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• BPs were measured in different WWs
including inflows, influents and efflu-
ents.

• Most BPs were NLOD in analysed WW.
• BP removal efficiencies were in general
N96%.

• BPZ was most commonly detected and
BPC was quantified in WW for the first
time.

• Food processing and textile cleaning fa-
cilities represent major sources of BPs.
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This study reports the occurrence of eight bisphenols (BPs): bisphenol AF (BPAF), bisphenol AP (BPAP),
bisphenol B (BPB), bisphenol C (BPC), bisphenol E (BPE), bisphenol F (BPF), bisphenol S (BPS) and bisphenol Z
(BPZ) in wastewaters (WWs). Sample preparation involved pre-concentration with SPE cartridges (Oasis
HLB), followed by derivatization using N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide with 1% tert-
butyldimethylchlorosilane. Chemical analysis was based on gas chromatography–mass spectrometry. A validat-
edmethod with limits of detection (LODs) at ng L−1 range was applied toWWs collected at five Slovene waste-
water treatment plants (WWTPs) andWW inflows from industrial, commercial and residential sources entering
the sewerage systems of two catchments (Domžale-Kamnik (DK) and Ljubljana (LJ)). The presence of all BPswas
confirmed in three inflows in DK and two inflows in the LJ catchments. High cumulative concentrations of all BPs
were determined inWW from food processing facilities (LJ: 3030 ng L−1 and DK: 599 ng L−1). A high detection
frequencywas observed in theWWfrom two textile cleaning companies (6 BPs for LJ and 8 BPs for DK). The anal-
ysis of WW from WWTPs revealed that only BPF (36.7 ng L−1) and BPS (40.6 ng L−1) were NLODs in the influ-
ents, whereas other BPs were detected also in the effluents. BPZ was found in the highest concentration
(403 ng L−1 at WWTP-DK). WW collected at this WWTP also contained the highest amount of BPE
(238 ng L−1). Although BPs removal could not be directly compared between the WWTPs, with the exception
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of BPAP and BPB in the case of two smallerWWTPs (6.39%–43.2%) bisphenolswere in general highly removed (≥
96.2%). Finally, levels of BPC N LOD are reported for first time (WWTP in the DK catchment: 1.01 ng L−1–
11.8 ng L−1; LJ inflow from food processing plant up to 2560 ng L−1).

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

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

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

A review by Jiang et al. (2013) reports numerous studies on the glob-
al occurrence of BPA in surface waters (SWs) and wastewaters (WWs),
whereas there is only limited information available about other BP com-
pounds. For example, only five published studies describe the presence
of BPAF, BPAP, BPC, BPB, BPF, BPFL, BPS, BPZ, tetrachlorobisphenol A
(TCBPA) and tetrabromobisphenol A in SWs in China and BPS and BPF
in SWs from Japan, Korea and India (Jin and Zhu, 2016; Liu et al.,
2016; Song et al., 2012; Yamazaki et al., 2015; Yang et al., 2014). Also,
WW as a matrix is poorly investigated in terms of the presence of BPs.
BPAF, BPB, BPE, BPF, BPS and BPZ were targeted in WW at wastewater
treatment plants (WWTPs) in China, BPAF, BPAP, BPB, BPF, BPP, BPS
and BPZ in WWs at WWTPs in India and chlorobisphenol A (CBPA),
dichlorobisphenol A (DCBPA), trichlorobisphenol A (TrCBPA) and
TCBPA in WW effluents in Spain (Ballesteros et al., 2006; Karthikraj
and Kannan, 2017; Sun et al., 2017). To our knowledge, Ballesteros
et al. (2006) is the only published study addressing thepresence of chlo-
rinated BPs in Europe, however their limits of quantification (LOQs)
were so high (100–250 ng L−1), that the reported values of all BPs
were bLOQs. In addition to this study, a local screening project conduct-
ed in Norway was also reported, where the occurrence of BPA, BPAF,
two structural isomers of BPF (2,2- and 4,4-dihydroxy bisphenols),
BPS and bisphenol BP (BPBP) were determined in WWTP effluents,
leachates, sediments and biota from Oslofjord and Mjøsa (Thomas
et al., 2014).

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

2. Materials and methods

2.1. Materials

BPAF (N99%), BPAP (N99%), BPC (N99%), BPE (N98%), BPF (N98%),
BPS (N98%) and BPZ (N98%) were obtained from Sigma-Aldrich (St.
Louis, USA), while BPB (N99.8%) was purchased from Dr Ehrenstorfer
(Augsburg, Germany). Structural formulas, CAS numbers and structural
names are presented in SI-1; Table S1. BPF refers to 4,4-dihydroxy
substituted BP. Deuterated bisphenol A (BPA-d16), purchased from
Sigma Aldrich (USA), was used as a surrogate standard. The silylating
agent N-(tert-butyldiethylsilyl)-N-methyltrifluoroacetamide with 1%
tert-butyldimethylchlorosilane (MTBSTFA with 1% TBDMCS; 95%) was
purchased from Sigma Aldrich (St. Louis, USA). Dichloromethane
(DCM), ethyl acetate (EtAc), methanol (MeOH) and purified water
were obtained from J. T. Baker (Deveter, Netherlands) and were all of
analytical grade purity. Stock solutions (≈10 μg L−1) of each compound
were prepared in MeOH, while calibration standards were prepared
through serial dilutions of the stock solutions.

2.2. Sampling

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

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

2.3. Sample preparation

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