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Abstract

Contaminants of emerging concern (CECs) are those that have been
detected in the environment and/or in humans, can cause ecological or
human health impacts, and are normally not regulated. Their continuous
introduction into the environment (favoured by conventional wastewater
treatments’ inefficiency in their degradation), pseudo-persistence, and
intrinsic ability to interfere with organisms, concern the scientific and public
community. Their potential toxic effects can threaten the ecological status of
water bodies as well as human health. There is a need to know what these
contaminants are and understand their occurrence, fate and transformation
processes in the environment. In the current context of climate change,
circular economy processes acquire great importance. In this regard, the
reuse of waste and reclaimed water is applied as a helpful solution to
alleviate water scarcity and enable better use of resources. However, this
approach is not exempt from risk, since the water-borne contaminants can
be translocated into crops after irrigation, constituting a threat to human
health. Likewise, there are other routes of exposure to CECs that should
be studied, and human biomonitoring is necessary to address specific
exposures.

In this thesis, powerful analytical methodologies were developed and
applied in the different stages of the CECs cycle, from their release until they
are degraded (transformed) or (bio)accumulated. The presence of different
types of CECs including personal care products (PCPs), pharmaceuticals,
biocides and per- and polyfluoroalkyl substances (PFAS) was assessed in
different environmental compartments. Advanced target and non-target
approaches were applied to expand the knowledge of the presence of
these chemicals and their derived transformation products in water,
sediment, biota, and crops. Special emphasis was placed on evaluating the
wastewater reuse feasibility for irrigation purposes in agriculture. Finally,
human exposure to CECs was evaluated, putting a special focus on prenatal
exposure at the early stage of development through the analysis of umbilical
cord blood.

Thus, this thesis has contributed to improving the understanding and
knowledge about CECs occurrence, removal, transformation, transfer, and
fate in aquatic ecosystems, agrifood environment and, ultimately, humans.

Resum

Els contaminants d’interés emergent (CECs) son aquells que s'han detectat
en el medi ambient i/o en humans, poden causar impactes ecologics
o en la salut humana i normalment no estan regulats. La seva continua
introduccié al medi ambient (afavorida per la ineficiencia dels tractaments
d’aigiies residuals convencionals), la pseudo-persisténcia i la seva capacitat
intrinseca d'interferir amb els organismes, preocupen la comunitat cientifica
i la societat en general. Els seus potencials efectes toxics poden amenacgar
I'estat ecologic de les masses d'aigua aixi com la salut humana. Cal conéixer
qguins son aquests contaminants i comprendre la seva preséncia, desti i
processos de transformacio en el medi ambient. En el context actual de
canvi climatic, els processos emmarcats en I’economia circular adquireixen
una gran importancia. En aquest sentit, la reutilitzacié d’aigiies residuals
i renaturalitzades s'aplica com una solucié util a l'escassetat d'aigua
i permeten un millor aprofitament dels recursos. Tanmateix, aquest
enfocament no esta exempt de risc, ja que els contaminants transmesos
per l'aigua es poden traslladar als cultius després del reg, representant una
amenaga per a la salut humana. Aixi mateix, hi ha altres vies d'exposicio als
CECs que s'han d'estudiar, i és necessari el biomonitoreig en humans per
avaluar exposicions especifiques.

En aquesta tesi, es van desenvolupar i aplicar potents metodologies
analitiques enles diferents etapes del cicle dels CECs, des d’el seu alliberament
fins a la seva degradacié (transformacid) o (bio)acumulacié. Es va avaluar
la preséncia de diferents tipus de CECs, inclosos productes per a la cura
personal (PCP), farmacs, biocides i substancies per- i polifluoroalquilades
(PFAS) en diferents compartiments ambientals. Es va aplicar I'analisi dirigida
i no dirigida per ampliar el coneixement de la preséncia d'aquests productes
quimics, i els productes de transformacié derivats, a l'aigua, els sediments,
la biota i els cultius. Es va posar especial @émfasi en I'estudi de la viabilitat
de reutilitzar aigilies residuals amb finalitats agricoles. Finalment, es va
avaluar l'exposiciéo humana als CECs, posant especial atencié en I'exposicio
prenatal, durant fases inicials del desenvolupament, mitjancant I'analisi de
la sang del cordé umbilical.

Aixi, aquesta tesi ha contribuit a millorar la comprensio i el coneixement
sobre la preséncia, eliminacid, transformacio, transferéncia i desti dels CECs
en ecosistemes aquatics, entorns agricoles i, en definitiva, humans.
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General Introduction

1.1 Contaminants of emerging concern

The term contaminants of emerging concern (CECs) describes a broad range
of chemical compounds usually not regulated by any environmental legislation
(Dulio et al., 2018). However, they can reach environmental compartments
(mostly water bodies, but also biota) and humans, constituting a threat
to ecosystems and human health. The lack of regulations covering these
contaminants results from the limited information available regarding their
occurrence or published health impacts. CECs include different compound
classes, namely pharmaceuticals and personal care products (PPCPs), per-
and polyfluoroalkyl substances (PFAS), pesticides, biocides, (old and novel)
flame retardants, plasticizers, surfactants, and industrial chemicals, among
others, as well as their related transformation products (TPs).

Some CECs are massively produced, mainly because they have essential
uses by society. For example, ultraviolet filters (UVFs) are necessary to protect
us against deleterious ultraviolet radiation from the sun. Since the demand
for chemical products in society is only expected to grow with population and
industrial development, so will their occurrence in the environment unless
action is taken. Figure 1.1 shows the clear increasing trend in the revenue of
the personal care products market between 2013 and 2022 and the estimation
for the coming years. Despite the decrease in 2020 and 2021, probably due to
the COVID-19 pandemic, the increase between 2015 and the predicted value
in 2026 is almost 50%. Regardless of this increasing trend, the production of
compounds hazardous to the environment and human health has remained
relatively high in recent years, as shown in Figure 1.2 for the production of
chemicals between 2004 and 2020 in the European Union. The significant
decrease in 2009 was probably due to the economic recession. Overall, these
data demonstrates that, despite a slight decrease trend, the production of
hazardous chemicals needs to be reduced in the European Union.
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CECs’ properties vary widely among families of compounds. Still, their
persistence usually comes from its hydrophobicity (or lipophilicity), which
indicates a compound’s tendency to have more affinity for non-aqueous
environments over aqueous ones (Kaliszan, 2015). However, most of these
contaminants are considered of emerging concern because they are “pseudo-
persistent” since they are continually released into the environment through
different pathways (Rosenfeld and Feng, 2011).
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Figure 1.1. Revenue of the beauty and personal care market worldwide from 2013 to 2026 (in
U.S. million dollars). (Statista, 2022a)
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Figure 1.2. Production trends of chemicals between 2004 and 2020 in the European Union.
(Eurostat, 2022)
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Discharges from wastewater treatment plants (WWTPs) are one of the
main causes of aquatic pollution. Conventional WWTPs, primarily operating
through biological processes, were designed to protect water resources
mainly by promoting microbial community growth. It removes the carbon,
nitrogen, and phosphorous present in the influent. However, the increased
detection of a wide range of non-regulated anthropogenic CECs in the aquatic
environment shows the limitations of WWTPs in removing these compounds,
and ultimately, they can reach humans. However, for most CECs, there is
little (eco)toxicity information, especially regarding long-term or low-level
exposures. Moreover, these compounds are always mixed with others, making
it more challenging to evaluate their toxicity with potential synergistic effects
that they might display.

Although thousands of CECs are known and have been reported in the
literature, they represent a tiny fraction of the universe of environmental
contaminants. These unidentified compounds are neglected, ignored, omitted,
or overlooked mainly because of limitations of the analytical instrumentation.
Nevertheless, recent advances in analytical and especially in high-resolution
mass spectrometry (HRMS) techniques have enabled detecting and identifying
part of these unknown compounds. With the combination of robust data
treatment and in-silico fragmentation tools, data prioritization has been
improved considerably. Therefore, with these new possibilities, many new
compounds will join the category of CECs soon (Gao, 2022).

This thesis focuses on personal care products (PCPs), pharmaceuticals,
biocides, and PFAS, together with some of their most important TPs. PCPs
(especially UVFs and paraben preservatives (PBs)) are the most investigated
compounds in this thesis since they are suitable candidates to occur in
environmental and human matrices based on their extensive use and
lipophilic properties. Pharmaceuticals were included mainly in the water
reuse and removal studies since their occurrence in waste and reclaimed
water is inevitable and concerning. Biocides were included in two studies
where the sampling was performed in areas with intensive maritime activity,
such as ports and shipyards. Finally, PFAS were included in a study conducted
in Sweden, where the environmental occurrence of these substances is
extremely concerning (Weiss et al., 2021).

A brief introduction to each studied family is given in the subsequent
subsections.

11
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1.1.2 Personal care products (PCPs)

This group encompass any substance intended to be placed in contact
with the external parts of the human body (e.g. skin, nails, hair, lips, etc.)
or with the teeth and the mucous membranes of the oral cavity to maintain
them clean, perfumed, protected, or to change the appearance, keep them in
good condition and to correct body odours (Aranaz et al., 2018). It includes
sunscreens, household products, perfumes, shampoos, lotions, soaps, and
cosmetics, but also products of basic hygiene. Therefore, the most used
compounds in this group are UVFs, parabens (PBs), surfactants, plasticisers,
hair dyeing products and fragrances. In fact, thousands of compounds with
different physicochemical properties can be included in this category.

After the consumer’s direct application/use to the body, most of these
compounds are washed out (shampoos, toothpaste, or shower gel) and
transported by grey waters. Still, some of them are retained by the body
and accumulated or excreted later (e.g. lotions, sunscreens, and sanitisers)
(Ray et al., 2020). Ultimately, they end up either in the human body or the
environment, potentially causing unknown effects. The focus in this thesis
has been put mainly on UVFs and PBs because they are extensively used. Still,
some works include other families, such as plasticisers, surfactants and hair
dyeing compounds.

As the name suggests, UVFs absorb and/or reflect the sun’s ultraviolet
radiation protecting humans against its harmful effects. They can be classified
into two groups according to their nature. Inorganic UVFs (also called physical
UVFs) reflect or scatter the ultraviolet light, while organic ones (also called
chemical UVFs) absorb it. The compounds included in the latter grup usually
possess aromatic structures, conjugated carbon-carbon double bonds and
carbonyl moieties (Chisvert and Salvador, 2007).

Like the other CECs, their use is increasing yearly, mainly because, with
climate change and the ozone layer depletion, the receiving radiation
intensifies, but also because of population growth and its concern to avoid
contracting diseases caused by sun exposure.

12
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Figure 1.3 shows the revenue of the sun protection market worldwide; the
increasing trend is very similar to the one previously shown for the personal
care product market; the decrease due to the pandemic can also be observed.
UVFs are used in sunscreens but also in packages of different products to
prevent ultraviolet light from damaging scents, colours, or food, but also
in textiles, painting, and building materials (Gao et al., 2015). In humans,
once the sun care product is applied, a percentage of it is washed out, but
it is mainly absorbed through the skin. It can be further accumulated in the
human body, as such or as a metabolite, until further excretion.
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Figure 1.3. Revenue of the sun protection market worldwide from 2013 to 2026 (in U.S. million
dollars). (Statista, 2022b)

Within UVFs, the most used family in formulations are benzophenones
which are characterised by two aromatic rings linked with a ketone, as
shown in Table 1.1 (Mitchelmore et al., 2021). The parent compound is
benzophenone (BP), from which all the benzophenone derivatives are
originated. Benzophenone-3 (also known as oxybenzone, BP3) is the most used
UVF worldwide in PCPs (it is estimated to be present in 20-30% of commercial
products) (Aronson, 2016). Still, some of its TPs (e.g. 4-hydroxybenzophenone
(4HB)) are banned in cosmetics in Europe (European Chemicals Agency (ECHA),
2022a). Octocrylene (OC) or avobenzone (AVO) are also benzophenones (or
compounds derived from it) extensively used in the PCPs’ formulations and
are frequently formulated simultaneously with BP3.

13
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Another important family within UVFs are benzotriazoles. These
compounds present a benzene nucleus fused to a 1H-1,2,3-triazole ring,
making them very versatile. This ring can be combined with many functional
groups, resulting in widely different benzotriazoles. The most frequently used
are benzotriazole (BZT), simplest member of this class, methyl-benzotriazole
(MeBZT), and dimethyl-benzotriazole (DMBZT). Others UVFs included in this
list are camphor, cinnamate and salicylate derivatives.

Table 1.1. Most frequently used UVFs and PBs in PCPs’ formulations, with family, CAS number,
molecular mass, structure, and logK_ .

Ultraviolet filters (UVFs)

Benzophenone-3 Oxybenzone; 2-Hydroxy-
Benzophenones| 131-57-7 228.24 3.79
(BP3) 4-methoxybenzophenone
Benzophenone-1 (BP1) 2,4-Dihydroxybenzophenone Benzophenones| 131-56-6 214.22 3.15
4-Hydroxybenzophenone
Benzophenones| 1137-42-4 193.18 2.92
(4HB)
4,4'-Dihydroxy
Benzophenones| 611-99-4 214.22 2.19
benzophenone (DHB)
2,2'-Dihydroxy-4-methoxy Benzophenone-8; B h 131.53.3 24425 3.8
benzophenone (DHMB) Dioxybenzone enzophenones el : :
Benzophenone-2 2,2',4,4'-Tetrahydroxy
Benzophenones| 131-55-5 246.22 2.78
(BP2) benzophenone
Benzophenone-4 5-benzoyl-4-hydroxy-2-methoxy
benzene sulfonic acid: Benzophenones| 4065-45-6 308.31 0.88
(BP4) HMBS; Sulisobenzone
Avobenzone 1-(4-tert-butylphenyl)-3-
Benzophenones| 70356-09-1 310.17 4.51
(AVO) (4-methoxyphenyl)propane-1,3-dione
2-Ethylhexyl 2-cyano- Benzophenone
Octocrylene (OCR) 6197-30-4 261.48 . 6.1
3,3-diphenylacrylate origin L
Camphor
Enzacame (4MBC) 3-(4-Methylbenzilidene) camphor 36861-47-9 254.17 5.14
derivatives
2-Ethylhexyl trans-4- Cinnamate i N
Octinoxate (EHMC) X o 5466-77-3 290.4 Yo ™| 5.8
methoxy cinnamate derivatives HCO ek,
p-aminobenzoic ; i .
Benzocaine (EtPABA) Ethyl 4-aminobenzoate 94-09-7 165.19 JC:‘ o7 1.86
acid derivatives BN
Benzotriazole [/AT/N’N
1,2,3-Benzotriazole Benzotriazoles 95-14-7 119.12 NN 1.44
(BZT or 1H-BZT) i
Methyl-benzotriazole 5-Methyl-1H- Not
Benzotriazoles 136-86-5 133.15
(MeBZT or 5-MeBZT) benzotriazole available
Dimethyl-benzotriazole 5,6-Dimethyl-1H- Not
. Benzotriazoles | 4184-79-6 147.18 )
(DMBZT) benzotriazole monohydrate available
Drometrizole Benazol P; Tinuvin P; Benzotriazole
2440-22-4 225.25 431
(uvp) 2-(2H-Benzotriazol-2-yl)-p-cresol derivative
Homosalate (HOM) Homomenthyl salicylate Salicylates 118-56-9 262.34 5.82
Octisalate (OCS) 2-Ethylhexyl salicylate Salicylates 118-60-5 250.33 g 5.94
. ]
Cinnamate N
Amiloxate Isoamyl 4-methoxycinnamate 71617-10-2 248.32 [T 4.06
derivatives o
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Table 1.1. Continued.

Paraben preservatives (PBs)

Methyl Methyl |
Parabens 99-76-3 152 o 2
paraben (MePB) 4-hydroxybenzoate .
Ethyl Ethyl i
Parabens 120-47-8 116.17 /@*0/\ 247
paraben (EtPB) p-hydroxybenzoate o
Propyl Propy! |
Parabens 94-13-3 180.2 i 2.98
paraben (PrPB) 4-hydroxybenzoate ”

Butyl Butyl |
Parabens 94-26-8 194.23 3.47
paraben (BuPB) 4-hydroxybenzoate .,
Benzyl Benzyl I
Parab: 94-18-8 228.24 g o ) 3.7
paraben (BePB) 4-hydroxybenzoate arabens N

The octanol-water constant (logK ) indicates a compound’s lipophilicity
(or hydrophobicity). These values for most of the UVFs shown in Table 1.1 are
considerably high. For example, the extensively used BP3, OC, or AVO present
values > 3.7, with OC having the highest value in Table 1.1 (6.1). It is not
surprising, then, that chemical compounds produced by millions of tons yearly
with these logK_ values can accumulate in environmental compartments.

Parabens are a group of compounds used as preservatives, usually in
cosmetics, PCPs, pharmaceuticals and food products. Its function is to
prevent the growth of bacteria, fungi and yeast, preventing products from
being in poor condition or spoiling. With these properties, PBs contribute to
the extension of products’ lifetime and make them safer for consumption.
The most commonly used PBs are shown in Table 1.1, and it is frequent to
find more than one combined in the formulations.

PBs’ chemical structure consists of a para-hydroxybenzoate linked
with an alkyl group of different lengths. The most used in formulations is
methylparaben (MePB), and the use frequency decreases when increasing
the alkyl chain length (MePB> Ethylparaben (EtPB) > Propylparaben (PrPB)
> Butylparaben (BuPB) > Benzylparaben (BePB)). These compounds present
logK_, values similar to those of UVFs, but as shown in Table 1.1, it also
increases with the alkyl chain length, making the longest ones more toxic and
lipophilic. As for most CECs, these conditions are ideal for facilitating their
entrance into environmental compartments.
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1.1.3 Pharmaceuticals

This group is constituted by any chemical compound meant for medical
purposes to diagnose, treat, mitigate and prevent sickness or disease. This
broad group of compounds can be divided into different families depending
on the pharmaceutical purpose: analgesics, anti-epileptics, anti-depressants,
anti-inflammatories, lipid regulators, antibiotics, hormonal agents, antivirals,
cardiovascularagents, and stimulants, among others. Thousands of compounds
fit this description, so only the most relevant in terms of detection frequency,
toxicity and intrinsic properties were included for analysis in this thesis (Table
1.2).

Among the group of compounds described, pharmaceuticals have the
highest industrial production and use, with more than 100000 tonnes
consumed globally yearly (German Environment Agency, 2014). Some of them
are highly lipophilic (logk_ >4), such as gemfibrozil (GMZ), mefenamic acid
(MFA), diclofenac (DCF), and sertraline (SER), others are frequently reported
in environmental matrices because of its extensive use, such as caffeine (CFF),
carbamazepine (CBZ), and naproxen (NPX), and some antibiotics, such as the
sulfonamides family, contribute to the development of antibiotic resistance
bacteria (ARB) and genes (AGR). Within this broad group, the physicochemical
properties and chemical structures vary considerably (Table 1.2), making their
simultaneous analysis very complex.

1.1.4 Biocides

Biocides are a group of compounds with a similar purpose to that of PBs
because they inhibit the development of active organisms to preserve or
extend a product’s useful life. This family of compounds can be divided into
four groups based on its purpose: disinfectants, preservatives, treatment
against pests, and others (such as antifouling products or embalming fluids)
(European Chemicals Agency (ECHA), 2012). Antifouling booster biocides are
products commonly used in paints and further applied on surfaces submerged
in seawater (to avoid marine biofouling).

In this thesis, the focus is only on the latter biocides because they are
continuously and directly in contact with seawater, so the probability of
ending up in the aquatic environment is higher. The most used antifouling
biocides with their main properties are shown in Table 1.3.
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Table 1.2. Frequently used compounds in pharmaceutical formulations, with family, CAS number,
molecular mass, structure, and logK_ |

Pharmaceuticals

r
Flumequine (FLU) Flumigal; Apurone Fluoroquinolones | 42835-25-6 261.25 o 1.6
o s N
s
Ca
Nalidixic acid (NDX) Nalidixate; nalidixin Quinolones 389-08-2 232.23 wo NI 1.59
o O
Oxolinic acid (OXL) Nidantin; dioxacin Quinolones 14698-29-4 261.23 0.94
Tetracycline (TCY) Deschlorobiomycin Tetracyclines 60-54-8 444.4 13
Succinylsulfathiazole Cremosuxidine;
Sulfonamides 116-43-8 355.4
(Succinyl-ST2) Colistatin
Sulfadiazine (SDZ) Sulfapyrimidine Sulfonamides 68-35-9 250.28 -0.09
N Isufladiazi N-[4-(pyrimidin-2 Not
-acetylsufladiazine -ylsulfamoyl)-pheyl] Sulfonamides 127-74-2 292.32 .
. available
(acSD2) acetamide
Sulfamerazine (SMZ2) Sulfamethyldiazine Ssulfonamides 127-79-7 264.31 A Ny 0.14
N4-acetyl N(4)-Acetyl \ oks/‘% Not
Sulfonamides 127-73-1 306.34 </:\>-1 L/)\vv\*
sulfamerazine (acSMR) sulfamerazine b 7~ |available
o
N4-acetyl N(4)-Acetyl o N(O N Not
Sulfonamides 100-90-3 320.37 N‘QF‘QN /
sulfamethazine (acSM2) sulfamethazine " 1¥ o |available
Gantanol; QP N/‘O
Sulfamethoxazole (SMX) X Sulfonamides 723-46-6 253.28 () S/\u*)\ 0.89
sulfisomezole N
Acetylsulfa N4-Acetyl / n\s//o
Sulfonamides | 21312-10-7 295.32 W’Q 7| o086
methoxazole (acSMX) sulfamethoxazole j)k
Sulfamethoxy Sulphametoxy Syt Not
Sulfonamides 80-35-3 280.31 N e
pyridazine (SMPZ) pyridazine . ‘:J‘_ﬂ available
00 ]
Sulfapyridine (SPY) Sulfidin Sulfonamides 144-83-2 249.29 Os‘u SN 0.35
HN
Acetylsulfapyiridine N-(4-(N-(Pyridin-2-y]) ) ey = Not
-sulfamoyl) Sulfonamides 19077-98-6 291.33 PR available
(acSPY) -phenyl)acetamide L3
N N2
Sulfaquinoxaline (SQX) Avicocid Sulfonamides 59-40-5 300.34 @Nj o;\©\ 1.68
NH,
2-Sulfanil BN
Sulfathiazole (STZ) Sulfonamides 72-14-0 255.3 s H(ﬁ@ 0.05
amidothiazole NHy
) Lq'sf’
Sulfisomidine (SMD) - Sulfonamides 515-64-0 278.33 N_o ] -0.33
o
Sulfadimethoxine Sulfadimethoxy ;/N
Sulfonamides 122112 310.33 S LA 1.63
(SDM) diazine WLJ "
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Pharmaceuticals

Table 1.2. Continued.

Trimethoprim (TMP) Proloprim; Trimpex Others 738-70-5 290.32 0.91
o
5-(2,5-Dimethyl P
Gemfibrozil (GFZ) phenoxy)-2,2-dimethyl Lipid regulators 25812-30-0 250.33 j\‘:j'\a“ e Il o 4.39
. pentanoic acid N
. . 2-[(2,3-dimhetyl
Mefenamic acid ’
phenyl)-amino] Analgesics 61-68-7 241.28 5.12
(MFA) benzoic acid
Naproxen (NPX) Anti-inflammatories| 22204-53-1 230.26 3.18
Diclofenac (DCF) Voltaren Anti-inflammatories| 15307-86-5 296.15 4.51
Diclofenac-"*C Diclofenac- Not
Anti-inflammatories|1261393-73-0 302.15 N e
(DCF-13C) (acetophenyl ring-BCe) o available
o CHy
2-(3-Benzoylphenyl H
Ketoprofen (KPF) ( Yiphenyl) Analgesics 22071-15-4 254.28 Y J\T*W}\( ol 312
propanoic acid .- O
2-(4-1sobutylphenyl) R L s
Ibuprofen (IBU) Anti-inflammatories| 15687-27-1 206.28 ‘ ‘T’ Y 3.97
propanoic acid ,L\/. LA oH
Carbamazepine 5H-Dibenzo[b,f] -
Anti-epileptics 298-46-4 236.27 O N O 2.77
(CBZ) azepine-5-carboxamide! OJ\NH
2
o
Carbamazepine- Not
Anti-epileptics 36507-30-9 252.27
10,11-epoxide (CBZ-E) available
Tenorium;
Atenolol (ATL) B-blockers 29122-68-7 266.34 0.16
blokium; normiten
56161-73-0 Not
Norfluoxetine (norFXT) Desmethylfluoxetine Anti-depressants 295.3
83891-03-6 available
Ciprofloxacin (CFX) - Fluoroquinolones | 85721-33-1 331.34 0.28
N-desmethylvenlafaxine Not
Norvenlafaxine Anti-depressants | 149289-30-5 263.37
(N-desVFX) available
Salicylic acid (SCY) 2-Hydroxybenzoic acid Anti-septics 69-72-7 138.12 2.26
1,3,7-Trimethyl
Caffeine (CFF) Stimulants (drug) 58-08-2 194.19 -0.07
xanthine; guaranine
Fenbendazole (FBZ) Panacur Antihelmintic 43210-67-9 299.35 3.93
Clarithromycin Klaricid; Biaxin Antibiotic 81103-11-9 747.95 0.69
Clindamycin Chlolincocin Antibiotic 18323-44-9 424.98 2.16
Sertraline - Anti-depressants 79617-96-2 306.23 4.3
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Table 1.3. Frequently used booster biocides, with family, CAS number, molecular mass, structure,

and logK_ .
Biocides
3-(3,4-Dichloro
Diuron phenyl)-1,1-di Urea 330-54-1 233.09 2.68
-methylurea
Irgarol Cybutryne Triazines 28159-98-0 253.37 3.95
4,5-Dichloro
-2-octylisothiazol- Kathon 930 Thiazoles 64359-81-5 282.23 2.8
3(2H)-one (DCOIT)
Dichlofluanid Elvarol; Euparen Sulfamides 1085-98-9 333.23 1.59

1.1.5 Per- and polyfluoroalkyl substances (PFAS)

PFAS are human-made compounds with valuable properties, essential
in almost all industry branches and many customer products. The most
common uses are fire-fighting foam production, water-repellent clothing,
and electroplating, but they have many other applications, most related to
grease, water, or oil resistance (Glige et al., 2020).

Thousands of PFAS have been manufactured, but only the most relevant
ones are included in this thesis (Table 1.4). As logk_ values show, PFAS are
highly lipophilic, and this property increases notably when increasing the
chain length. For this reason, PFAS are a well-known issue in the scientific
community.

PFAS present a characteristic structure consisting of a chain of carbon
atoms (C) bonded to fluorine ones (F), with a functional group at the end of
the chain. The C-F bond is one of the strongest ever created, and substituting
F with another atom is nearly impossible, explaining the strong persistence of
these compounds.
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As mentioned, this persistence increases with the chain length because
more C-F bonds increase the stability of the compound. Perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonate (PFOS) (considered long-chain
PFAS) are the most widely used, but shorter-chain ones are replacing them
due to their environmental persistence.

Table 1.4. Frequently used PFAS, with family, CAS number, molecular mass, structure, and IogKOW.

PFAS
Perfluorobutanoic  |Carboxylic FF ﬂ
375224 214.04 Fx,(&« “oH 2.82
acid (PFBA) acid FEFE
Perfluorobutanesulfonic| Sulfonic RAARF o
_ _ 375-73-5 300.1 FY\K X 4 3.9
acid (PFBS) acid e e oM
Perfluorohexanoic  |Carboxylic RAERSF 2
307-24-4 314.05 F o ,JJ\OH 4.06
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1.2 Environmental legislation and regulation in
formulations

There are regulatory frameworks to monitor and manage potential
pollution sources of some priority pollutants in the aquatic environment, but
CECs are not subjected to the same regulations (Vargas-Berrones et al., 2020).

A few regulations include the monitoring of specific CECs in drinking
water. In the USA, for example, the EPA updated in 2021 the Drinking Water
Contaminant Candidate List (up to 97 CECs), where only PFOS and PFOA are
regulated (maximum of 70 ng/L of PFOS and PFOA together). The other CECs
are listed as “contaminants known or anticipated to occur in public water
systems, but currently not subject to any drinking water regulations” (US EPA,
2021). In Europe, the European Monitoring Network (NORMAN) provides
occurrence and effects data of CECs, contributing evidence to make policies
for identifying, assessing, and prioritising these compounds (von der Ohe et
al., 2011). The NORMAN Substance List Exchange contains more than 100000
CECs (Aalizadeh et al., 2022), providing essential data for its monitoring,
but they are not yet contemplated within any regulation. Only PFAS have a
limit of 0.1 pg/L individually and 0.5 pg/L altogether in drinking water (The
European Parliament and the Council of the European Union, 2020). In the
rest of the regions worldwide, the situation is very similar, and the guidelines
at the environmental level are practically non-existent.

This lack of regulations is caused mainly by the scarce occurrence and
toxicological data and analysis complexity (expensive, unavailable standards,
low concentration levels, expert personnel, etc.). These difficulties increase
considering that new chemical compounds are introduced into the market
continuously, and the degradation of actual CECs generates new TPs and by-
products that could be more harmful to ecosystems and human health.
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For the families of compounds covered in this thesis, the only regulations
are related to formulations, limiting the percentage of a compound (or
a mixture of compounds from a particular family) in the total mass of
ingredients constituting a product. In the case of UVFs in Europe, their
individual concentration in formulations is limited to 10% top (European
Parliament and the Council of the European Union, 2009). BP3, for example,
is limited to 6% of the formulation for face, hand and lip products but only
to 2.2% in body products, while OC is only allowed to 0.9% in propellant and
spray products but up to 10% in the rest (ECHA EUROPE, 2022). However,
this regulation does not specify any limit for a mixture of UVFs, allowing
commercial companies to combine them without limitation. This European
regulation is very similar to the ones applied in New Zealand, Australia,
most of the Asiatic countries (China, Hong Kong, Japan, India, Taiwan, Arabic
countries, and ASEAN countries), Turkey, and Canada (Agawin et al., 2022).
In the USA, the Food and Drug Administration (FDA) agency considers that
almost all organic UVFs ingredients require further investigation to determine
if they are safe (generally recognized as safe and effective (GRASE)). Still, no
amount limitations are specified for the formulations (FDA, 2019). However,
sunscreens containing BP3 have already been banned in Hawaii, Key West
(Florida), the Virgin Islands, and Puerto Rico. Furthermore, in Palau, Aruba,
and Bonaire, BP3 is officially banned for use.

Regarding PBs, in areas such as Europe, Japan, and Southeast Asia, the
total concentration of all PBs in a product cannot be higher than 0.8%, and
the individual of any PB cannot be higher than 0.4% of the total (European
Parliament and the Council of the European Union, 2009). For the FDA
agency, PBs are in the same situation as UVFs, and no limit is specified in the
formulations.

Pharmaceutical’s case is unique because they are manufactured for direct
human consumption, so no limitations are specified in the formulations.
Antifouling biocides are neither limited in formulations, but in the case of
irgarol (IRG), it was banned in 2019 (Europe) and 2020 (USA) to be used in
paints for biocidal purposes (European Chemicals Agency (ECHA), 2019; US
EPA, 2020), and the same institutions are evaluating diuron (DIU) with a
similar purpose.
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In the case of PFAS, PFOS and PFOA were globally banned in 2009 and
2020, respectively. Perfluorohexanesulfonic acid (PFHxS) is being considered
for inclusion in Stockholm’s Convention, and perfluorinated carboxylic acids
(C9-14), their salts, and precursors will be restricted in the EU/European
Economic Area (EEA) from February 2023 onwards (European Chemicals
Agency (ECHA), 2022b). Some European countries have set national limit
values for water and soil (Denmark, Germany, the Netherlands and Sweden),
for textiles (Norway) and food contact materials (Denmark). Still, no standard
guidelines have been specified at the European level.

1.3 Pathways and occurrence into the
environment

After the CECs have been used, or at the end of their useful life, they are
disposed of at home (toilet, shower, sink), in industries (effluent), hospitals
(effluent), or in the urban run-off. These pathways lead to the nearest WWTP,
where they arrive along with other contaminants such as oils, microplastics,
and heavy metals (Figure 1.4). Nowadays, most WWTPs present the classical
organigram consisting of a primary clarifier (solid organic matter-water
separation), an aeration step (pumping air encouraging the organic matter
degradation), and a secondary clarifier (removing the remaining solid organic
matter). Therefore, most CECs passing through these processes are only
partially removed because WWTPs are not designed to remove them and,
thus, are still present in the effluent discharged into the environment.

Other anthropogenic pathways, such as agricultural activities or UVFs wash-
off in tourist zones, can suppose a direct entry of CECs into the environment
through rivers, seawater and groundwater. Still, the direct contribution is
small compared to the discharge of WWTP effluents.

Due to their easy entry into the environment, their occurrence has been
reported in many environmental matrices (Table 1.5). In aquatic bodies, CECs
have been detected in wastewater, groundwater, surface water, seawater, and
drinking water (Celi¢ et al., 2021; Golovko et al., 2021; K’'oreje et al., 2022; Ng
et al., 2022; Peng et al., 2018; Wee et al., 2022). The levels reported vary
enormously depending on the type of water, sampling site and surrounding
conditions, so they have been detected from a few ng/L to hundreds of pg/L.
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Figure 1.4. CECs’ pathways into environmental compartments (Stefanakis and Becker, 2016).

Table 1.5. State-of-the-art summary of reported CECs’ occurrence in environmental matrices.

Studied matrix

All types of water

Soil, marine and
continental sediments

Extraction procedures

Easy, cheap and
efficient procedures

Labourious: PLE, SPE

Analysis difficulty

Clean matrix (usually)

Relatively easy matrix

N¢ of CECs analyzed

<100

<50

Concentrations ranie Ve ri variable |ni/ L-ni/m L| 1-2500 ni/i

Studied matrix

Any crop or plant

Fish, mussels, dolphins
coral, birds, seals, etc

Extraction procedures

Variable: UAE,
Soxhlet, QUEChERS

Very variable: PLE, Soxhlet,
MAE, SPE, UAE, etc

Analysis difficulty

Complex matrices

Complex matrices

N2 of CECs analyzed

<20

<20

Concentrations range

1-900 ng/g

Variable (1-1500 ng/g)

PLE: Pressurized liquid extraction; SPE: Solid-phase extraction; UAE: Ultrasounds assistex extraction;
QUEChERS: Quick, Easy, Cheap, Effective, Rugged, and Safe; MAE: Matrix-assisted extraction
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The widespread presence in water and the high lipophilicity of most
CECs lead to their bioaccumulation in organic components, such as soils/
sediments, vegetables/plants, and biota. Soils/sediments are in continuous
and direct contact with water, but they present a much higher component
of organic matter, so CECs present a higher affinity to accumulate on them
(Ben Mordechay et al., 2021; Ledn et al., 2020; Nishimuta et al., 2021). The
soil/sediment extraction usually requires a cleaning step to remove the lipidic
part, which significantly simplifies its analysis. Detected levels of CECs vary
from a few to thousands ng/g.

Biota organisms are more lipidic than sediments, increasing the CECs’
tendency to bioaccumulate. CECs’ uptake in aquatic (e.g. algae) and terrestrial
plants and different types of crops (carrots, lettuces, tomatoes, radish,
corn, rice, cabbage, cauliflower, etc.) have also been demonstrated (Abril et
al., 2021; Mao et al., 2017; Tadi¢ et al., 2019). In animals, CECs’ presence
has been described at different levels of the trophic chain, showing their
biomagnification capacity (McLeod et al., 2014). They have been found in
other species, such as fish (Gago-Ferrero et al., 2015; Ojemaye and Petrik,
2019; Oliveira et al., 2017), coral reefs (Mitchelmore et al., 2021), mammals
(dolphins, seals) (Ahrens, 2011; Alonso et al., 2015), or birds (Xue and Kannan,
2016), showing CECs’ persistence.

Implementing new removal treatments in WWTPs would be the ideal
solution to avoid this indirect pathway into the environment. However,
as explained in section 1.1, this diverse group of contaminants presents a
wide range of physicochemical properties, making it much more difficult.
Therefore, most degradation technologies tested so far can efficiently remove
some CECs, but not others with different properties or behaviour. In addition,
most of these technologies are expensive, such as ozonation.

The most tested treatment is the adsorption of CECs to remove them
from water streams. Many different materials have been evaluated, namely
biochar, granular/powder-activated carbon, silica aerogels, natural clays, ion-
exchange resins, and carbon nanotubes, among others (Antunes et al., 2021).
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Other tested technologies are biological treatments (activated sludge (most
typical), bioreactors, wetlands, algal/fungi-based, etc.), membrane filtration,
and advanced oxidation processes (chlorination, UV radiation, ozonation,
electrochemical/photochemical degradation, etc.). However, most of these
oxidation processes (except ozonation, which is very expensive) are known to
generate new TPs that, in most cases, are even more toxic and persistent than
the original compound (Chen et al., 2018). Combining technologies is also a
common practice to achieve higher removal rates. The investment and public
attention to finding and implementing new technologies are increasing, but
there is still a long way to go.

Given the ease these compounds enter the environment and the difficulty
that, for now, their complete removal entails, the impact they have on aquatic
ecosystems is considerably increasing. Combined with climate change’s
effects, scarcity of freshwater is a real concern that will only worsen with
population increase. In fact, by 2030, the global water demand is expected
to grow by 50% (Guppy and Anderson, 2017). Therefore, the most viable
solution seems to be reusing waste/reclaimed water to cover demands.
Agriculture accounts for 70% of all water withdrawals globally (Guppy and
Anderson, 2017), so reusing water for irrigation purposes would be ideal for
reducing hydric stress.

However, many contaminants (CECs, but also pathogens, heavy metals,
etc.) present in the waste/reclaimed water can be uptaken by the crops
aimed for human consumption. In recent years, more studies have focused on
the feasibility of wastewater reuse in agriculture, but most were developed
in hydroponic and greenhouse environments (Abril et al., 2021; Shenker et
al., 2011; Wu et al., 2015). In most cases, the growing conditions in these
studies are far from real scenarios, hindering to extract sound conclusions
applicable to real agrosystems. Some studies have assessed the CECs’ uptake
by crops in real scenarios (de Santiago-Martin et al., 2020; Liu et al., 2020;
Tadi¢ et al., 2021), but they concluded that more information is needed to
fully understand the processes behind the uptake and the role of the different
variables involved in its cultivation.
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1.4 Pathways and occurrence in humans

The extensive occurrence of CECs in the environment implies that humans
are also exposed to them via different pathways. These potentially harmful
substances enter through various routes of exposure, the main ones being
ingestion, inhalation, and direct application on the body (skin, hair, nails,
etc.).

Pharmaceuticals, are consumed to treat a disease or an injury, entering
directly into the body. UVFs or PBs, are essential ingredients in personal
care products that can be applied, for example, on the skin. In both cases,
after use, CECs are absorbed by the body and partially metabolised and/or
excreted, but they can also be accumulated in different tissues. The other
most important input comes from ingesting contaminated food or drinking
water. After their entrance and occurrence in the environment, it is difficult
to avoid their presence in water or food (such as crops) and thus, their
exposure. For example, the principal exposure pathway to PFAS is ingesting
contaminated food and water, especially near highly contaminated sites
where these compounds are manufactured or where aqueous film-forming
foam has been used (Deluca et al., 2022). In the case of antifouling biocides,
human exposure is probably produced via the ingestion of aquatic species
(e.g. fish).

The determination of compoundsin human samplesis not widely addressed,
and the vast majority of studies in this field are limited to a minimal number
of samples and focus on specific families of well-known compounds (e.g. PFAS
or PBDEs). They generally provide diffuse and not comprehensive data that do
not allow drawing solid conclusions on the overall chemical exposure. There
are few systematic studies and sampling campaigns with the objective of
determining, from a broad perspective, what the compounds that accumulate
in humans are. A good example is the campaigns that are carried out within
the national biomonitoring program, led by the Centers for Disease Control
and Prevention (CDC, USA), in which 300 organic compounds are analyzed
in different human tissues; or the interesting studies that are recently being
carried out under the framework of the European program HBMA4EU, which
focuses on different classes of compounds after a thorough prioritization.
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CECs analysis in human matrices is usually performed in biofluids (breast
milk, urine, blood, etc.) and hair, although studies exist in various tissues (e.g.
placenta). In the case of pharmaceuticals, some studies (Gil-Solsona et al.,
2021) report their presence in the placenta, for example. Still, since its main
pathway is direct consumption, they are expected to be found in the human
body, and exposure studies are meaningless. To the best of the authors’
knowledge, antifouling biocides have not been reported in any human matrix.
Therefore, the average concentrations reported for PFAS, UVFs and PBs
are summarised in Figure 1.5. So far, UVFs and PBs have been detected in
amniotic fluid (0.02-3.38 ng/mL) (Krause et al., 2018; Song et al., 2020), urine
(0.02-10034 ng/mL) (Krause et al., 2018; Meeker et al., 2011; Song et al.,
2020; Zhang et al., 2013), breast milk (0.3-780 ng/g) (Molins-Delgado et al.,
2018), placenta (0.03-11.77 ng/mL) (Valle-Sistac et al., 2016), mother blood
(0.02-3.38 ng/mL) (Kolatorova Sosvorova et al., 2018; Krause et al., 2018;
Song et al., 2020; Zhang et al., 2013) and umbilical cord blood (0.02-71.8 ng/
mL) (Kolatorova Sosvorova et al., 2018; Krause et al., 2018; Song et al., 2020).
PFAS have also been found in urine (0.17-95.35 ng/mL) (Peng et al., 2022),
breast milk (0.002-28.2 ng/mL) (Karrman et al., 2010; Macheka-tendenguwo,
2018), liver (0.20-52.13 ng/g) (Karrman et al., 2010), placenta (0.05-1.02 ng/g)
(Vela-Soria et al., 2021), mother serum/blood (0.03-6.95 ng/mL) (Mcdonough
et al., 2021; Poothong et al., 2017) and umbilical cord blood (0.18-65.61 ng/
mL) (B. Wang et al., 2016). PFOS and PFOA were the compounds found at
higher concentrations in all cases, demonstrating their persistence capacity.

Mother blood*

Cord blood* B PFAS
Placenta” W UVFs
x
% PBs
£ Amniotic fluid*
&
§ Liver®
I
Breast milk*
Urine*
0 60 120 180

Concentration (*: ng/mL; ~: ng/g)

Figure 1.5. Average concentrations of PFAS, UVFs and PBs in human matrices.
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1.5 Risk assessment of the exposure to CECs

Considering CECs’ persistence in both the environment and humans and
the lack of environmental regulations, these contaminants’ potential risks are
significant. However, the assessment of mixtures of compounds and long-
term effects are very complex, especially concerning humans.

UVFs’ endocrine-disrupting capacity has been reported in different species
of fish (Kim et al., 2014; Kinnberg et al., 2015; Krause et al., 2012; Wang et
al., 2016) and rats (Axelstad et al., 2011; Morohoshi et al., 2005; Suzuki et al.,
2005). Some have also been reported to cause hepatoxicity (Liu et al., 2015),
developmental (Balazs et al., 2016) and reproductive outcomes (Kim et al.,
2014), and carcinogenicity (Mao et al., 2017) in different organisms. In the
environment, they cause coral bleaching (Downs et al., 2016) and interference
with metabolic, enzymatic, and reproductive activities in practically all
organisms, especially aquatic ones (Agawin et al., 2022; Huang et al., 2021).
In humans, scarce information about UVFs association with adverse effects is
available, so they are barely known.

Although their extensive use in PCPs, PBs are considered hazardous
to the aquatic environment by ECHA (ECHA Europe, 2022) and are known
endocrine disruptors (Charles and Darbre, 2013; Ding et al., 2022; Nowak et
al., 2018), with increasing potency with the length of the alkyl chain (Gao et
al., 2016; Valle-Sistac et al., 2016). In animals, reproductive (Qishi, 2002a,
2002b) and genotoxic effects have been reported, and in humans, they have
been associated with birth outcomes (Baker et al., 2020; Geer et al., 2017),
premature birth (Baker et al., 2020), reproductive issues (Smarr et al., 2017)
or breast cancer (Amin et al., 2019).
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Pharmaceuticals

Human and veterinary pharmaceuticals are extensively present in the
environment due to the continuous discharge of wastewater and suppose
a major threat to aquatic ecosystems. Some of them, such as DCF, an anti-
inflammatory, are a threat to aquatic animals, plants and mammals since they
can affect the development, growth and immune system (Sathishkumar et
al., 2020). Moreover, some organisms are exposed to these doses for long
periods, potentially leading to chronic toxic effects (Fent et al., 2006). Some
studies have reported reproductive impairment effects in fish exposed to
pharmaceuticals (Nash et al., 2004). But considering the enormous production
rate, the primary concern with pharmaceuticals is the contribution to the
development and prevalence of AGR caused by released antibiotics, a
significant emerging threat to human health (Krzeminski et al., 2019).

Biocides

Once in aquatic ecosystems, biocides can contaminate coastal areas
(Thomas and Brooks, 2010), and they have been reported to cause acute
toxicity in different species of plankton (Jung et al., 2017), algae, crustaceans,
and fish (Bao et al., 2011; Oliveira et al., 2017). Studies assessing their toxicity
in humans are as scarce as those of their occurrence (Mohammed et al., 2018;
Van Boven et al., 1990).

PFAS

PFAS are one of the most concerning groups of CECs since they have
been associated with many adverse health effects in animals and humans.
In animals, they have been associated with immunological, developmental,
endocrine, reproductive, haematological, neurobehavioral and carcinogenic
effects (Kwan et al., 2015; NTP TOX 97: National Toxicology Program. U. S.
Department of Health and Human Services, 2019; Pachkowski et al., 2019;
Research Triangel Park et al.,, 2020). In humans, PFAS have been related
to altered immune and thyroid function, liver disease, lipid and insulin
dysregulation, kidney disease, adverse reproductive and developmental
outcomes, and cancer (Fenton et al., 2017).
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1.6 Analytical methodologies

The type of analysis to detect or quantify CECs depends on the matrix, the
compound’s properties, and the purpose of the study. Depending on these
factors, the sampling and sample preservation, the extraction methodologies,
and the instrumental analysis will vary. Each step for the analysis of CECs
performed in this thesis is briefly explained in the following subsections.

Sampling and sample preservation

Liquid samples (mainly water) were collected in sterile opaque glass
bottles and maintained cool in portable freezers. Later on, the bottles were
stored at -202C until further analysis. In one of the studies, water sampling
was performed with Polar Organic Chemical Integrative Samplers (POCIS).
It consists of a sorbent phase, isolated between two membranes, able to
sequester and concentrate contaminants with considerable logK values
(Magi et al., 2018), and allowed obtaining composite samples over long
periods of time.

In the case of solids
(biota, crops, plants, etc.)
(Figure 1.6), they were
sampled representatively. =
Then, they were put [
in sterile plastic bags
and maintained cool in §
portable freezers. Once '
in the laboratory, they |
were thawed, sliced into
small pieces, freeze-dried,
homogenised, and stored
at -2092C until further &
analysis.

Figure 1.6. Lettuce sampling in experimental plots located in
Palamés WWTP.
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The common extraction technique for liquid samples is solid-phase
extraction (SPE). It consists of a solid material through which the sample
is passed, and the compounds of interest are retained by their physical or
chemical properties. There are different types of SPE cartridges because it
determines the retained compounds. The most commonly used for CECs
extraction are normal-phase SPE (retaining polar compounds) and reversed-
phase SPE (retaining non-polar compounds). Still, recently mixed-mode SPE
(combines properties of both mentioned SPE) has also been extensively used.

Other SPE techniques are HILIC (Hydrophilic interaction liquid
chromatography) or ion-exchange. SPE technique can be performed manually,
automatically or online. Its purpose is to preconcentrate (more volume of
sample passed, more concentration) and to clean up (most of the interferences
are not retained, and the final extract is cleaner). Another valuable technique
for CECs extraction in liquids is liquid-liquid (L-L) extraction. L-L extraction is a
separation process based on the compound’s solubilities into two immiscible
liquids, usually water (polar) and an organic solvent (non-polar). Then, once
CECs are dissolved in the organic solvent, an evaporation step allows its (pre)
concentration and further analysis.

In solid matrices, the extraction step is usually followed by a clean-up to
avoid difficulties in the further instrumental analysis, such as matrix effects,
interferences or low intensity, among others. A consolidated technique for
CECs extraction from solids is pressurised liquid extraction (PLE). In PLE, the
sample is dispersed with an inert material and placed in an extraction vessel,
through which solvent is passed at high temperature and pressure. The
extraction cycle can be repeated to enhance extraction efficiency, even with
different solvents/temperatures. The final extract is collected in a vial and
further analysed. As it is an automated process, this technique is time-saving
and solvent-reducing.
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Matrix solid-phase dispersion (MSPD)
is another useful technique in food and
environmental samples. In MSPD, the sample
and appropriate solid material are placed in
a mortar and manually blended for a certain
time. Thus, abrasion and sample disruption
occurs, and the target compounds are
dissolved in an organic solvent (Xu and Lee,
2012). This green-chemistry method is speedy
and saves large volumes of solvents.

QUEChERS technique (abbreviation of
Quick, Easy, Cheap, Efficient, Rugged and
Safe) was initially developed for the extraction
of pesticides from fruits and vegetables
(Anastassiades et al.,, 2003) (Figure 1.7).
The first step consists of an L-L extraction
(usually with acetonitrile (ACN)), followed by
a clean-up through dispersive SPE (d-SPE),
where a sorbent is used to remove undesired
matrix components (organic acids, pigments
and sugars) commonly present in foodstuff.
Recently, its applicability has been extended
to other families of CECs, such as pharmaceuticals or PFAS, in different
environmental matrices, such as sediments or biota (Nannou and Boti, 2019;
Sznajder-katarzy et al., 2020).

Figure 1.7. QUEChERS
extraction of lettuce samples.

Ultrasound-assisted extraction (UAE) is another easy and useful extraction
technique. It uses mechanical energy (ultrasound waves) to favour the
compounds of interest to be dissolved in a solvent, and it is commonly
combined with other techniques.

For the analysis of CECs in challenging matrices, the usual practice is
combining different extraction techniques (for example, PLE and SPE) to
improve the extraction efficiency and obtain a cleaner extract for instrumental
analysis. Usually, a final (near)evaporation step is performed to reduce the
solvent volume, concentrate the analytes of interest, and obtain a suitable
volume for chromatographic vials (~ 2 mL).
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Sections 1.3 and 1.4 explain the occurrence data of CECs in the environment
and human samples, where CECs are usually found within the range ng/L-ng/
mL (or ng/kg-ng/g). Only powerful analytical techniques with the required
sensitivity, precision, and robustness can be used to achieve these low levels
in complex matrices. Thus, high-performance liquid chromatography coupled
to tandem mass spectrometry (HPLC-MS/MS) is the ideal technique for CECs
determination. Through HPLC, the extracted analytes are separated based on
their distribution or affinity between two different phases. One of the phases
is active and remains motionless (stationary phase), and the other is mobile
(mobile phase) and passes (or percolates) through the stationary phase.
In HPLC, this separation occurs along a chromatographic column, and the
stationary phase material in the column and mobile phase (solvents) passing
through vary depending on the analytes’ properties. The separation efficiency
depends mainly on particle size, diameter, column length, flow rate, pH, and
temperature.

For CECs analysis, reversed-phase columns (made of C18 or C8) are the
standard ones because they efficiently separate non-polar compounds. CECs
have more affinity for the stationary phase and elute later (higher retention
times) than polar compounds that do not interact with it. However, other
LC-columns can be required for the analysis of specific compounds. For
example, polar compounds are weakly retained in reversed-phase columns
for their separation. Normal-phase columns (polar stationary phase) with
non-polar solvents are used in this case. However, for those analytes that
are not soluble enough in polar solvents, the mobile phase is a combination
of agueous-organic phases. This technique is known as hydrophilic liquid
chromatography (HILIC), and its popularity has strongly increased over
the last few years. Other columns, such as ion-pair (IPC) or ion-exchange
(IEC), take advantage of the charge to separate analytes and are helpful in
separating ionic substances. Finally, supercritical fluid chromatography (SFC)
is a hybrid technique between HPLC and gas chromatography (GC), that uses
a supercritical fluid as mobile phase. It allows the retention of compounds
with different polarities but requires high operating (the mobile phase has
to be maintained in a supercritical state) and equipment costs. A summary of
the most suitable technique depending on the polarity of the compounds is
shown in Figure 1.8.
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Figure 1.8. Polarity scheme for chromatographic separation techniques (reversed-phase liquid

chromatography (RPLC), hydrophilicinteraction liquid chromatography (HILIC), ion chromatography

(IC) and supercritical fluid chromatography (SPF)) based on logk_ values (based on (Bieber and
Letzel, 2020)).

Once the analytes are separated, they are detected with a mass
spectrometry (MS) analyser. This technique ionises chemical species and sorts
the ions based on their mass-to-charge ratio (m/z). The detection of the ions
can be qualitative or quantitative (based on their respective m/z abundance).
The common ion source for CECs analysis with HPLC is electrospray ionisation
(ESI). It provides a simple and sensitive way to ionise solutions and is
effectively coupled to multiple chromatographic techniques.

Mass analysers can be separated into two groups depending on their
resolution. Low-resolution mass spectrometers (LRMS) give the nominal m/z
values (e.g. CFF = 195 in positive ionisation), while HRMS are able to provide
m/z values with up to 5 decimals (e.g. CFF = 195.08765). The most commonly
used LRMS are quadrupoles (four cylindrical rods set in parallel to filter
the ions by applying electric fields) and ion traps (a combination of electric
and magnetic fields to trap ions in a specific region). Concerning HRMS,
orbitrap (two external electrodes and one central that filters ions based on
its oscillation frequency) and time of flight (TOF) (an electric field that filters
the ions based on the time they use to cover a known distance) are the most
used.
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LRMS are usually combined in tandem with other LRMS (triple quadrupole
(QqQ) or quadrupole-ion trap (q-TRAP)) or HRMS (g-Orbitrap or g-TOF)) to
achieve more levels of fragmentation of the ion of interest to elucidate or
confirm its structure.

Depending on the purpose in the analysis of CECs (identification or
guantitation), they can be divided between the target or non-target analysis.
LRMS can almost only be used for target analysis, as their elucidation power
is extremely limited. However, they provide a bit higher sensitivity compared
to HRMS instruments. That is why target analysis of CECs is traditionally
performed with LRMS instruments under Multiple Reaction Monitoring
(MRM). This acquisition mode means that the first quadrupole isolates
parent ion m/z, which is fragmented in the second quadrupole, acting as a
collision cell, and (at least) two of their fragment ions are then isolated in the
third quadrupole. These transitions between the parent ion and the two most
intense fragment ions, as well as the correct ratio between both transitions,
are used to identify with confidence the CEC of interest. As mentioned, it
is a very sensitive approach, helped by really specific extraction methods to
reduce interferences and recover the analytes of interest as much as possible.
In fact, it permits a reliable quantitation but requires a priori selection of the
analytes of interest. For this reason, the determination is only of a limited
number of target compounds (decided a priori), and using reference standards
is mandatory. As said before, the extraction method is critical and must be as
specific as possible for the compounds to be analysed.

Currently, the performance of target analysis has also been done with
HRMS instruments, thanks to the increase in sensitivity, joined to the great
selectivity that HRMS provides. Although sensitivity is lower than LRMS, around
one order of magnitude, the possibility of doing wide-scope target analysis or
suspect analysis provides a broader coverage of compounds present in our
samples, which helps to have a comprehensive idea of compounds’ presence,
which helps to select, in a future target analysis step, those compounds that
actually appears there.
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When non-target (or suspect) approaches are used, HRMS is required. For
CECs analysis, data acquisition is commonly performed under Data Dependent
Acquisition (DDA) or Data Independent Acquisition (DIA). In both cases,
initial full-scan analyses the precursor ions entering the instrument. Then,
in DDA, some of these precursor ions are isolated based on different criteria
(e.g. intensity or inclusion list) and further fragmented. With appropriate
instrumentation, these fragment ions can also be fragmented as many times as
desired (MSn) to obtain extra information about specific moieties’ positions.
In DIA, all the precursor ions (without pre-selection) are fragmented using
a high energy (HE) function, obtaining a combined mass spectrum of all the
precursors entering simultaneously. New DIA methodologies have appeared
(e.g. SWATH in SCIEX), where more than one HE functions are acquired,
obtaining less interfered functions and facilitating further compounds
elucidation.

On the one hand, non-target approaches allow comprehensive screening
for virtually (as they must be ionizable) any compound present in the samples,
independently of the reference standards’ availability. In addition, it allows a
retrospective analysis, which means reanalysing already acquired data in the
future for searching specific information (for example, compounds described
in the future that we suspect can be in our already injected samples). On the
other hand, HRMS is less sensitive than LRMS, and much more data processing
is required for the reliable identification of compounds. Therefore, the use of
databases and in-silico fragmentation tools is almost mandatory.

Depending on confidence in compound identifications, different levels are
assigned, as proposed by (Schymanski et al., 2014.) Figure 1.9 shows this
scale with confidence levels.

Non-target methodologies, notwithstanding, can also act as “quantitative”
techniques, with their limitations. For example, new methods have been
developed recently to semi-quantify (quantification without any reference
standard). However, they are still in development, and some reference
standards are still needed for reliable compound quantification. In this
case, SPE is not required to be as selective as in LRMS methodologies but
sometimes recommended to remove matrix interferences, such as in the case
of biological or solid matrices.

37



Chapter 1

Example

Figure 1.9. Proposed identification levels in high resolution mass spectrometric analysis.

{ Level 3: Tentative candidate(s)

Identification confidence

Level 1: Confirmed structure Mg
by reference standard !

Level 2: Probable structure
a) by library spectrum match MS,
b) by diagnostic evidence MS,

structure, substituent, class MS,

{ Level 5: Exact mass of interest MS

(Schymanski et al., 2014)
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Thesis objectives and structure

2.1 Objectives

The primary objective of this thesis is to develop, validate and apply target
and non-target analytical methodologies for the determination of CECs in
environmental and human samples. The attainment of this main objective
implies other specific objectives:

- Develop and validate target and non-target (U)HPLC-MS-based
methods for a wide range of samples, including water, sediments, soils, biota,
vegetables and umbilical cord blood.

- Evaluate the presence and potential impact of CECs in diverse
environmental ecosystems.

- Monitor CECs to evaluate the performance of well-established and
novel elimination/degradation treatments for their efficient removal from
wastewater.

- Assess the feasibility of water reuse in agriculture by determining CECs
translocation from irrigation water to crops.

- Investigate the risk posed by CECs to humans under diet and maternal
transfer exposure.

- Apply non-target strategies to broaden the scope of the CECs analysed
and identify related transformation products.

- Demonstrate that analytical target and non-target strategies are

complementary and necessary to obtain a more accurate picture of the CEC’s
occurrence and impact.
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2.2 Structure

This thesis is presented as a compendium of articles. It is divided into
seven chapters, and the structure summary is shown in Figure 2.1. Chapter
1 introduces the definition of CECs, the different families within this group,
and the specific ones on which this thesis focuses. The regulations on CECs
worldwide are summarised, and the potential pathways and occurrence in the
environment and humans are also described. Then, the most used analytical
methodologies and techniques for CECs analysis are explained, together with
the ones used in this thesis. Finally, target and non-target approaches, as well
as their role in TPs’ identification are described.

Chapter 2, this chapter, explains the main and specific objectives of the
thesis and its structure. Chapters 3, 4, 5 and 6 include the experimental work,
the relevant articles, the results achieved and discussions. The four chapters
are separated by topic, following a circular structure, i.e. since CECs are
determined in the environment (Chapter 4), followed by the implementation
of degradation technologies (Chapter 5), the reuse of reclaimed water for
agriculture (Chapter 6), and, ultimately, human exposure through diet and
maternal transfer (Chapter 7). All the chapters follow the same structure, with
an initial introduction of the subject and an explanation of the methodologies
used (when necessary), followed by the articles included in the chapter and a
final joint discussion.

In Chapter 3, novel data on the occurrence of CECs (mostly PPCPs and
biocides) in different environmental matrices are presented and discussed.
It includes four publications reporting the occurrence of CECs in Posidonia
oceanica, seawater, sediments, and fish. These are the corresponding
published works:

- Publication #1: N. S. R., Agawin., Sunyer-Caldu, A., Diaz-Cruz, M. S.,
Frank-Comas, A., Garcia-Marquez, M. G., Tovar-Sdnchez, A., “Mediterranean
seagrass Posidonia oceanica accumulates sunscreen UV filters”, 2022, Marine
Pollution Bulletin, https://doi.org/10.1016/j.marpolbul.2022.113417
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- Publication #2: Fenni, F., Sunyer-Caldu, A., Ben, M. H., Diaz-Cruz, M.
S., “Contaminants of emerging concern in marine areas: first evidence of UV
filters and paraben preservatives in seawater and sediment in Eastern coast
of Tunisia”, 2022, Environmental Pollution,

https://doi.org/10.1016/j.envpol.2022.119749

- Publication #3: Lotz, K., Sunyer-Caldu, A., Caldas, S., Gilberto, E.,
Fillmann, G., Diaz-Cruz, M. S., “Rapid and cost-effective multiresidue analysis
of pharmaceuticals, personal care products, and antifouling booster biocides
in marine sediments using matrix solid phase dispersion”, 2021, Chemosphere,

https://doi.org/10.1016/j.chemosphere.2020.129085

- Publication #4: Lotz, K., Sunyer-Caldu, A., Caldas, S., Gilberto, E.,
Fillmann, G., Diaz-Cruz, M. S., “Distribution in marine fish and EDI estimation
of contaminants of emerging concern by vortex-assisted matrix solid-phase
dispersion and HPLC-MS/MS”, Submitted to Marine Pollution Bulletin.

In Chapter 4, CECs’ degradation novel technologies are tested and evaluated
to achieve higher removal rates for PPCPs than those by conventional
techniques in wastewater. Degradation pathways and transformation
products’ identification are also presented and discussed. Four publications
are included in this chapter, two based on the removal with algae, one on soil
aquifer treatment, and the last one on oxidative degradation.

- Publication #5: Vassalle, L., Sunyer-Caldu, A., Uggetti, E., Diez-
Montero, R., Diaz-Cruz, M. S., Garcia, J., Garcia-Galan, M. J., “Bioremediation
of emerging micropollutants in irrigation water. The alternative of microalgae-
based treatments”, 2020, Journal of Environmental Management,

https://doi.org/10.1016/j.jenvman.2020.111081

- Publication #6: Vassalle, L., Sunyer-Caldu, A., Uggetti, E., Diez-
Montero, R., Diaz-Cruz, M. S., Garcia, J., Garcia-Galan, M. J., “Behavior of UV
Filters, UV Blockers and Pharmaceuticals in High Rate Algal Ponds Treating
Urban Wastewater”, 2020, Water, https://doi.org/10.3390/w12102658
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- Publication #7: Sunyer-Caldu, A., Benedetti, B., Valhondo, C., Martinez-
Landa, L., Carrera, J., Di Carro, M., Magi, E., Diaz-Cruz, M. S., “Using integrative
samplers to estimate the removal of pharmaceuticals and personal care
products in a WWTP and by soil aquifer treatment enhanced with a reactive
barrier”, Submitted to Science of the Total Environment.

- Publication #8: Calzadilla, W., Espinoza, C., Diaz-Cruz, M. S., Sunyer-
Caldq, A., Aranda, M., Pefia-Farfal, C., Salazar, R., “Simultaneous degradation of
30 pharmaceuticals by anodic oxidation: Main intermediaries and by-products”,
2021, Chemosphere, https://doi.org/10.1016/j.chemosphere.2020.128753

In Chapter 5, the feasibility of reusing wastewater and reclaimed water
in agriculture is evaluated, with the development of new fast and simple
analytical methodologies and the determination of CECs and TPs in different
types of crops. It consists of four papers, three in the real field (in Palamos,
Girona) and one in hydroponics at laboratory scale.

- Publication #9: Sunyer-Caldu, A., Diaz-Cruz, M. S., “Development of
a QUEChERS-based method for the analysis of pharmaceuticals and personal
care products in lettuces grown in field-scale agricultural plots irrigated with
reclaimed water”, 2021, Talanta,

https://doi.org/10.1016/j.talanta.2021.122302

- Publication #10: Sunyer-Caldu, A., Sepulveda-Ruiz, P., Salgot, M., Folch-
Sanchez, M., Barceld, D., Diaz-Cruz, M. S., “Reclaimed water in agriculture:
a plot-scale study assessing crop uptake of emerging contaminants and
pathogens”, 2022, Journal of Environmental Chemical Engineering,

https://doi.org/10.1016/j.jece.2022.108831

- Publication #11: Sunyer-Caldu, A., Quintana, G., Diaz-Cruz., M. S,,
“Pharmaceuticals and personal care products uptake by crops irrigated with
reclaimed water and human health implications”, Submitted to Science of the
Total Environment.

- Publication #12: Sunyer-Caldu, A., Golovko, O., Kaczmarek, M., Asp, H.,
Bergstrand, KJ., Gil-Solsona, R., Gago-Ferrero, P., Diaz-Cruz, M. S., Ahrens, L.,
Hultberg, M., “Occurrence and fate of contaminants of emerging concern and
their transformation products after uptake by Pak Choi vegetable”, Submitted
to Environmental Pollution.
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In Chapter 6, the studies assessing human exposure to CECs and their
intake capacity are included. The two papers included consist of the method
development and assessment of prenatal exposure to CECs with a target
and suspect screening of umbilical cord blood. The risk assessment of the
exposure through the diet (fish and crops) from Publications #4 and #11 is
also included in this chapter to discuss the estimation of daily intake values
(EDI).

- Publication #13: Sunyer-Caldq, A., Perid, A., Diaz, M., |Ibainez, L., Gago-
Ferrero, P., Diaz-Cruz, M. S., “Development of a sensitive analytical method
for the simultaneous analysis of benzophenone-type UV filters and paraben
preservatives in umbilical cord blood”, 2021, MethodsX,

https://doi.org/10.1016/j.mex.2021.101307

- Publication #14: Sunyer-Caldu, A., Perid, A., Diaz, M., Ibadez, L., Gil-
Solsona, R., Gago-Ferrero, P., Diaz-Cruz, M. S., “Target analysis and suspect
screening of UV filters, parabens and other chemicals used in personal care
products in human cord blood: prenatal exposure by mother-fetus transfer”,
Submitted to Environment International.

Finally, the general conclusions of this thesis are collected in Chapter 7.
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Occurrence of CECs in the marine enviornment

3.1 Introduction

The marine environment is an essential component of the global life-
support system. Oceans cover 71% of the Earth's surface and sustain humans
with food and oxygen (United Nations Environment Programme, 2022).
Despite the wealth of fauna and flora, they are probably the least understood
and most undervalued of all ecosystems. The population growth worldwide
is constant, as well as the industrial production to fulfil the needs of this
population (Gorito et al., 2017). This is especially evident in natural areas
where tourism is massive, and thousands of people enjoy natural paradises
and visit small regions. In many cases, it causes very stressful conditions for
the marine fauna and flora in the area, and CECs play an essential role in
this pressure (Ledn et al., 2020). For example, commercial cruises and other
kinds of ships represent a significant source of pollution because they are like
floating cities that evacuate the wastewater produced on board directly to the
sea without any treatment (Brumovsky et al., 2017). Furthermore, antifouling
biocides in the hull’s painting of the ships represent an environmental
issue. Antifouling emissions are one of the most significant marine traffic
environmental impacts recognised as a threat to coastal environmental
health (Karlsson et al., 2010). They have been reported to be toxic for many
aguatic species (Bao et al., 2011), and their monitoring is crucial to assess
the potential adverse effects in the ecosystems. After two years of pause,
mass tourism has resumed, so this problem is only expected to worsen.

CECs’ occurrence in continental compartments, such as rivers, soils, or
biota (Starling et al., 2019), has been extensively studied in recent years.
However, since water is CECs’ main vehicle, it represents a continuous
discharge of these contaminants, via WWTPs’ effluents or freshwater, to
the marine environment. Despite the dilution effect, all marine species are
continuously exposed to them, producing unknown effects on ecosystems
and marine organisms.
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Thus, this chapter of the thesis focuses on the marine environment rather
than continental compartments; it represents the ultimate sink of CECs, and
the biota and ecosystems’ diversity is considerably richer than in freshwater
bodies. New methodologies were developed to comprehensively understand
the PPCPs’ and biocides’ fate in the marine environment. The CECs’ occurrence
was studied in many different matrices from different locations (remote areas,
but also stressed touristic places).

A wide range of locations could be selected to assess the impact of
tourism and anthropogenic activities on the environment and the consequent
occurrence of contaminants. For example, a representative area of massive
tourism is Mallorca island, which received 17 million tourists in 2019.
Considering that the island has only ~210 km? of territory, but counting
more than 600,000 touristic accommodations, the stress on the surrounding
ecosystems is noticeable. It is an ideal monitoring area since it is located
in the Mediterranean area, particularly susceptible to climate change and
human activities (Celma et al., 2022).

To assess the impact of tourism over the years, an endemic Mediterranean
seagrass named Posidonia oceanica (Figure 3.1) was selected in Publication
#1. Posidonia plays important ecological roles in the Mediterranean
coasts; they maintain 8
oxygenated water,
stabilise sediments, and
supports a high diversity
of micro and macro-
organisms. Furthermore,
it is ideal because it is
a good bioindicator of
the ecosystems’ quality
status and allows,
at the same time, a
time-trend  evaluation
of the contaminants
accumulated in them.

Figure 3.1. Posidonia oceanica fields.
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This measurement can be done by taking advantage of the fact that
internodal lengths follow oscillating year cycles. Three sampling points were
selected to ensure the real anthropogenic impact, one close to populated
cities or industrial activities and another in a remote area, as shown in Figure
3.2. In this case, only UVFs and PBs were analysed because of the usual
correlation with their occurrence in highly touristic areas.

Another touristic zone in the Mediterranean coastline is the coast of
Madhia, in Tunisia. It is characterised by big coastal resorts, and it is the
fourth most visited country in Africa. Despite being a touristic destiny, scarce
information about CECs’ occurrence in this area is available. Therefore, to
assess the time-trend patterns and contamination in this area, an extensive
sampling of seawater and coastal sediments was conducted, presented in
Publication #2. The sampling points were selected following the procedure
described in Publication #1, selecting two points close to urban centres and
one away from anthropogenic activities (Figure 3.2). UVFs and PBs were
analysed, as in the study of Mallorca island.

Finally, another interesting region to monitor is Patos Lagoon (Rio Grande,
Brazil) because, besides the known touristic activity, it presents high maritime
activity, with different harbours and a shipyard. Different points along the
estuary and lagoon were selected in Publications #3 and #4 (Figure 3.2). The
sampling consisted of sediments at different depths and fish (Micropogonias
furnieri) to evaluate the bioaccumulation of antifouling biocides and PPCPs
in both matrices. Sediments were sampled mainly in Sao Paulo’s estuary
and, to a lesser extent, in Patos Lagoon (Rio Grande). Fish was only sampled
in the latter. This publication also includes a risk assessment with the CECs
concentrations found in the fish, but it will be further discussed in Chapter 6
(human exposure to CECs)
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Methodologies

For the analysis of the different matrices included in this chapter, new
methodologies were developed in the case of Publications #3 and 4#, and
previous ones were optimized and directly applied in the case of Publications
#1 and #2.

In the first case, matrix solid phase extraction was combined with vortex-
assisted extraction to develop a simple, fast and eco-friendly methodology,
ideal for small amounts of sample. Lately, this technique has been applied
for many different purposes and matrices in multi-residue analysis, showing
its robustness even with complex matrices (Caldas et al., 2018). Therefore,
the extraction parameters (extraction solvent and solid support) and analysis
conditions were adapted and optimised to analyse sediment and fish samples.

In the second case, the seawater and sediment samples from Publication
#2 were analysed based on previous methodologies (Gago-Ferrero et al.,
2013, 2011), and the Posidonia oceanica from Publication #1 was analysed
with a QUEChERS-based extraction methodology developed in this thesis,
included in Chapter 5.

64

Occurrence of CECs in the marine enviornment

' Terminal 1,2 and 3 |

Figure 3.2. Sampling sites selected for all the publications in this chapter (Samples colour
code : Grey= fish, Red=fish and sediments, Blue=seawater and sediments, Black= sediments,
Green=Posidonia oceanica).
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3.2 Results

This chapter includes four articles (three published and one submitted for
publication). The occurrence of CECs in the marine environment is described
in seawater, sediment, fish and seagrass from different parts of the world
under tourism and industrial impacts. The publications are:

- Publication #1: N. S. R., Agawin., Sunyer-Caldu, A., Diaz-Cruz, M. S.,
Frank-Comas, A., Garcia-Marquez, M. G., Tovar-Sanchez, A., “Mediterranean
seagrass Posidonia oceanica accumulates sunscreen UV filters”, 2022, Marine
Pollution Bulletin, https://doi.org/10.1016/j.marpolbul.2022.113417

- Publication #2: Fenni, F., Sunyer-Caldu, A., Ben, M. H., Diaz-Cruz, M.
S., “Contaminants of emerging concern in marine areas: first evidence of UV
filters and paraben preservatives in seawater and sediment in Eastern coast
of Tunisia”, 2022, Environmental Pollution,

https://doi.org/10.1016/j.envpol.2022.119749

- Publication #3: Lotz, K., Sunyer-Caldu, A., Caldas, S., Gilberto, E.,
Fillmann, G., Diaz-Cruz, M. S., “Rapid and cost-effective multiresidue analysis
of pharmaceuticals, personal care products, and antifouling booster biocides
in marine sediments using matrix solid phase dispersion”, 2021, Chemosphere,

https://doi.org/10.1016/j.chemosphere.2020.129085

- Publication #4: Lotz, K., Sunyer-Caldu, A., Caldas, S., Gilberto, E.,
Fillmann, G., Diaz-Cruz, M. S., “Distribution in marine fish and EDI estimation
of contaminants of emerging concern by vortex-assisted matrix solid-phase
dispersion and HPLC-MS/MS”, Submitted to Marine Pollution Bulletin.
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ARTICLE INFO ABSTRACT

Certain ultra-violet filter (UVF) components of solar creams have negative impacts on coral reefs and have been
prohibited in international tourism destinations Hawaii, Florida, and Palau) to protect coral reefs. In the
Mediterranean coasts which are also hotspots of international tourism and where endemic seagrass Posidonia
oceanica forms extensive meadows, the accumulation of UVF components have not been studied. We report for
the first time, that the rhizomes of P. oceanica internally accumulated UVFs BP3, BP4, AVO, 4MBC and MeBZT
and the paraben preservative MePB. The components BP4 and MePB occurred in higher concentrations reaching
up to 129 ng g" dw and 512 ng g~ dw, respectively. This work emphasizes the need for more experimental
studies on the effects of UVFs on seagrasses and check if we should follow suit to prohibit certain UVFs to protect

Mediterranean Sea
Organic ultr: let filters (UVF)
Sunscreens

this species as what has been done in other regions to protect corals.

1. Introduction

Sunscreen products are contaminants of emerging concern (CECs)
composed of a wide range of organic (e.g., benzophenones, p-amino-
benzoates, and camphors among others) and inorganic compounds [e.g.,
nanoparticle oxides: titanium dioxide (TiO3) and zinc oxide (ZnO)]
ultra-violet filters (UVFs) with light absorption and reflection, respec-
tively, in the range of UV-A and/or UV-B. Sunscreen components enter
the marine environment in both the overlying water and sediments as a
consequence of direct inputs from beach-goers, cruise travels in marine
waters and indirectly through treated domestic and industrial waste-
water discharges (Giokas et al., 7; Tovar-Sanchez et al., :
Gondikas et al., 2014). In coastal ecosystems which are subject to very
high tourism pressure such as in the Southern Mediterranean Sea
(Tovar-Sanchez et al., 2019), high concentrations of UVFs [organic
UVFs, particularly, benzophenone-3 (BP3) and 4-methylbenzylidene
camphor (4-MBC), as well as inorganic TiO; and ZnO] in the surface
microlayer were reported during summer (Sanchez-Quiles et al. 20)
and may pose a threat to Mediterranean coastal ecosystems. The few
studies that are published on the accumulation and effects of these
emerging pollutants have focused on higher components of the marine
food web (e.g., zooplankton, pelagic fishes, dolphins, and birds;
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Sanchez-Quil al., 2020) and for primary producers the focus was on
microalgae (Wang et al., 2016; Haynes and Ward, 0) and lately on
macroalgae (Pacheco-Judrez et al., 2019; Montesdeoca-Esponda et al.,

)21). Most of the research analyzed inorganic components of UVFs and
very few studies have been done on seagrasses despite that sedimenta-
tion is one of the pathways of UVFs in coastal environments (
Quiles et al., 2020). To our knowledge, there are only two studies on
seagrasses, one reporting the effects of Ti in Halophila stipulacea
(Mylona et al., 2020) and the other, on the effects of ZnO in Cymodocea
nodosa (Malea et al., 2019). These were done in experimental set-ups
and did not report accumulation UVF accumulation in the seagrass tis-
sues in the natural environment. In coastal Mediterranean, the endemic
seagrass Posidonia oceanica forms extensive meadows occupying 12,247
km?. They form a very important ecosystem which maintains the health
of the sea and they are classified as priority habitat for conservation
under the Habitats Directive (Dir. 92/43/CEE). Given the importance of
P. oceanica meadows, there is an urgent need for data and information
on the accumulation and effects of CECs (i.e., UVFs) in these meadows so
that environmental policymakers can include in their monitoring pro-
grams these emerging pollutants. This is necessary to have sustainable
tourism in the Mediterranean coasts. In other international tourism
destinations, such as in Hawaii, the Hawaiian Parliament, recently
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approved on April 2018, a bill prohibiting the use of solar protection
products containing BP3 (also known as oxybenzone) and ehtylhexyl-
methoxycinnamate (EHMC, also known as octinoxate), after re-
searchers gave evidence that these components have negative effects on
their corals (Corinaldesi et al., 2018). Other states in the USA (Florida,
Key West, U.S. Virgin Islands, and Puerto Rico) also presented similar
regulations. Nation-wide, the Pacific Nation of Palau was the first
country in restricting the market of solar protection products containing
components, octinoxate, oxybenzone and octocrylene (OC) starting on
January 1, 2020 and prohibits foreign tourists introducing these prod-
ucts to the country (Senate Bill No. 10-135, SD1, HD1, available in https:
//www.palaugov.pw/documents/rppl-no-10-30-the-responsible-to
urism-education-act-of-2018/; Final Report on Sunscreen Pollution
Analysis In Jellyfish Lake Coral Reef Research Foundation (Palau)
available in https://coralreefpalau.org/wp-content/uploads/2017/10/
CRRF-UNESCO-Sunscreen-in-Jellyfish-Lake-no.2732.pdf).

In Mediterranean countries, in spite of the high tourism pressure and
high risk (Diaz-Cruz and Molins-Delgado, 2018; Tovar-Sanchez et al.,
2019) on their coasts, there is no legislation of these types, mainly
because there is no scientific evidence yet which demonstrates the
accumulation and effects and impact of these emergent pollutants on EU
marine coastal waters. Here, we report for the first time, evidences of
internal accumulation of organic UVFs in the rhizomes of P. oceanica in
the coastal sites in one of the top summer island destinations in the
Mediterranean Sea, Mallorca.

2. Materials and methods

The plant materials were taken from three sites in Mallorca: (1) near
the port of the capital Palma at two sampling points (39.547372° N,
2.599127°E and 39.531129° N, 2.591346° E), (2) near the port of
Alcudia (39.833796° N, 3.148142° E) and (3) in a pristine site in Ses
Salines (39.263284° N, 3.051308° E) (Supplementary Fig. S1). The port
of Palma is the busiest port in Mallorca receiving ca. 2 million tourist
cruise passengers yearly and the city offers 49,000 tourist beds while the
port of Alcudia receives less tourist cruise passengers (some 2000) but
also offers high number of hotel tourist beds (28,000) with 90% hotel
occupancy rate during peak summer months (http://dadesdelturisme.
caib.es). In both ports, the seawater also receives wastewater treat-
ment discharges and the P. oceanica meadows near these ports are re-
ported to be in an unfavourable state of conservation (with plant shoot
densities significantly lower) compared with the pristine site Ses Salines
which have plant shoot densities >800 shoots m2 (Supplementary
Table S1) and are less subject to urban and tourism pressure (Agawin
et al., 2018).

In each of the sampling points, between 3 and 4 vertical rhizomes
(the longest) of P. oceanica have been collected by SCUBA diving at 6 to
14 m depth in July 2018. The rhizomes were carefully peeled of hairy
remains of old degrading leaf sheaths baring the scales or nodes (i.e., the
proximal parts that remain attached to the rhizome when leaves die,
Supplementary Fig. $2). The age of the rhizome pieces was determined
by dating techniques based on measurement of internodal lengths (i.e.,
the length of two successive nodes) described in Duarte et al. (1994).
The method takes advantage of the observation that internodal lengths
follow oscillating yearly cycles. The internodal length was measured
using a binocular microscope LEICA MZ16 coupled with an image
analysis system. The average number of leaves annually produced per
shoot was estimated from the seasonal variability in vertical internodal
length as described in Marba et al. (2002). Knowledge of the mean
number of leaves produced annually per shoot during the shoot lifespan
allowed calculation of the annual mean leaf plastochron interval (which
is the time elapsed between the formation of two consecutive leaves;
Erickson and Michelini, 1957), and consequently allowing the conver-
sion of time in plastochron interval units to absolute chronological time
(i.e., years). Selected internodes of different periods (dating from 2001
to 2014, Supplementary Table S1) were cut and pooled and were
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analyzed for different organic components of UVFs (BP3,
benzophenone-1 [BP1], benzophenone-2 [BP2], benzophenone-4 [BP4],
4-hydroxybenzophenone [4HB], 4,4'-dihydroxybenzophenone [4DHB],
2,2/-dihydroxy-4-methoxybenzophenone (benzophenone 8, dioxy-
benzone, DHMB, avobenzone [AVO], 3-(4-methylbenzylidene) camphor
[4-MBC], 2-ethylhexyl-4-methoxycinnamate = [EHMC], ethyl-4-
aminobenzoate [EtPABA], benzotriazole [BZT], 5-methyl benzo-
triazole [MeBZT], dimethylbenzotriazole [DMBZT], benzotriazol-2-yl)-
4-methylphenol UVP), and the paraben preservatives benzylparaben
[BePB], butylparaben [BuPB], propylparaben [PrPB], and methylpar-
aben [MePB]. A total of ten rhizome segments were analyzed.

For the analysis of UVFs and paraben preservatives, an already
developed quick, easy, cheap, effective, rugged, and safe (QUEChERS)-
based methodology used originally to analyze pharmaceuticals and
personal care products (PPCPs) in lettuces was adapted and used
(Sunyer-Caldt and Diaz-Cruz, 2021). Shortly, P. oceanica was freeze
dried and 1 g dw (dry-weight) was used for the analysis. The QUEChERS
extraction methodology was applied using the commercial citrate and
the PSA-Kit-02 kits from BEKOlut® as extraction and dispersive phases.
Next, an aliquot (5 mL) from the supernatant was evaporated until near
dryness and reconstituted to 1 mL. This extract was injected with a
Symbiosis™ Pico from Spark Holland (Emmen, The Netherlands) to a
liquid chromatography (LC) analytical column Hibar Purosher® STAR®
HR R-18 (50 mm x 2.0 mm, 5 pm) coupled to a 4000 QTRAP mass
spectrometer from Applied Biosystems-Sciex (Foster City, USA).
Selected reaction monitoring (SRM) using the two most intense transi-
tions in both positive and negative electrospray ionization (ESI+, ESI-)
was the operating mode. Calibration curves were prepared at 10
different concentrations with a mix of the target compounds in the range
1-700 ng mL ™. The limits of detection of the method (MLODs) ranged
from 0.1 to 1.44 ng g~! dw and the coefficient of determination ranged
from 0.979 to 0.999 in the detected compounds. Limits of detection and
quantification, and precision (relative standard deviation, RSD) of the
analyses of the different organic UVFs and paraben conservatives are
provided in Supplementary Table S2. Different steps in the analysis were
performed as quality assistance or quality control: (1) different blank
methods were included (procedural blank, without matrix or sample);
(2) use of a surrogate standard (BP-13C) as evaluation of the extraction
performance and isotopically labelled standards for the quantification of
the target analytes; (3) use of quality controls at known concentrations
of the target analytes, that were included in the analysis sequence
randomly; (4) following the EU normative (Commission Decision 2002/
657/EC), all compounds were identified with the tR compared with the
standards at a maximum tolerance of 2.5% and ion intensities between
the selected SRM transitions were below 15%; (5) matrix matched
standard solutions were used to correct potential matrix effects, and (6)
cleaning of glass material in the laboratory with ethanol and acetone and
muffling (400 °C) of the non-volumetric one overnight.

3. Results and discussion

The P. oceanica rhizome pieces analyzed dated back from 10 to 22
years (Figure 1). Of the various organic UVFs and parabens analyzed, the
rhizomes of P. oceanica internally accumulated UVF filters BP3, BP4,
AVO, 4-MBC and MeBZT and the paraben conservative MePB (Table 1).
In all of the rhizome segments analyzed, BP4 and MePB occurred in
higher concentrations particularly from the waters of the urbanized
capital of Mallorca (Palma), where these compounds reached up to 129
ng g dw and 512 ng g~! dw, respectively (Table 1). These values
correspond approximately to accumulation rates of 103.2 ng g ! dw
yr~and 409.6 ng g~! dw yr~! respectively, assuming it takes 1.25 yr for
seven internodes to grow (based on our data, an average of 5.6 leaves
yr~ ! have been produced on P. oceanica rhizome or it takes 0.18 yr for an
internode to elongate). Based on the oldest age of the rhizome segment
analyzed from Alcudia (Sample 4, Supplementary Table S1), these
compounds have been internally accumulated since 2 decades ago. This
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Fig. 1. Internodal lengths of the rhizome samples of Posidonia oceanica collected in (A) Alcudia, (B) Palma 1, (C) Palma 2 and (D) Ses Salines. The green circles
correspond with the rhizome segments analyzed (seven internodes each) for the different organic components of ultra-violet filters (UVFs) and paraben conservatives.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Concentrations of organic components of ultra-violet filters (UVFs) * and paraben conservatives” in Posidonina oceanica rhizome samples analyzed.

Sample Site UV Filters (UVFs) (ng g’l dw) Parabene conservatives (PB) (ng g’] dw) >"UVFs (ng g" dw) S PBs (ng g’1 dw)
BP3 BP4(-) AVO 4MBC MeBZT MePB(-)
1 Alcudia - 21.3 17.8 - 2.3 29.5 41.3 29.5
2 Alcudia - 51.3 16.9 2.9 - 185.5 71.0 185.5
3 Alcudia - 24.4 - 1.3 - 34.5 25.6 34.5
4 Alcudia - 33.9 12.8 2.8 - 161.0 49.5 161.0
5 Palma 1 5.2 129.0 48.1 - 4.2 512.0 186.4 512.0
6 Palma 1 - 91.7 - - 6.3 148.5 98.0 148.5
7 Palma 2 8.6 103.1 - - - 205.5 111.7 205.5
8 Palma 2 3.3 91.0 - - - 185.5 94.2 185.5
9 Ses Salines - 44.4 - - - 60.6 44.4 60.6
10 Ses Salines - 66.8 - - 1.0 90.8 67.8 90.8

" UVFs BP1, BP2, 4HB. 4DHB, DHMB, EHMC, EtPABA, BZT, DMBZT, UVP and paraben conservatives BePB(-), BuPB(-) and PrPB(-) were not detected in the samples.

study is the first to report on the accumulation of organic UVFs in sea-
grass tissues, hence, comparison of the concentrations determined was
only possible with organisms of different phyla. The maximum con-
centration of BP4 estimated (129 ng g~! dw) was higher than the re-
ported by Rodil et al. (2019) in bivalves (87 ng g~ dw) from the
Galician coast, Spain. Although the MePB exhibited the highest con-
centrations in the rhizomes of P. oceanica, the comparison of these was
not possible due to the lack of data available on its occurrence in aquatic
species. For the other UVFs analyzed, the range of BP3 content in the
rhizome samples (from undetectable to 8.6 ng g~! dw) was considerably
lower than those detected in coral species by Tsui et al. (2017) in the
Pearl River Estuary, South China Sea (2-31.8 ng g~! dw), and Mitch-
elmore et al. (2019) in Oahu, Hawaii (0-600 ng g’1 dw). The concen-
trations of BP3 and 4MBC we found here (from undetectable to 2.9 ng
¢! dw) were also below those determined in bivalve species by Rodil
et al. (2019; 0-63 ng g ! dw of BP3 and 0-49 ng g 1 dw of 4MBC),
Castro et al. (2018) along the Portuguese coastline (undetectable-622.1
ng g~! dw of BP3 and undetectable-88.3 ng g~ dw of 4MBC), and Cunha

et al. (2018) with specimens commercialized as seafood in Europe (from
undetectable to 85.5 and 56.2 ng g ' dw of BP3 and 4MBC, respec-
tively). The levels of AVO (from undetectable to 48.1 ng g 1 dw) and
MeBZT (from undetectable to 6.3 ng g’1 dw) were similar to those
described by Peng et al. (2015) in the filet and belly of farmed red
snappers from the Pearl River Estuary (filet: 33 + 12 ng g~ dw; belly:
52 + 14 ng g~ ! dw), and Diaz-Cruz et al. (2019) in the cyprinid Squalius
keadicus from the Evrotas River, Greece (3.5-6.2 ng g’1 dw), respec-
tively. In general, given that P. oceanica occupies a lower trophic level as
a primary producer compared with consumer species, it would be ex-
pected for it to accumulate less of these pollutants in its tissues (LeBlanc,
1995). However, it should be noted that the extraction methods for these
chemicals and the water quality of the study sites considered in different
researches may affect the estimations of UVFs concentrations in bio-
logical samples.

In general, the current legislation regulating sunscreen products
around the world includes, depending on the geographical region, a set
of UVFs allowed in their formulations with specified regulations related
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to the concentration ranges of these substances. For instance, among the
UVF detected, BP3, BP4, AVO, and 4-MBC are listed in the EU Regula-
tion CE/1223/09 (Annex VI), which is also applied in New Zealand,
some of the Middle East/Arabic countries, Turkey, and ASEAN coun-
tries, and is similar to the list of UVFs permitted in Australia, Canada,
China, Hong Kong, India, Japan and Taiwan. In the USA, BP3, BP4 and
AVO were recently classified as ingredients that require further inves-
tigation to determine if they are generally recognized as safe and
effective (GRASE) under a proposed rule of the US Food and Drug
Administration (FDA) in 2019 (Federal Register 84FR6204, 2019-
03019). However, sunscreens containing BP3 are actually prohibited
for sale in Hawaii (S.B. NO. 2571, A Bill for an Act, 2018), Florida (Key
West), the Virgin Islands, and Puerto Rico, following scientific reports
regarding its negative impacts on the marine environment (Paredes
etal., 2014; Downs et al., 2016). Similarly, in other locations like Palau
(Responsible Tourism Education Act 2018), Aruba and Bonaire, this
chemical is officially banned for use in sunscreen products. Previous
researchers have demonstrated that BP3 and 4-MBC can cause a variety
of effects on the marine biota (e.g., bacteria, microalgae, corals, echi-
noderms, mollusks, crustaceans, fish, turtles, and mammals), such as
bioaccumulation and biomagnification through the food web, high
levels of toxicity, disruption of the endocrine and reproductive systems,
developmental impairments, oxidative stress, and viral infections
(Danovaro et al., 2008; Paredes et al., 2014; Downs et al., 2016; Cor-
inaldesi et al., 2017; Chen et al., 2018; Barone et al., 2019; Cocci et al.,
2020). Specifically for primary producers such as phytoplankton, BP3 is
mainly associated with cell growth inhibition, decreased photosynthetic
pigments production, damage in the photosynthetic and respiratory
membrane structures, increased reactive oxygen species generation,
decreased metabolic activity and cell morphology alterations (Danovaro
et al., 2008; Rodil et al., 2009; Tovar-Sanchez et al., 2013; Paredes et al.,
2014; Zhong et al., 2019; Thorel et al., 2020). These UVF components
(BP3 and 4-MBC) we found here to accumulate in P. oceanica rhizomes
and it remains to be investigated experimentally whether these com-
pounds actually have deleterious effects on the plant the same way as
was reported for phytoplankton or just accumulated in the tissues.
Although BP4 accumulated at higher concentrations in the rhizome
samples of P. oceanica compared with BP3 and 4-MBC, so far it has been
regarded as a less toxic substance in the marine environment than the
other two (Paredes et al., 2014; Zhang et al., 2017; He et al., 2019) and
scarce information is available in relation to the effects of AVO and
MeBZT (Pillard et al., 2001; Fel et al., 2019). Moreover, the only studies
available on the effects of sunscreen components on seagrasses and
macroalgae were done recently for inorganic UVFs, such as Malea et al.
(2019), who determined that exposure to ZnO nanoparticles disrupted
the functioning of the photosystem II in Cymodocea nodosa, resulting in a
reduced photosynthetic efficiency, and also increased the generation of
Hy0,. Later on, Mylona et al. (2020) assessed the toxicity of TiOa
nanoparticles in Halophila stipulacea and reported significant leaf elon-
gation inhibition, along with impairments in the leaf cell structure and
viability. Liu et al. (2019) also concluded that TiO nanoparticles can
induce oxidative stress responses, disturbances in the antioxidant de-
fense system and decreased photosynthetic pigments content in the
macroalgae Gracilaria lemaneiformis.

Clearly, now that we know that the key component of Mediterranean
coastal ecosystems, P. oceanica accumulates UVFs in their tissues, there
should be more experimental studies done on their effects and check if
we should follow suit to prohibit certain UVFs to protect this species as
what has been done in other regions to protect corals.
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Table S1. List of Posidonia oceanica thizome samples analyzed for the different
organic components of ultra-violet filters (UVFs) and paraben conservatives.

Sample Site Density No. of Year corresponding to  Vertical growth of the
(shoots m?) internodes the rhizome piece rhizome piece

analyzed analyzed (mm)
1 Alcudia 73.1+46.6 7 2012-2014 11.41
2 Alcudia 73.1+£46.6 7 2011-2012 10.97
3 Alcudia 73.1+46.6 7 2003-2004 24.42
4 Alcudia 73.1+46.6 7 2001-2003 24.11
5 Palma 1 68.3+14.7 7 2011-2013 13.68
6 Palma 1 68.3+14.7 7 2009-2011 11.50
7 Palma 2 169.2 +30.7 7 2013-2014 10.13
8 Palma 2 169.2 £ 30.7 7 2012-2013 9.53
9 Ses Salines ~ 888.6 +221.1 7 2010-2012 14.89
10 Ses Salines ~ 888.6 +221.1 7 2009-2010 11.91

Table S2. Limits of detection and quantification, and precision (relative standard
deviation, RSD%) of the analyses of the different ultra-violet filters (UVFs) and
paraben conservatives. LOD: limit of detection; LOQ: limit of quantification; r’:
determination coefficient.

UV Filters (UVFs) LOD (ng g dw) LOQ (ng g dw) r? RSD (%)
BP3 0.79 2.64 0.9919 10.17
BP1 1.00 3.34 0.9870 13.97
BP2 0.46 1.53 0.9972 12.53

BP4 (-) 0.40 1.33 0.9979 15.53
4HB 1.02 3.41 0.9865 11.00
4DHB 0.59 1.96 0.9955 15.53
DHMB 0.79 2.62 0.9920 7.33
AVO 0.33 1.10 0.9986 10.20
4MBC 0.11 0.37 0.9998 11.20
EHMC 0.10 0.35 0.9999 14.60
EtPABA 0.56 1.88 0.9959 21.93
BZT 1.36 4.53 0.9863 9.10
MeBZT 1.30 4.33 0.9882 19.03
DMBZT 1.38 4.61 0.9904 20.80
UvP 1.44 4.80 0.9786 12.83

Parabene conservatives (PB)

BePB (-) 0.78 2.61 0.9920 8.00
BuPB (-) 0.72 2.41 0.9932 7.60
PrPB (-) 1.02 3.40 0.9866 10.00
MePB (-) 0.59 1.98 0.9954 10.60
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Figure S2. Morphology of the seagrass Posidonia oceanica, detailing the structure of the
peeled rhizome.
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ARTICLE INFO ABSTRACT
UV filters (UVFs) and paraben preservatives (PBs) are widely used components in many personal care products.
However, there has been a rising concern for their endocrine-disrupting effects on wildlife once they reach
aquatic ecosystems via recreative activities and wastewater treatment plants effluents. This study addresses UVFs
and PBs occurrence in seawater and sediment impacted by tourism and sewage discharges along the coast of
Mahdia, center East Tunisia. Samples of water and sediment were collected for 6 months from 3 coastal areas.
Among the 14 investigated UVFs, 8 were detected in seawater and 4 were found in sediment. All PBs were
present in seawater and only methylparaben (MePB) was detected in sediment. Benzophenone-3 (oxybenzone,
BP3), benzocaine (EtPABA), and MePB were present in all water samples with concentrations in the ranges
16.4-66.9, 7.3-37.7, and 17.6-222 ng/L, respectively. However, the highest value, 1420 ng/L, corresponded to
tinoxate (EHMC). In sediments, avobenzone (AVO), 4-methyl benzylidene camphor (4MBC), EHMC, 5-methyl-
1-H-benzotriazole (MeBZT), and MePB were detected at concentrations within the range 1.1-17.6 ng/g dw, being
MePB the most frequently detected (89%). MePB and MBZT presented the highest sediment-water partition
coefficients and MePB also showed a positive correlation with total suspended solids’ water content. Overall,
pollutants concentrations remained rather constant along the sampling period, showing little seasonal variation.
This study constitutes the first monitoring of UVFs and PBs on the Tunisian coastline and provides occurrence
data for reference in further surveys in the country.

Keywords:

UV Filters

Paraben preservatives
Seawater

Sediment
HPLC-MS/MS ana
Marine environment

1. Introduction (Malnes et a ), seawater (Lu et al., 2021), and groundwater (Yang

et al., 2017). Specifically, organic ultraviolet filters (UVFs) have

Personal care products (PCPs) constitute a wide variety of items
commonly used by individuals for hygiene, health or cosmetic reasons
(European Parliament and the Council of the European Union, 2009).
Over the past decade, PCPs were considered high concern environ-
mental pollutants because many of them can induce toxicity to wildlife
at environmentally relevant concentrations ( 2021) and are
continuously released into the aquatic environment. PCPs are usually
released in effluents from wastewater treatment plants (WWTPs) (Afsa
et al., 2020; Golovko et al., 2021). Their presence has been documented
from parts-per-trillion (ng/L) to parts-per-billion (pg/L) concentration
in WWTP effluents (Ali et al., 2017), rivers (Diaz-Cruz et al., 2019), lakes

This paper has been recommended for acceptance by Eddy Y. Zeng.
Corresponding author.

E-mail address: sdcqam@ s (M.S. Diaz-Cruz).
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attracted much attention in the last years. They are chemicals with the
capacity to absorb UV radiation to protect human skin, nails and hair
from its deleterious outcomes (Carstensen et al., 2022). The increased
use of UVFs has been directly related to the uprising skin cancer
awareness and the growing concern about skin damage such as photo-
aging (Matouskova and Vandenberg . Nowadays, there is a
widespread demand for sunlight protection products in which UVFs
concentration varies between 0.5% and 10% of the total formula (Kim
and Choi, 2014).

Benzophenone-3 (oxybenzone, BP3) and 2-ethylhexyl 4-methox-
ycinnamate (octinoxate, EHMC) are the two most commonly used UVFs
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in sunscreens worldwide (Glanz et al., 2022), and they have been
extensively detected in wastewater (e.g. BP3 average concentrations of
12,000 ng/L) (Mao et al., 2019) and environmental matrices (Agawin
et al., 2022; Cadena-Aizaga et al., 2022; Wang et al., 2022). For
example, BP3 highest concentration found was 1037 ng/g dw in cod
livers, and EHMC was frequently detected with even higher concentra-
tions in bivalves, fish and crustaceans (Huang et al., 2021). The
discharge of UVFs in the environment has been correlated to multiple
toxicological effects manifested in marine organisms (Carvalhais et al.,
2021; da Silva et al., 2022).

Paraben preservatives (PBs) constitute another group of PCPs
extensively used for their anti-microbial and anti-fungal capacities. They

Mahdia

region.
u/.

Environmental Pollution 309 (2022) 119749

are used as preservatives in food, beverages, and cosmetic products due
to their wide spectrum of antimicrobial activity, low cost, and high
stability at different pH. Lately, the application of PBs has been extended
to pharmaceuticals and drug-associated products being present in nearly
80% of them (Li et al., 2020) and in 32% of baby care products (Gao and
Kannan, 2020). Methyl paraben (MePB) and propyl paraben (PrPB) are
the most abundant PBs found in raw wastewaters with high average
concentration of 30.000 ng/L and 20.000 ng/L, respectively (Haman
et al., 2015). PBs’ estrogenic effects have been extensively reported
(Bachelot et al., 2012; Chebbi et al., 2022; Kang et al., 2019; Mikula
et al., 2009).

In the Mediterranean Sea, Tunisia occupies a coastline of 2290 km,

10 km
| S

o Sampling point . WWTP effluent

Fig. 1. Sampling sites and WWTP locations along Mahdia shore line.
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with over 1566 km of continental coastline, 457 km of linear island, and
267 km of artificial coastline. Mahdia, located in the Eastern center of
Tunisia, stands on over 75 km of shoreline, and represents a suitable
installation for the most active offshore fish farms. Tunisia, and specif-
ically Mahdia, is a very touristic place. In this area, WWTPs are usually
over-exploited and the majority of industries discharge their wastewater
directly into the marine environment. However, additional discharges of
untreated (likely illicit) urban wastewater into the environment also
occur. These factors combined with the lack of regulations about UVFs
and PBs concentrations in surface water and the lack of monitoring of
these compounds, make it an interesting area to investigate their
occurrence.

In this work, a 6 months extensive sampling of seawater and coastal
shore sediments was carried out in 3 touristic coastal cities located in
Eastern Tunisia to monitor the occurrence and fate of 14 UVFs and 4 PBs.
To the best of the authors’ knowledge, this work provides the first data
on UVFs and PBs occurrence in the marine environment of Tunisia.

2. Materials and methods
2.1. Sampling area

The coastal area from Ras Kaboudia to Zarzis manifests a high tide
and it is characterized by a clay sediment and shallow depth (Béjaoui
et al., 2019). The three selected sampling sites cover two of the most
geographically important and topographically different bays of Tunisia,
which are noted as R, Ch and M in Fig. 1. Sampling sites details are
shown in Table S1 of the Supplementary Information (SI).

Briefly, Site R is a wide sandy swimming beach close to two big cities
(Mahdia and Rejiche). Site Ch is a sandy beach characterized by a deep
sea and considerable recreational activities. It is also influenced by a
strong north-south current with an Atlantic origin that travels through
the Tunisian-Sicily channel. Site M is characterized by remarkable tidal
movement, shallow depth, a light current and clayey sediments. It is
close to a very touristic city (Melloulech) that lacks of sanitation pro-
gram, so wastewater is discharged directly into the sea. Sampling
collection details are described in Section S1 of SI. Seawater samples
and sediments were monthly collected in each site in triplicate between
October 2018 and March 2019.

2.2. Standards and reagents

UVFs and PBs standards were of high purity (>98%). Benzophenone-
1 (BP1), benzophenone-3 (oxybenzone, BP3), benzophenone-4 (BP4), 4-
hydroxybenzophenone (4HB), 4,4'dihidroxybenzophenone (4DHB),
ethyl 4-aminobenzoate (EtPABA), 2-(2-hydroxy-5-methylphenyl)-ben-
zotriazole (UVP), avobenzone (AVO), benzylparaben (BePB), pro-
pylparaben (PrPB), butylparaben (BuPB) and methylparaben (MePB)
were purchased from Sigma Aldrich (Steinheim, Germany). 4-methyl
benzylidene camphor (4MBC) was supplied by Dr Ehrenstorfer (Augs-
burg, Germany) while benzophenone-2 (BP2), 2,2-dihydroxy-4-methox-
ybenzophenone (DHMB, BP8), and 2-ethylhexyl 4-methoxycinnamate
(octinoxate, EHMC) were supplied by Merck (Darmstadt, Germany). 5-
methyl-1-H-benzotriazole (MeBZT) was purchased from TCI (Zwijn-
drecht, Belgium). Isotopically labelled standards, solvents, reagents, and
solutions used are described in Section S2 of SI.

2.3. Total suspended solids deter

Seawater samples were analyzed for total suspended solids content
(TSSs) using a UV analyzer (Pastel UV, Secomam, Ales, France). The
analytical method applied was developed and validated by the group
previously and can be found elsewhere (Afsa et al., 2021; Oueslati et al.,
2021).
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2.4. Samples pre-treatment for UVFs and PBs determination

2.4.1. Seawater

Waters were filtered through a nylon membrane filter and a glass
fiber filter to remove all suspended particulate matter. After filtration,
50 pl of the internal standards mix solution at 50 ng/mL were added to
50 mL of the water samples for further online solid-phase extraction.

2.4.2. Sediment

The target PCPs were determined in sediments following the method
developed by Gago-Ferrero et al. (2011) . Briefly, sediment samples
were homogenized, frozen, and lyophilized. Aliquots of 1 g were
weighed, spiked with a surrogate standard solution and extracted by
pressurized liquid extraction (PLE) in an accelerated solvent extractor
(ASE-350) from Dionex Corporation (Thermo Fisher Scientifics, Sun-
nyvale, CA, USA) in two cycles, first with MeOH and then with
MeOH/H0. The resulting extract was brought to 25 ml with MeOH.

Aliquots of 2 ml of the extract’s solution were loaded onto a 0.45 pm
nylon syringe filter and eluted in an LC-vial. Subsequently, the filtrate
was evaporated to dryness under a nitrogen flow. Finally, the dry res-
idue was reconstituted with 50 pl of the internal standards mix solution
and MeOH, and then stored at —20 °C until analysis.

2.5. HPLC-MS/MS analysis and quality assurance

2.5.1. Water samples

Extraction and chromatographic separation of filtered seawater
samples were performed by using the on-line SPE-LC instrument Sym-
biosis™ Pico from Spark Holland (Emmen, The Netherlands). The on-
line SPE of the samples, standard solutions, and blanks was performed
by loading 5 mL of the corresponding solutions at 1 mL/min through a
PLRP-s cartridge previously conditioned with 1 mL of MeOH, 1 mL of
ACN, and 1 mL of HPLC-water (flow rate 5 mL/min). After loading the
samples, all cartridges were washed with 0.5 ml of HPLC-water and then
eluted to the LC-column by the chromatographic mobile phase. The
chromatographic separation was achieved using a Hiber Purospher
®STAR® HR R-18ec (50 x 2.0 mm, 2 pm) liquid chromatography col-
umn (Merck). Detection was performed with a 4000 QTRAP™ mass
spectrometer from Applied Biosystems-Sciex (Foster City, CA, USA).
Analyses were carried out under both positive and negative ionization
using an electrospray ionization probe (ESI+, ESI-). The injection vol-
ume was 5 mL. Additional experimental conditions are listed in
Tables S2 and S3 of SI. The performance of the applied method is else-
where (Gago-Ferrero et al., 2013).

2.5.2. Sediment samples

The analysis of sediments was achieved following the method by
Gago-Ferrero et al. (2011). The HPLC-MS/MS experimental conditions
were the same ones used for the water analysis, except for the extraction
that was carried out off-line. The injection volume was 20 pl.

The target compounds, retention time, transitions selected and in-
ternal standards used are compiled in Table S4 of the SI. The analytical
parameters of the applied methods including limits of detection (LOD)
limits of quantification (LOQ), and correlation coefficients (r2) are
summarized in Table S5 of SL

2.6. UVFs and PBs sediment-water distribution

For a reliable risk estimation, it is important to consider the con-
centration of contaminants in the different environmental compart-
ments. In aquatic ecosystems the distribution of a chemical into water
and sediment is expressed in terms of the sediment-water-partition co-
efficient (Kd), which is the ratio between the concentration of the sub-
stance absorbed onto the sediment and its concentration in the
surrounding water (Equation S1). It informs about the contaminants’
accumulation potential by aquatic organisms (Diaz-Cruz et al., 2019).
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2.7. Quality assurance/quality control and data analysis

The multiple measures applied to ensure the quality of the analysis
from the sampling to the final analysis are described in Section S3 of the
SI. For data analysis, one-way analysis of variance (ANOVA) and t-tests
were performed to TSS data, to assess their similarity or difference.
Correlation analysis between TSS, UVFs and PBs levels in seawater and
UVFs and PBs levels in sediment were performed through Pearson cor-
relation tests. Additional information is provided in Section S4 of the
SL

3. Results and discussion
3.1. Statistical results

ANOVA of the TSS values showed difference of variances among
sites. T-tests assuming unequal variances indicated significant differ-
ences between TSS from site M and from site R, but the other sites’ re-
lationships (M-Ch and Ch- R) were not significantly different.

T-tests for the UVFs and PBs seawater concentrations and sampling
site showed that values in site M and site Ch were significantly different
for EHMC, MeBZT, DMBZT and UVP and values in site R and site CH
were significantly different for MeBZT and UVP. The other sites and
compounds combinations showed no significant differences. Regarding
families, UVFs total concentration was significantly different between
site M and site R, and between site M and Ch. PBs total concentration
was significantly different between sites M and Ch, and between sites R
and Ch. The total load of contaminants (UVFs and PBs together) was
significantly different between sites M and Ch, and between sites R and
Ch, like PBs. In sediments, sites M and Ch were significantly different
with respect to EHMC and MeBZT concentrations, and values in site R
and site Ch were also significantly different for EHMC. Finally, UVFs,
PBs, and total concentration showed no differences among sites.

Correlation tests for all combinations of TSS, UVFs and PBs con-
centrations in seawater and sediments are compiled in Tables S6 and S7
of the SI. Overall, the highest correlation (0.91) was found between TSS
and MePB concentrations. Other significant correlations found were
between EHMC and AVO (0.81), EHMC and MeBZT (0.69), and EHMC
and DMBZT (0.68) concentrations in seawater. All values from the other
tests, along with all the combinations in sediments showed poor or no
correlation (<0.65).
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3.2. Total suspended solids

TSSs in seawater was quite different in the three sites (Fig. S1).
However, t.-tests revealed that only in sites M and R significantly
different TSS values were obtained. Along the sampling campaign, the
detected concentrations were very similar in sites R and Ch (they did not
exceed 14.0 mg/L and 14.5 mg/L, respectively). Monthly distribution of
TSS in sites Ch and R remained within the acceptable levels (Fig. S2 and
Fig. S3). In contrast, TSSs levels in site M remained higher than those
from sites R and Ch (Fig. S4), while the majority of data recorded kept
under acceptable values, the average level in December 2018 was 43.7
mg/L, surpassing the legislation value of 30.0 mg/L (Conseil bib-
liographique de Ministeres, 1989; Ministre de 1'Economie Nationale,
1989). High TSS in water bodies may cause decrease in dissolved oxygen
and increase in water temperature creating an unfavorable environment
for aquatic life. Moreover, high TSS is usually related to higher con-
centrations of bacteria, nutrients, organic pollutants and metals in
water.

3.3. PCPs in seawater samples

Eight out of the fourteen investigated UVFs were detected in
seawater, and all four investigated PBs, as shown in Fig. 2. Concentra-
tion values are listed in Table S6 of SI. Accumulated concentrations
(calculated using Equation S2) in seawater are shown in Fig. S5 and
numerical data are compiled in Table S8, and the average values, con-
centrations range and frequency are listed in Table S9. UVFs was the
group with the highest accumulated concentration (6923 ng/L). Indeed,
the highest average concentration per compound throughout the sam-
pling campaign (494 ng/L) was for UVFs. Considering that UVFs con-
centrations were significantly different between sites, it suggests that the
conditions for accumulating UVFs or the receiving amount of UVFs be-
tween sites were also different. PBs concentration showed the lowest
values in the total accumulated (1147 ng/L) and average per compound
of (287 ng/L). There were not significant differences among sites. This
suggests that the accumulation pattern for UVFs and PBs is quite
different. As an example, the chromatogram recorded for the seawater
sample collected in site M on November 2018 is shown in Fig. S6.

3.4. PCPs in sediment samples

In the sediments, the accumulation pattern was very similar to that
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Fig. 2. Individual concentrations of UVFs and PBs in the seawater samples at the different sampling sites and dates.
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observed in the waters (Fig. S7). Five compounds were detected in
sediments; 4 UVFs (AVO, 4 MB, EHMC, and MeBZT) and the preserva-
tive MePB. Concentrations found are represented in Fig. 3, the corre-
sponding numerical values in Table S11, and additional information in
Table S12 and Table S13 of the SI. UVFs presented the highest total
accumulated concentration (181 ng/g dry weight (dw)), but not on
average per compound (12.9 ng/g dw). PBs total accumulated concen-
tration (69.6 ng/g dw) was lower, but the average concentration per
compound was higher (17.4 ng/g dw). Concerning sediments, there
were no significant differences among sites, suggesting that the accu-
mulation in this matrix depends mostly on the contamination level in the
water rather than on the site characteristics. An example of the chro-
matogram obtained for a sediment sample collected in site M on October
2018 is depicted in Fig. S8.

3.5. TSS-CECs correlation in seawater

The comparison of accumulated TSSs and detected compounds in
seawater revealed that MePB and TSS were strongly correlated (0.91).
The PBs group also showed a positive correlation with TSS (0.67). The
correlation between TSSs, UVFs and PBs in seawater could be an indi-
cator of insufficient WWTPs’ capacity to extensively retain solids and
remove chemical micropollutants from wastewater, being ultimately
released in the marine environment. Only few studies focused on PCPs
adsorption on suspended matter from surface water due to many diffi-
culties encountered in terms of sampling treatment (Silva et al., 2011).
However, to fully understand the relationship between TSSs and the
actual amount of PCPs released in seawater, it is necessary to determine
those PCPs that preferentially tend to adsorb onto the suspended-solid
phase (Terasaki et al., 2012). Therefore, this would explain the high-
est concentrations of some of the compounds (BP3, EHMC, MeBZT and
UVP) that were detected in the periods of higher TSS levels (between
October and December of 2018 in site M), probably because of a higher
organic content of the suspended matter or a better contact and ex-
change along the water column (Molins-Delgado et al., 2017). More-
over, compounds adsorbed on suspended solids that later settle down
onto sediments will show higher accumulation rate in sediments, as is
the case of MePB.

3.6. UVFs and PBs occurrence

BP3 was detected in all water samples in a range between 16.4 and
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66.9 ng/L. The highest concentration was found in site M, followed by
56.7 ng/L in site R, and 36.6 ng/L in site Ch. However, no significant
differences were found between sites. These concentrations are much
lower than BP3 levels reported in coastal seawater samples from tour-
istic areas such as West Indies (1230 ng/L), Spain (3317 ng/L) or Japan
(1258 ng/L) (Horricks et al., 2019; Sanchez Rodriguez et al., 2015).
According to the octanol-water partition coefficient (logKoyw 3.79), BP3
is a lipophilic compound with tendency to adsorb onto suspended matter
and sediment and to bioaccumulate in tissues (fish, shellfish, etc)
(Gago-Ferrero et al., 2015). In the sediment samples analyzed, however,
BP3 was not detected, showing a low sorption affinity to sediment
particles (Rostvall et al., 2018). With a pKa of 7.5, BP3 is a mostly basic
compound that remains in its anionic form in solution, at the pH of
seawater (8.1), which can explain its absence in sediment samples
(Diaz-Cruz et al., 2019). Considering that BP3 occurrence in seawater is
partially related to the wash-off of sunscreen products from swimmers
and bathers, the low values found in a less touristic area seems to be in
agreement. BP3 transformation products (TPs) were sporadically or not
detected in any of the water or sediment samples, probably due to the
low levels of concentration found for BP3, which generate even lower
concentrations of TPs.

4-MBC was absent in the water samples and was below the LOQ in
sites R and M, but present in the sediments from site Ch, ranging from
<LOQ to 17.10 ng/g dw. In previous marine studies, 4-MBC was not
detected in seawater samples, but with a relatively high logKow value of
4.95, it is expected to accumulate in sediments, and it has already been
detected in muscle samples of marine organisms (Horricks et al., 2019)
or in Posidonia Oceanica seagrass (frequently used as coastal water
quality indicator) (Agawin et al., 2022).

EHMC was the compound found at the highest concentration in
seawater (1420 ng/L) and the highest average concentration (296 ng/L).
It was also considerably detected in sediment samples, mostly in site M
(where the concentrations in the water samples were also high). Both
seawater and sediment concentrations were significantly different be-
tween sites M and Ch, suggesting a different accumulation as a result of
the site M characteristics. EHMC showed considerable correlation with
AVO, MeBZT and DMBZT, indicating similar accumulation patterns for
these compounds in water. Measured values are slightly higher than
those reported in previous studies on seawater in Spain (756 ng/L)
(Sanchez Rodriguez et al., 2015) and Norway (390 ng/L) (Langford and
Thomas, 2008). However, EHMC has been detected at similar concen-
trations in rivers (1040 ng/L) (Kameda et al., 2011).
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Fig. 3. Individual concentrations of UVFs and PBs in sediments at the different sampling sites and dates.
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EtPABA was detected in all water samples, but it was absent in the
respective sediment samples, following the same behaviour as BP3. The
concentrations in water were quite constant among samples, ranging
from 7.3 to 37.7 ng/L, showing no significant differences between sites.
These concentrations are in line with those reported in beach waters of
Japan, where EtPABA was measured up to 143 ng/L (Tashiro and
Kameda, 2013), or in Spanish rivers (38.6 ng/L) (Serra-Roig et al.,
2016).

The benzotriazoles detected in this study were MeBZT and DMBZT,
mostly in site M and at similar concentrations in the water samples, but
only MeBZT was detected in the sediment samples, also in site M.
Measured seawater concentrations were significantly different between
site M and site Ch, and even for MeBZT, values were also different be-
tween both sites. UVP was detected in nearly all water samples at similar
levels as MeBZT and DMBZT, but it was not detected in sediment sam-
ples, showing a similar behaviour as BP3 and EtPABA. Highest detected
concentrations for MeBZT, DMBZT, and UVP in water were 34.6 ng/L,
22.5 ng/L and 50.9 ng/L, respectively. The first two were detected in
seawater offshore samples of the Adriatic Sea at slightly lower concen-
trations (9.2 ng/L and 18.5 ng/L) (Loos et al., 2013), and UVP’s levels in
water are slightly higher than others found in seawater (4 ng/L) (Fent
et al., 2014). In sediment samples, MeBZT was exclusively detected in
site M, suggesting a different accumulation and distribution along
sediment structures. The levels observed are low compared with the
ones reported in sediments from China and USA (<165 ng/g dw) (Zhang
et al., 2011).

MePB was the only PB detected in all water samples with a 100%
frequency, but also the only one detected in sediments. The levels found
barely variated among samples (20 ng/L in water and 4 ng/g dw in
sediments) suggesting that the concentrations found do not depend on
the characteristics of the bay. Furthermore, statistical analysis showed
no differences among sites. Some studies report the occurrence of this
compound in rivers at similar and much higher concentrations (Dia-
z-Cruz et al., 2019; Serra-Roig et al., 2016). Other works have reported
similar levels of MePB in sludge (Golovko et al., 2021) or sediments
(Soares et al., 2021). Despite MePB is the least lipophilic paraben
(shorter side chain), it has been reported to accumulate in fish, marine
mammals, invertebrates, and birds (Xue et al., 2015).

BuPB was the second most frequently detected PB (58%), followed
by PrPB (39%) and BePB (11%). This pattern in the frequency of
detection may be explained by the frequency of use, as MePB is the most
commonly used followed by PrPB, BuPB, and eEtPB as stated by the
Federal Food Drug and Cosmetic Act (FD&C Act). The maximum average
concentrations of MePB, PrPB and BuPB were very similar within the
same site and mostly detected in site R with a maximum average of 55.6
ng/L, 8.4 ng/L and 5.1 ng/L respectively. This can be explained by the
higher WWTP effluents pressure on site R. A similar work reported lower
seawater concentrations than those measured in this study for BuPB (0.5
ng/L), PrPB (1.96 ng/L), and BePB (0.1 ng/L) (Zhao et al., 2017),
although, reported concentration in wastewater (Haman et al., 2015)
and rivers (Serra-Roig et al., 2016) are higher, as expected because of the
lower dilution factor.

All detected UVFs present endocrine-disrupting activity ((Bliithgen
et al., 2012; Christen et al., 2011; He et al., 2021; Ramos et al., 2015;
Sang and Leung, 2016), and some of them (e.g. EHMC) demonstrated
bioaccumulation and biomagnification capacity along the trophic chain
(Fent et al., 2010). Being highly lipophilic compounds, PBs can also be
absorbed by human skin, being linked to cause endocrine system and
female reproductive disorders (Gao and Kannan, 2020) and breast
cancer (Jagne et al., 2016).

3.7. Sediment-water distribution
The sediment-water partition coefficient, Kd, could only be calcu-

lated for the compounds detected in paired seawater and sediment
samples. Therefore, Kd was estimated for AVO, EHMC, MeBZT and
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MePB using the average values of each month and site (Table 514). All
Kd values were >30, showing that the mentioned compounds tend to
adsorb onto sediment. The highest Kd value corresponded to MePB (183
L/kg), followed by MeBZT (103 L/kg), AVO (35 L/kg) and EHMC (23 L/
kg), showing the highest values for the compounds with lower logKow
(1.9 and 2 for MeBZT and MePB, respectively). However, to estimate the
compounds mobility in environmental compartments, it is preferably to
use the combination of Kow and pKa (Jurado et al., 2014). MePB and
MeBZT present very high pKa values (8.5 and 8.85, respectively), indi-
cating that they exist in the protonated form in most aqueous systems,
tending to bind strongly to sediments. Furthermore, both compounds
have been reported at similar concentrations in seawater sediments
(Soares et al., 2021). These results highlight the need to consider other
sedimentary phases, to account for the observed, stronger retention of
the compounds investigated according to the expected as regards their
logKow.

3.8. Spatial distribution pattern

The behavior of the contaminants in seawater and sediment was
similar, as site M was the one with higher accumulated values, followed
by site R and site Ch. Some compounds as EHMC, MeBZT, DMBZT and
UVP showed significant differences between sites in seawater, suggest-
ing more affinity with site M conditions. In sediments, only EHMC and
MeBZT showed differences between sites, being M the most contami-
nated site 0. These compounds have the most highest logKow, indicating
large affinity to low polar bodies. As site M is known principally for
small fishing activities, the entrance pathway of these compound to this
site was less expected. However, it could possibly come from nearby
beaches or even from a WWTP, as sea currents in this site facilitate the
accumulation of contaminants from the Northern coasts and they can be
accumulated over long periods of time (Béjaoui et al., 2019). Further-
more, this site is close to a very touristic city where wastewater is most
likely discharged directly into the sea.

The next most contaminated site was R, which could be easily
explained by the close proximity of a WWTP discharging point. More-
over, between 2011 and 2013, 84 reported violations were filed against
the WWTP in regards to the Tunisian norm (NT106-04-1994). Mean-
while, WWTP is sometimes over-exploited or poorly sized to the point
that the treatment cannot satisfy the NT 106-02 standard relating to the
dumping of discharges into the receiving environments.

Finally, it was expected to find site Ch to be the most contaminated
site by UVFs, since the ecosystem services from this area contribute to
61% of the total marine production of Mahdia. However, results showed
that site Ch was the less contaminated site by both UVFs and PBs. This
could be explained by the topographic and hydrodynamics properties of
site Ch, as it is influenced by strong North-South water currents and
presents a very extensive continental shelf, that probably offer certain
protection. Individual accumulation values among sites are shown in
Fig. 4 for seawater samples and in Fig. S9 for sediment samples.

No available information has been found about the consumption
rates of products containing UVFs and PBs in Tunisia. Instead, a study
reporting their presence in urine samples from Tunisian women
(Jiménez-Diaz et al., 2016) was found. BP3 and BP1 (major metabolite
of BP3) were frequently detected in the cohort (65% and 91%, respec-
tively). Regarding PBs, MePB was detected in 94% of the cohort, fol-
lowed by PrPB (71%) and BePB (38%). These results are in accordance
with the concentration patterns found in seawater and sediments in this
work, as BP3 was the only benzophenone-type UVF detected in all
seawater samples, and detection frequency of PBs followed the order
MePB > PrPB > BePB, like in urine. Furthermore, MePB was detected in
all the sediment samples, giving a suitable explanation for its frequent
detection (94%) in the urine. Considering that the urine samples were
collected in two hospitals at least at 100 km from the sampling points in
the coastline of this study, the ubiquity and presence of these com-
pounds in the Tunisian environment appears to be in clear connection.
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Fig. 4. Accumulated concentrations of detected compounds according to sites and groups in the seawater samples (ng/L).

3.9. Current regulation

The European Union restricts the concentration of PBs and UVFs in
cosmetics to a maximum concentration of 0.4-0.8% and from 5% to
10%, respectively (Regulation No 1223/2009) and similar measures are
applied worldwide through different agencies, depending on the country
(e.g. FDA in the USA) (U.S. FDA, 2022). Forbidden and allowed com-
pounds in the PCPs’ formulation also varies a lot among countries. For
example, 27 compounds are allowed in Europe, while only 16 and 32 are
permitted in the USA and Africa, respectively. Even the allowed pro-
portion of each compound varies among regions (Diaz-Cruz, 2020).

Considering that Tunisia is a subtropical touristic country with a
significant sun exposure, there is high consumption of products con-
taining UVFs or PBs, therefore a local policy is required to assess the
efficiency of UVFs removal from the Tunisian marine domain. This study
presents the first attempt to monitor PCPs (UVFs and PBs) in seawater
and sediments in Tunisia’s eastern coast and provides the first data on
their occurrence in its marine environment, which might be considered
to foster future regulations and promote intensive surveys.

4. Conclusions

To the best of the authors’ knowledge, UVF and PBs were investi-
gated for the first time in seawater and sediment of the Eastern Tunisian
coast line. Over a period of 6 months, detected concentrations of UVF
and PBs in seawater and sediment samples showed their widespread
occurrence in all locations and seasons. Overall, 13 compounds were
detected in the water phase (BP3, AVO, 4DHB, EHMC, EtPABA, MeBZT,
DMBZT, UVP, BePB, BePB, BuPB, PrPB, and MePB) and 5 in sediment
(AVO, 4MBC, EHMC, MeBZT and MePB). Three UVFs (BP3, EtPABA,
UVP), and one paraben (MePB) were ubiquitous. Detected values
remained rather constant along the six-months sampling period,
showing little seasonal variation. Some compounds as EHMC, MeBZT,
DMBZT or UVP showed significant differences among sites, evidencing
the particular pressures in each area. EHMC was the compound with the
highest concentration in seawater (1420 ng/L) and MeBZT in sediments
(24.9 ng/g dw). Also, EHMC was the compound with highest average
concentrations in both seawater (296 ng/L) and sediment (4.8 ng/g dw).

MePB and MeBZT showed the highest sediment-water partition co-
efficients, tending to accumulate in sediments. MePB were strongly
correlated with TSS; adsorption to the suspended particulate matter that
further settle down onto sediments would contribute to the high con-
centration of MePB in the sediment samples. Unexpectedly, site M pre-
sented the highest load of pollutants in seawater (6374 ng/L) and

sediment (140 ng/g dw), as site M is the only one that has no WWTP
discharge, suggesting uncontrolled/illicit dumping of wastes to the sea.
Considering the still limited number of ecotoxicological studies, it is
important to fill the current knowledge gaps, some about occurrence
data, to fully understand the PCPs fate and effects after released into the
environment. With improved understanding, appropriate regulations
might be developed based on environmental monitoring and ecotoxicity
data from long-term exposure to aquatic organisms for a reliable risk
assessment and management.
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Section S1. Sampling collection.

Seawater samples were monthly collected along the Mahdia coastline from October 2018 until March 2019. All water samples were collected

from the surface, in triplicate each month in brown glass sterile bottles and kept at -20°C in the dark until analysis. Likewise, sediment samples ‘:I':;
were monthly collected at 1.5 m depth with a Van Veen grab samplers, at the same sites as seawater, also in triplicate in sterile glass containers, =
3]
and stored at -20 °C until analysis. Site R and site Ch presented the same phase of sedimentation, with fine moderately sized grain. Site M, <C
Y
however, presented higher clay composition. = E % N 9O O 5 o 0N
E ™ D D a
el & ™ E — E n
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Section S2. Isotopically labeled standards, solvents, reagents, and solution preparations. gl o Tlo 2o g = =
£z &< 8|2 3 S |8 m
. . © =
Isotopically labelled standards 2-hydroxy-4-methoxy-2,3’,4°,5°,6’-d5 (BP3-d5), 3-(4-methylbenzylidene-d4) camphor (4MBC-d4) and, “g g '8 = 6 2 g 2 e X
=+ = 3 51 =}
benzyl-4-hydroxybenzoate-d4 (BePB-d4) were supplied by CDN Isotopes Inc. (Quebec, Canada) (>99%). Working solvents, including €1 Y ﬁ % Fnl S E u‘é“ ; — %
o|lo 5| S ="
methanol (MeOH), acetonitrile (ACN), HPLC-grade water (Lichrosolv), and reagents formic acid and alumina (aluminum oxide, 99%) were 5 < E 8 3 E fn: _S E % §
2 o | = o] <
purchased from Merck. Nitrogen (>99%) used for evaporation was provided by Air liquid (Barcelona, Spain). Glass fiber filters (0.2 um), g § é § g > = % g)o 2 g
nylon membranes (0.45 pm), and Puradisc syringe filters were obtained from Whatman International Ltd. (Maidstone, UK). Y % & = > 3
[
L L . . ) . 2 © E E n Q2928 8 v n| S
Standards stock solutions, including isotopically labeled standards, were prepared in MeOH and stored in the dark at -20°C. A mixture standard bt n nw o oo 1S
Z 2 I 2 b= o
solution was prepared weekly at 20 mg/L. Working mixture standard solutions were prepared daily by appropriate dilution of the mixture stock s S é ’g é o g
154 =l o <Y} a, () .o
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Section S3. Quality Assurance/Quality control. § § < o E o= =2 2 £ £ £ £ £ £ ¢
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Several measures were applied to prevent contamination and degradation of samples and standard solutions. Personal care and =1 E @ E|= 2|la o < H E E E E E E E
2 | = ol —_
hygiene products that could contain UVFs or PBs were avoided during sampling and sample treatment by the analysts. All glass é E 8 % T § é [ e
B=] -
material containing samples was opaque and the working material was cleaned with MeOH and acetone. The non-volumetric 2 (=} = = eeeeee e
glassware was muffled at 400° C overnight. A blank of the method was performed and quality control samples were introduced ‘q‘é % E
=]
randomly in the analysis’ sequence to ensure the quality of the determination. All the compounds were identified using the ‘é = c e ‘; omwow YN X
=
chromatography retention time (tr) and with the two most intense transitions (first to quantify and second to confirm the analyte), £ 2 S E i §
=) 3] o 0 < [=
as recommended by the European Commission (“2002/657/EC: Commission Decision of 12 August 2002 implementing Council & § v ~—
S . . . . . = -
Directive 96/23/EC concerning the performance of analytical methods and the interpretation of results (Text with EEA relevance) 17} g
5}
(notified under document number C(2002) 3044),” 2002). Surrogate standard recoveries were within the range of 80-120% in all _§ = —_
= K= A
the extracted samples. Limits of detection and quantification can be consulted in Table S5 of this document. g 2 c E
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Section S4. Data analysis = O|T c| © I Z 2
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One-way analysis of variance (ANOVA) was performed on TSS values, to evaluate if site variance was different or not, and consequently, t- g q;) 'g g o i a o - Q9 ©
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tests were individually performed to find out which sites were statistically different (or not) from others. The same procedure was followed b T s g ~ a3 S ‘E
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for UVFs and PBs values found in seawater and sediment samples, individually, as groups, and with the total value. Finally, correlation analysis = L 5
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between TSS, UVFs, and PBs levels in seawater and UVFs and PBs levels in sediment was performed with Pearson correlation tests. Data 1IN I3 O N 3, 2 ‘<’ é
© @l — B3
below the limits of detection were changed to numerical values corresponding to LOD/sqrt(2) to consider the variance as well. ANOVA, t- 3 g N ; g 5,3 E x ™
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Table S13. Average, range and frequency of detection of UVF and PB in the sediment samples (ng/g dw).
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Box plot (TSS spatial distribution)
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Sampling sites (see legend)

. Box plot of total suspended solids’ special distribution in sites M, R and Ch.

Monthly variation of TSS in seawater of site Ch
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Figure S2. Monthly variation of suspended matter in seawater of site Ch (mg/L).
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Figure S3. Monthly variation of suspended solids in seawater of site R (mg/L).
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50.0 Monthly variation of TSS in seawater of site M = AVO

437 m 4MBC

 November 18

N MeBZT
300 December 18 H MePB

o

20.0 M January 19

232 19.9
14.5 135
120 M February 19
10.0
M March 19
0.0

Figure S4. Monthly variation of suspended solids in seawater of site M (mg/L).
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Figure S7. Accumulated concentrations of each group of compounds separated by sites in the sediment samples (ng/g dw).
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Figure S6. Reconstructed ion chromatograms showing the 1* transition obtained for the seawater sample taken in site M on 11/2018.
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Figure S9. Accumulated concentrations of detected compounds separated by sites and groups in the sediment samples (ng/g dw).

Section S6. Equations.

Partition coefficient (Kd) (L/kg)= [CECS]sedimen (ng/g)/([CECS Jwater (ng/L)*1000 (g/kg))
Equation S1. Partition coefficient equation.
Concentration (UVFs) = Y (UVFs)i
Concentration (PBs) = Y (PBs)i

Total accumulated concentration = Concentration (UVFs) + Concentration (PBs)

Equation S2. Total accumulated concentration equation.
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ABSTRACT

Currently, there are many contaminants of concern that need to be accurately determined to help assess
their potential environmental hazard. Despite their increasing interest, yet few environmental occur-
rence data exist, likely because they are present at low levels and in very complex matrices. Therefore,
multiresidue analytical methods for their determination need to be highly sensitive, selective, and
robust. Particularly, due to the trace levels of these chemicals in the environment, an extensive extraction
procedure is required before determination. This work details the development of a fast and cheap
vortex-assisted matrix solid-phase dispersion-high performance liquid chromatography tandem-mass
spectrometry (VA-MSPD-HPLC-MS/MS) method for multiresidue determination of 59 contaminants of
emerging concern (CECs) including pharmaceuticals, personal care products, and booster biocides, in
sediment. The validated method provided high sensitivity (0.42—36.8 ngg~! dw quantification limits),
wide and good linearity (r2 > 0.999), satisfactory accuracy (60—140%), and precision below 20% for most
target analytes. In comparison with previous methods, relying on traditional techniques, the proposed
method demonstrated to be more environmentally friendly, cheaper, simpler, and faster.

The method was applied to monitor the occurrence of these compounds in sediments collected in
Brazil, using only 2 g dw sediment samples, free-solid support, and 5 mL methanol as extraction solvent.
The UV filter avobenzone, the UV stabilizer and antifreeze methylbenzotriazole, the preservative

E-mail address: sdcqam@cid.csic.es (M.S. Diaz Cruz).

https://doi.or 16/j.chemosphere.2020.129085
0045-6535/© 2020 Elsevier Ltd. All rights reserved.
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methylparaben, the fluoroquinolone antibiotic ciprofloxacin, and the biocides irgarol and 4,5-dichloro-2-
octyl-4-isothiazolin-3-one were determined at concentrations in the range 1.44—69.7 ngg~' dw.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Pharmaceuticals and personal care products (PPCPs), and anti-
fouling booster biocides comprise a large group of contaminants
worldwide studied which are currently considered environmental
contaminants of emerging concern (CECs). These substances have
been increasingly investigated in water (Kock-Schulmeyer et al.,
2019), sediment (Batista-Andrade et al., 2016, 2018), sludge
(Cerqueira et al., 2018), and biota (Vieira et al., 2018b). Due to their
physicochemical properties, some compounds have more affinity
for the organic phase, having a greater tendency to be adsorbed
onto sediments and the suspended particulate matter of the water
column (Martins et al., 2018). Besides, they tend to bioaccumulate
in aquatic organisms and thus have been investigated for potential
ecotoxicity (Molins-Delgado et al., 2018a).

In recent years, PPCPs have been regarded as an important
environmental issue since these compounds are widely used in
human and veterinary medicine and represent an important group
of high volume production products (Celi¢ et al., 2018). Within this
group, sunscreen agents, also known as UV filters (UVFs) deserve
major attention for their increasing use as a protection against the
harmful effects of the UV solar radiation (Molins-Delgado et al.,
2018b). They are present in numerous hygiene and beauty con-
sumer goods (cosmetics, sunscreens, and hair-style products,
among others), and have many additional industrial applications
(plastic, rubber, textile materials, etc) to protect the polymeric
materials.

Concerning antifouling booster biocides, their use is directly
related to marine biofouling, defined as a biological phenomenon
characterized by the colonization and/or growth of organisms over
surfaces submerged in seawater. To minimize the problems caused
by biofouling, paints containing chemicals with biocidal properties
were actively developed. More recently, booster biocides, such as
diuron, irgarol, dichlofluanid, 4,5-dichloro-2-octyl-4-isothiazolin-
3-one (DCOIT) and [(1,3-benzothiazol-2-yl)sulfanyl]jmethyl thio-
cyanate (TCMTB) deserve particular attention due to its potential to
contaminate coastal areas (Thomas and Brooks, 2010), already
under the pressure of tourism and its associated PPCPs’ release.

To determine traces of organic contaminants in complex solid
environmental matrices, the development of analytical methods is
undoubtedly one of the current greatest needs. In this regard,
analytical sample preparation procedures employed so far for
organic contaminants determination in environmental solid sam-
ples apply techniques using a high amount of sample and solvents’
volume, generating a lot of waste and requiring long and tedious
extraction methods. Therefore, the application of multi-residue
analytical methods, simple, cost-effective, fast, and minimizing
the amount of reagents, sample, and solvents are preferred. The
major challenge for the simultaneous determination of a wide
range of organic contaminants in the environment results from the
broad spectrum of physicochemical properties combined with the
high complexity of the matrix sample. Furthermore, usually, they
are present at low concentrations, thus requiring a pre-
concentration step (Caldas et al., 2016).

In this regard, an interesting approach is the application of the
matrix solid phase dispersion (MSPD) for extraction and purifica-
tion in CECs analysis. This technique consists of mixing and

blending solid or semi-solid samples with abrasive solid support
and subsequent elution of the target compounds with a small
volume of a suitable organic solvent (Barker et al., 1989). However,
to make the technique more robust, less susceptible to errors, and
environmentally friendly, last years, the original MSPD technique
underwent some modifications. One of these modifications
improving the selectivity of the original technique is vortex-
assisted matrix solid phase dispersion (VA-MSPD). This approach
consists of vortexing the mixture (sample plus solid support) with a
few mL of an organic solvent. This approach reduces some draw-
backs of the original technique such as the package of the mixture,
making the technique simpler, cheaper, and more robust (Caldas
et al.,, 2013). Besides, this miniaturization version of the technique
can still be optimized to further reduce reagent and solvent con-
sumption and waste generation (Soares et al., 2017).

In this context, the present study aimed to develop and validate
a simple, rapid, and cost-effective method based on VA-MSPD and
HPLC-MS/MS for the simultaneous multiclass analysis of 59 organic
compounds of sound environmental relevance (www.epa.gov) and
quite different physicochemical properties in sediment samples.
The selected organic compounds encompass 3 categories: phar-
maceuticals and metabolites, personal care products and degra-
dation products, and antifouling booster biocides. A particular aim
of this work was to highlight the advantages of the combination of
VA-MSPD-HPLC-MS/MS as a compound-selective tool for the trace
determination of CECs environmental contaminants. Finally, the
validated method was applied to the determination of the target
CECs in sediment samples from one of the largest South American
Ports in Brazil.

2. Experimental
2.1. Standards and reagents

Analytical standards (Table 1S of the Supporting Information) of
high purity (96—99.9%) were purchased from Sigma-Aldrich (Ger-
many) and TCI (Belgium). Isotopically labeled analytical standards
were obtained from CDN isotopes (Canada) and Sigma Aldrich
(Germany). Florisil, alumina, silica, formic acid (98%), and ammo-
nium acetate (>96%) were supplied by Merck (Germany), C18 car-
tridges (500 mg) by Isolute (Spain), methanol (MeOH), ethanol
(EtOH), and acetonitrile (ACN) ultra-gradient HPLC grade, ethyl
acetate (EtAc) and dichloromethane (DCM) (organic residue anal-
ysis grade) by J.T. Backer (The Netherlands) and nitrogen (99,999%)
and argon (99.995%) by Air Liquid (Spain).

Stock solutions of individual standards (1000 mg L™') and an
intermediate stock solution containing all analytes (1 mg L™!) were
prepared in MeOH. Daily, standard work solutions were prepared at
appropriate concentrations. All solutions were stored in the dark
at —20 °C.

2.2. HPLC-(QgqLIT)-MS/MS analysis

For the analytical determination, a 4000 Q TRAP™ hybrid triple
quadrupole-linear  ion-trap mass spectrometer (Applied
Biosystems-Sciex; Foster City, Ca, USA), equipped with an HPLC
system with an Alias autosampler was used. Target analytes were
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monitored in electrospray ionization under positive (ESI+) and
negative (ESI-) modes.

The initial conditions selected to develop the method were
based on previous studies (Gago-Ferrero et al., 2011a, 2013a; Serra-
Roig et al., 2016). Chromatographic separation was performed using
a Purosher® STAR® HR R-18 (50 mm x 2.0 mm, 5 pm) (Merck)
column. The elution was performed at a flow rate of 0.3 mL min ™.
For the analysis in ESI+, a mixture of HPLC-grade water and MeOH,
both with 0.1% formic acid, was used. In the ESI- mode, the mobile
phase consisted of the same binary solvent combination containing
5 mM of ammonium acetate. The injection volume was 20 pL in
both modes.

For improve sensitivity and selectivity, the tandem-MS detec-
tion was performed under selected reaction monitoring (SRM)
mode, targeting the two major characteristic fragments of the
precursor molecular ion for each analyte. The most abundant and
the second most abundant transitions were used for quantification
and confirmation, respectively, in line with the EU recommenda-
tion (Commission Decision, 2002/657EC).

General operation conditions for the analysis were as follows:
ESI+: capillary voltage, 5000 V; source T, 700 °C; curtain gas, 30
psi; ion source gas 1, 50 psi; ion source gas 2, 60 psi, and entrance
potential, 10 V. ESI-: capillary voltage, —4000 V; source T, 500 °C;
curtain gas, 20 psi; ion source gas 1, 50 psi; ion source gas 2, 60 psi,
an entrance potential, —10 V (Gago-Ferrero et al., 2013b). All data
were processed using the Analyst software V 1.4.2 (Applied
Biosystems).

Once the chromatographic conditions were established, a
chromatogram under total ion mode in both positive and negative
electrospray ionization modes were recorded for a mixture stan-
dards solution in MeOH at 700 ng mL™. Fig. 1S illustrates the
chromatogram in the positive mode and Fig. 2S in the negative
mode, respectively. According to Figs. 1S and 28, it is possible to
observe that many compounds obtained close retention times or
else, they co-eluted. The lack of resolution in a chromatogram can
be a problem in liquid chromatography when coupled with tradi-
tional detectors such as UV since they are specific enough when
spectral differences are small. However, the use of LC-MS/MS can
circumvent these problems of chromatographic separation, since
MS/MS and SRM mode used are highly selective.

2.3. Sample collection and TOC determination

Eight sediment samples were collected in Santos-Sao Vicente
Estuarine System (SSES) (Sao Paulo) and a shipyard at Patos Lagoon
Estuary (Rio Grande do Sul). Samples were collected at different
depths, using a stainless steel Ekman grab, in areas under influence
of maritime anthropogenic activities.

The sediments were lyophilized, homogenized and stored
at —20 °C for subsequent analysis. The granulometry was deter-
mined according to Gray and Elliott (2014), whereas total organic
carbon (%TOC) was measured, after de-carbonation of the sediment
samples, using a TOC-L SSM 5000 A (Shimadzu) instrument
(Kristensen and Andersen, 1987).

24. VA-MPSD extraction

To develop the method, the initial conditions were selected
based on a previous study where VA-MSPD was applied for diuron,
irgarol, TCMTB, and DCOIT extraction from sediments (Batista-
Andrade et al, 2016). Considering that it was a multi-residue
method, VA-MSPD was optimized to obtain recovery rates of
100 + 40%, with relative standard deviation (RSD) below 20%.
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24.1. Extraction solvent selection

The appropriate selection of the extraction solvent is a key factor
in the development of sample preparation methods. In addition to
its effectiveness, human and environmental toxicity must be
considered as well (Anastassiades et al., 2003). In this work due to
the different polarity of the selected compounds and based on a
literature review, MeOH, EtOH, EtAC, and ACN were evaluated as
extraction solvents.

2.4.2. Solid support selection

Materials used as solid support can have a simple abrasive role
to ensure complete matrix disruption or can be selective materials
enhancing the MSPD selectivity, allowing purification and extrac-
tion in the same step. A solid support is considered one of the most
studied variables in the MSPD technique and its choice depends on
the matrix, analytes of interest, and extraction solvent.

The success of C18 material as solid support is due to its removal
capability for non-polar compounds, such as fatty substances and
lipids, being recommended for matrices with fat content >2%. The
potential interaction among non-polar analytes and the solid sup-
port occurs through van der Waals forces and the use of C18 or its
combination with other materials, such as Primary Secondary
Amine (PSA), to turn the sample preparation of matrices with high
contents of fat more effectively.

Florisil is one of those materials used in MSPD to retain non-
polar lipids, dyes, amines, hydroxyls, and carbonyls through polar
interaction mechanisms, such as hydrogen bonds (Kurz et al., 2019).

In the present study, and according to a literature review, the
solid supports C18, florisil, alumina, silica, and polymeric material
(Strata-X) were tested.

In the optimized procedure, an aliquot of 2 g of freeze-dried
sediment was spiked with 100 pL of a solution containing the
isotopically labeled surrogate standard benzophenone-C13, left
30 min. to equilibrate and then manually ground in a mortar and
pestle for 5 min. This mixture was transferred to a polypropylene
tube, and 5 mL of the extraction solvent was added, vortexed for
1 min and centrifuged at 4000 rpm for 10 min. Before injection, the
IS mixture (50 ng mL™') was added. Analyses were performed in
triplicate, and each replica was measured 3 times.

2.5. Analytical validation

The method was validated following SANTE (2017) and
INMETRO (2018). Method limits of detection and quantification
(LODm and LOQm), calibration curves and linearity, accuracy, pre-
cision, and matrix effect (ME %) were evaluated. LODm and LOQm,
were determined as the lowest compound concentration that
yielded a signal-to-noise (S/N) ratio of 3 and 10, respectively.
Analytical calibration curves were constructed and adjusted ac-
cording to the individual response range of each compound. Ac-
curacy was assessed by the recovery efficiency of each standard
spiked in the blank sediment, determined in triplicate at three
concentration levels (1xLOQ, 5XxLOQ, and 10xLOQ), and measured 3
times (n = 9). Precision was calculated as the RSD (in %) for each
concentration level, analyzed intra-day and inter-day. Matrix effect
was evaluated by comparing the slopes of the analytical calibration
curves prepared in MeOH and in the sediment extracts (matrix-
matched calibration standards). All analytical calibration curves, as
well as all validation tests, were carried out in the presence of the
isotopically labeled IS mixture at 50 ng mL~" (Table 18).
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3. Results and discussion
3.1. VA-MSPD extraction optimization

3.1.1. Selection of the extraction solvent

Five mL of MeOH, EtOH, EtAc, and ACN were individually tested
in combination with 0.25 g of C18 material as solid support. The
recovery efficiency for each solvent tested is shown in Fig. 1. It
shows that when ACN and EtAc were evaluated, even though both
have similar polarities, some compounds were scarcely recovered.
When ACN was used as extraction solvent, average recoveries were
below 70% for about 60% of the analytes and only 17% were between
60 and 140%. Besides, RSD were higher than 20% for most com-
pounds. EtAc is often used in sample preparation procedures, since
this solvent is considered non-mutagenic, non-bioaccumulative
and more environmental friendly, however, when we used it, many
matrix components were co-extracted. In addition, it was unsuit-
able for the extraction of more polar compounds, especially those
with Log Kow values below 3. For moderately polar analytes, such
as BP3, BP1, 4HB, 4DHB, DHMB, gemfibrozil, mefenamic acid,
naproxen, diclofenac, atenolol and diuron, recovery rates ranged
between 60 and 140%. It is known that polar compounds do not
readily partition in this solvent, and significant amounts of Na;SO4
and/or polar co-solvents, such as MeOH and EtOH, have been used
to improve the recovery rates (Anastassiades et al., 2003). However,
to keep the method as simple and environmentally friendly as
possible solvent mixtures were not tested in the present study.

When MeOH was employed in our optimization, average re-
coveries between 60 and 140% were obtained for 64% of the com-
pounds, providing the best extraction efficiency. This is likely
because of the majority of the analytes in this study have medium
to high polarity, from the most polar one (SPY: Log Kow0.05) to the
most apolar one (EHMC: Log Kow 4.95). The effectiveness of MeOH
as an extraction solvent in sample preparation techniques is linked
to its ability to interact with polar compounds because it is a polar
protic solvent. MeOH has high dielectric constant (¢), which is a
good indicator of the higher probability of interacting with analytes
of polar nature, favoring the extraction through the capacity of
hydrogen bonding. In general, the dielectric constant is considered
an important parameter to predict the behavior and to measure the
polarity of a solvent (Cerqueira et al., 2018).

In previous studies, reported recovery rates for UVFs from sed-
iments ranged from 80 to 125% when using pressurized liquid
extraction (PLE) and MeOH as the extraction solvent. However, a
larger volume of MeOH was used (25 mL) because the PLE tech-
nique requires a relatively large volume of extraction solvents as

®
3
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typically employs various extraction cycles for extended isolation
(Gago-Ferrero et al., 2011).

When EtOH was evaluated, obtained recoveries were between
60 and 140% for 40% of the compounds. UVFs showed good re-
coveries, with RSD below 19%. Similarly to MeOH, EtOH is a protic
polar solvent (with e of 24.5), and likely because of this slightly less
polar character, it provided lower recovery rates than MeOH.

Concerning antifouling booster biocides, MeOH, EtOH, ACN,
DCM, and/or acetone have been used for the isolation of organic
chemicals from sediment samples. However, the number of com-
pounds as well as the chemical classes studied in these works is
much lower than those included in our developed method. More-
over, the solvent volumes used were also larger than the MeOH
volume used in the present study (5 mL).

In light of these results, MeOH was finally selected as the
extraction solvent in the present study due to the best perfor-
mance, reaching recovery rates between 79 and 120% for about 60%
of the target analytes. To further improve the number of com-
pounds with recoveries within this range, different solid supports
were also assessed using MeOH as the extraction solvent.

3.1.2. Selection of solid support

Fig. 2 shows the recovery rates of each compound when
different solid supports were evaluated. Besides, a sample without
added solid support was also tested.

The obtained average recovery rates were between 60 and 140%
for 22% of the compounds when Florisil was used. Some com-
pounds, such as BP2, DHMB, and succinyl-sulfathiazole, showed
average recoveries below 70%, and 61% of compounds showed
values above 140%. Recovery rates between 75 and 114% for 17% of
analytes were obtained when alumina was used as solid support. As
observed for Florisil, most of the compounds showed recoveries out
of the recommended range. Thus, considering that these com-
pounds had not been extracted, the explanation could be that i)
these materials may be selectively interacting with the sample or,
i) the mechanical force applied during the technique was not able
to break the original structure of the sample.

When silica was employed, the average recoveries were be-
tween 60 and 140% for 25% of analytes. Recovery rates above 140%
were obtained for most polar compounds, such as some UVFs. The
use of Strata-X yielded similar average recoveries than silica for
some compounds (35%). Strata-X is a polymeric material with the
presence of the pyrrolidine group and styrene in its structure. The
presence of these two groups may favor the interaction with other
compounds by hydrogen bonding or the possibility of interaction
by m-m and dipole-dipole bonds, thus reducing extraction
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efficiency. Sulfonamides and booster biocides were recovered well
beyond the acceptable range.

Overall, in the present study, we obtained recoveries between
70 and 120% for 71% of compounds when only the sediment sample
(2 g dw) was macerated and MeOH (5 mL) was used as extraction
solvent. This solid support-free VA-MSPD approach, assuming that
the matrix itself, when macerated, can be considered abrasive, such
as dried sediment, does not need the addition of solid support. This
alternative extraction has scarcely been investigated so far, despite
it appears an attractive alternative in sample preparation since it
reduces the consumption of reagents and generates lower wastes.

Thus, according to the results, the solid support-free VA-MSPD
was selected as the extraction technique since, besides providing
the best recoveries among the tested configurations, it consumes
lower volume of reagents, generates fewer residues, consumes less
time, and has the lower operative cost.

Despite the good performance obtained in this case, we must
consider that the effectiveness of solid support-free extraction is
directly related to the particular characteristics of the sediments
analyzed. The sediment sample used in this study likely presents
the content of inorganic substances such as carbon, magnesium,
calcium, iron, aluminum, and silicon, which provide it with abra-
sive characteristics (Cerqueira et al., 2018). Also, there were prac-
tically no organic compounds that recovered below 60% when no
solid support was used.

As the recommended recovery range was reached for 71% of
compounds, and considering that it is a multiresidue method based
on an extraction technique for analytes with very different physi-
cochemical properties, other parameters that might influence the
extraction and purification of the sediments were not further
optimized. However, if the main goal of the study would be a
specific chemical group of compounds with similar characteristics,
we recommend for the improvement in the acceptable recovery
range the optimization of other variables, such as the solvent vol-
ume, the amount of sample and solid support, and the blending
time of the mixture solid sample plus solid support.

3.2. Method performance

The performance parameters of the validated method are
shown in Table 1. Overall, LOQm ranged from 0.42 to 36.8 ng g~ ! dw
following those previously reported in studies analyzing PPCPs in
soil and sediment (Batista-Andrade et al., 2016; Caldas et al., 2018).
Regarding antifouling booster biocides, LOQm were comparable to
the sediment quality guideline thresholds limit (Maximum
Permissible Concentration — MPC) established by restrictive legis-
lation on sediment quality criteria, Dutch authorities for instance,

for diuron (9 ng g') and irgarol (1.4 ng g~') (Crommentuijn et al.,
2000). Depending on where the booster biocide is found, it can be
classified as class IV “bad” for contamination.

The linear range was evaluated from 1 to 1000 ng mL~". Cor-
relation coefficients (r?) of analytical calibration curves ranged from
0.9979 to 0.9999 in MeOH, and from 0.9888 to 0.9999 in the
sediment extract (matrix-matched standards), indicating good and
wide linearity for all compounds (INMETRO, 2018).

The extraction efficiency of VA-MSPD was satisfactory, obtaining
recovery rates between 60 and 140% (SANTE, 2017; INMETRO,
2018). Lower recoveries, below 60% were obtained for BP4,
EtPABA, UVP, SPY, and ketoprofen. Generally, RSD values for intra-
day and inter-day tested at three concentration levels were below
20% except for BP4 at 10xLOQm and nalidixic acid at 1XLOQm.

Concerning ME, by comparing the calibration curves in pure
solvent and the sediment extract, 60% of compounds presented low
to medium ME, mainly suppression of the signal. ME deemed to be
low for signal suppression/enhancement of +20%, the medium
between +20% and +50%, and high for values higher than 50% or
lower than —50% (Economou et al, 2009). Whenever ME is
considered insignificant (less than or equal to 20%), calibration
curves in the solvent can be used, avoiding the need for more
laborious calibrations. However, in the presence of ME, some
strategies should be done to appropriately compensate for signal
changes and/or minimize the variability of results (Martins et al.,
2016). The use of isotopically labeled IS provides a practical way
of correction for any bias caused by the matrix that may affect the
reliability of the instrument response factors. For multi-residue
methods, as the developed one, the more deuterated internal
standard used the better. However, deuterated standards are not
available for every analytes and, whenever available are very
expensive (SANTE, 2017). Thus, the quantification in the present
study was done using at least one deuterated internal standard for
each class of compound (Table 1S).

The developed VA-MSPD based method was intended for the
analysis of a large number of analytes in sediment. Nevertheless, it
may be applied to other solid environmental samples, such as soil
and sewage sludge, once the characteristics of each matrix are
considered. In general, and in comparison, with the previously
published methods, the one developed in this work can simulta-
neously analyze 59 organic compounds while the previous ones
limit the analysis to a specific and small group of substances with
similar structures and/or properties. Furthermore, the method
described in the present study is faster and cheaper, and more
environmentally friendly.
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Table 1
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Method limits of detection (LODm) and quantification (LOQm), recovery rates (R%) and Relative Standard Deviations (+RSD)D%), for intra- and inter-day precision (% R) a the

three concentration levels evaluated (1xLOQ, 5XLOQ, and 10xLOQ).

Analyte LODm LOQm Precision (intra-day) Precision (inter-day)
R (%) + RSD (%) R (%) = RSD (%)

(ngg™") (ngg™") LOQ 510Q 10 LOQ LOQ 510Q 10 LOQ
BP3 0.67 223 72.5+234 758 +9.7 1259 +0.7 111.2+34 61.4 + 0.6 1022 +11.0
BP1 131 435 1289 +20.7 129.8 +13.3 1028 +7.5 1285+1.2 60.3 +10.1 115.0 + 4.8
BP2 149 495 654 + 1.2 740 + 1.6 1214 £ 49 79.0 + 8.8 1155+ 03 340+ 1.1
BP4 2.50 831 69.4 +21.5 69.3 + 25.7 1235 +33.1 56.2 + 38.6 70.7 + 294 121.5 + 24.6
4HB 2.44 8.13 95.2 +20.0 130.8 +18.1 81.8 +5.0 86.1 +4.8 1112+15 1246 + 6.2
4DHB 2.02 6.71 634 +223 106.6 + 26.1 68.8 + 11.1 779 + 6.7 1013 £59 1219+ 6.3
DHMB 1.03 3.44 717 £21.1 64.8 £ 5.6 70.7 + 8.6 1129 £ 4.1 1158 £9.8 1499 £ 5.1
AVO 0.96 3.19 69.7 £ 10.0 94.0 +15.9 121.8 £12.2 915+54 706 £ 122 1235+42
4MBC 0.49 1.65 1207 + 11.6 79.7 + 14.8 66.2 + 0.9 715+ 1.1 100.2 +24 1365 + 3.8
EHMC 11.06 36.83 1232 +45 872 +213 100.7 + 1.1 622+ 18 1003 £ 1.2 80.7 + 6.4
EtPABA 0.94 3.14 747 + 194 613 +87 107.5 +10.3 536 +45 111.6 +12.0 69.6 + 5.4
BZT 0.62 207 69.4 +17.6 1249 + 26,5 103.8 + 26.0 116.6 + 8.8 114115 1136 + 169
MeBZT 0.96 320 726 +12.8 786 +4.7 116.0 +23.7 884 +8.0 748 +7.5 69.9 +13.0
DMBZT 0.88 2.94 81.2+34 655+ 14 84.1 +49.8 95.9 + 14.7 1134+ 4.0 813+ 155
uvp 0.80 2.67 86.9 + 16.5 75.8 +4.6 1125+ 89 55.0+11.8 69.2 +21.5 1184 +174
BePB 135 4.50 73.7+81 111.8 £ 84 745+ 7.0 63.7+9.9 84.5+2.2 1103 £ 5.6
BuPB 0.94 313 730 £4.7 68.6 +7.5 702 £ 6.1 79.0 £ 9.5 95.8 + 8.6 82.0+08
PrPB 133 443 89.1£5.0 94.5 +22.4 86.5 + 11.1 86.0 +9.4 1112 +83 53.1+01
MePB 1.40 4.66 85.0 +6.8 784 +11.5 65.8 +17.2 69.9 + 6.7 1035+ 0.3 89.1+20
Flumequine 1.99 6.64 713+7.7 75.6 +10.5 60.8 +9.7 775+ 183 84.0 + 8.0 124.8 +2.8
Ofloxacin 3.09 103 803 +4.2 1305 + 26.6 1249 + 124 996 + 1.8 784 +£15.2 787+2.2
Ciprofloxacin 0.62 2.07 136.5 + 4.6 822 +10.0 722 +£9.0 89.6 + 19.0 1222 +39 80.8 £2.0
Nalidixic acid 0.82 273 121.6 + 6.0 1233+ 96 756 £ 11.5 1228 + 314 878+73 95.8 + 6.6
Oxolinic acid 0.54 1.79 80.7 + 18.0 62.2 +24.8 75.0 £ 7.7 95.1 +£21.0 1214 + 4.8 818 +18
Succinyl-sulfathiazole 0.32 1.07 84.8 +10.0 799 + 4.2 1228 £ 4.7 774 £15 69.4 2.2 1203 £ 46
SDZ 0.60 1.99 78.8 + 189 1029 +29.2 121.7 £ 205 1299 + 10.8 632 +12.5 1042 +79
acSDZ 1.82 6.07 66.2 + 10.8 1247 + 6.1 85.6 +13.8 1157 £ 42 80.5 + 13.0 97.7 +6.3
SMR 113 3.76 68.3 +17.3 1224 + 236 81.9 +244 80.2 +4.0 84.5+12.2 1224 +6.9
acSMR 0.22 0.72 1213 £153 69.4 +53 99.9 +22.0 91.2 +254 549 £33 1179 £ 213
SMzZ 0.13 0.42 74.8 + 9.0 70.0 + 7.0 833 +113 99.8 + 14.8 779 £11.2 95.8 +2.0
acSMZ 033 1.09 129.7 + 20.6 89.5+3.7 129.7 +58 80.6 + 12.0 82.0 + 16.6 125.7 + 8.7
SMX 0.18 0.60 1327 £ 63 783 +9.1 131.0 £5.8 68.6 + 14.3 971+ 124 1457 + 245
acSMX 041 137 1244 + 0.2 70.0 + 6.6 1054 +7.0 1285 +23.2 730+ 163 110.6 + 8.1
SMPZ 0.16 0.53 68.7 + 18.4 88.0 3.0 1223 £54 793 £9.9 89.5 + 4.6 1299 + 204
SPY 0.26 0.86 579 + 1.0 744 £33 111.6 + 149 1209 +29 88.8 +£25.3 138.1 £ 18.9
acSPY 0.21 0.70 775+ 44 49.3 + 6.8 713 +£0.1 1172+ 253 94.4 + 5.6 81.1+32
SQX 0.43 1.43 86.7 +85 976 +11.1 105.6 + 20.0 888+ 143 1082 +17.6 1565+ 7.4
STZ 519 17.28 1125+ 24 726 +26.2 1157 £ 87 1287 +135 90.0 +23.5 101.7 £ 18.0
Sulfisomidin 5.70 18.99 754 +£11.9 744 +26.3 65.7 +3.8 64.1+£3.7 79.0 +3.8 1220+ 02
SDM 1.54 5.14 624 + 1.6 103.7 +43 918 +43 803 + 16.1 99.9 + 15.0 1413 £ 153
Trimethoprim 1.56 5.20 88.9+ 175 78.5 +16.7 98.8 +21.5 933 +8.1 120.7 + 3.8 103.8 +11.5
Gemfibrozil 0.65 2.16 66.5+11.2 683 +153 68.5+5.8 1313 £ 21.1 168.2 + 2.0 136.3 + 6.4
Mefenamic acid 1.16 3.86 135.7 +10.1 958 +£9.3 1231 +£253 623 +£2.5 83.1+ 144 117.7 £ 17.0
Naproxen 047 1.58 1235 +17.1 653 + 54 1120 + 189 1264 +5.1 69.6 + 20.1 116.0 + 12.9
IBU 1,66 5.54 844 +54 789 +17.5 111.8 £ 17.9 879 +£253 1313 £ 108 63.9 +10.5
Ketoprofen 0.36 121 57.6 +£3.7 74.0 + 10.9 106.5 + 11.0 68.4+74 68.3 +3.2 1213 +22.7
Diclofenac 3.50 11.64 120.1 £ 4.2 111.5 £ 25.7 594 +£17.9 62.0 +16.4 78.1£23.1 892 +39
Acetaminophen 111 3.70 754+74 74.8 £24.2 102.6 +27.2 86.8 £6.9 74.1 £16.5 1119+ 161
CBZ 1.87 6.24 64.0 + 1.0 103.6 + 12.8 103.2 +94 88.1+14 934 +13 127.0 +24.7
CBZ-10,11-epoxy 5.04 16.80 63.0 £ 13.0 733 +£13.5 1093 + 2.1 89.1+18 82.1+27 1164 +5.2
Atenolol 0.41 1.38 117.3 £ 0.6 920+ 1.7 1381+ 15 69.8 +0.5 876+73 532+05
NorFXT 240 8.00 1209 £ 17.7 934 +03 70.1 £ 14.7 1295 £ 6.5 499+ 16 1013 + 6.6
N-desVFX 117 3.91 71.0 +4.2 1314 + 164 66.3 +13.3 66.9 + 5.1 518+ 1.9 94.1 £ 6.5
Salicylic acid 142 472 879+ 8.0 80.5 + 4.4 98.8 +12.5 110.0 + 20.0 67.4 + 244 89.6 + 11.0
Caffeine 0.89 2.96 88.9 +10.0 1153 + 04 1223 +13.7 1284+ 04 90.0 +7.9 1346 +4.7
Diuron 0.86 2.87 746 £6.3 1239 + 26.8 108.6 + 3.2 772 £3.7 1204 £ 0.9 1024 £ 6.9
Irgarol 043 144 1198 £5.0 923 + 44 111.8 £27.8 812+ 15.0 106.6 + 19.4 138.1 £283
DCOIT 0.53 1.78 1254 +23 1169 +17.8 100.2 +24 95.0 + 4.2 1125 +42 93.1 +18.7
Dichlofluanid 0.75 248 71.6 + 148 104.4 + 263 86.6 + 6.0 1239 +2.7 857+ 04 1228 +43

4. Applicability of the method to the analysis of coastal
sediment samples

Once validated, the analytical method was applied to analyze
marine sediment samples. The analyzed sediments had TOC con-
tents ranging from 0.9 to 3.5%, percentage of fines from 17.4 to
65.1%, and slightly distinct profiles of use (Table 2). Among the 59
analytes, only AVO (<3.2-7.8 ng g~ ! dw), MeBZT (<3.2-3.5ng g !

dw), MePB (<4.7-69.7 ng g~ ' dw), ciprofloxacin (<2.1-9.5 ng g~ !
dw), irgarol (<1.4—2.2 ng g~' dw) and DCOIT (5.0—41.1 ng g~ ' dw)
were detected (Table 3), although AVO, MeBZT, and ciprofloxacin
were below LOQm only in one site. Disregarding any local input
sources, since all of these sites are under the influence of maritime
activities, sediment characteristics may also influence the amount
of each contaminant accumulated in the matrix. The most
contaminated sample (Alemoa) had the highest % of fines (65%) and
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Table 2
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Location, percentage of fines (% Fines), and total organic carbon (% TOC) of the sediment samples collected in Brazil at Santos-Sao Vicente Estuarine System (SESS) (Sao Paulo),

Patos Lagoon Estuary (Rio Grande do Sul) and Rio Grande shipyard (Rio Grande do Sul).

Sampling site Longitude Latitude (S)  Depth Brief description % %
(W) (m) Fines TOC

Pier do Pescador ~ 46° 18'10.82" 23° 59 32 Entrance of the estuary (fishing boats) (by the main navigation channel) 174 09
30.75"

Balsa 46° 17' 40.27" 23° 59’ 2.0 Intensive traffic of ferryboat used for vehicles and passengers (by the main navigation 222 13
15.40" channel)

Terminal 1 46° 18'22.85" 23° 56' 7.0 Main mooring area of Santos Port 372 30
55.88"

Terminal 2 46°19'39.83” 23° 55' 6.0 Main mooring area of Santos Port/shipyard 325 27
31.16"

Terminal 3 46° 22" 9.11" 23°55'7.56" 7.0 Main mooring area of Santos Port 394 28

Alemoa 46°17'11.80" 23° 58’ 45 Mooring area for Oil-based Transport Vessels 651 35
34.55"

Sao Vicente 2 46° 25'30.36" 23° 57' 7.24" 3.0 Sao Vicente estuary channel (near the mangrove swamps). Small fishing and leisure boats 14.8 1.1

Rio Grande 52° 04 07.04” 32° 03' 03 Oldest shipyard in the city. Few repair activities today and the presence of a fuel supply 205 16

shipyard 15.09" station
Table 3

Concentrations (ng g ' dw) of the target compounds in sediment samples collected in Brazil at Santos-Sao Vicente Estuarine System (SESS) (Sao Paulo), Patos Lagoon Estuary
(Rio Grande do Sul), and Rio Grande (Rio Grande do Sul). LOQm, method limit of quantification for each analyte.

Analytes Sediment samples

LOQm Sao Alemoa Pier pesca Balsa Tersminal 1 Terminal 2 Terminal 3 RG shipyard

1 Vicente

(ngg )
AVO 3.19 <LODy, <LODy, <LODy, <LODy, <LODy, <LODy, <LODy, 7.75
MeBZT 3.20 <LODy, 348 <LODy, <LODy, <LODp, <LODyy, <LODy, <LODy,
MePB 4.66 12.63 69.69 44.19 12.09 38.00 21.30 36.56 579
Ciprofloxacin 2.07 <LODy, <LODy, <LODy, 9.54 <LODy, <LODy, <LODyy, <LODy,
Irgarol 1.44 <LODy, <LODy, 1.51 <LOQm 1.63 <LODy, 1.55 218
DCOIT 1.78 11.55 6.50 5.02 6.70 1042 7.46 41.14 9.18
>-Total 2418 79.67 50.72 28.33 50.05 28.76 79.25 24.90

<LODm - below the limit of detection of the method; <LOQm - below the limit of quantification of the method for Irgarol.

TOC content (3.4%), whereas the less contaminated sediment (Sao
Vicente 2) had one of the lowest percentage of fines (14%) and TOC
(1.1%) (Table 2).

AVO is a UVF present in many sunscreens, often employed as a
substitute for the endocrine-disrupting BP3. Measurable levels of
this contaminant were only detected in the sediment of Rio Grande
shipyard (7.8 ng g~! dw). The observed concentration was similar to
previously reported values in soil and sediments, for instance from
coastal areas of Hawaii, (<7 ng g~ dw) (Mitchelmore et al., 2019).

Benzotriazoles are high production volume chemicals used in a
wide range of industrial applications; as UV stabilizers in different
plastic products, as corrosion inhibitors in detergents, and anti-
freeze or antifogging agents in automotive fluids (Molins-Delgado
et al., 2015). Benzotriazole and MeBZT are the two UV-stabilizers
most frequently detected in the environment, as they are poorly
volatile and only partially removed during conventional waste-
water treatment because of its high polarity and poor biodegrad-
ability (Liu et al., 2012; Asimakopoulos et al., 2013; Molins-Delgado
etal, 2015, 2017). In this study, only MeBZT was detected in a single
sediment sample, SSES (Alemoa - 3.5 ng g~ 'dw), at the compara-
tively low levels to those found by Zhang et al. (2011) in sediments
from China and the USA Similarly, MeBZT was detected but not
quantifiable in river sediment samples from Iguacu watershed, also
in Brazil (Mizukawa et al., 2017). In contrast, they observed quite
high concentrations of BZT (<LODm — 630 ng g~ 'dw).

Due to the use and consumption of personal care products,
pharmaceuticals, beverages, and other foodstuff containing para-
bens as preservatives, there is a continuous introduction into the
environment, and thus parabens are ubiquitous in surface water

and sediments worldwide. Methylparaben (MeP) and propylpar-
aben (PrP) predominate, reflecting the composition of paraben
mixtures in common consumer products (Haman et al., 2015). Their
efficiency as fungicidal and bactericidal agent combined with its
low cost, likely explains why parabens are so widely used (Soni
et al,, 2005). Many studies reported links between paraben pre-
servatives and adverse effects observed in aquatic organisms
(Dobbins et al., 2009), and highlighted its endocrine disrupting
activity at environmentally relevant concentrations (Darbre et la.,
2003; Golden et al., 2005).

In the present study, 100% of the sediments contained MePB (E
number E218) in concentrations from 5.8 to 69.7 ng g~ 'dw. MeP as
well as EtP (E214), PrP (E216), BuP, and BzP have been found in
sediment and sewage sludge samples of the USA, Japan, and Korea
at a wider concentration range, from 0.70 to 95.7 ng g~ 'dw (Liao
et al,, 2013).

Fluoroquinolones (FQs) are a class of antibiotics used in human
and veterinary medicine. Due to their widespread application, and
considering that they are only partially metabolized in the organ-
isms and not completely removed in wastewater treatment plants,
FQs such as ciprofloxacin, are one of the most detected antibiotics
in the environment (Ziarrusta et al., 2018). Ciprofloxacin inhibits
microorganisms and, therefore, can represent an important risk for
the environment, especially for microbial ecology (Girardi et al.,
2011). In the present study, ciprofloxacin was the only FQs detec-
ted in one single site of SSES (Balsa - 9.5 ng g’ldw), whichis an area
of ferryboat operation and a mooring pier for boats and fishing
boats. Also in Brazil, in mangrove sediment from the Paciencia
River, (Maranhao Island) ciprofloxacin was the only antibiotic found
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in three out of the six samples analyzed, but at higher concentra-
tions (56.55—70.45 ng g~ 1) (Neves at al., 2018). These values are far
below the recently reported concentrations of this antibiotic in
river sediments from Kenia (4125-1275 ng g~ ') (Kairigo et al.,
2020). This high pollution can be explained by the lower dilution
effect and the higher impact of wastewater treatment plants dis-
charges in rivers in comparison with the sea.

Regarding antifouling booster biocides, irgarol and DCOIT were
detected in 75% and 100% of the samples, respectively, and at
concentrations between 1.5 and 2.2 ng g~ ' dw, and 5.0-41.1ngg!
dw, respectively. All sampling sites are within an estuarine system
under the direct influence of maritime activities. This suggests that
the presence of antifouling booster biocides may be related to the
large flow of vessels that may be using these compounds in anti-
fouling paint formulations. The current use of DCOIT is well known
(Abreu et al., 2020). Its low water solubility (0.0065 mg L~ ! a 25 °C)
and high log Ko (2.6—4.2) suggests the preferential partition in the
suspended particulate matter from the water column and sedi-
ments. Although DCOIT has a short half-life in aquatic environ-
ments (Chen and Lam, 2017; Jacobson and Willingham, 2000) its
presence may be explained by the continuous inputs in the region
(Abreu et al., 2020; Chen and Lam, 2017), behaves as a pseudo-
persistent contaminant due to its continuous release. Diuron and
irgarol are more persistent than DCOIT in the environment (half-
lives of 14 and 100 days in sediment, respectively), and their
moderate log Koc (2.3 and 3.3, respectively) indicate partition in
both water and sediment. As a consequence of its toxicity for pri-
mary producers, their use has been restricted in many countries. In
a previous study in Panamad, irgarol, diuron, and DCOIT were
measured at concentrations between below 0.25 and 2.8 ng g~!
dw; 2.4 and 14.1 ng g~' dw; and 2.4 and 81.6 ng g~ dw, respec-
tively (Batista-Andrade et al., 2016b). Lower values were reported
by Abreu et al. (2020) for DCOIT, diuron, and irgarol ranging from
below 0.2-75 ng g, below 0.5-9.9 ng g, and below 0.2 ng g,
respectively.

5. Conclusions

The present study developed and validated a multiresidue
method based on vortex-assisted matrix solid-phase dispersion in
combination with liquid chromatography-tandem mass spec-
trometry for the trace determination of 59 organic contaminants of
emerging concern, including pharmaceuticals, personal care
products, and biocides, in sediment. This techniques combination
can be considered innovative and efficient in determining organic
contaminants with a wide range of physicochemical properties in
solid environmental matrices. The method used solely 2 g of sedi-
ment sample and 5 mL of extraction solvent. This approach pro-
vided limits of detection and quantification in the low ng g~ dw
range, which are below or similar to those reported in the literature
for these analytes.

The method was applied to investigate the target contaminants
in marine sediment samples collected at two major ports in Brazil.
The application in the environmental samples evidenced that solely
4 out of the 59 analytes of interest were found in the marine sed-
iments. The preservative MePB and the antifouling booster biocide
DCOIT were present in 100% of the samples. Irgarol was also
frequently detected (75%). The sunscreen agents AVO and MeBZT,
and the antibiotic ciprofloxacin were eventually detected (only in
one sample each). The occurrence of these commonly detected
contaminants, even at low ng g~! levels, indicates the prevalent
impact of the direct maritime activities and some urban inputs on
the quality status of the selected coastal aquatic ecosystems of
Brazil, which appears to be similar to those reported worldwide.
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Table 1S: Analyte name, respective acronym, class, logk (octanol-wa-
ter partition constant), solubility in water at 25 °C (S) (from ChemSpi-
der; DrugBank; Pubchem).

Figure 1S: Total ion chromatogram of the target compounds monito-
red in positive ionization mode (ESI +).

Figure 2S: Total chromatogram of the target compounds monitored in
negative ionization mode (ESI -).
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Abstract

Due to their persistence or continuous discharge, toxic substances are present in the aquatic
environment, and can bioaccumulate and biomagnify in the food web, generating a
significant ecological risk and a threat to human health. The present study assess the
occurrence and tissue (muscle, liver, stomach and gills) distribution of 59 anthropogenic
contaminants of emerging concern (CECs) in marine fish tissues from Brazil. Thus, a
simpler and faster analytical methodology based on vortex-assisted matrix solid-phase
dispersion (VA-MSPD) and LC-MS/MS was developed and validated. Limits of
quantification ranged from 3.31 to 114 ng g”! dw with recovery rates between 60 and 140%
and RSD below 20%. The UV filters 4HB (benzophenone-3 metabolite) and Et-PABA,
and the antibacterial salicylic acid were frequently accumulated in muscle and liver at
concentrations between 39.5 and 21.0 ngg™! dw. The determined concentrations resulted to

be lower than the tolerable daily intake recommended by the EFSA.

Keywords: Biocides; EDI; fish; pharmaceuticals; personal care products; VA-MSPD.

Highlights:

e VA-MSPD was employed for the extraction of PPCPs and biocides from fish
organs.

o The developed method was efficient, fast, sensitive and environmentally friendly.

e The method allowed to identify distribution patterns of the selected CECs in fish.

e FEt-PABA, 4HB, and salicylic acid were frequently accumulated in muscle and
liver.

e EDI of salicylic acid was lower than tolerable daily intake recommended by
EFSA.
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Introduction

Classified as contaminants of emerging concern (CECs), pharmaceuticals and personal
care products (PPCPs) have been used worldwide for decades and, consequently, ending
up in the aquatic environment due to their poor removal in current wastewater treatments
and limited natural environmental degradation (Golovko et al., 2021). PPCPs’ group
comprises several classes of organic substances including ultraviolet filters (UVFs),
fragrances, preservatives, analgesics, anti-inflammatories, hormones, antibiotics, their
metabolites, and other degradation products (Gopal et al., 2020). In general, these
compounds, as well as their metabolites and other transformation products, are polar
organic compounds, usually identified in the marine environment (Chen et al., 2021).

Antifouling booster biocides (ABBs) are incorporated into antifouling paint
formulations to prevent marine biofouling, constituting another important group of organic
contaminants commonly found in the marine environment (Abreu et al., 2020; Batista-
Andrade et al., 2018).

Due to their widespread use, PPCPs and ABBs have been extensively studied in
different environmental compartments, namely water (Downs et al., 2021, Dominguez-
Morueco et al., 2020; Batista-Andrade et al., 2016; Liu et al., 2019), sediment and sludge
(Abreu et al., 2020; Cerqueira et al., 2018; Soares et al., 2021) and, less frequently, in
biological samples (Diaz-Cruz et al., 2019; Mitchelmore et al., 2019; Molins-Delgado et
al., 2018). These organic contaminants are present at trace levels in the environment (ug L
'to ng L' for water and ng g! for sediment and biota) (Caldas et al., 2016), requiring
extremely sensitive analytical techniques to detect them with accuracy, precision and,
preferably, at a low cost. In fish, previous works have reported PPCPs and ABBs in species
from Brazil (Martins et al., 2020; Molins-Delgado et al., 2018; Vieira et al., 2018),

reporting levels within the range 0.33-41.9 ng/g dry weight (dw).
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However, extraction techniques applied in the determination of CECs involve a large
amount of sample, a high volume of organic solvents, and time-consuming extraction
procedures. Although relatively fast, pressurized liquid extraction (PLE), for instance,
needs 1-10 g of sample, up to 50 mL of organic solvent, and specific equipment (Gago-
Ferrero et al., 2013; Molins-Delgado et al., 2018). In this sense, vortex-assisted matrix
solid-phase dispersion (VA-MSPD) is a technique currently gaining prominence because
of the several advantages provided over other usually used extraction techniques. VA-
MSPD, needs less sample mass and a small volume of solvents, reducing waste generation
and cost. In addition, this technique replaces the elution step carried out in solid-phase
extraction (SPE) by adding the solvent through polypropylene tubes (Souza Caldas et al.,
2013). This minimizes the issues caused by the compactness of the cartridges, making the
technique simpler, cheaper, and more robust (Sebastia et al., 2010; Souza Caldas et al.,
2013). So far, it has been successfully applied to the determination of several organic
contaminants in sediment (Caldas et al., 2018), sewage sludge (Cerqueira et al., 2018;
Soares et al., 2017), biota (Duarte et al., 2013; Hertzog et al., 2015), and food (dos Santos
et al., 2019), demonstrating its robustness, versatility, and accuracy.

The combination of the miniaturization provided by the VA-MSPD with the sensitivity
and selectivity achieved by liquid chromatography tandem mass spectrometry (LC-
MS/MS) makes this analytical methodology a promising tool for determining organic
contaminants in environmental solid matrices (Soares et al., 2021). The present work
combined these two techniques to optimize and develop a new analytical methodology to
evaluate CECs’ occurrence in fish tissues. The target CECs were selected based on their
environmental occurrence, bioaccumulative potential, and endocrine disrupting capacity.
The suitability of the developed method was tested by determining 59 anthropogenic CECs

in muscle, liver, stomach, and gill tissues from Micropogonias furnieri fish specimens
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collected in Southern Brazil. The variable distribution of CECs within tissues helped to
evaluate the potential human risk by diet through fish consumption, expressed in terms of
estimated daily intake (EDI). Thus, this work provides a new routine methodology and
novel occurrence data in marine fish that could help in the revision of regulations aimed at

the protection of the marine environment.

1. Experimental section
1.1 Chemicals, materials, and standard solutions
Information about the standards used is provided in the Supplementary Information

(Section S1). Acronyms of all compounds are showin in Section S1, but also in Table 1.

Stock solutions of individual standards (1000 mg L) and an intermediate stock
solution of a mix of standards (1 mg L'!) were prepared in MeOH. Fresh standards working
solutions were prepared daily at appropriate concentrations. All solutions were preserved

in the dark at -20 °C.

1.2 Sample collection and characterization

Fish samples of Micropogonias furnieri (mouth croaker) were collected with trawl in
December 2017 in the Patos Lagoon estuary at a site of intense ship and boat traffic and
under the influence of the Rio Grande harbour (Rio Grande City, RS, Brazil). Four
specimens (11.25 £ 1.99 cm) were dissected and tissues (muscle, liver, stomach, and gills)
were individually frozen. Tissues were freeze-dried and stored at -20 °C in the dark until
analysis. Micropogonias furnieri is a well-known species due to its wide geographic
distribution in the western Atlantic, that presents estuarine-dependent behavior, living
locally in the early stages of life, growth, and feeding (Mulato et al., 2015). Its eating habits
are benthic; it is a carnivorous fish that feeds on crustaceans, bivalve mollusks (mussels

and clams), plankton, and juvenile fish such as anchovy. In this study, the muscle was used

5
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to optimize sample preparation and validation steps. The other organs were exclusively

used for CECs’ determination.

1.3 VA-MSPD

The VA-MSPD extraction procedure was optimized regarding the two main variables
of the technique, solvent, and solid support. In the optimized procedure, an aliquot of 0.5
g of freeze-dried muscle tissue was spiked with 100 uL of a solution containing the
isotopically labeled surrogate standards, left for 30 min to equilibrate, and then blended in
a mortar and pestle for 5 min with 2 g of C18 as solid support. C18 was used in the initial
optimization tests as it is one of the most used supports in sample preparation. The blended
mixture was transferred to a polypropylene tube and 5 mL of the organic solvent were
added, vortexed for 1 min, and centrifuged at 4000 rpm for 10 min. Before injection, the
internal standard mix solution (50 ng mL™!) was added. Finally, 20 uL were injected into
the chromatographic system, as shown in Figure 1.

Analyses were performed in triplicate and each replica was measured 3 times. Freeze-
dried fish tissues used in all analyses were selected as the matrices routinely used as blanks,

which were previously analyzed for the target analytes.

Blending of Sample + : ?
solid support & N | 1 minute ‘ 10 minutes of
N Sample and SmL of 4 ofvortex . centrifugation
— ] solid support methanol ’ agitation at4000rpm T LCMSAMS =
. ; =
{ o~ N |
1’ Yal. 4 — =3 b — — =

Figure 1 - VA-MSPD extraction procedure of 59 CECs from 0.5 g freeze-dried fish

muscle.
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14 HPLC-MS/MS analysis

An LC Symbiosis™ Pico instrument from Spark Holland (Emmen, The Netherlands)
equipped with a 4000 Q TRAP™ hybrid quadrupole-linear ion-trap mass spectrometer
(Applied Biosystems-Sciex; Foster City, Ca, USA), a Purosher® STAR® HR R-18 (50
mm x 2.0 mm, 5 um) (Merck) column and an Alias autosampler was employed for the LC-
MS/MS analysis. Relevant parameters of the analysis are presented in Table 1. Analytes
were performed in electrospray ionization under positive (ESI+) and negative (ESI-)
modes. The selected reaction monitoring (SRM) mode was tuned to record the two more
intense transitions for quantification and confirmation purposes (Commission Decision
2002/657/EC). The Analyst Software V 1.4.2 (Applied Biosystems) was used for data
processing.

For the chromatographic separation, the elution was achieved at a flow rate of 0.3 mL
min™'. For the analysis in ESI+, a mixture of HPLC-grade water and MeOH, both 0.1% in
formic acid, was used. In the ESI- mode, the mobile phase consisted of the same binary
solvent combination containing 5 mM of ammonium acetate instead of formic acid. The
injection volume was set to 20 pL in both modes and the gradient of the mobile phase was

explained elsewhere (Soares et al., 2021).
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Table 1 - Selected compounds, chromatographic retention time (tr), the two most intense MS/MS
tr CV CE CxP Precursor Corresponding
MS/MS transitions, MS/MS parameters (Cone voltage (CV), collision energy (CE), Compounds Transition
(min) V) (eV) (eV) Ion IS

collision cell exit potential (CxP), precursor ion, and labeled internal standard (IS) used (m/z)

>
for each compound. *transition selected for quantification. 2116l St 25 10

166>138* 41 20 10
Et-PABA 8.57 [M+H]* 4MBC-d4

MS/MS
tr CV CE CxP Precursor Corresponding 1662120 4125 28
Compounds Transition
. 120>65* 56 31 4
(min) w2 V) (V) (V) Ton IS BZT 7.24 [M+H]* BZT-d4

120>92 56 25 16

229>151% 40 25 12
BP3 11.18 [M+H]* BP3-d5
229>105 40 27 16

134>79% 46 29 10
MeBZT 827 [M+H]* BZT-d4
134595 46 35 14

215>137* 40 27 10
BPI 10.05 [M+H]* BP3-d5
215105 40 29 6

148>77% 56 39 2
DMBZT  8.89 [M+H]* BZT-d4
148593 56 27 6

247>137% 46 25 8
BP2 8.89 [M+H]" BP3-d5
247>109 46 45 8

226>120% 46 25 10
UVP 12.47 [M+H]* BZT-d4
226107 46 19 18

307>227* 50 -34 -15
BP4 6.60 [M-HJ GMZ-d6
307>211  -50 -46 -9

227592% 65 26 -9
BePB 7.99 [M-H] BePB-d4
2275136 65 22 -1

199>121* 40 25 8
4HB 9.49 [M+H]" BP3-d5
199>105 40 27 8

193>137% 55 22 -5
BuPB 8.03 [M-HJ BePB-d4
19392 55 34 -I3

UV filters

215>121*% 45 27 8
4DHB 8.47 [M+H]* BP3-d5
215593 45 45 60

179>92* 60 -30 -13
PrBP 7.68 [M-HJ BePB-d4
179>137 -60 -24 -5

]
245>121* 43 27 12 Z
5 151>92% 45 28 -7
DHMB 10.33 [M+H]* BP3-d5 g MePB 6.90 [M-H] BePB-d4
2455151 43 29 8 E 1515136 45 20 9
311>135% 40 25 15 .
AVO 12.94 [M+H]" BP3-d5 262>244* 51 29 14 .
2 2625202 51 45 10
255>105* 61 41 6 5
4MBC 9.85 [M+H]* 4MBC-d4 g 362>318* 56 29 18
255>212 61 29 14 £ OFX 7.63 [M+H]" SMZ-d4
s 362261 56 41 18
EHMC  12.75 291>179* 51 13 4  [M+H]' 4MBC-d4 ~
CPX 6.80 332>288* 91 27 14  [M+H]' TMP-d3
8 9
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MS/MS MS/MS
tr CV CE CxP Precursor Corresponding tr CV CE CxP Precursor Corresponding
Compounds Transition Compounds Transition
(min) V) (eV) (eV) Ton IS (min) V) (eV) (eV) Ion IS
(m/z) (m/z)
332>231 91 51 4 281>156 66 27 14
233>215% 61 19 14 250>156* 51 28 12
NDX 9.13 [M+H]* FLU-13C SPY 5.65 [M+H] SMZ-d4
233>187 61 37 12 250>92 51 31 6
262>244% 36 25 12 292>134* 70 30 8
OXL 9.37 [M+H]* FLU-13C acspy 632 [M-+H]* SMZ-d4
262>216 36 41 16 292>198 70 30 8
356>256* 71 25 16 301>156* 76 25 10
6.68 [M+H]* SMZ-d4 SQX 8.20 [M+H]" SMZ-d4
S-STZ 356>192 71 33 16 301592 76 47 12
251>156* 46 27 10 256>156* 40 25 14
SDZ 5.23 [M+H] SMZ-d4 STZ 5.49 [M-+H]" SMZ-d4
251>108 46 30 8 256>92 40 25 10
203>134* 65 30 12 279>124* 76 33 8
acSDZ 642 [M+H] SMZ-d4 SMD 6.42 [M+H]" SMZ-d4
293>198 65 30 12 279>186 76 23 14
265>156* 61 27 8 311>356* 76 31 8
SMR 5.93 [M+H] SMZ-d4 SDM 8.03 [M+H]* SMZz-d4
265592 61 47 6 31192 76 31 6
307>134* 60 35 8 291>230* 76 33 20
acSMR 6.77 [M+H]" SMZ-d4 TMP 6.15 [M+H]* TMP-d3
307>110 60 35 8 291>261 76 35 12
279>59% 36 27 4 249>121% 50 26 23
SMz 8.73 [M+H]* SMZ-d4 GMZ 8.47 [M-HJ GMZ-d6
279>87 36 19 14 = 249>127 -50 -12 21
Q
o 321>134% 86 35 4 B 242>224% 46 23 22
3 acSMZ  7.04 [M+H]* SMZ-d4 2 MFA 11.46 [M+H]* MFA -d3
! 321>124 86 35 4 g 242>209 46 41 14
g A~
£ 254>108* 56 27 10 229>169% 30 -40 -9
£ SMX 7.06 [M+H]* SMZ-d4 NPX 7.18 [M-HJ NPX-d3
254>156 56 25 10 2295170 -30 22 -1
296>198* 60 30 10 205>159* 30 -10 41
acSMX 7.80 [M+H]* SMZ-d4 IBU 7.86 [M-HT IBU-d3
296>134 60 30 10 205>161 30 -14 -35
SMZ-d4 KPF 9.78 255>105* 66 33 18  [M+H]" BP3-d5

SMPZ 6.68  281>126% 66 27 12 [M+H]*

10 11
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MS/MS
tr CV CE CxP Precursor Corresponding
Compounds Transition
(min) V) (eV) (eV) Ion IS
(m/z)
255>209 66 25 10
295>251* 40 -16 -7
DCF 7.70 [M-H] DCF-d4
295>215  -40 30 -19
152>110% 71 23 18
APH 5.21 [M+H]* TMP-d3
152>65 71 45 10
237>194* 61 29 14
CBZ 9.18 [M+H]* CBZ-d10
237>192 61 31 12
253>180* 36 35 12
CBZ-E 8.34 [M+H]* CBZ-d10
253>151 36 109 10
267>116% 46 31 8
ATL 4.43 [M+H]* TMP-d3
267>133 46 39 22
296>134* 31 11 8
Nor-FXT 5.6 [M+H]* TMP-d3
296>59 31 33 10
264>58* 31 57 18
N-desVFX  6.93 [M+H]* TMP-d3
264>133 31 39 46
137>93*  -50 -18 -1
SCY 4.76 [M-HJ SCY-d6
137>65  -50 -40 -3
195>109* 56 31 8
CFF 6.79 [M+H]* TMP-d3
195>138 56 29 10
233>72% 81 39 12
DIU 9.80 [M+H]* BP3-d5
233>46 81 37 0
- 254>198* 61 25 12
=]
A IRG 9.96 254>68 61 69 10 [M+H]* BZT-d4
254>83* 61 41 4
12
144

MS/MS
tr CV CE CxP Precursor Corresponding
Compounds Transition
(min) V) (eV) (eV) Ion IS
(m/z)

282169 66 21 10

DCOIT  11.76 282>43* 66 51 0  [M+H]' BP3-d5
282>57 66 33 8
333>123* 61 37 8

DFL 10.50  333>223 61 17 8 [M+H]" CBZ-d10

2. Analytical performance and QA& QC

The present analytical method was validated in accordance with standard analytical
procedures (SANTE, 2017; INMETRO, 2018). Method limits of detection (LODm) and
quantification (LOQm), linearity, accuracy, precision, and matrix effect (ME%) were
evaluated. LODm and LOQm were determined as the lowest compounds concentration
yielding a signal-to-noise (S/N) ratio of 3 and 10, respectively.

Analytical calibration curves were constructed and adjusted according to the
individual response range of each target compound. Accuracy was assessed by the
recovery efficiency of each standard spiked in the blank tissue, determined in triplicate at
three concentration levels (1xLOQ, 5xLOQ, and 10xLOQ), and measured 3 times (n =
9). Precision was calculated as the RSD (in %) for each concentration level, and analyzed
intra-day and inter-day.

ME was evaluated by comparing the slopes of the analytical calibration curves
prepared in MeOH and the fish muscle tissue extracts (matrix-matched calibration
standards). All analytical calibration curves, as well as all validation tests, were carried

out in the presence of the isotopically labeled IS mixture (50 ng mL™).
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The quality assurance (QA) and quality control (QC) criteria used in the present study
comprised analyses of laboratory blanks (pure solvent and reactive without sample to test
for instrument contamination). These analyses were made to document laboratory
background levels. The daily set of samples under analysis was processed together with
a blank extract that eliminates possible false positives by contamination in the extraction
process. Calibration standards were prepared daily to test both sensitivity and linearity in
the working range of concentrations. A control standards mixture solution (to check for
instrumental drift in response factors) was included in the analysis sequences.

Quantification was based on isotope dilution and measuring the area of the peaks
obtained. Through this approach, the ME from the complex matrices analysed was
overcomed.

3 Results and discussion

3.1 VA-MSPD optimization

Considering that biota is a complex matrix and that its different tissue types are
relatively small, in the present study we used 0.5 dw of fish tissue blended with 2 g of
solid support and 5 mL of extraction solvent in all the analyses except blanks (only
solvents and reactives). MeOH and EtOH were tested as extraction solvents due to the
polarity range of most of the target analytes, and in combination with C18 as solid
support, since it is the support used in the original VA-MSPD technique. Blending time,
vortexing time, and stirring speed in the centrifugation step were the same in all the

experiments.

3.1.1 Solvent selection
The solvent used for extraction of CECs plays a crucial role, and its selection is key

to having a reliable and robust methodology.
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MeOH was the solvent used in previous studies investigating the presence of
PPCPs in biota samples. State et al., (2009) employed this solvent for the liquid-liquid
extraction (LLE) of 17 PPCPs from fish liver samples, where SPE was used in the
purification of the extract and LC-MS/MS for analysis. Reported recovery rates varied
between 70 and 120% and LOQm ranged from 4.2 to 12.3 ng ¢! dw. (Zenker et al., (2008)
used the combination of MeOH, EtOH, and acetonitrile (ACN) to analyze polar and mid-
polar UV filters in fish tissues. Although different combinations among the three solvents
were tested, MeOH was chosen since it provided recovery rates between 60 and 140%
for 75% of the 59 target contaminants. Gago-Ferrero et al., (2013) tested different
solvents, including MeOH, water, ethyl acetate, and DCM, for the extraction of UV filters
from fish tissue using pressurized liquid extraction (PLE) and MeOH provided cleaner
extracts and lower matrix effects, not requiring further clean-up. Other similar works such
as Ramirez et al., (2007), Du et al., (2012), and Huerta et al., (2013) also reported
satisfactory recoveries with the selection of MeOH as extraction solvent.

Hertzog et al., (2015) applied VA-MSPD with different extraction solvents (MeOH,
acidified MeOH, MeOH:water, MeOH:acidified water, and ACN) for the extraction of
15 pharmaceuticals from fish tissues and the best recoveries (50 to 128%) were obtained
using MeOH. Although EtOH was also successfully applied by Vieira et al., (2018) to
extract the booster biocides DIU and IRG from fish muscle using VA-MSPD and LC-
MS/MS (recoveries between 81 and 110%), the analytical challenge was much more
simple since only two compounds were analyzed. Therefore, based on the literature, only
MeOH and EtOH were evaluated as extraction solvents, and their selection was based on

the recoveries obtained when tested.
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Figure 2 shows the recovery rates achieved when MeOH and EtOH were individually
tested using C18 as solid support. The results are presented by the percentage of

compounds that showed recoveries within 3 ranges (< 60%, between 60 and 140%, and

> 140%).
EtOH mMeOH

>140%
=
Q
4
é 60 - 140%
%
N
o <60%
Q
=

0 20 40 60 80 100
% OF COMPOUNDS

Figure 2 — Percentage of compounds within recovery ranges <60%, between 60 and
140%, and >140% after VA-MSPD extraction with EtOH and MeOH. Experimental
conditions: 0.5 of freeze-dried fish muscle tissue; 2.0 g of C18 and 5 mL of extraction

solvent. Vortex mixing for 1 min. and centrifugation at 4000 rpm for 10 min.; n=9.

According to the results, the solvent that presented a greater recovery range for
most contaminants was MeOH. This result is supported by the fact that MeOH is a polar
solvent (polarity index of 5.1 P), with a high capacity to extract polar to medium-polar
analytes from complex matrices (eluent power 0.95), but also because of its low viscosity
(0.54 cP) which favors blending. Although EtOH (polarity index 4.3 P; eluent power 0.88;
viscosity 1.08 cP) has shown lower recoveries in the main range, the use of this solvent
must be considered as it has received great attention from green chemistry (Tekin et al.,

2018). Furthermore, the final VA-MSPD extract when using MeOH appeared cleaner,
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less pigmented, and less cloudy; relevant features to consider when choosing the solvent

for solid support-based extractions.

3.1.2  Solid support optimization

Once MeOH was chosen as the solvent for the multi-residue extraction of the selected
analytes, the other relevant decision in the extraction process was the selection of the solid
support for the VA-MSPD extraction because it is an important parameter that affects the

efficiency of extraction.

In a previous study using MPSD for the extraction of organic compounds from fish
tissues, Hertzog et al., (2015) tested several solid supports such as C18, florisil,
diatomaceous earth, and alternative materials derived from renewable sources (chitin and
chitosan). Diatomaceous earth was selected as solid support since it presented the highest
efficiency. Duarte et al., (2013) also tested several solid supports for the analysis of
organic mercury in fish tissue using VA-MSPD. Silica provided the best recoveries most
likely due to the combination of the polar nature of this abrasive material and the physical
strength applied in blending.

In this work, to further increase the percentage of compounds within an acceptable
recovery range and based on literature background, solid supports other than traditional
C18 were also tested. Florisil, silica, alumina, and solid support-free were tested using

MeOH as extraction solvent.
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Figure 3 — Percentage of compounds within the recovery ranges <60%, between 60 and
140%, and >140%. Experimental conditions: 0.5 g dw of freeze-dried fish muscle tissue,
2.0 g of solid support, and 5 mL of MeOH. Vortex mixing for 1 min. and centrifugation

at 4000 rpm for 10 min.; n=9.

Recoveries were <60% or >140% for most compounds when the extraction was
carried out without any solid support and exceeded 140% when florisil and alumina were
used. In contrast, recovery values between 60% and 140% were obtained for 80% of the
analytes when silica was used. Despite being a synthetic material, silica is a chemical
considered cheaper than those traditionally used, such as C18. The best results achieved
with this material are likely due to its small particle size and porous structure that provides

a high surface area.
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3.2 Method performance

The method performance was assessed through linearity, sensitivity, accuracy,
and precision (Table S1) determination. Optimized conditions involved the use of 0.5 g
of freeze-dried fish muscle tissue, 2 g of silica as a solid support, and 5 mL of MeOH as

extraction solvent.

Calibration range and linearity

Eleven calibration standard solutions at concentrations ranging from 1 to 1000 ng
mL" were prepared, in both, MeOH and tissue extract. The correlation coefficients (%)
of the calibration curves prepared in the solvent ranged from 0.9974 to 0.9999, whereas
those corresponding to those the matrix extract ranged between 0.970 and 0.9999. These
results are in good agreement with the established by regulatory agencies (SANTE, 2017).

Sensitivity

LODm and LOQm were estimated by the injection of the mixture of compounds
prepared in MeOH and the fish tissue extracts. Values of LODm and LOQm varied
between 0.99 and 34.4 ng g!' dw and 3.31 and 114 ng g dw, respectively (Table S1).
These values are similar to or below those reported in the literature for solid
environmental samples analysis. Gago-Ferrero et al., (2013) obtained LODm between 0.1
and 6 ng g dw using PLE and LC-MS/MS to determine UVFs in fish, whereas Hertzog
et al., (2015) achieved LOQm between 5 and 1000 ng g using VA-MSPD and LC-
MS/MS to determine 15 pharmaceuticals in fish. For ABBs, Vieira et al., (2018) obtained
LOQm ranging from 5 to 625 ng g’ using VA-MSPD and LC-MS/MS to analyze fish

samples.
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Accuracy and precision

The VA-MSPD extraction efficiency was evaluated according to recovery
responses, where values between 60% and 140% were considered satisfactory
(INMETRO, 2018). Therefore, repeatability was evaluated within this expected range.
Fish samples were also spiked at three concentration levels, namely 1xLOQm, 5xLOQm,
and 10xLOQm for each target compound.

RSD was calculated to assess the dispersion of replicates in calculating recoveries.
Precision and repeatability were calculated through intra-day and inter-day analyses.
Although few compounds showed recoveries >120% or <70%, and RSD >20%, these
were a minority considering the large number and range of physicochemical properties
of the compounds analyzed, and the analytical challenge that comprises a multi-residue

method of this magnitude.

Matrix effect (ME)

ME is usually observed for sample matrices that present high analytical
complexity, such as fish tissue, and is reported in the analysis of biological tissues. In the
case of fish, ME is habitually produced by the high-fat content of the sample, which
results in a dirty and difficult to analyze extract. Therefore, its evaluation in any analytical
method is crucial. In the present study, ME was evaluated through the comparison of
analytical calibration curves prepared in MeOH and matrix extract (usually known as
matrix-matched standards). For the quantification stage of the study analytes, the
analytical curve selected to compensate for potential issues caused by the matrix itself

was matrix-matched calibration.
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Results showed low or medium ME for 58% of the compounds, while the rest
presented high ME, with values >50% or <-50%. Pavlovic et al. (2012) added some
additional cleaning steps, such as SPE, after the extraction to mitigate ME. Ramirez et
al., (2007) observed ME higher than that obtained in the present study, despite applying
a more time-consuming and costly method.

In addition to the analytical performances shown in this study, it is possible to state
that the robustness of the VA-MSPD is also a positive and interesting factor. Previous
studies have demonstrated the robustness of the technique in several fish species and
tissues (Hertzog et al., 2015; Vieira et al., 2018), supporting its applicability in the present

study.

4 Distribution profile of the selected CECs in fish tissues

Once developed and validated, the method was applied to determine the
bioaccumulated concentrations of the target compounds in samples of the marine benthic
fish Micropogonias furnieri, collected in the southern part of Patos Lagoon estuary
(Southern Brazil). To assess the distribution of the bioaccumulated compounds in the fish,
four tissues (namely muscle, liver, stomach, and gills) were analyzed. Table 3 lists the
results obtained for the analyzed samples.

Out of the 59 compounds investigated, 13 were detected. All analysed tissues
contained at least Et-PABA, SCY, or the BP3 metabolite 4HB. BP3 was only detected in
the life (<KLOQm), where 4HB was present at a quantifiable concentration (39.5 ng g’!
dw). This compound was also detected in all the samples, but <LOQm in muscle,
stomach, and gills. This could be expected since the liver is the organ where the

metabolism of toxic substances takes place.
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the analyzed tissues, including quite high concentrations of 4HB (40.1-152 ng g"! dw) or

Table 3 - Concentrations of target analytes (ng g dw) measured in different tissues of the estrogenic UV filter Et-PABA (13.2-2840 ng g dw). These results are in support of

Micropogonias furnieri from the Patos Lagoon estuary (Brazil). *<LODm - below the the UV filters’ bioaccumulation capacity reported so far in marine ecosystems (Agawin

limit of detection of the method; <LOQm — below the limit of quantification of the et al., 2022; Downs et al., 2022; Fenni et al., 2022; Gago-Ferrero et al., 2015).

method. Et-PABA is currently used as a substitute for 4-aminobenzoate (PABA) in

Muscle Liver Stomach Gills sunscreens but also in anesthetic products. Moreover, its distribution within the organs

Analytes (ng g’ (ngg! (ngg! (ng g was somewhat unexpected as the bioaccumulation followed the order of liver > muscle
dw) dw) dw) dw) > stomach > gills. As mentioned, the liver is the organ where the metabolism of toxic
BP3 <LODm  <LOQm  <LODm  <LODm substances takes place, so the highest levels in this organ are logical. The same applies to
4HB <LOQm 39.5 <LOQm  <LOQm the muscle, a tissue with a high fat content that favors the accumulation of lipophylic
4DHB <LOQm  <LODm  <LODm  <LODm compounds such as Et-PABA.
AVO <LOQm  <LODm  <LODm  <LODm Due to its widespread use, Et-PABA has been found in different environmental
Et-PABA 2840 8320 21.0 13.2 matrices worldwide, i.e. sediment, water, and fish samples (Diaz-Cruz et al., 2019; Li et
FLU <LOQm  <LODm  <LODm  <LODm al., 2017). These studies focused on different fish species (Fent et al., 2008; Kunz and
OFX <LOQm  <LODm  <LODm  <LODm Fent, 2006; Zenker et al., 2008), and raise the question of whether UV filter residues
OXL <LOQm  <LODm  <LODm  <LOQm found in the environment are potentially able to adversely affect aquatic organisms and/or
SQX <LODm  <LOQm  <LODm  <LODm cause interferences in metabolic processes depending on the tissue selected for analysis.
SDM <LOQm  <LODm  <LODm  <LODm Although Diaz-Cruz et al. (2019) found Et-PABA in surface water from Greece (up to
SCY 124 67.7 63.8 57.3 956 ng L") and related the concentrations detected with temporal and spatial distribution,
IRG <LOQm  <LOQm  <LODm  <LODm Et-PABA was only detected (KLOQm) in one S. keadicus fish. In contrast, BP3 was found
DCOIT <LOQm  <LODm  <LODm  <LOQm in 50% of the analyzed samples.

Another organic compound present in the samples analyzed in the present study was

Previous studies have reported 4HB in fish samples. For example, Molins-Delgado SCY, accumulated in 100% of the analyzed fish tissues. Its distribution across the organs
et al., (2018) found it in Mugil liza from highly urbanized areas in Guanabara Bay, Rio differs from that observed for Et-PABA. Concentrations accumulated followed the order
de Janeiro (Brazil). Results showed that target UV-Fs and metabolites were ubiquitous in of muscle > liver > stomach > gills. The levels in muscle were two-fold those determined
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in the liver, stomach, and gills, which were quite similar (67.74, 63.8, and 57.3,
respectively). This could be explained by their different physicochemical properties

(Table 4).

Table 4 - Physicochemical properties of Et-PABA and SCY (ChemSpider | Search and
share chemistry, © Royal Society of Chemistry 2022, Registered charity number:

207890). Kow, octanol-water partition constant; Ka, dissociation constant.

CAS Log Solubility (mg L,
Acronym pKa
Ne Kow in water at 25°C)
Et-PABA 94-09-7 1.86 2.51 1671
SCY 69-72-7 2.26 2.97 3808

According to the physicochemical properties of SCY and Et-PABA, it is possible to
perceive that the most differentiating factor between these two compounds is their
solubility in water. As SCY is much more soluble, its concentration in the water column
is high. Furthermore, this factor causes also a higher transfer potential through the skin
of'the fish, while for Et-PABA, being less soluble, diet would constitute the only exposure

pathway.

SCY is an organic compound widely used in pharmaceutical and cosmetic
formulations (ingredients of acne treatment, shampoos, facial cleansers, and moisturizers)
and it is a metabolite of the acetylsalicylic acid (Cerqueira et al., 2019). This compound,
as for Et-PABA has also been detected in different environmental matrices, including

seawater, groundwater, and river water (Lopes et al., 2016; Paiga et al., 2015), sediments
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(Martin et al., 2010; Sadutto et al., 2020), and sewage sludge (Albero et al., 2014;
Cerqueira et al., 2019), demonstrating its environmental persistency. This organic
contaminant is considered a bio-persistent compound toxic to aquatic organisms (Zenker
etal., 2008) and has been previously found up to 490 ng g'! in Mytilus edulis bivalve(Wille
etal., 2011).

Some pharmaceuticals, such as FLU, OFX, OXL, SQX, and SDM were found in the
different tissues, but <LOQm. Regarding ABBs, only IRG and DCOIT were detected in
the analyzed tissues, but < LOQm. Although they have been detected but not quantified,
their detection was expected because these two biocides are the most prevalent worldwide
(Thomas and Brooks, 2010).

Overall, it is worth mentioning that pollutants bioaccumulation levels found may
differ according to the species of fish analyzed. Our study focused on the Micropogonias
furnieri species, but other studies also report the determination of PCPs and ABBs in
species such as Mugil liza Cynoscion, Guatucupa and Mugil liza tissues from Brazil
(Molins-Delgado et al., 2018; Vieira et al., 2018). Alteration in reproduction is a common
feature repoprted, along with physiological changes in organs such as the liver, brain, and
gills. There are studies in the literature that lead to the belief that compounds, such as
pharmaceuticals, at high concentrations in the environment can cause adverse effects to
humans, by water consumption and/or through their accumulation in aquatic organisms.
In short, the process of metabolizing contaminants can be different depending on the
species, even distinct in the different tissues, since each species has a particular content
of lipids, proteins, and other components. In addition, the bioaccumulation of an
individual can vary significantly and is dependent on factors such as species, age, weight,

natural habitat, and time of capture, among others (McLeod et al., 2014).
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5. Estimated daily intake (EDI) of bioaccumulated pollutants

Three compounds were detected in muscle and/or liver samples at concentrations
exceeding LOQms: Et-PABA, SCY, and the metabolite 4HB. Considering that SCY has
maximum residue limit (MRL) values in certain organisms, for instance, 400 ng g’ in
muscle and 200 ng g! in the liver of turkey (Commission Regulation (EU), 2010), it was
relevant to calculate the EDI by fish consumption of Brazilian residents, according to the
concentrations determined in the muscle and liver of the analyzed fish.

According to the Fish and Aquaculture Ministry, the average daily consumption of
fish in Brazil is 25 g per capita (Ministério da Pesca e Aquicultura, 2010). With this diet
information and the concentrations determined, EDI values were estimated for the three
compounds following equation (1):

(1) EDI= (p-Csy)-M'

where p is the average daily weight of fish consumed, Cssis the concentration of the
substance in the fish liver and muscle, expressed in wet weight (ww), and M is the mean
human body weight, 68 kg, corresponding to the average of South American population
(Walpole et al., 2012). According to (FAO, 1991) the overall water content of fish is 72%,
the value that we used to calculate the weight of the fish to be consumed from the dry
weight considered in the analyses. Considering fish muscle and liver as the only edible
parts, and that <LOQm usually is estimated as half of the LOQm value, this translates
into EDIs of 18.2, 4.10, and 70.3 ng (kg body weight)!d"! for 4HB, EtPABA, and SCY,
respectively.

For this estimation, muscle and liver concentrations of SCY expressed in fish wet
weight in the tissues analyzed were 123 ng g and 67.7 ng g, respectively. These
concentrations were far less than the stablished MRL for turkey, and no other matrix was

found to compare with, suggesting that the adverse health effects of SCY associated with
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fish diet are minimal. Nevertheless, given that the MRL corresponds to another animal
food, the possibility of ingesting multiple foods, water, and considering other potential
sources to SCY, it is imperative to continue investigating the SCY levels in foodstuft,
water, and other potential exposure pathways. SCY has been classified by the European
Food Safety Authority (EFSA) (Silano et al., 2020) as one of the three high-priority
substances (FCM No 121) based on teratogenic properties shown in animals (ECHA,
2016). Based on the lowest No-Observed-Adverse-Effect Level (NOAEL) of 75 mg (kg
body weight)'d"! from a developmental toxicity study carried out in rats (Tanaka et al.,
1973), a tolerable daily intake (TDI) below 1 mg (kg body weight)'d"! could be derived
(with uncertainty factor of 100 for inter- and intra-species differences). Therefore, the
EDI value calculated in this study for SCY is far below the TDI considered by the EFSA
(70.35 ng (kg body weight)'d") and thus, health risk associated solely with fish
consumption is unexpected.

However, information on specific species of fish in Brazil is scarce to make a
comparison of data. Generally, EDIs are calculated individually and compared with those
reported for persistent organic pollutants in fish. Previous studies have found EDI in line
with those reported in fish in the present study (Berger et al., 2009; Fent et al., 2008; Kunz
and Fent, 2006; Molins-Delgado et al., 2018). Therefore, we can conclude that the
estimated daily intake of SCY through fish consumption in Brazil is significantly lower

than the tolerable daily intake recommended by the EFSA for this compound.

Conclusions
In the present study, a multi-residue method based on sample preparation by VA-MSPD
and analysis by LC-MS/MS for the determination of 59 CECs including pharmaceuticals,

personal care products, and biocides, in fish tissues was developed and validated. The
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proposed method allowed to investigate the differential distribution of selected CECs in
fish tissue samples, proving to be easy to execute, cheaper, and more robust than
traditional techniques applied, being suitable for laboratory routine analyses. Et-PABA,
4HB, and SCY were frequently accumulated in muscle and liver. A preliminary risk
assessment of the target compounds showed that exposure to SCY from fish consumption
is unlikely to pose a health risk. Nevertheless, it is important to monitor its levels in other
potential exposure routes and foodstuff. Further studies should also focus on the
occurrence, behaviour, and fate of CECs in the environment to fully understand their
bioaccumulation and biomagnification in living organisms, as well as their potential
synergistic toxic effects because all occurrence data could be used as a reference in further

regulation revisions.
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Section S1. Standards purchase and purity

High purity (96-99.9%) analytical standards of 5-benzoyl-4-hydroxy-2-
methoxybenzene sulfonic acid (BP4), 2-hydroxy-4-methoxybenzophenone (BP3),
2,2’ 4,4’ -tetrahydroxybenzophenone (BP2), 2,4-dihydroxybenzophenone (BP1), 4-
hydroxybenzophenone (4HB), 4,4'-dihydroxybenzophenone (4DHB), 2,2’-dihydroxy-4-
methoxybenzophenone (DHMB), 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)propane-
1,3-dione (AVO), 3-(4-methylbenzilidene)camphor (4MBC), 2-ethylhexyltrans-4-
methoxycinnamate (EHMC), ethyl-4-aminobenzoate (Et-PABA), 1,2,3-benzotriazole
(BZT), 4-methyl-1H-benzotriazole (MeBZT), 5,6-dimethyl-1H-benzotriazole
monohydrate (DMBZT), 2-(2-benzotriazolyl)-p-cresol (Uvp), benzyl-4-
hydroxybenzoate (BePB), butyl-4-hydroxybenzoate (BuPB), propyl-4-hydroxybenzoate
(PrBP),  methyl-4-hydroxybenzoate =~ (MePB),  9-fluoro-5-methyl-1-0x0-1,5,6,7-
tetrahydropyrido[3,2,1-ij]quinoline-2-carboxylic acid (flumequine, FLU), 9-fluoro-3-
methyl-10(4-methylpiperazin-1-yl)-7-ox0-2,3-dihydro-7H-[1,4]oxazino[2,3,4-
ij]quinoline-6-carboxylic acid (ofloxacin, OFX), I-cyclopropyl-6-fluoro-4-oxo-7-
piperazin-1-ylquinoline-3-carboxylic acid (ciprofloxacin, CPX), I-ethyl-7-methyl-4-
oxo0-1,4-dihydro-1,8-naphthyridine-3-carboxylic acid (nalidixic acid, NDX), 5-ethyl-8-
0x0-5,8-dihydro-[1,3]dioxolo[4,5-g]quinoline-7-carboxylic acid (oxolinic acid, OXL), 4-
0x0-4-[4-(1,3-thiazol-2-ylsulfamoyl)anilino]butanoic acid (Succynil-Sulfatiazole, S-

STZ), 4-amino-N-pyrimidin-2-ylbenzenesulfonamide (SDZ), N-[4-(pyrimidin-2-

ylsulfamoyl)phenyl]acetamide (acSDZ), 4-amino-N-(4-methylpyrimidin-2-
yl)benzenesulfonamide (SMR), N-[4-(4-methylpyrimidin-2-
yl)sulfamoyl]phenyl]acetamide (acSMR), 4-amino-N-(6-mathoxypyridazin-3-
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yl)benzenesulfonamide (SM2), N-[4-[(4,6-dimethylpyrimidin-2-
yl)sulfamoyl]phenyl]acetamide (acSM2Z2), 4-amino-N-(5-methyl1,2-oxazol-3-
yl)benzenesulfonamide (SMX), 4-acetylamino-N-(5-methyl-3-
isoxazoyl)benzenesulfonamide (acSMX), 4-amino-N-(6-methoxypyridazin-3-

yl)benzenesulfonamide (SMPZ), 4-amino-N-pyridin-2-ylbenzenesulfonamide (SPY), N-
[4-(pyridine-2-ylsulfamoyl)phenyl]acetamide ~ (acSPY),  4-amino-N-quinoxalin-2-
ylbenzenesulfonamide (SQX), 4-amino-N-(1,3-thiazol-2-yl)benzenesulfonamide (STZ),
4-amino-N-(2,6-dimethylpyrimidin-4-yl)benzenesulfonamide (sulfisomidine, SMD), 4-
amino-N-(2,6-dimethoxypyrimidin-4-yl)benzenesulfonamide (SDM), 5-[(3,4,5-
trimethoxyphenyl)methyl]pyrimidine-2,4-diamine  (trimethoprim, TMP), 5-(2,5-
dimethylphenoxy)-2,2-dimethylpentanoic  acid  (gemfibrozil, GMZ), 2-(2,3-
dimethylanilino)benzoic acid (mefenamic acid, MFA), (2S)-2-(6-methoxynaphthalen-2-
yl)propanoic acid (naproxen, NPX), 2-[4-(2-methylpropyl)phenyl]propanoic acid (IBU),
2-(3-benzoylphenyl)propanoic acid (ketoprofen, KPF), diclofenac soduim salt
(diclofenac, DCF), N-(4-hydroxyphenyl)acetamide  (acetaminophen, = APH),
benzo[b][ 1 ]benzazepine-11-carboxamide (CB2), 3-oxa-11-
azatetracyclo[10.4.0.02,4.05,10]hexadeca-1(16),5,7,9,12,14-hexaene-11-carboxamide

(CBZ-10,11-epoxy, CBZ-E), 2-[4-[2-hydroxy-3-(propan-2-
ylamino)proproxy]phenyl]acetamide (atenolol, ATL), 3-phenyl-3-[4-
trifluoromethyl)phenoxy]propan-1-amine (Nor-FXT), N-desmethylvenlafaxine (N-
desVFX), 2-hydroxybenzoic acid (Salicylic acid, SCY), caffeine (CFF), 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (diuron, DIU), 2-N-tert-butyl-4-N-cyclopropyl-6-
methylsulfanyl-1,3,5-triazine-2,4-diamine (irgarol, IRG), 4,5-dichloro-2-n-octyl-3-(2H)-

isothiazolin-3-one (DCOIT), N-[dichloro(fluoro)methyl]sulfanyl-N-
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(dimethylsulfamoyl)aniline (dichlofluanid, DFL) were purchased from Sigma-Aldrich
BP3-d5, GMZ-d6, 4MBC-d4, BZT-d4, BePB-d4, FLU-13C, SMZ-d4, TMP-d3,
(98%), and ammonium acetate (> 96%) were supplied by Merck (Germany), SPE C18

(Germany), Sigma-Aldrich (Brazil) and TCI (Belgium).

cartridges (500 mg) by Isolute (Spain), methanol (MeOH) and acetonitrile (ACN) ultra-
(99.995%) by Air Liquid (Spain).

gradient HPLC grade, ethyl acetate (EtAc) and dichloromethane (DCM) (both for organic
residue analysis grade) by J.T. Backer (The Netherlands), nitrogen (99,999%) and argon

MFA-d3, NPX-d3, IBU-d3, DCF-d4, CBZ-d10 and SCY-d6 were obtained from CDN
isotopes (Canada) and Sigma-Aldrich (Germany). Florisil, alumina, silica, formic acid
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3.3 Discussion

The results compiled in this chapter represent novel data on CECs’
occurrence, fate and behaviour in the environment, showing their ubiquity
and concern, especially in stressed coastal areas. In some of the published
works, the first reported levels of PCPs were found in specific matrices and
regions. Although the individual conclusions of each work are detailed in the
manuscripts, this section discusses the general findings on the occurrence of
CECs in the marine environment studied.

CECs’ distribution among matrices

UVFs and PBs are reported for the first time on the Tunisian coastline,
and the levels found in the seawater and sediments are similar to reported
values in other regions (Diaz-Cruz et al., 2019; Loos et al., 2013; Tashiro and
Kameda, 2013). However, the compounds found in the water column and the
sediments show different patterns since some that are not detected in water
accumulate in the sediments. A pattern that seem to follow the sediments and
fish from Brazil, too, since the compounds found at the highest concentrations
in the fish were not detected in the sediments, and vice versa. In theory, the
concentration of these compounds in lipophilic matrices (such as sediments,
fish, or seagrass) should be higher than in matrices with lower organic/lipidic
content, such as water. Actually, compounds such as sulfisobenzone (BP4) with
low logK_ values can reach lipophilic organisms (such as Posidonia oceanica)
and bioaccumulate up to high concentrations. And other highly lipophilic such
as 2-ethyl-hexyl-4-trimethoxycinnamate (EHMC), are extensively present in
water but barely in sediments. There are more complex mechanisms behind
bioaccumulation, but in some cases, lipophilicity is still valuable to have an
estimation of the behaviour in the environment.
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The concentrations and compounds detected in the different locations and
environmental matrices seem logical. For example, BP3 was present in all the
seawater samples from Tunisia but not detected in the sediments (neither
from Tunisia nor Brazil), barely detected in the seagrass and below the limit
of quantification (<LOQ) in the fish, showing that despite its lipophilicity,
its presence in sediments and biota is not related with the levels in the
surrounding water. Methyl benzotriazole (MeBZT) was not detected in water
or fish. Still, it presented similar concentrations in the sediments from Tunisia
and Brazil (7.6 and 3.5 ng/g dw average, respectively), and it was also present
in the Posidonia oceanica at similar rates (1-6.3 ng/g dw). Very similar patterns
were observed for the ultraviolet filter AVO and the preservative MePB since
both were present in the sediments from Tunisia and Brazil and also in the
Posidonia oceanica but absent or barely present in the fish. The occurrence
of these CECs in the sediments and seagrass could be justified by its high
logK_, (4.51 for AVO) and extensive use (MePB and MeBZT, a benzotriazole
derivative, probably with a common origin), but its absence in the fish
suggests that other mechanisms intervene in the bioaccumulation processes.

Indeed, the fish accumulation pattern was completely different from the
“similar” matrices (sediments or seagrass) in terms of hydrophobicity. The
UVFs 4HB and benzocaine (EtPABA) were accumulated at high concentrations
(> 39 ng/g dw) in fish tissues, but they were absent in the sediments or the
seagrass. EtPABA was detected at high concentrations in fish muscle and liver
(>2800 ng/g dw) and lower ones in the stomach and gills (> 10 ng/g dw),
while 4HB was only detected in the fish liver. These results demonstrate a
concerning bioaccumulation tendency in fish aimed for human consumption
by compounds usually left out in CECs monitoring.

Finally, in both works from Brazil, many pharmaceuticals and four biocides
not analysed in the works from Tunisia and Mallorca were included. Regarding
pharmaceuticals, ciprofloxacin (CPX) was the only one detected above the
LOQ in sediments (9.5 ng/g dw average), and salicylic acid (SCY) the only one
in fish, but it was detected in all tissues at considerable concentrations (>
57 ng/g dw). Regarding biocides, IRG and 4,5-dichloro-2-octyl-4-isothiazolin3-
one (DCOIT) were detected in the sediments (1.7 ng/g dw and 12.2 ng/g
average, respectively), with DCOIT present in all analysed samples. In fish,
however, both were detected only <LOQ. Therefore, pharmaceuticals and
biocides occurrence also supports the theory that accumulation in sediments
and bioaccumulation in fish follows different mechanisms.
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The temporal evaluation of CECs’ occurrence is not easy since most of them
have been analysed for a short period of time due to the recent advances
in analytical technigues and the novel findings about their concerning
occurrence. However, the analysis of Posidonia oceanica supposed a unique
opportunity to study the accumulated concentrations of UVFs and PBs over
time in zones with different tourism impacts. As explained, this was possible
thanks to the internodal length of seagrass following oscillating year cycles.
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Figure 3.3. Temporal trend of the cumulative concentrations of UVFs and PBs in the selected
sampling sites.

Thus, the oldest samples dated from 2002 (20 years ago) and the most
recent from 2014, demonstrating that UVFs and PBs were already accumulated
in the seagrass two decades ago. The temporal trends are shown in Figure
3.3, where it can be observed that the highest concentrations were found in
sampling points 1 and 2 of Palma. It could be expected since these are the
closest points to an urban centre. Even though only two points per sampling
site are available, both present a concerning increase in concentration with
time, especially site 1. Alcudia point showed lower contamination values
(understandable since 20 times fewer inhabitants live there). The trend is
variable, but a big gap of missing data between 2003 and 2012 makes it
challenging to extract sound conclusions.
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Finally, the Ses Salines point presented similar levels to the ones found
in Alcudia, showing a similar trend (slightly decreasing). This tendency could
indicate that old concentration peaks are slowly decreasing due to the
degradation and diffusion of the contaminants. However, more sampling
periods are needed to support these arguments, even though an increase in
concentrations is observed in the last years.

The correlation between the UVFs and PBs present in the marine
environment and the population living near the sampling point was evaluated.
To do so, the data collected in Publication #1 and #2 were used because
both studies had sampling sites with very different anthropogenic influences
(Palma city-Ses Salines in Publication #1, Site M-Site Ch in Publication #2).
The sampling points selected in both publications (#3 and #4) from Brazil
were in zones strongly influenced by human activities, but no other point
was far from anthropogenic focus. Therefore, they were not included in this
discussion.

Palma and Site M sampling points were very close to large urban centres
(Palma and Melloulech cities, respectively). Palma has 410,000 and Melloulech
24,600 censed inhabitants (National Statistics Offices, 2022), which are the
values used for the statistical analysis. However, it must be considered that
both cities are very tourist, so these numbers increase considerably in periods
of good weather. On the other hand, the scenario was different in remote
areas such as Ses Salines or Site R, where the sampling point was far away
from any urban centre or population numbers were much lower (11,000 and
5,000 inhabitants, respectively) (National Statistics Offices, 2022); the levels
of contamination in these sites were considerably lower.

Statistically, the correlation between the sum of the concentrations
(ng/g in the case of solid matrices, ng/mL in the case of seawater) and the
population in the area was evaluated with a Pearson test (o > 0.05). A strong
positive correlation (r2 = 0.807 or a = 0.000412) was found. This indicates
that the concentrations of UVFs and PBs found in the environmental matrices
were closely related to intense human activity. This is clearer when observing
Figure 3.4, where the normalised values are represented.
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The concentration values (bars) match the number of inhabitants in each
site. It is also remarkable that sites like Ses Salines and Alcudia, with a low
population (compared with Palma), still present considerable contamination
levels.
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Figure 3.4. Normalized CECs’ concentrations (ng/g in the case of solid matrices, ng/mL in the case of
seawater) in Posidonia oceanica, seawater and sediments (bar graph) and normalized inhabitants
of each sampling region (trend line).

These outcomes could be explained by the fact that, even if pollution
is mainly produced in urban centres, some of these compounds can
spatially spread, contaminating nearby zones. However, as mentioned, this
contamination could also be a product of the tourist population, not included
in the statistical analysis since its variability makes it very difficult.

Thus, after the concerning correlation observed between the contaminants’
occurrence and anthropogenic activity, it is necessary to continue investigating
new ways to reduce these concentrations in the environment. It could be
done either with more efficient elimination techniques in the WWTPs or by
implementing new regulations that limit or prohibits their use, putting the
focus on the contamination source.

181



Chapter 3

3.4 References

Bao, V.W.W., Leung, K.M.Y., Qiu, J.W., Lam,
M.H.W., 2011. Acute toxicities of five commonly
used antifouling booster biocides to selected
subtropical and cosmopolitan marine species.
Mar. Pollut. Bull. 62, 1147-1151. https://doi.
org/10.1016/j.marpolbul.2011.02.041

Brumovsky, M., Becanova, J., Kohoutek, J.,
Borghini, M., Nizzetto, L., 2017. Contaminants
of emerging concern in the open sea waters of
the Western Mediterranean. Environ. Pollut.
229, 976-983. https://doi.org/https://doi.
org/10.1016/j.envpol.2017.07.082

Caldas, S.S., Soares, B.M., Abreu, F., Castro,
i.B., Fillmann, G., Primel, E.G., 2018. Antifouling
booster biocide extraction from marine
sediments: a fast and simple method based on
vortex-assisted matrix solid-phase extraction.
Environ. Sci. Pollut. Res. 25, 7553-7565. https://
doi.org/10.1007/s11356-017-0942-x

Celma, A., Gago-Ferrero, P., Golovko, O.,
Hernandez, F., Lai, F.Y., Lundqvist, J., Menger,
F., Sancho, J. V., Wiberg, K., Ahrens, L., Bijlsma,
L., 2022. Are preserved coastal water bodies in
Spanish Mediterranean basin impacted by human
activity? Water quality evaluation using chemical
and biological analyses. Environ. Int. 165.
https://doi.org/10.1016/j.envint.2022.107326

Diaz-Cruz, M.S., Molins-Delgado, D., Serra-
Roig, M.P., Kalogianni, E., Skoulikidis, N.T.,
Barcelé, D., 2019. Personal care products
reconnaissance in EVROTAS river (Greece):
Water-sediment partition and bioaccumulation
in fish. Sci. Total Environ. 651, 3079-3089.
https://doi.org/10.1016/j.scitotenv.2018.10.008

Gago-Ferrero, P., Diaz-Cruz, M.S., Barceld,
D., 2011. Fast pressurized liquid extraction
with in-cell purification and analysis by liquid
chromatography tandem mass spectrometry
for the determination of UV filters and their
degradation products in sediments. Anal.
Bioanal. Chem. 400, 2195-2204. https://doi.
org/10.1007/s00216-011-4951-1

Gago-Ferrero, P., Mastroianni, N., Diaz-
Cruz, M.S., Barcel6, D., 2013. Fully automated
determination of nine ultraviolet filters and
transformation products in natural waters
and wastewaters by on-line solid phase
extraction-liquid chromatography-tandem mass
spectrometry. J. Chromatogr. A 1294, 106-116.
https://doi.org/10.1016/j.chroma.2013.04.037

Gorito, A.M., Ribeiro, A.R., Almeida, C.M.R.,
Silva, A.M.T., 2017. A review on the application
of constructed wetlands for the removal
of priority substances and contaminants of
emerging concern listed in recently launched
EU legislation. Environ. Pollut. 227, 428-443.
https://doi.org/10.1016/j.envpol.2017.04.060

Karlsson, J., Ytreberg, E., Eklund, B., 2010.
Toxicity of anti-fouling paints for use on ships
and leisure boats to non-target organisms
representing three trophic levels. Environ.
Pollut. 158, 681-687. https://doi.org/10.1016/j.
envpol.2009.10.024

Leén, V.M., Vihas, L., Concha-Grana, E.,
Fernandez-Gonzalez, V., Salgueiro-Gonzilez,
N., Moscoso-Pérez, C., Muniategui-Lorenzo,
S., Campillo, J.A., 2020. Identification of
contaminants of emerging concern with potential
environmental risk in Spanish continental shelf
sediments. Sci. Total Environ. 742, 140505.
https://doi.org/10.1016/j.scitotenv.2020.140505

Loos, R., Tavazzi, S., Paracchini, B., Canuti, E.,
Weissteiner, C., 2013. Analysis of polar organic
contaminants in surface water of the northern
Adriatic Sea by solid-phase extraction followed
by ultrahigh-pressure liquid chromatography-
QTRAP® MS using a hybrid triple-quadrupole
linear ion trap instrument. Anal. Bioanal. Chem.
405, 5875-5885. https://doi.org/10.1007/
s00216-013-6944-8

National Statistics Offices, 2022, 2022.
Population statistics [WWW Document]. URL
https://www.citypopulation.de/

182

Occurrence of CECs in the marine enviornment

Starling, M.C.V.M., Amorim, C.C., Ledo,
M.M.D., 2019. Occurrence, control and fate
of contaminants of emerging concern in
environmental compartments in Brazil. J. Hazard.
Mater. 372, 17-36. https://doi.org/10.1016/j.
jhazmat.2018.04.043

Tashiro, Y., Kameda, Y., 2013. Concentration
of organic sun-blocking agents in seawater of
beaches and coral reefs of Okinawa Island,
Japan. Mar. Pollut. Bull. 77, 333-340. https://
doi.org/10.1016/j.marpolbul.2013.09.013

United Nations Environment Programme,
2022. The marine environment is an essential
component of the global life-support system
[WWW Document]. URL https://www.unep.org/
news-and-stories/story/marine-environment-
essential-component-global-life-support-system

183



Chapter 4

The challenge of CECs'
removal

4.1 Introduction
4.2 Results
4.3 Discussion

4.4 References




The challenge of CECs' removal

4.1 Introduction

The occurrence of CECs in the environment, as explained in Chapter 3,
demonstrates that conventional WWTPs are inefficient in removing them.
Ideally, the solution to reduce the occurrence of CECs in the environment would
be the introduction of elimination/removal technologies complementary to
those currently in use that would altogether remove these contaminants
from wastewater. However, the solution is more complex than that. First,
implementing new methodologies capable of removing CECs is usually very
expensive as they present a wide range of physicochemical properties (Morin-
crini et al., 2021). It means that the implemented technologies need to be
robust and provide the required conditions for the degradation or retention
of the contaminants. Furthermore, the maintenance of these technologies
needs to be minimal since they are designed to treat large volumes of (waste)
water continuously; frequent maintenance would make them expensive and
useless in the long term.

A common problem when eliminating CECs is the formation of new TPs
(Starling et al., 2019). This is particularly remarkable when induced or drastic
degradation processes, such as chlorine disinfection, are used. These new
TPs, sometimes unknown, can present different physicochemical properties
and, in some cases, are even more toxic than the parent compounds (Menger
et al.,, 2021). Therefore, an efficient elimination technology for CECs must
remove them from the wastewater by degrading or retaining them, but the
same applies to the formed TPs.

Since this problem with CECs has been known for years, a wide variety
of technologies and materials have been tested. Table 4.1 summarises the
most commonly applied technologies for CECs removal from wastewater. In
general, the technologies that achieve higher removal efficiencies present
high investment costs (in terms of installation, maintenance, and operation)
and certain issues related to their continuous operation at a real scale.
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Table 4.1. Summary of the advantages and disadvantages of the most common elimination/removal
technologies used for CECs removal. (Morin-crini et al., 2021; Norton-Branddo et al., 2013)

Adsorption processes

Activated carbons

No formation of by-products,
flexible and easy process operation

High operability, moderate
investment costs, rapid saturation

Clay-based adsorbents

No formation of by-products,
low investment costs

Low adsorption capacity,
moderate operating costs

Polymers

No formation of by-products,
high removal rates

High operability, high investment
costs, no real-scale studies

Metal-organic frameworks

Capable to remove and degrade,
high removal rates

Low stability material, high
operability, high operating costs

Chitosan-based materials

No formation of by-products,
great performance

No real-scale studies,
commercial limitations

Nanocellulose

No formation of by-products,
low cost, high removal rates

No real-scale studies,
commercial limitations

Biological processes

Wetlands

Low maintenance costs and energy usage,
no formation of by-products

Large footprint, efficiency depending
on meteorological conditions

Algal/fungi based strategies

Low maintenance costs and energy usage,
no formation of by-products

Large footprint, difficult to
control conditions on large scale

Membrane filtration

No formation of by-products,
wide range of membranes

High investment costs, high
operating costs, fast clogging

Advanced processes

Wastewater desinfection
(e.g. chlorination)

Low operating costs

High operability, high
formation of by products

UV radiation

No formation of by-products,
low operating costs

High operability,
moderate investment costs

Ozonation

Low formation of by-products

High operability,
high investment costs

Electrochemical

Low maintenance costs,
low investment costs

High formation of by products,
energy usage

Otherwise, lower-cost technologies usually require more substantial
degradation steps that produce high quantities of by-products.

From the information in Table 4.1, it seems that electrochemical processes

are the most promising degradation technology. It requires a very low
initial investment and maintenance, but the main drawback is the extensive
formation of TPs. Thus, the first degradation technology tested in this
thesis was anodic oxidation at a lab scale (Publication #8). It was applied
to degrade 30 pharmaceuticals and generate hydroxyl radicals that favour
the mineralisation of the formed TPs. The feasibility of this technique was
assessed in a secondary effluent from a WWTP, and a non-target screening
of the CECs present was carried out to search for new TPs formed during the
oxidation process.
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Another interesting CECs’ degradation technology, according to Table 4.1,
are algal ponds (as well as wetlands) thanks to their low cost, efficiency, and
no by-product formation. The only drawback is the difficulty in controlling
the conditions (temperature, pH, dissolved oxygen, etc.) at a field scale. A
study on a pilot high-rate algae pond (HRAP) system was carried out in this
thesis to evaluate the removal efficiency of PPCPs from different types of
water (Publications #5 and #6). The pilot HRAP system is shown in Figure 4.1.
The system was located in Agropolis, an experimental area belonging to the
Polytechnic University of Catalonia facilities (Barcelona Spain), consisting of
two tanks continuously homogenised with paddle wheels. These tanks were
connected by 16 horizontal tubes, facilitating the flow by gravity between
them. The system was inoculated with a mix of microalgae and bacteria.
Further information about this system can be found elsewhere (Garcia-Galdn
et al., 2018; Uggetti et al., 2018).

In recent years, the trend in removal technologies has been to couple
them on line to combine their advantages and achieve higher CECs’
removal rates. This was the purpose when constructing a pilot soil aquifer
treatment (SAT) system with reactive barriers. It was located in the WWTP
of Palamds (Spain) to evaluate its performance to improve the removal rate
of the remaining CECs in the secondary effluent of the WWTP. One of the
barriers was built only with sand and used as a reference, and the other five
were made with different combinations of natural materials, such as sand,
compost, woodchips, or clay. Therefore, the wastewater infiltrated through
the barrier is renaturalized when it reaches the aquifer, where additional
natural processes occur, improving the chemical quality of the aquifer water.
A general view and a representative scheme of the system are presented
in Figure 4.2. Further details of this experimental system can be consulted
elsewhere (Valhondo et al., 2020).
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The system’s performance in removing PPCPs from the secondary
WWTP effluent was evaluated, constituting Publication #7. This paper
also incorporates the assessment of POCIS, a novel sampling approach in
a SAT system that allows obtaining composite samples over long periods,
achieving more representative data of the actual status of the water. This is
crucial in systems with a continuous water flow, such as WWTPs, since the
contamination in the sample will vary very quickly and will differ depending
on the season. With the help of these integrative samplers, the information
obtained is from the entire load of contaminants present in the (waste)water
during, for example, a week, giving much more representative information

data.

7 /. Polystnylens Tubes
(/4

Figure 4.1. . a) View of the full-scale HRAP system operating at full capacity. b) Flow diagram and
sketches of different parts of the full-scale HRAP system. (Garcia-Galan et al., 2018)
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Figure 4.2. a) General view of pilot system, with the recharge and discharge areas, piezometer
sections and replicates T1 through T6. B) Cross section and plant view scheme of one of the systems
with the recharge area, heterogeneity, and monitoring points. (Valhondo et al., 2020)
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For analysing the different waters included in this chapter (wastewater and
SAT-reclaimed water), our previous published methodologies were adapted
or directly applied.

In Publication #8, the suspect screening of wastewater was performed
with a database from the Norman Network (Taha et al., 2022). In Publications
#5 and #6, the water was analysed following the same online-SPE-HPLC-MS/
MS methodology explained in Chapter 3 for the seawater samples, based on
Gago-Ferrero et al., (2013).

Finally, in Publication #7, it is important to remark that the water samples
were obtained with POCIS. The obtained extracts from the passive samplers
were analysed with a target analysis of PPCPs by HPLC-MS/MS under the
same conditions used in the previous publications.
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4.2 Results

The results of this chapter are described in three published and one
submitted for publication articles. The publications are:

- Publication #5: Vassalle, L., Sunyer-Caldu, A., Uggetti, E., Diez-
Montero, R., Diaz-Cruz, M. S., Garcia, J., Garcia-Galan, M. J., “Bioremediation
of emerging micropollutants in irrigation water. The alternative of microalgae-
based treatments”, 2020, Journal of Environmental Management,

https://doi.org/10.1016/j.jenvman.2020.111081

- Publication #6: Vassalle, L., Sunyer-Caldu, A., Uggetti, E., Diez-
Montero, R., Diaz-Cruz, M. S., Garcia, J., Garcia-Galan, M. J., “Behavior of UV
Filters, UV Blockers and Pharmaceuticals in High Rate Algal Ponds Treating
Urban Wastewater”, 2020, Water, https://doi.org/10.3390/w12102658

- Publication #7: Sunyer-Caldu, A., Benedetti, B., Valhondo, C., Martinez-
Landa, L., Carrera, J., Di Carro, M., Magi, E., Diaz-Cruz, M. S., “Using integrative
samplers to estimate the removal of pharmaceuticals and personal care
products in a WWTP and by soil aquifer treatment enhanced with a reactive
barrier”, Submitted to Science of the Total Environment.

- Publication #8: Calzadilla, W., Espinoza, C., Diaz-Cruz, M. S., Sunyer-
Caldq, A., Aranda, M., Pefia-Farfal, C., Salazar, R., “Simultaneous degradation of
30 pharmaceuticals by anodic oxidation: Main intermediaries and by-products”,
2021, Chemosphere, https://doi.org/10.1016/j.chemosphere.2020.128753
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The present study evaluated the efficiency of a semi-closed horizontal tubular photobioreactor (PBR) at
demonstrative scale to remove a total of 35 target compounds, including benzotriazoles, benzophenones, anti-
biotics and different pharmaceuticals present in irrigation water in a peri-urban rural area. This water run
through an open channel and was a mixture of reclaimed wastewater from a nearby wastewater treatment plant
(WWTP) and run-off from the different agricultural fields in the area. Most of the compounds studied are usually
not fully eliminated during conventional wastewater treatment, which justifies the need to investigate alternative
treatment strategies. A total of 21 of these compounds were detected in the irrigation water. Benzotriazoles were
only partially removed after the microalgae treatment, with elimination rates similar to those of conventional
WWTPs. The UV filter benzophenone-3 (BP3) showed variable removals, ranging from no elimination to 51%,
whereas 4-methylbenzilidenecamphor (4MBC) was completely eliminated. Regarding pharmaceuticals, average
removals were higher, in the range of 60-100%, with the exception of the antibiotics sulfamethoxazole (46%)
and sulfapyridine, which was not removed. Despite the low biomass productivity of the PBR, parameters such as
the size of the reactors, the specific mixed cultures developed and the high temperatures and pH in the closed

em may account for the overall good results, The efficiency and sustainability of these systems make them a
solid, feasible treatment c!

1. Introduction pesticides, inorganic fertilizers or residues of different PPCPs contained
in the applied biosolids. Drainage and open irrigation channels can
receive a large amount of this rural run-off, but they usually discharge

into rivers and not in other main collectors towards WWTPs. In conse-

Pharmaceuticals and personal care products (PPCPs) have become
an integral part of our daily life. Their frequent consumption and usage

have led to their regular entrance into the environment, being the
aquatic ecosystems the most vulnerable. Indeed, they are constantly
receiving these inputs from both point sources such as wastewater
treatment plant (WWTP) effluents (urban, rural or industrial)
(Garcia-Galan et al., 2011; Molins-Delgado et al., 2015; Verlicchi et al.,
2010) or from non-point sources such as urban or agricultural run-off
waters, intensive cattle farming or biosolids application from WWTPs
(Dolliver and Gupta, 2008; Sabourin et al., 09). In rural areas
(including also peri-urban croplands), irrigation or strong precipitation
events can lead to the loss of different pollutants from the soils such as

* Corresponding author.

E-mail address: chus.g du (M.J. Garcia-Galan).

https://doi.org/10.1016

quence, a huge variety of these organic micropollutants eventually reach
surface waters and groundwater bodies, and may indirectly affect to
different non-target organisms and the ecological status of the receiving
aquatic ecosystems (Langdon et al., 2010; Postigo et al., 2016; Proia
et al., 2013).

During the last two decades, intensive monitoring campaigns on the
occurrence of PPCPs have been carried out, demonstrating the ineffi-
cient removal for most of them during conventional activated sludge
(CAS) wastewater treatment , and their ubiquity in basically all type of
environmental matrices, including tap water (Diaz-Cruz et a
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Dolar et al., 2012; Gros et al., 2012; Serra-Roig et al., 2016). Apart from
pharmaceuticals, personal care products (PCPs) comprise a wide group
of chemicals of daily use such as soaps and detergents, toothpastes,
sunscreens, cosmetics, biocides, fragrances and insect repellents
amongst others. Their continuous release into the environment has led
to their classification as pseudo-persistent contaminants (Tolls et al.,
2009) and understanding their fate and behaviour in the aquatic eco-
systems shoud be a priority, considering their potential to bio-
accumulate and biomagnify through the trophic chain, and their
subsequent negative impact on the receiving ecosystems (Fent et al.,
2010). For instance, it has been demonstrated that two metabolites of
benzophenone-3 (BP3), 2,4-dihydroxybenzophenone (BP1) and
4-hydroxybenzophenone (4HB) show a high estrogenicity against
rainbow trout (Kunz and Fent, 2009). Nevertheless, available ecotox-
icity data for many sunscreen agents is still scarce.

Similarly, benzotriazoles are high production volume chemicals
which have become crucial in many industrial processes. They are used
as UV blockers or stabilizers of different plastic products, as corrosion
inhibitors in detergents, antifreezing or antifogging agents in photog-
raphy or airplane fluids (Asimakopoulos et al., 2013; Gatidou et al.,
2019; Liu et al., 2012, 2011a). 1H-benzotriazole (BZT, also found as
BTri) and 5-methyl-1H-benzotriazole (5-MeBZT, also found as TTri) are
the two UV blockers most frequently detected in environmental samples,
as they are poorly volatile and only partially removed during CAS
treatment due to their high polarity and low biodegradability (Asima-
kopoulos et al., 2013; Molins-Delgado et al., 2015; Reemtsma et al.,
2010). Some studies have shown that benzotriazoles can ultimately
accumulate in humans, being detected in human adipose tissues, urine
and amniotic fluid samples (Li et al., 2018; Wang et al., 2015).
Regarding their ecotoxicity, there are only a few studies and yet all have
evidenced that these chemicals have endocrine disrupting properties,
impairing oxidative stress, hepatotoxicity and neurotoxicity in fresh-
water and marine fish (Liang et al., 2017, 2016; 2014; Tangtian et al.,
2012).

Regarding pharmaceuticals, thousands of tons of different classes are
consumed regularly in both human and veterinary medicine. It is esti-
mated that pharmaceuticals usage will reach 4.5 trillion doses per day in
adults worldwide by 2020 (Patel et al., 2019). After usage and excretion,
both the metabolites and the remnants of the original drug are released
into the environment where they may resist biodegradation and bio-
accumulate, depending on their physical and chemical properties
(Daughton, 2013). In these cases, they could also pose a toxicological
risk to different non-target organisms, altering the ecosystem dynamics,
as is the case of antibiotics and the development of antibiotic resistant
bacteria and genes (including pathogens) (Kiimmerer, 2009, 2004;
Rodriguez-Mozaz et al., 2015).

Taking all this information into account, the need to find alternative
and more efficient treatments is evident. Nature-based, low-cost treat-
ment systems such as microalgae-based systems or constructed wetlands
are currently being intensively investigated and, so far, with promising
results regarding PPCPs removal (Avila et al., 2014; Garcia-Galan et al.,
2018; Matamoros et al., 2015; Vassalle et al., 2020a). In particular,
microalgae-based treatments, despite having been operative since the
50’s, are recently gaining a renewed popularity due to their high effi-
ciency removing nutrients and organic matter within a much more
sustainable frame than conventional treatments. Indeed, these systems
can operate maintaining low operation and maintenance (O&M) costs,
as they do not require external aeration due to photosynthesis, or any
chemical input (Garcia et al., 2006; Munoz and Guieysse, 2006).
Microalgae biomass grows fixating CO; and assimilating the nutrients
(mostly nitrogen (N) and phosphorus (P)) present in the influent
wastewater. Through photosynthesis, microalgae generate the oxygen
needed by heterotrophic bacteria to aerobically degrade the organic
matter present in the water (including organic micropollutants). These
systems have the dual advantage of treating wastewater efficiently and,
simultaneously, producing microalgae biomass which, after an

198

Journal of Environmental Management 274 (2020) 111081

appropriate harvesting/separation technique from the aqueous phase,
can be further profited to produce bioenergy (biogas) or other
added-value products such as pigments, biofertilizers or even bioplastics
(Arashiro et al., 2018; Rueda et al., 2020; Vassalle et al., 2020b). If
managed sustainably (with proper use), the waste generated in this
overall process is considerably reduced, as well as the energy require-
ment for this system, when compared to conventional systems. For
microalgae bioremediation, there are two basic types of systems: open
and closed systems. Open systems or high rate algal ponds (HRAPs) have
already been used for decades not only for wastewater treatment but in
industrial microalgae production (Chisti, 2013; Oswald, 1995). HRAPs
are the most frequently used systems, mainly due to their lower energy
requirements, as well as O&M costs, but cultures can be easily
contaminated and the control of the different growth and environmental
parameters (temperature, sunlight) is worse than that of closed systems
(Park and Craggs, 2010). Closed systems avoid these drawbacks and
usually yield higher biomass productions. However, the costs of O&M
are higher (higher energy requirements for mixing), dissolved oxygen
may accumulate to toxic levels and biofouling may appear in the inner
walls. It seems consistent that a new design of a hybrid, semi-closed PBR,
combining the advantages and avoiding the shortcomings of both open
and closed systems, could yield the highest efficiencies in biomass yield
and wastewater bioremediation. Regarding their efficiency in PPCPs
removal, studies on open systems are predominant, but yet scarce. In
recent studies, removal efficiencies (RE%) between 40% and >90% have
been reported in HRAPs treating sewage (Garcia-Galan ET AL., 2020b;
Vassalle et al., 2020a). Regarding closed or semi-closed systems, to the
authors knowledge only Hom-Diaz et al. (2017) evaluated the fate of 17
pharmaceuticals in a closed tubular reactor treating wastewater. More
recently, two other studies from our research group evaluated PPCPs
and pesticides removal in water by microalgae semi-closed systems
(Garcia-Galan et al., 2020, 2018).

The present study aims to evaluate the removal capacity of a semi-
closed, horizontal tubular PBR for 35 different PPCPs, including UV-
filters and parabens (10), benzotriazoles (4), antibiotics (15) and other
pharmaceuticals (6), in a mixed water from an irrigation channel To the
best of the author’s knowledge, it is the first time that a hybrid, (open/
close) PBR is investigated regarding the removal of a UV filters in this
type of water matrix.

2. Materials and methods
2.1. Microalgae-based treatment system description and operation

2.1.1. Hybrid tubular horizontal photobioreactor (PBR)

The sampling campaign was carried out in one of the three PBRs
designed, built and operated by the Environmental Engineering and
Microbiology research group ((GEMMA) - Universitat Politecnica de
Catalunya-BarcelonaTech) in collaboration with Disoltech S.L. (Tarra-
gona, Spain), within the framework of the H2020 EU project INCOVER
“Innovative Eco-technologies for Resource Recovery from Wastewater”
(http://incover-project.eu/GA 689242). These PBRs were the core of a
more complex pilot plant at demonstrative scale, which main objective
was to use wastewater as a valuable resource to produce different added-
value products within the biorefinery concept and circular economy
paradigm. A detailed description of the PBRs can be found elsewhere
(Garcia et al., 2018; Uggetti et al., 2018). Briefly, each PBR consisted of
two open tanks of polypropylene connected by 16 horizontal tubes
(Fig. 1). The useful volume of each PBR was 11.7 m®. Eight-blade pad-
dlewheels were installed in the middle of each open tank to ensure and
favor the homogeneous distribution and mixing of the liquor and also
the release of the excess dissolved oxygen (DO) accumulated along the
closed tubes. Paddle wheels also contributed to create a water level
difference (0.2 m) which made the mixed liquor flow by gravity from
one tank to the other. The PBRs were inoculated in April with a mixed
culture of microalgae and bacteria grown in urban wastewater and
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Fig. 1. Scheme of the hybrid tubular closed photobioreactor used in this study.
l:inflow from the homogenization tank; 2: paddle wheel; 3: direction of the
flow within the tubes; 4: outflow to the storage tanks. Samples were taken in 1
and 4.

operating since then (Uggetti et al., 2018). Irrigation water derived from
a drainage-irrigation channel near the facilities, containing a mix of
agricultural run-off and reclaimed wastewater from a WWTP nearby,
was fed to the PBR daily, under a HRT regime of 5 d (2.3 m® d?
approximately). Previously, this water was mixed with urban waste-
water from a septic tank (7:1, v:v) (to provide nutrients for the biomass
growth) in a homogenization tank with constant stirring, right before
the feeding operation (it was filled up anew every day). Online sensors of
pH (Hach Lange Spain S.L.), dissolved oxygen (Neurtek, Spain) and
temperature (Campbell Scientific Inc., USA) were installed in one of the
two open tanks of each PBR.

2.2. Sampling strategy

The PBR was already in operation for two full months before the
sampling campaign in July, and had already reached the steady state
(for complete-mix reactors, from 3 to 5 HRTs are needed to reach this
steady state). Sampling was carried out during two weeks in July, three
days per week. Influent samples were taken from the homogenization
tank and effluent samples were taken from one of the open tanks (as
mixed liquor) (n = 12 samples). The PBR was treated as a complete-mix
reactor, so the HRT was not considered when taking the influent and
effluent samples. For chemical characterization of the water, samples
were taken in PVC bottles and directly analyzed in the laboratory on the
same day. For the analysis of environmental levels of PPCPs, samples
were collected and immediately filtered through 0.45 pm PVDF mem-
brane filters (Millipore, USA) and frozen upon arrival to the laboratory
(amber glass bottles).

2.3. Chemicals and reagents

High purity standards (>99%) for 4 benzotriazoles (1H-benzo-
triazole (BZT), its two metabolites 5-methyl-1-H-benzotriazole (MeBZT)
and 5,6-dimethyl-1H-benzotriazole (DMBZT), and 2-(2'-hydroxy-5'-
methylphenyl) benzotriazol (UVP), 6 benzophenones (benzophenone-1
(BP1), benzophenone-2 (BP2), benzophenone-3 (BP3), two metabolites
of BPR, 4-hydroxybenzophenone (4HB) and 4,4
—dihydroxybenzophenone (4DHB), and 2,2'-dihydroxy-4-methox-
ybenzophenone (DHMB)), 1 camphor derivative (4-methyl-
benzilidenecamphor (4MBC)), 1 cinnamate derivative (ethylhexyl
methoxycinnamate (EHMC)), 2 p-aminobenzoic acid derivatives
(benzocaine (EtPABA), and ethylhexyl-4-(dimethylamino)benzoate
(ODPABA)) and their corresponding isotopically labelled compounds
were purchased from were purchased from Sigma Aldrich (Augsburg,
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Germany) and Merck (Darmstadt, Germany). Regarding pharmaceuti-
cals, 2 macrolides (clarithromycin and tylosin), 2 fluoroquinolone (flu-
mequine and ofloxacine), 1 quinolone (oxolinic acid), 9 sulfonamides,
trimethoprim, 3 anti-inflammatories (ketoprofen, naproxen and mefe-
namic acid), the lipid regulator gemfibrozil, the p-blocking agent aten-
olol and the stimulant caffeine, and their corresponding isotopically
labelled compounds were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and TRC (Toronto Research Chemicals Inc., Ontario, Canada).
Detailed information for all the studied compounds is given in Table S1
of the Supplementary Information (SI). Standard solutions of the mix-
tures of all compounds were made at appropriate concentrations and
used to prepare the aqueous calibration curve and also to perform the
recovery studies. Similarly, stock standard solutions for the internal
standards were prepared. Aqueous standard solutions always contained
<0.1% of methanol (MeOH).

2.4. Analytical methodologies and statistical analysis

2.4.1. Samples characterization

Both influent and effluent samples were analyzed on the following
conventional wastewater quality parameters: dissolved oxygen (DO)
and temperature (EcoScan DO 6, ThermoFisher Scientific, USA) and pH
(portable pH-meter 506, Crison Instruments, Spain). These parameters
were also measured on-site in the mixed liquor of the PBR by means of
online sensors submerged in one of the open tanks and connected to a
Multimeter 44 (Crison Instruments, Spain); turbidity (Hanna HI 93703,
USA); total suspended solids (TSS), volatile suspended solids (VSS),
alkalinity, chemical oxygen demand (COD), following Standard
Methods (APHA-AWWA-WEF, 2012); Ammonium (NHJ -N) according to
Solorzano method (Solorzano, 1969). The ions nitrite (NO2-N), nitrate
(NO3-N) and phosphate (PO3 P) were measured by ion chromatography
(ICS-1000, Dionex Corporation, USA). Total carbon (TC), total phos-
phorus (TP) and total nitrogen (TN) were measured by a TOC analyzer
(multi N/C 2100 S, Analytik Jena, Germany). All the analyses were done
in triplicate and results are given as average values. Mixed liquor sam-
ples were examined under bright light microscope (Motic, China)
equipped with a camera (Fi2, Nikon, Japan) for qualitative evaluation of
microalgae populations, employing taxonomic books and databases for
their identification (Streble and Krauter, 2018).

Average biomass productivity (gVSS m’2~d’1) in the PBR was
calculated based on the VSS concentration in the mixed liquor of both
systems, using equation (1):

VSS (Q— Qr + 0r)

2 1)

Biomass productivity =
where VSS is the volatile suspended solids concentration of the PBR
mixed liquor (g VSS L’l); Q is the wastewater flow rate (L d’l); Qg is the
evaporation rate (L d’l); Qp is the precipitation rate (L d’l); and A is the
surface area of the system (for the PBR, it was calculated including both
tanks surfaces and half of the surface of the 16 tubes). The evaporation
rate was calculated using equation (2):

0e=E,A @

where E, is the potential evaporation (mm d’l), calculated using
equation (3) (Fisher and Pringle, 2013).
T,

Ey=a Gy (R 450) ®

where a is a dimensionless coefficient which varies depending on the
sampling frequency (0.0133 for daily samples); R is the average solar
radiation in a day (MJ m’z), and T, is the average air temperature (°C).
Meteorological data (solar radiation, temperature and precipitation)
were obtained from the network of local weather stations in the
metropolitan area of Barcelona (www.meteo.cat), and are given in
Table S2 in SL
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2.4.2. Online-SPE-HPLC-MS/MS analysis of the target compounds

The target analytes were analyzed using a methodology adapted
from Gago-Ferrero et al. (2013) and Garcia-Galdn et al. (2010). Briefly,
pre-concentration and chromatographic separation was performed by
automated on-line solid phase extraction coupled to liquid chromatog-
raphy (SPE-LC), by means of a Symbiosis™ Pico instrument from Spark
Holland (Emmen, The Netherlands). On-line SPE pre-concentration of
all samples, including the calibration curve (5 mL volume), were per-
formed using PLRP-s cartridges (Agilent, St. Clara, CA, US).
HPLC-MS/MS analyses were performed using a 4000 Q TRAP™ MS/MS
system (Applied Biosystems-Sciex (Foster City, CA, US). MS/MS detec-
tion was performed in both positive and negative ionization modes,
under the selected reaction monitoring (SRM) mode. Table S3 summa-
rizes the HPLC-MS/MS conditions for the targeted compounds. Linearity
and limits of detection (LOD) of the methodology are given in Table S4.

2.4.3. Statistical analysis

The Mann-Whitney U-Statistical test was used for independent
samples to confirm the statistical difference between the concentration I
influent and effluent samples, regarding both physical-chemical pa-
rameters and to PPCPs. Statistica 10.0® software was used, using a
significance level for all tests of 95%.

3. Results
3.1. Conventional water quality parameters and PBR performance

The physical-chemical properties of the feed water (irrigation water
from the open channel) and the PBR effluent are summarized in Table 1.
Point and continuous measurements of temperature are given in more
detail in SI (Figure S1). The VSS/TSS ratio in the PBR mixed liquor was
74%. In these systems, pH values > 8 promote precipitation of inorganic
salts of different nature, leading to an increase of the VSS/TSS ratio
(Gutiérrez et al., 2016). Average COD was 92 mg L~ in the irrigation
water, with no removal but an increase of 16% in the PBR. This increase
has been also observed in previous works on closed systems (Arbib et al.,
2013; Garcia-Galan et al., 2018; Garcia et al., 2006) and can be related
to the microalgae biomass produced in the system releasing a fraction of
the carbon fixed during photosynthesis as dissolved organic carbon
(DOQ). It has been demonstrated that 5-30% of the carbon photosyn-
thetically fixed is released during microalgae growth as dissolved
organic matter or carbon (DOC) (Arbib et al., 2013). In the present
study, using the relation given by Dubber and Gray (2010)[4] to convert

Table 1
Physical-chemical characterization of the feed water (PBR inf) and PBR effluent
(mixed liquor).

Parameters Sample type

PBRiy¢ PBRest

Mean + SD Mean + SD
TSS (mg L) 73.70 + 58.81 291.18 =+ 200.91
VSS (mg L) 20.43 + 13.85 215.35 + 124.95
COD (mg0, L) 92.50 + 50.06 107.64 + 81.06
pH 83+03 9.1+1.0
DO (mg L") - 8.97 + 0.86
Temperature (°C) 2418 + 2.1 2487 +1.6
N-NH* (mg L7} 44415 03405
TN (mg L) 23.8+27 23.8+1.9
TIN (mg L) 14.4 £ 8.9 6.6 +5.3
TC (mg L™") 162.0 +19.9 246.3 £ 34.4
N-NOj (mg L™) 1.1+1.0 22434
N-NOj; (mg L™) 93+18 43453
P-PO} (mg L") 1.6 + 1.0 0.0 +£0.0
$-S0% (mgL ") 79.5 +18.8 63.9+17.9

TSS - Total Suspended Solids; VSS - Volatile Suspended Solids; COD — Chemical
oxygen demand; DO — Dissolved Oxygen; TN — Total Nitrogen; N-NHj -
Ammonium - TN - Total Nitrogen — TC - Total Carbon.
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COD into total organic carbon (TOC, and in consequence DOC), we
would obtain an increase of 18% in the PBR.

COD=1725+299 x TOC (€]

Furthermore, indicative of carbon fixation is the increase of the total
carbon (TC) on the effluent, from 162 mg L 'to246 mg L LIn addition,
there is also an increase in VSS (from 20 mg L™ to 215 mg L™Y) indi-
cating the growth of biomass in the system. On the other hand, the
higher COD values in the effluent from PBR may be related to the low
organic matter biodegradability of the feed water and consequently, to
carbon limitation that affected the algal growth. The same was observed
in the work by Arbib et al. (2013). The Mann-Whitney U statistical test
applied not showed significant statistical difference for temperature and
TN parameters.

The average concentration of N-NH{ in the irrigation water was 4.4
mg [N-NH4] L™}, which was removed up to 83%. Microalgae biomass
assimilation is the main removal pathway of N-NH4 " in algae systems,
but nitrification and volatilization (in the open tanks of the reactor) as
secondary routes should also be considered (Garcia et al., 2006).

3.1.1. Biomass productivity

The average biomass productivity in the PBR was 61.18 + 6 mg VSS
L' d7! (equivalent to 6.88 g VSS m~2 d™1). Similar results, ranging
from 4.4 g m 2 d! to 8.26 g m 2 d~!, were reported by Arbib et al.
(2013) in a small scale PBR (380 L) and also by Park and Craggs (2010),
with an an average volumetric productivity ranging from 53 to 69 mg
VSS L1 d! treating domestic wastewater in an open system. However,
values between 20 and 40 g m~2 d! are considered typical in closed
systems (Garcia-Galan et al., 2018). As expected, the concentration of
total inorganic nitrogen (TIN) and total phosphorus (P-PO%') in the feed
water were low, explaining the overall low productivity. Higher pro-
ductivities (55-79 mgqcw L71 d71), were obtained in previous studies
using pure cultures and synthetic culture medium (Troschl et al., 2018).
The BG-11 medium used In this study contained 65.8 mg L ™! of TIN,
whereas the average concentration in the water feedstock of the present
study was 15 mg L™" of TIN. Furthermore, biomass development in-
volves the assimilation of NHj (Arashiro et al., 2019), and indeed nearly
all the available NH4 was assimilated by microalgae, but again the input
in the PBR influent was low. Last of all, despite the good maintenance of
the PBR system during the experiment, the development of biofilm was
unavoidable. Its attachment to the inner walls of the tubes probably
hindered partially the penetration of sunlight within the tubes and the
mixed liquor, affecting to the full growth of microalgae. Nevertheless, its
detachment due to the shearing stress produced by the turbulent flow
within the tubes together with its regular maintenance aided to keep a
correct operation of the PBR.

Regarding the different microalgae species present in the PBR, the
cyanobacteria Synechocystis sp. Was the most abundant (Fig. 2). Arias
et al. (2018) reported the same cyanobacteria species in a lab-scale PBR
system, and explained its predominance in terms of the nutrients con-
centrations in the liquor. These authors showed that in PBR systems
operating with 4 days of HRT and with TN concentration <11.72 mg N
L~ d?, cyanobacteria predominated. These conditions are similar to
the PBR system of this work.

3.2. Occurrence of PPCPs in irrigation/agricultural run-off water

3.2.1. UV-filters and benzotriazoles

Out of the 14 UV filters and benzotriazoles (UV blockers) targeted, 6
were detected in the feedwater to the PBR. For the 10 UV filters eval-
uated, none of the p-aminobenzoic acid and cinnamate derivatives were
detected. The benzophenone BP3 was detected in all the influent sam-
ples of the PBR at concentrations ranging from 7 ng L™} to 75 ng L. Its
metabolites 4DHB and DHMB were not present, and 4HB was only
detected in one sample. The camphor derivative 4MBC was found in 3 of
the 6 samples analyzed (21 ng L™'- 86 ng L™). To the best of the
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Fig. 2. Microscope images of mixed liquor of the hybrid PBR (A-B), observed in bright light microscopy (x1000).
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Fig. 3. Concentrations of benzotriazoles and UV-filters (A) and pharmaceuticals (B) detected in the PBR system. For practical purposes, only compounds with
frequencies of detection (F%) > 30% (2 samples out of 6) are represented. The percentage value placed on top of the influent box-plots refers to the frequency of
detection in the influent water of the PBR; the percentage value placed on top of the effluent box-plots corresponds to the average removal observed (RE%). For
pharmaceuticals: SPY: sulfapyridine; STZ: sulfathiazole; TMP: trimethoprim; KTP: ketoprofen; GFB: gemfibrozil.
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authors’ knowledge, there is no previous data on the presence of these
compounds in agricultural run-off, nor irrigation water.

Regarding the 4 benzotriazoles targeted, BZT and MeBZT were the
two compounds detected at the highest concentration (1098 ng L™~
2003 ng L ™! for BZT and 220 ng L™'- 1982 ng L.~} for MeBZT, respec-
tively) (see Fig. 3). DMBZT was detected in the 50% of the samples and
at lower concentrations (45 ng L 77 ng L ).Ina previous campaign
on the same site, BZT was also one of the contaminants of emerging
concern detected at the highest concentration in the irrigation water,
despite at lower levels (420 ng L™Y) (Garcia-Galén et al., 2018).

3.2.2. Pharmaceuticals

Thirteen out of the 21 PhACs targeted were also detected in the feed
water of the PBR (Fig. 3). For antibiotics, only sulfonamides and
trimethoprim were detected. Caffeine was detected in 5 of the 6 samples
and at the highest concentrations, ranging from 850 ng L ™! to 2008 ng
L. These levels are higher than those detected in the same location and
season in a previous study (150 ng L’l) (Garcia-Galan et al., 2018).
Median concentrations of 384 ng L™ and up to 29,300 ng L~! were
detected in agricultural run-off in Singapore (Tran et al., 2019) and up to
5200 ng L~ in storm water run-off in Australia (Sidhu et al., 2013), with
frequencies of detection near or 100% in both cases. High concentra-
tions were observed also for gemfibrozil (214 ng L™! and 925 ng L™1),
and naproxen (774 ng L™1), although they were detected only in 2 and 1
samples, respectively. Similar levels of gemfibrozil were reported in
agricultural run-off from effluent-irrigated crop fields in Southern Cal-
ifornia, ranging from 190 ng L™! to 790 ng L™ (Pedersen et al., 2005).
Ketoprofen was found in 50% of the samples, at levels ranging from 98
ng L~ to 379 ng L™}, similar to those detected by Moeder et al. (2017) in
agricultural run-off in Mexico (18 ng L~ '-230 ng L1). Regarding anti-
biotics, sulfapyridine and trimethoprim were detected with the highest
frequencies and average values of 43 ng L and 15 ng L™\, respectively,
followed by sulfathiazole. Sulfamethoxazole was present only 2 out of
the 6 days of sampling, at concentrations between 10 ng L™'-20 ng L%,
Similar results were obtained by Bailey et al. (2015), who also obtained
average concentrations of 22 ng L™! for sulfapyridine in agricultural
run-off. These authors pointed out the use of sulfonamides as fertilizers
in agriculture, which justifies their presence in the run-off. The -blocker
atenolol was not detected in any sample.

3.3. Removal of PPCPs in microalgae-based systems

Aqueous phase removal in the PBR was calculated according to
equation (5):

RE% = 100x<l - Q) 5)
inf

where Ciyr and Cef are the concentrations (ng LY in the influent and
effluent waters, respectively.

3.3.1. Removal efficiency of PBRs

3.3.1.1. Benzotriazoles and UV filters. Fig. 3A and B shows the influent
and effluent concentrations of the different compounds evaluated,
indicating also their frequency of detection and removal after the
treatment in the PBR. Removal of BZT in the PBR ranged from 3% to
25%. To the author’s knowledge, only Garcia-Galan et al. (2018) had
previously studied the removal of BZT in closed (semi-closed) systems.
These authors obtained a 50% elimination in a PBR of smaller capacity,
and in the same location. But as mentioned in the previous section, the
concentrations detected in the influent water of the PBR were much
lower than those obtained in the present study. Matamoros et al. (2015)
also studied the removal of BZT in microalgae-based treatments, spe-
cifically in an open system. The authors obtained eliminations in the
range of 33-74% working under an HRT of 4 d during summer in the city

202

Journal of Environmental Management 274 (2020) 111081

of Barcelona, but again the concentrations at the influent were lower.
Regarding RE% of BZT in different conventional WWTPs, results are
highly variable and can range from negative values up to 99%
(Molins-Delgado et al., 2017); for instance, Liu et al. (2012) obtained a
RE% of 7%, Asimakopoulos et al. (2013) obtained RE% in the range of
25-37%, and Reemtsma et al. (2010) observed eliminations of 20-59%.
Nevertheless, the frequent presence of BZT in different aquatic ecosys-
tems (Molins-Delgado et al., 2017; Serra-Roig et al., 2016) reinforces the
predominance of low removals in conventional WWTPs. Photo-
degradation, which is usually enhanced in microalgae-based treatment
systems (Garcia-Galan et al., 2020; Matamoros et al., 2015), was not
significant for BZT. Yet, its photodegradability was demonstrated by Liu
et al. (2012, 2011b), who obtained removals in stabilization ponds of
47% but only after long HRTs (27 d). BZT is highly soluble and with a
low log Koy, which together with its high ionization tendency (high pk,,
see Table S1), indicates a poor retention/sorption tendency on the
microalgae biomass and a low biodegradability. Elimination of MeBZT
was more efficient, ranging from 15% to 48%, and the second metabolite
DMBZT was barely removed, with variable RE% from 3% to 17%, but
also 100% elimination one of the sampling days (average RE% of 40%)
(Fig. 3A). Comparing these RE% to those obtained in conventional
WWTPs, a high variability is again observed for these two compounds,
with removals in the range of 0-72% for MeBZT and 0-16% for DMBZT
(Asimakopoulos et al., 2013; Molins-Delgado et al., 2015; Reemtsma
et al., 2010). The presence of other benzotriazole derivatives in the
irrigation water (not included in the scope of the present study) that
could biotransform into BZT or MeBZT, could also explain the low re-
movals obtained for these compounds. For instance, xylyltriazole
demethylates are known to release both MeBZT and BZT as trans-
formation products, and 5-chloro-benzotriazole can lose the chlorine
moiety to transform back into BZT (Liu et al., 2011a).

Regarding benzophenone derivatives, BP3 was eliminated up to a
43% (39.9% in average). These results are similar to those obtained by
Diaz-Garduno et al. (2017) in an open microalgae system. The authors
used an HRAP as tertiary treatment for WWTPs effluents, with RE%
ranging from —50% to 70%. Removal rates found in the literature after
conventional wastewater treatments are also variable and in the range of
58%-91% for BP3 (Molins-Delgado et al., 2017). As expected, due to its
nature and end use, the resilience of BP3 to photodegradation has been
demonstrated (Gago-Ferrero et al., 2012). The metabolite 4HB was
detected only once in the inlet of the PBR and was 100% removed
(Figure S2); its removal in WWTPs is also efficient, and has been
detected in sewage sludge at concentrations of 0.15 pg g~ (Gago--
Ferrero et al., 2011). The other two metabolites evaluated, 4DHB and
4DHMB, were not detected in the inlet. Regarding the camphor deriv-
ative 4MBC, it was efficiently removed in the PBR system (50-100%).
4MBC is a highly lipophilic compound, and due to its low solubility and
high log Koy, biosorption to microalgae biomass seems to be the main
removal pathway in the pond. Its removal in conventional WWTPs is
also usually high, being frequently detected in the sewage sludge
(Gago-Ferrero et al., 2011). To the author’s knowledge, this is the first
study evaluating the fate of benzothiazoles in closed microalgae-based
systems.

The Mann-Whitney U statistical test applied showed significant sta-
tistical difference for all benzotriazoles and UV filters found in the
analyzed matrix.

3.3.1.2. Pharmaceuticals. Efficient removals were obtained for sulfa-
thiazole (100%) and trimethoprim (78%). Sulfapyridine was not
removed (—32% average). The higher pK, of sulfapyridine compared to
the other two antibiotics could explain that difference, meaning a lower
adsorption tendency to the microalgae biomass and lower bioavail-
ability (see Table S1). Moreover, previous studies have demonstrated
that the acetylated metabolite of this compound, N*-acetylsulfapyridine
(out of the scope of this study) can revert back into the parent compound
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during wastewater treatment (Garcia-Galan et al., 2012); this
back-transformation could explained the frequent higher concentrations
of sulfapyridine found in the effluent wastewaters of different reactors
and incomplete removals in CAS WWTPs (Garcia-Galan et al., 2012,
2011). Lower removals were obtained also for sulfamethoxazole,
ranging from no elimination (—8%) to 100% removal. The PBR showed
a good performance in the elimination of the anti-inflammatory keto-
profen (88%-100%) and also for naproxen, which was fully removed.
Lower elimination rates for ketoprofen (36%-85%) and naproxen (10%-—
70%) were obtained by Hom-Diaz et al. (2017) in a smaller PBR used to
treat urban wastewater. These differences are probably due to the
different season of the year in that study (autumn), with lower solar
irradiation and fewer light hours. Temperature may also have a relevant
role in the treatment efficiency of these systems; the high temperatures
in the PBR (see Figure S1), especially inside the tubes, could enhance not
only biodegradation and bioassimilation routes in the mixed liquor, but
could also alter the structure and stability of the compound itself (Cirja
et al., 2008).

Regarding the lipid regulator gemfibrozil, an average elimination of
75% was observed. The log Koy of this drug, 4.77, indicates its high
tendency to adsorb onto the biomass and probably accounts for these
results, as it is generally only moderately biodegradable. Lower elimi-
nations for gemfibrozil are usually obtained during conventional
wastewater treatment, and may be related to a competition for
adsorption sites with the humic substances (Maeng et al., 2011). A
greater availability of active sites in the microalgae biomass could also
be responsible for this high removal rates (Vassalle et al., 2020a).
Nevertheless, worse removals (20.6%) were reported in a PBR operating
under controlled conditions with artificial light and a HRT of 4 days
(Kang et al., 2018). Last of all, caffeine was fully eliminated in the PBR.
These results contrast with RE% values previously obtained in the same
location (<50%) (Garcia-Galan et al., 2018), indicating an enhanced
efficiency of the studied PBR. The Mann-Whitney U statistical test
applied showed significant statistical difference for all pharmaceuticals
found in the analyzed matrix.

Considering these results, it should be noted that PBRs are biological,
complex systems. In consequence, different mixed cultures can grow
under different reactors configurations and/or conditions, leading to
different elimination routes and pathways in the systems. Indeed,
different publications on the elimination of a single compound using
different microalgae cultures have yielded dissimilar results (de Wilt
et al., 2016; Matamoros et al., 2016; Xiong et al., 2016). Biomass pro-
duction in the reactors can also be determinant in terms of bio-
adsorption. In our case, however, despite the low biomass productivity
in the PBR, its removal efficiency was high. The scale of the reactor
studied may also influence the outcome. High temperature within the
tubes of the PBR (Figure S1) may have led to faster biodegradation
processes and removal routes. It has been observed in different studies in
WWTPs that seasonal variations in the temperature do influence the
removal efficiency for different contaminants (Matamoros et al., 2015).
Other factors such as the transparency of the tubes in the closed system
(and indirectly the material) or its roughness regarding biofouling can
also be determinant (Harris et al., 2013).. The control of pH could also
aid to the removal via bioadsorption of the target analytes by changing
their protonation state. Taking all this into consideration, further studies
should be conducted, including the analysis of biomass to make a
complete mass balance of the evaluated compounds and thus, better
clarify the main removal routes in systems similar evaluated in this
study.

4. Conclusions

The efficiency of a semi-closed, tubular horizontal PBR to treat a mix
of agricultural run-off and reclaimed wastewater used for irrigation was
evaluated, focusing on their capacity to remove different PPCPs,
including benzotriazoles, benzothiazoles and pharmaceuticals amongst
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others. BZT and BP3 were detected in all the influent samples investi-
gated, and MeBZT in all except one. The PBR was not efficient in
removing BZT and MeBZT, with average elimination not better than
those obtained in conventional WWTPs. The limited photodegradability
and low sorption to biomass tendency of these compounds could account
for this lack of improvement, with elimination rates only attributable to
biodegradation. The removal of BP3 was better than that of the benzo-
triazoles, but yet not higher than 40%. On the other hand, pharmaceu-
ticals were efficiently removed, with full elimination in most cases. The
sulfonamide antibiotic sulfapyridine was the exception, with no removal
and negative eliminations in all cases, probably due to metabolite
deconjugation. High temperatures and pH could be determinant pa-
rameters in the elimination rates observed. Nevertheless, further studies
should be developeded to confirm this hypothesis, including biomass
analysis in order to establish complete mass balances. Other factors
potentially affecting PPCP removals in these systems, such as the pres-
ence of heavy metals, should also be considered, as well as biomass
growth inhibition by other microorganisms present in the mixed liquor,
such as protozoa. Overall, data on the removal capacity of microalgae-
based systems under real conditions is still scarce, especially in closed
or semi-closed systems, as most of the studies are developed under
laboratory controlled conditions and, more importantly, not considering
the concentration adsorbed in the biomass. This data would provide a
more complete picture of the predominant removal mechanisms within
these systems.
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Table S2. Solar irradiation and air temperatures registered during the days of the experiment.
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Table S4. Linearity and method limits of quantification (LOQ), given in ng L', for the targeted analytes.
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Family Compound Linearity r2 sewage runoff HRAPr PBResr
BZT 1-700 0,9939 29,59 31,57 3991 51,02
B criazol 5-MeBZT 5-700 0,9978 9,01 5,44 31,44 3,36
Cnzotriazoles  I'pMBzZT 30500 09985 1399 2247 2050 11,15
uvp 3-700 0,9932 282,02 81,04 209,00 94,60
BP1 30-700 0,9988 15,18 - 11,70 5,11
BP2 10-700 0,9982 - - - -
BP3 1-700 0,9928 27,33 6,43 27,91 7,91
Benzophenones
4HB 5-700 0,9989 8,05 1,18 - 0,65
4DHB 3-700 0,9907 16,51 - 20,09 -
DHMB 10-700 0,9957 - - - -
Camphor 4MBC 30-700 0,997 3,76 15,77 368 426
derivatives
Cinnamate | p e 5700 09958 48,58 - 0,02 -
derivatives
p-aminobenzoic | pp g o 50700 0,9919 - - - .
acid derivatives
Clarithromycin 30-700 0,9989 - 4,19 8,00 13,24
Macrolide
Tylosin 50-700 0,9957 - - - -
Flumequine 30-700 0,9955 5,63 9,97 9,21 8,38
Fluoroquinolone
Ofloxacin 30-700 0,9997 613,78 1011,09 1036,76 188,17
Quinolone Oxolinic acid 1-700 0,9926 - - - -
Sulfabenzamide 1-700 0,9919 8,91 - - -
Sulfadimethoxine 3-700 0,9926 11,04 7,43 1,15 1,83
Sulfaguanidine 30-700 0,9958 - - - -
Sulfamerazine 10-700 0,9961 - - 7,69 7,59
Sulfamethizole 30-700 0,9927 17,50 - 13,41 -
Sulfamethoxazole 3-700 0,9929 18,98 7,35 2,25 5,77
Sulfonamides
Sulfamethoxypyridazine | 1-700 0,9958 - - 7,71 -
Sulfanitran 3-700 0,9956 - - - -
Sulfapyridine 1-700 0,9981 6,71 1,50 7,27 2,39
Sulfaquinoxaline 3-700 0,9979 9,23 - - -
Sulfathiazole 10-700 0,9968 10,29 3,78 30,38 5,97
Sulfisomidin 5-700 0,9968 - - - 15,95
Dihydrofolate | 1.1 ethoprim 3700 09931 1183 10,68 1641 343
reductases
. Ketoprofen 10-700 0,9955 113,15 60,35 67,78 41,18
Analgesic/ Iy g amic acid 1700 0,9959 - - - ;
antiinflammatories
Naproxen 10-700 0,9946 80,29 29,89 90,21 10
Lipid regulators Gemfibrozil 30-700 0,9878 30 1,05 765,63 5,49
B-blocking agent | Atenolol 30-700 0,9983 80,02 27,29 8,89 3,05
Stimulants Caffeine 50-700 0,9944 291,00 69,72 183,53 34,52
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Figure S1. Air temperature (°C) registered at 10 am (sampling time) and average solar radiation B . \‘\‘0«\*0 &a‘&\ \\(\601’\ a((\\o"‘ V\"}Q‘o* Ne“o
registered during the sampling days (A); diurnal temperature variations in the PBR (B). It should be ot P\ o \\\e&e“
considered that higher temperatures would be expected within the tubes of the PBR (measurements were o \s\x’a‘“

performed in the open tanks).

Figure S2. Concentrations of the targeted compounds detected with frequencies of detection (F%) < 17%
(1 samples out of 6) in the HRAP (A) and PBR (B)
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Abstract: The present study evaluated the efficiency of a high rate algal pond (HRAP) at pilot scale
to remove pharmaceuticals and personal care products (PPCPs) from urban wastewater, including
UV-filters and parabens (10), benzotriazoles (4), antibiotics (15), anti-inflammatories (3) and other
pharmaceuticals (3). A total of 35 compounds were targeted, of which 21 were detected in the
influent wastewater to the HRAP. Removals (RE%) for pharmaceuticals were variable, with efficient
eliminations for atenolol (84%) and sulfathiazole (100%), whereas the anti-inflammatories naproxen
and ketoprofen were only partially removed <50%. Benzotriazoles showed elimination rates similar
to those of conventional WWTPs, with RE% ranging from no elimination to 51% for the UV filter
benzophenone-3 (BP3) and 100% for 4-methylbenzilidenecamphor (4MBC). Hazard quotients (HQs)
were estimated for those compounds not fully eliminated in the HRAP, as well as the cumulative
ecotoxicity in the resulting effluent. The majority of the compounds yielded HQs < 0.1, meaning that
no environmental risk would be derived from their discharge. Overall, these results clearly indicate
that HRAPs are a reliable, green and cost-effective alternative to intensive wastewater treatment,
yielding promising results removing these contaminants.

Keywords: emerging contaminan sunscreens; metabolites; microalgae; wastewater treatment;
green treatments

1. Introduction

Nature-based, low-cost treatment systems are gradually becoming feasible alternatives to
conventional secondary/biological treatment (activated sludge) in wastewater treatment plants (WWTP),
especially to cover the needs of small populations (up to 10,000 inhabitants) with no access to sanitary
facilities. Microalgae-based systems, and specifically high rate algal ponds (HRAP), have already been
used for decades for wastewater treatment [1,2]. They were introduced to improve the efficiency of
stabilization ponds, being generally shallower to ensure light penetration, having a higher rate of
oxygen production and operating under shorter retention times. As a result, the area requirements
were also reduced.

Compared to conventional WWTPs, HRAPs do not require external aeration due to microalgae
photosynthesis nor any chemical inputs during the treatment process [3,4]. Microalgae biomass

Water 2020, 12, 2658; d0i:10.3390/w12102658 www.mdpi.com/journal/water
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grows fixing CO, and assimilating the nutrients (mostly nitrogen (N) and phosphorus (P)) present
in the influent wastewater. Oxygen is generated through photosynthesis and used by heterotrophic
aerobic bacteria to degrade the organic matter present in the water. This way, these systems have the
capacity of treating wastewater efficiently whereas producing microalgae biomass which, after an
appropriate harvesting/separation technique from the aqueous phase, can be further profited to
produce bioenergy (biogas) or other added-value bioproducts such as pigments, biofertilizers or
bioplastics [5-9]. In consequence, if this biomass is managed properly, the waste generated during
microalgae treatment (biomass) is considerably reduced, as well as the operation and maintenance
costs when compared to conventional WWTPs.

Several recent studies have demonstrated the efficiency of HRAPs in terms of nutrients, organic
matter and pathogens elimination [10-12]. The mechanisms to eliminate these pollutants in HRAPs
are similar to those occurring in stabilization ponds. Specifically for particulated organic matter,
sorption to the algae/bacteria flocs is the main elimination pathway [13]. HRAPs become more efficient
when they operate at pH below 9. Organic matter removal (in terms of BODs) of up to 94% has been
reported in HRAP systems with pH control (by means of CO, injection) below 9 [14]. Regarding
nutrients (N and P), volatilization and photosynthetic assimilation are the main removal pathways for
N, and precipitation in the case of P, with a strong correlation between pH values and residual levels of
N-NH, and phosphates [15].

Currently, these systems are being intensively investigated regarding their capacity to
eliminate organic micropollutants such as pharmaceuticals and personal care products (PPCPs),
obtaining promising results [11,16,17]. PPCPs comprise a broad number and variety of compounds,
which are neither routinely monitored in wastewaters, nor regulated [18,19]. These compounds are
used on a daily basis and, after usage, they enter the environment regularly mostly via WWTP effluents.
Despite their low concentrations, their bioactivity and recalcitrance can cause natural imbalances in the
receiving water bodies, including aquatic toxicity, genotoxicity, endocrine disruption and selection of
resistant pathogenic bacteria amongst others [18]. The reduction of microinvertebrates diversity in rivers
and behavioral changes in the ichthyofauna have also been reported [20]. Ponsati et al. [21] evaluated
the effect on the biodiversity of the presence of inorganic and organic compounds, including pesticides
and pharmaceuticals, and observed a considerable decrease in biodiversity and simplification of the
biological structure of both biofilms (algae, bacteria and fungi) and invertebrates. However, the lack of
long-term studies and chronic effects is evident in the literature and further research should be carried
out [22].

On the other hand, personal care products are less frequently studied than pharmaceuticals, and the
research on this topic is generally focused on some types of disinfectants (triclosan), insect repellents
(DEET) and fragrances, whereas there is little data on the occurrence and fate of other compounds such
as UV filters and/or UV blockers [23,24]. Based on these gaps in the literature and knowing that the main
entrance pathway of PPCPs in the aquatic environment are WWTP effluents, the need to find alternative
and more efficient treatments is evident. Within this context, HRAPs are gaining a renewed popularity
due to their demonstrated high efficiency treating wastewater [10-12] within a more sustainable
frame than activated sludge treatments. Efficient removal of different PPCPs such as hormones,
anti-inflammatories and other pharmaceuticals in HRAPs has recently been demonstrated [11,16],
yet the number of studies on the removal capacity of microalgae-based systems against these organic
contaminants is scarce, especially in real scale systems.

Thus, the present study aims to evaluate the removal capacity of a HRAP at pilot scale, as secondary
treatment, for 35 different PPCPs, including UV-filters and parabens (10), benzotriazoles (4), antibiotics
(15) and other pharmaceuticals (6). The different removal pathways have been discussed for each
pollutant, and the potential ecotoxicity of the HRAP effluent has been evaluated, estimating the risk
quotients (HQs) associated to the PPCPs to ascertain a safe discharge in the receiving surface waters.
To the best of the author’s knowledge, it is the first time that an open algae-based system (HRAP) is
investigated regarding the specific removal of UV filters and UV Blockers in wastewater.
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2. Materials and Methods

2.1. Microalgae-Based Treatment System Description and Operation

Samples were taken from a pilot HRAP installed outdoors the UPC premises (Barcelona, Spain).
The pilot plant has been previously described in detail elsewhere [10]. Briefly, the wastewater treatment
line was composed by a screening pre-treatment, a primary settler in a cylindrical PVC settling tank
(effective volume: 3 L, HRT: 41 min), a HRAP and a secondary settler (effective volume: 3.3 L, HRT:
46 min) to separate the biomass produced from the treated effluent (Figure 1). The system was
continuously fed with wastewater directly pumped from the public sewer to a homogenization tank
(1.2 m3), which was constantly stirred to avoid solids sedimentation. The HRAP had a volume of
470 L (surface area of 1.54 m?, 0.3 m depth) and was equipped with a paddle wheel (working at 5 rpm
approx.) for mixed liquor mixing. The system was operating continuously for almost one year with an
HRT of 4.5 days.

Primary settler *

Urban —_— I~-

wastewater

| & Microolgal
bigmass

| Settling tank

v
Primary
sludge Paddle wheel

HRAP

Figure 1. Diagram of the high rate algal pond (HRAP) pilot plant used in the study. Samples were
taken after the primary settler and after the secondary settler (indicated with a star).

2.2. Sampling Campaign

The sampling campaign was carried out when the HRAP had already been in operation for
almost one year and reached steady state (which requires from 3 to 5 HRT in completely mixed
systems). Sampling was carried out during two consecutive weeks in July, three days per week.
Grab samples of the HRAP influent were taken after primary treatment, right before entering the pond,
and from the effluent after the secondary settler (Figure 1). As the HRAP works as a completely mixed
reactor, the HRT was not considered when taking influent and effluent samples. For physicochemical
characterization of the water, samples were taken in PVC bottles and directly analyzed in the laboratory
on the same day. For the analysis of environmental levels of PPCPs, samples were collected, immediately
filtered through 0.45 um PVDF membrane filters (Millipore, Burlington, MA, USA) and frozen (amber
glass bottles) until analysis.

2.3. Chemicals and Reagents

High purity standards (>99%) for 4 benzotriazoles (1H-benzotriazole (BZT),
5-methyl-1-H-benzotriazole (MeBZT), 5,6-dimethyl-1H-benzotriazole (DMBZT) and
2-(2’-hydroxy-5’-methylphenyl)benzotriazol ~ (UVP), 6 benzophenones (benzophenone-1
(BP1), benzophenone-2 (BP2), benzophenone-3 (BP3), 4-hydroxybenzophenone (4HB),
4,4-dihydroxybenzophenone (4DHB) and 2,2’-dihydroxy-4-methoxybenzophenone (DHMB)),
1 camphor derivative (4-methylbenzilidenecamphor (4MBC)), 1 cinnamate derivative (ethylhexyl
methoxycinnamate (EHMC)), 2 p-aminobenzoic acid derivatives (benzocaine (EtPABA),
and ethylhexyl-4-(dimethylamino)benzoate (ODPABA)) and their corresponding isotopically
labelled compounds were purchased from Sigma Aldrich (Augsburg, Germany) and Merck
(Darmstadt, Germany). Regarding pharmaceuticals, 2 macrolides (clarithromycin and tylosin),
2 fluoroquinolones (flumequine and ofloxacine), 1 quinolone (oxolinic acid), 9 sulfonamides
(sulfabenzamide, sulfadimethoxine, sulfamerazine, sulfamethizole, sulfamethoxazole, sulfanitran,
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sulfapyridine, sulfathiazole and sulfisomidin), trimethoprim, 3 antiinflammatories (ketoprofen,
naproxen and mefenamic acid), the lipid regulator gemfibrozil, the $-blocking agent atenolol and
the stimulant caffeine and their corresponding isotopically labelled compounds were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and TRC (Toronto Research Chemicals Inc., Ontario, Canada).
Detailed information for all the studied compounds is given in Table S1 of the Supplementary Materials.
Standard solutions of the mixtures of all compounds were made at appropriate concentrations and
used to prepare the aqueous calibration curve and to perform the recovery studies. Similarly, stock
standard solutions for the internal standards were prepared. Aqueous standard solutions always
contained <0.1% of methanol (MeOH).

2.4. Analytical Methodologies

2.4.1. Physico-Chemical Characterization

Both HRAP influent and effluent samples were analyzed for the following wastewater quality
parameters: DO and temperature (EcoScan DO 6, ThermoFisher Scientific, Waltham, MA, USA);
pH (portable pH-meter 506, Crison Instruments, Barcelona, Spain); turbidity (Hanna HI 93703,
Woonsocket, RI, USA); total suspended solids (TSS), volatile suspended solids (VSS), alkalinity and
chemical oxygen demand (COD) following Standard Methods [25]; NH4*-N according to the Solérzano
method [26]. Theions N-NO,~,N-NO;~ and P-PO43~ were measured by ion chromatography (ICS-1000,
Dionex Corporation, Sunnyvale, CA, USA). Total organic carbon (TOC), total phosphorus (TP) and
total nitrogen (TN) were measured by a TOC analyzer (multi N/C 2100S, Analytik Jena, Germany).
All the analyses were done in triplicate and results are given as average values. Mixed liquor samples
were examined under an optic microscope (Motic, China) for qualitative evaluation of microalgae
populations, employing taxonomic books and databases for their identification [27,28].

Average biomass productivity (g VSS m~2-day~!) in the HRAP was calculated based on the VSS
concentration in the mixed liquor, using Equation (1):

Biomass productivity = VSS(Q_AM 1)

where VSS is the volatile suspended solids concentration of the HRAP mixed liquor (g VSSL™'); Q is
the wastewater flow rate (L d~1); Qg is the evaporation rate (L d~1); Qp is the precipitation rate (L d71),
and A is the surface area of the system. The evaporation rate was calculated using Equation (2):

Qp=Ep A (2
where E,, is the potential evaporation (mm d1), calculated using Equation (3) [29].

Ta

m(R +50) 3)

Ep=a
where a is a dimensionless coefficient which varies depending on the sampling frequency (0.0133 for
daily samples); R is the average solar radiation in a day (MJ m~2), and T, is the average air temperature
(°C). Meteorological data (solar radiation, temperature and precipitation) were obtained from the
network of local weather stations in Barcelona Metropolitan Area (wwuw.meteo.cat) and are given in
Table S2 of the Supplementary Materials.

2.4.2. Online-SPE-HPLC-MS/MS Analysis of the Target Compounds

The target analytes were analyzed using an adapted methodology based on previous analytical
strategies, by means of high resolution liquid chromatography coupled to mass spectrometry in
tandem (HPLC-MS/MS) [30,31]. Briefly, pre-concentration and chromatographic separation were
done using on-line solid phase extraction (SPE) coupled to liquid chromatography (on-lineSPE-LC)
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(SymbiosisTM Pico, Spark Holland (Emmen, The Netherlands)). On-line SPE pre-concentration of
all samples, including the calibration curve (5 mL volume), was carried out using PLRP-s cartridges
(Agilent, St. Clara, CA, USA). HPLC-MS/MS analyses were performed using a 4000 Q TRAP™
MS/MS system (Applied Biosystems-Sciex (Foster City, CA, USA). MS/MS detection was performed in
both positive and negative ionization modes, under the selected reaction monitoring (SRM) mode.
Table S3 summarizes the HPLC-MS/MS conditions for the targeted compounds. Linearity and limits of
quantification (LOQ) of the methodology are given in Table S4.

2.5. Environmental Risk Assessment

In order to evaluate the potential ecotoxicological risk of those PPCPs still present in the HRAP
effluent, hazard quotients (HQs) were estimated as indicated in Equation (4), following the guidelines
of the European Medicines Agency (EMA),

MEC

HQ = 50EC

4)
where MEC is the measured environmental concentration, and PNEC is the predicted-no effect
concentration. When PNEC data are not available, alternative PNECs can be derived by dividing
the toxicity endpoint values found in the literature (ECsp or LCsg) by an uncertainty factor of up to
1000 [32]. HQ values < 0.1 mean that no adverse effects are expected. When 0.1 < HQ < 1, the risk is
low, but it should not be neglected; when 1 < HQ < 10, a moderate risk is implied, and HQ > 10 mean
a relevant ecological hazard.

Eventually, for the purpose of evaluating the overall ecotoxicity risk of the HRAP effluent,
cumulative HQs were calculated for each trophic level considered, adding all HQs calculated for each
individual PPCP detected in the effluent.

3. Results

3.1. Physico-Chemical Water Quality Parameters

The physico-chemical properties of the influent and effluent from the HRAP are summarized
in Table 1. The VSS/TSS ratio in the mixed liquor was 85% in average, which is in accordance with
previous studies [10,33]. The TSS removal efficiency of the HRAP was 77.8%, which is higher than other
results obtained previously (52.6%) in bigger HRAPs [34]. The average influent COD was 199 mg L™,
with an average removal of 60% in the HRAP. The COD removal observed in the HRAP (60%) was in
accordance with the results obtained in the same system operated and monitored for one year [10] and
also with those observed in different HRAPs [35,36]. The removal for N-NH4* was 97%. Microalgae
biomass assimilation is the main removal pathway of N-NH," in algae systems but also nitrification
and volatilization as secondary routes [3].

3.2. Biomass Productivity

The average biomass productivity in the HRAP was 20.71 + 6 g VSS m~2 day~! (equivalent to
67.9 = 17 mg VSS L~! day '), which is in accordance with results obtained in previous studies (ranging
from 5 to 33 g VSS m~2-day~! [6,13]. Regarding the different microalgae species identified in the HRAP,
Chlorella sp. was predominant in the HRAP (Figure 2).

3.3. Occurrence of PPCPs in the HRAP Influent

3.3.1. Benzotriazoles and UV-Filters

Eight UV filters and benzotriazoles (UV blockers) were detected in the urban wastewater
feeding the HRAP (Figure 3A). The metabolite of BP3, 4DHB, was detected only one day of
sampling (frequency of detection < 17%) and has been included in Figure S2 of the SM. For UV
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filters, none of the p-aminobenzoic acid and cinnamate derivatives were detected. The highest
concentrations corresponded to BZT (935 ng L71-2292 ng L7!) followed by its derivative,
MeBZT (220 ng L™1-1982 ng L7!) (see Figure 3A). Both were detected in 5 of the 6 samples,
and these concentrations were in agreement with levels reported in previous studies of urban
wastewaters [30,37-40]. Another derivative of BZT, DMBZT was also detected in 50% of the samples,
but at much lower concentrations (45 ng L™'-107 ng L™!). Benzotriazoles are generally used as
UV-blockers in industrial products such as plastics and paints to protect polymers and pigments
against photodegradation [41], but also in combination with UV-filters such as BP3 to extend the UV
protection range of sunscreens and other cosmetics. Regarding UV filters, BP3 was present in all
samples (119 ng L~1-480 ng L~!), whereas its main metabolite, BP1, was detected in 3 of the 6 samples
collected and at concentrations similar to BP3 (113-480 ng L71). These levels are in agreement with
those previously found in urban wastewaters in the Barcelona Metropolitan Area (Spain) and other
European regions [30,40,42]. Concerning the other BP3 metabolites, 4HB was present only in two
samples of the HRAP influent, at concentrations <48 ng L', and 4DHB and DHMB were detected
only in one of the 6 samples. These three metabolites of BP3 are not usually included in monitoring
studies, and their frequency of detection and concentration levels are generally very low [30,40]. On the
contrary, BP4 was not detected in any of the influent samples, despite being frequently found in urban
wastewater at concentrations >1000 ng L1 [30]. Regarding the camphor derivatives, 4MBC was
detected in 3 of the 6 samples analyzed, in the range of 26-106 ng L', which also agrees with previous
studies in the area [30,40,43].

Table 1. Physicochemical characterization of the influent and effluent of HRAP.

Sample Type
Pa::Tth)e s HRAPinfluent HRAP ffyent
Mean + SD Mean + SD
TSS (mg L™1) 192.44 + 114.65 323.15 + 88.4 #/42.59 + 12.8
VSS (mg L1 154.67 + 102.9 274.30 + 77.5 */42.89 + 13.9
COD (mgO, L) 199.92 + 75.11 78.85 +33.13
pH 82+0.2 84+04
DO (mg L1 - 8.80 + 1.7
Temperature (°C) 195+13 189+ 1.6
N-NH4* (mg L) 24.1+3.0 0.6+ 0.4
TN (mg L) 56.9 + 17.8 38.7 +9.4
TIN (mg L1 29.3 +9.94 174+ 6.5
TC (mg L1 253.5 + 95.6 160.6 + 21.6
N-NO,~ (mg L) 52+4.5 1.8+2.1
N-NO;~ (mg L) 0.15 + 0.36 152 + 8.6
P-PO,* (mgL™1) 39+21 32+21
$-S04> (mg L) 76.2 + 84.9 39.9 +20.1

TSS—Total Suspended Solids; VSS—Volatile Suspended Solids; COD—Chemical oxygen demand (soluble);
DO—Dissolved Oxygen; TN—Total Nitrogen; N-NH;*—Ammonium; TN—Total Nitrogen; TC—Total Carbon.
(*) values measured in the mixed liquor of the reactors.

Figure 2. Microscope images of mixed liquor of the HRAP observed in bright light microscopy (x1000).
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Figure 3. Concentrations of benzotriazoles and UV-filters (A) and pharmaceuticals (B) detected
in the HRAP. For practical purposes, only compounds with frequencies of detection (F%) > 33%
(2 samples out of 6) are presented. The percentage value placed on top of the influent box plots refers
to the frequency of detection in HRAP influent; the percentage value placed on top of the effluent
boxplots corresponds to the average removal observed (RE%). Negative RE% values are depicted in
red. For pharmaceuticals: SPY: sulfapyridine; STZ: sulfathiazole; TMP: trimethoprim, ATL: atenolol;
KTP: ketoprofen; NPX: naproxen.

3.3.2. Pharmaceuticals and Stimulants

Eleven out of the 21 pharmaceuticals targeted were detected in HRAP effluent. For antibiotics,
only sulfonamides and trimethoprim were detected. The highest concentrations corresponded to
the stimulant caffeine (8050 ng L-1-23,126 ng L), one of the most consumed worldwide and
frequently used as tracking marker for wastewater pollution [44,45] due to its low metabolization
in the human body [46]. These results are in accordance with previous monitoring studies in
HRAPs [17,47]. High concentrations were detected also for the non-steroidal anti-inflammatory
drugs (NSAID) naproxen and ketoprofen, with concentrations in the range of 1529-7900 ng L.~!
and 165-1406 ng L7}, respectively, in agreement with the levels reported in previous monitoring
studies on wastewater [48-50]. Antibiotics were present at much lower concentrations, generally
<50ng L™, Six out of the nine sulfonamides targeted were detected, but only one or two days of
sampling. Only sulfapyridine was detected in the raw wastewater 5 of the 6 days of sampling,
with average concentrations of 25 ng L™1. Sulfapyridine is usually found at levels ranging from
10 ng L1 to 100 ng L~! in wastewater [51,52] but also at concentrations higher than 1000 ng L1 [53].
Sulfathiazole was present (two days of sampling) at average concentrations of 15 ng L™!. Frequencies
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of detection for sulfathiazole are generally low in urban wastewater, as its main use is veterinary [51,54].
Nevertheless, it was detected in 50% of the influent samples analyzed by Garcia-Galan et al. [55] in
different WWTPs in Catalonia, at levels in the range of 7.3-142 ng L~!, and also at concentrations up to
300 ng L' in an Australian WWTP [56]. On the contrary, sulfamethoxazole is clearly the sulfonamide
most frequently detected in urban wastewater, considered even as a water quality indicator by different
authors due to its environmental ubiquity and recalcitrance. However, in the present study, it was
determined only in one sample and at a very low concentration (27 ng L™1), similarly to sulfaquinoxaline
and sulfabenzamide (20 ng L' and 23 ng L™}, respectively). Trimethoprim was frequently present (5
of the 6 days of sampling) at an average concentration of 76 ng L™!, which is in accordance with the
levels reported in previous studies for raw wastewater [48,51]. The 3-blocker atenolol was detected in
3 out of the 6 samples analyzed, at an average concentration of 107 ng L. Results in previous studies
were more than one order of magnitude higher (ug L™1), which may be related to local consumption
trends [46,48,57].

3.4. Removal Efficiency in the HRAP
The removal efficiency in the HRAP was calculated according to Equation (5):

Cet

inf

RE(%) = 100 x (1- ) (5)
where RE(%) is the removal efficiency, and Ciys and Ceg are the concentrations (ng L1 in the influent
and effluent water, respectively.

Figure 3A,B shows the removal efficiencies (RE%) obtained for different families of
contaminants evaluated.

3.4.1. Benzotriazoles

BZT was not efficiently removed in the HRAP, with RE not higher than 22% and obtaining also
negative eliminations (see Figure 3A). To the author’s knowledge, only Matamoros et al. [17] had
previously studied the removal of BZT in HRAPs, obtaining eliminations in the range of 33-74%
under the same HRT (4 d). Vassalle et al. [58] investigated the removal of this compound in closed
photobioreactors, obtaining similar efficiencies (15% removal in average). The results obtained in
different conventional WWTPs are highly variable and can range from negative RE up to 70% [40].
For instance, Liu et al. obtained a RE of 7% [38], Asimakopoulos et al. obtained RE values in the range
of 25-37% [37], Reemtsma et al. achieved eliminations of 20-59% [59] and Liu et al. obtained removals
of 47% [60]. The low removal of this compound in WWTP explains their ubiquity and impact in the
receiving surface waters [61,62],

Removal of MeBZT was similar (0-19%), and higher concentrations in the effluent than in
the influent were frequently observed. MeBZT is also frequently found in surface waters and
groundwaters in urban areas, at concentrations up to 7181 ng L~! and 1980 ng L™, respectively [40,43].
Another benzotriazole derivative, DMBZT, was also only barely removed, with RE% between 0% and
8%. RE% in conventional WWTP are again highly variable for these two compounds, with removals in
the range of 0-72% for MeBZT and 0-16% for DMBZT [37,59,63].

3.4.2. UV Filters

The elimination of BP3 was variable, with removals ranging from —28% to 51%. This results agree
with those obtained by Diaz-Gardufio et al. [47], using HRAP as tertiary treatment for WWTPs effluents,
with RE% ranging from —50% to 70%, and also with those obtained in a closed photobioreactor
operating as tertiary treatment (40% removal on average) [58]. BP3 has been even found in tap water
at concentrations up to 290 ng L1 [64] and also in sewage sludge (0.79 ug g™1) [65]. Its metabolite BP1
was not removed in the HRAP, with only one positive value (44%) out of 3. Eliminations reported
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in the literature after activated sludge treatments are also variable and in the range of 48%-97% for
BP1 and 58%-91% for BP3 [40]. Regarding the other BP3 metabolites, 4HB was completely eliminated,
and 4DHB was removed by 45% (Figure S2). The environmental occurrence of these metabolites is
not as relevant as that of BP1 or BP3, as their occurrence in wastewater is less frequent and at much
lower levels. Their removal in WWTPs is also efficient, and both metabolites have been detected in
sewage sludge at concentrations of 0.15 g g™! for 4HB and up to 0.62 ug g~ for 4DHB, despite their
low Kow [65,66].

The camphor derivative 4MBC was fully removed in the HRAP. High removal efficiencies are
usually registered in conventional WWTPs for this compound (given its high Kow), where it is frequently
detected in sewage sludge [65]. Nevertheless, it is still also in surface water and groundwater at low
concentrations [40,43] and even in tap water (10 ng L™1-35ng L") [64]. Table S5A of the Supplementary
Materials. gives more detailed information on the levels detected on each sampling day.

3.4.3. Pharmaceuticals

Negative RE% were obtained for trimethoprim in the HRAP (-32% in average), meaning that
higher concentrations were found in the effluent than in the influent. Previous studies also obtained
negative and low RE% for trimethoprim (3.7%) in HRAPs [47], but elimination efficiencies up to 78%
have been obtained in a closed photobioreactor working as tertiary treatment [58,67,68]; in that same
study, however, the elimination of sulfapyridine was negative, whereas a 4% removal in average has
been obtained in his work. On the other hand, sulfathiazole was fully removed within the HRAP.

A removal efficiency of 84% for atenolol was observed, which is in agreement with previous
studies in HRAPs [47,68]. Regarding NSAIDs, RE values were highly variable. Ketoprofen was
eliminated by 33% in average, with RE ranging from negative to 100%. Previous studies also obtained
elimination efficiencies, ranging from 0% to 50% in HRAPs [47], also in closed photobioreactors [58].
Similarly, naproxen was only moderately removed (45% on average), with RE% ranging from —3%
to 100%. Diaz-Gardurio et al. [47] reported RE% in the range of 0-35% in laboratory-scale reactors;
Vassalle et al. [11] obtained a RE% of 54% in a pilot HRAP (205 L) operating with a HRT of 8 days,
and Matamoros et al. [17] obtained removals in the range 60-90%, with better efficiencies during the
warm season and with longer HRTs (8 vs. 4 days).

Last of all, caffeine was efficiently removed (63-80%), except for one day (14%).
Matamoros et al. [17] obtained RE% > 90% for this compound, but lower and even negative RE% have
been also reported [47,58]. Table S5B gives more detailed information on the pharmaceutical levels
detected on each sampling day.

3.5. Ecotoxicity in the HRAP Effluent

The environmental risk estimated for those PPCPs still present in the HRAP effluent (FD > 33%)
was evaluated by means of HQs, as indicated in Section 2.5. This quotient estimates the potential
adverse effects of the drug concentration detected in the effluent on non-target organisms present in
the receiving water body. Environmental assessments based on the calculation of HQs are frequently
carried out [47,55]. Microalgae, invertebrates (Daphnia magna) and fish were considered to calculate
HQs as representative species of three of the main trophic levels in aquatic ecosystems. Table 2
summarizes the results obtained, as well as the endpoints used. Given that the different considered
species are exposed regularly to low concentrations of the PPCPs studied, PNECs were calculated
using EC5y-LCsq as indicators of acute toxicity, divided by an uncertainty factor of 1000 to transform
these endpoints into values more representative of the real situation under environmental conditions
(longer periods of exposure) [32,55].
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three trophic levels. As it can be observed, the majority of the compounds yielded HQs < 0.1, meaning
that no environmental risk would be derived from their discharge after HRAP treatment.

Final Remarks

Considering the results obtained, it should be noted that the comparison of the removal efficiency
among microalgae-based wastewater treatment systems is complex. First of all, different mixed cultures
can lead to different elimination routes and pathways in the systems. Indeed, different publications on
the elimination of a single compound using different microalgae cultures have yielded very different
results [20,79,80]. Biomass productivity in the photobioreactors can also be determinant in terms
of bioadsorption, and so does the HRT, and higher temperatures may lead to faster biodegradation
processes and removal routes [17]. This should be considered when comparing, for instance, closed and
open systems, as the former will usually keep higher temperatures. The control of pH could also aid to
the removal via bioadsorption of the target analytes by changing their protonation state.

5. Conclusions

The efficiency of an innovative natural and low-cost treatment system, based on microalgae
biomass productivit and operating as secondary treatment of urban wastewater, was evaluated
focusing on their capacity to remove different PPCPs, including benzotriazoles, benzothiazoles and
pharmaceuticals amongst others. BP3 was detected in all the HRAP influent wastewater samples
investigated and also the benzotriazoles BZT and MeBZT in all except one and at concentrations
usually >1000 ng L~!. The HRAP was not efficient in removing these two compounds, with average
elimination not better than those obtained in conventional WWTPs. Their limited photodegradability
and low sorption to biomass tendency could account for this lack of improvement, with elimination
rates only attributable to biodegradation. The removal of BP3 was better than that of the benzotriazoles
but still not higher than 51%. Nevertheless, further studies should be developed to confirm these
results, including biomass analysis in order to establish complete mass balances. The ecotoxicity
of the resulting effluent was neglectable; on the other hand, the role of the HRAP in reducing the
environmental risk of the treated wastewater was not relevant either, considering either the low
concentrations in the influent or the low removal efficiencies for some of the contaminants studied.
Opverall, data on the removal capacity of microalgae-based systems under real conditions is still scarce,
with most of the studies developed under laboratory-controlled conditions and not considering the
concentration in the biomass, which would help to understand the main removal mechanisms and
predominant routes within these systems.
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sl. Table S1: Target PPCPs, classified by their chromatographic retention time, and their optimized
UPLC-QqLIT-MS/MS parameters by positive ionization mode. Table S2: Solar irradiation and air temperatures
registered during the days of the experiment. Table S3: Chromatographic retention time and optimized MS/MS
transitions for the target analytes. Table S4: Linearity and method limits of quantification (LOQ), given in ng L1,
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sampling. -_ not detected. Figure S1: Concentrations of the targeted compounds detected with frequencies of
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Table S4. Linearity and method limits of quantification (LOQ), given in ng L', for the targeted analytes.
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Family Compound Linearity r2 Urban HRAP.sr
sewage
BZT 1-700 0.9939 29.59 3991
5-MeBZT 5-700 0.9978 9.01 31.44
Benzotriazoles
DMBZT 30-500 0.9985 13.99 20.50
uvp 3-700 0.9932 282.02 | 209.00
BP1 30-700 0.9988 15.18 11.70
BP2 10-700 0.9982 - -
BP3 1-700 0.9928 27.83 27.91
Benzophenones
4HB 5-700 0.9989 8.05 -
4DHB 3-700 0.9907 16.51 20.09
DHMB 10-700 0.9957 - -
Camphor 4MBC 30-700 0.997 376 | 3.68
derivatives
Cinnamate | pyhic 5700 | 09958 | 4858 | 0.2
derivatives
p-aminobenzoic | pp gy 50-700 | 0.9919 - .
acid derivatives
Clarithromycin 30-700 0.9989 - 8.00
Macrolide
Tylosin 50-700 0.9957 - -
Flumequine 30-700 0.9955 5.63 9.21
Fluoroquinolone
Ofloxacin 30-700 0.9997 613.78 | 1036.76
Quinolone Oxolinic acid 1-700 0.9926 - -
Sulfabenzamide 1-700 0.9919 8.91 -
Sulfadimethoxine 3-700 0.9926 11.04 1.15
Sulfaguanidine 30-700 0.9958 - -
Sulfamerazine 10-700 0.9961 - 7.69
Sulfamethizole 30-700 0.9927 17.50 13.41
Sulfamethoxazole 3-700 0.9929 18.98 2.25
Sulfonamides
Sulfamethoxypyridazine | 1-700 0.9958 - 7.71
Sulfanitran 3-700 0.9956 - -
Sulfapyridine 1-700 0.9981 6.71 7.27
Sulfaquinoxaline 3-700 0.9979 9.23 -
Sulfathiazole 10-700 0.9968 10.29 30.38
Sulfisomidin 5-700 0.9968 - -
Dihydrofolate | ¢ o thoprim 3-700 09931 | 11.83 | 16.41
reductases
Ketoprofen 10-700 0.9955 113.15 | 67.78
Analgesic/ Py namic acid 1-700 0.9959 - -
antiinflammatories
Naproxen 10-700 0.9946 80.29 90.21
Lipid regulators | Gemfibrozil 30-700 0.9878 30 765.63
B-blocking agent | Atenolol 30-700 0.9983 80.02 8.89
Stimulants Caffeine 50-700 0.9944 291.00 | 183.53
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Figure S1. Concentrations of the targeted compounds detected with frequencies of detection (F%) < 17%
(1 samples out of 6) in the HRAP
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Highlights

Integrative passive sampling proved useful to assess PPCPs in wastewater

Soil Aquifer Treatment achieves an efficient removal of PPCPs in conventional WWTPs
Carbamazepine and its epoxy- metabolite were extensively removed during SAT
Treatment parameters should be controlled to degrade a broad range of contaminants.

It can be foreseen that SAT has large application prospects in wastewater reclamation.
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ABSTRACT

The need and availability of freshwater is a major environmental issue, aggravated by climate
change. It is necessary to find alternative sources of freshwater. Wastewater could represent a
valid option but requires extensive treatment to remove wastewater-borne contaminants, such as
contaminants of emerging concern (CECs). It is urgent to develop not only sustainable and
effective wastewater treatment techniques, but also water quality assessment methods. In this
study, we used polar organic chemical integrative samplers (POCIS) to investigate the presence
and abatement of contaminants in an urban wastewater treatment plant (WWTP) and in soil
aquifer treatment (SAT) systems (a conventional one and one enhanced with a reactive layer).
This approach allowed us to overcome inter-day and intraday variability of the wastewater
composition. Passive sampler extracts were analyzed to investigate contamination from 56
pharmaceuticals and personal care products (PPCPs). Data from the POCIS were used to estimate
PPCPs’ removal efficiency along the WWTP and the SAT systems. A total of 31 compounds, out
of the 56 investigated, were detected in the WWTP influent. Removal rates along WWTP influent
were highly variable (16%-100), with benzophenone-3, benzophenone-1, parabens,
ciprofloxacin, ibuprofen, and acetaminophen as the most effectively removed chemicals. The two
SAT systems yielded much higher elimination rates than those achieved through the primary and
secondary treatments together. The SAT system that integrated a reactive barrier, based on
sustainable materials to promote enhanced elimination of CECs, was significantly more efficient
than the conventional one. The removal of the recalcitrant carbamazepine and its epoxy-
metabolite was especially remarkable in SAT, with removal rates between 69-81% and 63-70%,

respectively.

KEYWORDS: wastewater, contaminants of emerging concern (CECs), MAR (Managed Aquifer

Recharge), passive samplers, UV filters.
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1. INTRODUCTION

Incomplete removal of organic pollutants in wastewater treatment plants (WWTPs) is the main
reason for the wide distribution of these substances in the environment. Many of these compounds
are considered contaminants of emerging concern (CECs), because of their poor
(bio)degradability, potential toxicity, (bio)accumulation, and biomagnification through the food
web. In fact, these substances are classified as pseudo-persistent pollutants because they are
continuously introduced into the environment at rates that cannot be matched by degradation, so
that they look as persistent. CECs encompass a wide range of substances, including
pharmaceuticals, personal care products (PCPs), hormones, biocides and pesticides, among many
others.

Pharmaceutical residues are typically present in the environment, but it is still unclear whether
the levels of these compounds in natural waters can cause undesired physiological effects in
wildlife. Research has shown that several regularly used pharmaceuticals are endocrine-
disrupting compounds (Veldhoen et al., 2014). Still, so far, the major concern regarding
environmental contamination from drugs is the occurrence of antibiotics. They contribute to the
development of antibiotic resistance, reducing the therapeutic potential against human and animal
bacteria pathogens (Kim and Aga, 2007) and are potentially toxic for sensitive organisms
(Richardson and Kimura, 2011).

Sunscreens, frequent in wastewater from tourist areas, are also a source of concern.
Benzophenone-3 (BP3) is toxic to the larval stages of coral and fish and it is known to induce a
multigenerational toxic effect from a single exposure (Downs et al., 2016; Kim et al., 2014; Lucas
et al., 2021). Furthermore, BP3 can travel through the blood-brain barrier and accumulate in the
white matter of the brain up to 0.32 ng g'! in humans (Van Der Meer et al., 2017; Wang et al.,
2015). Rat models evidenced that BP3 induced oxidative stress and apoptosis within the
hippocampus and frontal cortex and increased the concentration of extracellular glutamine in the
brain (Pomierny et al., 2019), whose high levels can lead to epilepsy, Alzheimer’s, Parkinson’s,

and Huntington’s diseases (Cavus et al., 2008).

254

Benzotriazoles are high-production volume manufactured chemicals that have become essential
in diverse industrial applications. They are used as UV stabilizers in plastic materials, as corrosion
inhibitors in dishwashing detergents, and as antifreeze in airplane fluids (Asimakopoulos et al.,
2013; Gatidou et al., 2019). BZT and MeBZT have been frequently reported in the environment,
even in Antarctica (Dominguez-Morueco et al., 2021), as they are poorly volatile and only
partially removed during conventional wastewater treatments, due to their high polarity and low
biodegradability (Asimakopoulos et al., 2013; Molins-Delgado et al., 2017, 2015). Several studies
have shown that BZT can bioaccumulate in humans, being detected in adipose tissues, urine and
amniotic fluid (Li et al., 2018; Wang et al., 2015). Ecotoxicity studies showed their endocrine-
disrupting properties, impairing neurotoxicity and hepatotoxicity in different fish species (Liang
et al., 2017; Tangtian et al., 2012).

The occurrence of parabens (PBs) in the environment is also a source of concern as they have
been found to display endocrine-disrupting activity including a decrease in testosterone and
alterations in the reproductive tract of male rodents (Oishi, 2002a, 2002b) as well as
carcinogenicity (Charles and Darbre, 2013). Several studies also revealed that PBs bioaccumulate
in invertebrates and adipose tissue from birds and fishes, and can biomagnificate through the food
web (Gago-Ferrero et al., 2013). Thus, removing PPCPs water bodies is important for human and
environmental health.

Several factors drive the removal of pollutants in WWTPs, including physicochemical properties
of the pollutant, hydraulic retention time (HRT) and configuration and operating conditions (pH,
T%) of the WWTP. The need to operate on such a diverse group of contaminants in a broad range
of concentrations (from low ng L' to pg L) and physicochemical properties requires the
application of non-specific technological solutions. These need to be as effective as possible under
different operating conditions (Rodriguez-Narvaez et al., 2017) and for a large number of
pollutants. Several wastewater treatment technologies are applied for CECs removal, ranging
from conventional activated sludge (CAS) (Tiwari et al., 2017) to membrane bioreactors (MBR)
(Beshaetal.,2017), or advanced oxidation processes (AOPs) (Grandclément et al., 2017). Nature-
based solutions have also been applied, such as constructed wetlands (Gorito et al., 2017).

5

255



Chapter 4

The challenge of CECs' removal

However, none of them is able to efficiently remove CECs. Removal efficiencies can be highly
variable from one WWTP to another and were reported as compound-specific. Consequently, it
is still necessary to introduce new strategies in wastewater treatment, to enhance the CECs
removal from wastewater.

Advanced treatment technologies for CECs removal require either the addition of chemicals,
which often generate toxic disinfection by-products, and/or high costs, which hinder their
application (Valhondo and Carrera, 2019). Compared to conventional techniques currently
applied, Managed Aquifer Recharge (MAR) through infiltration basins achieves an improvement
in the water quality, decreasing the concentration of suspended solids, nutrients, organic matter,
pathogens and CECs (Elkayam et al., 2018; Regnery et al., 2015), with low energy demand and
no toxic chemicals. Soil Aquifer Treatment (SAT) is a particular case of MAR in which reclaimed
water from WWTPs is recharged through the vadose zone, reducing the generation of waste
streams (Amy and Drewes, 2007) and supporting a circular economy approach. The
implementation of permeable reactive barriers to favour sorption and to promote the growth of
diverse microbial communities has proven increase the removal of several CECs during
MAR/SAT operations (Valhondo et al., 2014, 2015, 2020a). This allows achieving the
improvement of water quality in short times, which facilitates its application as a tertiary treatment
(Valhondo et al., 2020b, 2020a). Beyond contaminant removal, MAR helps in recovering aquifer
levels and, thus, hyporheic exchange in rivers and the associated ecosystem services.
Demonstrating the effectiveness of any treatment approach in removing pollutants over time is
not straightforward. In fact, the analytical methods for the determination of trace contaminants in
wastewater are usually based on spot sampling or, at best, 24-h integrated samples. In addition,
an in-lab pre-concentration step is generally required before instrumental analysis. These
approaches provide the instantaneous or short-time concentrations of the pollutants but suffer
from the uncertainty of longer-term fluctuations. An effective alternative is the use of integrative
sampling approaches, in particular passive sampling. Its use for continuous pollutant monitoring
in water matrices has expanded in recent years. Passive sampling devices get in dynamic contact
with large volumes of water, with exposure periods that can reach 4-5 weeks. They allow the in-

6
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situ pre-concentration of ultra-trace compounds, providing benefits also from a practical point of
view (no energy required, easy handling and low cost) (Magi et al., 2018). The final result
deriving from passive sampling represents the time weighted average concentration (TWA),
which is valuable for ecological risk assessment due to chemical stressors. Instead, obtaining
TWA from spot sampling requires frequent sampling and a large number of analyses, thus
becoming costly and time-consuming. Passive sampling is based on the diffusive flux of an
analyte from water to the receiving phase of the sampler. This flux is driven by the difference
between the chemical potential of the analyte in the two media. POCIS (Polar Organic Chemical
Integrative Sampler) consists of a sorbent phase, sandwiched between two membranes, able to
sequester and concentrate contaminants with logKow values in the range 1-4. POCIS have been
used for sampling of pharmaceuticals and personal care products (PPCPs) in different water
matrices, including wastewater (Alvarez et al., 2004; Di Carro et al., 2018; Liscio et al., 2009;
Magi et al., 2018; Tanwar et al., 2015).

In this context, the goal of the present study is to assess the capability of POCIS to help in a more
reliable estimation of CECs removal in wastewater treatments. To this end, a WWTP, located in
Palamoés, Girona (Spain), treating urban wastewater from several municipalities and a hospital,
was selected to study the CECs removal throughout the WWTP, by deploying POCIS at the inlet
and outlet. This facility is provided with pilot-scale SAT systems fed with the WWTP outflow.
The evaluation of CECs removal in two SAT systems (one with and one without reactive barrier)
was included in the study to identify the additional pollutants elimination that this technology can

provide, compared to the classical secondary treatment.

2. EXPERIMENTAL

2.1 Chemicals and reagents
The 56 CECs selected for investigation in the present study are relevant for treated wastewater
reuse in SAT and agricultural irrigation, for public health, and for environmental safety. For the
selection, we followed the recommendations of the NEREUS COST Action for urban water reuse
(European Cooperation in Science and Technology, 2022) and the EU Watch List (2015/495 and

7
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2015, 2015). In addition, we considered the particular characteristics of the selected WWTP,
which treats urban wastewater from 10 municipalities and one hospital. Thus, the target analytes
include PPCPs belonging to different compound classes, i.e., antibiotics, anti-inflammatories, UV
filters, benzotriazoles, and parabens, among others. The specific target compounds and their
physicochemical properties are listed in Table S1 of the Supporting Information (SI).

The analytical standards of the target PPCPs as well as the isotopically labelled analytical
standards, used as surrogate and internal standards, were of analytical grade (> 98%).
Benzophenone-3 (oxybenzone, BP3); benzophenone-1 (BP1); benzophenone-4 (BP4); 4-
hydroxybenzophenone (4HB); 4,4’-dihydroxybenzophenone (4DHB); avobenzone (AVO); 2-(2-
benzotriazol-2-yl)-p-cresol (UVP); 5,6-dimethyl-1H-benzotriazole (DMBZT); nalidixic acid
(NDX); oxolinic acid (OXL); tetracycline (TCY); succynil-sulfathiazole (S-STZ); sulfadiazine
(SDZ); Né4-acetylsulfadiazidine (acSDZ); sulfamerazine (SMR); N4-acetylsulfamerazine
(acSMR); N4-acetylsulfamethazine (acSMZ); sulfamethoxazole (SMX); N4-
acetylsulfamethoxazole (acSMX); sulfamethoxypyridazine (SMPZ); sulfapyridine (SPY); N4-
acetylsulfapyridine (acSPY); sulfaquinoxaline (SQX); sulfathiazole (STZ); sulfisomidine (SMD);
sulfadimethoxine (SDM); trimethoprim (TMP); acetaminophen (APH, also known as
paracetamol); atenolol (ATL); gemfibrozil (GFZ); ketoprofen (KPF); mefenamic acid (MFA);
carbamazepine (CBZ); norfluoxetine (norFXT); ofloxacin (OFX); ciprofloxacin (CFX); caffeine
(CFF); ibuprofen (IBU); salicylic acid (SCY); diclofenac (DCF); diclofenac-13C (DCF-13C);
methyl paraben (MePB); propyl paraben (PrPB); benzyl paraben (BePB); butyl paraben (BuPB)
and benzophenone-(carbonyl-13C) (BP-13C) were purchased from Sigma Aldrich (Darmstadt,
Germany).

Benzophenone-2 (BP2); 2,2’-hydroxy-4-methoxybenzophenone (DHMB); ethyl-4-(dimethyl-
amino) benzoate (EtPABA); ethylhexyl methoxycinnamate (EHMC) and 1H-benzotriazole
(BZT) were purchased from Merck (Darmstadt, Germany).
2-Hydroxy-4-methoxy-2°,3",4°,5°,6’-d5 (BP3-d5); (£)-3-(4-methylbenzylidene-d4) camphor
(4MBC-d4);  1H-benzotriazole-4,5,6,7-d4  (BZT-d4); flumequine-13C3  (FLU-13C3);
trimethoprim-d3 (TMP-d3); carbamazepine-d10 (CBZ-d10); mefenamic acid-d3 (MFA-d3);
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caffeine-d3 (CFF-d3); ibuprofen-d3 (IBU-d3); salicylic acid-d6 (SCY-d6); diclofenac-d4
(phenyl-d4) (DCF-d4); benzyl paraben-d4 (BePB-d4) and 5-(2,5-dimethylphenoxy)-2,2-
bis(trideuteriomethyl)pentanoic acid (GMZ-d6) were supplied by CDN isotopes (Quebec,
Canada).

5-Methyl benzotriazole (MeBZT) was obtained from TCI (Zwijndrecht, Belgium). 4-
Methylbenzylidene camphor (4MBC) was provided by Dr. Ehrenstorfer (Augsburg, Germany).
Flumequine (FLU); N-des-methylvenlafaxine (N-desVFX); carbamazepine 10,11-epoxy (CBZ-
E); sulfamethazine-d4 (SMZ-d4) and acetaminophen-d4 (APH-d4) were provided by Toronto
Research Chemicals (Toronto, Canada). Oxytetracycline (O-TCY) and naproxen (NPX) were
purchased from Honeywell Fluka (Wabash, MA, USA).

Water, methanol (MeOH), and acetonitrile (ACN) of MS-grade were obtained from J.T. Baker
(Deventer, The Netherlands), and the nitrogen (99.995% purity) and argon (99.99% purity) were
supplied by Air Liquide (Barcelona, Spain). Ethanol (EtOH), acetone, formic acid (FA), and

ammonium acetate were purchased from Merck (Darmstadt, Germany).

Stock solutions of individual standards and intermediate mix standards solutions containing all
analytes (1 mg L") were prepared in MeOH. Standard working solutions were daily prepared at

appropriate concentrations. Standards solutions were stored in the dark at -20 °C.

2.2.Site description
The selected WWTP is located in Palamos (Girona), on the north of the Spanish Mediterranean
coast. The design flow of the facility is 33.000 m*/day, or 165.450 Eqs/inh., with an HRT of some
24 h. The area is a touristic hotspot, with a daily influent during the summer months (25.000 —
30.000 m®) that doubles that of the winter months (12.000 — 14.000 m?). Two pre-treatment lines
remove solid waste, grease, and supernatants from inlet water before it flows to the primary
treatment. The primary treatment consists of three circular decanters; all operate during the
summer, while only two operate during the rest of the year. The secondary biological treatment

consists of a conventional activated sludge (CAS) treatment followed by three clarifiers.
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A pilot-scale SAT system was installed in the WWTP in 2017 to evaluate the efficiency of reactive
barriers to enhance SAT water quality improvement of the secondary treatment effluent. Each
SAT system comprises an infiltration basin (1.5 m-long x 2.38 m-wide) overlying a 1.15 m-
unsaturated zone, followed by an aquifer (15 m-long x 2.38 m-wide x 1.5 m-high) made up of
fine sand (9=0.1-0.2 mm). A dosing pump (PRIUS) controls the flow into each system and the
elevation of the discharge pipe, which collects the water in the deepest part of the aquifer, controls
the outlet of each system. One of the systems (SAT system T2) is a conventional SAT, with the
unsaturated zone filled with sand. A reactive barrier was installed in SAT system T4. The reactive
barriers consist of approximately 50% (in volume) of organic substrates (vegetal compost or
woodchips), which provide sorption sites and release dissolved organic carbon into the flowing
water to favour the development of diverse redox regions with diverse microbial communities,
50% (in volume) of sand, which provides strength, and a little amount of clay to increase the types
of sorption sites. A detailed description of the pilot SAT systems can be found in Valhondo et al.,
(2020b). SAT systems were operated under the same conditions during the POCIS deployment
period, fed with a comparable flow of the effluent of the secondary treatment and allowing plants
to grow freely in the recharge areas, thus displaying ideal conditions to compare the removal of

CECs between the two systems.

2.3. POCIS assembly

The passive samplers used in this study were developed by Alvarez et al., (2004) to collect and
pre-concentrate polar organic compounds. POCIS were assembled in our laboratories by
reproducing the characteristics of the commercial type (200 mg sorbent material and 45.8 cm? as
sampler surface area). Polyethersulfone (PES) membranes (0.1-um pore size, 150-um thickness)
were obtained from Pall Italia (Buccinasco, Italy) and Oasis hydrophilic-lipophilic balanced
(HLB) sorbent phase (60-pm particle size) from Waters (Vimodrone, Italy). PES membranes were
washed in water/MeOH (80:20 v/v) for 24 h and with MeOH for 24 h, prior to use. After drying,

200 mg of the HLB sorbent was enclosed between two membranes. The membranes were then
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compressed between two stainless steel rings, fixed with nuts, and provided with specific holes

for the placement (Figure 1). POCIS were stored at -20 °C until deployment.

Figure 1: Assembly for the deployment of the passive samplers into the metallic grid to
protect the membranes.

2.4.  Experiment setup and POCIS deployment

Seven POCIS were placed at different points of the WWTP to monitor the water-borne pollutants
along the treatments. Passive sampling could suffer from low reproducibility; therefore, duplicate
deployment was performed where possible. Specifically, the following setup was designed
(Figure 2): one POCIS at the inlet of the plant (referred hereafter as “WWTP influent”), namely
where the stream of non-treated wastewater (influent) arrives; two POCIS at the outlet of the
secondary treatment (referred hereafter as “Secondary outlet”), which is also the influent to the
SAT systems; two POCIS at the outlet of the reference system (referred hereafter as “Outlet SAT
T2”), and two POCIS at the outlet of the T4, the one operated with the reactive barrier (referred

hereafter as “Outlet SAT T4”).

11

261



Chapter 4

The challenge of CECs' removal

.\\»‘
1t WWTP 7‘ l°\|| = PASSIVE SAMPLING
influent /) 8Y POCIS
, _ )

2"d Secondary 3rd Qutlet SAT systems
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Conventional WWTP
Figure 2: Experimental setup of the POCIS deployment in the WWTP.

All samplers were located inside stainless-steel cages to protect the membranes from accidental
impacts. The cages were immersed in the water to obtain a water flow parallel to the membranes;
this ensured chemicals accumulated in the samplers by diffusion, avoiding a rapid saturation of
the solid phase contained in the POCIS (Figure S1). Indeed, the chemicals must diffuse from
water through the semipermeable membrane with the only driving force of chemical potential
gradient, excluding the “physical filter” behaviour.

The POCIS were deployed for 14 days (from January 18" to February 1%, 2018) to account for
temporal fluctuations in concentrations. After the scheduled deployment time, the devices were
recovered from the sites (Figure S2), removed from the cages, and gently rinsed with deionized
water to clean the surfaces. Then, they were wrapped in aluminium foil and stored at -20°C until

further processing.
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2.5. POCIS processing and HPLC-MS/MS analysis of PPCPs

The samplers were thawed and dismantled; with the aid of HPLC-grade water, the HLB sorbent
was carefully transferred into a 1 cm i.d. glass cartridge, provided with a polytetrafluoroethylene
(PTFE) frit and glass wool, to prevent phase loss. The solid phase was dried for 30 min under
vacuum. An aliquot of 10 pL of a solution of the internal standard diclofenac-C13 at a
concentration of 50 mg L' was added to the sorbent and dried for 30 min under vacuum. Then,
an elution with 50 mL of acetone was performed to recover the sorbed analytes and further
evaporated to dryness using a rotary evaporator. The residue was reconstituted in 1 mL of MeOH
and, if not immediately analyzed, stored at -20°C. An aliquot of this sample was diluted 1:50 with
MeOH/water, 50:50 (v/v) and analyzed by HPLC-MS/MS.

Separation and detection of the target PPCPs were performed by online SPE-HPLC-MS/MS in a
Symbiosis™ Pico instrument from Spark Holland (Emmen, The Netherlands) coupled to a 4000
Q TRAP™ hybrid quadrupole-linear ion trap-MS analyzer from Applied Biosystems-Sciex
(Foster City, California, USA), following the method by Vassalle et al., (2020). Briefly,analytes
separation was carried out with a Hibar Purospher® STAR® HR R-18 ec. (50 mmx2.0 mm, 5 pm,
Merck) column. The mobile phase consisted of a mixture of HPLC-grade water and ACN, both
with 0.1% of formic acid. MS/MS detection was carried out in positive and negative electrospray
ionization (ESI+, ESI-) modes under selected reaction monitoring (SRM). Two major
characteristic fragments of the precursor molecular ion were recorded per analyte for enhanced
sensitivity and selectivity. The most abundant transition was selected for quantification, whereas
the second most abundant was used for analyte confirmation. Fragmentation voltage and collision
energy were optimised for each transition. The isotope dilution approach was used for
quantification. The instrumental limits of detection (ILOD) and instrumental limits of
quantification (ILOQs) were calculated as pg injected in the HPLC-MS system using matrix-
matched standards. The ILODs were in the range 3.5-11 pg for ultraviolet filters (UVFs), 0.0004-
3.7 pg for paraben preservatives (PBs), 0.3-0.8 pg for pharmaceuticals (Pharma) and 0.001 pg for

CFF. The complete list of ILODs and ILOQs can be consulted in Table S2.
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2.6. Determination of PPCPs removal by the passive sampling approach
The amount of chemicals found in the sorbent phase after POCIS deployment correlates with their
TWA concentration in water. To provide this concentration, a kinetic constant, called sampling
rate (Rs), needs to be estimated (Di Carro et al., 2014). Still, the knowledge of TWA
concentrations was not essential in this work because the interest was in the reduction of TWA
along the system, which is proportional to the reduction in mass retained. Thus, only the absolute
ng of chemicals sampled per POCIS were considered. By comparing the analytes mass in POCIS
deployed in the different sites of a WWTPs, information about the abetment of chemicals after
specific treatments was obtained. In particular, the removal ratios (RE%) for the selected PPCPs
along the WWTP and in the SAT systems T2 and T4 were calculated as the ratio between analyte
masses determined in the POCIS at the inlet and at the outlet of the secondary and SAT systems

considered.

3. RESULTS AND DISCUSSION

3.1.Overall results

Data obtained from the analysis of the POCIS extracts were used to determine the presence of the
considered contaminants at the various stages of the wastewater treatment. Due to the complex
mechanism of absorption of the different chemical classes onto the POCIS sorbent, as well as
probable fluctuations in the site’s conditions (flow, pH, temperatures), a certain degree of
variability was expected in the accumulation of the analytes in the duplicated deployments
(Alvarez et al., 2014). Nevertheless, results characterized by a relative standard deviation (RSD)
>30%, related to the analyte mass sampled by the duplicated POCIS, had low reliability and were
considered with caution.

Thirty-two out of the 56 considered analytes were detected in at least one of the POCIS extracts,
31 of them in the WWTP influent. Full quantitative results are provided in Table S3, expressed
as the mass in ng per POCIS of each compound. Figure 3 displays the chromatogram of the

extract deriving from the POCIS deployed at the WWTP influent.
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Figure 3: Reconstructed MS/MS chromatogram from the POCIS deployed at the WWTP
influent.

It is important to remark that higher sampled amounts of particular contaminants may not
necessarily represent a higher concentration in water. Indeed, the amount of a chemical sampled
by the POCIS depends on both its concentration in water and the sampling rate (Rs). If two
substances have the same water concentration but one has a larger Rs, this will result in a higher
sampled amount for the latter. Therefore, direct comparison among the amounts of the different
substances detected is possible only for those chemicals characterized by similar Rs.

The contaminant TWA concentrations in the different points of the WWTP could not be
calculated, because the specific Rg are not available. Still, by comparing the mass of the analyte
adsorbed in the different POCIS deployed, information about the abatement of chemicals after

the specific treatments could be retrieved. In fact, since these amounts reflect average
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concentrations over the sampling period, they are more informative than those obtained by spot
sampling (Mirasole et al., 2016).

For the CAS treatment of the selected WWTP, the expected main removal mechanisms of CECs
were biodegradation and sorption. Long hydraulic and sludge retention times may foster the
growth of slow-growing bacteria, thus improving the removal of many CECs such as DCF and,
erythromycin (Fernandez-Fontaina et al., 2012; Suarez et al., 2010). Temperature is also a key
factor driving the removal of CECs, as higher removal rates are reported between 15 and 20°C
compared to <10°C (Castiglioni et al., 2006; Vieno et al., 2005). In our study the deployment was
from January 18" to February 1%, when mean temperatures in the systems were between 12.3 and
13.6 °C, while water in the secondary outlet range between 13 and 15.4°C.

Figure 4 displays the single CECs mass load calculated for the POCIS at the WWTP influent and
the Secondary outlet. Overall, highly variable removal rates were observed for the wide range of
selected PPCPs, which is in agreement with the classification of CECs made by Suarez et al.,
(2010), according to the elimination potential under different biological conditions: highly
removed under aerobic and anoxic conditions (e.g. IBU, 95% removed); highly removed under
aerobic but hardly removed under anoxic conditions (e.g. DCF, not removed); recalcitrant to
biological degradation (e.g. CBZ, not removed). The CECs’ abatement was further estimated in
the pilot SAT systems T2 and T4 to assess their removal efficiency.

Considering the total mass of contaminants, a significant reduction of the concentration in water
was observed going from the WWTP inlet to the secondary treatment outlet and the SAT
treatment outlet; a difference was also observed between the residual contamination present after
T2 and T4, showing a general higher efficacy of the reactive barrier components to retain and/or
degrade the PPCPs. By looking at the total amount grouped by chemical classes, namely Pharma,
UVF, PBs and CFF, the same reduction trend was generally observed, as shown in Figure S3.
However, some compounds inside the classes showed peculiar behaviour (Figure 4). jError! No
se encuentra el origen de la referencia. summarizes the calculated RE% for each detected
contaminant between the WWTP influent and the secondary outlet, and between the secondary
outlet and the Outlet of SAT systems T2, without reactive barrier, and T4, with reactive barrier.

16

266

The challenge of CECs' removal

Analysed CECs

Complete removal from the WWTPs inlet to the outlet of the secondary treatment was observed

only for BP3, the parabens group, and APH.
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Figure 4: Mass load (in log scale) determined in the POCIS deployed at the WWTP influent and
the Secondary outlet (SAT systems influent) streams of the WWTP.
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Table 1: Estimated mass removal (RE%) of the single contaminants detected in the WWTP

influent through primary + secondary treatments and through SAT systems.

Family Inlet/ Secondary outlet/ Secondary outlet/
Compound Acronym
group secondary outlet MAR outlet T2 MAR outlet T4
Personal care
Ultraviolet filter Benzophenone-3 BP3 100 -
Ultraviolet filter Benzophenone-1 BP1 98.3 100 100
Ultraviolet filter  3-(4-Methylbenzilidene) camphor 4MBC -33.7 100 100
Ultraviolet filter Ethyl 4-aminobenzoate EtPABA 63.5 100 100
Ultraviolet filter 1,2,3-Benzotriazole BZT -191.1 58 67.7
Ultraviolet filter Methyl-benzotriazole MeBZT -36.1 85 91.5
Paraben Butylparaben BuPB(-) 100 -
Paraben Propylparaben PrPB(-) 100 -
Paraben Methylparaben MePB(-) 100 -
Pharmaceuticals
Antibiotic Ofloxacin OFX -287.7 100 100
Antibiotic Ciprofloxacin CFX 67 100 100
Antibiotic Nalidixic acid NDX 100 100
Antibiotic Sulfamethoxazole SMX -88 -313.9 -192
Antibiotic N*-Acetylsulfamethoxazole acSMX 48.2 -51.1 413
Antibiotic Sulfapyridine SPY -7.6 -0.4 27.5
Antibiotic Acetylsulfapyiridine acSPY -84.2 100 100
Lipid regulator Sulfathiazole STZ -40.1 100 56.4
Anti-inflammatory Trimethoprim T™P -625 100 100
Anti-inflammatory Gemfibrozil GFZ 383 84.7 89.7
Anti-inflammatory Mefenamic acid MFA -140.5 84.2 87.5
Anti-inflammatory Naproxen NPX 74.7 -33 25.1
Anti-inflammatory Ibuprofen 1BU(-) 95.2 913 100
Anti-inflammatory Ketoprofen KPF 16 522 81.8
Anti-inflammatory Diclofenac DCF(-) -82.6 88.1 91.1
Analgesic Acetaminophen APH 100 -
Anti-epileptic Carbamazepine CBZ -206.3 69 80.9
Anti-epileptic Carbamazepine-epoxy CBZ-E -161.5 63.3 70.4
B-blocker Atenolol ATL -49.1 100 100
Anti-depressant Norfluoxetine norFXT 56.6 -5.9 233
Anti-depressant N-desmethylvenlafaxine N-desVFX -156.1 100 100
Stimulant Caffeine CFF 97.1 100 100
18
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3.2.Occurrence and fate of pharmaceuticals

Within the pharmaceuticals class, 21 compounds were detected at the WWTP influent, including
some fluoroquinolones, sulphonamides, and trimethoprim (antibiotics), the lipid regulator GFZ,
the anti-inflammatories MFA, NPX, IBU, KPF, and DCF, the analgesic APH, the anticonvulsant
CBZ and its major metabolite CBZ-E, the B-blocker ATL, the antidepressant metabolite norFXT,
and the stimulant CFF. A rather wide range of quantities was measured, from tens of ng for
Mefanamic acid (MFA) to hundreds of pg for caffeine (CFF), which alone accounted for 53% of
the total mass analyzed at the WWTP influent (Figure 4). As already mentioned, this indicates a
wide range of water concentrations, as well as POCIS Rs.

Only 23% of the total mass of pharmaceuticals was eliminated by the primary and secondary
treatments, thus confirming that conventional WWTPs are not suitable to eliminate
pharmaceuticals from wastewater (Krzeminski et al., 2019). The only exception was APH, not
detected in the secondary effluent. A wide range of removal rates was observed, from 16% (KPF)
to 97% (CFF). For antibiotics, the highest RE% was obtained for CFX, whereas the others were
characterized by quite low removals. Anti-inflammatories showed high RE%, especially IBU
(>95%). Within the target pharmaceuticals, the anticonvulsant CBZ was the least removed, which
was expected, being this neutral substance one of the most critical compounds monitored
worldwide. This behaviour has been attributed to its chemical stability and hydrophilicity (log
Kow <3) (Nakada et al., 2006). The analytes OFX, several sulphonamides, TMP, CBZ, CBZ-E,
ATL, and N-desVFX showed a greater mass at the secondary outlet than at the influent (negative
RE%); this phenomenon has been observed in other studies (Behera et al., 2011; Jones et al.,
2017). It is usually explained by the reconversion of transformation products into the parent
compounds (e.g. by de-conjugation or other transformation processes taking place during the

treatment) (Krzeminski et al., 2019).
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Effective removal of most pharmaceuticals was observed along the SAT systems: approximately
90% of the total mass measured at the secondary outlet was depleted. The RE% of SAT systems
was compound-dependent (;Error! No se encuentra el origen de la referencia.). SAT system
T4 performed better than SAT system T2, accounting for 1.2 to 2.6-folds higher removals. Figure

5 depicts the load of chemicals sampled at the outlet of SAT systems T2 and T4.

Mean mass load of the CECs in outlet of SAT systems T2 and T4

The challenge of CECs' removal

Mean mass load (ng)
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Figure 5: Mean mass load of the selected CECs in the outlet stream of the SAT systems
T2 (operated without reactive barrier) and T4 (operated with reactive barrier). Both
systems were recharged with the secondary treatment outlet of the WWTP.

In detail, fluoroquinolones, quinolones, the antibiotic TMP, the B-blocker ATL, the anti-
depressant N-desVFX, and CFF were completely removed by both T2 and T4 SAT systems,
proving the efficiency of such technology to remove many of the pharmaceuticals present in

WWTP outflow. For the rest of them, RE% were in the range of 23% - 91%.
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Among sulphonamides, the SMX mass significantly increased during SAT, while the acSMX
mass slightly increased or remained constant, compared to the secondary outlet. These data might
suggest an interconversion between the acetylated and non-acetylated forms of sulphonamides
through the steps of the wastewater treatment. A “back transformation” of SMX metabolites was
indeed observed in previous studies (Bonvin et al., 2013; Gdobel et al., 2005). As for SPY and
acSPY, the first remained constant during all WWTP stages, while the second was characterized
by a complete removal through the SAT systems. Nevertheless, it is worth noting that the RSD
of the two POCIS deployed after the SAT systems were rather high for SMX, acSMX, and SPY.
The sulphonamide STZ represents a particular case, being the only compounds for which SAT
system T2 showed a better removal efficiency than T4. Its mass was rather low in all samples but
completely absent in the POCIS deployed at the outlet of SAT system T2.

The anti-depressant metabolite norFXT decreased from the WWTP influent to the secondary
outlet, but was then found at approximately constant mass after SAT. NorFXT is the human
metabolism product of the fluorinated antidepressant fluoxetine administered in racemic form.
This demethylated active metabolite, even more than the parent compound, is produced in the
human body as two enantiomers (Stokes and Holtz, 1997), which act differently, being the (S)-
NFLX the more potent regarding its inhibition capacity on serotonin production (Fuller et al.,
1992). The apparent inefficacy of the SAT systems might be explained by previously reported
evidence showing that the degradation pattern and the enantio-selectivity depend to a large extent
on the microorganism phylogenies (Ribeiro et al., 2014). Accordingly, SAT microbial
communities would be quite less effective at biodegrading norFXT than the microorganisms from
the activated sludge of the secondary treatment. Nevertheless, the slight loss of mass observed in
SAT system T4, although not in T2, is consistent with the expected effect of the reactive barrier,
which should promote the development of diverse microbial communities, possibly favouring

norFXT removal.
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Regarding the remaining detected analytes, namely GFZ, all anti-inflammatories, and the two
anti-epileptic drugs, the mass sampled at T4 outlet was always lower than at T2, with the highest
difference in the abatement extent for KPF. However, the complete removal of these substances
was not observed, except for IBU in T4. The removal of NPX in the SAT systems was quite low:
only 23% was achieved in T4 (compared to 80-100% of the other NSAIDs), while a negative
removal was observed in T2. The NPX degradation extent has been reported to be notoriously
poor through conventional wastewater treatments. This is due to its molecular structure with the
presence of two aromatic rings, providing high stability and resistance to microbial degradation.
Research carried out so far shows that usually only one probable microbiological transformation
process occurs for NPX, in which the aromatic rings are not cleaved (Domaradzka et al., 2015).
Only a few bacterial strains have provided full NPX degradation (Guzik and Wojcieszynska,
2020). Thus, most likely, the microbial communities present in the SAT systems did not provide
an increased potential to degrade NPX than those present in the activated sludge of the secondary
biological treatment. Despite that, removal in T4 was higher than in T2, which again indicates
that the reactive barrier installed in T4 induces a change in the microbial community formed
(Hellman et al., 2022), making SAT system more efficient. The fate of NPX in the environment
is known to be driven not only by biodegradation but also by adsorption (Liu et al., 2019;
Martinez-Hernandez et al., 2016) which is strongly dependent on pH. As the molecule has a
carboxylic acid group that is deprotonated at environmental pH (range 5-8), NPX is present in
the environment mostly in its anionic form. In this form, the electrostatic interaction of NPX with
the negatively charged natural organic matter and clay of the soil is difficult (Liu et al., 2019).
Most likely this low sorption onto the reactive barrier material might contribute to the reduced
removal observed for NPX in the SAT system as compared to that in the WWTP. An implication
is that the reactive barrier performance might be increased by adding positively charged surfaces,

which would act as sorption sites for anions.

22

272

The challenge of CECs' removal

Special attention has to be drawn to the removal achieved for the recalcitrant CBZ and its epoxy-
metabolite; both showed negative removal rates at the secondary outlet, while SAT systems
displayed removals higher than 50%. T4 exhibited an improvement in the removal of these two
substances compared to T2, indicating that the presence of the reactive barrier boosted the
elimination of these two recalcitrant pharmaceuticals. CBZ is a neutral anticonvulsant known to
be recalcitrant at conventional WWTPs (Joss et al., 2006). The increased removal efficiency in
the SAT systems might be the result of the largest hydraulic retention time, around 15 days,
according to previously reported results in a batch study (Li et al., 2015). Furthermore, at the pH
of the system, carbamazepine and derivatives are in their neutral (uncharged) form, which allows
a stronger interaction with the organic matter and clay in the barrier material.
3.3.Occurrence and Fate of Personal Care Products

Five out of the 10 UVFs analyzed were detected in the WWTP influent, i.e. BP3, BP1, EHMC,
4MBC, and EtPABA. BP1 is the major metabolite of BP3 in different organisms, including
humans (Zhang et al., 2021). It is not listed among the permitted UVFs in the EU legislative
framework on cosmetic products (European Parliament and the Council of the European Union,
2009), but it can be used as an additive in materials intended to enter in contact with food to
protect the product from UV radiation. This application would most likely contribute to its
occurrence, as a quite high mass was detected at the WWTP influent (approximately 20 pg),
almost 16-fold more than that of the BP3. Still, the value for BP3 was rather high; this result was
expected, as it is the most used UVF in sunscreen formulations, constituting up to a 6% (in mass)
of the product (European Comission, 2022). It is worth mentioning that the high level of BP3
measured is of concern.

The other detected sunscreens were EtPABA and 4AMBC and EHMC, which have been frequently
reported globally, being among the most used together with BP3 and octocrylene (Tsui et al.,
2014). EHMC is not listed in Table 1 because of the large RSD of the secondary and T2 outlet,
but had been fully eliminated after T4. EtPABA and 4MBC were not eliminated during the

WWTP, but were fully removed in both SAT systems.
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Two benzotriazoles out of the 4 analyzed were detected at the WWTP influent at quite a high
level, approximately 3 and 7 pg for BZT and MeBZT, respectively. In this study we considered
the paraben preservatives and alkyl esters of the p-hydroxybenzoic acid (PABA) within the group
of personal care and hygiene products, but we could have also included in the pharmaceuticals
group. They are present in medicines to prevent the growth of microorganisms and fungi, thus
increasing the shelf life of the products. As their alkyl chain increases, so does the antimicrobial
activity of the PABA derivative, but its water solubility decreases. Therefore, MePB and PrPB
are the most extensively used (Btedzka et al., 2014). This explains the high mass of MePB and
PrPB, determined in this study, approximately 30 and 14 pg, respectively. On the other hand, as

expected, BuPB was found at a low concentration (around 200 ng) and BePB was not detected.

PBs were fully removed by the primary and secondary treatments. UVFs were characterized by
an overall mass reduction of 48% from the WWTP influent to the secondary outlet. BP3 was
completely depleted, while 63% and 98% removals were reached for EtPABA and BPI,
respectively. 4-MBC showed a negative removal ratio suggesting that derivative species
(metabolites, conjugated forms and other transformation products) present in the influent could
transform back to the parent compound during the treatment. This was also the case with the two
BZTs determined. Compounds such as 5,6-dimethyl-1-benzotriazole and 5-chloro-benzotriazole
are biotransformed into MeBZT and ultimately BZT through demethylation and dechlorination
consecutive processes (Molins-Delgado et al., 2015) that could have occurred in the influent
waters. As already mentioned, EHMC was considered an exception among UVF; a very low
amount of it was sampled at the inlet and the high relative standard deviation between the
duplicated POCIS in the other sampling points hinders the interpretation of the results.

The RE% of the PCPs at the outlet of the SAT systems is reported in Table 1. The 71% and 83%
of the overall UVFs mass was depleted by T2 and T4, respectively. Among them, BP3, BP1,
4MBC, and EtPABA were efficiently removed by both T2 and T4. Regarding BZT and MeBZT,
a higher depletion was observed along T4, compared to T2 (1.3 and 1.8-folds higher for BZT and
MeBZT, respectively). Still, both compounds were present in the outlets of the SAT systems,
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indicating that the removal was incomplete. In particular, due to an initial negative removal going
from the WWTP influent to the secondary outlet, the 100% of the BZT sampled at the WWTP
influent was also detected in the outlet of SAT system T4. Overall, this was the only case of
concern, due to the effects of this substance in the environment, while a significant decrease in
all other substances was observed in the SAT systems.

It is worth noting that the removal achieved in the studied WWTP relies on two treatments, the
primary and the biological. In the pilot SAT, the elimination is achieved solely through the soil-
aquifer passage, and in the case of T4, upon the stimulation of natural degradation obtained by
providing extra organic carbon to the microbial communities grown by means of the reactive

barrier.

4. CONCLUSIONS
The application of integrated sampling at WWTPs with POCIS represents a useful approach to
assess the removal efficiency of selected PPCPs in an urban WWTP and in a pilot-scale SAT
systems and to compare the removals obtained in a conventional SAT (T2) versus a system with
a reactive barrier made up of sand, vegetal compost (to favour sorption and as an organic carbon
source to foster the growth diverse microbial communities), and clay (T4). The removal rates for
PPCPs achieved in the WWTP agreed with reported data in the literature. The contaminants
abatement obtained by the SAT systems was notably greater in the system operating with the
reactive barrier in comparison to the conventional one, due to the enhanced degradation provided
by the microbial communities formed. Overall, the removal efficiency provided by both SAT
systems were higher than that achieved in the two wastewater treatments applied in the WWTP.
Important improvements were observed for GFZ (from 38% to 90%) and KPF (from 16% to
82%). This improvement was especially remarkable in the case of the recalcitrant CBZ and its
major human metabolite (CBZ-E), for which removals of 81% and 70%, respectively, were
achieved by SAT system T4. Nevertheless, lower removal was attained for acSMX (48% - 41%),

norFXT (57% - 26%), and NPX (74% - 25%).
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These outcomes demonstrate that SAT is effective and efficient. Detailed analysis suggests that
further improvements can be gained by increasing the variety of sorption sites, ideally including
positively charged sites. This could be achieved by creating aerobic zones, so as to favour the
precipitation of ferric oxides. We conjecture that increasing residence times, which were of only
15 days in the tested SAT systems, would also help. This could be allowing a longer travel
distance in the aquifer (15 m at our pilot sites).

An overall improvement (namely a reduction in the final contaminants mass) was observed by
combining the WWTP secondary treatment with SAT, in comparison with the sole secondary
treatment. Consequently, SAT systems implemented with a natural reactive barrier constitute a
sustainable alternative to advanced tertiary wastewater treatments from both the environmental
and economic viewpoints. SAT systems would contribute to combat the continuous release of

pharmaceuticals and personal care and hygiene products into the aquatic environment.
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Section S1. Figures 400000
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Figure S3. Total amounts of the different chemical classes detected by POCIS sampling in the
various steps of wastewater treatment (ST: secondary treatment; TT: tertiary treatment).

Figure S2: Appearance of the POCIS once transported to the laboratory and dismantled for
subsequent cleaning and extraction.
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HIGHLIGHTS

o Almost total mineralization of 30 pharmaceuticals by Anodic Oxidation in different electrolytic media.
« Anodic oxidation in NaCl produces chlorinated intermediaries and their formation increase at higher current densities.
« Simultaneous mineralization of 30 pharmaceuticals by AO in a secondary effluent from a wastewater treatment plant.

o More than 25 organic interm
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1. Introduction

ries generated during electrolysis were identified.

ABSTRACT

The anodic oxidation (AO) of 30 pharmaceuticals including antibiotics, hormones, antihistaminics, anti-
inflammatories, antidepressants, antihypertensives, and antiulcer agents, in solutions containing
different supporting electrolytes media (0.05 M Na;S04, 0.05 M NaCl, and 0.05 M Na;S04 + 0.05 M NaCl)
at natural pH was studied. A boron-doped diamond (BDD) electrode and a stainless-steel electrode were
used as anode and cathode, respectively, and three current densities of 6, 20, and 40 mA cm 2 were
applied. The results showed high mineralization rates, above 85%, in all the tested electrolytic media. 25
intermediaries produced during the electrooxidation were identified, depending on the supporting
electrolyte together with the formation of carboxylic acids, NO3, SO~ and NHj ions. The formation of
intermediates in chloride medium produced an increase in absorbance. Finally, a real secondary effluent
spiked with the 30 pharmaceuticals was treated by AO applying 6 mA cm ™2 at natural pH and without
addition of supporting electrolyte, reaching c.a. 90% mineralization after 300 min, with an energy con-
sumption of 18.95 kW h m~> equivalent to 2.90 USD m~>. A degradation scheme for the mixture of
emerging contaminants in both electrolytic media is proposed. Thus, the application of anodic oxidation
generates a high concentration of hydroxyl radicals that favors the mineralization of the pharmaceuticals
present in the spiked secondary effluent sample.

© 2020 Elsevier Ltd. All rights reserved.

micropollutants has been released into the environment as a result
of anthropogenic activities (Hernandez et al., 2019). Most of these

During the last decades, a large amount of many organic micropollutants have raised particular concern and thus currently

* Corresponding author.

E-mail address: ricardo.salazar@usach.cl (R. Salazar).

https

i.org j.chemosphere.2020.128
0045-6535/© 2020 Elsevier Ltd. All rights reserved.

they are known as contaminants of emerging concern (CECs). These
compounds, are chemical substances not commonly monitored
that present potential to enter the environment and cause
ecological or human adverse effects, whether known or probable
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(Geissen et al., 2015; Rodriguez-narvaez et al., 2017).

An important group of CECs are pharmaceutically active sub-
stances (Gomez et al., 2010; Petrovic, 2014). Pharmaceuticals are
designed to prevent or treat human and animal diseases (Ebele
et al., 2017; Gracia-lor et al,, 2012) by a specific mode of action
(Fent et al., 2006); nevertheless, its extensive use worldwide pro-
duces bioaccumulation and toxic undesirables effects in aquatic
and terrestrial ecosystems (Ebele et al.,, 2017), such as antibiotic
resistance (Ebele et al., 2017; Grenni et al., 2018; Rabbia et al., 2016)
and alteration of plasma levels of certain biomolecules (Ebele et al.,
2017). On the other hand, in humans the risk of metabolic disor-
ders, neurological disorders, damage to the immune system, hor-
mone levels disorder and alterations in female and male
reproductive system has been reported (Barrios-Estrada et al.,
2018).

Although risk assessments indicate that it is very unlikely that
the trace concentrations found in the water present risks to human
health (acute toxicity) (World Health Organization, 2012), the risks
associated with prolonged exposure (associated to chronic toxicity)
and the combined effects of mixtures of them are unknown and of
concern (Hernandez et al., 2019; Noguera-oviedo and Aga, 2016;
Vasiljevi and Lau, 2009).

Effluents from wastewater treatment plants (WWTPs) are
considered one of the most important entry pathways of pharma-
ceuticals to the aquatic environment (Babic and Horvat, 2007;
Gracia-lor et al.,, 2012; Sancho et al., 2012). WWTPs fail to fully
remove most pharmaceuticals (Boix et al., 2015; Hernandez et al.,
2011, 2019), because they are not designed to remove this type of
contaminants (Barbosa et al., 2016; Patel et al., 2019). Thus, many of
them have been detected in concentrations from ng L' to mg L™
in urban wastewater (Alygizakis et al., 2020; Cesen et al., 2019;
Pena-Guzman et al., 2019; Racar et al., 2020).

To remove pharmaceuticals more efficiently in the WWTPs,
electrochemical advanced oxidation processes (EAOPs) have gained
increasing attention as a promising advanced oxidation process
(AOP) (Moreira et al., 2017) due to their effectivity to oxidize both
organic and inorganic compounds (Rivera-Utrilla et al., 2013).

Anodic Oxidation (AO) is the most popular EAOPs owing to its
versatility and ease of scalability (Flores et al., 2017; Martinez-
Huitle et al., 2015; Ozcan et al., 2008). In AO, the pollutants are
oxidized by heterogeneous M(*OH) formed from water electrolysis
at the anode surface (Eq. (1)) (Martinez-Huitle and Ferro, 2006).

M + H,0 — M(*OH) + H" + e~ (1)

The hydroxyl radical (*OH) is a powerful oxidant (E° (“OH/
H,0) = 2.80 V vs SHE) that reacts with organic compounds by
abstraction of a hydrogen atom (dehydrogenation), electrophilic
addition to an unsaturated bond (hydroxylation), electron transfer
(redox) reaction and ipso-substitution of halogen atom (Mousset
et al,, 2018) until its complete mineralization to CO, water and
inorganic ions (Flores et al., 2017; Yu et al,, 2014). The electro-
chemical generation and the chemical reactivity of M(*OH) strongly
depend on the anode material (Comninellis et al., 2008). The boron-
doped diamond (BDD) electrode is a non-active anode (Espinoza
et al., 2018; Panizza and Cerisola, 2009) that favors the indirect
oxidation of organic compounds. Additionally, depending on the
ions presents in the solution, other oxidants can be produced, for
example, persulfate ion (S037), peroxodicarbonate (C;03"), per-
oxodiphosphate (P,037) (Martinez-Huitle and Brillas, 2009) or
active chlorine species (Cl,, HCIO/CIO™) (Contreras et al., 2015).
These oxidants facilitate the oxidation of pollutants present near
the anode and/or in the bulk of the solution, as well as water
disinfection in case of chlorine species (Candia-Onfray et al., 2018).
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Several authors have reported the removal of pharmaceuticals
by AO (Dirany et al., 2010; Garcia-Montoya et al., 2015; Sopaj et al.,
2015). However, there are few studies applying AO to treat a large
group of pollutants in both, synthetic or real wastewater (Garcia-
Segura et al., 2015; Lan et al., 2017).

This work aims to study the simultaneous degradation of 30
pharmaceuticals, antibiotics, hormones, antihistaminic, anti-
inflammatories, antidepressants, antihypertensive, and antiulcer
agents by AO using a BDD anode in synthetic solutions, and in a
secondary effluent from a WWTP applying different current den-
sities and electrolytic media. Moreover, an exhaustive study by
liquid chromatography coupled to high-resolution mass spec-
trometry (LC-HRMS) and ion exclusion chromatography was car-
ried out to identify intermediaries and reaction products formed in
the process.

2. Materials and methods
2.1. Reagents

Trimebutine maleate, ketorolac trometamol, caffeine, acet-
aminophen, chlorphenamine maleate, sodium diclofenac,
ibuprofen and sodium metamizole (>99% purity) was supplied by
Pasteur S.A Laboratory (Santiago de Chile, Chile). Tetracycline hy-
drochloride (95% purity), norfloxacin, ciprofloxacin, naproxen, f-
estradiol, estrone, progesterone, and sulfamethazine (>98% purity)
were obtained from Sigma-Aldrich® (Santiago de Chile, Chile).
Salicylic acid (>99% purity), analytical grade anhydrous sodium
sulfate and sodium chloride used as background electrolyte, were
purchased from Merck® Santiago de Chile, Chile). Mefenamic acid,
venlafaxine, sertraline, escitalopram, fluoxetine, azithromycin,
amoxicillin, losartan, enalapril, famotidine, omeprazole, loratadine
and loperamide in commercial tablets, were acquired from the
established trademarks in Chile.

Carboxylic acids were purchased from Sigma-Aldrich®, while
maleic, formic and acetic acids were from Merck®.

All the other chemicals employed were HPLC grade or analytical
grade from Merck® and Sigma-Aldrich®. All solutions were pre-
pared with ultrapure water obtained from a Millipore Milli-Q sys-
tem (resistivity > 18 mQ cm).

2.2. Wastewater samples

Secondary effluent samples were collected in July 2019, from
“Aguas Andinas, Mapocho/Trebal” WWTP in Padre Hurtado
(33°32/82"S/70°50'08”W), Santiago de Chile (Chile). Table 1 reports
the main parameters determined for the secondary effluent. The
spiked of the wastewater was carried out with a mixture of 30
drugs at the concentrations reported in SM1.

Table 1

Characterization of secondary effluent from the WWTP.
Parameters Initial value
Color Light yellow
Odor strong
Turbidity (NTU) 7.72
Total Dissolved Solid (mg L") 1202
Conductivity (uS) 2402
Absorbance at 280 nm (U.A) 0375
Chemical Oxygen Demand (mg L") 35.50 + 0.70
Total Organic Carbon (mg L") 22.68
Total Chlorine (mg L") 0.16 + 0.02
Nitrate NO3 (mg L") 7.70 £ 0.14
Sulfate $,07 (mg L) 817 £3.25
Ammonium NH4* (mg L") 42.50 +2.12
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2.3. Electrochemical experiments

Electrochemical system. The electrolysis was carried out in a one
compartmental 100 cm? electrochemical cell with constant stirring
at 25 + 2 °C. A BDD thin-film electrode from Adamant Technolo-
gies® was used as anode and a stainless-steel plate was used as the
cathode (BDD/SS system), both with 5.0 cm? of area and an inter-
electrode gap of 1 cm. The experiments were performed applying
constant current densities (j) using an EHQ power supply model
PS3010. Cyclic voltammetry was carried out in an Autolab Post-
entiostat/Galvanostat PGSTAT 204 system using a 10 cm® glass
electrochemical cell. BDD was used as working electrode (0.19 cm?
area), Ag/AgCl (1 M) as reference electrode, and a platinum wire as
counter electrode. The voltammograms were recorded from 0 to
3vat5mvst

2.4. Instruments and analytical procedures for water analysis

The pH was measured with a pH-meter HANNA HI5222. Con-
ductivity and total dissolved solids were measured using a HI98311
Waterproof EC/TDS/Temperature Tester.

The turbidity of the wastewater was measured with the HANNA
instrument HI98703 portable turbidimeter. The chemical oxygen
demand (COD) was determined after chemical digestion of the
samples during 2 h at 150 °C in a HANNA multiparameter bench
photometer for wastewater treatment HI83214. The concentration
of ammonium ion was analyzed using the HANNA AHR test tube
HI93764B-25 (0~100 mg L~ ') and reagent HI93764-0, while nitrate
was determined using HI93766-50 test tube (0—30 mg L™!) and
nitrate reagent sachet HI93766-0. Then, the concentration of both
ions was measured in the spectrophotometer HI83214. The pres-
ence of chlorite, chloride, chlorate, nitrate and sulfate ions was
determined using a Metrohm lon Chromatograph, 930 Compact IC
Flex model. The separation was carried out in a Metrosep A Supp
5-250/4 (250 x 4.0 mm (i.d), 5 um) column and mobile phase
composed of Na,C0O3/NaHCOs (3.2:1 mmol L") was used, at a flow
rate of 0.7 mL min~. The injection volume was 20 pL.

The change in the absorbance of the initial wastewater, com-
pounds solution, and secondary effluent during electrolysis was
monitored by a spectrophotometer Agilent 8453. The total organic
carbon (TOC) variation was monitored by a Shimadzu (TOC-L)
analyzer, obtaining an initial average TOC value among the three
evaluated electrolytic media of 72.62 + 0.2 mg L~". The carboxylic
acids generated as intermediaries were monitored and quantified
by ionic-exclusion chromatography using an HPLC Prominence
12.770 (Shimadzu) with diode array detector 41.571 model. A Bio-
Rad Aminex HPX 87H, 300 x 7.8 mm (i.d.) column at 30 °C was
used and the detection was performed at 210 nm. The mobile phase
was 4 mM H,SO4 with a 0.6 mL min~' flow. The corresponding
calibration curves were constructed using pure acid standards.

The energy consumption per volume of electrolyzed solution
was obtained from eq. (2):

Energy Consumption (kW hm™>) = IE,;t/1000 Vs (2)

where I is the applied current (A), Eceir is the average cell voltage (V),
t is the electrolysis time (h), and V; is the volume of the treated
solution (m®) (Candia-Onfray et al., 2018; Contreras et al., 2015;
Salazar et al,, 2016, 2017).

2.5. LC-ESI- Q-Exactive analysis
To identify aromatic intermediates generated during electro-

oxidation by ultra-high performance liquid chromatography-high
resolution mass spectrometry (UHPLC-HRMS), aliquots collected
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at different electrolysis times were mixed for a total of 10 mL, then
they were extracted three times with 30 mL of CH,Cl, and ethyl
acetate separately to extract as many intermediates as possible.
Each organic fraction collected (90 mL) was dried with anhydrous
Na,S0y, filtered and evaporated in rotary evaporator. Then, the
organic fraction evaporated was reconstituted in 1 mL of methanol
and injected into the UHPLC-Q-Exactive (Thermo Fisher Scientific,
San Jose, CA, USA) system with a hybrid quadrupole—Orbitrap
analyzer.

The ionization was carried out with an electrospray ionization
(ESI) source working in positive and negative modes under capil-
lary voltages of + 4 kV and -3kV, respectively. The capillary tem-
perature was 350 °C in both modes, while the probe heater
temperatures were 250 °C in positive and 300 °C in negative mode.
The sheath gas and the auxiliary gas flows were set at 40 and 10 a.u.

The chromatographic separation was performed using an Acq-
uity BHE-C18 (100 x 2.1 mm, 1.7 pum) column (Waters, Massachu-
setts, USA), keeping the oven temperature at 40 °C. The mobile
phase used in positive mode was: (A) water containing formic acid
0.1% (v/v) and (B) methanol also containing formic acid 0.1% (v/v) at
0.3 mL min~" in gradient mode. The percentage of (A) was changed
as follows: 0 min, 95%; 7 min, 25%; 10 min, 0%; 15 min; 0%, 17 min;
95%, 21 min, 95%. In negative mode, the modifications were (A)
water containing ammonium acetate 5 mM and (B) methanol
containing ammonium acetate 5 mM at 0.3 mL min~! in gradient
mode. The percentage of (A) was modified as follows: 0 min, 95%;
3 min, 50%; 6 min, 10%; 13 min; 0%, 17 min; 0%, 18 min, 95%; 20 min,
95%. The analysis run time was 21 and 20 min, respectively, and
sample injection volume was 10 pL.

Spectra were acquired in independent data acquisition (DIA)
mode. This acquisition mode allows different scans; the first is a full
scan at low collision energy (10 eV) in the range m/z 66.70—1000,
where all the compounds mass arriving to the analyzer are deter-
mined. Then, a MS/MS second scan at high collision energy (40 eV)
is performed to all the compounds that had arrived to the analyzer
without differentiating the origin and obtaining a MS/MS spectra of
all the ions also in the range m/z 66.70—1000.

2.6. Data processing

All the raw data obtained using XcaliburTM 4.1 software
(Thermo Scientific), were converted into.mzML files in Msconvert
3.0 software (ProteoWizard) using a threshold of 5000 in ESI (+)
and 1000 in ESI (—) and peak picking as filters. These files were
exported to the norman-data.eu site. In addition, information was
provided on the type of sample, origin, and chromatographic and
ionization conditions. A set of standards was introduced for the
calibration of the chromatographic retention time (expressed in
minutes) obtained under working conditions, in (ESI+) (Guany-
lurea; 0.91, Amitrol; 0.91, Histamine; 0.81, Chlormequat; 0.94,
Methamidophos; 1.99, Vancomycin; 2.95, Cefoperazone; 4.35,
Trichlorfon; 4.73, Dichlorvos; 6.23, Tylosin; 7.11, TCMTB; 7.69,
Rifaximin; 8.08, Spinosad A; 9.48, Emamectin Bla; 10.57, Aver-
mectin B1a, 10.34, Nigericin; 10.94, Ivermectin Bla; 10.91), and in
(ESI-) (Amitrole; 0.96, Benzoic acid; 1.72, Acephate; 2.19, Salicylic
acid; 2.37, Simazine 2-Hydroxy; 3.69, Tepraloxydim; 3.75, Bro-
moxynil; 3.69, MCPA; 4.39, Valproic acid; 4.68, Phenytoin; 4.96,
Flamprop; 4.99, Benodanil; 5.35, Dinoterb; 5.2, Inabenfide; 5.88,
Coumaphos; 6.59, Triclosan; 7.02, AvermectinB1a; 7.84, and Sali-
nomycin; 6.99).

Screening to find matches was performed using the
EXPHRMSMSAVAL list in positive (6828 compounds) and in nega-
tive (3042 compounds) mode, from Norman Suspect List Exchange.
Norman Substance Database in https://www.normannetwork.com/
nds/SLE/(“NORMAN Substance Database,” n.d.). Finally, an .xIsx file
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is imported from the site containing the possible compounds
identified based on identification proofs.

2.7. Identification of intermediaries by-products

The identification was carried out using the identification
criteria, mass accuracy (+5 ppm), retention time tolerance (+20%)
and MS/MS data. In addition, the mechanisms of interaction of
hydroxyl radicals and active chlorine species with pharmaceuticals
reported in literature were considered for the selection of possible
intermediaries (Cavalcanti et al., 2013; Deborde and von Gunten,
2008; Mousset et al., 2018).

3. Results and discussion

3.1. Effect of the supporting electrolyte and the applied current on
the degradation of pharmaceuticals

First, 100 cm? of a standard mixture of the 30 pharmaceuticals
selected corresponding to 72.62 + 0.2 mg L~' of TOC in 0.05 M
Na,S04 at initial pH 7.80 + 0.02 were electrolyzed applying 6, 20
and 40 mA cm~2 during 300 min at constant stirring (cell potential
7.06,10.33 and 13.06 V, respectively). Fig. 1A and B shows the TOC
abatement and absorbance decay, respectively, as a function of the
electrolysis time at different current. In all cases, TOC and absor-
bance decreased as the electrolysis time elapsed due to the attack of
hydroxyl radicals generated on the surface of the BDD electrode.

At the end of the electrolysis, the $TOC removal depends on the
applied current density (Fig. 1A), being greater when the current
density is higher (Brocenschi et al., 2016), with 73.35, 80.25 and

TOC (mg L)
I

0 Sl() 1(l)0 1;() 2(‘)0 Z;l) 31')0
Time (min)

TOC (mg LY

0 50 100 150 200 250 300

Time (min)

Fig. 1. TOC abatement and absorbance decay at 270 nm as a function of the electrolysis time applied to 100 mL the mixture pharmaceuticals solution, corresponding to 72.62 mg L'
TOC in 0.05 M Na,SO4 (A and B) and 0.05 M NaCl (C and D), using a stirred BDD/SS cell at 25 °C and pH 7.8. Intensity density applied was (A ) 6, (®) 20, and (M) 40 mA cm 2.

4
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90.56% of TOC decay applying 6, 20 and 40 mA cm ™2, respectively.
Similarly, the absorbance of the solutions decreased (Fig. 1B),
although at minute 300 a very slight increase occurred for the
highest current density applied (40 mA cm™2), suggesting the for-
mation of intermediates with opposite absorptive properties.

Additionally, the mineralization of the pharmaceuticals was
evaluated in 0.05 M NaCl medium applying the same current
densities and at the same initial pH of the previous experiment. The
cell potentials were 8.99, 11.67, and 15.52 V for 6, 20 and
40 mA cm ™2, respectively. Fig. 1C shows the TOC decay as a func-
tion of the current densities applied. Similar percentage of miner-
alization were obtained in this electrolytic medium at the three
applied current densities. When NaCl is used as supporting elec-
trolyte, in addition to the formation of hydroxyl radicals, other
oxidizing species may be generated, for example, active chlorine
species as Cl; and HCIO/CIO™ (Rivera-Utrilla et al., 2013). These
active chlorine species also react with pharmaceutical compounds,
causing their oxidation, and together with the hydroxyl radicals
produced on the surface of the BDD anode, they reach minerali-
zation, both of the initial compounds and of the intermediates
produced during electrolysis. The active chlorine species not only
contribute to the oxidation of organic contaminants but also to the
disinfection of water (Candia-Onfray et al., 2018). In addition, other
oxidizing species can be produced from the action of *OH in the
presence of Cl™ ion, such as ClOz, ClO3 and ClOg (Sirés et al., 2014),
which would contribute to the oxidation of organic compounds, but
less efficiently than HCIO/CIO™ (Martinez-Huitle et al., 2015).

In Fig. 2, cyclic voltammograms in different electrolytic media
and the secondary effluent sample spiked with pharmaceuticals are
displayed. The oxidation of chlorine begins first at potentials close
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Fig. 2. Cyclic voltammograms of (A) 0.05 M NaCl, (B) 0.05 M NaCl + 0.05 M Na,S0y4, (C)
0.05 M Na;SO4, (D) secondary effluent, (E) secondary effluent spiked with 30 phar-
maceuticals corresponding to 72.62 mg L~! TOC, using a BDD working electrode, Ag/
AgCl as reference electrode, and a platinum wire as the counter electrode. Sweep rate
applied 5 mv s~

to 2.25 V (curve A), while oxygen oxidation starts at 2.6 V (versus
Ag/AgCl sat.) in sulfate media (curve C). This indicates that the
oxidation of chlorine is thermodynamically favored concerning the
oxidation of oxygen, which would be in agreement with the slightly
higher degradation of the contaminants in the presence of sodium
chloride.

A large difference in the absorbance change at 270 nm during
electrolysis was observed in NaCl medium (Fig. 1B) compared to the
obtained in sodium sulfate (Fig. 1D). This difference is consistent
with that reported by Jalife-Jacobo et al. (2016) in the study of
discoloration of the diazo dye Congo Red in these same electrolytic
media at the same concentration (Jalife-Jacobo et al.,, 2016). When
current densities of 20 and 40 mA cm ™2 were applied, the absor-
bance at 270 nm increased, almost at the same time. This may be
due to the formation of oxychlorides and/or organochlorine in-
termediaries that have the maximum absorption wavelength close
to 270 nm. For example, Murugananthan et al. (2010) have reported
a Amax displacement up to 292 nm, ascribed to the formation of the
ClO™ ion in ketoprofen’s electrolysis conducted in 0.1 M chloride
medium using a BDD anode (Murugananthan et al., 2010).

To evaluate the influence of both supporting electrolytes in the
same solution, electrolysis of the 30 pharmaceuticals containing a
mixture of 0.05 M NaCl and 0.05 M Na;SOy4 (pH 7.43 + 0.03) was
performed. The cell potentials were 7.32, 10.32 and 10.96 for 6, 20
and 40 mA cm 2, respectively. Under these conditions, besides *OH,
chlorine and sulfate oxidizing species, additional ClI~ and SOz*
radicals can be formed from the reaction between Cl- and SO~ (Eq.
(3)) (Lan et al., 2017). Therefore, the presence of both salts could
have a greater effect on the degradation of pollutants.

Cl* + 50§ — (SOz) + ClI- + e~ (3)

However, the mineralization rates reached at current densities
of 6 and 20 mA cm~2 for 0.05 M NaCl (74.28 and 85.50%) and 0.05 M
NaySO4 (73.35 and 80.25%) separately were slightly higher than
those achieved when the electrolytes were mixed (71.04 and
80.20%) (Fig. 3A). Therefore, the addition of sulfate does not have an
additional positive effect on the TOC removal rates achieved at
these current densities, but the obtained rates were more similar to
that obtained in sulfate alone, even lower, however, the
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Fig. 3. TOC abatement (A) and absorbance decay at 270 nm (B) with respect to elec-
trolysis time for the treatment of 100 cm® of solution containing a mixture of 30
pharmaceuticals in 0.05 M NaCl + Na;SO4, using a stirred BDD/SS cell at 25 °C, pH 7.8,
applying (A ) 6, (@) 20 and (M) 40 mA cm ™2,

mineralization percentages were similar. This result is very
important because in real wastewater, the presence of these two
salts is high. In this electrolytic medium, the concentrations of in-
termediaries are generated in smaller concentrations with respect
to the observed in Fig. 1D, since absorbance was lower for each one
of the current densities evaluated compared to those found in
chloride electrolysis. Specifically, for the electrolysis in 0.05 M NaCl,
maximum absorbance values of 0.8837, 0.6597, and 0.3763 (Fig. 1D)
were obtained for current densities of 40, 20, and 6 mA cm 2,
respectively, while in 0.05 M NaCl and 0.05 M Na;S04 solution, the
maximum absorbance values were 0.4271, 0.3368, and 0.2485 for
the same j (Fig. 3B). Besides, the oxidation reaction of chloride
begins at potentials close to 2.25 V, which is similar to that
observed in the presence of sodium chloride (Fig. 2B).
Considering that energy consumption is an important factor in
an electrochemical treatment, the efficiency of the electro-
oxidation of the 30 pharmaceuticals was estimated for each elec-
trolytic media at selected density currents by means of Eq. (2).
Considering an electrical energy cost of about CLP$ 110.0 (USD
0,154) (Chilean price, taxes excluded) per kWh consumed (Com-
pania Chilena de Energia Eléctrica, Chile), the total cost of each
electrolysis was calculated in USD. Applying current densities of 6
and 20 mA cm ™ between 70 and 85% of mineralization was
reached in all electrolytic media evaluated, with the highest energy
consumption corresponding to the electrolysis in chloride of 13.48
and 77.60 kWh 3, which is equivalent to USD 2.10 and USD 12.00,
respectively. As expected, the highest energy consumption
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occurred at the highest current density (40 mA cm~2) for the three
electrolytic media; however, the electrolysis in sulfate had the
highest energy expenditure (130.60 kWh ), with a cost of USD
20.00. Consequently, to achieve a 90% mineralization rate the cost
of electrolysis is 12.5-folds higher compared to electrolysis in sul-
fate media, when applying 6 mA cm 2

3.2. Intermediates and by-products generated during anodic
oxidation of pharmaceuticals

To identify the main intermediaries and by-products formed
during the electrooxidation of the 30 pharmaceuticals, the samples
electrolyzed in 0.05 M NaCl and 0.05 M Na;SO4 background were
analyzed by HRMS. The short chain carboxylic acids generated were
monitored and quantified by ionic exclusion chromatography.
Moreover, ions generated at the end of electrolysis were identified
and quantified by means of ion chromatography and spectropho-
tometric analysis.

3.2.1. Intermediates in sulfate background solution

The identification of 15 by-products produced during electrol-
ysis in 0.05 M Na,SO4 according to the procedure described in
section 2.6 was carried out. Their denominations, molecular for-
mula, retention time, measured exact mass, identifications proofs
and suggested chemical structure are reported in SM2.

Intermediaries 1,3,7-trimethyl-9H-purine-2,6,8-trione (1) and
1,3-diazinane-2,4,5,6-tetrone (2) come from caffeine and could be
generated from various pathways: (i) hydroxylation of the imid-
azole ring between N = C followed by oxidation to form 1; (ii)
demethylation of all methyl groups of caffeine and (iii) opening of
the imidazole ring followed by decarboxylation at the amino po-
sitions and subsequent deamination and oxidation of the hydroxyls
that bind to the pyrimidine ring to form intermediate 2, similar to
that reported by (Cavalcanti et al., 2013) for the degradation of
omeprazole.

Dehalogenation reactions occur to produce N, N-dimethyl-3-
phenyl-3-pyridin-2-ylpropan-1-amine (3), 3-phenyl-3-pyridin-2-
ylpropanoic acid (4), piperazine-2,5-dione (5), and benzo[g]quin-
oline (10) from chlorpheniramine, ciprofloxacin and loratadine.
Furthermore, the abstraction of hydrogen caused by *OH radicals,
followed by oxidation at position 1 and 4 in piperazine released
from fluoroquinolones must occurs to produce intermediate 5. On
the other hand, further to the dechlorination of loratadine, the
contraction of cycloheptane ring can occurs to produce interme-
diate 10 (Miao and Metcalfe, 2003; Vogna et al., 2004).

The 2-[2-(2,6-dichloro-4-hydroxyanilino) phenyl]acetic acid
compound (6) could be produced by addition reaction to double
bond from diclofenac (hydroxylation). A decarboxylation reaction
occurs to give the compound 2-(2,6-dichloroanilino) benzaldehyde
(8) and a cyclization reaction to give 1-(2,6-dichlorophenyl)-3H-
indol-2-one (7) from the degradation of diclofenac. This last reac-
tion to give rise to intermediate 7 is in accordance with (Zhao et al.,
2009).

Compound  (8R,95,135,14S)-3-hydroxy-2-methoxy-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-cyclopentala]phenanthren-17-
one (9) could be generated from estrone or B-estradiol (after
oxidation of the hydroxyl at carbon 17); however, the formation of
this intermediate with the introduction of a methoxy group at
position 2 could be due to reactions among organic radicals pro-
duced during the attack of hydroxyl radicals.

Compound 2-Phenylphenol (11) comes from the breaking be-
tween N—C bond of biphenyl and the imidazole ring in losartan,
together a C—C breakdown between the biphenyl and the tetrazole
ring.

On the other hand, N-(1,5-dimethyl-3-oxo-2-phenylpyrazol-4-
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yl) formamide (12) could originate due to the attack of hydroxyl
radicals to the S position of metamizole, later 1,5-dimethyl-2-
phenylpyrazol-3-one (13) are formed by the consecutive attack of
*OH.

Abstraction of hydrogen at position 11 followed by release of
acetyl at position 17 and the subsequent oxidation of the hydroxyl
that enters in that position of the progesterone would produce
compound (85,9S,10R,135,145)-10,13-dimethyl-
1,2,6,7,8,9,12,14,15,16-decahydrocyclopenta[a]phenanthrene-
3,11,17-trione (14).

The  2-(1-hydroxycyclohexyl)-2-(4-methoxyphenyl)-N,  N-
dimethylethanamine oxide compound (15) could be formed from
the interaction between oxygen and the protonation of the N
moiety in Venlafaxine.

Finally, since the break of the aromatic rings maleic (26) and
oxamic (27) acids are generated, which continue being attacked by
*OH forming acetic (28) and formic acid (29) until the complete
mineralization to CO; and the release of ions.

3.2.2. Intermediates in chloride background solution

During the electrolysis in 0.05 M NaCl, 11 possible in-
termediaries were identified. Their denominations, molecular for-
mula, retention time, measured exact mass, identifications proofs
and suggested chemical structure are reported in SM3.

The possible generation pathway of the compound 2-
Phenylphenol (11) was previously discussed for electrolysis in
0.05 Na,S04 solution. However, in the electrolysis in 0.05 M NaCl
medium, additional different compounds were identified.

In this media, in addition to the hydroxyl radicals generated on
the surface of the BDD electrode, active chlorine species were
produced and reacted with the contaminants (Deborde and von
Gunten, 2008).

N-demethylation, dehalogenation reaction and piperazine
moiety release caused by attack of the *OH radicals on the struc-
tures of ciprofloxacin and norfloxacin could give rise to compound
4-0x0-1H-quinoline-3-carboxylic acid (16). Furthermore, the in-
termediate 1H-quinolin-4-one (17) can be occur from the decar-
boxylation of 16.

The 2-(2-chloroanilino) benzaldehyde compound (18) could be
generated from decarboxylation in phenylacetic moiety and the
release of a chlorine in the dichloroaniline moiety from diclofenac.

The quinoline compound (19) could originate from the succes-
sive attacks of *OH, which led to the opening of the benzene ring in
2-Phenylphenol (11) (formed in sulfate background solution) and
subsequent decarboxylation.

The addition of an *OH and subsequent oxidation on the pyri-
dine ring of quinoline (19) can also produce intermediate 1H-qui-
nolin-4-one (17).

Compounds 2-(3-chloro-2-methylanilino) benzoic acid (20) and
2-(2,6-dichloro-3-methylanilino) benzoic acid (21) are two possible
chlorinated intermediaries from mefenamic acid. Compound 20
could have been formed from the attack of *OH radicals on the
methyl group in the meta position with respect to the amino moiety
of mefenamic acid to form a carboxyl group. Further, the carboxyl
group in this molecule could be released and chlorine added to
form a bond due to the positive polarization of HCIO (ClB*—OHB'). In
addition, it could act by electrophilic substitution taking out an H*
that could previously enter when the decarboxylation took place.
Meanwhile, intermediate 21 could originate from the inclusion of a
chlorine in an ortho position with respect to the N moiety either by
addition or electrophilic substitution as explained previously in the
formation of intermediate 20, and by the entry of other chlorine by
substitution also in ortho position with respect to the N moiety.

On the other hand, due to the consecutives attacks of hydroxyl
radicals to the S position of metamizole could originate 4-amino-
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1,5-dimethyl-2-phenylpyrazol-3-one (22).

0-dealkylation which divided the main structure of trimebutine
and the following O-dealkylation of the methoxy groups of the
trimethoxy benzoic acid moiety may originate intermediate
(3R/4S,5R)-3,4,5-trihydroxycyclohexene-1-carboxylic acid (23).

Compounds 4-[2-(dimethylamino)ethyl]phenol (24) and 4-(2-
aminoethyl) phenol (25) could be generated from cleavage of the
C—C bond between the cyclohexanol group and the rest of the
venlafaxine molecule. Subsequently, O-dealkylation must have
occurred to form 24, followed by two demethylation on N—C bond
to form 25.

Finally, the breakdown of the simplest aromatic rings yielded
short-chain carboxylic acids.

lonic exclusion chromatography allowed for the identification
and quantification of the maleic, formic, oxalic and acetic acids
generated. The maximum levels of acetic, oxamic and formic acid
reached were 19.7, 2.27 and 2.12 mg L™, respectively, while the
concentration of maleic acid did not exceed 1.7 mg L', due to the
result of the direct rupture of the aromatic rings present in the
pollutants that can be attacked continuously by hydroxyl radicals,
creating simpler acids such as formic, acetic and oxalic. In addition,
the formation of oxamic acid occurs as a consequence of the
breakdown of N-aromatics (Vidal et al, 2018, 2019).

The presence of inorganic ions such as ammonium (NHZ) and
nitrate (NO3) generated during the electrolysis of the pharmaceu-
ticals in sulfate and chloride media, was determined by spectro-
photometry and confirmed by ion chromatography for NO3 ion.
The spectrophotometric method yielded NO3 ion concentrations of
115 and 180.1 mg L' before and after electrolysis, respectively,
while NH} concentrations were 12.0 and 0 mg L™, respectively.
These results were similar in both electrolytic media. With all these
results, an abbreviated diagram of intermediaries and by-products
generated in electrolysis with 0.05 M NaCl and 0.05 M Na,SO4 so-
lutions is proposed and showed in Fig. 4.

Emergent

Contaminants Mix

Cl, HCIO/CIO;*OH

Organochlorines
by products

: Short chain carboxylic acids

| HO o ] o] :
] 0 - i
N HN Ho N,
: OH OH H

: - .0l L i 2
i Maleic acid Oxamicacid  Acetic acid Formic acid

Fig. 4. General diagram of mineralization of a mix of 30 pharmaceuticals in two
different electrolytic media by anodic oxidation.
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3.3. Mineralization of 30 pharmaceuticals in a secondary effluent
water samples

From an applicative standpoint, it is necessary to investigate the
mineralization of the pharmaceuticals in a real matrix to evaluate
the effect of its composition on the performance of the AO process.
Some experiments were carried out in a real secondary effluent
from a WWTP at natural pH, without the addition of supporting
electrolyte, using BDD anode at 6 mA cm~2 (1148 V cell potential).
The application of 6 mA cm™2 was based on the results shown
above and the lowest energy consumption obtained in all the
studied media. Table 1 reports the physicochemical characteristics
of the secondary effluent used in this study. As seen in Table 1, the
secondary effluent contained 22.68 mg L~ of TOC, which increased
to more than 93.3 mg L~! when the solution was spiked with the 30
compounds at the concentration reported in SM1. These concen-
trations mostly exceed those found for these pollutants in envi-
ronmental waters, however they were chosen in order to ensure an
adequate detection of by-products by LC-HRMS. Fig. 5 illustrates
the time course of TOC removal during the degradation of 30
pharmaceuticals spiked into a secondary effluent water sample
under the above described conditions. According to Fig. 5A, almost
total mineralization occurred after 360 min, with a residual TOC of
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Fig. 5. (A) TOC abatement and (B) spectra of real wastewater containing 30 pharma-
ceuticals (corresponding to 72.62 mg L~! TOC) with respect to electrolysis time for the
treatment of 100 cm? of solution without the addition of supporting electrolyte, using
a stirred BDD/SS cell at 25 °C, pH 7.66, applying 6 mA cm 2.
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10.64 mg L~ This result shows that through AO, the complete
transformation to CO, of the pharmaceuticals and the original
organic component of the secondary effluent occurs. The remaining
TOC in solution could correspond to those short-chain carboxylic
acids that were produced in the electrolytic media described above.
The percentage of mineralization after 300 min (81.61%) was higher
in the secondary effluent than that obtained in the electrolytic
media evaluated (0.05 M sulfate, 0.05 M chloride and a mixture of
both at 0.05 M) at a current density of 6 mA cm™2, although no
support electrolyte was incorporated in this case. The secondary
effluent sample was analyzed by ion chromatography, showing
levels of sulfate and total chlorine of 0.6 mM and 0.45 mM,
respectively. Thus, the composition of the secondary effluent water
sample had a positive influence in the mineralization of pharma-
ceuticals. The highest percentage of mineralization obtained could
be mainly due to the action of the hydroxyl radical on the BDD
surface, the active chlorine especies, and to a lesser extent, to other
oxidants with weak character such as peroxodiphosphate and
peroxodicarbonate generated from phosphates and carbonates (in
much lower concentration than the other ions) that coexist in the
effluent water, they also react with organic pollutants causing their
oxidation (Cotillas et al., 2017).

The Fig. 5B shows the noticeable decay of spectral bands in-
tensity (Amsx 270 nm) during the electrooxidation of the 30 phar-
maceuticals in the effluent water by applying 6 mA cm™2
Absorbance decreased linearly (results are not shown) over elec-
trolysis time. Therefore, it can be assumed that there was no for-
mation of organochlorine compounds that modified absorption as
in the case of electrolysis performed with 0.05 M NaCl and 0.05 M
NaCl + NaySOy4 electrolyte, due to the low concentration of chloride
in the wastewater. A high mineralization rate was achieved without
the addition of salts during electrolysis and the pH during elec-
trolysis was close to natural pH (7.66), which is also an advantage
for the applicability of AO on a larger scale to treat wastewater.

The electrical consumption in this electrolysis by applying
6 mA cm 2 for 330 min was 18.95 kW h m~3, which is equivalent to
2.90 USD m 3, corresponding to 88.6% mineralization. Thus, AO is
an economic and effective process for the treatment of wastewater
that contains organic emerging contaminants such as
pharmaceuticals.

A possible coupling with biological treatments could be attrac-
tive in order to further reduce the energy costs associated with the
electrooxidation time. In this way, AO could be applied until
obtaining lower molecular weight intermediates, or intermediates
where antimicrobial activity is lost in the case of antibiotics, and
then biologically converting them into CO, and CH4 (Vidal et al.,
2018).

Change in concentration of ions after electrolysis was confirmed
by ion chromatography and the result is shown in Fig. 6. An increase
in NO3 concentration close to 16-folds was observed after 300 min
of electrolysis, which can be attributed to the degradation of
pharmaceuticals containing atoms of N such as famotidine and
losartan, among others. The behavior of other ions such as sulfate,
chlorine, and chlorate before and after electrolysis is shown as well
in the ion chromatogram shown in Fig. 6. S04~ ion concentration
also increased at the end of the electrolysis and it was attributed to
breakdown of S-compounds (Cavalcanti et al., 2013) as sulfame-
thazine, amoxicillin, omeprazole, and famotidine. Moreover, the
concentration of chloride (Cl™) decreased due to the increase of the
chlorate (ClO3) concentration (Sirés et al., 2014). These results
confirm the positive influence of the matrix components of the
secondary WWTP's effluent in the mineralization of
pharmaceuticals.
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Fig. 6. lon Chromatogram of the wastewater spiked with a mix of 30 pharmaceuticals
(A) before and (B) after electrolysis applying 6 mA cm~2 during 330 min in a stirred
BDD/SS cell at 25 °C, pH 7.66.

4. Conclusions

The mineralization of 30 pharmaceuticals by AO in three
different electrolytic media was achieved. A TOC removal >95% was
obtained applying 40 mA cm 2, in the presence of 0.05 M Na,SO4 +
0.05 M NaCl, due to the action of hydroxyl radicals and active
chlorine species produced on the BDD anode. 25 intermediaries
produced during the electrooxidation were identified, obtaining
clear differences in the compounds formed when the supporting
electrolyte is NaCl or NaySOa. In all electrolytic media, occur the
generation of carboxylic acids, NO3, 503~ and NHj ions.

A secondary effluent water sample spiked with 30 pharma-
ceuticals was treated by AO reaching 88% TOC abatement, applying
6 mA cm 2 at natural pH, and without the addition of supporting
electrolyte. These results provide an evidence of the suitability AO
application for the elimination of organic contaminants of
emerging concern, such as pharmaceuticals, because it is not
necessary to modify the pH or to add chemicals to the wastewater.
Furthermore, the energy consumption for the pharmaceuticals
removal was 18.95 kW hm 3, which is equivalent to 2.90 USD m>.
This implies that AO is an economic and effective process for
treating wastewater or other water types that contains emergent
contaminants such as pharmaceuticals.
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SM1. Pharmaceutical compounds used in this work including molecular formula, chemical structure, SM1. Continued.

exact mass, and concentration.

oJd
Estrone 270.1614 CisH20, ,l {i\" 18.00
Compound Calculated exact mass  Molecular formula Structure Concentration (mg L) '_‘,L‘,.L\fj i
oH ]
0 i Wy )
Acetaminophen 151.0628 CsHoNO, )L 502.00 Famotidine 337.0444 CsHisN705S; s A/SW.\{ 502.50
u L A
K{ / L
Amoxicillin 365.1039 CisH19N30sS %“J:k [N 15.07 Fluoxetine 309.1335 C17HsFsNO /©)< 24.80
5 ’)kf"l\__-ﬁ Ty
Ibuprofen 206.1301 C13Hi502 56.00
Azithromycin 748.5079 C33H7N2O12 249.50 -
Oy
/ Ketorolac 255.0889 CisHi3NOs o 402.00
~ o -
Caffeine 194.0798 CsHigN4O, /J\ [ ) 500.00 -
o T "
Loperamide 476.2225 Ca9H33CIN20, 9.95
]
Chlorpheniramine 274.1231 CisH1oCIN 514.00
e =
A P! a
o —
N\ _{
"'C\l Y Loratadine 382.1443 C22H,3CIN,O, ~ e 4.88
Ciprofloxacin 3311327 C17H1gFN30;3 Y 512.00 Y
e - ¢
0 @
El - {/‘a,‘lll"b-l)
Diclofenac 295.0161 C14H11CLhNO, CL 14.90 Losartan 422.1616 CapHasCINGO ) vy {:\r 0.08
: ~7
a (;7_.».
Enalapril 376.1992 CaoH2sN2Os 119.20 |
Mefenamic acid ~ 241.1097 CisHisNO, E\I JE 19.04
gl‘- o
Escitalopram 324.1632 CaoHoFN,O R 44.60
,J-'/:I/
- \
\tg Metamizol 311.0034 CisH N 048 G’g ~ 498.00
B-Estradiol 272.1772 CigH240, /QIE!/ 24.00 s 'l' “Son
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SM1. Continued. SM1. Continued.

0,
a \ 4]
Naproxen 230.0937 C1sH1403 - J\/CO/ 80.00 Venlafaxine 277.2036 C17H27NO, - e 501.20

P
Norfloxacin 319.1327 Ci6HisFN30s k"jg:ﬂlﬂﬂ 504.00

Y
Omeprazole 345.1142 Ci7H19N;03S /‘\/k[":' /_.:_3_ 99.45
(™

Progesterone 314.2240 C21H3002 ) /iCJ' i% 0.80
st A

Salicylic acid 138.03115 C7HqO; CEH\W 508.00
o1

Sertraline 305.0733 Ci7H17CLbN 3.06

\/“\1/"\;"'0
Sulfamethazine 278.0832 CLHINSOSS D ‘C\ 408.00
HHy

Tetracycline 444.1527 C22H24N20g 500.00

Trimebutine 387.2040 C2H2oNOs 38.00
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4.3 Discussion

The elimination/removal technologies presented in this chapter are
innovative and provide original results about the degradation and removal of
CECs in wastewater and the further identification of new TPs formed in the
process. As mentioned in Chapter 3, the individual conclusions of each work
are discussed in the manuscripts, so only a global comparison and discussion
of the performance of the remediation techniques are included in this section.

Removal efficiencies

The best method to compare the efficiency of a degradation technology
is comparing the concentrations of each contaminant between the influent
and effluent. Therefore, Publication #8 was excluded from further discussion
in this section because the removal analysis was evaluated considering the
generic behaviour of 30 pharmaceuticals and was performed at a lab scale.
Since it was based on the total organic content (TOC), the measurement of
the concentrations was qualitative, and each pharmaceutical concentration
was unavailable.

The results from Publications #5 and #6 present similar patterns since the
same HRAP system 