZ BPFL BPAP BPS
BPs

Fig. 2. Hydrolysis of BPs. The remaining BPs (%) were calculated using zero condition at 0 min or 15 min within 48 h (0, 15, 30 min, 1, 2, 4, 8, 12, 24 and 48 h

intervals).
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Fig. 3. Stability of 18 BPs in stock solution (MeOH, initial concentration 1.0 *+ 0.1 mg L™ %) stored at 23, 4 and — 20 °C for different lengths of time (up to 24 weeks).

with the findings of Late et al. (Lane et al., 2015). In the case of BPM,
BPPH, BPP, BPBP and BPFL surprisingly > 100% remained after time
zero if 0 min was used as the zero condition. These BPs contain a higher
number of aromatic rings and have higher logK,,, (6.25-7.17, Tables
SI-2). Although limited, the data shows that the BPs have a broad range
of 1ogK,,y values (1.25-7.17), suggesting that BPs with logK,,, < 3 will
be in the aqueous phase while those with logK,. > 3 are likely ad-
sorbed to soil and sediment (Caballero-Casero et al., 2016; Tisler et al.,
2016). A possible explanation for the observed results is the adsorption/
desorption processes occurring in the samples. Initially, the con-
centrations of BPs with high K, decreased due to the rapid adsorption
onto glass at time 0 min but then increased as the compounds desorbed.
This effect was confirmed by using t = 15 min as the zero. In this case,
the results were below 100% confirming that BPM, BPPH, BPP, BPBP

and BPFL were rapidly absorbed (t = 0 min) and became desorbed after
15 min. When the zero condition was t = 15 min, these BPs are stable,
and large fluctuations in their percentages remain, and for this reason,
these BPs were excluded from further statistical analysis.

3.1.2. Exp 2. stability of BPs in the stock solution

Based on the estimated method relative standard deviation
(RSD = + 10%, data not shown), Fig. 3 confirms that all 18 of the
investigated BPs are stable (measured concentration = =+ 10% initial
concentration) in MeOH at 23, 4 and — 20 °C within 24 weeks. A slight
increase (~20%) in concentration at t = 24 weeks in the case of
BP26DM, BPC2 and BPZ was observed but statistical analysis (p-va-
lues > 0.05) shows no significant difference in the concentrations of
BPs in MeOH with temperature (—20, 4 and 23°C) and time (<6
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Fig. 4. Stability of the 18 BPs in MQ (initial concentration 20 * 4 ugL~") stored at 4 and -20°C for different lengths of time (up to 24 weeks).

months) (Tables SI-10).

3.1.3. Exp 3. stability in different matrices and temperatures

After 24 weeksat —20 and 4°C, 12 out of the 18 BPs tested in
MilliQ-water remained above 85% of the initial doses proving their
stability. Even BPS, with > 75% remaining after 24 weeks are con-
sidered stable (Fig. 4). Statistical analysis shows no significant
(p > 0.05) difference in concentration with time at each temperature,
but there is a difference (p < 0.05) between —20 and 4°C (Tables
SI-10).

Nevertheless, 13 BPs are considered stable in MilliQ-water (Fig. 4)
at tested conditions since their levels were within the estimated method
RSD (MilliQ-water and WW: * 20%, data not shown).

The BPs: BPM, BPPH, BPP, BPBP and BPFL, had significantly lower
initial concentrations (9.9-18.8pugL~!) compared to the others
(20 = 4pugL™"). The findings agree with observations in Exp. 1. The
initial concentrations of these five compounds reduced due to rapid
adsorption and increased due to desorption with time (especially after
one week). This effect occurred in MilliQ-water and WW, causing their
concentrations to fluctuate (RSD > 20%), which meant it was not
possible to comment on their stability and they were excluded from
further statistical analysis.

In the case of WW, after 14 weeks at —20 °C, BPAF, BPE, BPC2 and
BPS had RE of 75-100%, 22BPF, 24BPF, BPAP, BPB, BPF, BPZ had RE
of 50-75%, and BPA, BPC and BP26DM between 26-33% (Fig. 5). Their
concentrations after 14 and 24 weeks were similar and there is no
significant difference between concentrations remaining after 1 and
4 weeksat —20 and 4 °C and 14 and 24 weeks at —20 and 4 °C. There
was a significant difference between weeks 1 and 14, weeks 1 and 24,
weeks 4 and 14, and weeks 4 and 24 (Tables SI-10) meaning that these

13 BPs can only be considered stable up to 4 weeksat —20 and 4 °C.

This study also carried out a statistical analysis of the different
matrices (Tables SI-10). Analysis of the two data sets revealed a sta-
tistically significant difference between BP recoveries from MeOH and
MQ, MeOH and WW and WW and MQ samples under all conditions.
The only exceptions were between MeOH and MQ after 24 weeks at 4 °C
and between WW and MQ after 1weekat —20°C. Similarly, the
Friedman test and repeated-measure ANOVA revealed a significant
difference between the three matrices. This finding is mainly due to
differences between WW and MQ. According to the algorithm rankings,
and taking into account the limited number of data, and that BPM,
BPPH, BPP, BPBP and BPFL were excluded, BPE was the most stable
followed by the positional isomers of BPF (22BPF and 24BPF), BPS and
BPF, while BP26DM ranked as the least stable (Tables SI-11).

3.2. Removal of BPs

3.2.1. Biological treatment

The performance of the laboratory bioreactors was checked by
monitoring the following standard WWT parameters: NO3-N, NH,4-N,
COD,, COD,, DO, pH and biomass concentration. For full details, see SI-
3. The removal efficiency was calculated as the difference between the
dimensionless concentration of the target BP in the influent (cin9) and
the effluent (c.¢) using Eq. (1) (Zupanc et al., 2013).

C,
RE[%] = (1 - i)xl()o

Cinf

@

Statistical analysis shows no significant correlation (Tables SI-12)
between RE and sampling time over six months. The REs in Tables
SI-12 are the average REs of BPs in each bioreactor during six
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Biological treatment of BPs
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Fig. 6. The average removal efficiencies of two bioreactors for each type (SASR, MBBR) during 6 samplings (6 months).

samplings. Apart from BPAF and BPBP, no significant differences exist
between the average RE of the SASR and MBBR neither for individual
BPs nor for all BPs (Tables SI-12). Biological treatment resulted in
REs > 85% for the majority of BPs (Fig. 6, Tables SI-12). The RE of
BPAF was lower compared with the other compounds (Tables SI-12).
The presence of C—F bonds in the structure of BPAF explains its low RE,

since halogenated compounds are usually more resistant to biode-
gradation (Chen et al., 2016a).

To the authors' knowledge, except for BPA and one study of BPS
(Huang et al., 2019), this is the first investigation of biological RE of
BPs by bacterial communities in WW on a laboratory scale
(Noszezyniska and Piotrowska-Seget, 2018). However, the findings can

o1



Chapter 3. Publications

A. Kovadic, et al. Environmental Research 179 (2019) 108738

Adsorption of BPs to biomass

Condition
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FB_24
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25 |
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22BPF 24BPFEPZ6DM BPA BPAF BPAP BPB BPG BPCZ BPE BFF BPS BPZ
BPs

BP removal [%]
a
3

Fig. 7. Losses [%] of BPs after 24 h in the sample with activated (AB) or deactivated (RB — radiation, FB- formaldehyde) biomass.

UV photolysis of BPs reported high REs at 50pgL™' (> 99.0% removed) and 1pglL~'
(= 79.2% removed). The RE of BPS is similar to that reported in a re-
cent study by Huang et al. (2019) who also used a microbial consortia.
Sun et al. (2017) and Karthikraj et al. (Karthikraj and Kannan, 2017)
also report high REs (RE: 76.9-98.9%) for BPA, BPF and BPS when
comparing the levels in influents and effluents from actual WWTPs;

BPs only partial (if any) removal was observed for BPAF and BPE. The
present work is a continuation of our previous “real” scale studies
Group C performed by Cesen et al. (2018b) reporting a high RE (> 96.2%) for
~ BPE BPAF, BPAP, BPC, BPE, BPF, BPS, BPZ and BPB from WWs. The analogy
BPAF with the results of the present laboratory-scale experiments confirms
- ~ BPF the effectiveness of biological treatment. The finding is also in agree-
£ e ment with the findings of Zithlke et al. (2016) who, using Bacillus
% amyloliquefacien isolated from sewage sludge, report a RE of 95%, 77%,
E Group B and 69% for BPC, BPE = BPA and BPZ, respectively. Danzl et al. (2009)
% = Bro and Sakai et al. (SAKAI et al., 2007) both show the ability of an isolated
£ ~ 22BPE seawater bacterial strain (BP-7) to remove BPF, BPE, BPZ and BPB from
& -~ BPZ WW, while BPS remained recalcitrant. A more recent study by Ogata
= 24BPF et al. (2013) found that Sphingobium fuliginis is the only bacterial strain
able to degrade BPS. In general, biclogical treatment achieves high REs
of BPs despite the differences in their chemical structures. Also, reactor
design (SASR: = 5%, MBBR: = 7%) did not affect the REs of the dif-
Group A ferent BPs. However, additional removal processes, like adsorption to
~ BPAP biomass or material surfaces, may also be occurring.
BP26DM
- BPC
= BPS . .
BPPH 3.2.2. Adsorption to biomass
- BPP The concentrations of target BPs in test solutions containing in-
! | | | | . — BPM hibited and activated biomass (AB) after 24 h and 48 h were compared
B 50 mql'[min] 50 200 250 : S:(B:; to determine losses due to adsorption to biomass. A preliminary test
found there was no significant difference in BP removal after 24 h and
Fig. 8. Kinetic profiles for UV photolysis of 18 BPs. 48h (Figs. S1-2.1, 2.2 and 2.3) in the deactivated biomass proving the

system had reached equilibrium. In the case of activated biomass after
be compared with RE obtained for WWTPs and previously published 48h, only BPAF remained in the solution (> 60%) confirming its re-
studies that focus on single bacterial strains, while the degradation of calcitrance when compared to other BPs. Like in the stability studies the
organic pollutants is a cooperative process involving various micro- levels of BPFL, BPM, BPPH, BPP, and BPBP varied to such an extent that
organisms (Noszczynska and Piotrowska-Seget, 2018). The high REs of a different approach is needed to evaluate their adsorption affinity to
these BPs are in line with the results reported by Druskovic (2016), who biomass (data not shown).
studied BPA removal in the same SASR as used in this study. Drudkovié No significant losses (estimated method RSDs = 100 + 20%) of the

13 BPs were observed in the controls MQ (< 10%) and MQF (< 20%)

Table 2

R-squared value (R?), rate constants (k [min~"]) and half-lives (ty,» [min]) for kinetic profiles of 18 BPs using UV irradiation.
BPs 22BPF  BPAF 24BPF  BPF BPE BPA BPC BPM  BPPH BPP BPEP  BPB BP26DM BPC2 BPZ BPFL BPAP  BPS
R* 0.98 0.95 0.98 0.98 0.97 0.97 068 091 09 09 084 099 0.99 016 099 0.99 0.99 099
ke [min~']  0.004 0.002 0.006 0.002 0.001 0.002 0.025 0.024 0.026 0026 0.030 0028 0.015 - 0.004 0.002 0.012 0.019
ty 2 [min] 17329 346,57 11552 346.57 693.15 346.57 27.73 2888 2666 26.66 2310 2476 46.21 173.29 239.02 57.76 36.48
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(Tables SI-13). The results show that removal of BPs in WW occurs
through both biodegradation and adsorption to biomass. The results
(Fig. 7, Tables SI-13) from the RB and FB samples show that 22BPF and
BPS have the lowest adsorption affinity assuming that biodegradation is
the primary removal process. The BPs: 24BPF, BPC2, BPC, BPAP and
BP26DM showed modest adsorption relative to the others, i.e., rapid
sorption occurs initially after which biodegradation prevails (Fig. SI-2).
The RB results confirm adsorption as the primary mechanism for re-
moving BPF, BPE, BPA, BPB and BPZ, while in the case of FB, the ad-
sorption affinity of BPF, BPE, BPA and BPB was significantly lower
(Fig. 7). The available literature on the adsorption of BPA to biomass is
also contradictory (Keskinkan and Balci, 2016; Strenn et al., 2003; Zhao
et al., 2008). The possible physical alteration of the biomass during
exposure to y-irradiation could explain the difference between the two
sets of samples. This difference is because adsorption is mainly a phy-
sical process depending on the physicochemical properties of the ad-
sorbent and the adsorbate (Carballa et al., 2008; Zhao et al., 2008). The
tendency of BPs to adsorb to biomass can also be explained in terms of
their Ky values (Tables SI-2). In the RB, BPs with a high adsorption
affinity have high K,, values (logK,. > 3.5), e.g., BPZ has a
logKqw = 5, while BPs with the lowest adsorption affinity have low K,
values, e.g., BPS (logK, = 1.65). There is also a difference between the
adsorption affinities of individual BPs to biomass (Fig. 7.), which means
that adsorption will be a dominant factor controlling the removal of
certain BP in WWTPs. The results of this study allow not only the ad-
sorption affinity of BPs towards biomass to be estimated but also form
the basis for further studies to determine the sorption coefficients (Kq)
of BPs.

3.2.3. UV photolysis

Calculating the kinetic constants k. and substrate half-lives meant
that it was possible to evaluate the RE and degradation kinetics of BPs
by UV-light (A, = 254 nm). For the majority of BPs, regression analysis
of the natural logarithm plots of the REs (Eq. (2)) versus exposure time
yields an R? > 0.95 (Fig. 8). The results show that removal of the
studied BPs follows pseudo-first-order kinetics (Eq. (3)).

G -G

RE[%] = £2= & » 100

oA @
deg _
ar - ke @)

Here, ¢, and ¢, are the initial and residual concentrations, and k; is
the observed pseudo-first-order rate constant, A summary of the rate
constants and half-lives can be found in Table 2. The rapid removal of
BPC2 (< 10min), BPBP (< 40min) and BPC (< 60min), i.e.,
R? < 0.95, meant that their kinetic profile could not be determined
and, in this case, shorter time intervals would be required. The rapid
removal of BPC2 is likely due to the presence of chlorine atoms in its
structure (Leydy Katherine Ardila et al., 2019; Zhang et al., 2019). The
presence of aromatic rings (conjugated system) also explains the reason
for the near-complete removal (Leydy Katherine Ardila et al., 2019;
Yamaji et al., 2016) of BPM, BPP, BPPH and BPBP after 60 min
(78-96%), and their complete removal after 4 h. The efficient removal
of BPP agrees with Wang et al. (2008) who reported a RE of 94.8% for
BPP in the presence of B-cyclodextrin, which they believe results from
the formation of an inclusion complex with the p-cyclodextrin. All BPs
showed varying degrees of photodegradation over time (4 h). After 4 h
of irradiation, the BPs fall into three groups, based on their RE (Fig. 8).
Group A consists of BPAP, BP26DM, BPC, BPS, BPPH, BPP, BPM, BPBP,
and BPC2, with a RE > 94% and half-lives of < 60 min; Group B in-
cludes BPB, 22BPF, BPZ and 24BPF with a RE of 50-80% and half-
lives > 100 min, where BPB is an exception (t,,» = 24.76), but is in-
cluded in this group due to its rapid decline in concentration after 1 h,
and Group C that includes BPE, BPAF, BPF, BPA and BPFL, with a RE of
25-45% and half-lives > 300 min. Therefore, contrary to biological
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treatment, there are obwvious differences in the RE of the different BPs
when irradiated with UV light. In addition, BPAF is more resistant to
both photolysis and biological treatment relative to the other BPs tested
in this study. In general, photolysis is efficient at removing the majority
of the tested BPs and after 4 h only five BPs remained between 65-75%.
This is most likely due to the presence of aromatic moieties in their
structure.

4. Conclusion

This study provides data on the stability of 18 BPs in MeOH, ul-
trapure water and WW and their fate during biological treatment and
UV photolysis. It was found that hydrolysis of the investigated BPs does
not occur, and were most stable in MeOH, followed by ultrapure water,
followed by WW. For the majority of tested compounds, the safe storage
conditions for WW samples are —20 °C or 4 °C for up to four weeks, The
behaviour of BPM, BPPH, BPP, BPBP and BPFL differ from that of other
BPs due to the rapid adsorption/desorption processes on material sur-
faces. The study also found that biological treatment, using both sus-
pended or attached-growth biomass, is efficient at removing BPs
(REs > 85%). Adsorption to biomass is also an important removal
mechanism but varies depending on the K, of the compounds. UV
photolysis also achieved high REs of BPs but only after a lengthy period
(4h) of irradiation. Based on their REs, the tested compounds can be
classed into three groups: Group A (BPAP, BP26DM, BPC, BPS, BPPH,
BPP, BPM, BPBP, and BPC2) with RE > 94%; Group B (BPB, 22BPF,
BPZ and 24BPF) with REs = 50-80% and, Group C (BPE, BPAF, BPF,
BPA and BPFL) with REs = 25-45%. Unlike in biological treatment,
there is greater variability in the REs of BPs when irradiated with UV
light. BPAF was less affected by both biological treatment (60-80%)
and photolysis (Group C). This study is the first to address the removal
of a mixture of BPs both by bacterial consortia and photolysis, and
confirms their effectiveness. The lack of literature data on the fate of
BPs reveals a need to assess their behaviour in the aqueous environment
and the risk to biota and /or humans. Taken together, the findings of the
present study contribute to a better understanding of the behaviour of
BPs in the environment, which is gaining in importance.
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3.1.2 The removal of bisphenols and other contaminants of emerging

concern

The paper “The removal of bisphenols and other contaminants of emerging concern”,
authored by A. Kovaci¢, D. Skufca, M. Zupanc, J. Gosti$a, B. Bizjan, N. Kristofelc, M.
Sollner Dolenc, E. Heath was published in Science of the Total Environment in July 2020.
With the assistance of N. Kristofelc, I performed the lab-scale experiment, including
experimental work, method optimization, and instrumental and data analysis. In terms of
pilot-scale experiments, I was responsible for experimental design (removal of bisphenols),
sample preparation, instrumental analysis, and data evaluation. I also collated and
combined the results and authored the manuscript.

The rapid growth in the variety and quantity of CEC in WW requires efficient and
environmentally friendly methods for their removal [77]. This study investigated the
removal efficiency of 46 CEC, including 12 bisphenols from WW using a lab and pilot-scale
hydrodynamic cavitation (HC) generator alone and in combination with UV illumination
(pilot-scale). The paper aimed to (1) answer whether bisphenols are susceptible to HC and
how different HC conditions affect the removal of bisphenols from artificial WW; (2)
appraise the effectiveness of pilot-scale HC, UV, and HC/UV treatment for removing CECs
from WW, and (3) evaluate the potential of hydrodynamic cavitation for a full-scale
application as a pre-treatment technology. During lab-scale cavitation, the highest removal
efficiencies of bisphenols (15-63%) were obtained at a rotational frequency (v cv) = 9500
rpm and time (tey) = 10 min. Although an increase in v« had little effect, temperature,
and physico-chemical properties (e.g. Kow) had a significant effect on the removal efficiency
of the studied compounds. At the pilot-scale, 11 CECs (including BPA, 44BPF, and BPS)
were quantifiable in the WW influent. Their highest removal efficiencies (15-90%) were
obtained at a lower v,z = 2290 rpm with lower energy consumption, while neither an
increase in v cy, teav Nor the presence of UV light improved treatment efficiency.

The results of this work fulfil a part of the thesis aims, namely to develop, optimize
and validate analytical GC-MS method for simultaneous determination of 12 bisphenol
residues and assess the removal efficiency of bisphenols by UV photolysis and AOPs. The
suitability of the method for the determination of other micro-pollutants was also
confirmed. This paper is the first to examine the possibility of HC as a treatment
technology for removing bisphenols from WW at the lab-scale and CECs from WW at the
pilot-scale. Overall, the results of this paper show the potential of HC as an AOP
representative, which can be used for the full-scale application as a (pre)treatment
technology and pave the way for future improvements in the design of cavitation reactors.



3.1. Stability, Occurrence, Treatment and Sources 57

Science of the Total Environment 743 (2020) 140724

Contents lists available at ScienceDirect

Science
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Short Communication

The removal of bisphenols and other contaminants of emerging concern :!):
by hydrodynamic cavitation: From lab-scale to pilot-scale -

Ana Kovatic *®, David Skufca *, Mojca Zupanc €, Jurij Gosti$a ¢, Benjamin Bizjan €, Nina Kristofelc ¢,
Marija Sollner Dolenc ¢, Ester Heath *>*

2 JoZef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

Y International Postgraduate School Jozef Stefan, Jamova cesta 39, 1000 Liubljana, Slovenia

© University of Ljubljana, Faculty of Mechanical Engineering, ASkerceva 6, 1000 Ljubljana, Slovenia

4 University of Ljubljana, Faculty of Pharmacy, Department of Pharmaceutical Chemistry, ASkereva cesta 7, 1000 Ljubljana, Slovenia

HIGHLIGHTS GRAPHICAL ABSTRACT

Removal efficiencies for bisphenols ob-
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efficiency.
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« Increasing t,, or combined HC and UV
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HC shows potential for large-scale appli-

cation as a pre-treatment technology.
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drodynamic cavitation generator alone and in combination with UV illumination (pilot-scale). During lab-scale
cavitation, the highest removal efficiencies of bisphenols ( 15-63%) for this specific design of cavitator were ob-
tained at a rotational frequency (Vcay) = 9500 rpm and time (tc,,) = 10 min. Temperature and the physicochem-
ical properties (e.g. Kow) of the studied compounds also had a significant effect on removal efficiency. At the pilot-
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Contaminants of emerging concern rpm. The highest removal efficiencies (15-90%) were obtained at a lower v,, = 2290 rpm while neither an in-
Bisphenol crease in Ve, teay 0F the presence of UV-C light increased the removal efficiency. A lower v, also reduced the
Hydrodynamic cavitation hydrodynamic power of the cavitator from 477 W to 377 W, resulting in reduced energy consumption. Overall,
w the results show the potential of hydrodynamic cavitation for a large-scale application as a pre-treatment tech-
;‘;’;’f_‘;lje nology and pave the way for future improvements in the design of cavitation reactors.
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surface and groundwaters is of concern to scientists because of their
possible adverse effects on non-target organisms and human health
(He et al,, 2019), and scientists collectively refer to these compounds
as contaminants of emerging concern (CEC) (Sauvé and Desrosiers,
2014). To date, treated wastewater (WW) remains the primary source
of CEC in the environment resulting from the fact that conventional
(biological) wastewater treatment plants (WWTPs) are not designed
to remove all of them (Soriano-Molina et al., 2019).

Recently, several non-biological treatment technologies have been
proposed to reduce organic pollutants in WW, such as advanced oxida-
tion processes, which show significant potential for removing recalci-
trant organic compounds (Zupanc et al., 2013). These processes are
characterised by the in situ generation of reactive oxygen species,
such as hydroxyl or perhydroxyl radicals, with a high oxidation poten-
tial that enables a rapid and non-selective attack on structurally diverse
organic micropollutants (Dietrich et al., 2017; Zupanc et al., 2014), pref-
erably resulting in their complete mineralisation (Zupanc et al., 2013).
Cavitation is another promising advanced oxidation process that results
in a significant enhancement in compound removal when combined
with other techniques (Bagal and Gogate, 2014a; Dular et al., 2016)
and recently showed the potential to be scaled up to WWTP level mak-
ing it suitable technology for the degradation of organic pollutants
(Gagol et al,, 2018; Zupanc et al., 2019).

In hydrodynamic cavitation (HC), cavities are formed as a result
of a sudden pressure drop, caused by local velocity fluctuations, in-
duced by the geometry of the flow channel (Braeutigam et al.,
2012). The collapse of these cavities causes extreme energies,
e.g., localized areas of high temperature and pressure resulting in
the homolytic cleavage of vaporous water molecules into reactive
oxygen species (Zupanc et al., 2014), able to oxidise organic com-
pounds (Zhang and Li, 2014). Ultraviolet (UV) photolysis is also
commonly used to disinfect water (Kovacic et al., 2019b). Photoly-
sis of a compound can proceed either by direct photolysis, where a
compound is transformed by absorbing photons directly, or by indi-
rect photolysis, where degradation occurs via the reaction of a com-
pound with a reactive species (Ahmed et al., 2017). Currently, the
use of HC, either alone, or when combined with other oxidation
processes, mainly addresses the removal of individual compounds
performed in the laboratory and do not take into account mixtures
of compounds, complex matrices like WW, and removal at the
pilot and full-scale (Bagal and Gogate, 2014b; Braeutigam et al.,
2012; Caligkan et al., 2017; Joshi and Gogate, 2012, 2019; Wang
and Zhang, 2009). In particular, studies investigating the removal
efficiency (RE) of CECs mixture, especially from WW performed
on a pilot-scale at a real WWTP are missing, despite the fact that
HC is a promising solution for WW treatment (Joshi and Gogate,
2019). Hydrodynamic cavitation has also been shown to have the
potential not only to remove organic contaminants but also for bac-
teria eradication and virus inactivation (Albanese et al., 2015; Kosel
etal., 2017; Zupanc et al., 2019).

In this study we aim to 1) determine whether bisphenols are suscep-
tible to HC and 2) investigate the effect of different HC conditions on the
removal of bisphenols from artificial WW; 3) appraise the effectiveness
of HC, UV and HC/UV at a pilot-scale for removing CECs from real WW,
and 4) evaluate the potential of this technology as a pre-treatment to
conventional biological treatment.

2. Materials and methods
2.1. Reagents, materials and standards

Alist of all reagents and details about the preparation of stock, work-
ing and calibration standards and internal standards are given in detail

in the Supplementary Information (SI-I). Details about the studied com-
pounds are given in Table SI-1.

2.2. Sample preparation and analysis

The methods used for the determination of 46 CECs, including 12
bisphenols were adapted from Kova&i¢ et al. (2019a) and Cesen et al.
(2019, 2018), respectively. All glassware was cleaned and pyrolysed
at 400 °C for 4 h. Samples of artificial WW were prepared, as shown
in Table SI-2. Briefly, extraction was performed using Oasis HLB
Prime cartridges (3 cm?, 60 mg, Waters, Massachusetts, USA). After
loading and washing the sorbents were dried under vacuum
(—1.33 kPa) for 45 min. The analytes were then eluted with the
optimal solvent, dried (N,), derivatised (Table SI-2), and analysed
using gas chromatography with mass selective detection (GC-MS,
Agilent 7890B/5977A, United States). Separation was achieved
using an Agilent Technologies DB-5 MS capillary column (30 m x
0.25 mm x 0.25 pm) with helium (Purity 6.0) as the carrier gas at a
flow rate of 1 mL min~'. Compounds were identified and quantified
using selected ion monitoring (SIM) (Table SI-3 and SI-4). Data
acquisition and processing were performed using MassHunter
software (Agilent Technologies).

2.3. Method validation

Matrix-matched validation for WW samples was performed
with artificial WW effluent from lab-scale (control) bioreactors
(Kovacic et al., 2019a). Validation parameters included: linearity,
sensitivity, accuracy as analyte recovery, precision and extraction
recovery determined. Full details are given in Kovacic et al.
(2019a) and Cesen et al. (2018), with the following modifications,
namely sensitivity was evaluated in terms of limit of detection
and the limit of quantification (LOQ) calculated by multiplying the
standard deviation of the background (six distinct matrix blanks)
by a factor of three and ten, respectively (Magnusson and
Ornemark, 2014). The LOQ also had to fulfil the criteria that the an-
alyte signal was at least five times the analyte signal in the blank.
The calibration range consisted of five to ten calibration points
(1-23,000 ng L~ ") using the LOQ as the lowest calibration level,
and the highest calibration level selected according to expected
concentrations in WW (Cesen et al., 2019, 2018). All validation pa-
rameters were measured over two calibration ranges depending on
the applied method: low (5, 17 or 50 ng L™") and high (130, 600 or
667 ng L™') level, as described in SI-lll. To account for
contamination, controls and procedural blanks were prepared and
systematically included in each batch of analyses. Quality control
samples (lower calibration range) were included after every 20th
sample to monitor the performance of the instrument, while sol-
vent blanks were analysed to evaluate potential carry-over.

2.4. Experimental design

Lab-scale HC experiments were performed using cavitation genera-
tors based on a rotating generator of hydrodynamic cavitation (RGHC)
which was on a pilot-scale fitted with an additional UV-C source. Flow
rate (Q) was measured with an electromagnetic flowmeter (ABB
WaterMaster DN40), pressure rise across the RGHC with a differential
pressure transducer (ABB 2600T series) and the static pressure at the
pressure side using an absolute pressure transducer (ABB 2600T series).
Pressure fluctuations resulting from cavitation were measured using a
hydrophone (Teledyne Reason, TC4013). Cavitation was visualized
through a transparent window using a high-speed camera (Fastec
HiSpec 4 mono) and LED fibre as a light source for illumination. In
order to determine the most effective HC regime, two rotational fre-
quencies, the maximum and correspondingly lower rotational fre-
quency allowed by the lab- or pilot-scale design (higher v.,, = higher
power and Q) and different times of cavitation (t.,,) were investigated.
When adjusting the parameters, the authors focused on Q in order to
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reservoir

RGHC

suction line

pressure line

electric motor

Fig. 1. Lab-scale HC set-up (left) with RGHC (right) designed by StepiSnik-Perdih et al. (Perdih et al,, 2017). A close up of the rotor is shown in the insert.

compare different treatments for the same number of cavitation passes
(Np) calculated using Eq. (1), where Vs is the sample volume

tew x 0

Np == — )

2.4.1. Lab-scale HC set-up

The lab-scale HC set-up (Fig. 1) consisted of a reservoir, the RGHC, a
temperature sensor installed directly into the reservoir and a cooling
coil. The HC generator was a centrifugal pump fitted with a specially de-
signed rotor and stator with 12 distinct teeth which produce the cavita-
tion effect. The rotor (@ 50 mm) was driven by an electrical motor and
acted as both a pump and HC generator.

Experiments were performed on 2 L samples of artificial WW efflu-
ent (see Section 2.3) with the addition of 12 bisphenols (BPA analogues:
200 ng L', bisphenol A (BPA): 1000 ng L) under both controlled and
uncontrolled temperature conditions. The temperature (T = 30, 40, 50
and 60 °C) was maintained using a cooling coil for t.,, = 15 min with
Veay = 9500 rpm. The effect of operating tc,, (5, 10, 15, 30 and
60 min) and v¢,y, (6000 and 9500 rpm) on HC was evaluated under un-
controlled temperature conditions but did not exceed a Tmax = 68 °C.
Each experiment was repeated in triplicate within one day and during
two consecutive days. Samples (250 mL, n = 3) were prepared and
analysed according to Section 2.2.

2.4.2. Pilot-scale HC/UV set-up

Pilot-scale experiments were performed using a larger version of the
lab-scale RGHC, but with additional UV illumination (Fig. 2). Both cavi-
tation generators were run under comparable hydrodynamic conditions
(i.e. Reynolds number). UV illumination was provided by a series of
ten x 3 W UV-C (N = 254 nm) germicidal sterilisation bulbs' fitted
into the casing surrounding the cavitation chamber. The pilot rig also in-
cluded a 1000 L reservoir and a closed-circuit pipeline equipped with
throttling valves used to set the desired cavitation conditions (Fig. 2).

The pilot-scale HG/UV rig was set-up at a local WWTP with a popula-
tion equivalent of 5000. Five experiments (Exp. A-E) were performed
using 800 L of WW influent. The efficiency of UV (Exp. A) and HC for
two different v,y (2290 and 2700 rpm) alone (Exp. B and D) and in com-
bination with UV (HC/UV; Exp. D and E) were examined by studying the
RE 0f 46 CECs including 12 bisphenols. The same Q (44 Ls ') and N, after
30 min (10) and 90 min (30) in all experiments (UV, HC and HC/UV) were
maintained by adjusting the pressures on the suction and pressure side of
the RGHC. Treatment parameters and sample descriptions are given in

U https://www.aliexpress.com/item/32665910312.html.

Table SI-9. The samples comprised of primary treated WW. After each ex-
periment, a new sample (800 L) of WW was introduced into the reservoir.
The characteristics of the WW and the performance of the pilot-plant
were monitored using standard WW treatment parameters: pH,
dissolved oxygen, temperature, total chemical oxygen demand (COD,),
dissolved biological oxygen demand (BODs), total nitrogen and phospho-
tus (SI-IV). All experiments were conducted over 48 h. Samples (V = 500
mL, n = 3) were collected at time = 0, 30 and 90 min and stored in dark
at —20 °C ready for analysis (Section 2.2).

3. Results and discussion
3.1. HC characteristics

Two measures best represent the characteristics of HC: differential
pressure gain (Ap) and the relative optical intensity of cavitation, defined
as brightness (grey level) of flow structures recorded by high-speed im-
aging. Fig. 3 (left) shows Ap vs Q for the RGHC. The characteristic curves
for pressure side throttling (i.e. manipulating Q by adjusting the valve
while keeping the pump speed constant) show the performance of the
pump in the absence of cavitation since there is no cavitation when the
valve is fully open. Alternatively, manipulating the Q by throttling the suc-
tion side valve produces intense cavitation, which is shown by a marked
reduction in Ap for a given Q. Fig. 3 (right) shows how the optically mea-
sured intensity of cavitation (proportional to the vapour fraction in the Q
visualization area) increases as the Q is reduced by throttling on the suc-
tion side. The nominal (open valve) value of Q at 2700 rpm (8L s~ ') was
significantly higher than at 2290 rpm (6.4 L s~ '), which meant reducing
the suction valve throttling to 55% of the nominal Q as opposed to 70%
for measurements at 2290 rpm. Consequently, a more substantial valve-
induced pressure drop at the pump inlet resulted in more intense cavita-
tion when v,y = 2700 rpm (Exp. D and E).

32. Method validation

Calibration curves for all bisphenols (R? = 0.98) and CECs (R? > 0.97
and >0.90 for bisphenol C, 2-ethylhexyl 4-methoxycinnamate and 4,4'-
dihydroxybiphenyl) in WW show adequate linearity when using a
weighted (1/x or 1/y) linear curve (Table SI-7 and SI-8). The LOQs were
between 1 and 66.7 ng L=, Method accuracy (85-115%) was lower
over the lower calibration range, and only BPA, bisphenol C, bisphenol
PH and 4,4'-dihydroxydiphenyl ether, had the method and instrumental
repeatability >15% (lower calibration range). The relative standard devia-
tions (RSD, %) of repeat injections of the quality control samples were
<15% for the majority of compounds. Also, the average concentrations of

99
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pressure line

'
electric motor | RGHC | flowmeter

pressure valve

(not visible)

RGHC,
outlet =, \
e

UV-C source

suction valve suction line

Fig. 2. Pilot-scale HC (left) with pilot-scale RGHC with UV illumination (right) designed by Laboratory for Hydraulic Machines, Department of Power Engineering (Faculty of Mechanical

Engineering, Ljubljana, Slovenia).

analytes in the procedural blanks were <LOQ for each analyte. Full details
about the validation parameters are given SI-III.

3.3. Removal efficiency of bisphenols: lab-scale HC set-up

Twelve lab-scale experiments were performed. The relative stan-
dard deviation between average REs obtained by repeated experiments
(n = 6) was for the majority of bisphenols <20%. In line with published
studies (Braeutigam et al., 2012; Choi et al., 2018; Joshi and Gogate,
2012; Wang and Zhang, 2009), the temperature had a significant effect
on HC efficiency. For instance, in temperature-controlled experiments
(Exp. 9-12; 9500 rpm, 15 min) REs increased when the temperature
was increased from 30 to 50 °C, but then significantly decreased when
it increased from 50 to 60 °C (Table SI-12). The same optimal T = 50 °C
for the elimination of BPA was reported by Choi et al. (2018). As ex-
pected, when a constant temperature was not maintained, an increase
in teay did not result in a higher HC efficiency (Table 1). In these exper-
iments, the temperature increased to 40 °C at a v,y = 9500 rpm within
15 min and to 30 °C at v,, = 6000 rpm after 60 min. Higher REs were
obtained after 10 min compared to 5 min (lower AT) or 15 min (higher
AT) at a vy, = 9500 rpm, and after 5, 10 or 15 min (lower AT) com-
pared to 30 and 60 min (higher AT) at a v,, = 6000 rpm. A comparison
between experiments with a similar Nj, (Exp. 1 and 5, Exp. 2 and 6 and
Exp. 3 and 7; Table 1) but with different v,, showed that the RE for the
majority of bisphenols was higher at higher v,y. Also, similar REs were
obtained in a shorter time when v, = 9500 rpm, although the energy
consumption is much lower at lower vy, Generally, lab-scale HC exper-
iments produced poor REs, i.e., from 0 to 43% and from O to 63% under
uncontrolled temperature conditions. To better compare RE, the results

160

140

120
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i —  Ap,: 2290 rpm
- Apsl 2290 rpm

0 1 2 3

a4
Q[L/s]

— Ap,: 2700 rpm
------ Ap.: 2700 rpm

were also expressed as cumulative removal efficiency (XRE). The
highest REs (ZRE = 533%) for all bisphenols, which ranged from 15 to
63% were obtained when v,y = 9500 rpm and t,, = 10 min and the
temperature was not controlled (Exp. 2). Experiments 1, 4-6 produced
slightly lower REs (ZRE = 264-286%) compared to Exp. 2. Different REs
for different bisphenols under the same conditions indicate that re-
moval by HC depends on their physicochemical properties. Based on
all tested conditions, the highest overall REs (£RE = 303%) were ob-
tained for bisphenol AF, followed by bisphenol C2, Z, and AP
(ZRE = 229-272%), followed by 4,4'-bisphenol F (44BPF), bisphenol
B, C, and E (ERE = 134-180%). The lowest REs were obtained for 2,2'-
and 2,4'-bisphenol F, bisphenol S (BPS), and BPA (XRE = 88-109%).
The results for both controlled and uncontrolled temperature condi-
tions suggest that a correlation exists between REs of bisphenols and
their logKoy since higher REs were obtained for bisphenols with logKqy,
> 3.5 and conversely lower REs in the case of logK,, < 3.5. One reason
for this is the higher tendency of compounds with a higher logKo. to
reach the radical rich sites, i.e., the gas-liquid interface (Zupanc et al.,
2014). Alternatively, bisphenols with lower logK,,, values remain in
the bulk water phase, where there is a lower concentration of radicals.

3.4. The occurrence and removal efficiency of 46 CECs: pilot-scale HC/UV
set-up

Table SI-13 gives the average concentrations of CECs in WW influ-
ents before (X_0) and after 30 or 90 min (X_1 and X_2, respectively)
of treatment (UV, HC or HC/UV). Variations in levels of the analytes
are likely a result of sampling, namely different sampling days, sample
heterogeneity, changing WW characteristics (Table SI-10), analyte

Relative optical intensity

0 1 2 3

4
QL/s]

Fig. 3. Hydrodynamic characteristics of the cavitation pump for Q throttling on the pressure (Apy,) and suction side (Aps) (left) and optically measured relative intensity of cavitation

(right).
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Table 1
The average (n = 6) RE and ZRE [%] of bisphenals® with lab-scale experiments under uncontrolled temperature at different HC parameters: vy, power, Q and fe,.

HC parameters Vi (L] 2 ERE [¥] logKow”
Veay [TpM] 9500 6000
Power [W] 990 340
Q[Lmin~"| 7.7 48
Np 19 39 58 12 24 36 72 144
Experiment Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 Exp.7 Exp.8
teay [min] 5 10 15 5 10 15 30 60
AT[°C] 18 23 40 6 10 14 20 30

RE [%] BPS 8 15 4 23 20 5 6 8 88 1.65
22BPF 21 24 6 14 16 13 9 6 109 3.06
24BPF 17 38 2 15 17 7 6 - 104 3.06
44BPF 21 63 6 37 32 14 7 - 180 3.06
BPE 13 49 8 16 16 13 1 1 137 3.19
BPA 14 38 2 1 14 13 2 - 94 343
BPC2 35 48 14 M 33 39 31 32 272 375
BPB 18 54 9 18 18 17 18 17 169 4.13
BPAF 49 45 14 48 41 49 33 24 303 447
BPC 26 57 12 - 5 36 19 42 197 474
BPAP 32 43 11 36 29 35 25 22 233 4.86
BPZ 31 58 11 28 24 33 22 22 229 5

IRE [%] 12 bisphenols 286 533 98 288 264 275 189 183

# Abbreviations of bisphenols: 2,2"-bisphenol F (22BPF), 2,4-bi | F (24BPF), 4.4"-bi | F (44BPF), bisphenol AF (BPAF), bisphenol E (BPE), bisphenol A (BPA), bisphenol C

(BPC), bisphenol B (BPB), bisphenol C2 (BPC2), bisphenol Z (BPZ) bisphenol AP (BPAP) and bisphenol S (BPS).

b Estimated logK,, by the EPI Suite™ method.

concentration, treatment efficiency and method uncertainty (RSD).
Except for naproxen (RSD < 49%), all other compounds had RSDs <20%
(n = 3). Results for naproxen with an RSD >30% were excluded from
further RE calculations. Of the 46 CECs, only 12: caffeine, 2-hydroxy-4-
methoxybenzophenone, dihydroxy-4-methoxybenzophenone, BPS,
44BPF, BPA, methylparaben, ethylparaben, propylparaben, ibuprofen,
naproxen and ketoprofen, were above the LOQ (8-14,000 ng L™ '). Com-
pared to previous studies (Cesen et al., 2019, 2018) on the occurrence of
CECs in Slovenian WWs, the absence of industries connected to the mu-
nicipal WWTP and additional dilution of WW due to significant rainfall
can explain the low levels and the number of compounds detected.
Caffeine was the most abundant compound (8,200-14,000 ng L")
followed by naproxen (<10,000 ng L"), whereas 44BPF had the lowest
concentration (12-26 ng L™ '). Also, caffeine and naproxen both
required a higher calibration range (167-23,000 ng L™'); however,
due to the nonlinearity of the caffeine calibration curve, only its approx-
imate concentrations are reported, and the RE could not be calculated.
However, similar levels of caffeine in the influent before and after HC
and HC/UV treatment implies a poor RE. The RE was calculated using
Eq. (2) (Zupanc et al, 2014)

RE [%] = (1—':"—J) x 100, @)
Cx o

where Cy g is the concentration of the analyte at time zero and Cy_; and
Cx 2 is the concentration after 30 or 90 min of treatment.

The results (Table 2) include only REs obtained after 30 min, as there
was no positive effect from increasing t.,, = 90 min. In general, all treat-
ments resulted in low REs and dihydroxy-4-methoxybenzophenone was
not removed by any of the treatments. A combination of HC and UV deg-
radation did not increase treatment efficiency while other studies report
a synergistic enhancement in the degradation of the parent compounds
when combining HC with different advanced oxidation processes
(Bagal and Gogate, 2014b; Gagol et al., 2018; Joshi and Gogate, 2019).
The poor removal of BPS (14%) when exposing WW only to UV irradia-
tion, was opposite to its complete removal observed in the previous UV
based lab-scale experiments ( Kovacic et al., 2019a, 2019b). A possible ex-
planation is that the UV light does not penetrate sufficiently through the
WW in the cavitation chamber, but becomes dissipated by the cavitation
cloud. Variations in temperature, composition and dilution of WW influ-
ent (uncontrolled parameters) during the experiments also limited the
comparability between laboratory and pilot-scale experiments. How-
ever, in line with lab-scale experiments, bisphenols were eliminated:
REs = 8-25% for HC, 10-43% for UV and REs = 10-29% for HC/UV.
Also, similar to lab-scale observations, increasing v,y (HC or HC/UV)
does not significantly improve RE. Moreover, the REs (B_1 and C_1) ob-
tained at lower v, were generally higher (<90%) than REs obtained at
higher v, (<34%). The results also suggest that more aggressive cavita-
tion in terms of pressure fluctuations does not necessarily favour the for-
mation of reactive oxygen species. A vz, = 2290 rpm (Sample B_1) gave
the highest REs (15-90%) for all of the compounds tested, namely

Table 2

REs [%] of the determined CECS* in WW influents by UV, HC or HC/UV process after 30 min with lower and higher v,
Exp.  Treatment conditions Np  Power [kW]  Sample name  RE[%]

HM-BP DH-BP  44BPF BPA BPS MePB  EtPB 1B PrPB NP KP

A - uv 30min 10 0.3 Al - - 25 43 14 79 73 47 49 22 -
B 2290 rpm HC 460 B_1 25 - 25 20 15 78 29 52 90 b 15
C UV/HC 4.63 1 - - - 10 16 15 - - - 50 16
D 2700rpm  HC 7.50 D_1 - - 15 8 - 17 21 - 9 34 -
E UV/HC 7.53 E_1 - - 11 13 29 20 51 13 13 o 24

# Abbreviations of CECs: 2-hydroxy-4-methoxybenzophenone (HM-BP), dihydroxy-4-methoxybenzophenone ( DH-BP), 2.4'-bisphenol F (44BPF), bisphenol A (BPA), bisphenol S (BPS),
methyl paraben (MePB), ethyl paraben (EtPB), propyl paraben (PrPB), ibuprofen (IB), naproxen (NP) and ketoprofen (KP).

" RSD (n = 3)>30%
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2-hydroxy-4-methoxybenzophenone, 44BPF, BPA, BPS, methylparaben,
ethylparaben, propylparaben, ibuprofen, naproxen and ketoprofen,
followed by UV alone (Sample A_1: 14-79%). Similar REs (15-52%) of
ibuprofen, naproxen and ketoprofen obtained by HC under lab-scale ex-
periments were also reported in a previous study by Zupancetal. (2014).
These findings point to the possibility that HC is suitable for real applica-
tions and have the potential to improve the total treatment efficiency
when used before, e.g., biological treatment. Also, the occurrence of
CECs at low concentration and lower values of WW treatment parame-
ters compared to an average WWTP indicate the relevance of performing
improved pilot-scale experiments during longer periods of less rain. In
the case of WW treatment parameters (Tables SI-10, SI-11), there was
a negligible reduction in COD, and BOD5 when being lower before treat-
ment, whereas a 13-29% reduction was observed at their higher values
(>300 and 100 mg L™, respectively) with increased tc,,. In addition, a
12% reduction in total nitrogen was observed, while there was no effect
on total phosphorus. The pH, dissolved oxygen and temperature in-
creased to 829, 8 mg L' and 31 °C, respectively, with increasing time.
To fully understand which fraction of the organic constituents (soluble,
particulate or volatile part) was removed with HC and HC/UV, a more de-
tailed analysis is needed.

4. Conclusions

A significant effect of temperature on RE using HC was observed, al-
though an increase in v, had little effect on REs of studied CECs. The
highest REs for the studied bisphenols (15-63%) were obtained at 9500
rpm for 10 min. Under pilot-scale HC conditions with simultaneous UV
treatment (performed for the first time on a WWTP), the highest REs
(15-90%) at v,y = 2290 rpm for all 11 quantifiable CECs (including
BPA, 44BPF and BPS) were achieved with lower energy consumption.
The increase of t.,, and the combination of HC and UV did not improve
treatment efficiency; however, a longer t,, reduced COD,, BODs and
total nitrogen, which justifies further investigations. The results of this
study confirm the suitability of HC for large scale applications as a pre-
treatment technique. In future applications, achieving more intensive cav-
itation by redesigning the rotor/stator, and moving the UV source either
before or after the sample reaches the treatment chamber has the poten-
tial to improve the efficiency of the HC and HC/UV generator.
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3.1.3 The occurrence and source identification of bisphenol compounds

in wastewaters

The paper “The occurrence and source identification of bisphenol compounds in
wastewaters” by M. Cesen, K. Lenar¢i¢, V. Mislej, M. Levstek, A. Kovaci¢, B. Cimrmandic,
N. Uranjek Zevart, T. Kosjek, D. J. Heath, M. Sollner Dolenc, and E. Heath was published
in Science of the Total Environment in March 2018. Dr Cesen and K. Lenarci¢ performed
the main work under the supervision of Prof Dr Heath. In this work, I contributed to
method validation and manuscript preparation.

The concern over the adverse effects of BPA analogues is increasing, while their
presence in surface waters and WWs remains poorly investigated [52], [215], [216]. This
study aimed (1) to assess the occurrence and removal of BPAF, BPAP, BPF, BPE, BPB,
BPC, BPS, and BPZ in Slovene WWTPs employing different treatment technologies and
(2) to identify their potential sources. Wastewater influent and effluent samples from five
WWTPs and WW inflows from industrial, commercial, and residential sources entering
the sewerage systems of two different catchments were collected. All chemical analyses
were based on optimized and validated GC-MS method with LOQ in the ng L' range. The
investigated bisphenols were measured in WW within the EU region for the first time.
Only BPF (36.7 ng L") and BPS (40.6 ng L") were detected exclusively in WW effluents,
whereas other bisphenols were present in both influents (< LOD—-403 ng L") and effluents
(< LOD-85.7 ng L™"). Bisphenol Z was found in the highest concentration (up to 403 ng
L"), and levels of BPC > LOD were reported for the first time (1.01-11.8 ng L '). Although
the removal of bisphenols could not be directly compared between WWTPs, except for
BPAP and BPB (6.39%-43.2%), bisphenols were removed by > 96.2%. The results also
show that food processing and textile cleaning company discharges are a significant source
(concentrations up to 3030 ng L~ with high detection frequency) of the targeted bisphenols.

This paper fulfils several aims of the thesis, namely (1) development, optimization, and
validation of a GC-MS method for the simultaneous determination of bisphenol residues,
(2) evaluation of the bisphenols occurrence in Slovenian aqueous samples and (3)
assessment of the removal efficiency of bisphenols by biological treatment. Meeting the
above objectives contributes knowledge on the occurrence and cycling of bisphenols during
WWT and in the environment.
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water treatment plants (WWTPs) and WW inflows from industrial, commercial and residential sources entering
the sewerage systems of two catchments (DomZale-Kamnik (DK) and Ljubljana (LJ)). The presence of all BPs was
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were determined in WW from food processing facilities (LJ: 3030 ng L™ ' and DK: 599 ng L™"). A high detection
frequency was observed in the WW from two textile cleaning companies (6 BPs for L] and 8 BPs for DK). The anal-
ysis of WW from WWTPs revealed that only BPF (36.7 ng L™') and BPS (40.6 ng L™ ") were >LODs in the influ-
ents, whereas other BPs were detected also in the effluents. BPZ was found in the highest concentration
(403 ng L~! at WWTP-DK). WW collected at this WWTP also contained the highest amount of BPE
(238 ng L~ ). Although BPs removal could not be directly compared between the WWTPs, with the exception
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of BPAP and BPB in the case of two smaller WWTPs (6.39%-43.2%) bisphenols were in general highly removed (>
96.2%). Finally, levels of BPC > LOD are reported for first time (WWTP in the DK catchment: 1.01 ng L™ '
11.8 ngL™"; 1 inflow from food processing plant up to 2560 ng L™ 1).

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bisphenol A (BPA) is a monomer used in the production of
polycarbonates and epoxy resins commonly applied in food contact ma-
terials, digital media (CDs and DVDs), electronic equipment, medical
devices, dental fillings, thermal receipts, water pipes and toys, etc.
(Chen et al,, 2016). The potential adverse effects on human health and
regulation of BPA production led to the use of structurally related BPA
alternatives (BPs) (Belfroid et al., 2002; Goldinger et al., 2015; Usman
and Ahmad, 2016).

Data on the physico-chemical properties of BPs is limited (see Sup-
plementary Information 1; SI-1; Table S2), but still could be used to ex-
plain their environmental fate. Based on their Henry's Law constants
(Ky), their presence in the gas phase is negligible (Chen et al., 2016).
The octanol-water partition coefficient (log Koy, ) of BPs is from 1.25-
7.17. Bisphenols with log Ko, < 4, such as bisphenol B (BPB), bisphenol
E (BPE), bisphenol F (BPF) and bisphenol S (BPS) are expected mostly in
the water phase. Other BPs such as bisphenol AF (BPAF), bisphenol AP
(BPAP), bisphenol C (BPC), bisphenol P (BPP) and bisphenol Z (BPZ)
have log K,,, of 4-6 and have the potential to adsorb to soil and sedi-
ment and to accumulate into the fat tissues of living organisms
(Caballero-Casero et al., 2016; Chen et al., 2016).

Areview by Jiang et al. (2013) reports numerous studies on the glob-
al occurrence of BPA in surface waters (SWs) and wastewaters (WWs),
whereas there is only limited information available about other BP com-
pounds. For example, only five published studies describe the presence
of BPAF, BPAP, BPC, BPB, BPF, BPFL, BPS, BPZ, tetrachlorobisphenol A
(TCBPA) and tetrabromobisphenol A in SWs in China and BPS and BPF
in SWs from Japan, Korea and India (Jin and Zhu, 2016; Liu et al.,
2016; Song et al., 2012; Yamazaki et al., 2015; Yang et al., 2014). Also,
WW as a matrix is poorly investigated in terms of the presence of BPs.
BPAF, BPB, BPE, BPF, BPS and BPZ were targeted in WW at wastewater
treatment plants (WWTPs) in China, BPAF, BPAP, BPB, BPF, BPP, BPS
and BPZ in WWs at WWTPs in India and chlorobisphenol A (CBPA),
dichlorobisphenol A (DCBPA), trichlorobisphenol A (TrCBPA) and
TCBPA in WW effluents in Spain (Ballesteros et al., 2006; Karthikraj
and Kannan, 2017; Sun et al., 2017). To our knowledge, Ballesteros
etal. (2006) is the only published study addressing the presence of chlo-
rinated BPs in Europe, however their limits of quantification (LOQs)
were so high (100-250 ng L~ "), that the reported values of all BPs
were <LOQs. In addition to this study, a local screening project conduct-
ed in Norway was also reported, where the occurrence of BPA, BPAF,
two structural isomers of BPF (2,2- and 4,4-dihydroxy bisphenols),
BPS and bisphenol BP (BPBP) were determined in WWTP effluents,
leachates, sediments and biota from Oslofjord and Mjesa (Thomas
etal, 2014).

Besides the occurrence of BPs in the WWTP influents and effluents, it
is also important to assign point sources that contribute to the overall
contamination with these compounds. Sun et al. (2017) reported
BPAF and BPE as having low removal during conventional WW treat-
ment. In such cases, it seems reasonable to search for the main inputs
of contamination, which can be achieved by the collection and analysis
of WWs originating from various facilities (e.g. inflows from industrial
facilities and hospitals) entering the sewerage system. The aim of this
study was to assess the occurrence and removal of BPAF, BPAP, BPF,
BPE, BPB, BPC, BPS and BPZ in WWs collected at five Slovene WWTPs
with varying treatment technologies. In addition, we attempted to iden-
tify possible sources of target BPs in two different WWTP catchments in
Slovenia: Ljubljana (LJ) and DomzZale-Kamnik (DK).

2. Materials and methods
2.1. Materials

BPAF (>99%), BPAP (>99%), BPC (>99%), BPE (>98%), BPF (>98%),
BPS (>98%) and BPZ (>98%) were obtained from Sigma-Aldrich (St.
Louis, USA), while BPB (>99.8%) was purchased from Dr Ehrenstorfer
(Augsburg, Germany). Structural formulas, CAS numbers and structural
names are presented in SI-1; Table S1. BPF refers to 4,4-dihydroxy
substituted BP. Deuterated bisphenol A (BPA-d16), purchased from
Sigma Aldrich (USA), was used as a surrogate standard. The silylating
agent N-(tert-butyldiethylsilyl)-N-methyltrifluoroacetamide with 1%
tert-butyldimethylchlorosilane (MTBSTFA with 1% TBDMCS; 95%) was
purchased from Sigma Aldrich (St. Louis, USA). Dichloromethane
(DCM), ethyl acetate (EtAc), methanol (MeOH) and purified water
were obtained from J. T. Baker (Deveter, Netherlands) and were all of
analytical grade purity. Stock solutions (=~ 10 ug L") of each compound
were prepared in MeOH, while calibration standards were prepared
through serial dilutions of the stock solutions.

2.2. Sampling

Eighteen samples of WW influents and effluents (V =2L;n = 1)
were collected at five WWTPs during August and October 2015
(Table 1). At the WWTP DomZale-Kamnik (WWTP-DK), an additional
four samples containing WW influent mixed with the WW from cistern
trucks from surrounding industries were collected. Full details are pro-
vided in with additional information given in SI-2 (Tables S4-S5).

In addition, twenty-five samples (V = 2 L; n = 1) of various poten-
tial source WWSs were also sampled, i.e. the inflows of various industrial
and other facilities entering into the sewerage system of the L] and DK
treatment plant catchments (SI-2; Fig. S1 and Table S3). The identity
of these sources cannot be disclosed, therefore only the type of WW is
shown (Table 2). These sources included a pre-treated WW (e.g.
neutralisation, settlement, chemical precipitation) from two food and
beverage producers (F), various industrial sources (I), health centres,
hospitals and retirement homes (H), pharmaceutical companies (P),
textile cleaning companies (C), landfill sites (L), swimming pool and
communal sewerage canals (other sources, O; SI-2; Fig. S1 and
Table S3). All samples were stored at — 20 °C prior to analysis. Addition-
al sample information is given in SI-2; Table S3.

2.3. Sample preparation

Samples were first filtered through glass-microfibre filters
(Macherey Nagel, Diiren, Germany) and then through cellulose nitrate
filters (0.45 um, Sartorius Stedim Biotech, Géttingen, Germany). A sur-
rogate standard was then added to give a final concentration of
25 ng L' and the samples extracted using solid-phase extraction
(SPE) cartridges with divinylbenzene-N-vinylpyrrolidone copolymer
sorbent (Oasis HLB Waters, Massachusetts, USA; 60 mg, 3 mL). The car-
tridges were conditioned with 3 mL of DCM, EtAc and MeOH and equil-
ibrated with 3 mL of purified water. The samples were then extracted at
a flow-rate of 3 mL min~' using a Supelco Vacuum Manifold
(Bellefonte, USA). After loading, the sorbents were dried under vacuum
(—1.33 kPa, 30 min). Elution was performed with 3 mL of MeOH (3 al-
iquots of 1 mL). The remaining solvent was removed under a gentle
stream of nitrogen. Derivatization was performed with 30 uL of
MTBSTFA with 1% TBDMCS in 220 pl EtAc for 16 h at 60 °C.
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Table 1

Sampling details including sample names, location and time, type of WWTP treatment and sample and population equivalents for each WWTP.

WWTP location Type of WWTP/WW Population equivalent (PE) Date of sampling Sample type Abbreviation
Ljubljana Mechanical-biological with anaerobic stabilisation 360,000 10.9.2015 Grab:
(WWTP-1J) of excess sludge/mixed sewer system (hospital, Influent Linf_1
domestic and industrial waste; storm runoff) Effluent Ljeff_1
27.102015" Time-prop.:
Influent Ljinf_2
Effluent Ljeff_2
DomZale-Kamnik Mechanical-biological with anaerobic stabilisation 200,000 2272015 Time-prop.:
(WWTP-DK) of sludge/infiltration, municipal, industrial Influent DKinf_1
Influent + inflows DKinf+_1
23.7.2015 Time-prop.:
Effluent DKeff_1
1.9.2015 Grab:
Influent DKinf_2
Influent + inflows DKinf+_2
29.2015 Time prop.:
Effluent DKeff_2
10.9.2015 Grab:
Influent DKinf_3
9.9.2015 Time-prop.:
Influent + inflows DKinf+_3
10.9.2015 Time-prop.:
Effluent DKeff_3
2292015 Time-prop.:
Influent DKinf_4
Influent + inflows DKinf+_4
2392015 Time-prop.:
Effluent DKeff_4
Novo mesto Membrane-biological (MBR)/industrial, hospital, 55,000 6.8.2015 Time-prop.:
(WWTP-NM) municipal, precipitation Influent NMinf
7.82015 Time-prop.:
Effluent NMeff
Velenje Biofiltration (MBBR)/municipal, industrial 50,000 3.9.2015 Time-prop.:
(WWTP-VE) Influent VEinf
Effluent VEeff
Golnik Mechanical-biological + constructed 900 26.82015 Time-prop.:
(WWTP-GO) wetland/hospital, municipal, precipitation Influent GOinf
27.82015 Time-prop.:
Effluent GOeff

2 Samples were collected on the same day (not taking into account hydraulic retention time), therefore removal was not determined on this occasion.

2.4. GC-MS analysis

Extracts were analysed using an Agilent 7890B series gas chro-
matograph with a 5977A single quadrupole mass spectrometer
(Agilent, USA). Separation was achieved with a HP-5 MS capillary
column (30 m x 0.25 mm x 0.25 um; Agilent, USA). Carrier gas was
helium. One microliters of sample extract was injected in splitless
mode at 250 °C. For optimal chromatographic separation, the tem-
perature program was as follows: an initial temperature 120 °C was
ramped at 20 °C min~' to 200 °C and held for 2 min, then at 10
°C min~" to 280 °C (held for 5 min) and finally at 20 °C min~—' to
310 °C (held for 10 min). Post-run was 3 min. Total GC-MS runtime
was 20 min. The mass spectrometer was operated in EIl mode at
70 eV. Selected compounds were determined using selected ion
monitoring (SIM mode). The fragment ions (m/z) and retention
times (Rt) of the derivatized compounds that were used for identifi-
cation and quantification are given in §I-3 (Table S6). Data was proc-
essed using MassHunter Workstation - Quantitative Analysis
software (Agilent Technologies).

2.5, Method validation

Method performance was assessed in terms of linearity, accuracy,
limit of detection (LOD), limit of quantification (LOQ), sensitivity and
precision expressed as method and instrumental repeatability. An
8-point calibration curve was prepared using a least square linear re-
gression analysis over a concentration range from 4 ng L™' to

100 ng L™ ". The coefficient of determination (R?) was used to express
linearity. Sensitivity was expressed as the slope of the calibration curves.
Since the initial analysis revealed the concentration of several BPs above
the calibration range, an additional calibration curve from 4 ngL~ ' to
1000 ng L~ ! was prepared. Method accuracy was expressed as | (exper-
imental value — spiked value) / spiked value] (n = 3; at 8 and
75ngl ). WW collected from laboratory-scale bioreactors fed with ar-
tificial WW (at Faculty of Civil and Geodetic Engineering, University of
Ljubljana, Ljubljana) was used for determination of LODs and LOQs
(blank samples; n = 6), which were calculated as 3-times and 10-
times the standard deviation (SD) of the baseline of the blanks, respec-
tively, divided by the slopes of their calibration curves. Method repeat-
ability was calculated as the relative standard deviation (RSD) of three
replicate samples (at 25 ng L~ ' and 100 ng L"), while instrumental re-
peatability was determined as the RSD of three consecutive injections of
the same sample at 25 ng L' and 100 ng L~ ". SPE recovery was
assessed at 20 ng L~ " and 80 ng L™' (n = 6). At each concentration,
the standards of bisphenols were added before SPE to three samples,
while the other three samples were blanks without the addition of stan-
dards. After elution, a surrogate standard was added to all samples and
standards of BPs to the blank samples. Recovery was calculated as a quo-
tient of the analytes spiked in a sample prior to SPE (n = 3) and the
same amount of analytes added post SPE to the extracted blanks (n
= 3). Background contamination blanks (n = 1) revealed the presence
of BPAF, BPF and BPS and samples containing measurable amounts of
these compounds were blank-corrected. Details are given in SI-3
(Table S7).
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Table 2
Description of facilities (inflows) sampled including sample names, sampling time and
location.

Location Abbreviation Facility Date of
sampling
DK DK-FO1 Meat processing plant 28.7.2015
DK-102 Cleaning products manufacturer 2472015
DK-103 Hygienic and health personal care 23.7.2015
products manufacturer
DK-104 Biogas producer 2272015
DK-105 Paint and lacquer manufacturer 28.7.2015
DK-HO6 Retirement home 309.2015
DK-HO7 Health care centre 3092015
DK-PO8 Pharmaceutical factory 2272015
DK-C09 Textile cleaning company 21.7.2015
DK-L10 Landfill 27.7.2015
DK-011 Communal sewage 20.8.2015
DK-012 Communal sewage 2772015
1] 1J-FO1 Dairy industry 99,2015
LJ-Fo2 Poultry producer 10.9.2015
LJ-FO3 Meat processing plant 10.9.2015
LJ-FO4 Brewery and beverage producer 9.9.2015
LJ-105 Paint and lacquer manufacturer 8.9.2015
LJ-106 Gasket seal manufacturer for the application ~ 8.9.2015
in potable water systems and in food industry
LJ-107 Polyamide filaments and granulate producer 9.9.2015
LJ-HO8 Hospital 9.9.2015
LJ-HO9 Health care centre 10.9.2015
1J-P10 Pharmaceutical company 992015
LJ-C11 Textile cleaning company 10.9.2015
1J-L12 Landfill (public municipal waste 10.9.2015
management company)
1J-013 Recreational centre with public swimming pool 28.8.2015

3. Results and discussion
3.1. Validation of method

Validation parameters of the method are given in SI-3 (Table $8). In
general, method repeatability was between 1.16% (BPS at25ngL ™ ') to
23.9% (BPC at 100 ng L~ '), while instrumental repeatability ranged be-
tween 3.65% for BPB (25 ng L™') and 18.0% for BPF (100 ng L™'). Al-
though it was expected that the accuracy would be higher at the
higher concentration for all compounds, BPAP and BPS had higher per-
centage accuracy at the lower concentration (Table S8). Adequate line-
arity was confirmed by the R? values being >0.989 for BPS and BPZ. In
terms of recovery, BPC had the lowest recovery (56.1%) at 80 ng L~ ",
For all other compounds, recovery was >79.1% (BPAP at 20 ng L™ ).
LODs and LOQs were in ng L™ range. The lowest LOD and LOQ were de-
termined for BPE (0.207 ng L~ ' and 0.465 ng L~ ', respectively), where-
as the highest LOD (1.24 ng L™ ') and LOQ (4.13 ng L~ ") were obtained
for BPZ.

3.2. Sample analysis

3.2.1. Occurrence of BPs in WW inflows at WWTP-DK and WWTP-L] region

To our knowledge, this is the first study attempting to determine BP
sources to WW, hence there are no other literature data to compare.
However, we do compare determined BP concentrations between
analysed WW and potential sources later on (Comparison of BP concen-
trations in WW inflows to WWTP influents at DK and L] region). The cal-
culation of mass loads was omitted for these samples since dataon WwW
flows were not available.

3.2.1.1. DK WWTP catchment. All samples contained at least one com-
pound >LOQ (DK-P08; BPB), whereas DK-FO1, DK-C09 and DK-L10 re-
vealed the presence of all analytes at concentrations =LOD (Fig. 1).
Interestingly, these three samples contained the highest cumulative
concentrations (BPsy,,) among all samples (DK-C09: 1310 ng L™ ';
DK-L10: 1010 ng L' and DK-FO1: 599 ng L™"). In addition, apart

from BPS, all BPs were present in the highest concentrations in one of
these three samples, i.e. BPAP and BPE in DK-FO1, BPAF and BPF in DK-
C09 and BPB, BPC and BPZ in DK-L10 (Fig. 1). Concentrations of all the
BPs are given in SI-4 (Table S9).

3.2.1.2. L WWTP catchment. The analysis of WW inflows from LJ catch-
ment (Fig. 2) revealed that samples contained from one (1J-105) up to
eight analytes >LOD (LJ-FO3 and LJ-H09). Similar to DK catchment,
two samples (LJ-FO3 and LJ-H09) contained the highest cumulative con-
centrations of BPs (3030 ng L~ ' and 531 ng L', respectively) as well as
the highest individual BP concentrations (BPAF, BPB, BPC, BPE and BPS
in LJ-FO3 and BPAP, BPF and BPZ in LJ-H09; Fig. 2). Sample LJ-FO3
contained the highest concentration of BPC (2560 ng L~ '), which was
the highest among all the BPs in the analysed samples. The concentra-
tions of BPs are presented in full in Table S10.

Interestingly, the comparison of WW inflows in terms of BPs pres-
ence in the DK and L] catchments revealed that BPs were present in
both at the highest concentrations in the samples originating from
food processing plants (DK-FO1 and LJ-F03). This suggests that this
type of facility represents a significant potential “point source” of BPs.

32.1.3. Detection frequency of BPs in DK and L] WWTP catchments. A com-
parison of DK and L] catchments was performed also in terms of BPs' de-
tection frequency (Table 3), where the presence of BPs in WW inflows
was separated into three groups: (1) expected due to their application
of BPs at the facilities, (1I) expected at other facilities due to the elimina-
tion from higher number of people situated at the facilities during the
sampling campaign, and (lIl) other facilities, where BPs were least ex-
pected, Group | was further classified into four groups according to
their application (Table 3).

Results confirmed that out of the seven suspected WW samples that
might contain BPs due to their migration from food contact materials
(FCMs) at facilities within this group, all samples contained between
two to seven of the target analytes (Table 3; Group La). Although a
higher number of samples from the L] catchment were associated
with potential contamination with BPs originating from food produc-
tion industry, when compared to the DK catchment, only one sample
for L] and two samples for DK catchment contained all seven BPs.
Among them, DK-L10 is a WW sampled at a landfill site, where detected
compounds can originate from sources other than FCMs, e.g. from dye-
stuffs (Table 3; Groups Lb, Lc and 1d). Similarly, sample LJ-L12 is a WW
from a landfill site in L] catchment, where the detected BPs cannot be at-
tributed to a specific source. Another source of contamination with
BPAP and BPS in landfill WW is waste paper material, whose production
employs both compounds. In addition, BPC is also placed in Group Lb
and since no other use of this BP has been reported to the author's
knowledge, we assume, that the detected BPC in samples DK-L10 and
LJ-L12 originates from waste paper products.

Interestingly, as BPF and BPS are used for the production of lacquers
and dyestuffs (Table 5), one might expect their presence in samples DK-
105 and LJ-105, which are WWs originating from paint industry. Howev-
er, the concentrations in these samples were <LOD for both compounds,
which may be a result of nature of sampling (grab sampling), dilution or
simply absence of application of BPF and BPS at these two facilities. Par-
tially, this issue would have been clarified if composite samples were
collected at different times.

Among the samples within this group, DK-104 is the only WW sam-
ple originating from biogas production, where biodegradable waste (in-
cluding wasted and spoiled food) is mainly used to produce electrical
energy. Since BPs migrate into foodstuffs from FCMs, they were expect-
ed to be present in WW originating from this facility (Table 3).Indeed, 4
BPs (BPAF, BPAP, BPB and BPE), which are known food contaminants,
were detected in this sample, among which BPE was present in relative-
ly high concentration (Fig. 1; Table 59).

The samples in group Il contained from two (1J-013) to all of the tar-
get BPs (LJ-H09). Any firm conclusions regarding the presence of the
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Fig. 1. Concentrations of BPAF, BPAP, BPB, BPC, BPE, BPF, BI'S and BPZ in WW inflows collected in the DK catchment.

detected BPs are hard to make. It is plausible that their source are excre-
tions from human body after ingestion of contaminated foodstuff at the
stated facilities, e.g. retirement home in the case of sample DK-HO6
(Gramec Skledar and Peterlin Ma3ic, 2016). This observation partially
agrees with the fact that in the case of WW coming from a recreational
centre with a swimming pool (mixed communal WW and water from
swimming pool, LJ-013) only two BPs were detected, i.e. BPAF and
BPE, whereas other samples (which derived only from municipal
‘WW) contained more BPs.

Group Il consisted of samples containing BPs that were not expected
to be present based on the source of the collected Wws and taking into
account their application stated in the literature for Group I (Table 3).
Surprisingly, in both catchments, samples from textile cleaning facilities
(DK-C09 and LJ-C11) contained the highest number of BPs, i.e. eight and
six, respectively. Although LJ-C11 contained all six BPs at very low con-
centrations, high detection frequency suggests that companies use
cleaning agents, which contain BPs that migrate from packaging and
are washed during textile cleaning into the sewerage system, Another
explanation could be the use of BPs in the textile production, where
BPA is reported as an intermediate in the manufacture of textile dyes
(Xue et al,, 2017). Xue et al. (2017) targeted 9 BPs (BPA, BPAF, BPAP,
BPB, BPC, BPE, BPF, BPS and BPZ) in various textile products for infants
<1 yr (e.g., diapers, blankets, clothes, and socks) and confirmed the
presence of BPA, BPF, BPS and BPP in at least one type of sample. This
agrees with the outcomes of the present study, where BPs (BPAF,
BPAP, BPB, BPC and BPE in DK-C09 and BPAF, BPAP, BPB, BPC, BPE and
BPF in LJ-C11) were also detected. Regardless, a detailed study on
their origin should be performed in order to confirm their sources.

Interestingly, while WW from the pharmaceutical company in DK
region (sample DK-P08) contained only BPB, the other facility in L]
area (sample LJ-P10) contained BPC, BPE, BPF and BPZ, The latter is a
larger pharmaceutical industry with more employees, which could par-
tially explain more contaminated WW in sample LJ-P10.

Samples LJ-106 and 1J-107 contained three and two BPs, respectively.
Based on their type of production (Table 2), we did not expect the

presence of the target BPs in high amounts. In case these industries
would use any of the targeted BP for the production of their products,
the detected concentrations would be significantly higher than those
that were detected (see Section 3.2.1 and SI-IV; Table 510).

A further comparison among both catchments is hard due to the
varying types of WW and different number of samples in each group.
Overall, we can conclude that the presence of BPs was detected more
frequently in samples from the DK catchment (Table 3).

3.2.1.4. Comparison of BP concentrations in WW inflows with WWTP influ-
ents in the DK and Lf catchments. Since not all the samples were not col-
lected simultaneously (Tables 1 and 2), a comparison between WW
inflows and WWTP influents was assessed only for DK-PO8 and
DKinf_1 (22.7.2015) and LJ-F03, LJ-H09, LJ-C11, LJ-L12 and Ljinf_1
(10.9.2015; Table 4), The comparison was based on concentrations
rather than mass loads as no data on flows are available for WW inflows.

DK-P08 originates from a pharmaceutical industry, where all BPs
were <LOD (Table 4). On the contrary, DKinf 1 contained BPAF, BPB,
BPE, BPF and BPZ in concentrations from 114 ng L™ ' to 120 ng L™,
which implies that these contaminants most probably derived from
WW that was released into the sewerage system from other facilities
within this region.

The opposite phenomenon was observed for the samples collected
in the L] catchment, where LJ-FO3 and LJ-HO9 contained all BPs at con-
centrations higher than those detected in Ljinf_1. Similarly, LJ-C11
contained higher concentrations of BPB, BPC and BPE and LJ-L12 BPAF,
BPC and BPE (Table 4). This indicates that these WW inflows represent
a “point source” of BPs and that their concentration decreases on the
way to the WWTP by dilution with WW coming from other facilities.

3.2.2, Occurrence of BPs in WWTP's influents and effluents

All BPs were =LOD in at least one sample of either WWTP influent or
effluent (Table 5). In the case of WWTP-DK, WW samples that were de-
livered to the WWTP by cistern truck (DKinf+_1 - DKinf+_4) were
compared with other WWTPs, whereas a comparison between them
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Fig. 2. Concentrations of BPAF, BPAP, BPB, BPC, BPE, BPF, BPS and BPZ in WW inflows collected in L) catchments.
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Table 3

Expected and confirmed presence of BPs in WW inflows separated into three groups (Group I: expected presence of BPs due to their application/use; Group I1: expected BPs presence at

other facilities due to the elimination from higher number of people situated at the facility during sampling campaign; Group IlI: other fa

ities where BPs are not/less expected).

1. Expected presence of BPs due to their application/use

Application

Compound  Presence in WW inflows

References

Expected Positive hits

a) FCM production (reported use/presence in a foodstuff) ~ BPAF DK-FO1 ~ DK-FO1 -all (7/7)  (Chunyang and Kurunthachalam, 2013; Gramec Skledar and
BPAP DK-104 DK-104 - BPAF, Peterlin Magig, 2016; Usman and Ahmad, 2016; Cesen et al., 2016)
BPB DK-L10  BPAP, BPB, BPE
BPE L-FO1  (4/8)
BPF LJ-FO2  DK-L10 - all (7/7)
BPS LJ-FO3 LJ-FO1 - BPAF, BPE
BPZ U-Fo4  (2/7)

L-L12  LJ-FO2 - BPAF, BPE,
BPF, BPZ (4/7)
LJ-FO3 - all (7/7)
LJ-FO4 - BPAF,
BPAP, BPF, BPZ

(4/7)

LJ-L12 - BPAF, BPC,
BPE (3/7)

b) Paper products production, e.g. thermal paper BPAP DK-L10
BPC LJ-L12
BPS
¢) Production of lacquers, varnishes, adhesives, plastics and BPF DK-105
preservation of bamboo shoots DK-L10

U105 -105 -/

DK-L10 - all (3/3)
LJ-L12 - BPC (1/3)

DK-105 - / (0/1)
DK-L10 - BPF (1/1)

(Gramec Skledar and Peterlin Masi€, 2016; United States Environ-
mental Protection Agency, 2012)

(Toxnet, 2005)

0/1)

U-L12  L-L12 -/ (0/1)

d) Additive in pesticides, production of dyestuffs, BPS DK-105
colourfast agents, leather tanning agents and dye DK-L10
dispersants LJ-105

DK-105 -/ (0/1)
DK-L10 -BPS (1/1)
U-105 -/ (0/1)

(Caoet al., 2012)

L-L12 L-L12 -/ (0/1)

1. Expected BPs presence at other facilities due to the elimination from higher number of people situated at the facility during sampling campaign (hospitals, retirement homes,

health care centres etc.)

Compound Presence in WW inflows
Expected Confirmed
BPAF DK-HOG DK-HO6 - BPAF, BPB, BPC, BPE, BPF (5/8)
BPAP DK-HO7 DK-HO7 - BPB, BPC, BPE (3/8)
BPB DK-011 DK-011 - BPAF, BPB, BPE, BPF, BPS, BPZ (6/8)
BPC DK-012 DK-012 - BPAF, BPAP, BPB, BPF (4/8)
BPE LJ-Ho8 LJ-HO8 - BPAF, BPB, BFC, BFF (4/8)
BPF 1J-H09 1J-HO9 - ali (8/8)
BPS 1J-013 1J-013 - BPAF, BPE (2/8)
BPZ

111 Other facilities where BPs are not/less expected

Compound Presence in WW inflows
Not expected Confirmed
BPAF DK-102 DK-102 - BPAF, BPC, BPE, BPF (4/8)
BPAP DK-103 DK-103 - BPAF, BPB (2/8)
BPB DK-P08 DK-PO8 - BPB (1/8)
BPC DK-C09 DK-C09 - all (8/8)
BPE 1J-106 LJ-106 - BPAF, BPE, BPZ (3/8)
BPF 1107 1J-107 - BPAP, BPE (2/8)
BPS LJ-P10 LJ-P10 - BPC, BPE, BPF, BPZ (4/8)
BPZ 1-C11 LJ-C11 - BPAF, BPAP, BPB, BPC, BPE, BPF (6/8)

and DKinf 1 - Dkinf 4 is discussed as a Section “Comparison of
DKinf+_1 - DKinf+_4 and DKinf_1 - DKinf_4" with exact data given
in Table 6. The detection frequencies per compound in all samples
from WWTP were as follows: BPS (2) < BPC (4) < BPF (5) < BPAF and
BPAP (7) < BPZ (8) < BPE (10) < BPB (12). Moreaver, BPF and BPS
were >LOD only in the influents, whereas other BPs were detected at
least once (BPC) in influents and effluents (Table 5).

The detected concentrations of BPs and the cumulative concentra-
tions values per compound and per sample are given in Table 5. Except
for BPAF on three occasions, BPs were generally higher in influents
than in effluents which is most likely a result of sampling (i.e., grab

samples and HRT not taken into account). This is also discussed in a re-
cent paper by Sun et al. (2017), where they assigned this phenomenon.
However, as the authors collected 24 h time-proportional samples,
where HRT was taken into account, they believe the higher amounts
of BPAF in the effluent is due to low biodegradation during WW
treatment.

The highest detection frequency of BPs per sample was observed for
DKinf+_1 (5), DKinf+_3 (5) and DKinf+_4 (7), which also contained
the highest cumulative values (40.9-698 ng L~ "': Table 5). This is not
surprising since WWTP-DK receives WW that is = 11% industrial.
These samples contain the highest levels of individual compounds,
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Table 4

Concentrations of BPs in WW inflows and WWTP influents in the DK and L] catchments.
DK catchment

DK-PO8 DKinf_1
(ngL™") (ngl™")
BPAF <LOD 114
BPAP <LOD <LOD
BPB <LOD 163
BPC <LOD <LOD
BPE <LOD 778
BPF <LOD 15.1
BPS <LOD <LOD
BPZ <LOD 120
LJ catchment
1J-F03 1J-Ho9 J-cn U-L1z Ljinf_1
(ngl™") (ngL™") (ngL™") (ngL™") (ngL™")

BPAF 49.0 26.2 <LOD 499 4.97
BPAP 338 84.6 <LOD <LOD <LOD
BPB 15.2 149 144" <10OD <LoD
BPC 2560 175 1.84* 497 <LoD
BPE 101 8.90 213 283 4.74
BPF 19.4 276 1.24* <LOD 5.083
BPS 164 346 <LOD <LOD LoD
BPZ 87.1 159 <LOD <LOD 1.64*

@ The values are > LOD, but below first point in calibration curve,

with exception of BPC, which was present in the highest concentration
inNMinf(11.8 ngL™'; Table 5). The cumulative value for BPZ in all sam-
ples (994 ng L~ ') was significantly higher than for the rest of the com-
pounds implying its high usage compared to other BPs in Slovenia. BPC
and BPS had the lowest cumulative values in all samples (18.4 ng L~
and 42.6 ng L7, respectively).

The literature data on the occurrence of investigated BPs is scarce as
only two other studies report measurable concentrations of BPs in WWs
(Table 5). Comparison with available literature data shows that BPC was
investigated in terms of occurrence in WW and also determined above

Table 5
Concentrations of BPs in five Slovene WWTP influents and effluents.
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the LOD for the first time in this study. Furthermore, a comparison of
the average BP concentrations reported by Sun et al. (2017), who ad-
dressed the occurrence of BPs in Chinese WWs and Karthikraj and
Kannan (2017) that studied Indian WWs, found 3 BPs (BPAF, BPAP
and BPZ) in considerably higher concentrations in both, influents and
effluents, than analysed within this study. On the contrary, Sun et al.
(2017) reported higher average concentrations of BPF and BPS in WW
influents and effluents, Within Europe, only two studies addressed
this issue. Ballesteros et al. (2006) searched for CBPA, DCBPA, TrCBPA
and TCBPA in WW effluents in Spain, however due to their high LODs
none of the analytes were quantified. Thomas et al. (2014), reported
measurable concentrations of BPA, two structural isomers of BPF, BPS
and BPBP in Norwegian WWTP effluents, whereas BPAF was <LOD.
BPF (4,4-dihydroxy substituted, the same as in this study) was present
in the highest concentration (6200 ng L~') in one WWTP effluent,
which is significantly higher than the concentrations of BPF detected
in Slovene WWs (Table 5).

3.2.2.1. Calculation of BP mass loads in WWTP's influents and effluents.
Mass loads were calculated for the collected influents and effluents in
order to compare the studied WWTPs in terms of BP pollution. The con-
centrations were multiplied by flow rate and divided by PEcop (organic
load) at the time of sampling. Where these data were not available at
the time of sampling, the average values for 2015 were used for calcula-
tions (SI-2: Tables S4-S5).

In general, these results showed that the DK catchment appears
to be more polluted with target BPs than the WWTP L] catchment,
which has the highest PE and flow rates among the studied
WWTPs. Regardless, as discussed in Section 3.2.3 and shown in SI-5
(Table $11), the removal efficiency of WWTP-DK is high since the ef-
fluents DKeff_1, DKeff_2, DKeff_3 and DKeff_4 mainly contain BPs at
low levels or even <LODs. At other WWTPs with a lower PE and flow
rates, the majority of BPs were not detected in influents which sug-
gests only minor/negligible pollution of these catchments with the
studied BPs.

Comp. Concentration (ng L~1)*
Yinf1  Leff1  Uinf2  Leff2  DKinf+_1  DKeff.1  DKinf+_2  DKeff2  DKinf+_3  DKeff.3  DKinf+.4  DKeff 4

BPAF 497 7.04 <loD 6.66 230 <LOD <loD 9.53 298 <LOD 8.20 <LoD
BPAP <LOD <LOD <LOD <LOD <LoD <LOD 35.6 9.49 83.7 317 177 <LOD
BPB <LOD =LOD 113" <LOD 15.1 0.566* 0.439 =LOD 277 0.318" 199 0.624*
BPC <LOD <LOD 4.18 <LOD <LoD 145" 1017 <LOD <LOD <LOD <LOD <LOD
BPE 4.74 <LOD <LOD <L0D 91.6 <LOD 317" 0.326* <LOD 1.30° 238 128
BPF 5.08 <LoD <LOD <L0D 187 <LOD <LOD <LOD 367 <LOD 152 <LOD
BPS <LOD <LOD <LOD <LOD =L0D =L0D <LOD =LOD <LOD =LOD 40.6 <LOD
BPZ 164 <LOD 6.95 <LOD 403 <LOD <loD <LOD 290 2.70° 199 85.7
Sum per sample 16.4 7.04 12.26 6.66 551 202 40.2 193 468 7.49 698 87.6
Comp. Concentration (ng L~ ')*

NMinf NMeff  VEinf  VEeff GOinf GOeff  Sum per Average Average Average Average Average Average

compound  (influents)  (effluents)  (influents) (effluents) (influents) (effluents)
(Sun et al., 2017)° (Karthikraj and
Kannan, 2017)"

BPAF <l0D  <lOD  <1OD  <LOD  <LOD  <LOD 892 16.5 7.74 0.901 116 11 <10D
BPAP <lOD <LOD <LOD <lLOD 326" 208" 314 74.9 491 na. na. 03 <LOD
BPB 0295* <LOD 0431° <LOD 265" 151" 707 846 0.755 na. na. 25 0.6
BPC 118 <l0OD  <LOD  <LOD <LOD <LOD 184 5.66 145 na. na. na. na.
BPE <lOD  283° <1OD 0276 <LOD 562 349 B4.4 1.94 451 4.07 n.a. na.
BPF 6.15 <l0D  <LOD  <LOD <LOD <LOD 818 164 <LOD 35.8 167 104 0.6
BPS <l0D  <lOD  1.95* <lOD <LOD <LOD 426 213 <LoD 55.7 0.596 14.7 24
BPZ 466 <l0D  <LOD  <lOD <LOD <LOD 994 151 44.2 na. na. 06 <LOD
Sum per sample 229 283 238 0.276 591 9.21

2 Concentrations marked with * were >LOD but below the first calibration point (i.e.4ng L™").
® n.a. - BPs that were not analysed within the study by Sun et al. (2017) and Karthikraj and Kannan (2017).
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Table 6
Concentrations of BPs in influents, influents with cistern trucks WW and amounts attributed

to cistern truck WW calculated as a difference among each pair (DK region).

DKinf_1 (A)  DKinf+_1 (B} B-A DKinf 2 (C}  DKinf+_2 (D) D-C  DKinf_3 (E) DKinf+_3 (F) FE DKinf_4 (G)  DKinf+_4 (H) H-G
BPAF 114 23.0 116 194 <LOD —186 5.08 208 247 0.0187 8.20 8.18
BPAP <LOD <LOD / 0.00220 356 356 999 837 —16.2 0.00220 177 177
BPB 163 15.1 —1.16 17.8 0.439° —174 15.1 276 126 0.277° 19.9 19.6
BPC =LOD <LOD / 388 1017 —387 <LOD <LOD / 0.743" 0.00115 —0.742
BPE 77.8 91.6 13.8 215 317 —212 <LOD <LOD / 319 238 206
BPF 151 18.7 3.59 258 0.00162 —258 237 36.7 13.0 7.08 15.2 8.07
BPS <LOD <LOD / 415 0.000486 —41.5 <LOD <LOD / 0.000486 40.6 40.6
BPZ 120 403 283 =LOD <LOD I3 0.00765 290 290 91.2 199 108

@ The values are >LOD, but below first point in calibration curve.

3.2.2.2. Comparison of DKinf+_1 - DKinf +_4 and DKinf_1 - DKinf 4.
Table 6 gives the determined concentrations of BPs in four pairs of
WWTP-DK influents and influents including WW brought in by cistern
trucks. In addition, differences among each pair were calculated to as-
sess the amount of contamination deriving from the cistern truck
WW. When concentrations were <LOD in one of the sample pair, one
half of the compounds' LOD was used to calculate the difference be-
tween the samples (Verbovsek, 2011). When both samples contained
BPs < LOD, the difference was not calculated. The majority of BPs were
present in higher concentrations in samples from cistern truck WWs,
which was expected as WW from cistern trucks represent WW collect-
ed exclusively at nearby industries, which have the potential to be con-
taminated with BPs. Regardless, the second sampling campaign
revealed the opposite phenomenon, where samples without cistern
truck WW contained all quantifiable BPs except BPAP at higher concen-
trations. These elevated concentrations of especially BPC, BPE and BPS
are difficult to explain and may arise from uncontrolled emission of con-
taminated WW into the sewerage system by certain industrial facilities
in the DK catchment. Similarly, high concentrations of BPAP, BPE and
BPZ were observed in DKinf+_4 (177 ng L™', 206 ng L' and
108 ng L', respectively). Interestingly, BPZ was observed in the high
concentrations in DKinf+_1, DKinf+_3 and DKinf+_4 suggesting
that BPZ is constantly present in a WW of a certain point source,
which is driven to WWTP-DK by cistern trucks. To further locate its
source, the WW from each cistern truck should be analysed.

3.2.3. Estimation of BP removal at WWTPs

Removal efficiency of tested BPs was estimated by dividing mass
loads of target BPs in WW influents and effluents only when samples
were collected as composite samples taking into account WWTP HRT
(Table 5). When concentrations in effluents were <LOD, one half of
the compounds' LOD was used for the calculation of mass loads and re-
moval, whereas when influents contained the values <LOD, removal
was not determined (Verbovsek, 2011). Removal estimation (in %) is
given in SI-5 (Table 511).

Removal efficiency was calculated on 25 occasions. Results showed
that BPs were in general successfully removed (>96.2%). When compar-
ing our results with the literature data, we observed two anomalies. For

example, BPAF was removed >99.8% during three sampling campaigns
at WWTP-DK, whereas Sun et al. (2017) report poor biological removal
of BPAF due to the lack of degrading bacteria (Table 7). Sunetal. (2017)
also report negative removal for BPE, unlike in the present study, where
>99.5% removal was determined on two occasions at WWTP-DK
(Table 7 and Table S11). The discrepancy among both studies probably
derives form a different approach used for the removal calculation since
Sun et al. (2017) applied concentrations in influents and effluents rather
than mass loads of the studied BPs (Table 7). Adsorption onto sludge is,
besides biodegradation, one of the most crucial parameters, affecting re-
moval efficiency of organic contaminants. Based on reported log Kow
(Table S2 and Table 7) for the studied BPs, it is assumed that BPAF,
BPAP, BPB, BPC and BPZ (log Kaw > 4) have a tendency to adsorb onto
sludge. By this assumption and in accordance with the confirmed ad-
sorption onto sludge for BPAF, BPE, BPF and BPS by Sun et al. (2017),
the removal obtained in this study was related to either biodegradation
or to a combination of biodegradation and adsorption onto sludge
(Table 7). Only one discrepancy between log Kow values and adsorption
by Sun et al. (2017) was revealed, i.e. for BPF (Table 7). Based on gath-
ered data, we concluded that BPAF, BPAP, BPB, BPC and BPZ are most
likely removed by their adsorption and biodegradation, whereas BPE
is mainly biodegraded and BPF is predominantly removed by adsorp-
tion. Further studies are needed to confirm these assumptions since
ather processes like back-transformation of human metabolites might
also play an important role in the WWTP efficiency.

In addition, a direct comparison of removal efficiency between dif-
ferent treatment technologies of the studied WWTPs was not possible
due to the presence of different BPs at each site. Regardless, poor remov-
al of BPAP and BPB (<50%) was observed for WWTP-GO, the smallest
and oldest WWTP (900 PE). Moreover, although removal at WWTP-
NM and WWTP-VE was in general >99.8% for the BPs detected, BPB
was poorly removed at these two WWTPs. These observations suggest
that BPAP and BPB were poorly removed in the case of smaller
WWTPs (900-55,000 PE), where MBR, MBBR or conventional treat-
ments with constructed wetlands technologies are used. On the other
hand, conventional treatment at WWTP-DK resulted in high removal
of BPAP and BPB (Table S11), suggesting this type of treatment as a
more suitable alternative for their removal.

Table 7
The removal efficiency of studied BPs related to log K and comparison with the data by Sun et al. (2017).
BPAF BPAP BPB BPC BPE BPF BPS BPZ
Expected adsorption to biomass based on log Kow v v v v X X X v
447 4.86 4.13 4.74 3.19 3.06 1.65 5.00
Reported adsorption to sludge by Sun et al. (2017) v na. na. na. X s x na.
Reported removal by Sun et al. (2017) —153% na. na. na. —82.5% =100% ~100% na.
Calculated removal in this study =100% 36.1% (n=1); 6.39-98.9% 100% 2= 100% 100% 100% 57%(n=1);
(n=3) 96-100% (n=26) (n=1) (n=2) (n=4) (n=2) ~=100%
(n=2) (n=3)
Removal due to suspected adsorption (A) and/or A+B A+B A+B A+B B A B A+B

biodegradation (B)
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4. Conclusions

The present work investigated the occurrence of BPAF, BPAP, BPB,
BPC, BPE, BPF, BPS and BPZ in WWs from five Slovene WWTPs
(WWTP-LJ, WWTP-DK, WWTP-NM, WWTP-VE and WWTP-GO). The
main WW inflows in DK and LJ catchments were also analysed, where
all target BPs were detected in three (in DK catchment) and two inflows
(in LJ catchment). Among these samples, high cumulative concentra-
tions of all BPs were observed in WW from two food production/pro-
cessing plants located in both catchments. A high detection frequency
was observed also in WW from textile cleaning companies also located
at both locations (DK: all BPs; LJ: BPAF, BPAP, BPB, BPC, BPE and BPF).
This suggests that food processing and textile cleaning company dis-
charges represent a significant source of the target BPs.

Among the BPs in WWs from the studied WWTPs, only BPF and BPS
were detected exclusively in effluents, whereas other BPs were present
in both, influents and effluents. With the exception of BPAP, BPB and
BPZ removal of the remaining target BPs was high on five occasions.
Based on the obtained results, BPAP and BPB removal is also higher in
large conventional treatment plants with higher PE capacity than
other treatment techniques, however further studies are needed to con-
firm this assumption.

To the authors' knowledge, BPC was determined >LOD in WW sam-
ples for the first time. This is also the first study addressing “point
source” contamination of WW with BPs and the occurrence of the inves-
tigated BPs in WWTP influents and effluents in Europe. The lack of liter-
ature data addressing their presence in both, SWs and WWs, clearly
shows the need for further assessment of their presence in the aqueous
environment and the need to evaluate the potential risk they may pose
to aquatic biota and/or humans. In addition, structural differences in BP
alternatives are to be addressed in regards to their presence in different
environmental compartments as well as their removal by different
treatment technologies.
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3.2 Identification of Transformation Products

3.2.1 Suspect and untargeted screening of bisphenol S metabolites

produced by in vitro human liver metabolism

The paper “Suspect and untargeted screening of bisphenol S metabolites produced by in
vitro human liver metabolism” is authored by C. Gys, A. Kovaci¢, C. Huber, F. Yin Lai,
E. Heath, A. Covaci. The paper was published in Toxicology letters in October 2018. The
study was performed in collaboration with the Toxicological Center at the University of
Antwerp, Belgium, under the supervision of Prof Dr Covaci. The experiment was led by
C. Gys from the University of Antwerp. My role in this joint effort included performing
experimental work, instrumental analysis, data evaluation, and preparation of the
manuscript.

As pointed out in this thesis, available studies focus on the measurement of the parent
BPS molecule, which can lead to an underestimation of human exposure to this emerging
contaminant [22]. The aims of this work were (1) to elucidate the in wvitro metabolic
pathways of BPS using human liver microsomes as well as cytosol fractions and (2) by
identifying metabolites contribute to the structural identification of TPs formed during
WWT and in the environment. In these terms, a full screening, identification and structural
elucidation of Phase I (oxidative) and II (conjugative) metabolites of BPS were for the first
time executed using high-resolution LC-QTOF-MS. Data analysis included two
complementary workflows. The first involved a suspect screening employing a database
based on literature research. The second involved a non-target screening using the open-
source software packages MZmine and R. This study design resulted in the identification
and elucidation of two Phase I and four Phase II in vitro human metabolites for BPS,
formed through hydroxylation of phenolic ring or conjugation with glucuronic acid or
sulfate, respectively. Three metabolites, namely dihydroxy-BPS, hydroxy-BPS-glucuronide
and hydroxy-BPS-sulfate, were identified for the first time.

The obtained results fulfil two aims of the thesis, namely to develop and optimize
analytical methods and data analysis for the identification of metabolites of bisphenols and
to provide insights into the identification of novel TPs during WWT and in the
environment.
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ARTICLE INFO ABSTRACT

Bisphenol S (BPS) is increasingly used as substitute for bisphenol A, resulting in higher potential of human
exposure to this compound. Yet, information on the human metabolism of BPS is limited. Hence, current bio-
monitoring studies rely only on the measurement of BPS itself, leading to a potential underestimation of as-
sessing human exposure to this emerging contaminant. The aims of this study were to investigate the in vitro
metabolic pathways of BPS using human liver microsomes and cytosol fractions and propose in vitro metabolites
for evaluation in pharmacokinetics studies. Liquid chromatography coupled to quadrupole time-of-flight high-
resolution mass spectrometry was used for the screening, identification, and structural elucidation of Phase I and
11 metabolites of BPS for the first time. Metabolite identification was performed using two complementary
workflows: suspect and untargeted screening. Two Phase I metabolites were formed through hydroxylation of
the phenolic rings. Four Phase Il metabolites were formed through conjugation with glucuronic acid or sulfate.
Three of these metabolites, namely dihydroxy-BPS, hydroxy-BPS-glucuronide and hydroxy-BPS-sulfate were
identified and structurally elucidated for the first time. As such, we provide an expanded set of in vitre bio-
transformation products of BPS, which can potentially support a reliable assessment of BPS exposure in future

Keywords:

Bisphenol §

In vitro metabolism

Human liver microsomes
High-resolution mass spectrometry
MZmine

Emerging contaminants

biomonitoring studies.

1. Introduction

Bisphenol A (4-[2-(4-hydroxyphenyl)propan-2-yl]phenol, BPA), a
widely used industrial chemical, is being produced in high quantities
over five decades, with yearly global production of 8 million tonnes,
and is mainly used as a monomer in the production of polycarbonate
plastic and epoxy resins (Asimakopoulos et al,, 2016; Brandon et al.,
2003). Many studies have associated exposure to BPA with adverse
effects in humans (Eladak et al., 2015). Due to its potential harm as an
endocrine disrupting chemical, more stringent regulations on the pro-
duction and application of BPA are in force (EFSA, 2015; EU, 2011). To
comply with legislation, BPA has been gradually replaced with other
structurally related compounds, including bisphenol S (4,4"-sulfo-
nyldiphenol, BPS).

BPS is one of the main alternatives to BPA in a number of appli-
cations such as the manufacturing of plastic, epoxy resins and as a
developer in thermal paper (Skledar et al., 2016). Recent studies have
shown its presence in indoor dust, foodstuff, paper products, sludge,

* Corresponding authors.

sediments (Wu et al., 2018), wastewater influent and effluent (Sun
et al., 2017) and surface water (Chen et al., 2016). In accordance with
BPA, the mechanism by which the population is exposed to BPS is
mainly by ingestion (food, dust) and in lower extent through inhalation
(air, particles) and dermal adsorption (dust) (Caballero-Casero et al.,
20165 Wu et al., 2018). Handling thermal paper is a possible additional
way of exposure (Liao et al., 2012b), In 2012, the study by Liao et al.
(Liao et al., 2012Db) reported the presence of BPS in human urine for the
first time, in a concentration range from < 0.02 to 21.0 ng/mL, with a
detection frequency of 81%. Recent biomonitoring studies confirmed
the presence of BPS in human urine at similar (Wu et al., 2018) or even
higher concentrations of BPS in comparison to BPA (Asimakopoulos
et al., 2016).

Since international production and application of BPS are not
regulated, BPS levels in the environment and therefore human exposure
to this compound are steadily increasing. While human metabolism for
BPA has been studied extensively (Gramec Skledar and Peterlin Masic,
2016; Thayer et al., 2015; Volkel et al., 2002), only a few studies have

E-mail addresses: celine.gys@uantwerpen.be (C. Gys), adrian.covaci@uantwerpen.be (A. Covaci).
1 Present address; Helmholtz Centre for Environmental Research-UFZ, Department of Effect-Directed Analysis, Permoserstrasse 15, 04318 Leipzig, Germany.
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used in vitro and in silico experiments to provide a preliminary eva-
luation of human metabolism of BPS (Gramec Skledar et al., 2015;
Grignard et al., 2012; Le Fol et al., 2015; Skledar et al., 2016). Two in
vitro studies have described the influence of metabolism on the endo-
crine activity of BPS, reporting divergent results (Kang et al., 2014;
Skledar et al., 2016). So far, no study has performed a full screening of
Phase I and Phase II in vitro metabolites of BPS using accurate mass
high-resolution mass spectrometry, which allows chemical identifica-
tion and characterisation. Well-designed in vitro experiments followed
by the analysis using liquid chromatography combined with accurate
mass spectrometry could enhance confidence in detecting and identi-
fying metabolites formed in the in vitro metabolism (Erratico et al.,
2015; Lai et al., 2015; Mortelé et al., 2018; Negreira et al., 2015; Van
den Eede et al., 2013).

Pooled human liver microsomes (HLMs) contain a wide variety of
drug metabolising enzymes and are commonly used for in vitro human
metabolism studies. They particularly contain the cytochrome P450s
(CYPs) and UDP-glucuronosyltransferases (UGTs), which are the major
enzyme systems responsible for the metabolism of exogenous com-
pounds (Brandon et al., 2003; Zhang et al., 2016). In a previous in vitro
study, the hepatic human UGT enzyme UGT1A9 was found to conjugate
BPS with glucuronic acid more extensively than the homologous in-
testine enzyme (Gramec Skledar et al.,, 2015). Conjugation with glu-
curonic acid or sulfate is generally regarded as the main detoxification
pathway for most bisphenols (Gramec Skledar and Peterlin Masic,
2016). Although BPS is structurally related to other bisphenols, it
cannot be assumed that their metabolism is interchangeable (Oh et al.,
2018).

The aims of this study were to elucidate the in vitro metabolic
pathway of BPS using HLMs and human liver cytosol fractions (HLCYT)
to produce Phase I and Phase II metabolites and to propose a set of
potential additional biomarkers for use in future biomonitoring studies.
To our best knowledge, this study was the first to use liquid chroma-
tography coupled to high-resolution quadrupole-time-of-flight mass
spectrometry (LC-QTOF-MS) to perform a full screening, identification,
and structural elucidation of in vitro BPS metabolites.

2. Materials and methods
2.1. Chemicals and reagents

The analytical reference standard of BPS (4,4"-sulfonyldiphenol,
purity 98%) was purchased from Sigma-Aldrich (Missouri, USA). The
analytical reference standards of valsartan-d3 and BPS-glucuronide
were acquired from Toronto Research Chemicals (Toronto, Canada).
Pooled human liver microsomes (HLMs, mixed gender, n = 50) were
obtained from Tebu-Bio (Boechout, Belgium). Pooled human liver cy-
tosol (HLCYT), 2,5-uridinediphosphate glucuronic acid (UDPGA), ade-
nosine-3"-phosphate 5’-phosphosulfate (PAPS, > 60%) lithium salt hy-
drate, alamethicin (neat, > 98%), dimethyl sulfoxide (DMSO), and 4-
nitrophenol (4-NP) were acquired from Sigma-Aldrich (Missouri, USA).
NADPH tetrasodium salt hydrate (> 96%) was purchased from Acros
(Geel, Belgium). Acetonitrile (ACN, HPLC-grade) was obtained from
Fisher Chemical (Loughborough, United Kingdom), formic acid
(> 98%) from Merck KGaA (Darmstadt, Germany). A 100 mM TRIS-
buffer was prepared by dissolving 12.1 g Trizma base (Janssen Chimica,
Beerse, Belgium) and 1.0 g MgCl, (Merck KGaA, Darmstadt, Germany)
in 1L ultrapure water. The pH was adjusted to 7.4 by adding 1 M HCl
solution. Ultra-pure water was produced in-house with a PURELAB-
purifier system of Elga Labwater (Tienen, Belgium).

2.2, In vitro metabolism assay
This study employed the in vitro human metabolism assay optimised

and used in our previous studies (Erratico et al., 2015; Lai et al., 2015;
Mortelé et al., 2018; Negreira et al., 2015; Van den Eede et al., 2013).
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The experimental setup in a schematic summary can be found in the
Supporting Information (Fig. SI-1.1). All sample sets consisted of three
replicates. Briefly, Phase 1 metabolites were generated using pooled
HLMs. The reaction mixture (1 mL), which consisted of 945 pL of TRIS-
buffer (pH 7.4, 100 mM), 25 pL of HLM (20 mg/mL) and 10 L of BPS
stock solution (0.5 mM), was incubated in a 1.5 mL Eppendorf tube at
37°Cfor 1and 3 h. At 5, 60 and 120 min of incubation, 10 pL of NADPH
(0.1 M in buffer) was added. Three negative control samples (i.e., either
without BPS, HLM or NADPH) were included in the experiment. Also, a
positive control sample, using 10 uL phenacetin (5 pg/mL) as substrate,
was prepared and incubated. The reaction was stopped after 1 and 3h
incubation by adding 250 pLice-cold ACN with 1% (v/v) formic acid
and the internal standard valsartan-d3, at a concentration of 1 pg/mL.

Following the in vitro Phase [ metabolism, samples were subject to
Phase 1I conjugation via either glucuronidation (GLU) or sulfation
(SUL). Phase 1 samples were centrifuged for 5min at 8000 rpm. For the
GLU samples, 935 pL of the supernatant was transferred and incubated
with 25pL of HLM and 10 pL of alamethicin (1 mg/mL in DMSO) at
37 °C. At 5, 60 and 120 min of incubation, 10 pL of UDPGA (100 mM in
buffer) was added. For the SUL samples, 965 L of the supernatant
originating from the Phase I samples was transferred and incubated
with 25 uL of HLCYT (20 mg/mL). At 5, 60 and 120 min of incubation,
10 L of PAPS (10 mM in buffer) was added. Negative control samples
were prepared for both sets of samples by omitting BPS and the cofactor
(UDPGA and PAPS). Another sample was prepared by subjecting BPS
only to Phase II metabolism (GLU or SUL respectively). Positive control
samples were prepared by spiking the reaction mixture with 4-NP
(10 mM) as the substrate. The reaction was stopped after 3 h incubation
by adding 250 pL of ice-cold ACN with 1% (v/v) formic acid and the
internal standard valsartan-d3, at a concentration of 1 pg/mL.

Before the concentration step, all the samples were centrifuged for
5min at 8000 rpm. The supernatant was then transferred to a clean
glass tube and evaporated under nitrogen at 37 °C. Subsequently,
samples were reconstituted in 200 uL of a 10:90 (v/v) MeOH/water
solution.

2.3. LC-QTOF-MS analytical method

Analysis of the samples was conducted using an Agilent 1290
Infinity UPLC coupled to an Agilent 6530 Accurate-Mass QTOF
(Agilent, Santa Clara, US). Chromatographic separation was achieved
on a Poroshell 120 C18 column (50x3mm; 2.7 um particle size,
Agilent), using a mobile phase composed of ultra-pure water with 1 mM
NH4F (A) and MeOH with 1 mM NH4F (B). The injection volume was
5uL and column temperature was kept constant at 40 °C. All samples
were analysed in positive and negative ionisation mode. Both methods
used the same chromatographic conditions; the run started with an
isocratic part for 2min at 10% B, then a gradient was applied to raise
the percentage of B to 50% at 12.8 min. B remained at this percentage
until 13 min. A second gradient was used to increase the level of B to
95% at 14 min. Subsequently, the column was rinsed with 95% B for six
minutes and re-equilibrated at 10% B for five minutes. The flow rate
was 0.4 mL/min.

For all analyses, the QTOF-MS instrument was operated in the
2 GHz (extended dynamic range) mode, providing a Full Width at Half
Maximum (FWHM) resolution of approximately 5400 at m/z 112.9856
and 11,000 at m/z 1033.9881. The ions 121.0508 and 922.0097 for
positive mode and 112.9856 and 980.0164 for negative mode were
selected for a continuous recalibration during the run to ensure mass
accuracy. The eluting compounds were ionised using Agilent Jet-Stream
electrospray ionisation (AJS-ESI) under the following parameters for
both positive and negative ionisation. Drying gas temperature was set at
300°C and the flow was 8L/min. The sheath gas temperature was
400°C at a flow of 11L/min. Nebulizer pressure was set at 25 psig.
Capillary, nozzle and fragmentor voltages were set at 2000V, 0V and
120V, respectively. Acquisition parameters were set for the m/z values
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to range from 50 to 1000 at a scan rate of 4.00 spectra/s for MS and
6.67 spectra/s for MS/MS spectra, respectively. Signals were detected
using a data-dependent acquisition method (auto MS/MS) with an
isolation width of 4 amu. Collision energy was applied at 10 and 20V to
the selected precursor ions. An active exclusion of 0.1 min was set to
prevent repetitive acquisition of MS/MS spectra for the same precursor
ion. Additional injections in targeted MS/MS mode using selected
precursor ions were executed to obtain fragmentation spectra of a
higher quality for some metabolites. Collision energies and isolation
width were the same as for the data-dependent acquisition method. All
data were stored in centroid mode.

2.4. Data processing and analysis

This study used two complementary workflows for an enhanced
confidence in the detection and identification of the in vitro metabolites
(Mortelé et al., 2018). Firstly, a suspect screening approach was ap-
plied. A list of possible metabolites with their molecular formula, exact
mass and structure was stored as a csv-database. This suspect list was
generated by performing a literature search for in vitro metabolism and
degradation of BPS (Gramec Skledar et al., 2015; Skledar and Masic,
2016; Grignard et al., 2012; Le Fol et al,, 2015; Skledar et al., 2016).
Further BPS metabolites were predicted by analogy with the metabo-
lites or degradation products of other bisphenols described in literature
(Cao et al., 2016, 2013; Gramec Skledar and Peterlin Masic, 2016;
Salomatova et al., 2015; Wang et al., 2014). The m/z values resulting
from the suspect screening approach were extracted using the Find by
Formula algorithm in the MassHunter Qualitative Analysis Workstation
Software (version B.07.00) (Agilent Technologies).

Secondly, an untargeted screening approach was conducted using
the open-source software packages MZmine (version 2.30) and R
(version 3.4.1.) (Pluskal et al., 2010; R Development Core Team, 2011).
MZmine allowed a comparison between different sample sets for de-
tection and differentiation of MS features in the generated in vitro
samples from the control samples through different algorithms. In-
itially, m/z features were detected using the centroid algorithm, sub-
sequently followed by a chromatogram-building step. The resulting
chromatograms were deconvoluted employing the noise amplitude al-
gorithm. Next, chromatograms were deisotoped, with the lowest m/z
value remaining as the representative isotope. During this step, peaks
were also filtered according to their peak width: only peaks with a
width within the range of 0.05 to 1 min were retained. Thereafter, the
retained peaks were aligned across all samples using the Random
Sample Consensus (RANSAC) algorithm, Ultimately, any possibly
missed peaks were re-iteratively extracted using the Same RT and m/z
range gap filler algorithm. The obtained m/z features were further pro-
cessed using R, visualising them in a voleano plot (see Fig. SI-2.1).
Based on this plot, m/z values were selected based on a fold-change of
the intensity of the chromatographic peak in the replicate samples
compared to their respective negative controls. A student t-test was
employed to test the statistical significance of the fold-change. All
features showing a fold-change > 10 and a p-value < 0.05 were se-
lected. The m/z values resulting from the non-target screening work-
flow were extracted using the Formula Prediction algorithm in MZmine.

Identification of the potential metabolites resulting from both
waorkflows was based on accurate mass and isotopic pattern in MS mode
and the fragmentation pattern and accurate mass of the respective
product ions. The following criteria were applied: (a) a maximal mass
variation of = 10 ppm between the measured and theoretical parent
ions; (b) a maximal mass variation of + 25 ppm for product ions; (c)
the measured isotope pattern matched the predicted one with an iso-
tope pattern score of at least 70%; (d) the measured double bond
equivalent (DBE) values matched the postulated structure; (e) identified
metabolites were not present in any of the respective negative control
samples; and (f) identified metabolites had to be present in at least two
out of three replicates. Where possible, identification of the metabolites
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was confirmed by injection of the analytical reference standard on the
LC-QTOF-MS. Identified metabolites were assigned a certain level of
confidence in this identification, following the scale and requirements
as proposed by Schymanski et al., in order to communicate this con-
fidence clearly (Schymanski et al., 2014),

3. Results and discussion
3.1. Experimental quality controls

For Phase 1 experiments, phenacetin was used as a positive control.
Two metabolites of phenacetin were monitored; resulting from oxida-
tive dealkylation (N-(4-hydroxyphenyl)-acetamide (P1)) and hydro-
xylation (N-(4-ethoxy-2-hydroxyphenyl)-acetamide (P2)), respectively
(chromatograms and MS/MS spectra can be found in SI-3.1). As a po-
sitive control for Phase I1 experiments, the formation of 4-nitrophenol
glucuronide and 4-nitrophenol sulfate was monitored (see SI-3.2 and SI-
3.3). The detection and identification of these metabolites in the re-
spective positive control samples confirmed the successful performance
of the experimental assays used in our study. Using the response of the
internal standards throughout the analyses, the instrumental variation
was assessed at about 18.5% (relative standard deviation on the area of
the chromatographic peak in all samples). The identified metabolites
were crosschecked with their respective negative control samples to
eliminate false positive results.

3.2. Bisphenol §

BPS was detected in the negative ionisation mode as the deproto-
nated molecular ion ([M —H] ~, m/z 249.0235) and eluted at 9.16 min
(Fig. 1-1and -II). The fragmentation pattern of BPS is shown in Fig. 1-IIL
The product ion with the highest abundance was m/z 108.0232, cor-
responding to the [M—H-CgHs0,S8]- ion (Zhao et al., 2016). Other
fragments were m/z 155.9891, m/z 139.9932, m/z 92.0283 and
63.9600, corresponding to the ions [M—H-CsHs0]1-, [M—H-CgH50-]-,
[M —H-CgHs035] and [SO-]-, respectively (Holcapek et al., 2010; Zhao
et al., 2016). Identification of BPS was confirmed with the injection of
an analytical reference standard.

Incubation of BPS with HLMs and HLCYT has resulted in the for-
mation of two Phase [ metabolites and four Phase II metabolites
(Table 1). All identified metabolites were detected in negative ionisa-
tion mode, in all relevant replicates. Their tentative structures were
postulated by the mass shift of the biotransformation product from the
mass of the parent compound BPS. Interpretation of the MS/MS spectra
of the metabolites was based on the MS/MS spectrum of BPS, in par-
ticular on the appearance of common fragment ions in both spectra,
making the fragment identification in the spectra of the metabolites
more reliable. In positive ionisation mode, only [NH;" ] adducts were
identified of metabolites that were already detected in negative ioni-
sation mode. All metabolites were identified both by the suspect and
the untargeted screening approach. A summary of all identified meta-
bolites with their corresponding confidence levels as proposed by
Schymanski et al. can be found in Table 1 (Schymanski et al., 2014). All
metabolites included in this table met the requirements listed under
2.4, Chromatograms and MS/MS spectra of all identified metabolites
can be found in Fig. 2.

3.3. Phase I metabolite identification

3.3.1. Hydroxy-BPS (M1)

The hydroxylated BPS (M1) eluted at 7.42 min and was detected as
the deprotonated molecular ion ([M—H]~, m/z 265.0158). The frag-
ment ions m/z 63.9641, 93.0350, 108.0226 and 156.9963 were ob-
served both for hydroxyl-BPS and BPS. The m/z 171.9819 corresponds
to fragment ion [CsH404S]~, indicating a hydroxylation of one of the
phenolic rings. Based on the acquired MS/MS data, the exact position of
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155.9891
P 92.0283 /4
I 63.9600
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249.0235
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63.9600 139.9932 185.0603
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Fig. 1. Chromatogram (I), M5/MS spectrum at collision energy of 20V (II) and fragmentation pattern (III) of BPS.

Table 1
Summary of all identified features (P — parent compound; M1-6 — metabolites). Included are confidence levels, tentative formulas, double bond equivalent (DBE),
measured m/z, theoretical m/z, retention times (RT), mass errors (in ppm), diagnostic product ions and proposed structures for BPS and its in vitro metabolites.

Metabolite  Confidence lewel RT Precursor ion (MS) Precursor ion (MS) Error Tentative DBE Diagnostic product ions  Proposed structure
D [min] Measured m/z Theoretical m/z [ppm] formula (MS/MS) m/z
[M—H]" M—H]™ [M-H]™

P L1 9.16  249.0235 249.0227 321 Cy2H;30048 8 63.9600, 7
92.0283,
108.0232, K\Q\
139.9932,
155.9891, L
185.0603

M1 L3 7.42 2650158 265.0176 —6.79 Ci2H10058 8 63.9641, oy f | ot
93.0350,
108.0226, }_E\\/:l\_
156.9963,
171.9819 L+

M2 L3 5.95 281.0102 281.0125 —8.18 Ci2H 10068 8 108.0215, Y

172.9952 JC]/ .

M3 L1 391 4250538 425.0548 -2.35 CiaHya0108 10 44.9977,
175.02782, /CT
249.0266 .

M4-A 13 592 441.0500 441.0497 0.68 CisHisOniS 10 44.9982, %0
175.0233, 2 |
265.0173 /©/
M4-B L4 371 4410502 4410497 1.13 CisHisO1i8 10/ "
Y T
M5 L2b 6.62 3289763 328.9795 -9.73 C12H100752 8 108.0238, o
155.9910 \@\m\f
185.0555, f ; A
249.0269
M6-A 13 6.22 3449774 344.9744 8.70 Ci2H100552 8  108.0229, s .
156.9971,
265.0205 Q/D
M6&B L3 593 3449773 344.9744 8.41 CizH100s82 8 108.0236, o o
156.9978,
265.0231
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Fig. 2. Chromatograms (I) and MS/MS spectra at collision energy of 20V (II) of BPS metabolites (M1-M6).
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Fig. 3. Plots of the response ration versus time [h] for the Phase 1 oxidative metabolites (M1, M2) of BPS.

the hydroxyl-group could not be determined, but regarding the che-
mical structure of BPS and published literature, it can be assumed that
hydroxylation is taking place in the ortho-position of one of the phenolic
rings (Gramec Skledar and Peterlin Mas3i¢, 2016; Grignard et al., 2012;
Skledar et al., 2016). When plotting the response ratio of the signal (the
peak area of the metabolite divided by the peak area of the internal
standard valsartan-d3) versus the time (see Fig. 3), there is a strong
increase of hydroxy-BPS after 1 h of Phase I incubation. After 3h, there
is still an increase visible, but the slope of the curve is lower. In the
Phase II tier (both GLU and SUL); M1 was detected in all samples that
were subjected to Phase I in advance, while in the samples that were
only subjected to Phase II, M1 was not present.

119

3.3.2. Dihydroxy-BPS (M2)

Dihydroxy-BPS (M2) was detected as the deprotonated molecular
ion ([M—H]~, m/z 281.0152) at 5.95min. The fragment ion m/z
108.0215 was observed both for this metabolite and BPS, corre-
sponding to [M—H-C¢Hs0,S] . Similar to M1, the fragment ion m/z
172.9952 was observed for M2, indicating mono-hydroxylation of both
phenolic rings. No fragment was detected showing two hydroxylations
taking place on the same phenolic ring. Based on the acquired MS/MS
data, it was not possible to define the exact position of hydroxylation on
the phenolic rings. In the plot showing the response ratio of the signal
of M2 versus the time (see Fig. 3), a linear rising trend during Phase 1
incubation is visible. In Phase II incubation however, M2 was not de-
tected.
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Fig. 4. Chromatogram (1), MS/MS spectrum at eollision energy of 20V (11) and fragmentation pattern (111} of BPS-glucuronide.

3.4. Phase II metabolite identification

3.4.1. BPS-glucuronide (M3)

M3 eluted at 3.91 min and was identified as the deprotonated mo-
lecular ion ([M—H]~, m/z 425.0538). The mass difference of
176.0303 Da from the parent compound corresponds to the conjugation
with glucuronic acid. The ion with m/z 249.0266 was observed in the
MS/MS spectrum of M3 and corresponds to the deprotonated molecular
ion [M—H]~ of BPS. Based on the fragmentation pattern, the mass
accuracy (0.94 ppm mass error), an obtained DBE of 10 and the isotope
pattern, M3 was identified as BPS-glucuronide. This identification was
confirmed by analysis of a BPS-glucuronide analytical reference stan-
dard (chromatogram, MS/MS spectrum and fragmentation pattern can
be found in Fig. 4).

3.4.2. Hydroxy-BPS-glucuronide (M4)

There were two peaks found for the hydroxylated glucuronidation
products (M4-A and M4-B) of BPS, probably due to different isomers
([M—H] ", m/z 441.0500). The peak at 5.92 min (M4-A) showed the
highest intensity and was the only peak for which MS/MS spectra were
available. In correspondence with the deprotonated molecular ion of
M1, a fragment ion with m/z 265.0173 was detected for M4-A, in-
dicating hydroxylation of BPS. The fragments with m/z 44.9982 and
175.0233 were observed in the MS/MS spectra of both M4-A and M3,
thus confirming the presence of the glucuronide entity for M4-A. The
peak at 3.71 min (M4-B) was not fragmented, but based on the mass
error, isotope pattern and the obtained DBE of 10, this peak was
identified as an isomer of M4-A at a lower confidence level, L4.
Hydroxy-BPS-glucuronide was only detected in the replicates for GLU
that were first subjected to Phase I metabolism. Although M4 is a more
polar molecule than M3, one isomer, M4-A (RT 5.92min), elutes later
in comparison to M3. This phenomenon does not take place for the
other isomer, M4-B (RT 3.71 min) and could be explained by in-
tramolecular hydrogen bonding (Grosse and Letzel, 2007; Skledar et al.,
2016). Since only one peak was detected for hydroxy-BPS, regarding
the structure of BPS and literature, it was assumed that hydroxylation
was taking place on the ortho-position of the phenolic rings. This im-
plies that there are two possible isomers for M4; one is conjugated with
glucuronic acid on the same phenolic ring that was hydroxylated, the
second has the glucuronide entity on the other phenolic ring. As such,
only the first isomer is capable of forming an intramolecular hydrogen
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bond and thus shows a higher retention time.

3.4.3. BPS-sulfate (M5)

M5 eluted at 6.62 min and was detected as the deprotonated mo-
lecular ion ([M—H] ™, m/z 328.9763). The fragment m/z 249.0269 was
observed in the MS/MS spectrum of M5 and corresponds to the de-
protonated molecular ion of BPS. The mass difference between the
deprotonated molecule of M5 and that of BPS corresponds to the neu-
tral loss of [SO5], which is diagnostic for a molecule containing a sulfate
group (Holcapek et al., 2010). Also fragment ions m/z 108.0238 and
155.9910 were detected in the MS/MS spectra of both M5 and BPS.
Based on the MS/MS spectrum, mass accuracy (8.21 ppm mass error),
an obtained DBE of 9 and the isotope pattern, M5 was identified as BPS-
sulfate at confidence level L2b (Schymanski et al., 2014).

3.4.4. Hydroxy-BPS-sulfate (M6)

Two hydroxylated and sulfated metabolites (M6-A and M6-B) were
detected as the deprotonated molecular ion ([M—H] ™, m/z 344.9774
and m/z 344.9773 respectively). Retention times were 6.22min and
5.93min for M6-A and M6-B, respectively. These peaks were not
baseline-separated. The m/z 108.0229 was a common fragment ion
observed for M6 and for BPS. In correspondence with the deprotonated
molecule of M1, a fragment ion with m/z 265.0205 was observed for
M6, indicating hydroxylation. The mass difference between this frag-
ment and the deprotonated molecule of M6 corresponds to the neutral
loss of [SOy]. In analogy to M4, the M6 metabolite was also only de-
tected in the SUL replicates that were first subjected to Phase I meta-
bolism.

3.5. Biotransformation of BPS

In the present study, Phase I and Phase II in vitro human metabolism
of BPS was examined. The detection of hydroxy-BPS (M1), BPS-glu-
curonide (M3) and BPS-sulfate (M5) is in line with previous studies (Le
Fol et al., 2015; Skledar et al., 2016). However, our study, using Q-TOF
high mass accuracy screening with two complementary workflows for
data processing, has identified and structurally elucidated three addi-
tional metabolites for the first time, namely dihydroxy-BPS (M2), two
isomers of hydroxy-BPS-glucuronide (M4) and two isomers of hydroxy-
BPS-sulfate (M6). Possible cleavage products of BPS were included in
the aforementioned suspect list, but none of these products were
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Fig. 5. Proposed in vitro metabolic pathway for BPS. The arrows are marked with the enzymes and cofactors responsible for the reaction.

detected in the samples generated in this experiment.

Comparable to other studies, the hydroxylated BPS (M1) is the
major oxidative metabolite of our in vitro Phase I system. This in vitro
metabolism experiment also generated a minor oxidative metabolite
with m/z 281.0152 (M2). This m/z has been observed in a study by
Skledar et al., but the identification and elucidation of this metabolite
was impossible due to the use of low resolution MS (Skledar et al.,
2016). Based on the acquired MS/MS data in this study, this feature
could be confirmed for the first time as the dihydroxy-BPS metabolite,
at a confidence level 13 (Schymanski et al., 2014),

The Phase II tier of this study yielded the glucuronidated and sul-
fated conjugation products of BPS, in accordance with other in vitro
metabolism studies for this compound (Gramec Skledar et al., 2015; Le
Fol et al., 2015; Skledar et al., 2016), Identification of BPS-glucuronide
was confirmed by the analysis of an analytical reference standard.
Moreover, also hydroxylated conjugated metabolites were detected for
both GLU and SUL. For M4, two peaks appeared at different retention
times. Identification of the largest peak, M4-A, could be supported by
acquired MS/MS data. Despite of the absence of fragmentation data for

M4-B, the pattern of the peaks is the same as was reported in Skledar
et al. This thus suggested that glucuronidation could occur on different
hydroxyl-groups (Skledar et al., 2016). Also M6 gave rise to two peaks
at different retention times, suggesting formation of two isomers. For
both features, MS/MS data was acquired and confirmed the postulated
structures, which are reported here for the first time. A di-glucuronide
BPS metabolite has been reported by Le Fol et al., generated by a
zebrafish hepatic cell model (Le Fol et al., 2015). However, both our
study and another human in vitro metabolism study did not detect any
di-conjugated metabolites (Skledar et al., 2016).

The calculated response ratios of the two hydroxylated metabolites
throughout the incubation in the Phase I in vitro system are showing
that M1 is the major Phase I metabolite. The lower slope of the plot of
the response ratio versus the time for M1 between 1h and 3h may
suggest that M1 could act also as the intermediate for formation of M2.
Given that the curve for M1 is persistently rising despite the lower
slope, it implies that M2 is formed to a minor extent. When BPS was
subsequently subjected to Phase 1 and Phase Il in vitro metabolism,
hydroxy-BPS-glucuronide and hydroxy-BPS-sulfate were detected. In
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samples that were subjected only to Phase II metabolism, these meta-
bolites were absent. Since the signal for M1 was low in Phase II samples
(both GLU and SUL), it can be assumed that the hydroxylated meta-
bolite is likely to be conjugated. In line with other bisphenols, BPS also
appears to be subjected to direct conjugation extensively (Gramec
Skledar and Peterlin Masi¢, 2016; Li et al., 2013). Since BPS itself is a
quite polar molecule and it possesses two phenol groups susceptible to
conjugation, it seems rather unlikely for hydroxylation to take place
after conjugation of BPS. The design of this study allowed the proposal
for an expanded human in vitro metabolism pathway, which can be
found in Fig. 5.

Based on established methods developed for other bisphenols, it is
common in current biomonitoring studies to measure the total amount
of the parent compound BPS in urine after deconjugation (Liao et al.,
2012a; Thayer et al., 2016; Yang et al., 2014; Zhou et al., 2014). The in
vivo pharmacokinetics of free BPS and total BPS (after deconjugation) in
humans have been investigated recently by Oh et al. (Oh et al., 2018).
Another study has evaluated the metabolism of BPS in mice after oral
administration (Song et al., 2017). However, the latter targeted only
BPS-glucuronide and BPS-sulfate. Additionally, a difference in meta-
bolism berween species might be possible. Our study revealed that
hydroxylated BPS and the glucuronidated or sulfated conjugates of
hydroxylated BPS should also be considered as potential additional
biomarkers. They could be an addition to the monitoring of the total
amount of the parent compound BPS after deconjugation, which can be
prone to external contamination. In order to reliably assess BPS ex-
posure in the future, in vivo pharmacokinetics of the in vitro metabolites
proposed in this study should be investigated.

4. Conclusions

This study identified and elucidated two Phase I in vitro human
metabolites for BPS and four Phase II metabolites. The major Phase 1
metabolite was found to be hydroxy-BPS. Three metabolites were
identified and structurally elucidated for the first time: dihydroxy-BPS,
two isomers of hydroxy-BPS-glucuronide and two isomers of hydroxy-
BPS-sulfate. As such, our study can contribute to a reliable assessment
of BPS exposure in future biomonitoring studies by proposing these new
identified in vitro metabolites as potential additional biomarkers, for
which in vive pharmacokinetics should be further evaluated.
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3.2.2 Photochemical degradation of BPF, BPS and BPZ in aqueous
solution: identification of transformation products and

degradation kinetics

The paper “Photochemical degradation of BPF, BPS and BPZ in aqueous solution:
identification of transformation products and degradation kinetics” by A. Kovacic, C. Gys,
T. Kosjek, A. Covaci, E. Heath, was published in Science of the Total Environment in
February 2019. The study was performed in collaboration between two research groups,
e.g. Department of Environmental Sciences, Jozef Stefan Institute, and Toxicological
Center at the University of Antwerp, Belgium, under the supervision of Prof Dr E. Heath
and Prof Dr Covaci. All the work regarding the paper, from conducting the experimental
design to writing the manuscript, was equally divided between C. Gys (co-author) and
myself.

The work aimed to investigate the photochemical degradation of BPF, BPS, and BPZ
and determine their degradation kinetics and characterization of their TPs. Three
independent experimental set-ups were performed based on (1) direct photolysis using UV
irradiation, 2) cyclodextrin-enhanced photolysis, and (3) photo-Fenton reaction. This
approach enabled for the first time a comparison of degradation efficiency and TP
formation of under various conditions. The analyses of degradation kinetics (quantification)
were carried out using GC-MS, while the LC-QTOF-MS was used for the detection and
identification of TPs. The results showed the efficient removal of BPF, BPS, and BPZ
from aqueous samples (>90%) of the photo-assisted treatment technologies. They also show
that although degradation followed pseudo-first-order kinetics in all cases, the removal
efficiency was dependent on the applied process, among which photo-Fenton resulted in
the shortest half-lives and generated the highest number of TPs. The study identified 11
new and confirmed eight previously reported TPs.

The paper addresses three aims of the thesis; (1) to develop, optimize and validate
analytical methods for simultaneous determination of bisphenol residues and identification
of their TPs in aqueous samples (GC-MS and LC-MS/MS), (2) to assess the removal
efficiency of bisphenols by photochemical and advance oxidation processes, and (3) to
investigate bisphenol breakdown during photodegradation and advance oxidation process
and identify their TPs. Findings presented in this paper contribute to a better
understanding of the bisphenols fate during WW'T and in the environment.
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1. Introduction

The scientific and public concern over the risk posed by endocrine
disrupting chemicals (EDCs) has increased significantly due to possible
damage to reproductive systems in living organisms (Behr et al,, 2011;
Bittner et al., 2014; Gmurek et al., 2017; Salomatova et al., 2015). One
of the most studied EDCs is bisphenol A (4-[2-(4-hydroxyphenyl)
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propan-2-yl|phenal, BPA), which not only affects reproduction and de-
velopment, but also has the potential to damage the neural, cardiovas-
cular, metabolic and immune systems (Gramec Skledar and Peterlin
Masit, 2016; Le Fol et al., 2017; Siracusa et al., 2018; Skledar et al.,
2016). BPA is a prominent industrial chemical used as a monomer in
the production of polycarbonate plastics and epoxy resins, which are
used in many applications, including food contact materials. Concern
over exposure to BPA has led to restrictions and regulations regarding
its use (Chen et al., 2016; EFSA, 2015; European Commission Regulation
(EU), No 321/2011). Since BPA is currently the only regulated bisphenol,
itis being replaced by BPA-alternatives in various applications; i.e. other
bisphenols (BPs) such as bisphenol F (4,4'-dihydroxydiphenyl-meth-
ane, BPF), bisphenol S (4,4'-sulphonyldiphenol, BPS) and bisphenol Z
(1,1-bis(4-hydroxyphenyl)cyclohexane, BPZ). These compounds have
been detected in numerous human and environmental samples
(Caballero-Casero et al., 2016; Chen et al., 2016; Liao et al., 2012a,
2012b). Studies show that the main source of BPs in the aqueous envi-
ronment is an industrial effluent discharge. A number of publications re-
port elevated concentrations of BPs in sewage sludge, municipal waste
water influents and effluents, sediments and surface water (Caballero-
Casero et al, 2016; Chen et al., 2016; Gmurek et al., 2017; Jin and Zhu,
2016; Karthikraj and Kannan, 2017; Lee et al., 2015; Sun et al., 2017).
Despite these reports, limited information is available on their behav-
iour and toxicity although their structural similarity to BPA suggests
they have the potential to exert similar effects. This has been observed
in a number of studies (Bittner et al., 2014; Caballero-Casero et al.,
2016; Gramec Skledar and Peterlin Ma3i¢, 2016; Horan et al., 2018;
Molina-Molina et al., 2013; Salomatova et al.,, 2015; Siracusa et al.,
2018; Wang, 2007; Wu et al,, 2018).

Removal of BPA by physical, (photo-)chemical and biological pro-
cesses has been widely investigated (Daskalaki et al., 2011; Eio et al.,
2014; Katsumata et al,, 2004; Kondrakov et al., 2014; Li et al., 2006;
Maroga Mboula et al., 2013; Neam{u and Frimmel, 2006; Zhang and Li,
2014) and the data suggest that photochemical and photocatalytic pro-
cesses are more effective than biological treatments (Salomatova et al,,
2015). These photochemical reactions involve exposure to artificial
light (e.g. UV light generated by a low-pressure (LP) lamp) and are clas-
sified into two categories; i.e., direct photolysis, a process in which ab-
sorption of a photon causes structural changes in a target compound,
and indirect photolysis, where the structural degradation of contami-
nants is facilitated by other sensitizing species (Wang et al., 2017).
Photodegradation has been shown to be especially enhanced by the in
situ formation of powerful oxidizing agents like hydroxyl radicals
(=OH) or other reactive oxygen species (ROS) (De la Cruz et al., 2013).
These processes are generally referred to as advanced oxidation pro-
cesses (AOPs) and serve the purpose of destructing aqueous pollutants,
preferably achieving complete mineralization to non-toxic products like
carbon dioxide, water and mineral acids (Deng and Zhao, 2015; Erjavec
etal,2016; Liu et al, 2010; Zhang and Li, 2014). To date, there are only a
few studies published that examined the photochemistry of BPs in
water by direct photolysis or AOPs. Cyclodextrin (CD) enhanced photol-
ysis was evaluated by adding the cyclic oligosaccharide to the reaction
medium. This additive can catalyze the degradation due to the complex-
ation of BPs within its cavity, while producing *OH radicals more readily
(Cao et al., 2016; Horikoshi et al., 2008; Liu et al., 2010; Pozdnyakov
et al.,, 2011; Salomatova et al., 2015; Wang, 2008; Wang et al., 2007;
Xiao et al,, 2007). Until now, a combination of UV irradiation with addi-
tion of H,0; and Fe(Il), the so-called photo-Fenton reaction, known to
significantly enhance the decomposition of BPA (De la Cruz et al.,
2013; Katsumata et al, 2004), has not been applied to BPA-
alternatives. In addition, there are very few studies reporting the identi-
fication of transformation products (TPs) generated by these processes
(Chen et al., 2016). This is important because TPs could potentially be
more toxic than their parent compound.

The goals of this study were to determine the photochemical degra-
dation kinetics of selected BPs using gas chromatography-mass

spectrometry (GC-MS), and to identify their main TPs using liquid
chromatography-high-resolution quadrupole time-of-flight mass spec-
trometry (LC-QTOF-MS). The experimental set-up involved exposing
aqueous solutions (in ultra-pure water) of BPF, BPS and BPZ to UV irra-
diation, [3-CD enhanced photolysis, and the photo-Fenton reaction. The
findings of this study are expected to bring about a greater understand-
ing of the behaviour of these BPs during photochemical degradation in
water,

2. Materials and methods
2.1. Reagents and chemicals

The reagents BPF, BPS and BPZ (all =98%) were obtained from Sigma-
Aldrich, (St. Louis, USA). Isotopically labelled ['3C,,| BPF ('3C,,-BPF),
BPS (*C,5-BPS) and BPB ('*C,,-BPB) were purchased from CanSyn
Chem. Corp. (Toronto, Canada). The chemical structures, IUPAC names,
molecular weights, and typical applications are given in Table SM-1 of
the Supplementary Material (SM). The derivatizing agent N,0-bis
(trimethylsilyl)trifluoroacetamide (BSTFA, 299.0%) and anhydrous pyr-
idine (99.8%) were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile (ACN), ethyl acetate (EtAc) and methanol
(MeOH) were purchased from ].T. Baker (Deventer, the Netherlands).
All solvents were of analytical grade purity. Hydrochloric acid (37%,
HC1) and formic acid (FA) were purchased from Sigma-Aldrich (St
Louis, USA) and hydrogen peroxide (H»0, 30%) from AppliChem
(Darmstadt, Germany). 3-Cyclodextrin ([3-CD, 299%) was obtained
from Sigma-Aldrich (Steinheim, Germany) and ferrous chloride
tetrahydrate (FeCl, x 4H,0, 98%) from Merck KGaA (Darmstadt,
Germany). Stock solutions (5 mg mL™") of each compound were pre-
pared in ACN, while internal standards were dissolved in MeOH at a
final concentration of 1 pg mL~". Working solutions were prepared by
appropriate dilution of the stock. All solutions were stored at 4 °C in
the dark.

2.2. Set-up of the photochemical reactor

Laboratory scale photochemical degradation experiments were per-
formed in a cylindrical glass immersion reactor (Fig. SM-1) and involved
exposing 760 mL of an aqueous solution of each individual bisphenol in
ultra-pure water. To study degradation kinetics and TP formation, initial
concentrations of the BPs were 200 ng L~' and 5 mg L™, respectively.
Stack solutions were prepared using acetonitrile to avoid radical scav-
enging (Kosjek et al, 2013). Degradation of BPs was carried out applying
three different conditions: UV light exposure (UV), UV with added 3-
cyclodextrin (UV/[3-CD, which consists of seven p-glucose entities)
and the photo-Fenton reaction (UV with added Fenton's reagent
(H0,/Fe? "), PF). Where applicable, [3>-CD was added ina 1:1 M ratio ac-
cording to the respective BP (Pozdnyakov et al., 2011; Wang, 2007;
‘Wang et al., 2007; Xiao et al., 2007), while for the photo-Fenton reac-
tion, Fe(Il) and H,0, were added to the reaction mixture in a 0.01:1
and 10:1 M ratio (Ruppert et al,, 1993).

A monochromatic low-pressure mercury UV lamp (A = 254 nm;
6 W) was used as the source of UV irradiation. The intensity of the emit-
ted light, measured by ferrioxalate actinometry, was 8.91 x 10~ Ein-
stein s~ ' (Union et al., 2005). The reactor solution was maintained at
23 °C (1 atm) using a water-cooled quartz immersion well. The content
of the immersion reactor was continuously stirred using a magnetic stir-
rer bar (400 rpm).

For the UV and UV/(3-CD experiments, samples were taken at 20, 40,
60 and 120 min; while for PF experiments, the sampling times were 10,
20, 30, 40 and 60 min. Two types of control samples were included in
the experiment: blank and zero samples. Blanks were prepared in the
same way as the exposed samples, only omitting the target compounds.
Zero samples were prepared for each experiment in the same way as
the samples but were not exposed to the UV light.
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2.3. Degradation kinetics

2.3.1. Sample preparation

The kinetics of the degradation of the three BPs were determined
by analysing two 350 mL aliquots that were collected after exposure
(see 2.2). Upon sampling, a mixture of internal standards (V = 25 pL;
1 pg mL~" of '3Cy,-BPF, 'C;,-BPS and '*C;,-BPB) was added. The ana-
Iytical method was adapted from the study by Cesen et al. (2018) and
involved acidifying the samples to pH 2 using 0.5 mL HCl (37%). The
samples were then loaded onto Oasis Prime HLB SPE cartridges
(divinylbenzene-N-vinylpyrrolidone copolymer sorbent, 60 mg, 3 mL;
Waters, Massachusetts, USA) at a flow rate of 3 mL min~" using a Vac-
uum Manifold (Agilent Technologies, Santa Clara, USA). After loading,
the sorbent was dried under vacuum (—1.33 kPa) for 45 min. The elu-
tion step was performed using 5% FA in EtAc (3 x 0.6 mL). The solvent
was removed under a gentle stream of nitrogen at 40 °C. Derivatization
was performed with 50 pL of BSTFA and 50 pL of pyridine for 16 h at 80
°C prior to analysis.

Bisphenols are inherently ubiquitous in the laboratory environment
due to their widespread application in various materials used in labora-
tory equipment (Caballero-Casero et al., 2016). Since BPF and BPS have
been also observed as a contaminants in other studies, determining and
minimising background contamination is essential (Caballero-Casero
et al., 2016; Cesen et al., 2016). For this reason, all glassware was
cleaned following general procedures and a series of experimental
blanks were prepared for each experiment. Procedural blanks were sys-
tematically included in each batch of analyses. Solvent blanks were
analysed every 10th sample to evaluate potential carry-over. Since con-
tamination with the analytes of interest was negligible, blank correction
was not performed.

2.3.2. GC-MS analysis

Extracts were analysed on an Agilent 7890B series GC coupled to a
5977A single quadrupole MS (Agilent Technologies). 1 pL of sample
was injected in the splitless mode at 250 °C. Separation was achieved
using an HP-5 MS capillary column (30 m x 0.25 mm x 0.25 um; Agilent
Technologies) with helium as the carrier gas. The GC oven temperature
program was as follows: 120 °C for 2 min, 120-250 °C at 25 °C min~",
250-300 °C at 10 °C min~', and 300 °C for 3 min. The total runtime
was 16.2 min. The mass spectrometer was operated in electron impact
(EI) mode at 70 eV and the analytes of interest were detected using se-
lected ion monitoring (SIM). The retention time (RT) of the analytes and
the m/z values of the monitored ions are given in Table 1. Data was proc-
essed using MassHunter Workstation software (version B.07.00, Agilent
Technologies).

Method performance was assessed in terms of linearity, accuracy,
limit of detection (LOD), limit of quantification (LOQ) and sensitivity.
Precision was expressed as method and instrumental repeatability, at
0.70 ng L™" and at 114.3 ng L™". The calibration curve consisted of
seven points ranging from 0.14 ng L~ ' to 228.6 ng L™". The linearity
was expressed as the coefficient of determination (R?) and the sensitiv-
ity as the slope (k) of the calibration curves. Method accuracy was
expressed as [(experimental value - spiked value)/spiked value| (n =

Table 1
Summary of derivatised compounds and internal standards; their monitored ions [m/z]:
quantifier ion (bold) and two qualifier ions, and their retention times [min].

G itored ion 1 dion 2 dion3 RT
[m/z] [m/z] [m/z] [min]
BPF-TMS 344 329 179 8.61
13C,,-BPF-TMS 356 341 185 8.61
BPS-TMS 394 379 229 13.20
13C,,-BPS-TMS 406 391 379 13.20
BPZ-TMS 412 397 369 1249
13C,2-BPB-TMS 398 383 369 9.83

3). Ultra-pure water spiked with internal standards before SPE (blank
samples, n = 6) was used for determining of the LOD and LOQ, which
were calculated as 3-times and 10-times the standard deviation (SD)
of the baseline divided by the slope of the calibration curves, respec-
tively. Method repeatability was calculated as the relative standard de-
viation (RSD) of the procedural blanks (n = 3), while instrumental
repeatability was determined as the RSD of three consecutive injections
of the same sample. Analyte recovery was calculated as a quotient of the
response areas of the analytes spiked in the validation standards prior to
SPE and the same amount of analytes added to the extracts after SPE.

24. Identification of transformation products

24.1. Sample preparation

For the second tier of this study, the determination of major TPs,
1 mL aliquots were sampled in duplicate at the same previously men-
tioned time points and spiked immediately with the same mixture of in-
ternal standards as used for determining the degradation kinetics. All
samples were stored at —20 °C prior to analysis. The samples were
analysed directly, using LC-QTOF-MS, without additional sample
preparation.

24.2. LC-QTOF-MS analysis

Samples used for identifying TPs were analysed using an Agilent
1290 Infinity UPLC hyphenated to an Agilent 6530 QTOF (Agilent Tech-
nologies). Chromatographic separation was carried out on a Poroshell
120 C18 column (50 x 3 mm; 2.7 um particle size, Agilent Technologies)
using a mobile phase which consisted of ultra pure water (A) and 90/10
(v/v) MeOH/ultra pure water (B). The injection volume was 5 pL. All
samples were analysed both in positive and negative ionisation mode.
Both ionisation modes used the same chromatographic conditions; the
run started isocratically for 1 min at 10% B, then the gradient was ap-
plied to raise the percentage of B to 50% at 5 min, a second gradient
was used to increase this to 85% B at 10 min and finally, the percentage
of B was increased to 95% at 11 min. Subsequently, the column was
rinsed at 95% B for four minutes and equilibrated at 5% B for 5 min be-
fore the next injection. The flow rate was 0.4 mL min~" and the column
temperature was kept constant at 40 °C.

The QTOF-MS instrument was operated in the 2 GHz (extended dy-
namic range) mode, providing a Full Width at Half Maximum (FWHM)
resolution of approximately 5100 at m/z 112.9856 and 10,300 at m/z
1033.9881. The ions 112.0508 and 922.0097 for positive mode and
112.9856 and 980.0164 for negative mode were selected for continuous
recalibration during the run to ensure mass accuracy. The eluting com-
pounds were ionised by an Agilent Jet-Stream electrospray ionisation
(AJS-ESI) source applying both positive and negative polarity at a flow
rate of 8 L min~". The sheath gas temperature was 350 °C at a flow of
11 Lmin~". Nebulizer pressure was set at 25 psi. Capillary, nozzle and
fragmentor voltages were set at 3500 V, 1500 V and 120 V, respectively.
Acquisition parameters were set for the m/z values to range from 50
to 1000 at a scan rate of 2 spectra s~' for MS and 5 spectra s~' for
MS/MS spectra, respectively. Signals were detected using a data-
dependent acquisition method with and absolute intensity threshold
set at 2000 counts and an isolation width of 1.3 amu. Collision energy
was applied at 10 and 20 V to the selected precursor ions. An active ex-
clusion of 0.15 min was set after the acquisition of one MS/MS spectrum
to prevent repetitive acquisition for the same precursor ion. All data
were stored in centroid mode.

24.3. Data processing and analysis

This study used two complementary workflows for data analysis,
optimised and used in our previous studies (Gys et al., 2018; Mortelé
et al., 2018). The use of these two workflows resulted in an enhance-
ment of confidence in the detection and identification of the
phototransformation products. Briefly, in the first workflow, suspect
screening was used. A csv-database was made up of a list of possible
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TPs with their molecular formula, exact mass and structure. This suspect
list was generated from a literature search for TPs of BPF, BPS and BPZ,
generated during photochemical degradation and other treatments or
metabaolism experiments (Cao et al,, 2016; Gys et al., 2018; Inoue
et al,, 2008; Le Fol et al., 2015; Pozdnyakov et al., 2011; Salomatova
et al., 2015; Xiao et al., 2007). Further possible TPs were added to the
list by analogy with the TPs of other BPs described in the literature
(Horikoshi et al., 2008; Katsumata et al., 2004; Wang et al., 2007). The
suspect list is included in SM-3. The features resulting from this suspect
screening were extracted using the MassHunter Qualitative Analysis
‘Workstation Software (version B.07.00, Agilent Technologies).

The second workflow consisted of an untargeted screening ap-
proach and was conducted using the open-source software packages
MZmine (version 2.30) and R (version 3.4.1.) (Gys et al., 2018;
Mortelé et al., 2018; Pluskal et al., 2010; R Development Core Team,
2011; Vervliet, 2018). Detection and differentiation of MS features
in the samples was carried out in the following steps: peak detection,
chromatogram building, chromatogram deconvolution, deisotoping,
filtering according to peak width (0.05 to 1 min) and peak alignment.
Ultimately, any missed peaks were re-iteratively extracted based on
the RT. The retained my/z features were further processed using R, ap-
plying a student t-test to test the statistical significance of the in-
crease in intensity of a feature in an exposed sample compared to
its respective blank and zero samples. Only features that showed a
statistically significant difference between the sample and the con-
trols (p-value < 0.05), were selected. The resulting m/z values from
this untargeted workflow were extracted using the Formula Predic-
tion algorithm in MZmine.

The identification of potential TPs resulting from both workflows
was based on accurate mass and isotopic pattern in MS mode and the
fragmentation pattern and accurate mass of the respective product
ions. Their tentative structures were postulated based on the mass
shift of the TP in comparison to the mass of their respective parent com-
pound, their elemental formula and the MS/MS fragmentation spec-
trum. Interpretation of the MS/MS spectra of the TPs was based on the
MS/MS spectrum of the parent compound, in particular on the appear-
ance of common fragment ions, making the fragment identification in
the spectra of the TPs more reliable. The following selection criteria
were applied: (a) a maximal mass variation of £10 ppm between the
measured and theoretical parent ions; (b) a maximal mass variation of
=+25 ppm for product ions; (c) the measured isotope pattern matched
the predicted one with an isotope pattern score of at least 70%;
(d) the measured double bond equivalent values (DBE) matched the
postulated structure; (e) identified TPs were not present in the respec-
tive blank samples; and (f) identified TPs had to be present in both
replicates.

3. Results and discussion
3.1. Degradation kinetics

To determine the kinetic profiles of BPF, BPS and BPZ during photo-
chemical degradation (UV, UV/|3-CD and PF), the respective kinetic con-
stants and substrate half-lives were calculated. The plots of the natural

logarithm of the remaining BP concentration versus the time of expo-
sure yielded a linear correlation with R? > 0.96. This means that all the

Table 2

degradation kinetics for each of the applied processes followed pseudo
first-order kinetics, described by the following equation:

di
% = —kc;

In this equation, ¢y is the initial BP concentration in the agueous so-
lution, c; is the remaining BP concentration after exposure during time t
and k; is the observed pseudo first-order rate constant. The rate con-
stants and half-lives of the photochemical degradation of BPF, BPS and
BPZ can be found in Table 2. In Fig. 1, the matching graphs are displayed.

For BPF, the k, values were of the same order of magnitude for UV
and UV/]3-CD. The kinetic constant for PF was the highest and the frac-
tion of remaining BPF after 1 h of applying the PF process was <10%.
Rate constants for BPS with UV and UV/j>-CD photochemical degrada-
tion were found to be higher than those for BPF; but similar for the PF
application. Consequently, <10% of BPS remained after 1 h of the PF pro-
cess. The photochemical degradation half-lives of BPS showed less var-
iation between the three treatments compared to those of BPF. For BPZ,
notably, the rate constant was lower when [3-CD was added in compar-
ison to exposure to UV irradiation alone. Similar to the other two com-
pounds, the highest degradation efficiency was obtained when applying
PF.

3.2, Identification of transformation products

3.2.1. Experimental quality control

All identified TPs were crosschecked with their respective negative
control samples to eliminate false positive results. Using the response
of the internal standards throughout the analysis, the instrumental var-
iation was approximately 20% (relative standard deviation of the area of
the chromatographic peak of the internal standards across all samples).
All identified TPs were detected in the negative ionisation mode. [n pos-
itive ionisation mode, only adducts of TPs were identified that had al-
ready been detected in the negative ionisation mode. A summary of
their postulated structures, diagnostic product ions and corresponding
confidence levels as proposed by Schymanski et al. (2014) is presented
in Table 3, listed according to their respective parent compounds and
condition applied (Schymanski et al., 2014). All TPs included in this
table met the criteria listed under 2.4.3. A confidence level L2b was
assigned to each TP which had been previously reported in the litera-
ture. These were identified using both the suspect and the untargeted
screening workflows. A confidence level L3 was assigned to novel TPs,
identified only by the untargeted screening workflow or to those with
isomers at different retention times that could not be resolved based
on the acquired data of this study. Chromatograms and MS/MS spectra
of parent compounds and their photochemical TPs can be found in
SM-3. We estimated the relative quantities of formed TPs (major and
minor) by calculating the ratio of the peak area of the TPs divided by
the peak area of the internal standard in the respective sample (SM-5)
and proposed a tentative photodegradation pathway for each com-
pound, presented in Figs. 2, 3 and 4.

3.22.BPF
The parent compound BPF was detected in negative ionisation mode
as the deprotonated molecule ([M-H|~, 199.0781) at 7.11 min. The

Rate constants k[min~"] and half-lives (t1/2) [min] for BPF, BPS and BPZ using three different photodegradation treatments: exposure to UV irradiation (UV), exposure to UV with addition
of [3-cyclodextrin (3-CD) and exposure to UV with addition of H,0, and Fe?t (photo-Fenton reaction; PF).

BPs BPF BPS BPZ

Treatment uv p-CD PF uv -CD PF uv p-CD PF
Rate constant k [min "] 0.005 0.006 0.043 0.021 0.026 0.042 0.017 0.008 0.052
T2 [min] 138.63 115.52 16.12 33.01 26.66 16.50 40.77 86.64 21.66
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Fig. 1. Kinetic profiles for BPF, BPS and BPZ using three different
exposure to UV with addition of H>0; and Fe?™ ( photo-Fenton reaction; PF).

chromatogram and fragmentation pattern are shown in Fig. SM-2. The
product ion with the highest abundance was m/z 93.0346, correspond-
ing to the [CsHsO] ™ ion. Other fragment ions were m/z 108. 0575 and
77.0416. Degradation of BPF resulted in the detection of four identified
TPs, their chromatograms are shown in Fig. SM-3. BPF-P1 is a product
of the cleavage and oxidation of the methylene bond of BPF and was de-
tected as the deprotonated molecule ([M-H]™, 121.0299) at RT
3.84 min. The formula C;HgO, was proposed based on its exact mass
and isotope pattern. The postulated structure, included in Table 3, is
suggested by the acquired DBE and the presence of the fragment ion
with m/z 92.0258. This TP has been reported as a product of the photo-
chemical process of BPF by Salomatova et al. (2015).

Based on the relative quantities of the formed TPs, hydroxylation is
the main mechanism of BPF transformation when exposed to UV or
CD, while cleavage seems to dominate when PF is applied (Fig. SM-
11), complemented by further oxidation of hydroxylated TPs (Fig. 2).
For the hydroxylated BPF-P2, three peaks were detected in the chro-
matograms at different retention times, suggesting three positional iso-
mers. Each photochemical process produced a different isomeric
pattern. BPF-P2A (|[M-H] ™, 215.0712 at RT 4.06 min) was only detected
in case of application of the PF reaction. BPF-P2B ([M-H]~, 215.0709 at
RT5.27 min) and BPF-P2C ([M-H] ~, 215.0728 at RT 6.25 min) however,
appeared in chromatograms of samples generated by all three experi-
ments. The MS/MS fragmentation spectra of BPF-P2B and BPF-P2C
show a strong similarity; the detected product ions mostly overlap
and indicate positional isomers resulting from phenolic hydroxylation,
either at the ortho- or at the meta-position. Based on the acquired MS/
MS data, it was not possible to define the exact positions of the hydrox-
ylation on the phenolic ring. For BPF-P2A, different product ions were
detected compared to BPF-P2B and BPF-P2C. The fragment ion with
m/z 197.0582 suggests the neutral loss of water, which is indicative of
aliphatic hydroxylation (Ramanathan et al., 2000). The postulated struc-
ture for BPF-P2A is shown in Table 3.

The third TP, an advanced oxidation product, showed two peaks at
RT 6.02 min and 5.27 min for the positional isomers BPF-P3A and BPF-
P3B, respectively. BPF-P3A ([M- H]~, 213.0555) only appeared in chro-
matograms of samples generated by the PF reaction and is probably
formed by oxidation of BPF-P2A. A single peak for BPF-P3B ([M-H],

P toUVirradiation (UV), exposure to UV with addition of 3-cyclodextrin (3-CD) and

213.0572) occurred in case of all three exposures formed by oxidation
or rearrangement of BPF-P2B or BPF-P2C. Common fragment ions are
mj/z 93.03, corresponding to [CsHs0] ~, and m/z 185.06, suggesting the
neutral loss of CO (Holcapek et al., 2010a). Similarly to the parent com-
pound, the product ion with the highest abundance for BPF-P3A was m/
z93.03, indicating the presence of two phenol groups and oxidation of
the methylene bridge. The product ion m/z 107.0149 appeared only in
the fragmentation spectrum of BPF-P3B, representing [C6H302] .
Based on this product ions, which differed from each other, their postu-
lated structures are shown in Table 3. The fourth TP was only detected
when BPF was exposed to the PF reaction and appeared in the chro-
matogram at two retention times (5.34 min and 4.56 min). These
peaks likely represent two positional isomers with the postulated for-
mula Cy3H;004 and are minor TPs, assumed to have been generated by
the additional hydroxylation of the TPs described above. In the MS/MS
spectrum of BPF-P4A the neutral loss of water was observed, generating
the product ion with m/z 211.0378; while for BPF-P4B, the product ion
with m/z 201.0559 resulted from the neutral loss of CO.

32.3.BPS

The parent compound BPS was detected as the deprotonated mole-
cule ([M-H]™, 249.0227) at 5.39 min. The chromatogram and fragmen-
tation spectrum can be found in Fig. SM-5. The product ion with the
highest abundance was mj/z 108.0225, corresponding to [M-H-
CsH505S] . Other fragment ions were m/z 156.9959 and 93.0346.
Three different TPs of BPS were detected and identified (Table 3, SM-6
and -7). BPS-P1 eluted at RT 0.67 min and was detected as its
deprotonated molecule ([M-H]~, 172.9926). It was generated by all
three processes and appeared as the major TP when exposed to UV or
CD process (Fig. SM-12). Based on the accurate mass, isotope pattern
and detected product ions, this TP was identified as CsHgO4S, a product
that was previously identified and reported (Wang et al., 2014). Its
product ions m/z 93.0357 and 108.0233 are overlapping with the frag-
ments from the parent compound. The m/z 79.9586 corresponds to
the fragment [SO3]~ (Holcapek et al., 2010a).

BPS-P2 is a cleavage product of BPS that was generated by UV and 3~
CD conditions, and is to our best knowledge, reported here for the first
time. It appeared in the chromatogram at RT 0.73 min ([M-H] ",

89



Chapter 3. Publications

600 A. KovadiC et al. { Science of the Total Environment 664 (2019) 595-604

Table 3
Summary of the identified TPs, which parent compound they originate from and by which treatment they were generated, the confidence level, RT [min], measured [M-H]-for the pre-
cursor ions, theoretical [M-H]-, mass error [ppm], tentative formula, double bond equivalent (DBE), diagnostic product ions and proposed structure,

Parent Treatment Product Confidence RT Deprotonated Deprotonated molecule Error  Tentative DBE Diagnostic Proposed structure
compound D level [min] molecule (MS) (MS) Theoretical [ppm]  formula product ions
Measured [M-H] [M-H] (MS/MS)

Measured in/z

BPF uv BPF-P1 12b 3.84 121.0299 121.0295 =330 GHe0: 5 92,0258 a
PF H

PF BPF-P2A 13 406 215.0712 2150714 092 CHp0; 8 169.0646; k
1970582 o /:1
UV BPF-I2B 13 527 215.0709 2150714 232 CsHpO; 8 77.0406; o
&} 93.0374; :j/\:ﬁl
PF 1080227 7 e
UV BPF-P2C I2b 625 2150728 215.0714 —651 CisHipOs 8 77.0426; PPN,
o 93.0367; o]
PF 108.0197; Ll T o
121.0267
PF BPF-P3A L3 6.02 213.0555 213.0557 093 CizH003 9 93.0371; Jk
169.0687; - e
1850596 A_.A\:J’ \.\:l\u
uv BPF-P3B 12b 527 213.0572 213.0557 —697 CisHig0; 9 93,0372; e A
o) 107.0149; 0 \\f
PR 1850633 7 7 e
PF BPF-P4A 13 534 2290505 220,0506 044 CisHy0s 9 108.0141; 1
155.0516; P
2110378 m,\yJ \flw
PF BPF-P4B 13 456 2290517 229.0506 —48 CisHpOy 9 93.0368; T
108.0175; E/\/ \C\f
1850571 L L
201.0559
BPS uv BPS-P1 12b 067 172.9926 1729914 694 CiHeDS 4 79.9586; i
w 93.0357; m@%m
PF 108.0233 |
uv BPS-P2 13 073 156.9963 156.9965 —127 CeHgDsS 4 63.9624; o
w 93.0339; uo—@—s
108.0229 \\Q
UV BPSP3A I2b 121 265.0169 265.0176 —~259 CpoHi0ss 8 79.9589: Y o
far} 156.0568; e
185.0554 e 2_:\
UV BPS-P3B 12b 432 265.0191 265.0176 547 CiHyg0sS 8 93.0338 Yo
&) 108.0256; I
PR 169016 | L/ \/
171.9852 —
BPZ uv BPZ-P1A L3 159 191.0344 191.0350 3.14 CygHg04 7 93.0322; IL
D 121.0293; \/T -«”T/"’
1470418 s §
PF BPZ-PIB 13 235 191.0338 191.0350 628 CiHgOy 7 93.0359; 1
121.0297 'Sad
147.0448 A b
uv BPZ-P2 13 7.33 191.1083 1911078 —26 CHp0, 5 93.0355; o
w 173.0340
PE
o
PE BPZI3A 13 557 283.1320 283.1340 706  CgHpO: 9 93.0387; N
189.0906;
198.0624
PF BPZ-P3B 13 651 283.1349 283.1340 378 CigHo0s 9 930312;
198.0667;
265.1293
UV BPZ-PIC L2b 873 283.1344 283.1340 —141 CigHpOy 9 93.0364
D 173.0946;
PR 214.0662;
239.0704;
255.1261
UV BPZPID  L2b 918 283.1324 283.1340 565 CigHuO: 9 93.0362; .
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Fig. 2. Proposed tentative photodegradation pathway for BPF,

156.9963) and the postulated formula for this TP is CsHg05S. Its product
ions m/z 108.0229 and 93.0357 are matching with the product ions of
the parent compound; m/z 63.9624 represents [SO,| ™~ (Holcapek et al.,
2010a).

Hydroxy-BPS (BPS-P3) was detected as its deprotonated molecular
ion ([M-H]~, 265.0169) at two different retention times: 1.21 min and
4.32 min for BPS-P3A and BPS-P3B, respectively. Our data suggest that
BPS-P3B is the major product formed during the PF process, as displayed
in SM-5. For BPS-P3A we observed the same fragment with m/z 79.9589
as for BPS-P1. Common product ions appeared in the spectrum of the
parent compound and BPS-P3B, namely: m/z 93.0338, 108.0256 and
156.9916. Additionally, the fragment with m/z 171.9852 corresponds
to [CgH404S5] ™ (Gys et al.,, 2018). Based on the acquired MS/MS data,
the exact position of the hydroxyl groups could not be determined.

324.8BPZ

The parent compound BPZ was detected as the deprotonated mole-
cule ([M-H] ™, 267.1398) at 10.09 min, and also appeared as the base
peak. The chromatogram and fragmentation spectrum can be found in
Fig. SM-8. The detected fragment ions were m/z 198.0670, 173.0955
and 93.0363. Degradation of BPZ resulted in three TPs, by the proposed
tentative photodegradation pathway displayed in Fig. 4. Their chro-
matograms and MS/MS spectrum can be found in Figs. SM-9 and -10.
The product ion with m/z 93.0362 was observed for all products,

O

\ (o]
\~ .
cD
/O/ -
HO!
H

bisphenol S
BPS

corresponding to the fragment [CsHsO] . The cleaved product BPZ-P1
was detected as its deprotonated molecule ([M-H]~, 191.0344) in all
three exposures, at RT 1.59 min in samples generated by the UV and
3-CD set-ups and at 2,35 min for PF as the major TP. The observed frag-
ment ion with m/z 147.0466 indicated a neutral loss of CO, (Holcapek
et al, 2010b).

The product BPZ-P2 suggests the loss of one phenolic ring and hy-
droxylation of the cyclohexane ring, generated as the major TP by UV
and CD conditions (SM-13) from the parent compound (Fig. 4). It was
detected as the deprotonated molecular ion ([M-H| ™, 191.1043) at
7.33 min. The observed ion with m/z 173.0940 represents a loss of
H,0, again indicating that hydroxylation took place on an aliphatic car-
bon atom, in this case on the cyclohexane ring more specifically
(Ramanathan et al., 2000), Based on the acquired MS/MS data, it was
not possible to determine the exact position of this hydroxylation.

The third product BPZ-P3 was identified as hydroxy-BPZ (|[M-H] ",
283.1324) and showed peaks at four different retention times: 5.57,
6.51, 8.73, and 9.18 min, suggesting the occurrence of positional iso-
mers. All four isomers are formed during PF reaction, while in case of
UV and CD conditions, only peaks at RT 8.73 min and 9.18 min were ob-
served (Fig. 4). Again, the exact position of the hydroxyl-group could
not be determined. From the chemical structure of BPZ and the pub-
lished literature (Wang, 2007), it is assumed that minor hydroxylation
taking place on the cyclohexane ring results in a relatively lower RT

\\/0 _|-oH

HO

BPS-P3B
BPS-P3C

Fig. 3. Proposed tentative photodegradation pathway for BPS.
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Fig. 4. Proposed tentative photodegradation pathway for BPZ.

(BPZ-P3A and BPZ-P3B), while the major share of the hydroxylation re-
action, on one of the phenolic rings, results in a product with a higher RT
(BPZ-P3C and BPZ-P3D). Additionally, for products BPZ-P3A and BPZ-
P3B, the fragment ion with m/z 173.0940 indicates the loss of water,
which is favoured in the presence of a non-phenolic hydroxyl group
(Holcapek et al., 2010b; Ramanathan et al., 2000). For BPZ-P3C and
BPZ-P3D, fragment ions with m/z 255.1261 and 239.0704 appear in
the MS/MS spectrum, indicating the neutral loss of CO and CO,, respec-
tively (Holcapek et al., 2010b).

3.3. Degradation and transformation of BPs

To date, a limited number of studies have evaluated the photochem-
ical degradation of only one BP at a time. The design of this study en-
abled, for the first time, a comparison between the photochemical
degradation profiles of BPF, BPS and BPZ, exposed to three bench-scale
processes and proposal of their tentative photodegradation pathways.

All three procedures resulted in the degradation of all three BPs, and
all followed a pseudo-first order kinetic profile. The expected increase in
the removal efficiency by adding [3-CD, was observed only for BPS. The
removal efficiency of BPZ was even lower in the presence of [3-CD and
in contrast to the findings of Wang et al. (Wang, 2007), who reported in-
creased photodegradation of BPZ in its presence. The use of UV light
with lower intensity in our study could explain this disagreement. The
PF reaction generated the highest k, and consequently the shortest
half-lives for all three compounds. After 1 h of exposure <10% of BPF
and BPS, and <20% of BPZ remained. These results agree with published
studies that addressing the removal of contaminants of emerging con-
cern in water. Clearly, the PF conditions are the most aggressive of the
three by generating a higher amount of ROS (Andreozzi et al., 1999;
Esplugas et al., 2002; Klamerth et al., 2010; Machulek et al., 2012). In
the future, similar procedures as used in the present study, could be
combined with biodegradation to attempt to completely remove poten-
tially hazardous substances such as the examined BPs from environ-
mental matrices. To our knowledge, this has so far been studied for

BPA only, but should be evaluated for alternative BPs as well (Chen
etal,, 2016; Wilkinson et al., 2017; Zhang and Li, 2014).

In accordance with previous studies (Cao et al., 2013; Salomatova
et al,, 2015; Wang, 2007; Wang et al., 2014), hydroxylated, cleaved
and oxidized TPs of all three BPs were identified. While some of these
TPs matched those previously published results, several new TPs were
identified by employing high resolution LC-Q-TOF screening with two
complementary workflows for data processing. It also appears that dif-
ferent exposure promotes the formation of different TPs of a certain BP.
Some TPs were identified in samples generated by all three processes,
i.e. the cleaved products BPF-P1, BPS-P1 and BPZ-P2, the phenolic hy-
droxylated products BPF-P2B and BPF-P2C, BPS-P3A and BPS-P3B,
BPZ-P3C and BPZ-P3D and the advanced oxidation products BPF-P3B.
Others appeared to be condition-dependent, i.e. the aliphatic hydroxyl-
ation products BPF-P2A and BPF-P4B, BPZ-P3A and BPZ-P3B, the ad-
vanced oxidation products BPF-3A and BPF-P4A as well as the cleaved
products BPS-P2, BPZ-P1A and BPZ-P1B. For UV and CD conditions the
same TPs were identified, whereas the PF reaction promoted the forma-
tion of different products for all three exposed compounds. For example,
the hydroxylation of available aliphatic carbon atoms in BPF or BPZ only
occurred when exposed to the PF reaction. In addition, generation of ox-
idative TPs of BPF and BPZ appeared to dominate when UV or CD condi-
tions were applied, while cleaved TPs in case of PF conditions. The
opposite is true for BPS. In most cases all identified TPs followed an in-
creasing trend over the measured time at UV or CD conditions while
there was a visible decrease in formation of TPs in case of PF (see SM-5).

So far, the phototransformation of BPF has only been reported by
Salomatova et al. (Salomatova et al., 2015), who used laser flash photol-
ysis and by Xiao et al. (2007), who compared the formation of TPs dur-
ing UV irradiation with and without (3-CD. In line with both studies,
isomers of hydroxy-BPF were detected; only one isomer was reported
by Salomatova et al. (2015), two phenolic isomers of hydroxy-BPF by
Xiao et al. (Wang et al., 2007) and, additionally, the aliphatic isomer in
the present study. The TP with the formula C;HgO, (BPF-P1) was also
described by Salomatova et al. (2015) as well as the products
Cy3H,003 (BPF-3A and BPF-3B). However, in their study, only one
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isomer was reported, while in this study two isomers of the product
Cy3H,004 (BPF-P4A and BPF-4B) were identified for the first time.
Dihydroxy-BPF and 4-(hydroxymethyl)benzene-1,2-diol were not de-
tected in our study which can be explained by the more aggressive pho-
tochemical degradation (laser-flash photolysis) used by Salomatova
et al. (2015). Similar to our findings, Xiao et al. reported no difference
in the formation of TPs with or without [3-CD, considering BPF. However,
2,4,5-trihydroxybenzoic acid was not detected in the present study,
which may be due to the use of a UV lamp with a higher intensity by
Xiao et al. (2007).

The photochemical degradation of BPS using UV irradiation was
studied by Cao et al. (2013) and Wang et al. (2014). Both studies re-
ported p-hydroxybenzensulfonic acid (BPS-P1) as the major TP, which
was also formed during all of the three experiments in this study. The
formation of hydroxy-BPS was proposed by Cao's group (Cao et al.,
2013) and by us, but the formation of two isomers (BPS-P3A and BPS-
P3B) were only observed in this study, when the PF reaction was ap-
plied. The present study also reports the formation of a novel TP with
the formula CgHgO3S (BPS-P2), when BPS was exposed to UV both
with or without the addition of [3-CD.

So far, photochemical degradation of BPZ was studied only by Wang
et al. (Wang, 2007). Similarly, we exposed BPZ to UV irradiation with
the addition of (3-CD. They report two phenolic isomers of hydroxy-
BPZ (BPZ-P3C and BPZ-P3D) that were also formed during all three ex-
posures included in this study. However, they missed the formation of
two isomers of aliphatic hydroxy-BPZ (BPZ-P3A and BPZ-P3B), two
cleaved isomers (BPZ-P1A and BPZ-P1B) as well as the cleaved and hy-
droxylated product with the formula C;5H705 (BPZ-P2). Thus, these
TPs were identified for the first time in our study.

Since the increasing application of bisphenol analogues and their po-
tential human and ecological hazard, their fate in the environment
should be studied more extensively. The presence of the BPs that were
examined in this study in different environmental matrices has been
documented multiple times (Caballero-Casero et al., 2016; Chen et al.,
2016; Fromme et al., 2002; Noszczynska and Piotrowska-Seget, 2018).
In these matrices, such as surface water, sediment and wastewater
sludge, photochemical transformation, whether direct or facilitated via
reaction with photo-sensitized species, can occur and possibly generate
the TPs that were identified in our study (Wilkinson et al., 2017; Zhang
and Li, 2014). More research is needed to evaluate the environmental
fate and effects of the alternative BPs and their TPs (Chen et al., 2016).
Our findings can contribute to the monitoring of these compounds
and their TPs in the environment in the future and the examination of
their potential toxicity.

4. Conclusion

The results of this study show that the three processes had different
efficiencies for degrading BPF, BPS and BPZ while also promoting the
formation of different transformation products of each compound. The
experiments revealed that UV exposure is an effective way of removing
BPF, BPS and BPZ from water, showing the fastest degradation rate in
case of the photo-Fenton reaction. The study identified 11 novels and
eight previously reported transformation products, a finding that pro-
vides insight into the photochemical behaviour of the investigated
bisphenols and contributes to a better understanding of their environ-
mental fate.
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3.2.3 Kinetics and biotransformation products of bisphenol F and S

during aerobic degradation with activated sludge

The paper “Kinetics and biotransformation products of bisphenol F and S during aerobic
degradation with activated sludge” co-authored by A. Kovaci¢, C. Gys, M. R. Gulin, T.
Gornik, T. Kosjek, D. Heath, A. Covaci and E. Heath is scheduled to be published in the
Journal of Hazardous Materials in February 2021. The study was performed in
collaboration between two research groups Department of Environmental Sciences, Jozef
Stefan Institute, Slovenia, and Toxicological Center at the University of Antwerp, Belgium.
Together with C. Gys, we conducted the experimental design under the supervision of Prof
Dr E. Heath, Assist Prof Dr Kosjek, and Prof Dr Covaci. I led and performed the majority
of the experimental work, data analysis and visualization and writing the manuscript.

This study is the first to determine the biodegradation kinetics of BPF and BPS during
biological treatment by bacterial consortia (AS) using GC-MS/MS, and accurate mass
high-resolution mass spectrometry LC-QTOF-MS for the identification and
characterization of their bio-TPs. The studied conditions better reflect the natural
environment or conditions in a WWTP, where microbial consortia degrade organic
pollutants rather than using single bacterial strains. The results suggest that BPF and BPS
do not accumulate in biosolids or WW effluent. The first-order kinetic model revealed the
faster degradation of BPF compared to BPS as well as the effect of a compound’s initial
concentration on degradation rate, in particular for BPS. The optimized suspect and non-
target screening approach, using a machine-learning algorithm, enabled the identification
of one and ten novel bio-TPs and confirmed three and one previously reported bio-TPs of
BPF and BPS, respectively. Based on these data, possible novel biotransformation
pathways were postulated, namely sulfation, methylation, cleavage of the S—C bond
between the phenyl rings and the joining of smaller moieties.

The paper fulfilled the following aims of the thesis: (1) development, optimization and
validation of GC-MS/MS for simultaneous determination of bisphenol residues and
identification of their TPs using LC-QTOF-MS analytical method, (2) assessment of the
removal efficiency of bisphenols by biological treatment, and (3) investigation of the
bisphenol breakdown during biodegradation and identification of their TPs. Significantly,
new insights into the non-target-based approach for the detection and identification of TPs
and knowledge of the novel biodegradation pathways were provided within this paper. The
findings contribute to a better understanding of the fate of bisphenols in the environment
and during biological water treatment.
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Keywords: Bisphenol T (BPT) and bisphenol § (BPS) arc becoming widespread in the environment despite the lack of in-
Hisphenol formation regarding their fate during wastewater treatment and in the environment. This study assessed the
Biodegradation biodegradation kinetics of BPF and BPS during biological wastewater treatment with activated sludge using GC-
:w‘::;:cmmmtinu product MS/MS, and the identification of biotransformation products (BTPs) using LC-QTOF-MS. The results showed that
Pathyay BPF and BPS degrade readily and unlikely accumulate in biosolids or wastewater effluent (c; = 0.1 mg1. %, half-

lives <4.3 days). The first-order kinetic model revealed that BPF (k, = 0.20-0.38) degraded faster than BPS (k;
=0.04-0.16) and that degradation rate decreases with an increasing initial concentration of BPS (half-lives 17.3
days). The absenee of any additional organic carbon source significantly slowed down degradation, in particular,
that of BPS (lag phase on day 18 instead of day 7). The machine-learning algorithm adopted as part of the non-
targeted workflow identified three known BTPs and onc novel BTP of BPT, and one known and ten new BTPs of
BPS. The data from this study support possible new biodegradation pathways, namcly sulphation, methylation,
cleavage and the coupling of smaller bisphenol moictics.

1. Introduction

Bisphenol A (4-[2-(4-hydroxyphenyl)propan-2-yl]phenol, BPA) has
been in commercial use since 1957 as a monomer in the production of
polycarbonate plastics and epoxy resins. Concerns over its toxicity,
particularly its endocrine disrupting activity, have led many to call for
an outright ban on its use, specifically in food contact materials (Choi
and Lee, 2017; Chen et al, 2016). Besides BPA, 4,4'-dihydrox-
ydiphenyl-methane (BPF) and 4,4’-sulphonyldiphenol (BPS) are also
widely used in the production lacquers, varnishes, liners, adhesives
plastics, and water pipes, as well as in dental sealants, oral prosthetic
devices, tissue substitutes, coatings for food packaging and thermal
receipt papers (Caballero-Casero et al., 2016). Both BPF and BPS remain
unregulated while present in consumer products and various environ-
mental (Liao et al., 2012a, 2012b) and human media (Chen et al., 2016;
Liao et al., 2012c) and are known to be endocrine disrupting (Moreman
et al., 2017). A significant source of bisphenols in the environment are
wastewater treatment plant (WWTP) effluents (Kovacic et al., 2019a)

and the land application of sewage sludge (Wang et al., 2019). Con-
centrations of BPA range from 3-84,110ng L' in influent, n.
d.-3100ng L' in the effluent, and 3-3670ng g ' dw ! in sludge, while
BPF ranges from n.d.-117 ng L%, nd- 65 ng L~! and n.d.-384ng g’l
dw™!, and BPS from nd-435ngL™?, nd-27ngl™! and n.
d.-600 ngg_l dw™?, respectively (Wang et al., 2019; Cesen et al., 2018,
2019). In some cases, the levels of BPF and BPS are similar or even
exceed that of BPA in wastewaters, while data regarding their fate
during WWTP is searce (Xue and Kannan, 2019). Among the different
technologies used to treat wastewater, limited data showed the potential
of the biological treatment with activated sludge (AS) to be used for the
removal of BPF and BPS (<99%) (Sun et al., 2017; Karthikraj and
Kannan, 2017). Thus, a considerable effect on the environmental fate of
BPF and BPS by bacterial communities is expected and should also be
studied, including identification of degradation mechanisms and
biotransformation products (BTPs).

Biodegradation of BPA involves oxidative skeletal rearrangement
and hydroxylation of the aromatic ring following ring cleavage
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(Noszczynska and Piotrowska-Seget, 2018; Eio et al., 2014), and similar
biotransformation of BPF and BPS is expected. However, the different
linkage of the BPF and BPS phenolic rings may affect their biodegrad-
ability (Ogata et al., 2013). To date, only a few studies have focused on
the biodegradation of BPF and BPS, mainly using single bacterial strains
(Table 51-1). However, these conditions are not representative of the
natural environment or conditions in WWTPs, where microbial con-
sortin degrade organic pollutants. While well-designed experimental
set-ups have been conducted on other organic contaminants (Wu et al.,
2020), only one study looks at the biodegradation of BPF in soil (Lu
et al., 2017) and one study of BPF and BPS, by a microbiological com-
munity in seawater (Danzl et al., 2009), and two studies looking at the
fate of BPS in soil (Choi and Lee, 2017) and AS (Huang et al., 2019) have
been published. Also, specific biodegradation pathways have been
proposed only for BPF using bacteria consortium from soil (Danzl et al.,
2009) and Sphingobium yanoikuyae strain FM-2 isolated from river
water, in which degradation proceeds via the Baeyer—Villiger reaction
(Toyama et al., 2009; Sakai et al., 2007), and ring fission followed by
ring hydroxylation in the case of Cupriavidus basilensis isolated from a
composite soil (Ziihlke et al., 2020). Ziihlke et al. (2016) suggest that the
formation of phosphate conjugates by Bacillus amyloliquefaciens (iso-
lated from AS) is another possible detoxification mechanism for BPF.
Sphingobium fuliginis OMI (isolated from the rhizosphere of the giant
duckweed Spirodela polyrrhiza) is also capable of degrading BPF and BPS
via hydroxylation and meta-cleavage and is the first report of the aerobic
biodegradation of BPS (Ogata et al., 2013). Other studies show that BPS
degrades in forest and farm soils as a result of ortho-cleavage (Choi and
Lee, 2017) and recent kinetic studies of BPS indicate it is susceptible to
degradation in AS (Huang et al., 2019) or by a Sphingomonas sp. strain
NP5 isolated from AS (Takeo et al., 2020). Overall, BPS appears to be
more resistant than BPF, especially when only isolated strains were
studied (Table SI-1).

Despite progress, the fate of BPF and BPS in WWTPs remains poorly
understood (Huang et al., 2019), and no studies have used non-target
screening for BTPs of BPF or BPS using bacterial consortia (AS) and
accurate mass high-resolution mass spectrometry for their identification
and characterisation. This paper seeks to address this knowledge gap by
determining the biodegradation kinetics of BPF and BPS during bio-
logical treatment with AS using gas chromatography-tandem mass

Table 1
Experimental design.
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spectrometry (GC-MS/MS), and the identification of BTPs using liquid
chromatography-high-resolution quadrupole time-of-flight mass spec-
trometry (LC-QTOF-MS).

2. Materials and methods
2.1. Reagents and chemicals

General information about BPF and BPS, reagents and materials, and
a description of standards preparation, is presented in the Supplemen-
tary information (SI): Chapters SI-2 and SI-3.

2.2. Batch biodegradation experiments

Aerobic biodegradation was conducted using a modified
Zahn-Wellens test (Kosjek et al,, 2015; Gornik et al., 2020). Briefly,
batch biodegradation experiments (Table 1) were performed in the dark
in 0.5L glass bottles with a total volume of 400 mL. Each test was
aerated using an aquarium pump (4W, 4.0L min~"). Compounds were
added at 0.1, 1, 2, 5 and 10mg L' for the kinetics experiment and
10mgL ! for studying BTP formation. Series A, B, C, D, BL-A and BL-C
contained 10 mL of freshly settled AS obtained from an operating
mechanical-biological sequencing batch reactor of a nearby WWTP
designed to treat 65,000 population equivalents. Two experimental
conditions were applied: (1) using 330 mL of nutrient-mineral rich
medium (A, B and BL-A), and (2) using 330 mL mineral rich medium (C,
D and BL-C) without any source of organic carbon other than the tested
compound (Table 51-3). Controls E and F contained only deionised
water. Biological activity was inhibited by adding 6% formaldehyde, a
method proven successful in our previous experiments (Kosjek et al.,
2015, 2018) and as reported in the literature (Popova and Baykov,
2014). Each batch (B, D and E) was then shaken for 4h before the
addition of the analytes. These batches act as controls for A and C, to
account possible abiotic losses, e.g. sorption. Except for these controls
and blanks, all series were prepared in parallel (A1/2 and C1/2). At each
sampling event, the ambient temperature was kept at 20 °C and moni-
tored together with pH using a WTW pH330i (Weilheim, Germany)
probe. Biomass concentrations were determined at the beginning of the
experiment in three separately prepared flasks containing 10 mL of AS

sampletyoet S Nutrient-mineral rich Mineral rich medium  Deionized water Formaldehyde Initial concentration of BP" Tatal volume

e pe [mL] medium [mL] [mL] [mL] [mL] [mgL™ [m1]
Degradation kinetics
BP-A1/2

CONL 10 330 ] 60 0 0.1 400
BP-Al/2 .

CON2 10 330 ] 60 0 1 400
BP-A1/2

CON3 10 330 0 60 0 2 400
BP-Al/2

CON4 10 330 0 60 0 5 400
BP-A1/2-

CONS 10 330 0 60 0 10 400
BP-B-CON2 10 330 o ] 60 1 400
BL-A 10 330 0 60 0 0 400
Biotransformation product identification
BP-A1/2 10 330 0 60 0 10 400
BE-B 10 330 0 0 60 10 400
BP-C1/2 10 0 330 60 0 10 400
BP-D 10 ] 330 ] 60 10 400
BP-E 0 4] 0 340 60 10 400
BPF 0 0 0 400 0 10 400
BL-A 10 330 o 60 0 o 400
BL-C 10 ] 330 60 0 0 400

¢ BP = BPF or BPS.

b The initial concentration achieved by adding BP solution in DMSO, whereas the concentration of DMSO did not exceed 0.2% of the total volume of the test solution

to maintain biomass viability (Neumegen et al., 2005).
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g and 390 mL of deionised water and after the closure of the experiment in
5 " 51 flasks with AS (A-D, BL). Three parallels of 15 mL homogenised sample
= EE A . b tn \ a were collected from each flask and filtered through pre-dried and
EZC| = w % % 3 9 " | .
§£5919 €992 € 46% 8 % 9 €985 weighted GF-2 filters.
HHEEELISE L E R EEL TR
BEA|IJ J IO I JI0 FIF I JIE|y 2.2 Somple collection and o
g .3. Sample collection preparation
o
5
<
TE P - During the kinetic experiments, samples (4-mL) were collected at
] S 5 2852 2 232 5 8 3 5% 8 = i i i r
£2.,/2 § 8838 2 25 8 8 g 832/|¢g t=15min (to assure homogeneity) and then at 24-hour intervals over
£ 2 18 2 RBET 8 288 & 28 82|58 14-days. Based on kinetic experiments BTP samples were collected at
A I “TTE t=15min and then at 0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 9 days for BPF and at
-3 = -5,1,2,3,4,5,6,7,8a and a
5 g 3,5,6,7,8,9,10,11,12,13, 14, 15, 16, 17, and 18 days for BPS. Each
bt Eu sample was centrifuged at 9000 rpm for 20 min and the supernatant
E & E filtered through 0.2um regenerated cellulose filters (Phenomenex,
& 2 é USA). Aliquots of individual extracts were transferred to GC (0.1 or
g =] X . A :
= p s 0.5mL) or LG (0.5mL) vials and spiked with isotope-labelled internal
E 2 2 standards: '°Cy2-BPF and *°G2-BPS (V = 25 uL; 10 ug mL ™) or BPA-d4
= X =~ L -
E_ _ 6 e o m o .~ E (V=25pL; 20 ugmL’l). For quantification purposes, the solvent was
5 |2 2 ZHdY 3 3 n ehslg removed with Ny (40 “C), derivatised with 50 L. of MSTFA and 50 L of
= I I - -
4 - 7 T T - E pyridine for 1 hat 80 °C and diluted with 0.4 mL of ethyl acetate prior to
g GC-MS/MS analysis. For BTPs screening, the extracts were stored at
2 N .
§ 5 7 eNa 2983 2 8 o NuE E —20°C and analysed directly by LC-QTOF-MS.
] £ 8 22582 £ 2L 53 2 2 AFET |
EE,8 2 2235 2 388 2 2 28 2332 |E . o
£E é g 8 588 % g 88 b 2 g E e R £ 2.4. GC-MS/MS analysis for degradation kinetics
L 2 RIS E
Y
3 & L . . .
o =] Kinetic experiment samples were analysed using a 7890B series GC
o * * * - 2 5 coupled to an Agilent 7000 series triple quad MS/MS, (Agilent Tech-
)
= gi nologies, USA). The method was modified from our previous study
= % g (Kovacic et al., 2020). Briefly, the chromatographic separation was
§. N 5 a E achieved using 30 m x 0.25mm @ x 0.25 pm i.d. pm DB-5 MS capillary
EER - P a5 L) column (Agilent Technologies). The carrier gas was He, operated in
Z e & z % & =l 1
= e constant flow mode (1mLmin™"), and the collision gas was Nj
@ £
@ - 5 " ER] (1.5mLmin 1). Samples were injected (1 pL) in the splitless mode at
=5 o D ~ ) =2 = . -
ERe Q Q Q Q g 2 270°C, and the oven program was run isothermally (270 °C) with a total
:E: g £ £ - £ = runtime of 9.33 min. The mass spectrometer was operated in EI mode at
3 [ 2 b 2 o
.8 B < o o k=1 §- 70 eV in the multi-reaction monitoring mode. Retention times (RT) and
;E & MS/MS optimised conditions are summarised in Table SI-4. MassHunter
5E gz software (Version B.07.00, Agilent Technologies) was used for data
_EE - - > " §,§ analysis. Matrix-matched validation was performed with treated artifi-
e o < =
ZEE o = ~ I - cial WW collected from a laboratory-scale WW bioreactor for WW
% g samples (Kovacic et al., 2019b). The linearity of the method was eval-
E E uated using isotopically labelled internal standards and matrix-matched
23 2 2 Ed % a3 calibration curves. The concentration of BPF and BPS in the extract
5 E E g E § g § subsamples (0.1 mL (higher) and 0.5mL (lower) concentration)
= 5 5 = = o 'g_ increased from 0.1 to 10mgL 1, whereas the concentration of the in-
ﬂ? % ternal standards was fixed (2.5 pg mL "). The R? was >0.99 for each BP
- - = o o 2= when using a weighted (1/x) linear calibration curve. Each sample batch
T %
E 2 é é 2 % E‘ g consisted of duplicate calibrants, samples collected during three
ﬁs éf = 2 g ] 3 = ? consecutive days, controls (sample B), blanks (sample BL) and solvent
& & & &
-g: E blanks. The relative standard deviations of the calibrants between
= I - 2 S ﬁ ‘g batches were <10% except for the lowest calibration level (BPF:
S E ~ % B =] 2 % RSD = 36%, BPS: RSD = 15%). Limit of detection and quantification
2 g (LOQ) were determined (Magnusson and Ornemarlk, 2014) as three and
o5 g 5 ten times the standard deviation of the background (defined by the
8k ] e ] e} g w signal in ten distinct matrix blanks), respectively. The LOQ for BPF and
&
g e BPS were 0.02 or 0.1 mg L. The lowest calibration point, depending on
& . L m i . E 3 the initial concentration of the investigated compound, covered 80-99%
3 E E E E § g é E i -5 bisphenol removal. Concentrations in blanks were <LOQ. No potential
9% carry-over was observed.
— g
gl = £g
S| &= w8 2.5. LC-QTOF-MS analysis for biotransformation product identification
§ E 5 < o < o < 0 < v g E
o}
§ 2 :E The non-target screening was conducted using an Agilent 1290 In-
= =}
A= S § finity UPLC coupled to an Agilent 6530 Accurate-Mass QTOF (Agilent
g 2
_‘% El 5 < Technologies, USA). The separation was achieved at 40°C using a
S| £ s ¥ . . X
=] L Poroshell 120 EC-C18 column (100 x 3 mm; 2.7 pm particle size, Agilent
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Technologies, USA). The mobile phase was ultra-pure water with 1 mM
NH,F (A) and methanol with 1 mM NH4F (B) at a flow rate of the
0.4mLmin"!. The injection volume was 5 pL. The run started isocrati-
cally for 1 min at 10% B then raised to 40% in 4 min, to 75% in 5 min,
and finally to 95% in 1 min. The column was rinsed with 95% B for 4 min
and re-equilibrated for 5min at 10% B. The QTOF-MS was operated in
the 2 GHz mode (Extended Dynamic Range), at a resolution of 3800 at
m/z112.9856 and 8500 at m/z 1033.9881. The ions m/z 119.0363 and
m/z 940.0009 were selected for continuous in-run calibration to ensure
mass accuracy. For ionisation, an Agilent Jet-Stream electrospray source
was operating in negative ionisation mode only, as non of the reported
transformation products of bisphenols from our previous studies were
identified in positive mode (Kovacic et al., 2019a; Gys et al., 2018).
Drying gas temperature was 300 °C at a flow of 8 Lmin‘l, respectively.
The sheath gas temperature was 350°C (11 Lmin~!) with a nebuliser
pressure of 25 psig. Capillary, nozzle and fragmentor voltages were
3500, 1500, and 150V, respectively. The instrument was run in
data-dependent acquisition mode with a mass range of 50-1000 m/z and
a scan rate of 2 scans s™* for MS and 5 scans s~* for MS/MS. Collision
energies were 10 and 20 V. Instrumental variation was <10%.

2.6. Data processing and analysis

Data processing, including statistical calculations and visualisation,
were performed using Python (version 3.6) (Python) and R-based soft-
ware (version 3.6.1) (RStudio Team). All data were fitted using a
first-order kinetic model by nonlinear least-squares analysis. Corre-
spondingly, half-lives and degradation rates (k; =day") were calcu-
lated by the following equation: ¢;/¢; = e"(-k; x t), where ¢; and ¢, are
initial and concentration at a certain time (t= days) (Perrin, 2017). A
statistical analysis of the data samples was performed to assess the in-
fluence of ¢; and medium type on the degradation kinetics. Based on the
Shapiro-Wilk test for normality and the Levene’s test for homoscedas-
ticity, Wilcoxon signed-rank and the Friedman test for nonparametric
two data or more than two data samples were selected. The statistical
significance was evaluated at a level of 0.05 (Eftimov et al., 2017). The
suspect and non-target screening workflows used in this study were
modified from previous studies (Kovacic et al., 2019a; Gys et al., 2018;
Mortelé et al., 2018; Vervliet, 2018). The optimised approach resulted in
enhanced confidence in the detection and identification of BTPs.
Initially, suspect screening was performed using an expanded
csv-database of possible BTPs (Kovacic et al., 2019a), and the features
were extracted using MassHunter Qualitative Analysis Software (version
B.07.00, Agilent Technologies). A non-targeted approach was conducted
and optimised using MZmine (version 2.52) (Pluskal et al., 2010) and R
(Beiraert, 2018). Briefly, MZmine was used to detect and differentiate
MS features as follows: mass detection (centroid algorithm), chro-
matogram building, chromatogram deconvolution (noise amplitude al-
gorithm), deisotoping, filtering according to peak width (0.03-2 min),
peak alignment (RANSAC algorithm) and gap-filling (the same m/z and
RT). For each investigated compound, two lists of mass features, one
‘with broader (lower noise level and peak height) and one with restricted
limits (higher noise level and peak height) were generated and pro-
cessed in R using the modified Shiny app tindeResting, which uses a
Random Forest machine-learning algorithm (Beirnaert, 2018). This
approach enabled the ability to filter the relevant mass features from a
smaller or larger number of false features. Predictions were based on
mass feature intensity (>>1000), RT (>>0.5 min), presence/absence in the
first sample, controls and blanks, presence in both aliquots, the response
ratio between peak height in control/peak height in the sample (<1),
and the prediction value (>>0.1). The resulting m/z values were extracted
using the Formula Prediction algorithm in MZmine. The identification of
potential BTPs resulting from both workflows were based on accurate
mass and isotopic patterns in MS mode. For each match, the MS/MS
fragmentation pattern and accurate mass of the respective product ions
were analysed. Tentative structures were postulated based on the mass
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shift of the BTP compared to the parent compound, elemental formula
and by comparing MS/MS fragmentation spectra with the parent com-
pounds and other BTPs. Identification was based on the following
criteria: (a) a maximal mass variation of +10ppm between the
measured and theoretical parent ions; (b) a maximal mass variation of
+20 ppm for product ions; (¢) an isotope pattern score of at least 70%;
(d) the measured double bond equivalent values (DBE) matched the
postulated structure; (e) absence/presence in control and blank samples;
(f) absence/presence in both aliquots and parallels; and (g) by following
the biotransformation time profile. Levels of confidence were assigned
to identified BTPs following the scale and requirements, as proposed by
Schymanski et al. (2014).

3. Results and discussion
3.1. Degradation kinetics

Results on degradation kinetics are fully presented in Table SI-6 and
Fig. 1. In controls, no significant changes in levels of BPF (87 + 8%) and
BPS (89 + 10%) were observed during the first ten days. After ten days, a
30% loss of parent compound was observed, indicating abiotic removal.
Neither BPF nor BPS was present in the blanks. Experimental parameters
are given in Chapter SI-4. At time zero (t =0) biomass concentrations
were 0.44 + 0.05 gL_1 and 0.351.43 g L~! at the end of the experiment
(t =14 days). Biological growth and sample evaporation during the in-
cubation period could be two of the reasons for the observed increased
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Fig. 1. Aerobic degradation kinetics (single first-order) of BPF (above) and BPS
(below) in AS. Vertical bars are standard deviations of parallels A1 and A2,
except for BPS at 10 mg L. Open circles are <LOQ.
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in biomass concentration (Table SI-5). Therefore, the amount of evap-
orated sample was expressed as the daily factor of evaporation (Feyap),
calculated as the total loss of sample at the end of the set-up divided by
the incubation period and was included in the calculations of quanti-
tative analysis. The temperature (19.9 £0.17°C) and pH (7.26 £ 0.13)
remained similar between all batches of A and BL, whereas in batch B,
the addition of formaldehyde reduced the pH to 4.73 £0.07. Fig. 1
shows the degradation kinetics for BPF and BPS in nutrient-mineral rich
media (A). A nonlinear least-squares analysis produced reasonably good
fits for BPF, namely R? = 0.72-0.97 while in most cases of BPS lower R*
= 0.68-0.88 were observed, especially in case of its highest ¢; (Table SI
7). The results showed that BPF degrades faster (k; = 0.20-0.38, half-
lives = 1.8~ 3.5 days) than BPS (k; =0.04-0.16, half-lives 4.3-17.3 days)
and that their c; affects degradation kinetics. The latter was also
confirmed by the statistical analysis using the Friedman test that found a
significant difference (p < 0.05) between degradation kinetic of both
compounds at their ci. For BPF, 35 64% was degraded within 24 h for all
tested c;, then after a plateau phase and depending on ¢; a complete
removal was observed. Levels of BPF were <LOQ (1-20% remaining) by
day 5atc;=2mgL "', by day 8 at ¢; = 0.1 and 5mg L ™" and by day 10 at
¢j =1 and 10mg L (Fig. 1), in accordance with the k; =0.20- 0.38
(Table S1-7). Ziihlke et al. (2016) also found that at a certain c;, the
formation of BTP could activate bacteria responsible for compound
degradation. The degradation rate for BPF in this study is slower
compared to those reported in the literature (Table 51-1), where com-
plete degradation was achieved within 36 h at a ¢; < 300mg L', One
explanation for this discrepancy could be the authors’ use of optimal,
isolated bacteria compared to a more realistic microbiological commu-
nity used in this study..

In line with our study, the opposite effect is shown for the more
persistent BPS, for which the removal is higher in bacterially rich
communities. At a ¢; = 0.1-5 mg L', the level of BPS was <LOQ at day
10, as was the case in one parallel batch (k; = 0.12, half-lives = 5.8
days) at ¢; = 10 mg L™, whereas in a second parallel >50% remained at
day 13 (k; = 0.04, half-lives = 17.3 days). Therefore, ¢; had a greater
effect on BPS degradation compared to BPF (Fig. 1). The observed
discrepancy between the parallels at ¢; = 10 mg L™" could result from
the increased presence of BPS that could have toxic effects on bacteria
responsible for its degradation. Moreover, the same phenomenon was
observed in the case of biotransformation product identification. These
results are in agreement with Zdarta et al. (2018), who also noted a
decrease in the degradation rate of BPF and BPS with increasing c; by the
fungal enzyme Trametes Versicolor laccase, immobilised on spongin. In
contrast, Huang et al. (2019), report the complete removal of BPS from
AS in a continuous flow bioreactor at a ¢; = 50 mg L ! after 6 days.
However, strong variations in experimental conditions and employed
organisms make comparing the data from different studies difficult.

3.2. Biotransformation products identification

Bisphenol F and S BTPs formed in nutrient-mineral (A), and mineral
(C) rich medium at ¢; = 10 mg L~ ! by aerobic AS microbes were iden-
tified and compared. The results are presented in Chapter 5I-4. No sig-
nificant losses were observed for BPF (<10%) over 11 days and BPS (<
20%) over 18 days in the controls (BP-B, -D, -E and -F). The exception is
control F, where >30% BPS was degraded within 14 days. The experi-
mental parameters are presented in Table 51-8 and are in line with the
experiment of degradation kinetics. The identified BTPs were not
detected in the controls and blanks, showing that the removal of BPF and
BPS in conditions A and C was the result of biodegradation. Their
postulated formulas and corresponding confidence levels, as proposed
by Schymanski et al., (2014), are presented in Table 2.

All proposed BTPs that met the necessary identification criteria and
were detected in samples from at least one sampling time; chromato-
grams and MS/MS spectra are given in Subchapter SI-4.2.2. Broader
limits in MZmine resulted in a higher number of identified BTPs when
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the relevant mass features were mainly filtered using the machine-
learning algorithm. A semi-quantitative analysis, carried out by calcu-
lating the ratio of the peak areas of the parent compound and BTPs to
that of the internal standard, provided information on the time trend of
parent degradation and BTPs formation (Fig. 2) and allowed biodegra-
dation pathways to be postulated (Figs. 3 and 4). In this case, the av-
erages of both parallels are not presented; rather, Fig. 2 shows parallels
with the highest relative quantities of BTPs. All other relevant infor-
mation is shown in Figs. SI-5 and S1-6.

Bisphenol F eluted at RT 9.20 min as the deprotonated molecule ([M-
H] ", 199.0765) and was completely degraded by day 5. Statistical
analysis showed a significant difference (p < 0.05) between degradation
kineties of parent compound in the different media. Three BTPs (BPF-
215, BPF-213 and BPF-279) were identified in nutrient-mineral (A) rich
media and four (BPF-215, BPF-213, BPF-279 and BPF-229) in mineral
(C) rich media (Table 2). BTPs appeared between day 2 and 3, reached a
maximum by day 4 and were undetectable by day 6 (Fig. 2). The spec-
trum of BPF-215 ([M-H] ~, 215.0719) shows the neutral loss of water and
is indicative of aliphatic hydroxylation. Based on the calculated relative
quantities, BPF-213 ([M-H] , 213.0558) most likely forms by the
oxidation of BPF-215. Its transformation to BPF-229 ([M-H]™,
229.0525), identified at a confidence level L4 (Fig. 3), possibly forms via
a Baeyer-Villiger reaction, as suggested by Inoue et al. (2008) and Lu
et al. (2017). A small peak at RT 7.90 min had the m/z ([M-H]",
215.0758) characteristic of a hydrolysed BTP. However, MS/MS frag-
mentation was not triggered, and the ppm error was high (>10). A novel
minor BTP, BPF-279 ([M-H] , 279.0349) was also identified and the
presence of a sulphate (S03) functional group suggests a
sulphate-conjugated BTP.

Bisphenol S was detected as the deprotonated molecule ([M-H]™,
249.0227) at RT 7.10 min. In this case, degradation was complete by
day 7 under condition A and by day 18 under condition C (Fig. 2). A
significant difference between degradation kinetic of BPS under condi-
tion A and C was also shown by the statistical analysis (p < 0.05). In line
with the degradation kinetics, a similar discrepancy between two par-
allel batches at ¢; = 10 mg L' (Figs. 2 and S1-6) were observed, which
further suggests that this ¢; may represent the concentration, beyond
which BPS could have a toxic effect on the bacteria. Although the lag
phase for BPS (day 7 or 18) in the case of faster parallel batch (Fig. 2)
was longer than for BPF (day 5), the concentration of both compounds
declined significantly within two days in both nutrient-mineral (A) and
mineral (C) rich media. Interestingly, despite the sudden and complete
reduction in the amounts of BPF and BPS, BTP formation varied
depending on degradation kinetics, applied conditions and exposure
time. Of the eleven BTPs identified (Table 2), only hydroxylated BPS-
265A is consistent with that reported for degradation with the Sphin-
gobium fuliginis OMI (Ogata et al., 2013), while BTPs with characteristic
ring cleavage was not observed (Choi and Lee, 2017). Between RT
1.20-1.42 min, four 5-C cleavage BTPs were identified: three (BPS-93,
BPS-157, and BPS-173) in nutrient-mineral and four (BPS-93, BPS-157,
BPS-173 and BPS-189) in mineral rich media (Table 2). The first three
had similar kinetic profiles under both conditions reaching a maximum
concentration at day 7 in Series A and day 17 in Series C, followed by
their gradual decomposition. The inclusion of oxygen was observed in
two compounds: BPS-265A ([M-H]™, 265.0181) at RT 5.90 min and
BPS-265B ([M-H], 265.0186) at RT 8.60 min. Their RT and MS/MS
spectra suggest that they are not positional isomers, but rather,
BPS-265A is a hydroxylated form of BPS and is probably the major BTP
formed under both conditions. However, it was detected only during
slower transformation (C) of BPS and was completely degraded within
15 days. Alternatively, the formation of BPS-265B follows that of
cleaved BTPs and is likely formed by coupling of smaller BPS moieties.
The presence of BPS-263 ([M-H] ™, 263.0383) suggests the linking of a
methyl group, as one of the possible biotransformation reaction (George
and Haggblom, 2008) from the methylation of BPS, while BPS-279A
([M-H] ", 279.0342) and BPS-279B ([M-H] ", 279.0350) are isomers
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Fig. 2. Degradation kinetics of identified biotransformation products of BPF (left) and BPS (right) formed in AS under conditions A (red line) and C (blue line).
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Fig. 3. Proposed pathway for biodegradation of BPF in AS (a: aliphatic hydroxylation, b: aromatic hydroxylation and c: sulphation, dashed arrows; not identified).

formed by a combination of hydroxylation and methylation. Although
the positional isomerisation is assumed from their common product
ions, neither the exact position of the hydroxyl- nor methyl groups could
be determined (confidence level L3). Similar to BPF, BPS-329 ([M-H] ",
328.9891) is probably a result of sulphate conjugation. In contrast, the
spectra and RT 10.00 of BPS-341 ([M-H] , 341.0499) indicate the
presence of a phenol group, which was also observed for BPF by Zdarta
et al. (2018) during degradation with immobilised Trametes versicolor
laccase.

Biodegradation pathway: Fig. 3 shows the biodegradation pathway
of BPF, as proposed in this study. The pathway is the same as that sug-
gested for Sphingobium yanoikuyae, where hydroxylation of the bridging
carbon leads to complete mineralisation via the Baeyer-Villiger reaction
(Inoue et al., 2008; Toyama et al., 2009). Recent studies (Choi and Lee,
2017; Ogata et al., 2013; Ziihlke et al., 2016) have reported similar
biodegradation pathways common to other bisphenols (Bisphenol A, C,
E, B, P, AF, and Z), namely aromatic hydroxylation and meta- or
ortho-cleavage of BPF and BPS in soil and sediments and phosphate
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conjugation of BPF by Bacillus amyloliquefaciens from AS. In this study,
hydroxylation also forms part of the biodegradation pathways for BPS.
In addition, the results show that degradation occurs by sulphation in
the case of BPF and BPS and for BPS via methylation, cleavage of the & C
bond between the phenyl rings and the coupling of smaller moieties
Figs. 3 and 4). The appearance and disappearance of BTPs imply the
ability of certain bacteria in AS to slowly transform the parent com-
pound by attaching smaller moieties until other bacteria, capable of
removing the parent compounds and BTPs prevail (Fig. 2). We propose
that the described biodegradation pathways for both compounds do not
differ under the two applied conditions, but the detection of specific
BTPs rather depends on the time of sampling. However, in the absence of
any organic carbon source other than BPF or BPS (C), degradation is
slower, especially in the case of BPS (Kosjek et al., 2013, 2018). Also,
despite not having identified lower m/z BTPs of BPF, it is reasonable to
assume that they are formed in both conditions but were lost due to
rapid degradation and possible mineralisation. This assumption is sup-
ported by the relative quantities of the parent compounds and BTPs, i.e.,
BTP formation " parent compound degraded.

In summary, rapid biodegradation under aerobic conditions suggests
that BPF and BPS (¢; = 0.1 mg L™, half-lives <2.5 and 4.3 days) will at
environmental concentration most likely not accumulate in biosolids or
wastewater effluent. The results reveal a new biodegradation pathway
for BPF, based on sulphate-conjugated BTP. The slower degradation of
BPS allowed for the identification of 11 BTPs, of which ten are novel and
provide new evidence of additional biodegradation pathways. Impor-
tantly, new insights into the biodegradation of bisphenols and knowl-
edge of novel biodegradation pathways will play an essential role in
understanding the fate of bisphenols during biological water treatment
and in the environment.
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3.3 Migration from Food Contact Materials

3.3.1 The migration of bisphenols from beverage cans and reusable

sports bottles

The paper “The migration of bisphenols from beverage cans and reusable sports bottles”,
by A. Kovadi¢, C. Gys, M. R. Gulin, T. Kosjek, D. Heath, A. Covaci and E. Heath was
published in Food Chemistry in June 2020. I was fully responsible for the experimental
work, method optimization, and validation, instrumental, and data analysis and writing
the manuscript with assistance from M. R. Gulin in sample preparation, data analysis and
visualization, and C. Gys who performed the LC-QTOF-MS analysis.

This study aimed to: (1) develop and validate an accurate and sensitive analytical
method based on GC-MS/MS for the determination of BPA, 22BPF, 24BPF, BPF, BPE,
BPC, BPB, BPZ, BPAP, BPC2, BPAF and BPS migrating from beverage cans and sports
bottles; (2) test the influence of different materials, conditions and matrix on the migration
of bisphenols from FCMs, and (3) assess the stability of bisphenol during migration studies.
In this regard, a precise and accurate GC-MS/MS method with ng L' LOQ, acceptable
recovery (78-107%) and estimated uncertainty (U>20%, except at LOQ) was developed
following the Eurachem guidelines [208]. The migration and stability of selected bisphenols
were established in two food simulants (C: 20% ethanol, and B: 3% acetic acid) from
beverage cans and reusable metal and plastic sports bottles, following the standard EU
protocol/migration tests for plastic material [217]. As such, a broad set of different beverage
types and (extreme) migration conditions were covered. Among all monitored bisphenols,
only BPC, BPC2, BPAF and BPS were <LOQs in all tested beverage cans and sports
bottles. All cans leached BPA (<5865 ng L"), three BPF isomers (8.2-1286 ng L") and
BPAP (1.6 ng L"), while eight of the tested bottles leached BPA (<222 ng L ') and BPF,
BPE, BPB and BPZ (1.1-4.6 ng L™'). The highest concentrations of BPA and BPF
originated from the linings of beverage cans and reusable steel bottles. Importantly, the
highest estimate did not exceed t-TDI for BPA (4 ug kg bw™' day™!), neither for adults
or children nor the SML (0.05 mg kg™') with any of the tested samples. However, the results
suggest that cans present a significant source of bisphenols and BPA was determined in
bottles even though being labelled as BPA free, while traces of other bisphenols were
present in bottles that did not contain BPA. In addition, the non-target analysis also
showed that the largest amount of compounds migrate from the beverage can linings and
highlighted the existing challenges in improving data analysis workflows. Simulant C was
more aggressive than simulant B, and concentrations of bisphenols decreased with
consecutive exposure to simulants. From an analytical perspective, it is safe to store dried
sample extracts at —20 °C for at least 8 weeks and derivatized samples at room temperature
(21 °C) for up to 7 days.

This paper addresses three aims of the thesis, including (1) development, optimization
and validation of GC-MS/MS for simultaneous determination of 12 bisphenol residues and
LC-QTOF-MS for identification of their TPs and other compounds migrating from FCMs,
(2) to examine bisphenols stability, and (3) to evaluate bisphenols migration from FCMs
into food simulants. The findings of this paper are expected to bring about a better
understanding of the occurrence and human exposure to bisphenols migrating from FCMs.



3.3. Migration from Food Contact Materials

107

Food Chemistry 331 (2020) 127326

journal homepage: www.elsevier.com/locate/foodchem a

Contents lists available at ScienceDirect

Food Chemistry

CHEMISTRY

Analytical Methods

The migration of bisphenols from beverage cans and reusable sports bottles My

Ana Kovadit™", Celine Gys®, Martin Rafael Gulin®, Tina Kosjek™", David Heath”, Adrian Covaci’,

Ester Heath™

? Jogef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
® International Postgraduate School Jogef Stefan, Jamova cesta 39, 1000 Ljubljana, Slovenia
¢ Taxicological Centre, University of Antwerp, Universiteitsplein 1, 2610 Wilrijk, Belgium

Ghock for
Updates

ARTICLE INFO ABSTRACT

Keywords:

Bisphenol

Migration

Food contact material
Stability

GC-MS/MS

A precise and accurate GC-MS/MS method with ngL™' LLOQs, acceptable recovery (78-107%) and estimated
uncertainty (U > 20%, except at LLOQ) was developed following the Eurachem guidelines. We established the
migration and stability of twelve bisphenols in two food simulants (C: 20% ethanol, and B: 3% acetic acid) from
beverage cans (n = 16) and reusable metal and plastic sports bottles (n = 51). Bisphenols were stable in dried
(eight weeks, — 20 "C) and derivatised extracts (seven days, 21 "C). Cans leached BPA (< 5865 ng L™~ 1), three BPF
isomers (8.2-1286ng L~ l) and BPAP (l.6ngL’l), while bottles leached BPA (=222 ngL~ '] and BPF, BPE, BPB

and BPZ (1.1-4.6 ngL. ™). Simulant C was more aggressive than simulant B, and concentrations of bisphenals
decreased with consecutive exposure to simulants. Levels of BPA migrating from cans did not exceed the specific

migration limits.

1. Introduction

Included among chemicals classified as endocrine disrupters is
Bisphenol A (BPA), an industrial chemical mainly used as a monomer in
the production of polycarbonate plastic and epoxy-resin (Kovadic,
Cesen, et al., 2019), both of which find broad application in food
contact materials (FCMs) (Xiong et al., 2018). Food contact materials
are defined as all materials and articles, which come in contact with
food, for example, polycarbonate plastics in reusable food containers
and drink bottles, and epoxy resins used as liners of cans and lids of
glass jars and bottles for food and beverages, (Caballero-Casero, Lunar,
& Rubio, 2016). These materials constitute a significant segment of the
food packaging market which is becoming one of the largest global
industrial sectors, amounting to around 839 billion USD in 2015 and set
to reach 998 billion USD in 2020 (ALL4PACK, 2016; Sanchis, Yusa, &
Coscolla, 2017).

Bisphenol A is a weak estrogen, which can generate reactive oxygen
species (Pérez-Albaladejo, Fernandes, Lacorte, & Porte, 2017), pre-
senting a risk for fetal development and reducing basal testosterone
secretion in men at low concentrations (Rochester & Bolden, 2015a).
Studies have linked exposure to BPA to numerous adverse health out-
comes, like diabetes, obesity, and cardiovascular diseases (Rochester &
Bolden, 2015a; Vilarinho, Sendén, van der Kellen, Vaz, & Silva, 2019).
Due to uncertainties regarding these adverse health effects, the

European Food and Safety Authority (EFSA) lowered the Tolerable
Daily Intake (TDD) for BPA to a temporary TDI (¢-TDI) of 4 ug/kg body
weight/day (Buropean Food Safety Authority CEF, 2015). More re-
cently, the European Commission set a specific migration limit (SML) of
0.05 mg kg™ ! for FCM (EU, 2018) and prohibited its use in baby bottles
(FU, 2011). In the face of growing restrictions, alternative materials
(e.g., polypropylene (PP), polyethersulphone (PES), polyamide (PA),
Tritan™ and silicone) and compounds including other BPA like chemi-
cals (collectively referred to as bisphenols, BPs) are entering the market
(Onghena et al., 2016). Recent in vitro and in vivo studies demonstrate
(Escrivd, Hanberg, Zilliacus, & Beronius, 2019; Gramec Skledar &
Peterlin Masi¢, 2016) that these compounds, including, for example,
bisphenol § (BPS), bisphenol F (BPF), bisphenol B (BPB) and bisphenol
AF (BPAF) share a toxicity profile similar to BPA. Their examined
hormonal activities are in the same order of magnitude as BPA with a
similar estrogenic, anti-estrogenic, androgenic and, anti-androgenic
action (Rochester & Bolden, 2015a; Usman, Ikhlas, & Ahmad, 2019).
Since the early 1990s, research has focused on the migration of BPA
into various foods and food simulants (Fasano, Cirillo, Fsposito, &
Lacorte, 2015; Guart, Bono-Blay, Borrell, & Lacorte, 2014; Vilarinho
et al., 2019), whereas there is little information concerning other BPs
(Caballero-Casero et al., 2016; Cesen et al., 2016; Vilarinho et al.,
2019). So far, scientists have detected BPs in canned food
(1-959 ug kg~ 1) including vegetables, seafood, meat, milk products,
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oils, eggs, cereal, honey and beverages (14-3790 ngL") (Table 1).
Monitoring BPs in unpacked milk has resulted in the detection of BPA
(<LOQ - 13.74pg LhH only (Xiong et al., 2018). However, the
number of migration studies analysing BPA analogues from food si-
mulants exposed to plastic containers or cans is scarcer. The studies by
Xie et al. (Xie et al., 2015), using a HPLC-FD method, and by Paseiro-
Cerrato et al. (Paseiro-Cerrato, Devries, & Begley, 2017) using a
UHPLC-HRMS method combined with a suspect screening approach
found only BPA and diglycidyl ether (BADGE) when performing mi-
gration tests on cans. The authors' focus was to verify the appro-
priateness of such tests rather than determining the investigated com-
pounds at trace levels. Also, apart from BPA, BPs were not reported in
migration studies of reusable baby bottles (Onghena et al., 2016),
plastic bottles (Tian, Lin, & Bayen, 2019), nor in other FCMs made from
different polymers (Cesen et al., 2016; Hwang et al., 2018). The dif-
ferent aims of these studies, namely the verification of migration test
adequacy, the evolution of non-target approaches, the evolution of
short- and long-term migration testing for organic coating materials,
Jjustify the use of migration tests that do not follow EU testing guidelines
(EU, 2011) or using methods with high limits of quantifications
(LLOQs) despite BPs occurring in trace concentrations. For these rea-
sons, there exists a real need for migration studies of BPs from cans and
reusable sports bottles following EU migration tests using more accu-
rate and sensitive analytical methods. Also, the stability of BPs during
migration studies has been neglected and needs to be addressed.

This study aims to develop and validate an accurate and sensitive
analytical method based on gas chromatography-tandem mass spectrometry
(GC-MS/MS) for the determination of BPA, 22BPF, 24BPF, BPF, BPE, BPC,
BPB, BPZ, BPAP, BPC2, BPAF and BPS migrating from beverage cans and
sports bottles. In this context, the aim is to show the difference between the
studied materials (metal with organic coating and different plastic mate-
rials), simulants (C: 20% ethanol and B: 3% acetic acid) that cover a broad
set of different beverage types and (extreme) migration conditions. The
work is also the first to highlight the stability of BPs during migration
studies and their derivatives during analysis. The findings of this study are
expected to bring about a better understanding of the occurrence and
human exposure to BPs migrating from FCMs.

2. Materials and methods
2.1. Reagents, materials and standards

Analytical standards BPF (>98%), BPAF (>99%), 24BPF (>98%),
22BPF (>98%), BPE (> 98%), BPA (>97%), BPC (>99%), BPC2 (>98%),
BPZ (>98%), BPAP (>99%), BPS (>98%) were obtained from Sigma-
Aldrich (St. Louis, USA), while BPB (Purity > 99.8%) was from Dr.
Ehrenstoffer (Augsburg, Germany). Isotopically labelled BPF (13C,,-BPF),
BPS (*C;,-BPS), and BPB (**C,-BPB) were purchased from CanSyn Chem.
Corp. (Toronto, Canada), and deuterated BPA (BPA-d;) purchased from
Sigma Aldrich (USA). Compound specifications are given in Table SI-1. The
derivatising agent N-Methyl-N-(trimethylsily])trifluoroacetamide (MSTFA,
Purity = 99.0%) and anhydrous pyridine (Pyridine, Purity 99.8%)
catalyst were purchased from Sigma-Aldrich (Schnelldorf, Switzerland
and Steinheim, Germany). The solvents (HPLC grade) ethyl acetate (EtAc),
ethanol (EtOH), methanol (MeOH), and water were obtained from J. T.
Baker (Netherlands). Concentrated hydrochloric acid (37%, HCI) and formic
acid (FA) used for solid-phase extraction (SPE) were purchased from Sigma-
Aldrich (St. Louis, USA). Acetic acid (AA, Purity 99-100%) used for pre-
paring the simulant was obtained from J. T. Baker (Germany). Ultrapure
water was prepared using a Milli-Q water purification system (Millipore
Merck Direct-Q™) to a specific resistance of > 18.0 MQ cm ~! at 25°C.

2.2. Standard and quality control samples

Standard and internal standard stock solutions
(concentration = 1.0 = 0.1 mgmL~") were prepared by dissolving each

Food Chemistry 331 (2020) 127326

compound in MeOH. A working standard solution (100 ugmL~") of 11 BPs
and a solution of BPA (100 ug mL ™~ 1) were then prepared in MeOH from the
standard stock solutions (1.0mgmL~ 1, Similarly, an internal standard
solution (1.0 pg mL~") in MeOH was prepared from a solution of deuterated
(d16BPA) and isotopically labelled ('*Cy5-BPF, °C;,BPS and '°C;,-BPB)
compounds (1.0mg mL~?). Calibration standards were prepared by serial
dilution from the working standard solution. Two calibration standards
were prepared: 0.01 and 1.0 ugmL~" for the BP mixture, and 0.1 and
1.0 pgmL ™" for BPA. Once prepared, all standards were stored in amber
glass vials at 4 °C (maximum of 24 weeks). The same procedure was used to
prepare stock and standard working solutions used for quality control (QC).

2.3. Preliminary experiment

Preliminary experiments focused on the migration of bisphenols,
bisphenol diglycidyl ethers and their derivatives from FCMs including
plastic bottles, reusable sports bottles, beverage cans, and baby teethers
under standardised migration/leaching tests (EU 10/2011). The sam-
ples were incubated for 10 days at 60 °C or 3 times for 24 h at 70°C
using different aqueous simulants: 20% and 50% EtOH, 3% AA in ul-
trapure water, and 100% MeOH.

After extraction (described in section 2.6) and derivatisation, the
samples were analysed using GC-MS/MS and the concentrations of
22BPF, BPAF, 24BPF, BPF, BPE, BPA, BPB, BPZ, BPS BPC2, BPC, BPM,
BPPH, BPP, BPBP, BPAP, BP26DM and BPFL in the simulant were de-
termined. Additionally, non-targeted analyses were performed on non-
derivatised extracts using liquid chromatography coupled to quadru-
pole time-of-flight mass spectrometry (LC-QTOF-MS) in data-dependent
acquisition mode. Elution was accomplished by combining two frac-
tions. The first fraction was eluted with 3 x 0.6 mL 3% FA in EtAc
while the second fraction was eluted with 3 x 0.6 mL dichloromethane.
Data-analysis included two previously optimised parallel workflows: i)
suspect screening using a database generated from the literature, and ii)
non-targeted screening using the MZmine software combined with the
R statistical software (Gys et al., 2018; Kovaci¢, Gys, Kosjek, Covaci, &
Heath, 2019; Mortelé et al., 2018; R Development Core Team, 2011).
The results generated from both workflows were used to design the
final migration experiments and as the basis for future non-targeted
studies of FCMs.

2.4. Sample collection

Samples included 1) aluminum beverage cans with internal coatings
and lids designed for alcoholic (n = 4) and non-alcoholic beverages
(n = 2) obtained from a single producer, and 2) reusable sports bottles
(n = 11) made of various materials (PP, PE, Tritan™, PE-HD and steel),
of different prices and brands. The bottles were purchased locally in
sports shops and supermarkets in Slovenia between October 2018 and
June 2019. Information on the type of coating used was not available,
but mostly organic coatings are used to protect the integrity of the
contents from the metal (Oldring and Nehring, 2007; Paseiro-Cerrato
et al., 2017; Paseiro-Cerrato, Noonan, & Begley, 2016). None of the
containers had been exposed to beverages before the experiment. Used
sports bottles were also tested (n = 7). Detailed information about the
beverage cans and bottles are presented in Table SI-2.

2.5. Migration testing

All plastic wrappings and labels were removed before testing, and
the inner surface of each container rinsed with 10 mL of HPLC water
and manually shaken for 30s (Tian et al., 2019). Migration experiments
followed the standard EU protocol (EU, 2011) for plastic materials.
Unfortunately, there are no specific EU regulations for beverage cans,
and only alternative testing migration conditions from the guidelines
for rigid metal packaging coated with organic coatings (TSC23, 2017)
are reported. Preliminary experiments, however, revealed no physical
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damage to the cans after testing. In the present study, two simulants
were used based on Regulation EU No. 10/2011 (EU, 2011), which
cover the majority of beverage types that come into contact with the
selected containers. Simulant C (20% (v/v) ethanol in ultrapure water)
is representative for clear non-alcoholic beverages or alcoholic bev-
erages of an alcoholic strength lower than or equal to 6% v/v, and
cloudy alcoholic beverages of an alcoholic strength of between 6% and
20% v/v, with a pH above 4.5. Simulant B (3% acetic acid (v/v) in
ultrapure water) was used to represent beverages with a pH < 4.5.

Regulation EU No. 10/2011 states that “For contact times above
30 days at room temperature and below the specimen shall be tested in an
accelerated test at elevated temperature for a maximum of 10days at
60 °C”. For this reason, each beverage can was filled with an equivalent
volume of pre-heated simulant and incubated for 10days at 60°C
(General; GEN). Current migration protocols for long-term storage of
food products proved to be inappropriate for materials with organic
coatings, and in each case, the migration test was extended to 30 days
(Harsh; HAR) (Paseiro-Cerrato et al., 2017, 2016). The full cans were
then sealed using their corresponding lids provided by the same man-
ufacturer to avoid evaporation. Sports bottles, were tested using pre-
heated simulant at 70 °C for 24 h in order to simulate worst-case con-
ditions. Each bottle was tested using three consecutive volumes of fresh
simulant (D1, D2 and D3). Used sports bottles were also tested using
simulant B to simulate the most commonly stored beverages. For each
migration test, two cans and two bottles from the same batch were
analysed, and glass bottles were used to generate the controls and
procedural blanks. Control samples were prepared in triplicate and
analysed in the same batch as the samples. All glassware was cleaned
and pyrolysed at 400°C for 4h to remove possible contamination
(Cesen et al., 2016).

2.6. Extraction

At the time of sampling, simulant (150 mL) was transferred to a
glass bottle. In the case of simulant C, samples were further diluted with
ultrapure water (300 mL) and acidified to pH 2 using HCI (37%). The
internal standard mixture (25 pL; 1 pg mL ') was then added, and each
sample was extracted using solid-phase extraction (SPE) and derivatised
using a modified method as outlined in our previous studies (Kovadic,
Cesen, et al., 2019; Kovacié, Gys, et al., 2019). The influence of dif-
ferent sample volumes, pH and % of EtOH and AA used in the present
study (data not shown) was also checked. It was found that loading
150 mL or 300 mL of the sample instead of 350 mL and the presence of
3% AA and 10% EtOH had no significant effect on extraction efficiency
except for BPS, for which the use of 20% EtOH simulant resulted
in<50% SPE efficiency. Cesen et al, (Cesen et al., 2016) suggest rinsing
the SPE cartridges with 15 mL MeOH, but since we found no significant
contamination, the samples were loaded directly onto the cartridges.
Samples for stability testing were prepared using the same procedure,
except that the internal standard mixture was added before the deri-
vatisation step.

2.7. GC-MS/MS analysis

Analyses were performed using a 7890B series gas chromatograph
coupled to triple quadrupole mass analyser, GC-MS/MS, (7000 series,
Agilent Technologies, United States). A list of the studied BPs is given in
the supplementary material (Table SI-1). Separation was achieved using
an  Agilent  Technologies DB-5 MS  capillary  column
(30m x 0.25mm x 0.25 pm) with helium (purity 6.0) operated under
constant flow (1 mL rm'n’l) at an average velocity of 26cm sec’!
Chromatographic conditions were transferred and optimised from the
method of Kovaéi&, Cesen, et al. (2019). Samples were injected (2 plL) in
the splitless mode at 270°C (purge-off time, 2min), and the oven
temperature program was as follows: 120 °C (0 min), 30 “Cmin~" until
220°C (1 min) and 15°Cmin "' until 310°C (0.7 min). Total runtime
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was 11.03min. The MS transfer line was held at 280°C. The mass
spectrometer was operated in FI mode at 70 eV with the source tem-
perature set at 250 °C. The collision gas was nitrogen at 1.5 mLmin~"
(purity 6.0). Compounds were identified and quantified using multi-
reaction monitoring (MRM) using two transitions; one for quantifica-
tion (MRM 1) and one as a confirmation (MRM 2), for each analyte
sequenced in twelve different time windows. The collision energy (CE)
was optimised using the Analyze Experiments Assistant and the dwell
time (DT) using the Dynamic MRM Assistant both provided by Agilent
Technologies. The DT was such that 15 to 20 data points were collected
per peak. The transition ions and optimised MS parameters are pre-
sented in Table SI-3. All data were acquired and processed using Mas-
sHunter software (Agilent Technologies).

2.8. Method validation

A full validation procedure was performed following the Eurachem
guidelines (Magnusson & Ornemark, 2014) and the JRC guidelines on
validation procedures for analytical methods in control of food contact
materials (Bratinova, Raffael, 2009). The measurement uncertainty was
estimated according to the Eurachem guide; Quantifying uncertainty in
analytical measurement and Guide to the Expression of Uncertainty in
Measurement (GUM) (EURACHEM/CITAC Guide CG 4, 2012; GUM,
2008). The method was validated for both simulant B and C. The op-
timum calibration curve was then selected using an internal standard,
which covers the loss of analyte during sample preparation and ana-
lysis. The analytical method was validated using QC samples. Method
validation parameters included: linearity, specificity, selectivity, accu-
racy, precision, the lowest limit of detection (LLOD) and LLOQ, re-
producibility, and uncertainty. Controls (n = 3) and procedure blanks
(n = 3) were systematically included in each batch of analyses to ac-
count for any contamination. The validation was performed at either
four or three concentration levels for BPs and BPA: LLOQ = 1/3 and
10ngL™", low (LQC) = 3 and 30ngL~"', medium (MQC) = 100 and
800ngL ! and high (HQC) = 0.6 and 2.5 pg L.~ ', respectively. Based
on the preliminary results and published data, a higher calibration
range was used for BPA. Contamination due to BPs leaching from
Parafilm® (used to seal cans) was also tested. A low and midpoint QC
(LQC and MQC) sample and pure standard were included after every
20th sample, while solvent blanks were analysed after every 10th
sample to evaluate potential carry-over.

2.9. Bisphenols stability in dried and derivatised extracts

The stability of the BPs in the stock solution, ultrapure water and
wastewater were reported previously in Kova@i¢ et al. (Kovaic, Cesen,
et al., 2019), while this study aim was to test their stability during migration
experiments. Experimental temperatures and times were selected based on
the following premises: storage of dried extracts at —20°C is a common
choice for long-term storage, and derivatised compounds are typically kept
at room temperature (21 °C) before analysis. The studied compounds were
only added to the dry extracts before being exposed to the test conditions to
avoid extraction losses. Their stability was evaluated in terms of the average
remaining percentage of the compound, caleulated by dividing the de-
termined concentration at a specific time-point by the initial concentration
at time zero.

Exp. 1 Stability of BPs in dried extract during storage

To a series of glass vials containing dried extracts (prepared as de-
seribed in section 2.5), a mixture of 12 BPs was added to give two final
concentrations (LLOQ/LQC and MQC) of BPs and BPA. The samples
were then reduced to dryness under a gentle stream of nitrogen (40 “C)
and stored in the dark at — 20°C for 0, 1, 7, 30, 60 and 180 days. At the
time of sampling, the residues were spiked (25pL) with the internal
standards mixture (1ugmL~"), derivatised, and then analysed. Three
replicate samples were prepared for each matrix, temperature setting,
and sampling time. All controls were prepared in triplicate.



3.3. Migration from Food Contact Materials

A. Kovadié, et al

Exp. 2 Stability of BP derivatives in derivatised extract

The stability of the derivatised BPs was also verified. For this,
sample extracts were prepared as described in Exp. 1. To each extract,
target compounds and internal standards were added and immediately
derivatised, stored at —20°C and room temperature (21 "C) and ana-
lysed after 0, 1/3, 1, 2, 3 and 7 days. To provide reliable data, the
stability of the derivatised internal standards: 'Cy5-BPF, 1°C4-BPS,
13C,5-BPB and BPA-d,, was also tested after 7 days. In this case, the
instrumental response of the investigated compound was normalised to
the response of underivatised diazepam at time 0, 1, 2, 3, 4, and 7 days.

2.10. Statistical analysis

All statistical analyses were carried out using the open-source soft-
ware package R, version 3.5.2 (R Development Core Team, 2011). A
comparison of two or more data samples was made to assess the in-
fluence of the matrix, concentration, temperature and storage time on
the stability of target compounds in the dry and derivatised extracts.
The Shapiro-Wilk test for testing normality and the Levene’s test for
checking homoscedasticity (significance level = 0.05) were used to
select the appropriate statistical test (Eftimov et al., 2017). If two
(paired) or more data samples (paired) satisfied the required condi-
tions, parametric tests, namely a paired t-test or repeated measures
ANOVA were performed. Otherwise, less powerful nonparametric tests
such as a Wilcoxon signed-rank or the Friedman test were selected
(Table SI-4). Statistical significance was evaluated at the 0.05 level.

3. Results and discussion
3.1. Preliminary experiment

The presence of BPA in all samples, up to 8pgL ™' under harsh
conditions and BPF in cans up to 1 pgL ™!, including its two isomers
(ngL™"), was confirmed using target and suspect screening in the
preliminary experiment. None of the expected diglycidyl ethers were
detected, suggesting that sample preparation needed to be optimised
due to their high tendency for hydrolysis. Also, suspect screening did
not reveal any compounds from the generated list. The identification of
relevant mass features after data processing is difficult due to their large
number generated from the untargeted analysis. However, despite this,
a time trend for the migration of chemicals from reusable sports bottles
(decrease in several mass features and the area of major features from
day 1 to day 3) was detected. This preliminary experiment showed that
the largest amount of compounds migrate from the beverage can linings
(Figure SI-1) and highlights the existing challenges in improving data
analysis workflows. The results also show that MeOH as a simulant was
just as aggressive as simulants C and B. Based on these results and
published data, the number of investigated BPs was reduced from 18 to
12, and the subsequent migration study of BPs from cans and reusable
sports bottles into simulant C and B was investigated using targeted
analysis.

3.2. Method validation

3.2.1. Lowest limits of detection (LLOD) and quantification (LLOQ),
working range and linearity

The sensitivity of the method was evaluated in terms of LLOD and
LLOQ, calculated (Table SI-4) by multiplying the standard deviation
(SD) of the background (ten distinet matrix blanks) by a factor of 3 and
10, respectively (Magnusson & Ornemark, 2014). Using the LLOQ as the
lowest calibration standards (see Accuracy and Precision) and at least
five times the analyte signal of a blank sample, LLOQs were 1 and
3ngL ' for simulant C and B for the 11 BPs and 10ngL ' for BPA
(Table SI-4).

The linearity of the method was obtained using spiked matrix-
matched samples at different calibration points across the working
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range. The concentration of BPs and BPA in simulant C and B increased
from < LLOQ to 1pgL~ ' and < LLOQ to 4pgL~', respectively,
whereas the concentration of each of the internal standards remained
fixed (0.16 ugL.~"). Each calibrant was prepared in triplicate. The
coefficient of determination [Rz) was > 0.99 for each BP when using a
weighted (1/x or 1/y) linear calibration curve. The maximum residuals
for all calibration levels were < 11.3%, and the RSD of the slopes were
lower than 5.8%.

According to the JRC validation guidelines for Food Contact
Materials (Bratinova, Raffael, 2009), the maximum relative standard
deviation of the slope should not exceed 8%, and the residuals calcu-
lated for the lowest level (LLOQ) should be < 20%, and < 15% for all
other levels to fulfil the linearity model. In addition, the adequateness
of the linearity model was verified using the lack-of-fit (LOF) test. The
resultant p-values, at a confidence level of 95%, were > 0.05 for all
compounds. Table 2a summarises the results.

3.2.2. Recovery

Recoveries were estimated from the spiking experiments. The blank
matrix samples of simulant C and B were spiked at three concentration
levels (LLOQ or LQC, MQC and HQC) for the 11 BPs and BPA. The mean
recoveries were 77.7-106.8%. The relative standard deviation (RSDspr
recoveries) Were < 16.8% at LLOQ/LQC and < 10.7% at higher MQC and
HQC levels. The results are shown in Table 2a,

3.2.3. Accuracy and precision

Accuracy and precision were assessed by measuring five QC samples
at four or three calibration levels LLOQ, LQC, MQC and HQC, as de-
scribed above, within a single run and between different runs on three
consecutive days. Also, instrument precision was obtained by repeated
injections (n = 3) of one QC sample for each level. Twenty samples (for
each batch) for each simulant including five samples of each QC level
were analysed. The accuracy was expressed as a percentage of the
nominal value, and precision expressed as the relative standard devia-
tion (RSD, %) of the target BPs in simulant C and B, both in the intra-
day (15 samples) and inter-day (10 samples) experiments. Accuracy, for
the majority of BPs, was within required limits, i.e., 80.0-120.0% at
LLOQ and 85.0-115.0% at higher QC levels. Precision was < 14.9%,
except at the LLOQ ( <19.9%). Instrument precision was 0.5-12.2%.

3.2.4. Reproducibility and uncertainty

Reproducibility was evaluated by determining the standard devia-
tion in the measurement results (n = 5) using the same method but
with a different operator (), time (Ugye, six consecutive days) and
equipment (Ueqp, stock standard solutions) at the LLOQ and varying
only time (U, six consecutive days) at LQC, MQC and HQC. In all
cases, reproducibility and method repeatability SD were the primary
sources (Uope, Utime, Ueqp,s Urep) Of measurement uncertainty. It also in-
cludes the effect of varying other parameters (e.g. standard preparation,
equipment calibration, sample preparation and analysis, interpretation
of results) that can affect the results. However, their contributions are
negligible compared to method reproducibility and repeatability
(EURACHEM/CITAC Guide CG 4, 2012). The combined standard un-
certainties (u.) were calculated using equation (1) (EURACIHEM/CITAC
Guide CG 4, 2012; GUM, 2008) to determine the type A uncertainty.
Finally, the expanded uncertainties (U) were estimated by calculating
the effective degrees of freedom vy using the Welch-Satterthwaite
equation and a coverage factor (k), corresponding to a confidence level
of 95%.

f 2 2
U, = \.‘u,f,,c + Ugie + Ui + Uy 0

The expanded measurement uncertainties (U) for all of the com-
pounds were 2-67% for simulant C and 4-46% for simulant B
(Table 2a). Clearly, at LLOQ and LQC levels, U significantly increases
(12-67% and 10-30%) in comparison to higher (MQC and HQC)
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Table 2a
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Linearity evaluation and recovery assay of the proposed methods with simulant C (20% EtOH) and B (3% AA) for 11BPs and BPA LLOQ/LQC = 3 and 30ngL ™},
MQC = 100 and 800 ng L™ L HQC = 0.6 and 2.5 ng‘l: slope (k), slope standard deviation sy, intercept, determination coefficient (Rz), weight, maximum residual,
the lack of fit test (LOF, p values at a confidence level of 95%), lowest limit of quantification (LLOQ), recovery assays; SPE recoveries and relative standard deviation

(RSD, n = 3), expanded uncertainty U [%].

Simulant C
BPs k [pg L Intercept s [ug L1 Rz Weight Max residual LOF p- SPE recoveries [%] RSD spe: recaveries [%0] Expanded uncertainty U [%]
%] value
10C  MQC HQC 1QC MQC HQC 1LOQ 1LQC MQC HQC
22BPF  3.38 —0.009 0.014 0.997 1/x 58 0.08 90.3 83.4 827 8.2 4.5 3.4 41 21 18 15
BPAF  1.54 0.004 0.021 0.998 1/x 3.1 0.15 106.8 855 844 136 4.4 3.1 26 / 14 15
24BPF 117 0.000 0.005 0.997 1/x 3.6 0.11 Q0.2 8L.5 833 109 4.3 1.9 27 / 10 [
BPF 157 —0.003  0.007 0.998 1/x 4.9 0.11 97.1 84.9 834 67 26 3.0 43 14 12 7
BPE 256 —0.007  0.084 0.994 1/x 10.5 0.11 938 86.0 846 16.0 7.4 6.0 36 23 10 5
BPA 216 0.179 0.016 0.999 1/x 31 0.06 98.0 88.3 857 25 34 3.9 67 19 18 2
BPC 250 —0.009 0.020 0.997 1/x 3.8 0.11 Q4.7 80.4 777 15.1 4.2 5.2 24 15 11 10
BPB 133 —0.003  0.009 0.997 1/x 5.6 0.1 100.5 89.2 843 192 4.4 6.7 23 29 8 12
BPCZ 0.69 —0.001  0.008 0.997 1/x 9.4 0.06 104.2 924 87.0 16.8 6.2 57 29 / 16 18
BPZ 3.03 —0.004 0.053 0.997 1/x 5.3 0.06 106.4 87.3 839 149 5.6 7.0 15 30 15 17
BPS 202 0.035 0.008 0.996 1/x 6.1 0.08 928 90.7 857 115 3.7 8.4 35 / 11 13
BPAP  1.61 —0.003 0.011 0.996 1/x 9.7 0.09 90.7 86.2 855 7.0 8.4 57 28 22 13 18
Simulant B

22BPF 3519 =0.012  0.062 0.996 1/x 10.6 0.09 95.4 96.7 839 101 7.4 2.1 33 22 10 12
BPAF  0.919 0.000 0.004 0.997 1/y 6.3 0.15 883 93.7 84.4 16.0 4.9 3.1 37 12 11 8
24BPF  1.734 —0.004 0.041 0.996 1/x 9.4 0.09 89.0 1049 833 124 14.9 1.9 12 / 9 10
BPF 1.418 —0.004  0.025 0.997 1/x 7 0.09 88.3 94.3 834 89 4.2 3.0 47 23 10 4
BPE 2.260 =0.007 0.054 0.996 1/x 8.4 0.09 95.8 93.7 846 49 3.2 6.0 31 23 4 10
BPA 1.749 0.580 0.017 0.997 1/x 43 0.06 850 88.6 857 54 1.9 39 20 15 12 16
BPC 1.183 —0.003  0.030 0.996 1/x 8.3 0.14 85.6 85.3 80.3 10,0 6.3 4.6 25 10 6 10
BPB 0.916 -0.002 0.011 0.997 1/x 53 0.08 94.6 94.8 861 143 6.9 5.9 34 23 9 12
BPC2  0.549 —0.001 0.017 0.993 1/x a1l 0.09 87.4 98.3 87.0 125 10.7 57 29 / 7 8
BPZ 1.665 —0.003  0.051 0.995 1/y 82 0.08 94.8 95.0 851 87 6.8 6.2 42 19 12 14
BPS 1.977 0.002 0.020 0.996 1/x 8.1 0.06 94.4 99.7 857 111 3.5 8.4 27 / 11 14
BPAP  1.140 —0.002 0.064 0.99 1/x 11.3 0.08 87.3 93.7 855 6.9 9.9 5.7 31 16 14 16

calibration levels (U < 20%) for all compounds in simulant C and B.
The highest estimated U (>40%) at LLOQ correspond to BPA, 22BPF,
BPF and BPZ.

3.3. Stability study

The average concentration of BPs in the procedural blanks for each
stability condition was < LLOQ. The RSDs of triplicates were < 15 and
10% for all BPs at LQC and MQC, respectively. The estimated U enabled
confidence intervals to be set for the stability of BPs. Based on U
(=15%) for the majority of BPs at MQC, the compounds were con-
sidered to be stable if their remaining percentages were between 85%
and 115% (after a certain time compared to their concentration at time
zero). A greater U at the LQC level meant that the interval tolerances
were higher for the stability of individual BPs at this level (Table 2b).

Exp. 1 Stability of BPs in the dried extract

The general observation (Fig. 1a) is that all target compounds are
stable at —20 °C for at least eight weeks in both dried simulant extracts
(C and B) and at both concentration levels (LQC and MQC). After
24 weeks, eight BPs remained above or close to 85% (within their U
range), proving their stability (Table SI-5). Bisphenol C, BPC2, BPZ and
BPAP remained below the stability limit, especially at the MQC level,
suggesting that a 24 week storage time is too long for these BPs. Sta-
tistical analysis also confirms that there are no significant differences
(p > 0.05) measured at different concentration levels and between the
simulants, but there is a significant difference (p < 0.05) over time
(Table SI-8).

Exp. 2 Stability of BP derivatives in derivatised extract

The results (Table SI-6) confirm the stability (=17%) of all four
internal standard derivatives under experimental conditions. The RSDs
of their responses at both calibration levels, temperature and simulants
were < 8.2%. The data allows us to calculate the ratio of the peak areas
between the target BPs and relevant internal standards used in Exp. 2.

The results (Table SI-8) show no significant difference (p > 0.05) in
concentration overtime at each temperature, except at —20°C at the
MQC level, but there is a significant difference (p < 0.05) when stored
at —20 and 21 °C (Fig. 1b), which was most evident at the MQC levels
for both simulants. After 7 days at 21 °C, all BP derivatives remained
above or close to 85%, except at the LQC concentration level (Table SI-
7) where the deviations, although greater, are in line with U (Fig. 1b). A
possible explanation for the lower remaining percentages when stored
at —20°C at the initial time vs later time points is that lower tem-
perature can lead to lower derivatisation yields. In contrast, increased
time reactivates the derivatisation process, which is confirmed by a p-
value of < 0.05 when comparing Day 1 and Day 7 samples at —20°C
(Table SI-8). Generally, silylated derivatives are relatively unstable, and
their long-term storage is not recommended (Villas-Boas, Smart,
Sivakumaran, & Lane, 2011). The results do show that derivatised
samples can be stored for up to 7 days at room temperature (21 °C).

3.4. Migration study

3.4.1. Simulant analysis from beverage cans and reusable sports bottles

All investigated compounds were present at < LLOQ in both types
of control samples from each sample batch. As expected, there was no
leaching of BPs from Parafilm. Each compound was recorded as present
only when measured values were above the LLOQ in both aliquots of
one or both parallels, expressed as the average concentrations
(ngL’l) + the standard deviation (aliquots or parallels). The results
are given in Table 3 and shown graphically in Fig. 2a.

Beverage cans

Among targeted compounds, only BPA and BPF (including the two
isomers) were > LLOQ. Bisphenol A ranged from 2144 to 5865ngL "
in simulant C and from 51.6 to 1309 ng L.~ ! in simulant B, whereas the
dominant isomer of BPF (4,4"-BPF) varied from 257 to 1286 ng L™ Land
13.0 to 64 ng L.~ . The levels of 22BPF (2,2-BPF) and 24BPF (2,4-BPF)
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Table 2b
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Accuracy evaluated as the percentage of the nominal value [%], and precision expressed as %RSD (n = 5) of the tested BPs (11BPs and BPA) in migration simulant C
and B determined in the intra- and inter-day experiments at LLOQ = 1.0/3.0 and 10.0ng L‘l, LQC = 3.0 and 3U.OngL‘l, MQC = 100.0 and 800.0ng L‘l,

HQC = 0.60 and 2.50 pgL~".

Matrix Simulant C Simulant B
BPs QClevel  Intra-day Inter-day Intra-day Inter-day
Accuracy [%](%RSD, n = 5) Accuracy (%RSD, n = 10} Accuracy [%](%RSD, n = 5) Accuracy (%RSD, n = 10)
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
22BPF  LLOQ 120.1(3.6) 116.3(3.9) 112.1(3.3) 118.4(9.7) 112.8(117)  109.0(5.1)  1069(11)  116.0(14.1)
LQC 99.9(8.7) 114.4014.2) 94.9(12.4) 109.3(12.0) 100.8(7.5) 101.2(3.8) 85.9(0.8) 102.4(5.6)
MQC 84.3(3.1) 94.8(7.6) 87.3(7.3) 89.3(8.7) 86.8(4.0) 83.4(4.0) 85(3.3) 79.5(13.9)
HQC 100.5(23)  1109(35)  86.0(2.1) 106.4(4.9) 98.0(3.3) 100.7(1.9)  87.0(1.6) 99.6(2.6)
BPAF  LLOQ 104.2(10.2)  1135(9.5)  94.9(11.0) 109.9(9.8) 119.2(107)  83.4(7.2) 1107(8.1)  105.2(18.8)
LQC 95.0(7.3) 93.5 (5.00 92.4(4.7) 94.5(7.2)
MQC 86.1(5.0) 90.9(6.8) 87.3(8.39 87.5(6.9) 88.5(3.3) 83.4(2.7) 85.3(2.3) 79.4(14.5)
HQC 103.0(29)  110.2(54)  86.0(5.5) 106.5(5.8) 99.7(3.0) 98.5(1.8) 92.8(1.8) 99.6(2.4)
24BPF LLOQ 108.8(6.7) 115.2(12.9) 119.6(8.3) 115.2(5.4) 112.8(7.5) 114.0(11.6) 109.89(4.9) 112.0(11.5)
MOC 97.2(14.3)  105.3(9.0)  91.3(5.3) 100.6(13.3) 92.987.6) 95.7(4.9) 100.9(36)  93.7(5.3)
HQC 88.1(1.7) 85.3(5.9) 85.9(5.0) 86.8(4.7) 88.9(2.4) 82.8(3.6) 96.6(0.2) 85.7(8.5)
BPF LLOQ 120.4(7.1) 81.0(19.9) 110.3(11.0) 107.9(9.3) 109.1(17.4) 109.2(8.9) 83.9(15.1) 114.3(12.7)
LQC 90.9(6.6) 96.3(2.7) 95.2(5.0) 93.5(13.0) 96.3(14.0) 95,9(7.0) 95.3(6.2) 96.7(10.7)
MQC 76.1(4.0) 83.2(4.3) 79.3(7.1) 82.9(7.7) 72.4(2.8) 77.7(4.4) 79.8(1.39)  75.3(9.0)
HQC 78.2(3.0) 88.6(5.3) 90.2(5.6) 86.6(7.2) 83.1(1.5) 84.0(2.2) 85.2(6.3) 80.0(5.0)
BPE LLOQ 114.1(4.1) 111.6(12.9) 117.7(1.0) 114.9(12.4) 114.2(13.8) 119.9(2.0) 115.002.9) 120.5(15.3)
LQC 114.8(3.1)  113.2(5.8)  109.6(3.0)  114.9(12.2) 105.4(8.7) 108.0(4.1)  105.3(7.6)  109.3(55)
MQC 99.1(4.4) 111.9(6.9) 113.6(2.6) 104.5(9.1) 109.8(5.7) 94.4(1.7) 111.1(1.2) 93.8(15.1)
HQC 116.9(1.5) 128.2(0.4) 115.6(1.4) 119.9(6.1) 115.1(1.4) 114.4(0.5) 112.0(3.1) 116.4(1.5)
BPA LLOQ 119.3(1.8) 89.7(7.4) 85.1(1.4) 118.6(11.8) 103.7(4.4) 104.2(5.8) 93.3(3.5) 105.6(5.6)
LQC 98.0(14.2)  1221(6.01)  85.1(2.1) 114.8(15.1) 119.3(2.8) 115.2(1.8)  89.7(7.4) 118.6(11.8)
MQC 104.5(1.6) 104.4(6.9) 106.1(7.6) 104.5(0.8) 92.3(1.1) 101.7(1.2) 110.2(3.2) 101.7(1.2)
HQC 111.001.0) 108.5(0.4) 106.5(6.2) 108.5(2.4) 98.9(0.2) 98.9(2.4) 108.8(5.1) 104.0(1.8)
BPC LLOQ 1180(11.1)  107.7(10.0)  1146(5.0)  117.4(6.1) 116.8(2.9) 1168(7.7)  1005(10.2)  119.2(16.5)
LQcC 112.4(6.2) 113.7(6.6) 108.6(2.7) 112.0(6.7) 110.8(11.7) 106.1(7.5) 109.0(3.3) 111.4(5.8)
MQC 94.6(2.2) 89.5(3.1) 109.4(6.4) 91.7(3.4) 104.8(5.8) 85.2(4.0) 106.4(1.5) 87.2(12.7)
HQC 113.782.6) 111.7(4.8) 116.5(0.9) 112.1(3.7) 111.9(2.4) 100.3(5.2) 113.7(2.5) 105.5(7.4)
BPB LLOQ 109.6(11.6)  111.5(9.7)  115.7(24)  108.9(9.7) 116.1(183)  117.5(86)  1169(1.9)  119.2(13.4)
Loc 105.3(10.5) 114.2(13.0) 95.5(11.1) 107.6(13.4) 109.8(5.7) 103.8(14.5) 114.2(3.9) 108.1(11.9)
MQC 84.0(2.0) 85.8(5.1) 98.7(5.5) 84.3(3.8) 91.6(5.6) 86.3(3.3) 97.4(1.3) 87.3(4.9)
HQC 98.8(4.0) 107.4(3.9)  1056(4.0)  102.6(6.0) 99.5(2.2) 92.4(3.4) 1115(1.6)  99.7(1.9)
BPC2 LLOQ 100.3(10.9) 92.1(12.9) 109.2(3.0) 97.0(13.5) 99.2(11.7) 104.8(7.5) 108.8(9.4) 100.0(11.8)
MQC 89.8(5.9) 95.4(3.2) 111.1(4.6) 92.6(5.7) 89.6(5.4) 86.2(4.0) 108.4(1.2) 86.9(6.3)
HQC 101.6(5.00 111.1(4.6) 113.9(0.1) 105.2(7.0) 95,6(5.1) 102.3(5.2) 114.9(2.0) 101.0(4.5)
BPZ LLOQ 100.9(11.6)  104.7(156)  106.7(37)  98.4(8.1) 117.8(11.9)  110(11.9) 1125(45)  112.9(10.8)
LQc 99.0(5.7) 111.1(12.9) 108.3(9.1) 105.3(11.4) 108.6(6.0) 85.8(9.1) 103.5(5.7) 103.2(11.6)
MQC 88.5(6.0) 91.8(4.5) 113.8(3.3) 89.6(6.09) 99.9(3.9) 87(5.9) 114.9(1.5) 90.2(6.7)
HQC 1067(5.0) 111437 1189001 108.1(5.2) 104.0(2.6)  91.5(3.5) 113.4(4.3)  105.8(24)
BPS LLOQ 109.5(15.5)  109.0(15.6)  92.1(2.9) 104.1(12.8) 107.5(8.7) 112(17.2) 1137(37)  90.7(16.5)
MQC 92.0(14.9) 94.8(8.4) 97.6(12.0) 95.5(12.6) 88.3(6.6) 95.2(8.4) 105.3(8.7) 92.7(9.3)
HQC 93.4(3.4) 103.9(4.0) 101.3(3.2) 98.8(6.3) 95.0(2.5) 106.5(3.0) 101.1(7.5) 93.7(2.8)
BPAP  LLOQ 119.4(84)  1156(68)  117.60.2)  1186(6.6) 11510145  996(152)  111.9(7.2)  119.0(14.9)
LQc 106.5(9.4) 111.3(3.5) 106.9(7.1) 111.6(12.8) 106.6(7.1) 92.6(7.5) 114.1(1.5) 08.1(9.3)
MQC 89.5(4.4) 85.1(4.0) 103.8(5.9) 86.9(4.8) 97.5(8.7) 105.9(5.1) 99.5(2.3) 86.4(8.2)
HQC 107.3(6.0)  107.5(5.9)  114.9(49)  106.7(5.9) 1015(3.2)  93.9(4.0) 1145(3.7)  100.7(3.2)

were from 8.8 to 391 ngL ™" in simulant C and from 8.2 to 99.8 ng L~
in simulant B. These results agree with the literature findings (Table 1),
except that measured concentrations are higher (Table 3) than those
reported in beverages and food. For instance, BPAP was determined
(1.7ng L~ 1) only in Can2 when exposed to simulant C. Unlike Cunha
et al. (Cunha, Almeida, Mendes, & Fernandes, 2011), Cacho et al.
(Cacho, Campillo, Vinas, & Herndndez-Cérdoba, 2012) and Fattore
et al. (Fattore, Russo, Barbato, Grumetto, & Albrizio, 2015), we did not
detect BPB.

From the data, it is evident that simulant C is more aggressive in
comparison to simulant B (Fig. 2b) similar to the finding of Dreolin
et al. (Dreolin, Aznar, Moret, & Nerin, 2019). Higher concentrations of
BPs were observed after one month under HAR conditions, confirming a
need for more specific regulation, similar to EU regulations for plastic
material (EU, 2011), assigned to metal packaging with (organic) coat-
ings. Increasing experimental time as suggested by Paseiro-Cerrato

et al. (Paseiro-Cerrato et al., 2016) would more accurately reflect the
long term storage, i.e., “above 6 months at room temperature and below
including heating up to 70 °C for up to 2 h, or heating up to 100 °C for up to
15min” as defined by EU, 2011.

The differences between the cans intended for different users (Canl
and Can2-6) or cans filled with different types of beverages (Canl-6)
could be due to different formulations of the organic coating that are
tailored to the intended contents (Driffield et al., 2018; Paseiro-Cerrato
et al.,, 2017, 2016), or contamination during filling, transport, and
storage. Can2, intended to hold craft beer, contained the highest
amount of all detected BPs (Table 3).

Reusable sports bottles

Reusable sports bottles 1, 3 and 9 did not contain any BP residues
(Fig. 3). The detected levels of BPA ranged from < LLOQ to 222ngL™"
in simulant C and < LLOQ to 68 ng L~ ! in simulant B, again suggesting
simulant C is the more aggressive simulant (Fig. 2b). Migration tests

113



114 Chapter 3. Publications

A, Kovadic, et al. Food Chemistry 331 (2020) 127326

Simulant C (-20°C)

1207
_ 1o i ‘ _ T i x +
= s s = ” m} "
= i ! i .
o 100— Y
o s ] L] ¥ (iis H .
o % 9 J ? : i .
2 %0 | | 3
£ b ' IS n ! ; H . i
2 8o * i l | i
@ | + |
o . + -
701
eol Concentration
£ % £ 5 & § g B2 8§ §p £ & LQC
§ & % ° = @ @ = 5 © 2 L @ MQC
BPs
Simulant B (-20°C) N
. Time
X ) 1 ® DAY 1
- 1104 : A ¥ 0O WEEK1
= b . L1 .
e 100—) . bR | | . I L & /A WEEK 4
o O A i . o X WEEK 8
2 o $ JE S S B - |« WEEK24
£ . ‘ ; :
g e0 to | 3
2 ! | :
70 ‘ * |
+ .
80"
w w w w w < (&} m o ~N w o
& & @ o & & 5 & 2 & & &
m m E 1) o
BPs

Fig. 1a. Stability expressed as remaining percentages of the 12 BPs in dried extraets of simulant C and B (initial concentration: LLOQ/LQC = 3 and 30ngL ™",
MQC = 100 and 800ngL'1) stored at —20°C for different lengths of time (up to 24 weeks).

Simulant C (-20°C) Simulant G (21°C)
130- s 130
120 + 120 1
= 10 . . = 110 1
# N 1 i = ; *
SRR SPSUS W S S S $ g 8 s s ¢
o 100 y I = + % ¥ T 2 L 4 o 00 i 3 . . L3 ¢ - . Y -
T g i ¥ s . ¢ & O g 2
@ P OE e | f 5 ] ! s o X
I ’ N : £ w
£ 5 | ; E
x &0 | i [
50- : 3 50
0 B 1 Concentration
T S R R - T R T R R
8 3 & & & & § & & & § & 5 £ B & § & & & £ & § § Lac
g & 3 o & 4 B 3 & & o Mac
BPs. BPs
imulant B (-20° imulant B (21° -
Simulant B (-20°C) Simulant B (21°C) Time
130 130
120 + 120 ; 8| 173 DAY
< | i H 0O DAY 1
= 110 * + _ 2 i =
g 1o . & 3 g , EMO 3 I P i £ DAY 2
g 10— + — 5 i 1 R ? £ = » X DAY3
&, o 2 ‘s | s . [ ] 1 + DAY7?
2 % 2
£ &0 ! ' £ w0 :
§ 70 g 01
€ 0 ¢ w0
50 50
40 )
w i [ w < O @ o N @ [ w i r w W < ) @ & ™ @ Y
5 & © @ &8 & 5 B § & &5 g 5 f & @ & B & & § & & g
8 & & 8
BPs BPs

Fig. 1b. Stability expressed as remaining percentages of the 12 BP-derivatives in simulant C and B (initial concentration: LLOQ/LQC = 3 and 30 ngL™", MQC = 100
and 800ng L") stored at —20°C and 21 °C for different lengths of time (up to 7 days).



115

3.3. Migration from Food Contact Materials

Food Chemistry 331 (2020) 127326

A Kovadié, et al.

ZI 00TI= 00TI= O0TI>  00TI= O0TI>  00TI= 00Tl  OOTI= 00TI= 00T 001> 172l pasn ) Ad phid
v8  0OTI> QOTI= 00TI=  QOI1>  00TI>  QOTI> OOTI> LOF 8 QOTI= QOTI= QOTI> [elelvEg pas(] (¢} ad od
6981 0011 00T1= 0O0TI>  00TI>  00Tl>  00T11> 001> 00Tl 1o+ 6l Q0TI 00T1> Tk 7 L981 pas() (2)od vl 3moq sueds
Sty 00TI=  00TI> O0TI>  00TI>  O00TI>  0OTI> O00TI>  OOTI> 001> 0OTI> 10T £F Ik p=n 201 zd  a|qusnal pasn
zz  Lorr> bo1l> dori=  dorr>  dorTi= 0oTl> 0oTI> DOTI> QoTI> doT1= QOT1> TFLT £ Ld
6L DOTI> 0011> 00TI>  DOTI>  QOTI>  00T1> 001>  DOTI> 001> doTI= [CoIVES £¥6l <l L
9y DOTI= 00TI= 0QOTI>  0OTI=  00TI=  DOTI> 001>  DOTI= 00T1= Q0TI doTI= LLF 9% W0 [ERs ssaums 8%}
0z 0OTI> 0OTI> O00TI=  00TI>  0OTI=  00I1> 0OTI>  QOTI> QOTI> QOTI= QOTI> 01 % 0T sl ¢ ord
¥e  0OT1>  0OTI> 001> ooTI> 0oT1> 0oT1>  0OTI> o1 QOTI> oo o1 S ¥ bE 1 (9) dd Ei
ST 00T1> 00T1> 00T1>  00T1=  00TI>  00T1> 00Tl 00Tl 00T1=> 00T1> 001> ¥0F 9¥l & vd
81 DOTI= O0O0TI= 00TI=  0OTI>=  DOTI=  0OTI= 00TI=  DOTI= 00T = doT1= Q0TI L¥8l Ta v
89 0OTI> 00T1> 00TI=  00TI>  0OTI=  00T1> 0QOTI1=  OOTI> QOTI= QOTI= QOTI> B ¥ 89 1 [P ssues vd
6¢ 0011 00T1> 0QOTI>  00TI>  0OTI> ¥0+F2TT 001> 10%41 001> Q0TI> 00T1> 0011 ed el
€€ 0011 00TI= OOTI= 0oT1>  0OTI> 10F£1 00Tl 10791 ooT1> BOTI> 0oT1> oot > pda zd
0z ©or1> dorr= boTI>  0or11> 00TI>  L0F L DO L0F 0T QoTI> doT1= QOT1> voT1> 1 () ad zd 4 wenug
ve  DOTI= 0011> 0OTI>  DOTI>  QOTI>  00T1> 001>  DOTI> 001> Qo= [CoIVES TLF¥E € L
e 00T1= 00TI= 00TI=  DOTI>  QOTI>  DOTI= 00TI=  DOTI> 00T1= 0OTI= DOT1= 9% 1g za e
vee  0OTI> 0OTI> O00TI>  0O0TI>  O0TI>=  0OTI> 00T1>  QOTI> roFL1 doT1> Q011> 28 ¥ 74T Q9938 ssoquIels g
9z  0OI1> 001>  0OTI> oorr>  1oF 9z  0oIl>  DOTI> 0oT1> QOTI> boTI> o1 oot 1 (9) dd 84
9r  00TI= 00TI> O0TI> 0OTI> 80F9¢ 00TI= 00TI>  0OTI> 00T1=> 00TI> 001> 00TI=> za (2) aH-ad P2
Tl doTI= O0O0TI= 00TI=  0OTI>=  DOTI=  0OTI= 00TI=  DOTI= QOTI= doT1= 0OTI=  TOFLILL £a od
11 0oT1> 00Tl 00TI=  0OT1>  00TI= 001> 00T1=  0OTI= QOTI= 0oTI= 0OT11> 07901 za od
L2 00TI=  0011= 00TI>  00TI= 00Tl  00TI= 00T11=  OOTI= 007T1= QOTI= QOTI= L0 FEL 1 () Ad od
€8 00T1> 0O0TI> 00TI> 0oT1>  DOTI> ooT1>  00T1> 00T1> ooT1> 0oT1> 0oT1> €FT8 €0 Sd
sy QOrI1>  DOTI>  0OTI> ooT1> ooT1> 0oT1=  0OTI= ooTI1> 0o ooTI> QOT1> 60 F 9ry el (9) dd i
vL 0OTI> 0011 00TI=  DOTI>  QOTI> 0011 001>  DOTI> 00T1> doTI> 0011> 607 L'vl € vd
e dorr=  doTI=  doTl>  DOTI=  dOTI=  DOTI=  DOTI=  DOTI= roF QOTI= DO o1 1l e
1§ 0OTI1> 0OTI= 0QOTI=  0OT1>  0OTI=  QOTI> 0O0TI>  QOTI=> QOTI> Q0TI QOTI> T F 19 T 12938 vd  2pioq suods
ve 001> 0Q0TI> 00T1>  0011>  00TI>  00TI> 001T1> [0+ ¥1 001> Q0TI Q011> 0011 1 (¥) dd cd aqesnay [ Juelnulg
29y  0OTI> 00TI> O0TI>  00TI>  00TI>  00TI> 00TI>  0OTI=> £F6C  STTFbL [ ¥ F e g gued
989 DOTI> ©OTI> 0OTI>  DOTI>  OOTI>  DOTI> OOTI>  DOTI= In=ay ILF 55 TEVL €L F 9LS usD gueD
601 DOTI=  DOTI=  0OTI=  DOTI=  0OTI=  DOTI= 0011 DOTI= BFEY TOFHE6 60FGEC  ISLT LI wD pued
0T OOTI=  00TI>  00T1=  00T1=  O0TI>  00TI= 00T1>  0OTI= 679 BFEL 60FEET ELLTOIEL ey Luesy
v6  0OTI> 0OTI> OO0TI> 0oT1>  DOTI> ooT1>  00T1> 0oT1> LTl TFIZ  E0FTS €F TS uan Tue)y o wemuig
L6885 0OT1> 0OTI= 0O0TI> ooT1> 001> 0oT1=  0OTI= 0oT1> LLF LS 69 F 80T LLF1E  19FTove uan £ueD
854 00TI=  0OTI> 00TI> L10F&1  QOTI=  00TI> 00T1>  OOTI> EIT+98CL  FE T I6E FEPL LEL ¥ 5985 usD) Tuey
€epe  OOTI= O0OTI= OO0TI=  0OTI>  QOTI=  00TI= OO0TI=  OOTI= TLF 19 ¥ ¥ EEL L¥81 TEL F TT6T e Buneod TueD
182 OOTI>  0OTI> OQOTI=  00TI>  QOTI=  00T1> QOTI=  QOTI> V8FLPS  OLFIEL  TIF88 ST pricC wo apuedio Tue) uey D wenug
5dd T sdg avdd 20dd dvdg Zdd it 0dd 1dd 148 1ddve 1daze vde
(Jaqumus)
[,_7184] ps ¥ uopunuasue) uopipuo)  oddl [uuerey  soussarg aidwes  adf) adwes  uepus

-onserd (Dd) 21eUoqress[od ‘(Ad-ad) 2usjdmpeifod Aysuap-ydiy (dd) susiddordiiod ‘(ad) suerdypadiod (¢ = u) spaqrered yog ur yuesard usym rfered i(z = u) A[uo
q 10 ® rremed jo sjonbie yioq ur 1wasard uaym by | 180U (4 10 g = U) UONEIAIP PIRPURIS T SUOHEIUSIUD 358I5AR s2 Passaidya sa[1oq s110ds qusnaT pue supd Wodj g pue 5 JURNIIS U0 1591 UoNRIS Jo SNsay

€ 2198l



116

A, Kova@i, et al.

Reusable bottle

Chapter 3. Publications

Food Chemistry 331 (2020) 127326

Used reusable bottle |

[
6000 -

4000 -

2000 -

Concentration of BPs [ ng L 1

BPF
BPE
BPA-
BPB
BPZ

22BPF-

248PF-

BPF
BPA-
BPF
BPE-
BPA

o
<
o
@

22BPF-

BP

Fig. 2a. Box-plot showing concentrations of all detected BPs in both simulants (C and B) and all analysed containers (reusable sports bottle, cans and used reusable
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Fig. 2b. Box-plot showing differences in BPA concentration between cans and new reusable sports bottles and simulants C and B.

revealed a decrease in BPA concentration over time in case of simulant
C and B (Figure SI-3), except for sample B5, where the trend is reversed.
The bottles made from steel (B4 and B11) leached higher amounts of
BPA (68 and 222ng L~ l) after day 1 (Figure SI-3), and were the only
ones to leach BPF (1.1 and 1.7ngL~"). Interestingly, B5 and B11,
which were both labelled as BPA-free (Table SI-2) contained BPA (up to
44,6 and 222 ng L~ "). In contrast, B2 and B7 from PE material and B8
from PP material (Table 3) did not contain BPA, but the presence of BPE
(1.6-2.0ng L™ "), BPB (1.1-2.2 ng L™ 1) and BPZ (2.6-4.6 ng L™ ') were
observed following a similar time trend as for BPA. Unlike recent stu-
dies (Table 1), which identified BPS as a major contaminant detected in
food and beverages from plastic (baby) bottles (Garcia-Corcoles et al.,
2018; Mandrah, Satyanarayana, & Roy, 2017), BPS was not present in
any of the sports bottles tested. Unlike in this study, Tian et al. (Tian

10

et al., 2019) and Hwang et al. (Hwang et al., 2018) did not detect any
BPs in their simulant samples exposed to plastic bottles, but this is a
likely result of their much higher LLOQ [ugL~']. In this study, used
sports bottles were exposed to simulant B since it covers the majority of
typical beverages kept in such bottles. The results revealed the presence
of BPA and 22BPF in the case of steel sports bottles (Fig. 2a), and, as
expected, the highest concentration of BPA (1867 ngL ') migrating
from PC bottles, which also contained BPF (1.9ngL~1). Bisphenol E
(8.4ng L™ 1) was present in case of PP bottles. The observed time trends
imply that BPA concentrations would be lower from used bottles. In-
stead, 10 and 100 times higher concentrations were determined in the
case of steel (B2), and PC (B4) used sports bottle. One possible ex-
planation could be material damage or improvement in material quality
over time; however to better understand the impact of material damage
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Fig. 3. The concentrations of all detected BPs from simulants C and B exposed to new reusable sports bottle over three consecutive days (D1, D2 and D3).

and to confirm the observed correlation, the analysis of a higher
number of samples is required. Overall, a correlation exists between
container material and the migration of BPs rather than in their price
(Figure SI-4).

Beverage cans vs sports bottles

A total of 8 (BPA, 22BPF, 24BPF, BPF, BPE, BPB, BPZA and BPAP)
out of the 12 investigated BPs were detected in the samples, 5 in bev-
erage cans and 6 in reusable sports bottles, from which 24BPF and
BPAP were found only in the simulant from beverage cans and BPE,
BPB and BPZ from sports bottles (Fig. 2a). Table 3 suggests that BPA is
still preferably used in the production of cans and sports bottles since it
was the most frequently detected BP (100, 45 and 43% respectively)
and present in the highest concentrations 5865, 222, and 1867 ngL~!
in cans, sports bottles, used sports bottles, respectively (Figure SI-2).

Bisphenol A and the three BPF isomers were determined in all
samples obtained from cans at significantly higher concentrations in
comparison to sports bottles - in one case up to two orders of magnitude
higher (Can2). Although the level of BPA migrating from the cans did
not exceed the SML, the results suggest that this type of container is a
significant source of BPs (Fig. 2a). Ten out of the 18 reusable sports
bottles did not contain BPA. Three out of 11 and 3 out of 7 new and
used reusable sports bottles also did not contain any of the investigated
BPs (Fig. 3), while a higher concentration of BPA leached from B4 and
B11 (steel bottles) after day 1 and from B5 (made of PP) after day 3. The
highest concentrations of BPA and BPF migrating from cans and steel
bottles suggest that both contain an organic coating (Rochester &
Bolden, 2015b). In the case of cans, the presence of BPF and low levels
of its two isomers, suggest the use of an industrial mixture of BPA and
BPF in the coating. Other BPs were determined only in case of plastic
material at significantly lower concentrations, which does not imply
their use as a replacement for BPA since the latter is present at sig-
nificantly higher concentrations. Overall, these results together with
the total BPs concentration per analysed container (Table 3) showed
that consuming beverages from sports bottles (£BPs = <LLOQ —
68ngl ') made from different non-polycarbonate polymers rather
than steel (XBPs = 1.1-224 ngL ') pose a lower risk to human ex-
posure to BPs compared to consuming beverages from cans
(ZBPs = 94-7557 ng L™ 1).

3.5. Exposure assessment

The EFSA CEF Panel (EFSA Cef Panel, 2016) state that “The ex-
posure for a food category can be calculated by combining the con-
sumption level of the food category with the migration levels into the
foods covered by the food category™. For this reason, dietary exposure
to BPs from beverage cans and reusable sports bottles was estimated for
each sample at the 95th percentile (P95) of water consumption intake
data, obtained from the EFSA Guidance using default assumptions
(EFSA, 2010; EFSA, 2017). These assumptions included a default body
weight (bw) for adults of 70kg bw and 12 kg bw for children and a
default value for daily total liquid intake in adults of 2 L and adequate
water intake of 1.6 L for children (4-8 years) and used in this risk as-
sessment. The risk to consumers from BPs was evaluated using the total
determined concentration from each sample as the total concentration
of BPA and comparing their exposure estimates with the established
health-based guidance value for BPA. The assessment is also based on
the assumption that BPs have similar toxicity as BPA (Gramec Skledar &
Peterlin Masi¢, 2016). According to results, estimated dietary exposure
to BPs (Table 3 and Table SI-9) for adults is from 0.03 to 216ngkg
bw ™! day ~? and from 0.1 to 1008 ng kg bw ! clay’1 for children. The
highest estimate for beverage cans (Can 2), either for adults or children,
amounts to 5.4 or 25.4% of the TDI for BPA (4 ugkg bw ! day )
(EFSA, 2015) and shows that the established value would not be ex-
ceeded with any of the tested samples. We underline that these values
should be considered as a rough estimate of the risk.

4. Conclusions

A reliable GC-MS/MS method was developed and validated to
analyse the migration and stability of BPA and eleven other BPs in food
simulants. Good results, including LLOD and LLOQ, linearity, accuracy,
precision, reproducibility and uncertainty, were achieved. From an
analytical perspective, it is safe to store dried sample extracts at —20°C
for at least 8 weeks and derivatised samples at room temperature
(21°C) for up to 7days. Bisphenol C, BPC2, BPAF and BPS
were < LLOQs in all tested beverage cans and sports bottles. All cans
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leached BPA, BPF, 22BPF and 24BPF in amounts up to 5865, 1286, 391
and 99.8 ngL". Eight of the tested bottles leached BPA, BPF, BPE, BPB
and BPZ. The highest concentrations of BPA and BPF originated from
the linings of beverages cans and reusable steel bottles. Importantly,
BPA was determined in bottles that were labelled as being BPA free,
while traces of BPs were present in bottles that did not contain BPA.
Furthermore, the levels of BPA decreased with consecutive exposures of
the sports bottles to simulant.

This work demonstrates that among BPs, BPA remains the primary
bisphenal in FCMs but at the same time confirms the presence of other
BPs in similar FCMs. It is also clear that simulant C is more aggressive
than simulant B. Importantly, according to the BPA content of samples
consuming beverages from cans is more concerning than consuming
beverages from reusable sports bottles. Our findings provide insights
into the problems surrounding the migration of chemicals from FCM
and contribute to lowering the risk to consumer health.
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3.4 Effects

3.4.1 The effects of bisphenol A, F and their mixture on algal and

cyanobacterial growth: from additivity to antagonism

The paper “The effects of bisphenol A, F and their mixture on algal and cyanobacterial
growth: from additivity to antagonism”, by T. Elersek, T. Notersberg, A. Kovaci¢, E. Heath
and M. Filipi¢c was published in FEnvironmental Science and Pollution Research in
September 2020. The study was performed in collaboration with the National Institute of
Biology, Slovenia, and was led by Assist Prof Dr Elersek under the supervision of Prof Dr
Filipic. T carried out all the analytical work, including sample preparation, method
optimization, instrumental analysis, and data evaluation as well as drafting the analytical
part of the manuscript.

Although concern that BPA and other bisphenols in the environment can affect aquatic
organisms has increased in recent years [85], [218], their ecotoxicological effect on algae and
cyanobacteria, which as primary producers play an important role in aquatic ecosystems,
remains largely unknown. In this study, the toxicity of BPA, BPF and their mixture
towards eukaryotic green alga Pseudokircheneriella subcapitata and the prokaryotic
cyanobacterium Synechococcus leopoliensis was addressed. The toxicity of the binary
mixture was predicted using different models, including concentration addition (CA),
independent action (IA), combination index, and the isobologram method over the whole
effect concentration range (ECs-ECy). The comparison of the results obtained by these
models with the experimental data enabled the appropriateness of using such models for
prediction of mixture toxicity to be assessed. The results indicate the higher sensitivity of
cyanobacteria compared to green algae to bisphenols. At the same time, the individual
toxicity of BPA and BPF towards P. subcapitata and S. leopoliensis was comparable but
higher towards P. subcapitata in the case of their binary mixture. Both models, CA and
IA models underestimated mixture toxicity of bisphenols for P. subcapitata over the whole
EC range. For S. leopoliensis, CA model predictions were close to the experimentally
determined toxicity at ECs—ECy while with the IA model they were similar at EC1p—ECxy.
The CI model and the isobologram method predicted the antagonistic effect of bisphenol
mixture in both S. leopoliensis and P. subcapitata. The same effect was also revealed by
the experimental data for S. leopoliensis, whereas in P. subcapitata, the additive effect was
expressed. The environmental risk characterization based on the calculated ratio between
reported concentrations of BPA and BPF in surface waters versus the predicted no-effect
concentration calculated in this study showed that BPA represents an environmental risk,
whereas BPF does not.

This work fulfils the aim of developing a simultaneous determination of bisphenol
residues using GC-MS. In addition, it estimates the toxicity of bisphenols to aquatic species
and contributes towards underestimating the fate and effects of bisphenol residues during
WWT and in the environment. This study is the first to address the toxicity of individual
bisphenol for cyanobacteria and toxicity of their mixtures for cyanobacteria and green
algae, which is more likely to occur in the environment. Thus, this paper adds knowledge
about the environmental risks of bisphenols and highlights new gaps in our understanding
of their occurrence in the aquatic environment as well as ecotoxicological data for individual
bisphenols and their mixtures.
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Abstract

Bisphenol A (BPA) is, due to its widespread use including the production of plastic materials, an ubiquitous pollutant in the
aquatic environment. Due to evidence of adverse BPA effects on the environment and human health, its use has been restricted
and replaced by analogues such as bisphenol F (BPF). This study examined the toxicity of BPA, BPF and their mixture towards
primary producers, the eukaryotic green alga Pseudokirchneriella subcapitata and the prokaryotic cyanobacterium
Svnechococcus leopoliensis. The results demonstrated that S. leopoliensis is more sensitive than P. subcapitata, whereas toxic
potential of the two BPs is comparable and represents comparable hazard for phytoplankton. The toxicity of the binary mixture
was predicted by different models (concentration addition, independent action, combination index and the isobologram method)
and compared to experimental data. Additive effect was observed in P. subcapitata over the whole effect concentration range
(ECs-ECqq), whereas in S. leapoliensis, no pronounced combined effect was observed. The environmental risk characterisation
based on the comparison of reported concentrations of BPA and BPF in surface waters to the predicted no-effect concentration
values obtained in this study showed that at certain industrial areas, BPA represents environmental risk, whereas BPF does not.
However, BPF concentrations in aquatic environment are expected to increase in the future. To enable environmental risk
assessment of BP analogues, more data on the toxicity to aquatic species, including combined effect, as well as data on their
occurrence in the aquatic environment are needed.

Keywords Agquatic ecotoxicology - Plastic pollution - Toxicstress - Growth inhibition - Environmental risk assessment - Pollutant
degradation

Introduction

Bisphenol A (BPA) is a commercial name for 4,4'-(propane-
2,2-diyl)diphenol, which was first synthesised in 1891
(Staples et al. 1998). It is used as a raw material for the pro-
duction of many products such as polycarbonates and epoxy
resins, lining of food cans and metal lids (Eio et al. 2015).
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BPA is released to the environment from production sites,
processing plants (Staples et al. 2000), wastewater effluent,
landfill leachate (Corrales et al. 2015), plastic (Liao and
Kannan 2013), microplastic and other materials where BPA
is present, as a non-point source of environmental contamina-
tion (Crain et al. 2007). For the health of our aquatic environ-
ment, it is important to examine the impact of potentially toxic
compounds on aquatic organisms, especially on primary pro-
ducers, since they form the basis of an aquatic ecosystem’s
food web.

The concern for vertebrates was raised due to BPA estro-
genic activity (Dodds and Lawson 1938) with a negative im-
pact on the endocrine system of humans and animals (Eladak
etal. 2015). Moreover, BPA is genotoxic in vitro and in vivo
in rodents (Usman and Ahmad 2016). Studies also indicate a
connection of exposure to BPA with many human diseases
such as diabetes, obesity, cardiovascular, respiratory and kid-
ney diseases, breast cancer and sexual disorders (Eladak et al.
2015). BPA is a well-known plastic-associated-compound
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and is known to the wider public from the “BPA free” water
bottles campaign. In 2011, the European Commission banned
the use of BPA in baby bottles and sippy cups, and will pro-
hibit its use in the production of thermal paper from 2020
onwards (EU 2016). Therefore, manufacturers have started
to replace BPA with alternatives in similar applications, of
which bisphenol F (BPF) is one of the most used BPA alter-
natives (Chen etal. 2016). BPF is a commercial name for 4,4'-
methylenediphenol, and it is used as a monomer in the pro-
duction of epoxy resins and polycarbonates for the lining of
food containers, water pipes, roof coverings, roads, bridges,
structural adhesives, coatings, lacquers, varnishes, adhesives
and dental flosses (Rochester and Bolden 2015; Tisler et al.
2016). Due to its similar structure to BPA, BPF has the poten-
tial to exert similar ecological and health effects as BPA
(Eladak et al. 2015; Liao and Kannan 2013; Tisler et al. 2016).
The BPA concentrations in the environment can reach up
10370 pg L' in waste water treatment plant effluent (Corrales
et al. 2015), 200 pg kgfl in river sediment (Fromme et al.
2002), 56 png L™ in rivers (Corrales et al. 2015) and
17.2 pg L™" in leachate from plastic waste (Yamamoto et al.
2001). Although usual levels in river waters are <1 pg L'
(Staples et al. 2000; Fromme et al. 2002; Bhandari et al. 2014),
the presence of BPA in the environment is global (Corrales
etal. 2015). The levels in dust and air were reported to be up to
4.1 pg g ' (Liao et al. 2012) and 17.4 ng m > (Fu and
Kawamura 2010), respectively. In food, concentrations of
BPA can be up to 10 ng g ' in products such as soups, eggs,
sauces and syrups (Liao and Kannan 2013). BPA was also
measured in energy drinks at levels up to 3.3 ng L' (Gallo
et al. 2017). BPF has not been as thoroughly studied as BPA
but compared to BPA, lower concentrations of BPF are re-
ported. BPF concentrations were up to 0.3 ug L™ in surface
waters (Yamazaki et al. 2015), 0.1 pg g ' in sediment
(Fromme et al. 2002) and <0.5 ug g ' in dust powder (Liao
et al. 2012). In food, the highest concentrations of BPF
(4.63 ng g ") were measured in fish and seafood (Liao and
Kannan 2013). In the environment, BPA is degraded abioti-
cally with photo degradation as a result of UV radiation
(Wang et al. 2007), and/or biotically with bacteria, algae and
fungi (e.g. Ren et al. 2016; Ji et al. 2014). The biodegradabil-
ity of different BPs in seawater and wastewaters was ranked as
BPF >> BPA > BPS (Ike et al. 2006; DanzI et al. 2009).
Algae and cyanobacteria play a major role as primary pro-
ducers at the bottom of food chain in aquatic ecosystems.
Changes in their species composition can have wider implica-
tions for the biological community and ecosystem. Therefore,
toxic stress to phytoplankton may affect the structure and
functioning of the whole ecosystem (Ma 2005). The informa-
tion on the effects of BPA and its analogues on phytoplankton
species is limited to the studies in different algal species,
which demonstrated some differences in their sensitivity to-
wards BPA toxicity. Concern over BPA and alternatives in the
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environment affecting aquatic organisms has greatly increased
over recent years (zebrafish e.g. Moreman et al. 2017; Le Fol
et al. 2017; marine rotifers e.g. Park et al. 2018; algae e.g.
Tisler et al. 2016; Li et al. 2009; Zhang et al. 2012; M'Rabet
et al. 2018). Nevertheless, the ecotoxicological potential of
BPA and alternatives on cyanobacterial primary producers,
as an important part of aquatic algal community, remains
largely unknown. To our best knowledge, the toxicity of
BPA and its analogues has so far not been published for
cyanobacteria. In general in algal group, diatoms from genera
Navicula, Stephanodiscus and Cyclotella are more sensitive
(EC504-9mgL ') (Liu et al. 2010; Li et al. 2009) than green
algae from genera Chlorella, Chlamydomonas and
Desmodesmus (ECsy 20-89 mg L ! Zhang et al. 2012;
Tisler et al. 2016). Moreover, certain tolerant algal species
have been reported to accumulate and degrade BPA
(Hirooka et al. 2003, 2005; Ben Uoada et al. 2018).

Although algae and cyanobacteria have been shown to be
comparatively sensitive to many chemicals (Real et al. 2003),
for certain chemical differences in the sensitivity were dem-
onstrated (Ma 2005; Brezovsek et al. 2014). In the aquatic
community, such pollutants may cause changes of green algal
and cyanobacterial group structure. Of particular concern is
higher sensitivity of algae compared to cyanobacteria, which
may result in a shift from dominance by green algae to dom-
inance by cyanobacteria, and may even contribute to
cyanobacterial blooms during the specific periods (Ma
2005). Therefore, for more reliable environmental risk assess-
ment, studies comparing differential sensitivity of
cyanobacteria and green algae are needed. Another aspect that
has so far not been addressed is toxicity of mixtures of BPA
and its analogues, which in the environment occur together.

In this study, we evaluated the toxicity of BPA, its ana-
logue BPF and their binary mixture in the green alga
Pseudokirchneriella subcapitata and the cyanobacterium
Synechococcus leopoliensis. To assess the interaction of
BPA and BPF in combined exposure, the toxicity of the mix-
ture has been predicted by several approaches: concentration
addition (CA) and independent action (IA) models, determi-
nation of combination index (CI) and with isobologram meth-
od, and the calculated data have been compared to experimen-
tal data.

Materials and methods
Test substances

For the experiments, BPA (CAS 80-05-7, Merck), BPF (CAS
620-92-8, Sigma-Aldrich) and as a reference chemical DCP
(3,5-dichlorophenol DCP, CAS 591-35-5, Sigma-Aldrich)
were used. Concentrated stock solutions of BPA
(300 mg L") and BPF (30 mg L") in OECD medium, and
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DCP (1000 mg L") in dimethilsulfoxide (DMSO) were pre-
pared. DMSO was used at a final concentration of 0.04% v/v,
which exceeds the OECD recommended value (0.01%), but as
reported by Brezovsek etal. 2014, the concentration used does
not affect the growth of the selected alga. The same final
concentration of DMSO was added to the control cultures
(solvent control). Stock solutions of BPA, BPF and DCP were
stored in the refrigerator at —4 °C, not longer than 6 months.
BPA was tested at concentrations of 0.5, 1.5, 4.9, 15.6 and
50mg L' BPFat0.3,0.9,2.9,9.4and 30 mg L ' and DCP at
2.5, 5,10, 20 and 40 mg L. The highest test concentrations
of BPA and BPF were chemically verified by gas
chromatography-mass spectrometry (GC-MS). The following
internal standards were used: deuterated BPA (BPA-d, s, CAS
96210-87-6, Sigma-Aldrich) and isotopically labelled BPF
(BC,Z BPF, >95%, Toronto Research Chemicals CanSyn
Chem. Corp.).

Stability testing of BPA and BPF during the assay

In order to assure reliable results and assess potential ability of
P. subcapitata and S. leopoliensis to degrade BPA and BPF,
the changes in the concentrations of investigated compounds
were determined in culture medium in the presence and ab-
sence of the tested compounds (BPA 5 mg L™'; BPF
3 mg L") and in stock solutions (BPA 300 mg L™'; BPF
30 mg L"). The concentrations in culture medium were de-
termined at time 0 and after 72 h, using GC-MS.

Chemical analysis All samples were filtered through a RC
membrane, 0.2 -um filters, and diluted with OECD medium.
Three aliquots (V=100 uL) of the prepared sample were
spiked (V=25 pL) with mixed internal standards (”Clg—
BPF and '°dBPA, ¢=1 pg mL ") and dried under a gentle
stream of N, at 40 °C. The samples were derivatised with
50 uL of BSTFA and 50 pL of pyridine for 16 h at 80 °C.
Derivatised samples were transferred to glass vial inserts and
analysed using an Agilent 7890B series gas chromatograph
with a 5977A single-quadrupole mass spectrometer (Agilent,
USA). Separation was achieved on a DB-5 MS capillary col-
umn (30 m x 0.25 mm x 0.25 pm; Agilent, USA) with helium
as the carrier gas (1 ml min '). One pL of each sample extract
was injected in splitless mode at 250 °C. For optimal chro-
matographic separation, the following temperature program
was used: an initial temperature of 120 °C was ramped at
20 °C/min to 200 °C and held for 2 min and then at
10 °C/min to 250 °C. Total GC-MS runtime was 11.0 min.
The mass spectrometer was operated in EI mode at 70 eV.
Selected compounds were determined using selective ion
monitoring (SIM) mode using retention time matching (BPA
10.22 min, BPF 10.87 min, '°dBPA 10.80 min, '*C,,BPF
10.72 min) and by monitoring the following ions: m/z 344,
329 and 179 for BPF; m/z 372,257 and 339 for BPA; m/z 356,

341 and 179 for 13C12 BPF; m/z 386, 368 and 217 for
'dBPA. Data were processed using MassHunter
Workstation Quantitative Analysis software (version
B.07.00, Agilent Technologies).

BPs are ubiquitous in the laboratory environment due to
their broad application (Caballero-Casero et al. 2016).
Therefore, background contamination blanks were prepared
to evaluate and minimise sources of contamination. Both
BPA and BPF were present as contaminants in the blanks.
To minimise contamination, all cleaned glasswares were heat-
ed to 400 °C for 4 h before the experiments. Procedural blanks
were prepared for each experimental setup. Blank samples
were analysed following the same instrumental analysis.
Blank samples of ethyl acetate were analysed after every
10th sample injection to evaluate and prevent potential carry
over between samples. All data were blank corrected.

Algal growth inhibition assay

To determine the toxicity of the BPA and BPF and their mix-
tures on algae and cyanobacteria, an algal growth inhibition
test was performed according to OECD guideline 201 (OECD
2011) with minor modification in light regime. The cultures at
exponential growth in a nutrient-enriched medium (OECD
medium) were exposed to different concentrations of BPA,
BPF or their binary mixtures and incubated in the light (16 h
per day of light intensity at 80-120 wE/m?s, lights Sylvania
GRO-Lux F 18 W/GRO-T8) with constant shaking at 80 rpm
(GFL 3017, Burgwedel, Germany) at 24+2 °C (LTH,
Slovenia). Two phytoplankton species were selected, the
green alga Pseudokirchneriella subcapitata SAG 61.81 and
the cyanobacterium Synechococcus leopoliensis SAG 1402-1,
both obtained from SAG, Géttingen algae collection. The as-
says were performed in glass Erlenmeyer flasks. One replicate
covered at least five different BP concentrations (arranged in a
geometric series with a factor of 3.2) and a control sample.
The culture volume was initially set to 20 mL with a cell
density of 10°~10* cells mL ' for P. subcapitata and 10*-
10° cells mL™" for S. leopoliensis. After 72 h, the observed
response was growth rate inhibition in comparison to the con-
trol cultures. Each test was performed as 3 independent exper-
iments; each tested concentration was set in triplicate. Flow
cytometry (MacsQuant, Milteny) was chosen to detect cell
growth for the following reasons: only a small sample volume
is required (50 pL of sample per well of a microtiter plate); it
can distinguish between live and dead cells and is also suitable
for measuring cyanobacterial cells, which cannot be counted
precisely using a counting chamber and a light microscope
(Elersek 2012). Negative control (media) and solvent control
were measured in the same microtiter plate. The performance
of tests was validated according to OECD guideline 201
(OECD 2011); the growth rate was at least 0.92 per day: the
cell count increased at least 16 times during 72 h; the
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coefficient of variability between individual test days was <
35%, and the coefficient of variability during the entire test
was < 10%. The test system was confirmed using 3,5-dichlo-
rophenol as a reference compound. The obtained ECs 9.9 and
3.9 mg L for P. subcapitata and S. leopoliensis, respective-
ly, are in the range of the expected response.

The toxicities of the binary mixtures of BPA and BPF were
tested at half the effective concentrations of each (EC5/2,
EC10/2, EC20/2, EC50/2, EC90/2), as calculated from the
dose-response curves of the single compounds (Table 2),
and described previously (Cleuvers 2003; Brezovsek et al.
2014). This means that if the BPA and BPF effects follow
the CA model, theoretically, the total effect of the mixture
would be 5%, 10%, 20%, 50% and 90% growth inhibition,
respectively. This is one of the possible approaches of mixture
testing, where the focus is on testing different ratios in the
mixture, based on the effects of individual compounds.

Statistical evaluations

Results expressed as growth inhibition were analysed using
Prism 6 software (Graphpad Inc.). Data were analysed as mea-
surements from each individual flask (pooled together) rather
than means of replicates, to extract as much information as
possible (OECD 2011). For the graphs showing percentage of
inhibition vs. concentration of individual BPs, a nonlinear
regression model “log(agonist) vs. response—find EC any-
thing” function was applied (Egs. (1)-(3)). Residual plots
were also studied, and any outliers recognised by Prism were
excluded from the statistical analyses. Statistical significance
(p <0.05) of an effect in comparison to the control was
assessed using a non-parametric ANOVA (Kruskal-Wallis
test) with the Dunnett’s post-test at a 95% confidence interval.

logEC ;- = log ECs + (1/slope) x log(F%/(100-F%)) (1)
F% = (Y-bottom)/(top—bottom) x 100 (2)

Y = bottom + (top—bottom)/ (l + 10((I%‘“.507X) “hm)) (3)

Predicted toxicity of binary mixture of BPA and BPF

The predicted toxicity of the mixture was calculated as con-
centration addition (CA) (Loewe 1927: Loewe and
Muischnek 1926) and independent action (IA) (Bliss 1939).
Both models are frequently used for predicting mixture toxic-
ity (Sumpter et al. 2006; Brezovsek et al. 2014; Elersek et al.
2016). Predicted toxicities were calculated based on the data
obtained for individual compounds, and then the calculated
values were compared to the measured, experimentally ob-
served toxicities of the binary mixtures at each effect
concentration.
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Combination index (CI) for multiple drug effect interac-
tions was introduced to give a quantitative definition of syn-
ergism (CI < 1), additive effect (CI = 1) and antagonism (CI >
1) using computerised simulations (Chou and Martin 2007;
originally from Chou and Talalay 1984). The CI was
modelled using CompuSyn software (ComboSyn, Inc.),
which is based on the CI concept with CI algorithms and
median-effect equation. The ratio of the fraction affected (fa)
vs. the fraction unaffected (fu) is equal to the dose (D) vs. the
median-effect dose (Dm) to the mth power, where Dm sig-
nifies potency and m signifies the sigmoidicity (shape) of the
dose-effect curve. The isobologram is a curve that reveals
whether a toxicant mixture displays additivity, synergism or
antagonism (Chou 2006). The isobol equation is actually a
special case of the CI equation and is often used to illustrate
graphically the combined effect of binary mixtures (e.g.
Altenburger et al. 1990).

Results and discussion

In aquatic environment, algae and cyanobacteria, as primary
producers, represent an important target of toxic stress, and
adverse effect to these organisms may severely affect the
whole ecosystem function.

BPA and BPF stability

In general, the loss of tested substance can be a matter of
volatilisation, sorption to test vessel or cells and/or uptake into
algal cells. The results of our BPA and BPF stability study
demonstrated that in the growth media (with no test organ-
isms), no significant removal (decrease of concentration) of
BPs was detected after 72 h (at maximum 9%, Table 1). In the
presence of P. subcapitata during the 72-h exposure, 20% of
BPA and 13% of BPF were removed from the medium,
whereas in the presence of S. leopoliensis, the removal of
BPA or BPF was only half of that observed in the presence
of P. subcapitata (Table 1). These results indicate that
P. subcapitata and S. leopoliensis do not exhibit significant
BP removal capability.

Our results for BPA are comparable to the results of biotic
degradation with green algae Chlorella sorokiniana (Eio et al.
2015), whereas green alga Chlorella fusca during 120-h ex-
posure degraded up to 85% BPA (Hirooka et al. 2003, 2005).
High BPA degradation ability has been reported also for
extremophilic alga Picocystis sp. reaching 72% removal at
25 mg L' BPA (Ben Uoada et al. 2018). Conceming cyano-
bacterium S. leopoliensis, similar degradation of BPA has
been reported for cyanobacterium from the genus Anabaena
after 120 h (Hirooka et al. 2003).

According to OECD guideline recommendations (OECD
2011), the toxicological parameters (ECx, NOEC, LOEC)
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Table 1

The stability (%) and measured concentrations (= standard deviation from 3 samples measured) of bisphenol A and F in the presence of algae

and cyanobacteria (OECD medium, light, shaking, biotic factor for 72 h). Additionally, abiotic degradation was assessed during the experiment

P. subcapitata

S. leopoliensis Abiotic degradation

BPA 20%
Concentration at 0 h (mg L") experiment 3.40+0.19
Concentration after 72 h (mg L 2.68+0.57
BPF 13%
Concentration at 0 h (mg L ') experiment 2.67+0.08
Concentration after 72 h (mg L") 2.32+0.01

11% 9%
3.38=0.08 3.51=035
3.01=0.07 3.21=0.06
7% 0%
2.74=0.19 2.69=022
2.54=0.02 2.82=0.09

were calculated using nominal concentrations of the tested
compounds. Additionally, stock solutions (saved in the refrig-
erator less than 6 months) from three experiments were also
tested. Measured BPA stock concentrations matched the nom-
inal value 93% (with standard deviation of 28%), and mea-
sured BPF stock matched the nominal value 89% (with stan-
dard deviation of 17%).

Toxicity of BPA and BPF

The results of the growth inhibition test of BPA and BPF in
green alga P. subcapitata and cyanobacteria S. leopoliensis
are shown in Fig. 1 and Table 2. In P. subcapitata, statistically
significant toxic effects of BPA were detected at concentra-
tions > 15.6 mg L " and BPF at concentrations >9.4 mg L '
(Fig. 1, left). In S. leopoliensis, statistically significant toxicity
of BPA was observed at concentrations > 1.5 mg L ! and
BPF at concentrations > 9.4 mg (Fig. 1, right). As can be seen
on Fig. 1, growth inhibition of P. subcapitata after 72 h
showed higher variability compared to S. leopoliensis. The
reason might be in flow cytometer measurement, since the
cells of P. subcapitata are more variable in the shape (curved
croissant-like with variable dimensions) which could cause
higher variations in cell count (e.g. during the cell division,
the cells can be counted as 1 or 2). With S. leopoliensis, the
morphology is more uniform (rod-like); thus, cell counts are
less variable. However, we should perform more studies to

confirm this speculation, but it was beyond the scope of the
present study.

Algal and cyanobacterial growth inhibition test is in prin-
ciple, a multigenerational test, and is considered as an acute
and chronic toxicity test. Therefore, in the environmental risk
assessment, ECsq values are used as a parameter of acute
toxicity and EC,, and/or NOEC as parameters related to
chronic toxicity (European Communities 2003). The obtained
ECs0, ECpand NOEC values are summarised in Table 2. The
ECsg value for BPA in P. subcapitata (6.8 mg L") was higher
from previously reported ECs, value for this alga (2.7 mg L")
(Alexander et al. 1988). Lower ECsq values were obtained
also in marine alga Skeletonema costatum (1 mg L
(Alexander et al. 1988) and Navicula incerta (3.7 mg L
(Liu et al. 2010), and comparable ECs; value (8.7 mg L’l)
to ours was reported for Stephanodiscus hantzschii (Li et al.
2009). On the other hand, much higher ECs, values (20—
89 mg L ') were reported for Chlorella vulgaris,
Chlamydomonas mexicana (Ji et al. 2014), Chlorella
pyrenoidosa, Scenedesmus obliquus (Zhang et al. 2012) and
Desmodesmus subspicatus (Tisler et al. 2016). The ECs, val-
ue for BPF in P. subcapitata (9.2 mg L ' is lower from that
reported for Desmodesmus subspicatus (ECsy 22 mg LY,
which is also the only published study on the toxicity of
BPF in algae (Tisler et al. 2016). The differences in the algal
growth inhibition by BPs in great deal depend on the test
species and to certain extent to the differences in exposure
conditions i.e. different exposure durations (72-120 h).

Fig. 1 Growth inhibition (%) of 1007 o ogpA * 1007 o ogpa ;
P. subcapitata (left) and = o = 9 "
S. leopoliensis (right) after 72 b, = 804 = BPF z L o] “&EEE
Bars denote 95% confidence in- N o
terval. Asterisk denotes a statisti- g 60 § 60
cal difference between the treated -. .
sample and the control based on & 404 @ 404
ANOVA and the Dunnett’s post s s
fost £ 204 £ 201

3 3

£ 04 .__2_1.»‘: Z £ 0
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Table 2 The effects of bisphenol
A (BPA) and F (BPF) on

P. subcapitata and

S. leopoliensis. EC, = X% effec-

Effects of BPA and BPF-based non-lin. Fitting (EC,inmg L h

BPA BPF

tive concentration, LOEC lowest
observed effect concentration,
NOEC no observed effect con-
centration. At EC, values, the
95% confidence intervals are re-
ported in the parenthesis

Cyanobacterium Synechococcus leopoliensis

Green alga Pseudokirchneriella subcapitata

ECs=14(03-5.6)
ECjp=2.1 (0.7-5.8)
ECy0=32 (1.6-6.5)
ECsp=6.8 (3.4-13.8)
ECg=22.3 (3.9-128.1)
LOEC=15.6
NOEC=49

ECs=04 (02-09)
EC1p=0.8 (0.5-1.4)
ECao=15 (1.1-2.2)
ECsp=4.8 (3.1-7.3)
ECo=28.6 (10.4-79.0)
LOEC=15
NOEC=0.5

ECs=6.9 (1.7-10.6)
ECio=7.4 (2.7-10.4)
ECao=8.1 (4.2-10.5)
ECs5p=9.2(7.1-13.8)
ECgy=11.2 (7.4-46.8)
LOEC =94
NOEC=29
ECs=1.5(0.9-23)
ECy1p=2.0(1.4-2.9)
ECy=2.8(1.1-3.8)
ECs=5.2(3.9-6.8)
ECo=13.2(7.5-23.2)
LOEC=94
NOEC=2.9

Nevertheless, the results of our study indicate that
P. subcapitata belongs to more sensitive algal species.

Toxic potential of BPF was in alga and cyanobacteria com-
parable to that of BPA (Table 2). Also in D. subspicatus, BPA
and BPF exerted comparable toxic potential (ECso: 20 and
22 mg L, respectively) (Tisler et al. 2016).

Regarding differences in the sensitivities towards the two
BPs, S. leopoliensis was more sensitive than P. subcapitata,
which is evident from ECx values and through the calculation
of toxic units (Table 2). This may indicate higher sensitivity of
cyanobacteria than green algae to BPs. However, as already
discussed for BPA, lower and higher toxicities have been
observed in other green alga species, whereas, to our best
knowledge, in cyanobacteria, BPs have so far not been tested.
Our results contribute to previously reported observations that
toxicity levels cannot simply be extrapolated from one species
to others or to natural assemblages (Ma 2005; Hagenbuch and
Pinckney 2012).

Based on ECs values, the EU Regulation (Regulation EC
No 1907/2006) classifies chemicals as very toxic to aquatic
organisms (ECs,, <1 mg L"), toxic to aquatic organisms
(ECsp, 1-10 mg L') and harmful to aquatic organisms
(ECs0, 10-100 mg L™"). Based on our results, BPA and BPF
are classified as toxic to primary producers in the aquatic
environment.

Mixture effects and a comparison of different
prediction models

Results of a binary mixture of BPA/BPF showed different
toxic responses and differences in the susceptibility of the
two species. Like BPA and BPF, also their binary mixture
exerted higher toxicity in P. subcapitata than in

@ Springer

S. leopoliensis (Table 3). To assess the interaction of BPA
and BPF in the mixture, the predicted effects were calculated
by CA and IA models and by calculating the CI and compared
to the experimental data (red dots in Table 3).

The CA model is based on the idea that chemicals have a
similar mechanism of action, which means that it is more
suitable for chemical combinations that are assumed to inter-
act with common molecular target sites in the test organism
(Backhaus et al. 2004) and would be the first logical choice in
the case of BPA and BPF. When compared to experimental
data, the CA model predictions underestimated mixture tox-
icity for P. subcapitata over the whole effect concentration
range ECs—ECy whereas for S. leopoliensis, CA model pre-
dictions were close to the experimentally determined toxicity
at higher effect concentration range (ECso—ECyj).

Alternatively, IA model is a statistical concept based on
independent random events (Bliss 1939, in Backhaus et al.
2004) and is based on the idea of dissimilar action of com-
pounds in a mixture; thus, IA should be more suitable for
chemical combinations that have different molecular target
sites and modes of action (Backhaus et al. 2004). When com-
pared to experimental data, the IA model (like CA model)
underestimated mixture toxicity over the whole effect concen-
tration range ECs—ECq, for P. subcapitata, but for
S. leopoliensis model, predictions were close to experimental-
ly determined toxicity in the concentration range EC,~ECy.
The critics of TA model that is based on probabilistic reasoning
point out that in some cases, IA model is degraded to a simple
calculation technique with no broader theoretical background
(Hadrup et al. 2013).

The combination index (CI) indicated antagonism over the
whole concentration range for P. subcapitata (C1 >2.1) and
for S. leopoliensis (CI1>2.0), which is evident from the
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Table 3  The effects of BPA and BPF mixture on P. subcapitata and
S. leopoliensis—an overview of data analysing approaches and results.
Grahs show effects on inhibition of proliferation after 72 h. Red colour is

used for experimental data of BPA and BPF mixture. Isobolograms are
modelled for ECsy. Error bars denote 95% confidence interval.

effects of mixture BPA+BPF assessed by different approaches

experimental
data

independent action (IA),
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isobologram method
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*Asterisk denotes statistical difference in comparison to the control based on ANOVA testing and Dunnett’s post test

isobologram (Table 3, right column). CI correctly predicted
the antagonistic effect of the mixture in S. leopoliensis but not
in P. subcapitata for which experimental data showed additive
effect in the effect concentrations between ECs and ECs.

Taken together for P. subcapitata, the data indicate addi-
tive effect at low-effect concentration range and antagonism at
high-effect concentration range, while for S. leopoliensis the
data indicate antagonism over the whole effect concentration
range.

Environmental risk characterisation

As a result of high production, consumption and subsequent
release into the environment, BPA became a ubiquitous con-
taminant in the environment (Corrales et al. 2015). The medi-
an concentrations in surface water range between 3 and
30 ng L (Bhandari et al. 2014); however, the concentrations
in surface water from dense industrial areas are considerably
higher ranging up to 56 pg L' (Corrales et al. 2015; Petrie
etal. 2015; Wilkinson et al. 2017). Despite an increasing use

of BPF, the information on its occurrence in the aquatic envi-
ronment is very limited. The maximal reported concentrations
in samples of surface waters in Germany are 180 ng L'
(Fromme et al. 2002) and around 300 ng L in surface water
samples in Japan and China (Yamazaki et al. 2015). An im-
portant component of the environmental risk assessment is
hazard assessment. According to Technical Guidance
Document on Risk Assessment (European Communities
2003), hazard assessment for aquatic environment is based
on predicted no-effect concentration (PNEC) of the chemical
for the most sensitive species that, if it does not exceed envi-
ronmental concentration, ensures an overall protection of the
environment. Here we characterised the environmental hazard
for phytoplankton by comparing the measured environmental
concentrations (MEC) of BPA or BPF to the predicted no-
effect concentrations (PNEC) for the two species, which were
derived from the ECs, values divided by the assessment factor
of 1000 as recommended in the Technical Guidance
Document on Risk Assessment (European Communities
2003). For BPA, PNEC values are 6.8 and 4.8 pg L' for
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P. subcapitata and S. leopoliensis, respectively. These values
are higher than the median BPA concentrations in surface
waters (30 ng L") (MEC/PNEC < 1), but lower than the mea-
sured BPA concentrations at the industrial areas (up to
28 ug L’l) (MEC/PNEC > 1), indicating potential environ-
mental risk for phytoplankton at such areas. The PNEC values
for BPF are 9.2 and 5.2 ug L' for P. subcapitata and
S. leopoliensis, respectively, and are higher than the BPF con-
centrations determined in surface waters (MEC/PNEC < 1),
which indicates that BPF does not represent risk for phyto-
plankton. However, the available data on the environmental
occurrence of BPF are very scarce and probably do not reflect
the actual situation in the aquatic environment. However,
BPA and BPF are endocrine disruptors; thus, aquatic inverte-
brates and vertebrates are expected to be more sensitive than
phytoplankton. Wright-Walters et al. (2011) conducted an
aquatic hazard assessment for BPA using a weight of evidence
approach in which the PNEC value was derived using a non-
parametric hazardous concentration for 5% of the species
(HCs) approach. They included 61 studies that yielded 94 no
observed effect concentration (NOEC) values. The toxicity
dataset suggested that mortality and inhibition of growth, de-
velopment and reproduction are most likely to occur between
the concentrations of 0.0483 and 2280 g L ". They calculat-
ed a PNEC value for aquatic environment 0.06 pgL ', which
is two orders of magnitude lower from PNEC values we ob-
tained for phytoplankton.

Conclusions

The results of this study demonstrated that BPA and its ana-
logue BPF exerted comparable toxicity in alga P. subcapitata
and cyanobacteria S. leopoliensis and represented comparable
hazard for phytoplankton. The prokaryotic cyanobacteria was
more sensitive than the eukaryotic green alga to individual
compounds. The toxicity of the binary mixture of BPA and
BPF was predicted by CA and IA model and compared to the
experimental data, which showed that for P. subcapitata, nei-
ther of the two models accurately predicted the actual effects
of the mixture. In P. subcapitata, additive effect was observed
over the whole effect concentration range, whereas in
S. leopoliensis, the CA/IA model predictions were close to
the experimentally determined toxicity. The environmental
risk characterisation for phytoplankton based on comparison
of reported concentrations of BPA and BPF in surface waters
to the obtained PNEC values showed that at certain industrial
areas, the concentrations of BPA exceeded PNEC values and
thus BPA represents environmental risk. On the other hand,
the data indicate that BPF does not represent risk for aquatic
environment, but it should be noted that the exposure assess-
ment to BPF is based on only few available data on its con-
centrations in the aquatic environment. Providing that BPF is

@ Springer

increasingly used as a replacement for BPA, its concentrations
in aquatic environment are very likely underestimated.
Therefore, for a reliable environmental risk assessment, more
information on the occurrence of BPF as well as other BP
analogues in the aquatic environment as well as ecotoxicolog-
ical data for individual analogues and their mixtures are
needed.
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Chapter 4
Conclusions

This thesis contributes to our understanding of the occurrence and fate of bisphenol
residues in the aqueous environment and during different water treatment technologies
designed to limit their discharge into the environment. The novel contributions to the
science are described within eight scientific papers published in SCI international journals
and two related scientific publications. The results were also presented at international
conferences, as oral (12) and poster (9) presentations (see Appendix).

An important part of this thesis was the development and validation of analytical
methods for determining bisphenol residues, including sample preparation, extraction, and
derivatization followed by GC-MS and GC-MS/MS. The outcome was the development of
reliable and robust analytical methods with good linearity, sensitivity, low LOQ), high
recovery and precision based on the Eurachem guidelines. These methods were used for
successfully determining the stability of bisphenols in various aqueous matrices, including
surface water, WW, drinking water, and food simulants. In addition, the removal efficiency
of bisphenols during water treatment, and their toxicity towards algae and bacteria were
determined. The analytical procedure, including sample preparation and extraction for
identification and characterization of metabolites/TPs of bisphenols as well as their semi-
quantification, was developed by using LC-QTOF-MS methods, with the ability to perform
MS/MS fragmentation, having high resolution and mass accuracy. The optimized suspect
and non-target screening approach enabled the identification of novel and confirmation of
previously reported metabolites/TPs. These developed and optimized methods allowed the
thesis hypotheses to be tested.

The following findings mean the first hypothesis H1: Residues of bisphenols are present
in Slovenian WW, is accepted:

- In total, all of the target bisphenols were present in Slovenian WW influents and

effluents.

- Food processing and textile cleaning company discharges are significant sources of

bisphenols.

- Biological treatment is efficient at removing bisphenols (> 96%, except for BPAP

and BPB (<43%)), but is not complete. Thus, the risk they pose to the environment
should be estimated.

The second hypothesis is also accepted H2: The stability of bisphenols depends on
storage temperature and time, concentration, matrix, and compound properties:
- The stability of bisphenols in various matrices are ranked as followed:
MeOH > ultrapure water > WW.
- Bisphenols do not undergo hydrolysis in 48 h.
- The safe storage conditions and conditions during sample analysis were found to
be for WW samples at —20 °C or 4 °C for up to four weeks, for dried food simulant
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extracts at —20 °C for at least 8 weeks and derivatized samples at 21 °C for up to
7 days.

The stability of bisphenols in WW samples depends on storage time.

The stability of bisphenols in dried food simulant extracts depends on the storage
time, while the main factor affecting the stability of derivatized samples is
temperature.

Concentration did not affect the stability of bisphenols.

The third hypothesis H3: Single treatment (biodegradation, photodegradation, or
advance oxidation process) is not sufficient to completely mineralize bisphenols and TPs
are formed during treatment, is accepted:

Biological treatment, using either suspended or attached-growth biomass removed
mostly > 85% of bisphenols.

Adsorption to biomass was also recognized as an important removal mechanism,
and the difference in bisphenol adsorption affinities reflects the differences in their
Kow.

The degradation kinetics of BPF and BPS under biological treatment follows the
first-order kinetics, and the rate depends on the tested compound and its initial
concentration.

The removal efficiencies between bisphenols in terms of UV photolysis differ but in
nearly all cases, degradation followed pseudo-first-order kinetics.

Photochemical processes, including direct photolysis using UV irradiation,
cyclodextrin-enhanced photolysis and the photo-Fenton reaction, have shown to be
an effective way of removing bisphenols from aqueous samples (> 90%) with the
shortest half-lives in the case of photo-Fenton.

Removal efficiencies for bisphenols observed in lab-scale HC set-ups and for CECs,
including BPA, 44BPF and BPS were 15-63% and 15-90%, respectively.
Temperature and K., affect HC removal efficiency. The results showed the
potential of HC for large-scale application as a pre-treatment technology.

When exposing BPS to human liver microsomes and cytosol fractions, two Phase I
and four Phase II metabolites were formed through hydroxylation of the phenolic
rings and conjugation with glucuronic acid or sulfate. Three metabolites were
identified for the first time. The results provide insight into the fate and occurrence
of possibly formed metabolites/TPs during water treatment and in the
environment.

The biological treatment with activated sludge yielded detectable bio-TPs of BPF
and BPS. Of the 16 compounds identified, eleven BTPs were detected for the first
time. New biotransformation pathways were postulated, namely sulfation in the
case of BPF and additional methylation, cleavage of the S—C bond between the
phenyl rings, and the joining of smaller moieties in the case of BPS. The obtained
data confirmed that BTPs are formed during biological treatment.

Nineteen TPs of BPF, BPS and BPZ during UV irradiation, UV /cyclodextrin and
UV/Fenton reaction were identified, among which 11 are new to science. The
formation of TPs depends on the applied process, from which the highest number
of TPs was generated using the photo-Fenton process, confirming the formation of
TPs during AOPs.

In addition, the toxicity tested models of BPA and BPF individually and as a binary
mixture towards S. leopoliensis and P. subcapitata underestimated mixture toxicity of
bisphenols. Bisphenol A showed to present a greater risk to the environment than BPF.
Knowing that bisphenols are not entirely removed during WW'T, they find their way
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into the aqueous environment. Therefore, their combined effects should be taken into
account, and the risk they may pose to the environment should be estimated.

The last hypothesis H4: The migration of bisphenols from FCM depends on the
material, food simulant, and migration conditions, is also accepted based on the following

results:

Bisphenols leach from cans and reusable plastic/steel sports bottles.

Cans and steel bottles leached the highest concentrations of BPA and BPF, thus
presenting a significant source of bisphenols.

Migration does depend on the material, food simulant and the applied migration
conditions.

Importantly, even with the highest concentration of leaching bisphenols, both the
t-TDI and SML for BPA were not exceeded.

Our results suggest that consuming beverages from cans is more concerning than
consuming beverages from reusable sports bottles and provide new insights into the
migration of bisphenols from FCM, thereby lowering the risk to consumer health.
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Chapter 5

(General discussion and future

perspective

The impact of BPA on both, human health and the environment is still not consensual.
This thesis’s overall goal was to gain more insight into the occurrence of bisphenols and
their fate during WWT and in the environment. The uncertainties regarding human BPA
exposure-associated health risks have led to the establishment of regulations, limiting its
widespread applications in many countries and regions, e.g. American, Japan, the European
Union and Canada [83]. Differences in opinion between EFSA and the FDA and national
policymakers and scientists on the safe levels of BPA mean that BPA and bisphenols
remain under constant review, which could lead to changes in regulation [2]. In the face of
public concern and restrictions on its use, various BPA analogues are entering the market
[29]. The problem is that there is insufficient data for assessing the presence, cycling and
effects of residues of these compounds in the environment and identifying human exposure
and health risks [60]. As I have stated in my thesis, this lack of data means there is no
assurance that they are a safe replacement, especially since recent in wvitro and in vivo
studies show they have endocrine disrupting effects similar to BPA or even higher. It is
also difficult to compare published studies, given the differences in experimental design,
including sampling and applied analytical methods [3], [52], [57], [64], [198]. What is
apparent is the need for analytical methods, capable of monitoring metabolites and TPs.
This thesis and recent publications confirm the presence of bisphenols in the environmental
matrices, wastewaters, food matrices and humans, suggesting their use in various
applications and global contamination [16], [219].

This work’s analytical achievements overcome one of the main issues in bisphenol
research, i.e., the absence of validated and sensitive multi-residue analytical methods for
determining bisphenols and their metabolites/ TPs in various matrices and new GC-MS,
GC-MS/MS, and LC-MS/MS-based methods have been developed and validated according
to the Eurachem guidelines. Using these methods, we obtained improved LOQs [16], [57],
[83] and identified TPs and metabolites. Despite this, there is still the absence of certified
reference materials in suitable matrices, which are essential to establish comparability and
accuracy of analytical results between different laboratories and over time. In the absence
of certified reference materials, interlaboratory comparisons should be organized to check
a laboratories’ ability to deliver accurate testing results or determine whether a particular
analytical method performs well and is fit for its purposes. I also developed new analytical
protocols with assured stability of bisphenols in standard solutions and samples during
storage and analysis, which has previously been neglected, but is an essential experimental
design step.

My investigation of bisphenols in WW'TP effluents confirms their presence in Slovenia
and contributes to the corpus of knowledge on their occurrence in Europe. This thesis is
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the first European study addressing “point source” contamination of wastewater with
bisphenols and their occurrence in WWTP influents and effluents. Importantly, this study
can provide part of the necessary data supporting the decision whether or not to regulate
bisphenols at the national or European level in wastewater and surface water, i.e., future
versions of the Wastewater Directive and WFD. However, other environmental matrices,
e.g., air, drinking and groundwater have received no or limited investigation [15], [220] and
there is a need to establish their spatial (regionally and globally) and temporal
distributions. The presence of bisphenols in the aqueous environment emphasizes the need
for improved treatment technologies or combinations of existing treatments. Despite many
investigations on BPA at both, real- and lab-scale, processes, limited information is
available regarding removing BPA analogues in municipal WWTPs. The results also
showed the potential of other advance processes, such as hydrodynamic cavitation for a
large-scale application as a pre-treatment technology, apart from feasible, efficient and
cost-effective biological treatment. However, this research area still needs to be further
investigated. This thesis’s data fills the knowledge gap regarding efficiencies of different
treatments for removing bisphenols from the aqueous environment and shows high removal
efficiencies for biological, UV photolysis, and advanced oxidation processes, but not their
complete mineralization. The methodology used in this thesis can be applied to other
compounds of concern.

This thesis also addresses the ecotoxicological effects of BPA and BPF and their
mixture towards green algae and cyanobacteria. The individual toxicity of bisphenols was
lower than their mixture toxicity, and the comparison of predicted versus experimental
data implied the potential for predictive models to underestimated mixture toxicity. This
is important when considering the actual risk posed by bisphenol residues in the
environment, including parent compounds’ cocktails. The presence of metabolites, TPs,
their mixtures and their behaviour regarding environmental persistence and toxicity
warrants further investigations.

Except for BPA, the metabolic pathways and pharmacokinetics are lacking for other
bisphenols. Current studies report almost complete metabolization of BPA to its
glucuronide conjugates with no endocrine disruptive activity [22], [94], [221]. Despite the
structural similarity, it cannot be assumed that all bisphenols follow a similar detoxification
mechanism [97]. The thesis did identify the formation of conjugated (glucuronide and
sulphated) and oxidative metabolites of bisphenols using an in wvitro assay with liver
microsomes. The latter could still have endocrine activities in humans. The set of identified
in vitro biotransformation products of BPS can potentially support a reliable assessment
of BPS exposure and exposure to other bisphenols in future biomonitoring studies. In most
pharmacokinetic studies, only conjugated metabolites, either directly or most commonly
indirectly, were measured. The given information can significantly contribute knowledge
about the metabolic pathways and metabolic biotransformations, which is essential for
understanding and predicting their toxicity mechanisms. From this data, the TDI for BPA
analogues can be established.

Human exposure to bisphenols occurs primarily through dietary sources such as ingested
food, especially canned foods and beverages, which are the primary source of bisphenols
[222], [223]. Food contamination with bisphenols may occur either through the unreacted
monomer or through remobilized BPA from the final polymer used in FCMs [29], [224].
There is little information quantifying dietary sources of exposure to non-BPA analogues
[16], [162], [225]. Especially migration studies following the EU guidelines had been lacking
when addressing food simulants exposed to FCMs, e.g., plastic containers and cans. |
applied standard EU migration tests to detect bisphenols leaching from cans and reusable
sports bottles to address these gaps. The obtained results contribute to a critical
understanding of dietary sources of exposure to bisphenols and help develop intervention
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strategies to reduce human and environmental exposure. Overall, the effects of bisphenols
and their presence in different matrices together with warnings from EFSA and FDA [24]
reveal uncertainty about non-dietary sources, strengthening the need to no longer consider
them individually for both human and environmental exposure. Efforts should be made to
develop a new TDI for bisphenols based on the co-exposure to different analogues and their
toxic interactions from the mixture, including TPs, for an improved assessment of human
exposure risks. To date, neither chemical analysis nor in silico methods (not adapted to
mixtures) can identify the so-called “cocktail effect” in complex mixtures [226]. Although
levels of bisphenols in the majority of recent studies, including this study, do not exceed
the specific migration limits specified for BPA and only recently for BPS, changes in
legislation are expected. Accordingly, our results could help better assess the provision of
legislation and consequently reduce the human health risk.

In future work, understanding the occurrence and fate of bisphenols are critically
needed. Regional and global environmental or biomonitoring should be extended to their
mixture and especially their metabolites and TPs. In addition to these studies, alternative
treatment technologies capable of mineralizing both, parent compounds and the
metabolites/TPs, should be developed. The focus should be moved from the lab to pilot or
ideally towards real scale investigations to obtain more reliable and realistic data.
Importantly, further attempts to optimize analytical techniques and improve analysis,
especially in non-target screening, for detecting and identifying bisphenols in combination
with other CEC residues possibly entering the environment or humans are needed. Certified
reference materials or at least interlaboratory comparisons are required to increase
confidence in routine bisphenol analysis. In the case of TPs, this would require authentic
compounds, either obtained commercially or in-house. Finally, future studies would be
towards assessing the hazard posed by bisphenol residues and their possible interactions
with other contaminants, including parent compounds, metabolites/TPs and their
mixtures, to humans and the environment. In wvitro bioassays together with analytical
methods would be another promising strategy for assessing environmental and human
health risks associated with bisphenols.
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