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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-1 
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-1 ̶ µg L-

1), 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 učinkov prepoznani kot prioritetna organska onesnaževala. Uporabljajo se 
predvsem pri izdelavi polikarbonatne plastike, epoksi smol in termičnega papirja. Večinoma 
je njihova uporaba neregulirana. Izjema je bisfenol A, ki je prepovedan v stekleničkah za 
dojenčke na globalnem nivoju in ima skupaj z bisfenolom S predpisano mejo migracije iz 
plastičnih materialov v stiku z živili. Bisfenol A je med bisfenoli najbolj razširjen in preučen, 
medtem ko za ostale bisfenole razpoložljive študije pomanjkljivo opisujejo pojavnost, 
kroženje in strupenost. Pomanjkanje podatkov je predvsem posledica pomanjkljivega 
osveščanja o nadomestkih bisfenola A ter podatkov o njihovi strupenosti in pomanjkanja 
validiranih analiznih metod. 

V okviru raziskave smo razvili zanesljive, občutljive in natančne analizne metode na 
osnovi plinske in tekočinske kromatografije sklopljene z masno spektrometrijo za izvajanje 
tarčnih analiz izbranih bisfenolov in analiz na principu netarčnih postopkov za njihove 
presnovne/transformacijske produkte. Metode smo uporabili za določanje sledov bisfenolov 
v vodnem okolju, ki v okviru predstavljenega doktorskega dela vključuje površinske, pitne 
in odpadne vode ter simulante živil. Z uporabo razvitih metod smo obravnavali njihovo 
stabilnost in učinkovitost odstranjevanja med čiščenjem vod, kinetiko reakcij ter 
identifikacijo presnovnih/transformacijskih produktov med biološkimi in fotokemijskimi 
procesi. Raziskovali smo tudi sproščanje bisfenolov iz materialov v stiku z živili, ki 
predstavljajo pomemben vir človeške in okoljske izpostavljenosti, in ocenili strupenost 
izbranih bisfenolov na alge in bakterije. 

Rezultati kažejo, da so bisfenoli stabilni do štiri tedne pod izbranimi pogoji, kar je 
omogočilo razvoj postopka vzorčenja in analize z zagotovljeno stabilnostjo preučevanih 
spojin. Vsi analizirani bisfenoli so v odpadni vodi prisotni v ng L-1. Učinkovitost njihovega 
odstranjevanja in vrsta kinetike sta odvisna od tehnologije čiščenja, a v večini primerov 
nakazuje reakcijo psevdo-prvega reda. Z biološkimi postopki, UV fotolizo in naprednimi 
oksidacijskimi postopki čiščenja vod smo dosegli visoko učinkovitost odstranjevanja 
preučevanih bisfenolov. Uporaba samostojnega postopka čiščenja običajno 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 Z ter enajst novih biotransformacijskih produktov bisfenolov F in S. Bisfenoli se prav 
tako sproščajo iz materialov, ki pridejo v stik z živili v simulante živil različnih pijač (ng 
L-1 ̶ µg L-1), pri čemer je kinetika sproščanja odvisna od migracijskih pogojev. Premazi 
pločevink za pijače in steklenic iz jekla za večkratno uporabo so glavni vir bisfenola A in 
izomerov bisfenola F. Modeli strupenosti bisfenola A in F na alge in bakterije so razkrili 
podcenjevanje strupenosti mešanic 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 čiščenja ali kombinacijah že 
poznanih. Ponuja nov vpogled v stabilnost bisfenolov med analizo in njihovo kroženje med 
čiščenjem vode, pri čemer ne obravnava le izhodne spojine, temveč tudi 
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presnovne/transformacijske produkte. Poleg tega ponuja nova znanja o sproščanju snovi iz 
materialov v stiku z živili, ki predstavljajo pomemben vir človeške izpostavljenosti. 
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Chapter 1 

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].  

 

 

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 

https://en.wikipedia.org/wiki/Aleksandr_Dianin
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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: Chemical classification and structures of the studied compounds. 

Name CAS Structure IUPAC Name Name CAS Structure IUPAC Name 

Bisphenol A 

BPA 
24-26-37 

 

4,4'-propane-2,2-diyldiphenol 
Bisphenol C2 

BPC2 
14868-03-2 

 

4,4'-(2,2-dichloroethene-1,1-

diyl)diphenol 

Bisphenol F 

(BPF) 

44BPF 

24BPF 

22BPF 

620-92-8 

2467-03-0 

2467-02-9 
 

4,4'-methylenediphenol                                                         

2,4'-methylenediphenol 

2,2'-methylenediphenol 

Bisphenol AP 

BPAP 
1571-75-1 

 

4,4'-(1-phenylethane-1,1-

diyl)diphenol 

Bisphenol S 

BPS 
843-55-0 

 

 

4,4'-sulfonyldiphenol 

 

Bisphenol BP 

BPBP 
1844-01-5 

 

4,4'-

(diphenylmethanediyl)diphenol 

Bisphenol 

AF 

BPAF 

1478-61-1 

 

4,4'-(1,1,1,3,3,3-

hexafluoropropane-2,2-

diyl)diphenol 

Bisphenol FL 

BPFL 
3236-71-3 

 

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

Bisphenol B 

BPB 
77-40-7 

 

 

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

 

Bisphenol PH 

BPPH 
24038-68-4 

 

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

phenylphenol) 

Bisphenol Z 

BPZ 
843-55-0 

 

 

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

 

Bisphenol DM 

BPDM 
5613-46-7 

 

2,2-bis(3,5-dimethyl-4-

hydroxyphenyl)propane 

Bisphenol E 

BPE 
620-92-8 

 

 

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

 

Bisphenol P 

BPP 
2167-51-3 

 

4-bis(2-(4-hydroxyphenyl)-2-

propyl)benzene 

Bisphenol C 

BPC 
79-97-0 

 

 

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

methylphenol) 

 

Bisphenol M 

BPM 
13595-25-0 

 

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 

BPA 

polycarbonates  

epoxy resins 

polysulfones 

polyester resins 

beverage and food containers, resin 

coatings, infant feeding bottles (banned), 

digital and electronic equipment, 

construction glazing, 

sports safety equipment, thermal paper, 

medical devices and dental sealants 

[19] 

44BPF 

polycarbonates 

epoxy resins 

natural sources 

manufacture lacquers and varnishes, resin 

coatings and adhesive plastic, dental 

material, beverage and food containers, 

mustard 

[20] 

BPS 

polycarbonates 

epoxy resins 

polyethersulfone 

polyester resins 

beverage and food containers, additives in 

pesticides, dye agents, leather tanning 

agents, fiber improvers, thermal paper 

[21] 

BPAF 

polycarbonates 

epoxy resins 

fluoroelastomer 

fluoropolymer 

beverage and food containers, dental 

material 
[22] 

BPB 
polycarbonates 

epoxy resins 
beverage and food containers, resin coatings [23] 

 
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-1 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-1 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 µg L-1) 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-1) or municipal wastewater 
(0.16 mg L-1) [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 µg L-1 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-1. 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 (pKa), n-octanol-water partition coefficient (Kow), 
organic carbon partition coefficient (Koc), air-water partition coefficient (Kaw), Henry’s 
coefficient (KH), 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-1) in water is higher than their typical 
environmental concentrations [50]; hence, it does not limit their occurrence in aquatic 
compartments. Based on their estimated pKa 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 KH (KH = 1.0 x 10-

15–1.0 x 10-10) and Kaw (logKaw < -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 



8    Chapter 1. Introduction   

compound to organic matter is defined by the Kow and the Koc (Table 3) [48]. Bisphenols 
with logKow < 4, (BPA, BPB, BPF isomers, BPE, BPC2, and BPS), will be mostly present 
in the water phase, while bisphenols with logKow = 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 Koc are, to the best of our knowledge, not available for all bisphenols. The 
only logKoc of 4.7, 4.6, 3.8, 3.7 and 3.5 mL g-1 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-1, 
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-1, 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 
SO2 groups. This fact also explains its higher temperature and light stability [19].   
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Table 3: Physical and chemical properties. 

Physico-chemical 
properties MW             

[g mol-1] 
pKa 

Solubility 
in water  
[mg L-1] 

logKow
* logKaw

* logKoc 
KH*  

[(atm m3) 
mol-1] 

Half-live*  
[day] BCF*  

[L kg-1] 

BAF*  

[L kg-1] 

Bisphenol Water Soil Sediment 

BPA 228.3 10.29 120– 300 3.43 -9.43 3.8 5.34x10−7 38 75 338 172.7 172.8 

44BPF** 200.2 9.91 190– 360 3.06 -9.55 - 1.22x10−6 15 30 135 28.02 28.02 

BPS 250.3 7.64 1000– 1100 1.65 -12.96 3.5 7.8x10−11 15 30 135 3.535 3.353 

BPAF 336.2 8.74 22 4.47 -7.63 3.7 3.38x10−5 180 360 1621 639.3 643 

BPB 242.3 10.27 44 4.13 -10.64 - 2.2x10−7 38 75 338 170.2 170.3 

BPZ 268.4 9.97 14 5 -9.41 - 2.2x10−8 38 75 338 271.4 272.1 

BPE 214.3 10.1 99 3.19 -10.55 4.7 3.53x10−6 15 30 135 45.61 45.61 

BPC 256.3 - 26 4.74 -11.86 - 1.24x10−6 38 75 338 112.6 112.6 

BPCII 281.1 - - 3.75 -9.34 - 38 75 338 227.5 227.6 

BPAP 290.4 10.22 13 4.86 -10.64 4.6 1.33x10−9 38 75 338 249.7 250.1 

BPBP 352.4 - - 6.08 -9.3 - 38 75 338 385.1 416.4 

BPFL 350.1 - 

BPPH 380.48 - - 7.17 -11.66 - 38 75 338 192.8 585.9 

BPDM 284.2 - 

BPP 346.5 10.31 0.59 6.25 -10.23 - 3.21x10−11 60 120 542 1970 9097 

BPM 346.5 - - 6.55 -10.23 - 60 120 542 1970 9097 

Reference 
[15], 
[54] 

[26], [50], 
[51] 

[15], 
[16], [54] 

[16] [52] [55] [15] 

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

**The structural similarity between isomers of  BPF is also suggesting to share similar physico-chemical properties [54]. 
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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 µg 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-1) 
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-1 [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-1, 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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Table 4: The occurrence of bisphenols in surface and drinking water. 

Location Sample 
Concentration range [ng L-1] Reference 

BPA 44BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC BPFL 22BPF BPC2 BPBP BPPH  

China 

surface 
water 

2.84-3.47 0.28-67 
0.90-

245.69 
<0.11 - - - - - - - - - - 

2.84-
3.47 

[23] 

China 
South 
Korea 
Japan 
India 

<1.9-2850 <5.0-7200 n.d. n.d. n.d. - n.d. n.d. - - - - - - 
<1.9-
2850 

[70] 

China 14.7-24.8 - - <0.11 - - - - - - - - - - 
14.7-
24.8 

[71] 

China 0.5-5.6 0.28-67 0.31-11 < 0.078 
<0.026-

0.70 
- 

0.01-
0.08 

- <0.062 
<0.05-
0.069 

- - - - 0.5-5.6 [52] 

China <(0.5-10)-1600 
<(0.5-10)-

1600 
0.7-84 

<(0.5-
10)-28 

<(0.5-
10)-45 

- 1.0-56 - - - - - - - 
<(0.5-
10)-
1600 

[69] 

China 26-720 4.1-160 110-140 18-46 17 - 
1.6-
2.9 

- - - - - - - 26-720 [72] 

China <(0.30-12)-474 9.9-65,600 - - - - - - - - - - - - 
<0.30-
12-474 

[73] 

Slovenia 63.7 0.52-36.2 <0.58 <0.08 <0.13 <0.01 <0.23 <0.09 <0.02 <0.29 
1.76-
26.9 

0.10 <0.23 <0.09. 63.7 [74] 

China - 0.18-14.9 - - - - - - - - - - - - - [75] 

China 0.05-36.7 0.08-293 
0.05-
9.49 

- - - - - - - - - - - 
0.05-
36.7 

[76] 

Slovenia, 
Croatia 

<1.04 1.68-35.2 
6.45-
6.45 

<0.08 
0.25-
9.11 

<0.01 
0.54-
0.90 

<0.09 <0.02 <0.29 2-17.1 
0.37-
2.10 

<0.23 <0.09. <0.09 [77] 

India 38.3-14,800 <16.7-209 
<16.7-

341 
n.d. n.d. - n.d. n.d. - - - - - - n.d. [68] 

China 0.24-255 0.07-131 
<0.06-
6.59 

- 
<0.04-
1.09 

<0.13-
2.69 

- 
<0.13-
1.93 

- - - - 
<0.61-
0.43 

<0.04-
1.03 

0.24-
255 

[78] 

China 
drinking 
water 

<0.5-12.6 <0.01-5.2 
<0.002-

10.8 
<0.01-
14.3 

<0.01 
<0.02-

6.2 
<0.02 <0.02 <0.005 - - - <0.06 <0.004 

<0.02-
12.6 

[79]  
China <0.5-0.9 <0.01-1.6 

<0.002-
4.7 

<0.01-
3.2 

<0.01 
<0.02-

0.6 
<0.02 <0.02 <0.005 - - - <0.06 <0.004 

<0.02-
0.9 

n.d.: not detected (no LOD available)
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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-1–mg L-1 and µg kg-1–mg kg-1, 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-1 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-1), median (e.g., 58.9 ng L-1) or average concentration (e.g., 3.39 ng L-1), 
hinders the comparability of such data, not only on the global scale but already at the 
regional level. 

Few studies show noticeable 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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Table 5: The occurrence of bisphenols in WWTP influent or effluent. 

Location Sample 
 Mean/median concentration or range [ng L-1]  

Reference 
BPA 44BPF 22BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC 

China 

wastewater 
influent 

1318;            
189-

20,400 

50;    
<1.16-

166 
- 

48;                 
<0.43-

746 

0.282;          
<0.04-1.02 

<0.55 <1.73 
3.7;               

<1.32-
97.6 

- - - 

[57] 

wastewater 
effluent 

117;             
16.2-1,100 

<1.16;            
<1.16-
35.4 

- 
<0.43;              
<0.43-
3.70 

0.714;           
<0.04-16.6 

- - 
3.64;             

<1.32-
75.2 

- - - 

South 
Korea* 

wastewater 
effluent 

93.0-1100 8.65-292 - 8.93-95.3 0.003-0.02 - 0.07 - 0.01 
0.001-
0.005 

- [80] 

India 

wastewater 
influent 

60.5;            
184.5-20.1 

10.4;             
2.9-27.6 

- 
14.7;             

6.7-32.3 
1.1;               

n.d.-2.8 
2.5;                

0.6-5.5 

0.6:                
n.d.-
3.2 

- 
0.3; 

n.d.-1.7 

7.8;              
n.d.-
26.6 

- 

[81] 

wastewater 
effluent 

5.2;             
1.1-14.2 

0.6;              
n.d.-2.1 

- 
2.4;               

n.d.-4.3 
n.d. 

0.6;               
n.d.-0.6 

n.d. - n.d. 
0.8;                 

n.d.-2.8 
- 

wastewater 
influent 

654;            
36.8-8,990 

81.5;            
<16.7-

333 
- 

78.3;            
<16.7-

438 
n.d. n.d. n.d. - n.d. n.d. - [68] 

New 
York 
State, 
USA 

wastewater 
influent 

71.6;           
<30-8500 

90.2;            
<100-
1170 

- 
29.4;             

<20-707 
- - - - - - - 

[64] 

wastewater 
effluent 

39.1;             
<30-3380 

64.9;           
<100-325 

- 
25.5;              

<20-427 
- - - - - - - 

Slovenia wastewater 
effluent 

58.7 3.39 5.04 28 2.24 <0.23 
- 

<0.21 
- - - 

[74] 

540/177 3.77/3.77 27.1/35.6 <0.32 0.037/0.042 <0.23 <0.21 
[77] 

Croatia 1690/2340 71.2/58.9 15.4/15.4 316/404 2.43/58.9 27.1/27.1  476/476    

n.d. not detected (no LOD available). * g day-1 WWTP-1.
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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 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] = (𝑐𝑖𝑛𝑓 − 𝑐𝑒𝑓𝑓) × 100 𝑐𝑖𝑛𝑓⁄                                Equation 1 

 
where ceff and cinf 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 WWTPs 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 (EC50) that produces a specific effect in 50% of test organisms and the lethal 
concentration (LC50) 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 α and β, 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 10-11 – 7.74 
x 10-3), 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-1) > BPA (12 mg L-1) > 
44BPF (32 mg L-1) > BPS (199 mg L-1) and estrogenicity BPAF (0.01–0.1 mg L-1) > BPA 
= 44BPF (0.1–1 mg L-1) > BPS (5–50 mg L-1), 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 17α-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 β than for α and acted as estrogen β antagonists with 
one order of magnitude lower EC50 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]. Tišler 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 vitro 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)C50 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 logKow < 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 logKow > 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].  
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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 (NO3-N), nitrite 
(NO2-N) and ammonia (NH4-N), 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. 

Full-

scale at 
the real 

WWTP 

Sampling type 
Type of WWTP 

(number) 

Removal efficiency  
Reference 

BPA 44BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC 

composite               
(0-24 h, 7 days) 

industrial 
municipal (n=7) 

78 94 99 -153 - - -86 - - - [57] 

grab municipal (n=5) 72 95 83 100 69 100 - 100 95 - [81] 

composite               
(0-24 h, 7 days) 

municipal (n=2) 23 28 13 - - - - - - - [64]  

Lab-

scale 

Organism/Type of 

matrix 

Testing time / 

Ci [mg L-1] 

Removal efficiency  
Reference 

BPA 44BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC 

Bacillus 
amyloliquefaciens/activ

ated sludge 
24 h / 10 ̶ 250 77 69 - - - n.r. 77 - - 95 [113] 

Sphingomonas sp. 
NP5/activated sludge 

15 min / 0.278 ̶ 
0.680 

54 100 77 - - 59 67 - - 45 [114] 

microbial 
community/activated 

sludge 
8 days / 50 - - 100 - - - - - - - [112] 

laccase/fungi-
immobilized on 

polyacrylonitrile beads 
90 min / 200 ̶ 250 

100 100 - - 100 - - - - - 

[115] 
tyrosinase/fungi-
immobilized on 

polyacrylonitrile beads 
92 94 - - 93 - - - - - 

laccase/fungi-
immobilized on spongin 

24h / 2 ̶ 50 98 96 47 - - - - - - - [104] 

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 (O3), hydrogen peroxide 
(H2O2), titanium dioxide (TiO2), Fenton reagent, UV irradiation or cavitation [118], [119]. 
Among the other oxidants like O3, H2O2 and KMnO4, 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 (λex = 254 nm) compared to a metal halide lamp (λex > 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/H2O2, UV/O3, UV/H2O2/O3, 
H2O2/O3, photo-assisted Fenton reaction), UV/H2O2 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, H2O2 or Fenton reagent enhances the formation of ˙OH according 
to the following reactions [123], [124]:  

𝑂3  + 𝐻2𝑂 +  ℎ𝜈 →  𝐻2𝑂2 + 𝑂2 

𝐻2𝑂2 +  ℎ𝜈 →  2𝑂𝐻· 

𝐹𝑒2+  + 𝐻2𝑂2 +  ℎ𝜈 →  𝐹𝑒3+ +  𝑂𝐻· +  𝑂𝐻− 

𝐹𝑒3+  + 𝐻2O +  ℎ𝜈 →  𝐹𝑒2+ +  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 H2O2 and Fe2+ [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 Fe2+ ions.  

Cyclodextrin (CD) enhanced photolysis has also emerged as a prospective 
photocatalytic method to remove contaminants from the water. The addition of β-
cyclodextrin (β-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 β-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 (TiO2) 
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 TiO2 based photocatalysis may find application as a part 
of sequential treatment technology [126]. Erjavec et al. [107] compared photolysis and TiO2 
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 CF3 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 TiO2. 

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 [138], 
[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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Table 7: AOP removal efficiency of BPA analogues. 

Bisphenol AOP 
Matrix 

type 
Condition 

ci  

[mg L-1] 

Degradation 

[%] (time) 

Mineralization 

[%] (time) 
Reference 

44BPF 

UV 

ultrapure 
water, 

lab-scale 

150 W, λmax = 365 nm 

8.8 

20 (4 h) - 

[26] 
TiO2/UV 

150 W, λmax = 365 nm, TiO2, 
pH>6 

100 (4 h) 100 (6 h) 

UV 30 W, λmax= 254 nm 
2.5 ̶ 15 
(10) 

25 (60 min) - 

[130] 
UV/β-CD 

30 W, λmax= 254 nm,       β-
CD: 0.57 g L-1, pH = 7 

65 (60 min) enhanced 

BPAF 

UV 150 W, λmax= 365 nm 

14.7 

10 (4 h) - 

[26] 
TiO2/UV 

150 W, λmax = 365 nm, TiO2, 
pH>6 

100 (4 h) 70 (6 h) 

UV 250 W, λmax = 365 nm 

13.5 

<5 (120 min) - 

[127] UV/montmorillonite 
KSF dispersion (Fe2+) 

250 W, λmax =365 nm,   
KSF: 1.0 g L-1, pH=3.7 

98 (120 min) 78 (120 min) 

BPS 

Photolysis 

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

5 ̶ 50 

2.7 (120 min) 

- [21] 

20 W UV lamp, λmax = 
254 nm, pH = 11 

33.3 (120 min) 

40 W UV lamp, λmax = 
254 nm, pH = 11 

83.3 (120 min) 

UV/NaCl 
20 W λmax = 254 nm, NaCl: 

0.05 mol L-1 
15 

100 (120 min) 

UV/Fe2+ 
40 W λmax = 254 nm, Fe2+: 

0.04 mol L-1, pH = 3 
73.4 (180 min) 
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BPS 

photolysis 

ultrapure 
water, 

lab-scale 

350 W xenon lamp, λex = 
solar spectrum 

10 

72 (5 h) 

- [122] photolysis/humic acid 80 (5 h) 

photolysis/Fe3+ 91 (5 h) 

BPE 

UV 
xenon flash laser lamp, λmax 

= 266 nm 
75 ̶ 210 

φ = 0.004 (5-
6 ns) 

- [129] 

UV/β-CD 
xenon flash laser lamp, λmax 
= 266 nm, β-CD: 8.8 g L-1 

φ = 0.019 (5-
6 ns) 

BPZ 

UV 35 W λmax = 254 nm 
2 ̶ 30 
(15) 

20 (16 min) 30 (80 min) 

[131] 
UV/β-CD 

35 W λmax = 254 nm,       β-
CD: 136 mg L-1, pH = 7 

100 (16 min) 70 (80 min) 

BPP 

UV/TiO2 
250 W, λmax = 365 nm, 
TiO2: 1 g L-1, pH=12 

0 ̶ 10 
(10) 

70 (60 min) 40.6 (100 min) 

[128] 

UV/TiO2/β-CD 
250 W, λmax= 365 nm,      β-

CD: 6.8 mg L-1, pH = 6 
100 (60 min) 94.8 (100 min) 

BPB 

photolysis 

WW 
effluent, 

pilot-scale 

natural sunlight irradiation, 
λex = 200 ̶ 1100 nm 

0.3 

50 (240 min) 40 (240 min) 

[134] 

UV/TiO2/Na2S2O8 

natural sunlight irradiation, 
λex = 200 ̶ 1100 nm, TiO2: 

200 mg L-1, Na2S2O8: 250 mg 
L-1, pH = 7 

100 (240 min) 80 (240 min) 
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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 via 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). Only 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 using 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 Transformation products Reference 

Bio 

Bacillus 
amyloliquefaciens/ 
activated sludge 

44BPF 

phosphate conjugates [113] 
BPZ 
BPE 
BPC 

Sphingomonas sp. 

NP5/activated sludge 

44BPF 

1,4-hydroquinone 

4-(hydroxymethyl)phenol 

[114] 
BPS 
BPZ 
BPE 

- 

BPC - 

activated sludge BPS 4-hydroxy(methyl) benzensulfonic acid [112] 

Laccase/Fungi-
immobilized on 

spongin 

44BPF 
4-hydroxy 

benzaldehyde 
ortho-hydroxy-BPF di- and trimer BPF BPF+BPF smaller moieties [104] 

BPS -  

AOP 

UV/β-CD 44BPF 

ortho-hydroxy-BPF 

meta-hydroxy-BPF 2,4,5-trihydroxy benzoic acid [131] 

laser flash photolysis 
(λex = 266 nm) 

44BPF 
4-(4-hydroxybenzyl) 
cyclohexa-3,5-diene-

1,2-dione 

4-hydroxy 
benzaldehyde 

di-hydroxy-BPF 
4-(hydroxymethyl) 
benzene-1,2-diol 

[150] 

UV/montmorillonite 
KSF dispersion (Fe2+) 

BPAF ortho-hydroxy-BPAF [127] 

photolysis/Fe3+ BPS p-hydroxybenzenesulfonic acid [122] 

UV/β-CD BPZ 
ortho-hydroxy-

BPAF 
meta-hydroxy-BPAF 

4-(2,4,5-
trihydroxyphenyl)-4-

(4-hydroxy 
phenyl) butanoic acid 

5,5-bis(4-
hydroxyphenyl) 
pentanoic acid 

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

[131] 

Fe0/peroxymonosulfate BPM di- and trimer BPM oligomers hydroxylated derivatives 
bond-cleavage (small) 

products 
[151] 

MnO2/I- 

BPS 
mono-, di-, tri- 

hydroxylated BPS 
p-hydroxybenzenesulfonic 

acid 
dimer BPS 

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

[152] 
BPAF 

mono-, tri- hydroxylated 
BPAF 

2-hydroxy-2-(4-
hydroxyphenyl)hexafluoropr

opane 
dimer BPAF 

mono-, di-, tri-, tetra- 
iodinated BPAF (7TPs) 
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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 µg kg-1), and in beverages (14–3790 ng L-1) [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].  

  



1.4. Bisphenols in Beverages and Food Simulants 27 

 

Table 9: Occurrence of bisphenols in beverages and aqueous-based food simulants. 

Material Matrix 
Concentration as a range [µg L-1] Reference 

BPA 44BPF 22BPF 24BPF BPS BPAF BPB BPZ BPE BPAP BPP BPC BPM  

plastic 

carbonated 

beverages 
0.51-2.97 

0.27-

1.44 
- - 

3.21-

13.43 

<0.03-

0.37 
- 

<0.02-

2.41 

<0.10-

0.80 
- - 

<0.03-

0.41 
- [171] 

simulant* 

<1.52 <3.09 - - <1.36 <0.53 <0.86 <1.26 <1.36 - <1.38 - - [173] 

<0.81 <0.71 - - <0.88 <0.81 <0.98 <0.46 <0.90 <0.89 <0.55 <0.41 - [159] 

plastic 

baby 

bottles 

n.d. - - - n.d. - - - - - - - - 
[174], 

[175] 

baby 

teethers 
0.36-192 

0.39-

12.6 
- - 

0.15-

115 

0.071-

8.20 

0.035-

2.36 

0.045-

1.79 
- 

0.062-

0.85 

0.60-

0.60 
- 

0.35-

2.35 
[176] 

can 

various 

beverages 

0.044-

0.607 
<0.05 - - 

0.141-

0.218 
- <0.05 - <0.25 - - - - [166] 

30-4700 - - - - - 60-170 - - - - - - [165] 

<2.5-13.98 
<0.9-

4.44 
- - - - - 

<5.7-

0.92 
- - - - - [30] 

simulant** 
31.97-

70.31  
<0.082 - - - - <0.086 - <0.085 - - - - 

[177] 

beer 1.26-3.79 <0.082 - - - - <0.086 - <0.085 - - - - 

energy 

beverages 
0.15-3.3 0.15-1.3 - - - - - - - - - - - [178] 

cans, 

paper, 

plastic, 

glass 

various 

beverages 

<0.002-

1.26 

<0.003-

1 

<0.003- 

0.12 

<0.008- 

0.51 
<0.018 <0.002 <0.003 <0.003 <0.002 <0.002 <0.002 - - [172] 

various 

milk 

products 

<0.08-

127.2 

<0.08-

1.8 
- - 

<0.004-

0.5 

<0.0008-

0.4 
<0.08 

<0-04-

0.3 
- 

<0.02-

0.4 
<0.02 <0.02 - [179] 

n.d.: not detected (no LOD available) *ultrapure water, 50% (v/v) ethanol/water solution. **ultrapure water, 3% (v/v) acetic acid/water solution, 10% (v/v) ethanol/water solution and isooctane. *** 

given with different units µg dm−2.
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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 (100–400 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 via 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 



30    Chapter 1. Introduction   

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 (N-
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. n-octadecyl or C18 
column in the length range of 100–250 mm, with a particle size diameter 2-5 µm and < 
2 µm 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-

1) [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 (MSn) [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. 
  

 

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

 
Precursor-ion scans, constant neutral-loss scans, and MRM via fragmentation by 

collision-induced dissociation (CID) greatly increase specificity over the single Q 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 MSn 

[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)−1/2 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 105 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-MSn 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].  

 

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 MSn, 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 MSn is the integration of high sensitivity, mass accuracy (≤1 ppm) and 
resolution (105 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, MassHunterTM from 
Agilent, MetaboLynxTM 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 tRs 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 MSn 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 

analyzer 
Sensitivity Selectivity 

Mass 

accuracy 

Dynamic 

range 

Fragmentation 

power 
Application 

Q medium (SIM) Low low high MS 

quantitative 

analysis QqQ 

medium (full 

scan) High low high MS/MS 

high (SRM) 

TOF high Low high low MS 
partially 

qualitative for 

unknown 

compounds 

QqTOF 
medium 

(MS/MS) 
High high medium MS/MS 

IT 
medium 

(MS/MS) 
High high medium MSn 

QqLIT high (SRM) High high 
medium-

high 
MSn quantitative 

and qualitative 

analysis 
LIT-Q-

Orbitrap 
high (SRM) High high high MSn 

 

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 (R2), 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(x) 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 (ux(yi)). Thus, 
the analytical result is usually reported with the expanded uncertainty (U), which is 
obtained by multiplying the ux(yi) of a result by the coverage factor k, based on the 
desired confidence level [207], [214].  



   41 

 

Chapter 2 

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. 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. 

2. To evaluate the occurrence of selected bisphenols in Slovenian aqueous samples. 
3. To examine the stability of bisphenols in aqueous matrices. 
4. To assess the efficiency of hydrolysis, adsorption, biological treatment, and 

photochemical and advance oxidation processes for removing bisphenols from WW. 
5. To investigate the breakdown and identify TPs of bisphenols during 

biodegradation, photodegradation and advance oxidation processes.  
6. 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 

3 Publications 

The outcomes of the present work are presented in eight separate scientific papers divided 
into four parts:  

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

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

laboratory conditions. 
 

2. The removal of bisphenols and other contaminants of emerging concern. 
 

3. The occurrence and source identification of bisphenol compounds in 
wastewaters. 

 

 

ii) Identification of transformation products (Section 3.2);  
 

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

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

 
3. Kinetics and biotransformation products of bisphenol F and S during 

aerobic degradation with activated sludge.  
 
iii) Migration from food contact materials (Section 3.3);  

 

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

 
iv) 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. Kovačič, M. Česen, 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 Kow, 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 
Kow 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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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. Kovačič, D. Škufca, M. Zupanc, J. Gostiša, B. Bizjan, N. Krištofelc, M. 
Sollner Dolenc, E. Heath was published in Science of the Total Environment in July 2020. 
With the assistance of N. Krištofelc, 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 (νcav) = 9500 
rpm and time (tcav) = 10 min. Although an increase in νcav 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 νcav = 2290 rpm with lower energy consumption, while neither an 
increase in νcav, tcav 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. 
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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. Česen, K. Lenarčič, V. Mislej, M. Levstek, A. Kovačič, B. Cimrmančič, 
N. Uranjek Ževart, T. Kosjek, D. J. Heath, M. Sollner Dolenc, and E. Heath was published 
in Science of the Total Environment in March 2018. Dr Česen and K. Lenarčič 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−1 range. The 
investigated bisphenols were measured in WW within the EU region for the first time. 
Only BPF (36.7 ng L−1) and BPS (40.6 ng L−1) were detected exclusively in WW effluents, 
whereas other bisphenols were present in both influents (< LOD–403 ng L−1) and effluents 
(< LOD–85.7 ng L−1). Bisphenol Z was found in the highest concentration (up to 403 ng 
L−1), and levels of BPC > LOD were reported for the first time (1.01–11.8 ng L−1). 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−1 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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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. Kovačič, 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 vitro 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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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. Kovačič, 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, Jožef 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 WWT and in the environment.  
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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. Kovačič, 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, Jožef 
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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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. Kovačič, 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−1 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−1), three BPF isomers (8.2–1286 ng L−1) and 
BPAP (1.6 ng L−1), while eight of the tested bottles leached BPA (<222 ng L−1) and BPF, 
BPE, BPB and BPZ (1.1–4.6 ng L−1). 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 μg kg bw−1 day−1), neither for adults 
or children nor the SML (0.05 mg kg-1) 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.  
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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. Eleršek, T. Notersberg, A. Kovačič, E. Heath 
and M. Filipič was published in Environmental 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 Eleršek under the supervision of Prof Dr 
Filipič. I 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 (EC5–EC90). 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 EC50–EC90 while with the IA model they were similar at EC10–EC20. 
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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Chapter 4 

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 Kow 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 WWT, 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 

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 vitro 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 WWTP 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 vitro 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. I 
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 vitro bioassays together with analytical 
methods would be another promising strategy for assessing environmental and human 
health risks associated with bisphenols.  
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