
 
 
 

 
 
 

 
 

 
 
 
 

 
 
 

Combinació de l’anàlisi dirigida i no dirigida  
per a la identificació i determinació de contaminants 

 
Adrià Sunyer Caldú 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intelꞏlectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu) 
ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos privados enmarcados en 
actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro ni su difusión y puesta a 
disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentación de su 
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta 
tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es obligado 
indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the TDX 
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual 
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not 
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing 
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those 
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis 
it’s obliged to indicate the name of the author. 





Programa de doctorat
“Química Analítica i Medi Ambient”

Combinació de l’anàlisi dirigida i no dirigida per 
a la identificació i determinació de contaminants 

d’interès emergent

Adrià Sunyer Caldú

Memòria presentada en compendi d’articles per optar al títol de 
Doctor per la Universitat de Barcelona

Directors: 

Tutor Acadèmic:
Dr. José Manuel Diaz Cruz

Catedràtic
Dep. Enginyería Química i Química analítica

Universtat de Barcelona

Dra. M. Silvia Diaz Cruz
Científica Titular

Dep. Química Ambiental
IDAEA-CSIC 

Dr. Pablo Gago Ferrero
Investigador Ramón y Cajal

Dep. Química Ambiental
IDAEA-CSIC 



La Dra. M. Silvia Diaz Cruz, científica titular de l’Institut de Diagnòstic 
Ambiental i Estudis de l’Aigua (IDAEA) i el Dr. Pablo Gago Ferrero, 
investigador Ramón y Cajal de l’Institut de Diagnòstic Ambiental i Estudis de 
l’Aigua (IDAEA), pertanyents al Consell Superior d’Investigacions 
Científiques (CSIC), certifiquen: 

Que la present memòria presentada per a optar al títol de Doctor, titulada: 
“Combinació de l’anàlisi dirigida i no dirigida per a la identificació i 
determinació de contaminants d’interès emergent” ha estat realitzada sota 
la nostra direcció per l’Adrià Sunyer Caldú a l’IDAEA-CSIC, i que tots els 
resultats presentats són fruit del treball experimental realitzat pel 
mencionat doctorand. 

Barcelona, 17 de novembre del 2022 

Directora Director

Dra. M. Silvia Diaz Cruz    Dr. Pablo Gago Ferrero

La Dra. M. Silvia Diaz Cruz, científica titular de l’Institut de Diagnòstic
Ambiental i Estudis de l’Aigua (IDAEA) i el Dr. Pablo Gago Ferrero,
investigador Ramón y Cajal de l’Institut de Diagnòstic Ambiental i Estudis de
l’Aigua (IDAEA), pertanyents al Consell Superior d’Investigacions
Científiques (CSIC), certifiquen:

Que la present memòria presentada per a optar al títol de Doctor, titulada:
“Combination of target and non-target analysis for the identification and
determination of contaminants of emerging concern” ha estat realitzada 
sota la nostra direcció per l’Adrià Sunyer Caldú a l’IDAEA-CSIC, i que tots els 
resultats presentats són fruit del treball experimental realitzat pel
mencionat doctorand.

Barcelona, 17 de novembre del 2022

         Directora               Director 

Dra. M. Silvia Diaz Cruz    Dr. Pablo Gago Ferrero 

 



"The important thing is not to stop questioning. Curiosity has its 
own reason for existence. One cannot help but be in awe when he 

contemplates the mysteries of eternity, of life, of the marvelous 
structure of reality. It is enough if one tries merely to comprehend a 

little of this mystery each day."

Albert Einstein

Pels que ja no hi són, i pels que sempre han estat.

Cover design by: 
Laura Aguiló
Guillem Sunyer
Emma Callau



ACKNOWLEDGEMENTS ACKNOWLEDGEMENTS

Com oblidar-me dels millors companys de màster, sense els quals res hagués 
estat el mateix: Gràcies Castilla, per les teves historietes, per les tardes de 
birres i per ser sempre tu. Gràcies Vega, per totes les rises, per les mil històries 
junts, i pel “break” de la tarda quan vens a fer la xarreta, pels pàdels, i per 
tot. Pensava que no ho diria mai, però torna de Canadà ja, que et trobem a 
faltar!. Gràcies Contreras, per unir-te al team Silvia, per les mil històries i 
anècdotes junts, els coffee breaks, totes les hores junts a la feina, i també fòra, 
ja sigui a Palamós, Miami, o Astúries, o anant de festivals, a jugar a tennis o 
sortint a sopar. M’emporto un amic per sempre. Gràcies Guillem, per ser-hi 
sempre, perquè podem parlar de qualsevol cosa, pels consells, pels ànims i pels 
moments de xalera, pels festivals, concerts, cases rurals, calçotades, viatges, 
però també per ser-hi quan el vent no bufa de cara. Amic de veritat. I danke, 
Noe, per tenir-nos a tots amb el cap al lloc, per la teva simplicitat i emotivitat, 
i perquè encara que passi una temporada que no ens veiem tant, tot segueix 
igual. Molts d’ànims a tots per al que us queda, gaudiu-ho que passa més ràpid 
del que sembla.

Si algú ha fet possible que ho passés tant bé fent la tesi, han estat tots els 
companys i companyes del IDAEA-CSIC, amb els que m’emporto mil moments 
que mai oblidaré i amb qui espero seguir mantenint el contacte al màxim. Així 
sense pensar em venen al cap moltes aventures: patinatge, laser tag, escalada, 
festes, calçotades, viatges, sopars, congressos, amics invisibles, cases rurals, i 
riures, molts molts riures. M’agradaria començar donant les gràcies a tot l’old 
CSIC, que em van acollir amb els braços oberts en l’etapa inicial del doctorat. 
Començar per la meva “mentora”, la Maria Pau, que em va ensenyar totes les 
bases a nivell de laboratori i d’equips de masses quan vaig entrar, tot i el poc 
temps que vam compartir, n’hem compartit de molt millors fòra del CSIC. 
Gràcies CBO, per tots els riures, xerrades a altes hores i per ensenyar-me que 
es pot somriure igual encara que la feina no acompanyi, gràcies Esther pel 
teu cor enorme, per les partides de pàdel/cerveses post feina, i pels viatges 
junts, gràcies Mavi per ser-hi sempre, per la ironia, per la complicitat, per la 
làbia, i per tantes altres coses, amb l’Esther tenim un viatge pendent a Dublí, 
que consti. Moments compartits com el viatge a Nàpols, San Sebastià, Miami o 
Palamós, són inoblidables per a mi. I gràcies també a tots els altres que vàreu 
formar part d’aquesta etapa inicial i que em vàreu acollir com un més, Cris P., 
Marta, Nico, Juan, Gabi, Dasha, i Massimo.

La realització d’aquesta tesi no hagués estat possible sense la col·laboració 
de molta gent, a qui m’agradaria dirigir unes paraules d’agraïment. Primer 
que tot, a la meva directora, Silvia, gràcies per obrir-me les portes al món 
de la investigació, per ensenyar-me tant, per dedicar tantes hores a la ciència 
i per haver fet que la tesi sigui molt més portable al teu costat. Gràcies per 
estar per mi en qualsevol moment del dia o la setmana, i per tot el suport. 
Veient com està la ciència avui dia, això té un valor afegit enorme, eternament 
agraït. Moltíssimes gràcies també al meu director, Pablo, per descobrir-me 
l’apassionant món del non-target, per haver-me ensenyat tantíssim a nivell 
d’investigació, per trobar un moment sempre per a mi sigui l’hora que sigui, 
pels contactes internacionals, però també pels moments viscuts fòra de la feina. 
M’emporto un amic amb qui espero seguir compartint ciència i vida. També 
m’agradaria agrair el meu tutor acadèmic, José Manuel, primer per tota la feina 
feta durant el màster, i després per estar sempre atent a qualsevol tràmit o 
consulta del doctorat.

Infinites gràcies també a Ruben, el director a l’ombra, per tot el que m’has 
ensenyat des del primer moment, per la paciència al explicar-me el perquè de les 
coses, per tots els tipus diferents de tractaments de dades, vies de transformació, 
tècniques d’elucidació d’estructures, protocols de semiquantificació, i mil coses 
més que m’has ensenyat, però sobretot pel riures i bones estones que hem 
passat fent ciència i fóra d’ella, com les paelles, els pàdels o les xerrades després 
de la feina. Com li he dit a Pablo, de ben segur que ens seguirem veient sovint. 

I don’t want to miss the opportunity to thank my supervisor during my 
stay in Uppsala, Oksana, for all the learning, for letting me think and work by 
myself (with your appreciated guidence behind), for all the shared talks about 
science and life, for all the conferences together, but especially, for being the 
kindest person since day one. You know we’ll see each other soon! I would also 
like to thank Lutz, my other supervisor in Uppsala, for your guidence during 
our meetings and for all the help when I was there.

També m’agradaria agrair i remarcar tota la feina feta per l’equip de masses, 
a la Dori en els meus inicis per la paciència quan feia alguna cosa malament, 
a la Roser, per ser-hi sempre, llesta per solucionar qualsevol embolic, o per 
pegar alguna bronca ben merescuda, i també més recentment gràcies a l’Àlex, 
amb qui hem aprés unes quantes coses junts, per estar sempre predisposat a 
donar un cop de mà amb un somriure. Gràcies també a Jose i la Lara, del 
personal de magatzem, per ser tant macos amb la quantitat de feina que tenen 
sempre, igual que l’Àngels i la Lídia, de viatges.



ACKNOWLEDGEMENTS ACKNOWLEDGEMENTS

Thank you Kong for all the football talk, either at your home or at the pub, 
watching the Euro games, always with a beer in the hand. And talking about 
beer, I cannot miss my special thanks to Bjorn, my office mate, thanks for 
all the after-work moments at your terrace or playing volley, talking about 
everything and nothing, hour after hour. I don’t want to miss all the other 
special people from my exchange, Carlotta, Chao, Frank, Malin, Chris, Daniel, 
and Claudia, I miss you a lot (and I hope to see you all quite soon!!).

I don’t want to miss either all the students and exchange collegues that I 
had under my supervision during these years, thanks Carmín, Karina, Flor, 
Amèlia, Ferdaws, Marwa, Ana, Leidy Diana, Micol, Estefania, Wendy, Naima, 
Gerard, Joel and David, you helped me grow professionally and I learned a lot 
from each one of you (I hope you learned something from me too, at least it 
was my main purpose).

No puc tampoc deixar de donar les gràcies a tots els companys que he tingut 
al futbol durant aquests anys, que quan les coses no anaven bé, sempre ha estat 
la meva via d’escapament, el lloc segur on saps que sempre pots anar quan tot 
va del revés. Gràcies als Almestoys, als Prats, a Boba, i a Nil, com també a tot 
l’equip de futbol sala d’aquest any. I precisament el futbol m’ha donat amics que 
són per sempre, i que últimament no he cuidat tot el que m’agradaria, però que 
tot i així, sempre han estat al peu del canó. Gràcies Aleix, Javi, Cristian, Mata, 
Auba, Josep, DBes, per ser-hi sempre encara que la distància o el temps intentin 
que no sigui així. Esperava que ara que acabo la tesi, tindria més temps per fer 
coses junts i passar moments tant bonics com els viscuts en el passat, però de 
moment ho haurem d’ajornar dos anyets. Espero que em vingueu a veure!!

I als meus amics de tota la vida, no us pegaré cap rotllo. Sou el meu suport 
i la meva àncora, els que em van venir a veure durant l’estada doctoral, que 
probablement tornaran a venir durant el postdoc, els que em coneixien des 
de que sé caminar, els amics del poble que per molta distància o temps que 
posis pel mig, s’encaparren en seguir sent persones increïbles. Gràcies Rams, 
Fran, Bria, Carlos, Abel, Carme, Eloi, Laia, Judit, Miquel, Cristina, David, Noe, 
Marc, Ofra, i a la petita Leya.

Mil gràcies també als que vau començar el doctorat el mateix any que jo, i 
amb qui hem compartit tots aquests anys: Berta, que al final m’has avançat i ja 
ets doctora, gràcies per ensenyar-me a ser millor persona, a desfogar-me quan 
les coses no anaven bé, i també per tants moments, en cases rurals, d’escalada, 
d’humor amarillo, etc, ja et trobem a faltar!. Mil gràcies també per tota l’ajuda 
ara durant el dipòsit. Sense tu no sé si hagués sortit d’aquest embolic de 
documents i històries varies. Manu, company fidel de birres, gràcies per fer-
me veure que en la vida no tot és feina, que encara hi ha molt per fer, i per les 
aventures junts com a Aigüestortes o a festes de Batea, ànim que ja et queda 
molt poc per acabar!

I començant amb el new CSIC, gràcies 6Q, la troballa més bonica de tot 
el doctorat, un amic de veritat, dels que es fan estimar, segueix amb la teva 
innocència i ganes de viure que et fan únic, un plaer les mil històries junts, 
però encara ens queda mil més per fer. Gràcies Olga, un altre diamant amagat 
en una noieta vergonyosa, que es fa estimar com ningú, i que té un cor immens, 
us trobaré moltissim a faltar, i espero no perdre aquesta relació tant bonica que 
tenim ara. Després de mil anècdotes i moments junts, només espero que això 
no canviï. Gràcies Diana, per l’alegria que desprens i per totes les coses chévere 
que hem fet. Gràcies Rocío, per totes les xerrades quan vivíem junts, la reina 
del asado, m’alegro que tinguem una nova seguidora del Barça femení. Gràcies 
Aleix, Sandra i Julio, l’equip de la sexta planta, que heu aportat la guspira que 
faltava a les cases rurals i al dia dia del CSIC, al ser els més joves, i tal i com 
hem cantat ja unes quantes vegades, “són mis amigos”. Gràcies Ana, per la 
teva vitalitat i proximitat, per seguir fent viatges com el d’Amsterdam. Gràcies 
Alberto i Núria, la convivència ha estat breu, però intensa, us feu estimar. 
Gràcies Dana, llàstima no haver coincidit més, ha estat curt però bonic. Gràcies 
també a la resta de companys, Xavi, Kat, Maria, Paula, Andrea, amb qui he 
compartit moments durant el doctorat, encara que hem conviscut menys, no 
per això sou menys importants. 

Muchas gracias también a mi grupo adoptivo en el CSIC, Esteban, Jessica, 
Dani, por los momentos que pasamos en el CSIC, las charlas, los desayunos y 
por el teambuilding en Aigüestortes, estoy desando ver a Evaristo otra vez.

Many thanks to all the colleges that I had the luck to meet in Uppsala. Thank 
you Valentina for your partying spirit, for your desire to plan things all the 
time, and for your competitiveness in the volleyball matches, good luck with 
your PhD. Thank you Romain, my running mate, because even though you 
were a traitor most of the time, we shared really nice moments like midsummer, 
the volley games, or the partying at SLU. Wish you the best with your PhD too. 



ACKNOWLEDGEMENTS

I si tot això ha estat possible, és òbviament gràcies a la magnífica família 
que tinc. Gràcies papa, mama, per donar-me suport per emprendre aquest 
viatge des del primer moment, per ser l’impuls que m’ajuda a seguir endavant, 
per ser exemple de vida, tot això és per vosaltres. Gràcies Guille, Marcel, per 
les bromes, els riures, per estimar-me tant, i per fer que casa sempre tingui 
un sabor únic, i gràcies a la Emma i la Kelly, que us aguanten. Gràcies Tata, 
Manel, Marc, Judit, per fer que casa vostra fos casa meua, i per tota l’estima 
incondicional. Gràcies Lluís, Fontcalda, Aleix, Laia, per tots els domenges, pels 
viatges, i perquè la família sempre va primer. Gràcies Josemi, Maria, Marcos, 
Nandi, allà on siguis, això també va per tu, per tot el que et trobo a faltar i per 
un futur on la ciència arribi on altres no han pogut. Gràcies Pili, Anaís, per 
que puguem seguir celebrant la vida. I especial gràcies als meus iaios Miquel 
i Cinta, per recordar-me sempre els meus orígens, a ser humil i sobretot a 
intentar ser bona persona, i també al iaio Domingo i la iaia Montse, que encara 
que no pugueu llegir això, també va per vosaltres, perquè us trobem molt a 
faltar i perquè m’agradaria que també hi fóssiu per veure el vostre net defensant 
la tesi. Gràcies també a la meva família adoptiva, Tere i Tite, per tots els ànims 
i suport durant aquests anys, i per tenir una filla tant magnífica. I gràcies Sergi, 
per tots els dies que m’has cuidat i per aguantar-me al pis tots aquests anys, no 
et preocupis que ja queda poc.

I finalment, gràcies Lau. Gràcies per aguantar tots els plans cancel·lats quan 
et trucava “perquè m’havia sortit feina”, per les hores a les que arribava a casa 
alguns dies, en que pràcticament te’n anaves a dormir i no ens veiem en tot el 
dia, pels dies en que no tenia un humor precisament agradable, perquè alguna 
cosa no sortia, pels caps de setmana de “tinc tesi, ho sento”, tu ja ho saps. Mai 
m’has fet una mala cara, m’has aguantat, m’has animat, m’has tranquil·litzat, i 
m’has estimat. Gràcies per cuidar-me i estimar-me com és impossible que ho 
faci ningú, de manera incondicional i eterna. Aquesta tesi és tan meva com 
teva, gràcies, t’estimo moltíssim. 

Gràcies, gràcies a tothom que s’ha creuat o apropat al meu camí durant 
aquests magnífics anys, m’heu fet molt feliç i m’heu permès complir un somni.

GRÀCIES!
 



TABLE OF CONTENTS
Acronyms ........................................................................................1
Abstract/Resum............................................................................4/5

Chapter 1. General introduction........................................................7
1.1 Contaminants of emerging concern................................................................................9
1.2 Environmental legislation and regulation in formulations....................................................21
1.3 Pathways and occurrence into the environment.............................................................23
1.4 Pathways and occurrence in humans..............................................................................27
1.5 Risk assessment of the exposure to CECs........................................................................29
1.6 Analytical methodologies................................................................................................31
1.7 References......................................................................................................................39

Chapter 2. Thesis objectives and structure.........................................49
2.1 Objectives.......................................................................................................................51
2.2 Structure........................................................................................................................52

Chapter 3. Ocurrence of the CECs in the marine environment..........59
3.1 Introduction...................................................................................................................61
3.2 Results............................................................................................................................66
3.3 Discussion.....................................................................................................................177
3.4 References....................................................................................................................182

Chapter 4. The challenge of CECs' removal.........................................185
4.1 Introduction..................................................................................................................187
4.2 Results..........................................................................................................................193
4.3 Discussion.....................................................................................................................321
4.4 References....................................................................................................................326

Chapter 5. Wastewater reuse feasibility for irrigation purposes.......329
5.1 Introduction..................................................................................................................331
5.2 Results..........................................................................................................................336
5.3 Discussion.....................................................................................................................511
5.4 References....................................................................................................................519

Chapter 6. Human exposure to CECs..............................................523
6.1 Introduction..................................................................................................................525
6.2 Results..........................................................................................................................531
6.3 Discussion.....................................................................................................................593
6.4 References....................................................................................................................598

Chapter 7. Conclusions.................................................................603
Annex..........................................................................................609
Finnancial support........................................................................615



ACRONYMS

logkow
4HB
ACN
acSMX
ADI
AGR
ARB
AVO
BePB
BP
BP3
BP4
BuPB
BZT
BZX
C
CECs 
CBZ
CFF
CLA
CLI
CPX
DCF
DCOIT
DDA
DIA
DIU
DMBZT
ECHA
EDI
EEA
EHMC
ERY
ESI
EtPABA
EtPB
F
FDA

Octanol-water partition constant
4-hydroxybenzophenone
Acetonitrile
Acetylsulfamethoxazole
Acceptable daily intake
Antibiotic resistance genes
Antibiotic resitance bacteria
Avobenzone
Benzylparaben
Benzophenone
Benzophenone-3, oxybenzone
Sulfisobenzone
Butylparaben
Benzotriazole
3,4-Dihydro-2H-1,4-Benzoxazin-6-ol
Carbon atoms
Contaminants of emerging concern
Carbamazepine
Caffeine
Clarithromycin
Clindamycin
Ciprofloxacin
Diclofenac
4,5-dichloro-2-octyl-4-isothiazolin3-one
Data dependent acquisition
Data independent acquisition
Diuron
Dimethylbenzotriazole
European Chemicals Agency
Estimation daily intake
European Economic Area
2-ethyl-hexyl-4-trimethoxycinnamate
Erythromycin
Electrospray ionization
Benzocaine
Ethylparaben
F atoms
Food and Administration Drug agency

GC
GMZ
HILIC
HPLC-MS/MS

HRAP
HRMS
IEC
IPC
IRG
KPF
L-L
LOQ
LRMS
m/z
MeBZT
MePB
MFA
MPY
MRM
MS
MSPD
MTBE
NDX
NORMAN-SLE
NPX
OC
PBs
PCPs
PFAS
PFHxS
PFOA
PFOS
PLE
POCIS
PPCPs
PrPB
QqQ

Gas chromatography
Gemfibrozil
Hydrophilic interaction liquid chromatography
High performance liquid chromatography coupled 
to mass spectrometry
High-rate algae ponds
High resolution mass spectrometry
Ion-exchange chromatography
Ion-pair chromatography
Irgarol
Ketoprofen
Liquid-liquid
Limit of quantification
Low resolution mass spectrometry
Mass-to-charge ratio
Methylbenzotriazole
Methylparaben
Mefenamic acid
N-Methyl-2-pyrrilodone
Multiple reaction monitoring
Mass spectrometry
Matrix solid phase dispersion
Methyl tert–butyl ether
Nalidixic acid
Norman Suspect List Exchange
Naproxen
Octocrylene
Paraben preservatives
Personal care products
Per- and polyfluoroalkyl substances
Perfluorooctanoic acid
Perfluorohexanesulfonic acid
Perfluorooctanesulfonate
Pressurized liquid extraction
Polar organic chemical integrative samplers
Pharmaceuticals and personal care products
Propylparaben
Triple quadrupole



ACRONYMS

SAT
SFC
SMX
(d-)SPE
q-TRAP
QuEChERS
RPLC
RQ
SCY
SER
SI
SMD
SPY
TMP
TOF
TPs
UAE
UVFs
WWTPs

Soil aquifer treatment
Supercritical fluid chromatography
Sulfamethoxazole
(Dispersive) Solid-phase extraction
Quadrupole-ion trap
Quick, Easy, Cheap, Efficient, Rugged and Safe
Reversed-phase liquid chromatography
Risk quotients
Salicylic acid
Sertraline
Supplementary information
Sulfisomidine
Sulfapyridine
Trimethoprim
Time of flight
Transformation products
Ultrasound assisted extraction
Ultraviolet filters
Wastewater treatment plants



54

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’interès emergent (CECs) són aquells que s'han detectat 

en el  medi ambient i/o en humans, poden causar impactes ecològics 
o en la salut humana i normalment no estan regulats. La seva contínua 
introducció al medi ambient (afavorida per la ineficiència dels tractaments 
d’aigües residuals convencionals), la pseudo-persistència i la seva capacitat 
intrínseca d'interferir amb els organismes, preocupen la comunitat científica 
i la societat en general. Els seus potencials efectes tòxics poden amenaçar 
l'estat ecològic de les masses d'aigua així com la salut humana. Cal conèixer 
quins són aquests contaminants i comprendre la seva presència, destí i 
processos de transformació en el medi ambient. En el context actual de 
canvi climàtic, els processos emmarcats en l’economia circular adquireixen 
una gran importància. En aquest sentit, la reutilització d’aigües residuals 
i renaturalitzades s'aplica com una solució útil a l'escassetat d'aigua 
i permeten un millor aprofitament dels recursos. Tanmateix, aquest 
enfocament no està exempt de risc, ja que els contaminants transmesos 
per l'aigua es poden traslladar als cultius després del reg, representant una 
amenaça per a la salut humana. Així mateix, hi ha altres vies d'exposició als 
CECs que s'han d'estudiar, i és necessari el biomonitoreig en humans per 
avaluar exposicions específiques.

En aquesta tesi, es van desenvolupar i aplicar potents metodologies 
analítiques en les diferents etapes del cicle dels CECs, des d’el seu alliberament 
fins a la seva degradació (transformació) o (bio)acumulació. Es va avaluar 
la presència de diferents tipus de CECs, inclosos productes per a la cura 
personal (PCP), fàrmacs, biocides i substàncies per- i polifluoroalquilades 
(PFAS) en diferents compartiments ambientals. Es va aplicar l'anàlisi dirigida 
i no dirigida per ampliar el coneixement de la presència d'aquests productes 
químics, i els productes de transformació derivats, a l'aigua, els sediments, 
la biota i els cultius. Es va posar especial èmfasi en l'estudi de la viabilitat 
de reutilitzar aigües residuals amb finalitats agrícoles. Finalment, es va 
avaluar l'exposició humana als CECs, posant especial atenció en l'exposició 
prenatal, durant fases inicials del desenvolupament, mitjançant l'anàlisi de 
la sang del cordó umbilical.

Així, aquesta tesi ha contribuït a millorar la comprensió i el coneixement 
sobre la presència, eliminació, transformació, transferència i destí dels CECs 
en ecosistemes aquàtics, entorns agrícoles i, en definitiva, humans.
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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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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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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).

Figure 1.2. Production trends of chemicals between 2004 and 2020 in the European Union. 
(Eurostat, 2022)

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.
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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. 

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. 

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.

Ultraviolet filters (UVFs)

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. 
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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)
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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.

The octanol-water constant (logKow) 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 logKow values can accumulate in environmental compartments.  

Paraben preservatives (PBs)

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 
logKow 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.

CAS Molecular
number mass (g/mol)

Benzophenone-3 Oxybenzone; 2-Hydroxy-

(BP3) 4-methoxybenzophenone

Benzophenone-1 (BP1) 2,4-Dihydroxybenzophenone Benzophenones 131-56-6 214.22 3.15

4-Hydroxybenzophenone

 (4HB)

4,4'-Dihydroxy

benzophenone (DHB)
2,2'-Dihydroxy-4-methoxy Benzophenone-8; 

benzophenone (DHMB) Dioxybenzone

Benzophenone-2 2,2',4,4'-Tetrahydroxy

(BP2) benzophenone
Benzophenone-4 5-benzoyl-4-hydroxy-2-methoxy

benzene sulfonic acid:
(BP4)  HMBS; Sulisobenzone

Avobenzone 1-(4-tert-butylphenyl)-3-

(AVO) (4-methoxyphenyl)propane-1,3-dione

2-Ethylhexyl 2-cyano- Benzophenone

3,3-diphenylacrylate origin

Camphor

derivatives

2-Ethylhexyl trans-4- Cinnamate
methoxy cinnamate derivatives

p-aminobenzoic

acid derivatives

Benzotriazole 

(BZT or 1H-BZT)

Methyl-benzotriazole 5-Methyl-1H- Not

(MeBZT or 5-MeBZT) benzotriazole available
Dimethyl-benzotriazole 5,6-Dimethyl-1H- Not

(DMBZT) benzotriazole monohydrate available

Drometrizole Benazol P; Tinuvin P; Benzotriazole

 (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 5.94

Cinnamate

derivatives
Isoamyl 4-methoxycinnamateAmiloxate 71617-10-2 248.32 4.06

Octinoxate (EHMC) 5466-77-3 290.4 5.8

2440-22-4 225.25 4.31

Benzotriazoles 4184-79-6 147.18

1.44

Benzotriazoles

5.14

Octocrylene (OCR) 6197-30-4 261.48 6.1

3-(4-Methylbenzilidene) camphorEnzacame (4MBC) 36861-47-9 254.17

136-86-5 133.15

1,2,3-Benzotriazole Benzotriazoles 95-14-7 119.12

Benzophenones

Benzocaine (EtPABA) Ethyl 4-aminobenzoate 94-09-7 165.19

214.22

Benzophenones 131-55-5 246.22

Benzophenones 70356-09-1 310.17

1.86

logKow

                                                 Ultraviolet filters (UVFs)

FamilyOther namesCompound Structure

131-57-7 228.24 3.79

2.92

- Benzophenones 611-99-4 2.19

- Benzophenones 1137-42-4 193.18

2.78

Benzophenones 131-53-3 244.25 3.82

4.51

Benzophenones 4065-45-6 308.31 0.88
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Molecular
mass (g/mol)

Methyl Methyl 

paraben (MePB) 4-hydroxybenzoate
Ethyl Ethyl 

paraben (EtPB) p-hydroxybenzoate

Propyl Propyl 

paraben (PrPB) 4-hydroxybenzoate

Butyl Butyl 
paraben (BuPB) 4-hydroxybenzoate

Benzyl Benzyl 
paraben (BePB) 4-hydroxybenzoate

                                    Paraben preservatives (PBs)

Compound Other names Family CAS number Structure logKow

Parabens 99-76-3 152 2

Parabens 120-47-8 116.17 2.47

Parabens 94-13-3 180.2 2.98

Parabens 94-26-8 194.23 3.47

Parabens 94-18-8 228.24 3.7

O

HO

O

O

HO

O

O

HO

O

O

HO

O

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

Table 1.1. Continued.
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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, 
cardiovascular agents, 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 (logkow>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. 

Table 1.2. Frequently used compounds in pharmaceutical formulations, with family, CAS number, 
molecular mass, structure, and logKow.

CAS Molecular
number mass (g/mol)

Flumequine (FLU) Flumigal; Apurone Fluoroquinolones 42835-25-6 261.25 1.6

Nalidixic acid (NDX) Nalidixate; nalidixin Quinolones 389-08-2 232.23 1.59

Oxolinic acid (OXL) Nidantin; dioxacin Quinolones 14698-29-4 261.23 0.94

Tetracycline (TCY) Deschlorobiomycin Tetracyclines 60-54-8 444.4 1.3

Succinylsulfathiazole Cremosuxidine; 

(Succinyl-STZ) Colistatin

Sulfadiazine (SDZ) Sulfapyrimidine Sulfonamides 68-35-9 250.28 -0.09

N-[4-(pyrimidin-2 Not
-ylsulfamoyl)-pheyl]

(acSDZ) acetamide

Sulfamerazine (SMZ) Sulfamethyldiazine Sulfonamides 127-79-7 264.31 0.14

N4-acetyl N(4)-Acetyl Not

sulfamerazine (acSMR) sulfamerazine available

N4-acetyl N(4)-Acetyl Not

sulfamethazine (acSMZ) sulfamethazine available

Gantanol;

sulfisomezole

Acetylsulfa N4-Acetyl

methoxazole (acSMX) sulfamethoxazole

Sulfamethoxy Sulphametoxy Not

pyridazine (SMPZ) pyridazine available

Sulfapyridine (SPY) Sulfidin Sulfonamides 144-83-2 249.29 0.35

N-(4-(N-(Pyridin-2-yl) Not
-sulfamoyl)

(acSPY) -phenyl)acetamide

Sulfaquinoxaline (SQX) Avicocid Sulfonamides 59-40-5 300.34 1.68

2-Sulfanil

amidothiazole

Sulfisomidine (SMD) - Sulfonamides 515-64-0 278.33 -0.33

Sulfadimethoxine Sulfadimethoxy

 (SDM) diazine

306.34

Sulfonamides 100-90-3 320.37

Sulfonamides 21312-10-7 295.32 0.86

Sulfonamides 80-35-3 280.31

available

available

Sulfamethoxazole (SMX) Sulfonamides 723-46-6 253.28 0.89

SulfonamidesSulfathiazole (STZ) 72-14-0 255.3 0.05

Sulfonamides 122-11-2 310.33 1.63

Acetylsulfapyiridine

N4-acetylsufladiazine

291.33

Sulfonamides 127-74-2

Compound Other names Family Structure logKow

Sulfonamides 19077-98-6

292.32

Sulfonamides 127-73-1

Sulfonamides 116-43-8 355.4

Pharmaceuticals

-
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Table 1.2. Continued.

CAS Molecular
number mass (g/mol)

Trimethoprim (TMP) Proloprim; Trimpex Others 738-70-5 290.32 0.91

5-(2,5-Dimethyl
phenoxy)-2,2-dimethyl

pentanoic acid
2-[(2,3-dimhetyl
phenyl)-amino]

(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-13C Diclofenac- Not

(DCF-13C) (acetophenyl ring-13C6) available

2-(3-Benzoylphenyl)

propanoic acid

2-(4-Isobutylphenyl)

propanoic acid

Carbamazepine 5H-Dibenzo[b,f]

(CBZ) azepine-5-carboxamide

Carbamazepine- Not

10,11-epoxide (CBZ-E) available

Tenorium; 

blokium; normiten

56161-73-0 Not

83891-03-6 available

Ciprofloxacin (CFX) - Fluoroquinolones 85721-33-1 331.34 0.28

N-desmethylvenlafaxine Not

(N-desVFX) available

Salicylic acid (SCY) 2-Hydroxybenzoic acid Anti-septics 69-72-7 138.12 2.26

1,3,7-Trimethyl

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

Caffeine (CFF) Stimulants (drug) 58-08-2 194.19 -0.07

Mefenamic acid

Compound Other names Family Structure logKow

Pharmaceuticals

Norfluoxetine (norFXT) Desmethylfluoxetine Anti-depressants 295.3

3.12

Anti-inflammatories 1261393-73-0 302.15

Analgesics 61-68-7 241.28 5.12

Gemfibrozil (GFZ) Lipid regulators 25812-30-0 250.33 4.39

Norvenlafaxine Anti-depressants 149289-30-5 263.37

Atenolol (ATL) B-blockers 29122-68-7 266.34 0.16

- Anti-epileptics 36507-30-9 252.27

Anti-epileptics 298-46-4 236.27 2.77

Ibuprofen (IBU) Anti-inflammatories 15687-27-1 206.28 3.97

Ketoprofen (KPF) Analgesics 22071-15-4 254.28

Table 1.3. Frequently used booster biocides, with family, CAS number, molecular mass, structure, 
and logKow.

Molecular
mass (g/mol)

3-(3,4-Dichloro
phenyl)-1,1-di
-methylurea

Irgarol Cybutryne Triazines 28159-98-0 253.37 3.95

4,5-Dichloro

-2-octylisothiazol-
3(2H)-one (DCOIT)

Dichlofluanid Elvarol; Euparen Sulfamides 1085-98-9 333.23 1.59

Compound StructureOther names Family CAS number logKow

Biocides

Kathon 930 Thiazoles 64359-81-5 282.23 2.8

Diuron Urea 330-54-1 233.09 2.68

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 (Glüge et al., 2020).

Thousands of PFAS have been manufactured, but only the most relevant 
ones are included in this thesis (Table 1.4). As logkow 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.

1.2	 Environmental legislation and regulation in 
formulations

Environmental legislation

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 µg/L individually and 0.5 µg/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.

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

Molecular mass
(g/mol)

Perfluorobutanoic Carboxylic

acid (PFBA) acid

Perfluorobutanesulfonic Sulfonic

acid (PFBS) acid

Perfluorohexanoic Carboxylic

acid (PFHxA) acid

Perfluorohexanesulfonic Sulfonic

acid (PFHxS) acid

Perfluoroheptanoic Carboxylic

acid (PFHpA) acid
Perfluorooctanoic Carboxylic

acid (PFOA) acid

Perfluorooctanesulfonic

acid (PFOS)

Perfluorooctane-

sulfonamide (PFOSA)

Perfluorononanoic Carboxylic

acid (PFNA) acid

Perfluorodecanoic Carboxylic

acid (PFDA) acid

Perfluoroundecanoic Carboxylic

acid (PFUnDA) acid

Perfluorododecanoic Carboxylic Not

acid (PFDnDA) acid available

Perfluorotridecanoic Carboxylic Not

acid (PFTnDA) acid available
72629-94-8 664.1

2058-94-8 564.09 7.15

307-55-1 614.1

335-76-2 514.08 6.5

375-95-1 464.08 5.92

Sulfamide 754-91-6 499.15 5.8

335-67-1 414.07 5.3

Sulfamide 1763-23-1 500.13 6.3

355-46-4 400.12 5.17

375-85-9 364.06 4.67

375-73-5 300.1 3.9

307-24-4 314.05 4.06

375-22-4 214.04 2.82

PFAS

Compound Family CAS number Structure logKow
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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.

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 (Čelić 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 µg/L.
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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; León 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; Tadić 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.

The challenges of CECs removal

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). 

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.

Water Sediment/soil
Soil, marine and 

continental sediments
Easy, cheap and 

efficient procedures
Analysis difficulty Clean matrix (usually) Relatively easy matrix

Nº of CECs analyzed <100 <50
Concentrations range Very variable (ng/L-ng/mL) 1-2500 ng/g

Vegetables/Plants Animals
Fish, mussels, dolphins
coral, birds, seals, etc

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

Analysis difficulty Complex matrices Complex matrices
Nº of CECs analyzed <20 <20

Concentrations range 1-900 ng/g Variable (1-1500 ng/g)

Extraction procedures

PLE: Pressurized liquid extraction; SPE: Solid-phase extraction; UAE: Ultrasounds assistex extraction; 
QuEChERS: Quick, Easy, Cheap, Effective, Rugged, and Safe; MAE: Matrix-assisted extraction

All types of water

Any crop or plant

Labourious: PLE, SPE

Studied matrix

Extraction procedures

Studied matrix
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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.

Water scarcity and water reuse

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-Martín et al., 2020; Liu et al., 2020; 
Tadić 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.

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 compounds in human samples is 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 HBM4EU, which 
focuses on different classes of compounds after a thorough prioritization. 
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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

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 (Balázs 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.

PBs

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 (Oishi, 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).

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) (Kärrman et al., 2010; Macheka-tendenguwo, 
2018), liver (0.20-52.13 ng/g) (Kärrman 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.
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Figure 1.5. Average concentrations of PFAS, UVFs and PBs in human matrices.
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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).

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 -20ºC 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 logKow 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 -20ºC until further 
analysis.

Figure 1.6. Lettuce sampling in experimental plots located in 
Palamós 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.

Extraction methodologies for solid matrices

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.

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). 

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).

Figure 1.7. QuEChERS 
extraction of lettuce samples.
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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 aqueous-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.  

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. 

Figure 1.8. Polarity scheme for chromatographic separation techniques (reversed-phase liquid 
chromatography (RPLC), hydrophilic interaction liquid chromatography (HILIC), ion chromatography 
(IC) and supercritical fluid chromatography (SPF)) based on logkow values (based on (Bieber and 

Letzel, 2020)).
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LRMS are usually combined in tandem with other LRMS (triple quadrupole 

(QqQ) or quadrupole-ion trap (q-TRAP)) or HRMS (q-Orbitrap or q-TOF)) to 
achieve more levels of fragmentation of the ion of interest to elucidate or 
confirm its structure. 

Target/Non-target approaches

Depending on the purpose in the analysis of CECs (identification or 
quantitation), 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.

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.
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Figure 1.9. Proposed identification levels in high resolution mass spectrometric analysis. 
(Schymanski et al., 2014)  
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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-Caldú, A., Diaz-Cruz, M. S., 
Frank-Comas, A., García-Marquez, M. G., Tovar-Sánchez, 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-Caldú, 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-Caldú, 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-Caldú, 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-Caldú, A., Uggetti, E., Díez-
Montero, R., Diaz-Cruz, M. S., García, J., García-Galán, 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-Caldú, A., Uggetti, E., Díez-
Montero, R., Diaz-Cruz, M. S., García, J., García-Galán, 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-Caldú, A., Benedetti, B., Valhondo, C., Martínez-
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-
Caldú, A., Aranda, M., Peña-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 Palamós, 
Girona) and one in hydroponics at laboratory scale.

-	 Publication #9: Sunyer-Caldú, 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-Caldú, A., Sepúlveda-Ruiz, P., Salgot, M., Folch-
Sánchez, M., Barceló, 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-Caldú, 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-Caldú, 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.

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-Caldú, A., Perió, A., Díaz, M., Ibáñez, 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-Caldú, A., Perió, A., Díaz, M., Ibáñez, 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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Figure 2.1. Thesis structure.
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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 (León 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 (Brumovský 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 
aquatic 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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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)

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 km2 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 
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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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. 

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-Caldú, A., Diaz-Cruz, M. S., 
Frank-Comas, A., García-Marquez, M. G., Tovar-Sánchez, 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-Caldú, 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-Caldú, 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-Caldú, 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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Mediterranean seagrass Posidonia oceanica accumulates sunscreen UV filters 

Nona S.R. Agawin a,*, Adrià Sunyer-Caldú b, M. Silvia Díaz-Cruz b, Aida Frank-Comas a, Manuela 
Gertrudis García-Márquez a, Antonio Tovar-Sánchez c 

a Marine Ecology and Systematics, Biology Department, Universidad de las Islas Baleares, 07122 Palma de Mallorca, Spain 
b Department of Environmental Chemistry, Institute of Environmental Assessment and Water Research Severo Ochoa Excellence Center, Spanish Council for Scientific 
Research (IDAEA-CSIC), 08034 Barcelona, Spain 
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A R T I C L E  I N F O   

Keywords: 
Posidonia oceanica 
Seagrasses 
Mediterranean Sea 
Organic ultra-violet filters (UVF) 
Sunscreens 

A B S T R A C T   

Certain ultra-violet filter (UVF) components of solar creams have negative impacts on coral reefs and have been 
prohibited in international tourism destinations (i.e., 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−1 dw and 512 ng g−1 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 
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 (TiO2) 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., 2007; Tovar-Sánchez et al., 2013; 
Gondikas et al., 2014). In coastal ecosystems which are subject to very 
high tourism pressure such as in the Southern Mediterranean Sea 
(Tovar-Sánchez et al., 2019), high concentrations of UVFs [organic 
UVFs, particularly, benzophenone-3 (BP3) and 4-methylbenzylidene 
camphor (4-MBC), as well as inorganic TiO2 and ZnO] in the surface 
microlayer were reported during summer (Sánchez-Quiles et al., 2020) 
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; 

Sánchez-Quiles et al., 2020) and for primary producers the focus was on 
microalgae (Wang et al., 2016; Haynes and Ward, 2020) and lately on 
macroalgae (Pacheco-Juárez et al., 2019; Montesdeoca-Esponda et al., 
2021). 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 (Sánchez- 
Quiles et al., 2020). To our knowledge, there are only two studies on 
seagrasses, one reporting the effects of TiO2 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 
km2. 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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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�1 dw) was higher than the re-
ported by Rodil et al. (2019) in bivalves (87 ng g�1 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�1 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�1 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 
g�1 dw) were also below those determined in bivalve species by Rodil 
et al. (2019; 0–63 ng g�1 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�1 dw of BP3 and undetectable-88.3 ng g�1 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�1 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�1 dw; belly: 
52 ± 14 ng g�1 dw), and Díaz-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 

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�1 dw) Parabene conservatives (PB) (ng g�1 dw) 
∑

UVFs (ng g�1 dw) 
∑

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. 
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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-Sánchez 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 m�2 (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. S2). 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 Marbà 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 

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-Caldú 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 × 2.0 mm, 5 μm) 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�1. The limits of detection of the method (MLODs) ranged 
from 0.1 to 1.44 ng g�1 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�1 dw and 512 ng g�1 dw, respectively (Table 1). These values 
correspond approximately to accumulation rates of 103.2 ng g�1 dw 
yr�1 and 409.6 ng g�1 dw yr�1 respectively, assuming it takes 1.25 yr for 
seven internodes to grow (based on our data, an average of 5.6 leaves 
yr�1 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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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 
et al., 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-Sánchez 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 
H2O2. Later on, Mylona et al. (2020) assessed the toxicity of TiO2 
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 TiO2 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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Figure S1. Map of the study site indicating the location of the sampling points. 

 

 
Figure S2. Morphology of the seagrass Posidonia oceanica, detailing the structure of the 
peeled rhizome.  

 
 
 
 
 

Table S1. List of Posidonia oceanica rhizome samples analyzed for the different 
organic components of ultra-violet filters (UVFs) and paraben conservatives. 
Sample Site Density 

(shoots m-2) 

No. of 

internodes 

analyzed 

Year corresponding to 

the rhizome piece 

analyzed 

Vertical growth of the 

rhizome piece 

(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; r2: 
determination coefficient.    

UV Filters (UVFs) LOD (ng g-1 dw) LOQ (ng g-1 dw) r2 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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A B S T R A C T   

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 
octinoxate (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.   

1. Introduction 

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 (Carve et al., 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 (μg/L) concentration 
in WWTP effluents (Ali et al., 2017), rivers (Díaz-Cruz et al., 2019), lakes 

(Malnes et al., 2022), seawater (Lu et al., 2021), and groundwater (Yang 
et al., 2017). Specifically, organic ultraviolet filters (UVFs) have 
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, 2022). 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 

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, 

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 determination 

Seawater samples were analyzed for total suspended solids content 
(TSSs) using a UV analyzer (Pastel UV, Secomam, Alès, 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). 

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 μl 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/H2O. 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 μm 
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 μl 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 × 2.0 mm, 2 μm) 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 μl. 

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 SI. 

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 (Díaz-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 
SI. 

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). 

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 Ministères, 1989; Ministre de l’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 

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 

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; Sánchez Rodríguez et al., 2015). 
According to the octanol-water partition coefficient (logKow 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 
(Díaz-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) 
(Sánchez Rodríguez 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). 

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 (Día-
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 ((Blüthgen 
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 

MePB using the average values of each month and site (Table S14). 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 o. 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-Díaz 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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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 (Díaz-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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Gago-Ferrero, P., Díaz-Cruz, M.S., Barceló, 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., Díaz-Cruz, M.S., Barceló, D., 2013. Fully automated 
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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 

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, 

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, 

however, presented higher clay composition.  

 

Section S2. Isotopically labeled standards, solvents, reagents, and solution preparations. 

Isotopically labelled standards 2-hydroxy-4-methoxy-2’,3’,4’,5’,6’-d5 (BP3-d5), 3-(4-methylbenzylidene-d4) camphor (4MBC-d4) and, 

benzyl-4-hydroxybenzoate-d4 (BePB-d4) were supplied by CDN Isotopes Inc. (Quebec, Canada) (>99%). Working solvents, including 

methanol (MeOH), acetonitrile (ACN), HPLC-grade water (Lichrosolv), and reagents formic acid and alumina (aluminum oxide, 99%) were 

purchased from Merck. Nitrogen (>99%) used for evaporation was provided by Air liquid (Barcelona, Spain). Glass fiber filters (0.2 µm), 

nylon membranes (0.45 µm), and Puradisc syringe filters were obtained from Whatman International Ltd. (Maidstone, UK).  

Standards stock solutions, including isotopically labeled standards, were prepared in MeOH and stored in the dark at -20°C. A mixture standard 

solution was prepared weekly at 20 mg/L. Working mixture standard solutions were prepared daily by appropriate dilution of the mixture stock 

standard solution. 

 

Section S3. Quality Assurance/Quality control. 

Several measures were applied to prevent contamination and degradation of samples and standard solutions. Personal care and 

hygiene products that could contain UVFs or PBs were avoided during sampling and sample treatment by the analysts. All glass 

material containing samples was opaque and the working material was cleaned with MeOH and acetone. The non-volumetric 

glassware was muffled at 400º C overnight. A blank of the method was performed and quality control samples were introduced 

randomly in the analysis’ sequence to ensure the quality of the determination.  All the compounds were identified using the 

chromatography retention time (tR) and with the two most intense transitions (first to quantify and second to confirm the analyte), 

as recommended by the European Commission (“2002/657/EC: Commission Decision of 12 August 2002 implementing Council 

Directive 96/23/EC concerning the performance of analytical methods and the interpretation of results (Text with EEA relevance) 

(notified under document number C(2002) 3044),” 2002). Surrogate standard recoveries were within the range of 80-120% in all 

the extracted samples. Limits of detection and quantification can be consulted in Table S5 of this document. 

 

References 
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Section S4. Data analysis 

One-way analysis of variance (ANOVA) was performed on TSS values, to evaluate if site variance was different or not, and consequently, t-

tests were individually performed to find out which sites were statistically different (or not) from others. The same procedure was followed 

for UVFs and PBs values found in seawater and sediment samples, individually, as groups, and with the total value. Finally, correlation analysis 

between TSS, UVFs, and PBs levels in seawater and UVFs and PBs levels in sediment was performed with Pearson correlation tests. Data 

below the limits of detection were changed to numerical values corresponding to LOD/sqrt(2) to consider the variance as well. ANOVA, t-

tests, and Pearson correlation tests were performed for α = 0.05 with RStudio open software, v. 1.2.5001 (2019) Rstudio. Inc. (the USA). 

 

 
Se

cti
on

 S
4. 

Ta
bl

es
 

 

Ta
bl

e S
1. 

Sa
mp

lin
g s

ite
s l

oc
ati

on
, b

ea
ch

 di
m

en
sio

ns
, d

ist
an

ce
 to

 in
ter

es
tin

g l
oc

ati
on

s a
nd

 re
lev

an
t d

eta
ils

. 

             
    

    
    

    
    

    
  T

ab
le 

S2
. G

rad
ien

t, m
ob

ile
 ph

as
es

 an
d f

low
 us

ed
 in

 po
sit

iv
e i

on
iza

tio
n. 

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

 T
ab

le 
S3

. G
rad

ien
t, m

ob
ile

 ph
as

es
 an

d f
lo

w 
us

ed
 in

 ne
ga

tiv
e i

on
iza

tio
n. 

 
  

   
 

      
 

 
   

 
 

    

%A
 (M

eO
H 

0.1
% 

F.A
.)

%B
 (H

2O
 0.

1%
 F.

A.
)

0
0.3

 m
L/

m
in

5
95

7
0.3

 m
L/

m
in

75
25

10
0.3

 m
L/

m
in

10
0

0
17

0.3
 m

L/
m

in
10

0
0

18
0.3

 m
L/

m
in

5
95

23
0.3

 m
L/

m
in

5
95

Po
sit

ive
 io

ni
za

tio
n

F.A
.: F

or
m

ic 
ac

id

Tim
e (

m
in

)
Flo

w
%A

 (M
eO

H 
5 m

M
 A

c.N
H 4

)
%B

 (H
2O

 5 
m

M
 A

c.N
H 4

)
0

0.3
 m

L/
m

in
5

95
3

0.3
 m

L/
m

in
50

50
6

0.3
 m

L/
m

in
90

10
13

0.3
 m

L/
m

in
10

0
0

17
0.3

 m
L/

m
in

10
0

0
18

0.3
 m

L/
m

in
5

95
20

0.3
 m

L/
m

in
5

95
Ac

.N
H 4

: A
m

m
on

iu
m

 ac
et

at
e

Ne
ga

tiv
e i

on
iza

tio
n

Tim
e (

m
in

)
Flo

w

Sa
m

pl
in

g s
ite

GP
S l

oc
at

io
n

Ba
y l

oc
at

io
n

Be
ac

h d
im

en
sio

n
Di

sta
nc

e t
o W

W
TP

Ot
he

r i
nt

er
es

tin
g l

oc
at

io
ns

Re
le

va
nt

 in
fo

rm
at

io
n

35
°2

8’
39

” N
Be

tw
ee

n H
am

m
am

et
 

La
rg

e f
ish

in
g p

or
t t

o 
Ve

ry
 cl

os
e t

o t
wo

 ci
tie

s 
11

°0
3’

13
” E

an
d G

ab
es

 Ba
y

th
e N

or
th

 (1
.7 

km
 di

sta
nc

e)
(M

ah
di

a a
nd

 Re
jic

he
)

35
°1

4‘
18

“ N
Hi

gh
ly 

ac
tiv

e f
ish

in
g

Hu
ge

 re
cre

at
io

na
l a

nd
 sw

im
m

in
g 

11
°0

8‘
48

“ E
 po

rt 
to

 th
e S

ou
th

 (1
 km

)
ac

tiv
iti

es
. C

ity
 (C

he
bb

a)
 at

 3 
km

35
°0

8‘
21

“ N
Sm

all
 fi

sh
in

g 
Ve

ry
 to

ur
ist

ic 
cit

y 
11

°0
2‘3

1“
 E

po
rt 

(1
.5 

km
) 

at
 3 

km
 (M

el
lo

ul
ec

h)

Sit
e R

Sit
e C

h

Sit
e M

Ha
m

m
am

et
 Ba

y

Ga
be

s B
ay

4.7
 km

2.4
 km

12
.3 

km

<9
00

 m

5 k
m

14
.7 

km



Chapter 3

9796

Occurrence of CECs in the marine enviornment

3 3

Ta
bl

e S
4. 

Ch
em

ica
l p

ro
pe

rti
es

, o
pti

mi
ze

d H
PL

C-
M

S/
M

S 
co

nd
iti

on
s a

nd
 in

ter
na

l s
tan

da
rd

s o
f t

he
 in

ve
sti

ga
ted

 co
mp

ou
nd

s. 
 

 

 
          Ac

ro
ny

m
 

Na
m

e 
M

ol
ec

ul
ar

 
fo

rm
ul

a 
CA

S 
Nu

m
be

r 
pk

a  
Lo

gk
ow

  
W

at
er

 so
lu

bi
lit

y 
(2

5°
C)

 
Re

ten
tio

n 
tim

e 
(m

in
) 

1st 

Tr
an

sit
ion

 
2nd

 
Tr

an
sit

ion
 

In
ter

na
l 

sta
nd

ar
d 

BP
1 

Be
nz

op
he

no
ne

-1
 

C 1
3H

10
O 3

 
13

1-
56

-6
 

7.0
9 

2.9
6 

39
0 m

g/
L 

9.9
4 

21
5>

13
7 

21
5>

10
5 

BP
-3

d 5
 

BP
2 

Be
nz

op
he

no
ne

-2
 

C 1
3H

10
O 5

 
13

1-
55

-5
 

6.7
5 

2.7
8 

98
 m

g/
L 

8.7
4 

24
7>

13
7 

24
7>

10
9 

BP
-3

d 5
 

BP
3 

Be
nz

op
he

no
ne

-3
 

C 1
4H

12
O 3

 
13

1-
57

-7
 

7.5
6 

3.7
9 

21
0 m

g/
L 

11
.14

 
22

9>
15

1 
22

9>
10

5 
BP

-3
d 5

 
BP

4(
-) 

Be
nz

op
he

no
ne

-4
 

C 1
4H

12
O 6

S 
40

65
-4

5-
6 

-2
.4 

0.3
7 

65
0 m

g/
L 

6.8
9 

30
7>

22
7 

30
7>

21
1 

Ge
mf

ibr
oz

il-
d 6

 

4H
B 

4-
Hy

dr
ox

yb
en

zo
ph

en
on

e 
C 1

3H
10

O 2
 

11
37

-4
2-

4 
7.8

5 
3.0

2 
41

0 m
g/

L 
9.3

9 
19

9>
12

1 
19

9>
10

5 
BP

-3
d 5

 

4D
HB

 
4,4

-D
ih

yd
ro

xy
be

nz
op

he
no

ne
 

C 1
3H

10
O 3

 
61

1-
99

-4
 

7.5
5 

2.5
5 

60
0 m

g/
L 

8.2
5 

21
5>

12
1 

21
5>

93
 

BP
-3

d 5
 

DH
M

B 
2,2

-D
ih

yd
ro

xy
-4

-
me

tho
xy

be
nz

op
he

no
ne

 
 

C 1
4H

12
O 4

 
13

1-
53

-3
 

6.7
8 

3.8
2 

52
 m

g/
L 

10
.25

 
24

5>
12

1 
24

5>
15

1 
BP

-3
d 5

 

AV
O 

Av
ob

en
zo

ne
 

C 2
0H

22
O 3

 
70

35
6-

09
-1

 
3.2

3 
4.5

1 
15

17
 m

g/
L 

12
.79

 
31

1>
13

5 
31

1>
16

1 
BP

-3
d 5

 

4-
M

BC
 

4-
M

eth
ylb

en
zy

lid
en

e c
am

ph
or

 
C 1

8H
22

O 
36

86
1-

47
-9

 
- 

4.9
5 

 0.
16

 m
g/

L 
11

.80
 

25
5>

10
5 

25
5>

21
2 

4-
M

BC
-d

4 

EH
M

C 
2-

Et
hy

lhe
xy

l 4
-m

eth
ox

yc
inn

am
ate

 
C 1

8H
26

O 3
 

54
66

-7
7-

3 
8.1

3 
5.8

 
0.4

2 m
g/

L 
13

.06
 

29
1>

17
9 

29
1>

16
1 

4-
M

BC
-d

4 

Et
PA

BA
 

Et
hy

l 4
-am

in
ob

en
zo

ate
 

C 1
8H

18
N 2

O 5
 

94
-0

9-
7 

2.5
1 

1.7
1 

1.7
1 g

/L
 

8.5
0 

16
6>

13
8 

16
6>

12
0 

4-
M

BC
-d

4 
M

eB
ZT

 
5-

M
eth

yl-
1H

-b
en

zo
tri

az
ole

 
C 7

H 7
N 3

 
13

6-
85

-6
 

8.8
5 

8.7
4 

3 g
/L

 
8.1

3 
13

4>
79

 
13

4>
95

 
BZ

T-
d 4

 

BZ
T 

1,2
,3-

Be
nz

otr
iaz

ole
 

C 6
H 5

N 3
 

95
-1

4-
7 

8.3
7 

1.4
4 

6 g
 L

 
6.6

3 
12

0>
65

 
12

0>
92

 
BZ

T-
d 4

 
DM

BZ
T 

2,2
′-D

ih
yd

ro
xy

-4
-

me
tho

xy
be

nz
op

he
no

ne
 

C 1
4H

12
O 4

 
13

1-
53

-7
 

8.9
2 

2.2
6 

91
4 m

g/
L 

8.8
4 

14
8>

77
 

14
8>

93
 

BZ
T-

d 4
 

UV
P 

Dr
om

etr
izo

le 
C 1

3H
11

N 3
O 

24
40

-2
2-

4 
8.1

5 
2.2

6 
25

.59
 m

g/
L 

12
.37

 
22

6>
12

0 
22

6>
92

 
BZ

T-
d 4

 
Be

PB
 (-

) 
Be

nz
yl 

4-
hy

dr
ox

yb
en

zo
ate

 
C 1

4H
12

O 3
 

94
-1

8-
8 

8.1
8 

3.5
6 

0.1
35

 m
g/

L 
8.2

1 
22

7>
92

 
22

7>
13

6 
Be

PB
-d

4 

Bu
PB

 (-
) 

Bu
tyl

 4-
hy

dr
ox

yb
en

zo
ate

 
C 1

1H
14

O 3
 

94
-2

6-
8 

3.5+- 0.0
2 

3.2
4 

0.4
66

 m
g/

L 
8.2

1 
19

3>
13

7 
19

3>
92

 
Be

PB
-d

4 

Pr
PB

 (-
) 

Pr
op

yl 
4-

hy
dr

ox
yb

en
zo

ate
 

C 1
0H

12
O 3

 
94

-1
3-

3 
2.9

4
 +- 0.0

1 
3.0

4 
0.9

6 m
g/

L 
7.9

0 
17

9>
92

 
17

9>
13

7 
Be

PB
-d

4 

M
eP

B 
(-)

 
M

eth
yl 

4-
hy

dr
ox

yb
en

zo
ate

 
C 8

H 8
O 3

 
99

-7
6-

3 
1.9

1
+- 0.0

1 
1.9

6 
3.6

9 m
g/

L 
6.5

7 
15

1>
92

 
15

1>
13

6 
Be

PB
-d

4 

    
    

  T
ab

le 
S5

. L
im

its
 of

 de
tec

tio
n (

LO
D)

 an
d q

ua
nti

fic
ati

on
 (L

OQ
) o

f t
he

 m
eth

od
, a

nd
 de

ter
mi

na
tio

n c
oe

ffi
cie

nt 
(r2 ) f

or
 th

e t
arg

et 
co

mp
ou

nd
s. 

  
Co

m
po

un
d

BP
3

BP
1

BP
2

BP
4 (

-)
4H

B
4D

HB
DH

M
B

AV
O

4M
BC

LO
D 

w
at

er
 (n

g/
L)

0.
74

1.
07

1.
17

0.
58

1.
04

0.
99

1.
13

0.
93

0.
40

LO
Q 

w
at

er
 (n

g/
L)

2.
47

3.
56

3.
90

1.
94

3.
47

3.
30

3.
75

3.
09

1.
32

r2 w
at

er
0.
99
44

0.
98
85

0.
98
62

0.
99
65

0.
98
91

0.
99
01

0.
98
73

0.
99
13

0.
99
84

LO
D 

se
di

m
en

ts
 (n

g/
g d

w
)

0.
51

0.
76

1.
02

2.
16

0.
91

1.
00

0.
93

0.
51

1.
19

LO
Q 

se
di

m
en

ts
 (n

g/
g d

w
)

1.
69

2.
54

3.
40

7.
21

3.
02

3.
33

3.
11

1.
69

3.
97

r2  se
di

m
en

ts
0.
99
72

0.
99
37

0.
98
86

0.
95
19

0.
99
10

0.
98
92

0.
99
05

0.
99
72

0.
98
46

Co
m

po
un

d
EH

M
C

Et
PA

BA
M

eB
ZT

DM
BZ

T
UV

P
Be

PB
 (-

)
Bu

PB
 (-

)
Pr

PB
 (-

)
M

eP
B 

(-)
LO

D 
w

at
er

 (n
g/

L)
1.
71

0.
29

0.
73

0.
90

1.
03

0.
74

0.
72

0.
73

0.
86

LO
Q 

w
at

er
 (n

g/
L)

5.
69

0.
97

2.
42

2.
99

3.
42

2.
47

2.
42

2.
44

2.
85

r2 w
at

er
0.
97
14

0.
99
91

0.
99
46

0.
99
18

0.
98
94

0.
99
44

0.
99
47

0.
99
45

0.
99
26

LO
D 

se
di

m
en

ts
 (n

g/
g d

w
)

1.
43

1.
33

1.
11

0.
93

0.
80

0.
64

0.
62

0.
45

0.
12

LO
Q 

se
di

m
en

ts
 (n

g/
g d

w
)

4.
78

4.
43

3.
70

3.
08

2.
68

2.
14

2.
06

1.
50

0.
39

r2  se
di

m
en

ts
0.
97
80

0.
98
10

0.
98
66

0.
99
06

0.
99
29

0.
99
54

0.
99
58

0.
99
78

0.
99
98

M
LO

D:
 Li

m
it 

of
 d

et
ec

tio
n 

of
 th

e 
m

et
ho

d;
 M

LO
Q:

 Li
m

it 
of

 q
ua

nt
ifi

ca
tio

n 
of

 th
e 

m
et

ho
d:

 r2 : d
et

er
m

in
at

io
n 

co
ef

fic
ie

nt
; (

-) 
ne

ga
tiv

e 
m

od
e

 
                



Chapter 3

9998

Occurrence of CECs in the marine enviornment

3 3

Ta
bl

e S
6. 

Pe
ars

on
 co

rre
lat

ion
 va

lu
es

 of
 th

e d
iff

ere
nt 

co
mb

in
ati

on
s b

etw
ee

n c
on

ce
nt

rat
io

ns
 of

 T
SS

, U
VF

s, 
an

d P
Bs

 in
 se

aw
ate

r s
am

pl
es

. 

               

Ta
bl

e S
7. 

Pe
ars

on
 co

rre
lat

ion
 va

lu
es

 of
 th

e d
iff

ere
nt 

co
mb

in
ati

on
s b

etw
ee

n c
on

ce
nt

rat
io

ns
 of

 U
VF

s, 
an

d P
Bs

 in
 se

di
me

nt
 sa

mp
les

. 

Co
rre

lat
io

n v
alu

es
TS

S
BP

3
4D

HB
AV

O
EH

M
C

Et
PA

BA
M

eB
ZT

DM
BZ

T
UV

P
Be

PB
 (-

)
Bu

PB
  (-

)
Pr

PB
  (-

)
M

eP
B  

(-)
TS

S
1.0

0
-0
.10

-0
.01

-0
.15

-0
.21

-0
.14

-0
.15

-0
.29

0.1
4

0.0
5

0.1
8

-0
.06

0.9
1

BP
3

-0
.10

1.0
0

0.5
0

-0
.10

-0
.02

0.6
3

0.3
0

0.0
1

0.0
2

0.1
5

-0
.04

-0
.11

-0
.17

4D
HB

-0
.01

0.5
0

1.0
0

-0
.07

-0
.20

-0
.07

0.1
2

-0
.19

-0
.11

-0
.09

-0
.09

-0
.19

-0
.06

AV
O

-0
.15

-0
.10

-0
.07

1.0
0

0.8
1

-0
.03

0.5
6

0.3
2

0.5
6

0.0
6

-0
.09

-0
.11

-0
.07

EH
M

C
-0
.21

-0
.02

-0
.20

0.8
1

1.0
0

0.3
1

0.6
9

0.6
8

0.5
9

0.1
2

0.0
5

0.0
6

-0
.13

Et
PA

BA
-0
.14

0.6
3

-0
.07

-0
.03

0.3
1

1.0
0

0.4
5

0.4
4

0.1
4

-0
.11

0.0
5

-0
.19

-0
.11

M
eB

ZT
-0
.15

0.3
0

0.1
2

0.5
6

0.6
9

0.4
5

1.0
0

0.6
1

0.6
0

0.2
3

0.1
4

0.1
6

-0
.14

DM
BZ

T
-0
.29

0.0
1

-0
.19

0.3
2

0.6
8

0.4
4

0.6
1

1.0
0

0.4
9

0.1
2

-0
.13

0.3
3

-0
.16

UV
P

0.1
4

0.0
2

-0
.11

0.5
6

0.5
9

0.1
4

0.6
0

0.4
9

1.0
0

0.1
3

0.0
1

0.0
9

0.1
7

Be
PB

 (-
)

0.0
5

0.1
5

-0
.09

0.0
6

0.1
2

-0
.11

0.2
3

0.1
2

0.1
3

1.0
0

-0
.04

0.4
7

-0
.06

Bu
PB

  (-
)

0.1
8

-0
.04

-0
.09

-0
.09

0.0
5

0.0
5

0.1
4

-0
.13

0.0
1

-0
.04

1.0
0

0.3
2

-0
.08

Pr
PB

  (-
)

-0
.06

-0
.11

-0
.19

-0
.11

0.0
6

-0
.19

0.1
6

0.3
3

0.0
9

0.4
7

0.3
2

1.0
0

-0
.18

M
eP

B  
(-)

0.9
1

-0
.17

-0
.06

-0
.07

-0
.13

-0
.11

-0
.14

-0
.16

0.1
7

-0
.06

-0
.08

-0
.18

1.0
0

AV
O

4M
BC

EH
M

C
M

eB
ZT

M
eP

B (
-)

AV
O

1.0
0

-0
.10

-0
.13

-0
.14

0.2
3

4M
BC

-0
.10

1.0
0

-0
.19

-0
.12

0.1
1

EH
M

C
-0
.13

-0
.19

1.0
0

-0
.09

0.3
4

M
eB

ZT
-0
.14

-0
.12

-0
.09

1.0
0

-0
.44

M
eP

B (
-)

0.2
3

0.1
1

0.3
4

-0
.44

1.0
0

Ta
bl

e S
8. 

Co
nc

en
tra

tio
ns

 (n
g/L

) i
n t

he
 se

aw
ate

r s
am

ple
s o

f t
he

 P
PC

Ps
 de

tec
ted

 at
 le

as
t i

n o
ne

 sa
mp

le.
 

           

  

         
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

  T
ab

le 
S9

. A
cc

um
ul

ate
d c

on
ce

ntr
ati

on
s o

f e
ac

h g
ro

up
 of

 co
mp

ou
nd

s  

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

 (U
VF

 an
d P

B)
 in

 th
e s

ea
wa

ter
 sa

mp
les

 (n
g/L

).i
n t

he
 se

di
me

nt
 sa

mp
les

  

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

 (n
g/g

 dw
). 

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
 

 

   
 

Sit
e a

nd
 da

te
∑U

VF
s

∑P
Bs

∑T
OT

AL
∑U

VF
s

∑P
Bs

∑T
OT

AL
Sit

e R
 10

/2
01

8
12
7

20
.1

14
7

Sit
e R

 11
/2

01
8

41
5

33
8

75
3

Sit
e R

 12
/2

01
8

11
9

22
2

34
1

Sit
e R

 01
/2

01
9

36
1

18
.7

37
9

Sit
e R

 02
/2

01
9

72
.1

65
.6

13
7

Sit
e R

 03
/2

01
9

98
6

82
.2

10
69

Sit
e M

 10
/2

01
8

82
6

35
.5

86
1

Sit
e M

 11
/2

01
8

16
52

19
.4

16
72

Sit
e M

 12
/2

01
8

55
8

46
.2

60
4

Sit
e M

 01
/2

01
9

32
6

53
37
9

Sit
e M

 02
/2

01
9

30
4

48
.7

35
2

Sit
e M

 03
/2

01
9

58
4

53
.5

63
7

Sit
e C

h 1
0/

20
18

26
.5

18
.6

45
.1

Sit
e C

h 1
1/

20
18

62
.1

34
.7

96
.8

Sit
e C

h 1
2/

20
18

68
.2

35
.7

10
3

Sit
e C

h 0
1/

20
19

85
.7

18
.9

10
4

Sit
e C

h 0
2/

20
19

29
7

35
.9

33
3

Sit
e C

h 0
3/

20
19

47
.1

21
.6

68
.7

58
7

16
5

75
2

Un
its

: n
g/

L; 
UV

Fs
: U

ltr
a v

io
le

t f
ilt

er
s; 

PC
s: 

Pa
ra

be
n c

on
se

rv
at

ive
s

20
82

74
6

28
29

42
52

25
6

45
09

Sit
e a

nd
 da

te
BP

3
4D

HB
AV

O
EH

M
C

Et
PA

BA
M

eB
ZT

DM
BZ

T
UV

P
Be

PB
 (-

)
Bu

PB
  (-

)
Pr

PB
  (-

)
M

eP
B  

(-)
Sit

e R
 10

/2
01

8
56
.7

26
.9

n.
d.

n.
d.

8.3
15
.2

n.
d.

20
.0

n.
d.

n.
d.

n.
d.

20
.1

Sit
e R

 11
/2

01
8

25
.4

n.
d.

n.
d.

33
8

10
.9

15
.4

n.
d.

26
.1

n.
d.

30
0

15
.5

22
.6

Sit
e R

 12
/2

01
8

19
.3

n.
d.

n.
d.

60
.0

7.3
n.
d.

n.
d.

33
.2

n.
d.

n.
d.

n.
d.

22
2

Sit
e R

 01
/2

01
9

24
.5

n.
d.

n.
d.

29
1

7.9
n.
d.

n.
d.

37
.9

n.
d.

n.
d.

n.
d.

18
.7

Sit
e R

 02
/2

01
9

42
.1

n.
d.

n.
d.

n.
d.

8.3
n.
d.

n.
d.

21
.7

15
.4

17
.1

15
.5

17
.6

Sit
e R

 03
/2

01
9

26
.1

n.
d.

21
.6

83
6

8.2
34
.6

22
.5

37
.9

15
.3

16
.2

18
.8

31
.9

Sit
e M

 10
/2

01
8

66
.9

n.
d.

n.
d.

64
0

37
.7

30
.2

22
.0

29
.6

n.
d.

16
.0

n.
d.

19
.5

Sit
e M

 11
/2

01
8

22
.8

n.
d.

97
.7

14
20

10
.0

33
.5

18
.1

50
.9

n.
d.

n.
d.

n.
d.

19
.4

Sit
e M

 12
/2

01
8

20
.5

n.
d.

n.
d.

47
4

13
.5

n.
d.

21
.1

29
.3

n.
d.

16
.5

n.
d.

29
.7

Sit
e M

 01
/2

01
9

21
.5

n.
d.

n.
d.

25
5

7.7
n.
d.

18
.8

23
.8

n.
d.

16
.0

17
.6

19
.4

Sit
e M

 02
/2

01
9

16
.4

n.
d.

n.
d.

18
8

10
.5

27
.8

21
.7

39
.6

n.
d.

15
.9

15
.2

17
.6

Sit
e M

 03
/2

01
9

19
.8

n.
d.

n.
d.

52
0

8.4
n.
d.

17
.7

18
.5

n.
d.

16
.0

17
.7

19
.8

Sit
e C

h 1
0/

20
18

18
.7

n.
d.

n.
d.

n.
d.

7.8
n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

18
.6

Sit
e C

h 1
1/

20
18

34
.2

n.
d.

n.
d.

n.
d.

7.6
n.
d.

n.
d.

20
.3

n.
d.

n.
d.

15
.6

19
.1

Sit
e C

h 1
2/

20
18

36
.6

n.
d.

n.
d.

n.
d.

7.4
n.
d.

n.
d.

24
.2

n.
d.

16
.3

n.
d.

19
.4

Sit
e C

h 0
1/

20
19

19
.6

n.
d.

n.
d.

34
.6

8.2
n.
d.

n.
d.

23
.3

n.
d.

n.
d.

n.
d.

18
.9

Sit
e C

h 0
2/

20
19

17
.8

n.
d.

n.
d.

27
1

8.8
n.
d.

n.
d.

n.
d.

n.
d.

16
.3

n.
d.

19
.6

Sit
e C

h 0
3/

20
19

18
.2

n.
d.

n.
d.

n.
d.

7.7
n.
d.

n.
d.

21
.2

n.
d.

n.
d.

n.
d.

21
.6

Un
its

: n
g/

L; 
n.

d.
: n

ot
 de

te
cte

d;
 (-

): 
an

aly
ze

d i
n n

eg
at

ive
 m

od
e



Chapter 3

101100

Occurrence of CECs in the marine enviornment

3 3

     
Ta

bl
e S

10
. A

ve
rag

e, 
ra

ng
e a

nd
 fr

eq
ue

nc
y o

f d
ete

cti
on

 of
 U

VF
 an

d P
B 

in
 se

aw
ate

r s
am

pl
es

 (n
g/L

). 

      

UV
 F

ilt
er

s
Pa

ra
be

n 
Co

ns
er

va
tiv

es
 

sit
e 

M

Av
er

ag
e

28
.0

<L
OD

16
.3

DM
BZ

T
UV

P
Be

PB
 (-

)
Bu

PB
 (-

)

13
.4

8.4
20

.9

Ra
ng

e
16

.4-
66

.9
_

<L
OD

-9
7.7

58
3

14
.6

15
.3

19
.9

32
.0

<L
OD

<L
OD

-1
7.7

17
.6-

29
.7

18
.5-

50
.9

_
<L

OD
-1

6.5

10
0%

0
5.5

6%
10

0%
10

0%
50

%
10

0%

7.7
-3

7.7
<L

OD
-3

3.5
17

.7-
22

.0
18

8-
14

20

10
0%

0%
83

%
50

%
10

0%

Si
te

 R

Av
er

ag
e

35
.4

4.5
5.1

55
.6

8.3
55

.5

Ra
ng

e
19

.3-
56

.7
<L

OD
-2

6.9

50
.00

%
Fr

eq
ue

nc
y

10
0%

5.5
6%

5.5
6%

66
%

10
0%

Fr
eq

ue
nc

y

17
.6-

22
2

10
0.0

0%

3.6
25

4
44

.1
10

.9
3.8

29
.5

<L
OD

-3
4.6

<L
OD

-2
2.5

20
-3

7.9
<L

OD
-1

5.4
<L

OD
-3

00
<L

OD
-1

8.8
<L

OD
-2

1.6
<L

OD
-8

36
7.3

-1
0.9

50
%

6%
10

0%
33

.00
%

50
.00

%

Ra
ng

e
17

.8-
36

.6
_

_
<L

OD
-2

71

50
.9

7.9
<L

OD
<L

OD
14

.8
<L

OD
Av

er
ag

e
24

.1
<L

OD
<L

OD

66
%

0%
33

%
6%

10
0%

<L
O

D:
 B

el
ow

 th
e 

lim
it 

of
 d

et
ec

tio
n;

 (-
): 

an
aly

ze
d 

in
 n

eg
at

iv
e 

m
od

e

<L
OD

-1
5.6

18
.6-

21
.6

Fr
eq

ue
nc

y
10

0%
0

0
33

%
10

0%
0%

0%

7.4
-8

.8
_

_
<L

OD
-2

4.2
_

<L
OD

-1
6.3

Si
te

 C
H

5.4
2.6

19
.5

M
eP

B 
(-)

Lo
ca

tio
n

Pr
PB

 (-
)

AV
O

EH
M

C
Et

PA
BA

M
eB

ZT
BP

3
4D

H
B

Ta
bl

e S
11

. C
on

ce
ntr

ati
on

s (
ng

/g 
dw

) i
n t

he
 se

di
me

nt
 sa

mp
les

 of
 th

e c
om

po
un

ds
 de

tec
ted

 at
 le

as
t i

n o
ne

 sa
mp

le.
  

                
    

    
    

    
    

  

 

     
    

    
    

    
    

    
    

    
    

    
    

    
    

   

       
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

   T
ab

le 
S1

2. 
Ac

cu
mu

lat
ed

 co
nc

en
tra

tio
ns

 of
 ea

ch
 gr

ou
p o

f c
om

po
un

ds
  

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
  (

UV
F 

an
d P

B)
 se

pa
rat

ed
 by

 si
tes

 an
d d

ate
. 

         

Sit
e a

nd
 da

te
∑U

VF
s

∑P
Bs

∑T
OT

AL
∑U

VF
s

∑P
Bs

∑T
OT

AL
Sit

e R
 10

/2
01

8
0.0

3.6
3.6

Sit
e R

 11
/2

01
8

0.0
3.4

3.4
Sit

e R
 12

/2
01

8
12

.3
3.5

15
.8

Sit
e R

 01
/2

01
9

21
.4

3.7
25

.1
Sit

e R
 02

/2
01

9
0.0

3.4
3.4

Sit
e R

 03
/2

01
9

16
.2

3.7
19

.9
Sit

e M
 10

/2
01

8
24

.7
4.9

29
.6

Sit
e M

 11
/2

01
8

8.7
4.0

12
.7

Sit
e M

 12
/2

01
8

8.7
5.0

13
.7

Sit
e M

 01
/2

01
9

20
.0

7.6
27

.6
Sit

e M
 02

/2
01

9
24

.9
0.0

24
.9

Sit
e M

 03
/2

01
9

0.0
0.0

0.0
Sit

e C
h 1

0/
20

18
5.0

4.1
9.1

Sit
e C

h 1
1/

20
18

17
.1

4.6
21

.7
Sit

e C
h 1

2/
20

18
0.0

3.9
3.9

Sit
e C

h 0
1/

20
19

17
.6

4.8
22

.4
Sit

e C
h 0

2/
20

19
4.3

4.2
8.5

Sit
e C

h 0
3/

20
19

0.0
5.3

5.3
Un

its
: n

g/
g d

w;
 U

VF
s: 

Ul
tra

 vi
ol

et
 fi

lte
rs;

 PC
s: 

Pa
ra

be
n c

on
se

rv
at

ive
s

87
.0

21
.5

10
8.5

44
.0

26
.8

70
.8

49
.9

21
.3

71
.2

Sit
e a

nd
 da

te
AV

O
4M

BC
EH

M
C

M
eB

ZT
M

eP
B (

-)
Sit

e R
 10

/2
01

8
n.

d.
< L

OQ
n.

d.
n.

d.
3.6

Sit
e R

 11
/2

01
8

n.
d.

< L
OQ

< L
OQ

n.
d.

3.4
Sit

e R
 12

/2
01

8
n.

d.
< L

OQ
12

.3
n.

d.
3.5

Sit
e R

 01
/2

01
9

n.
d.

< L
OQ

21
.4

n.
d.

3.7
Sit

e R
 02

/2
01

9
n.

d.
< L

OQ
n.

d.
n.

d.
3.4

Sit
e R

 03
/2

01
9

n.
d.

n.
d.

16
.2

n.
d.

3.7
Sit

e M
 10

/2
01

8
n.

d.
n.

d.
12

.6
12

.1
4.9

Sit
e M

 11
/2

01
8

n.
d.

n.
d.

< L
OQ

8.7
4.0

Sit
e M

 12
/2

01
8

n.
d.

n.
d.

8.7
< L

OQ
5.0

Sit
e M

 01
/2

01
9

3.4
n.

d.
16

.6
< L

OQ
7.6

Sit
e M

 02
/2

01
9

n.
d.

< L
OQ

< L
OQ

24
.9

n.
d.

Sit
e M

 03
/2

01
9

n.
d.

< L
OQ

n.
d.

n.
d.

n.
d.

Sit
e C

h 1
0/

20
18

5.0
< L

OQ
n.

d.
< L

OQ
4.1

Sit
e C

h 1
1/

20
18

n.
d.

17
.1

n.
d.

n.
d.

4.6
Sit

e C
h 1

2/
20

18
n.

d.
n.

d.
n.

d.
n.

d.
3.9

Sit
e C

h 0
1/

20
19

17
.6

n.
d.

n.
d.

n.
d.

4.8
Sit

e C
h 0

2/
20

19
n.

d.
4.3

n.
d.

n.
d.

4.2
Sit

e C
h 0

3/
20

19
n.

d.
n.

d.
n.

d.
n.

d.
5.3

Un
its

: n
g/

g d
w;

 n.
d.

: N
ot

 de
te

cte
d;

 <L
OQ

: U
nd

er
 th

e l
im

it 
of

 qu
an

tif
ica

tio
n (

-):
 an

aly
ze

d i
n n

eg
at

ive
 m

od
e



Chapter 3

103102

Occurrence of CECs in the marine enviornment

3 3

     

Ta
bl

e S
13

. A
ve

rag
e, 

ra
ng

e a
nd

 fr
eq

ue
nc

y o
f d

ete
cti

on
 of

 U
VF

 an
d P

B 
in

 th
e s

ed
im

en
t s

am
pl

es
 (n

g/g
 dw

). 

  

 

 

 

 

 

 

  

  

Ta
bl

e S
14

. D
ist

rib
uti

on
 co

ef
fic

ien
t (

Kd
) o

f e
ac

h c
om

po
un

d (
L/

kg
) i

n e
ac

h s
ite

, w
ith

 it
s m

ea
n v

alu
es

 an
d o

cta
no

l/w
ate

r p
art

iti
on

 co
eff

ici
en

t (
lo

gK
ow

). 

 

PC
AV

O
4M

BC
EH

M
C

M
eB

ZT
M

eP
B(

-)
Av

er
ag

e
-

-
6.3

7.6
3.6

Ra
ng

e
-

-
<L

OD
-1

6.6
0

<L
OD

-2
4.9

<L
OD

-7
.6

Fr
eq

ue
nc

y
0%

0.0
0%

50
.00

%
50

%
10

0%
Av

er
ag

e
0.6

-
8.3

-
3.6

Ra
ng

e
<L

OD
-3

.4
-

<L
OD

-2
1.4

-
3.4

-3
.8

Fr
eq

ue
nc

y
6%

0
50

.00
%

0%
10

0%
Av

er
ag

e
3.8

3.7
-

-
4.5

Ra
ng

e
0 -

17
.6

<L
OD

-1
7.1

-
-

3.9
-5

.3
Fr

eq
ue

nc
y

33
%

33
%

0
0%

10
0%

<L
OD

: B
el

ow
 th

e l
im

it 
of

 de
te

cti
on

; (
-):

 A
na

lyz
ed

 in
 ne

ga
tiv

e

Sit
e R

Sit
e C

h

UV
F

Lo
ca

tio
n

Sit
e M

AV
O

EH
M

C
M

eB
ZT

M
eP

B  
(-)

 Si
te

 R
-

24
-

64
Sit

e M
35

22
10

3
25

7
Sit

e C
h

-
-

-
22

8
M

ea
n

35
23

10
3

18
3

lo
g(

Ko
w)

4.5
5.8

1.9
2

Kd
 (L

/K
g)

lo
g(

Ko
w)

: o
cta

no
l/w

at
er

 pa
rti

tio
n c

oe
ffi

cie
nt

 

           Section S5. Figures. 

 

 

 
                                                      

Figure S1. Box plot of total suspended solids’ special distribution in sites M, R and Ch. 

 

 
Figure S2. Monthly variation of suspended matter in seawater of site Ch (mg/L). 

 

 
 

Figure S3. Monthly variation of suspended solids in seawater of site R (mg/L). 
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Figure S4. Monthly variation of suspended solids in seawater of site M (mg/L). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Accumulated concentrations of each group of compounds separated by sites in the seawater samples (ng/L). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Reconstructed ion chromatograms showing the 1st transition obtained for the seawater sample taken in site M on 11/2018. 
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Figure S7. Accumulated concentrations of each group of compounds separated by sites in the sediment samples (ng/g dw). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Reconstructed ion chromatograms showing the 1st transition obtained for the sediment sample taken in site M on 10/2018. 
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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]sediment (ng/g)/([CECs]water (ng/L)*1000 (g/kg)) 

 

Equation S1. Partition coefficient equation. 

 

Concentration (UVFs) = ∑(UVFs)i  

Concentration (PBs) = ∑(PBs)i  

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

Equation S2. Total accumulated concentration equation. 
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sediments using matrix solid phase dispersion
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A method for 59 emerging organic
contaminants analysis in sediments
was developed.

� Matrix solid phase dispersion
allowed limits of quantification of
0.42 ngg�1dw.

� The validated method was applied to
analyze marine sediments from
Brazil.

� Detected analytes were measured at
concentrations between 1.44 and
69.69 ng g�1dw.
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a b s t r a c t

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 (0.42e36.8 ngg�1 dw quantification limits),
wide and good linearity (r2 > 0.999), satisfactory accuracy (60e140%), 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
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monitored in electrospray ionization under positive (ESIþ) 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 separationwas performed using
a Purosher® STAR® HR R-18 (50 mm � 2.0 mm, 5 mm) (Merck)
column. The elution was performed at a flow rate of 0.3 mL min�1.
For the analysis in ESIþ, 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 mL 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, 2002/657/EC).

General operation conditions for the analysis were as follows:
ESIþ: capillary voltage, 5000 V; source Ta, 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 Ta, 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�1. Fig. 1S illustrates the
chromatogram in the positive mode and Fig. 2S in the negative
mode, respectively. According to Figs. 1S and 2S, 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-S~ao Vicente
Estuarine System (SSES) (S~ao 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).

2.4. 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%.

2.4.1. 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
interactionmechanisms, 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 mL 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�1) 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, 5xLOQ, and 10xLOQ), and measured 3
times (n ¼ 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�1 (Table 1S).
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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 1.44e69.7 ngg�1 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 (K€ock-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�c 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]methyl 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 themixture (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 (96e99.9%) 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�1) and an
intermediate stock solution containing all analytes (1 mg L�1) were
prepared inMeOH. Daily, standardwork solutions were prepared at
appropriate concentrations. All solutions were stored in the dark
at �20 �C.

2.2. HPLC-(QqLIT)-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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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, whenmacerated, 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�1 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 e MPC) established by restrictive legis-
lation on sediment quality criteria, Dutch authorities for instance,

for diuron (9 ng g�1) and irgarol (1.4 ng g�1) (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�1. Cor-
relation coefficients (r2) 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-MSPDwas 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.

Fig. 2. Recovery rates of the target compounds after VA-MSPD extractionwith four solid supports, and without solid support. Error bars represent RSD (%). Experimental conditions:
2 g dw sediment sample; 0.25 g C18 material as the solid support, and 5 mL of MeOH as extraction solvent. One min. vortex agitation and 10 min centrifugation at 4000 rpm, n ¼ 9.
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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, whenwe 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 Na2SO4

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 (ε), 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

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 ε 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 aluminawas 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,
ii) 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 p-p and dipole-dipole bonds, thus reducing extraction

Fig. 1. Recovery rates of the target compounds after VA-MSPD extraction with four extraction solvents. Error bars represent RSD (%). Experimental conditions: 2 g dw sediment
sample; 0.25 g C18 material as the solid support, and 5 mL of extraction solvent. One min. of vortex agitation and 10 min centrifugation at 4000 rpm, n ¼ 9.
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TOC content (3.4%), whereas the less contaminated sediment (S~ao
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�1 dw). The observed concentrationwas similar to
previously reported values in soil and sediments, for instance from
coastal areas of Hawaii, (<7 ng g�1 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
et al., 2015, 2017). In this study, only MeBZTwas detected in a single
sediment sample, SSES (Alemoa - 3.5 ng g�1dw), 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 Iguaçu watershed, also
in Brazil (Mizukawa et al., 2017). In contrast, they observed quite
high concentrations of BZT (<LODm e 630 ng g�1dw).

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�1dw. 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�1dw (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�1dw), which is an area
of ferryboat operation and a mooring pier for boats and fishing
boats. Also in Brazil, in mangrove sediment from the Paciencia
River, (Maranh~ao Island) ciprofloxacinwas the only antibiotic found

Table 2
Location, percentage of fines (% Fines), and total organic carbon (% TOC) of the sediment samples collected in Brazil at Santos-S~ao Vicente Estuarine System (SESS) (S~ao Paulo),
Patos Lagoon Estuary (Rio Grande do Sul) and Rio Grande shipyard (Rio Grande do Sul).

Sampling site Longitude
(W)

Latitude (S) Depth
(m)

Brief description %
Fines

%
TOC

Pier do Pescador 46� 180 10.8200 23� 590

30.7500
3.2 Entrance of the estuary (fishing boats) (by the main navigation channel) 17.4 0.9

Balsa 46� 170 40.2700 23� 590

15.4000
2.0 Intensive traffic of ferryboat used for vehicles and passengers (by the main navigation

channel)
22.2 1.3

Terminal 1 46� 180 22.8500 23� 560

55.8800
7.0 Main mooring area of Santos Port 37.2 3.0

Terminal 2 46� 190 39.8300 23� 550

31.1600
6.0 Main mooring area of Santos Port/shipyard 32.5 2.7

Terminal 3 46� 220 9.1100 23� 55 07.5600 7.0 Main mooring area of Santos Port 39.4 2.8
Alemoa 46� 170 11.8000 23� 580

34.5500
4.5 Mooring area for Oil-based Transport Vessels 65.1 3.5

S~ao Vicente 2 46� 250 30.3600 23� 570 7.2400 3.0 S~ao Vicente estuary channel (near the mangrove swamps). Small fishing and leisure boats 14.8 1.1
Rio Grande

shipyard
52� 040 07.0400 32� 030

15.0900
0.3 Oldest shipyard in the city. Few repair activities today and the presence of a fuel supply

station
20.5 1.6

Table 3
Concentrations (ng g�1 dw) of the target compounds in sediment samples collected in Brazil at Santos-S~ao Vicente Estuarine System (SESS) (S~ao 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 S~ao
Vicente

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

(ng g�1)

AVO 3.19 <LODm <LODm <LODm <LODm <LODm <LODm <LODm 7.75
MeBZT 3.20 <LODm 3.48 <LODm <LODm <LODm <LODm <LODm <LODm

MePB 4.66 12.63 69.69 44.19 12.09 38.00 21.30 36.56 5.79
Ciprofloxacin 2.07 <LODm <LODm <LODm 9.54 <LODm <LODm <LODm <LODm

Irgarol 1.44 <LODm <LODm 1.51 <LOQm 1.63 <LODm 1.55 2.18
DCOIT 1.78 11.55 6.50 5.02 6.70 10.42 7.46 41.14 9.18P

Total 24.18 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.
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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 (<3.2e7.8 ng g�1 dw), MeBZT (<3.2e3.5 ng g�1

dw), MePB (<4.7e69.7 ng g�1 dw), ciprofloxacin (<2.1e9.5 ng g�1

dw), irgarol (<1.4e2.2 ng g�1 dw) and DCOIT (5.0e41.1 ng g�1 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

Table 1
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)
R (%) ± RSD (%)

Precision (inter-day)
R (%) ± RSD (%)

(ng g�1) (ng g�1) LOQ 5 LOQ 10 LOQ LOQ 5 LOQ 10 LOQ

BP3 0.67 2.23 72.5 ± 23.4 75.8 ± 9.7 125.9 ± 0.7 111.2 ± 3.4 61.4 ± 0.6 102.2 ± 11.0
BP1 1.31 4.35 128.9 ± 20.7 129.8 ± 13.3 102.8 ± 7.5 128.5 ± 1.2 60.3 ± 10.1 115.0 ± 4.8
BP2 1.49 4.95 65.4 ± 1.2 74.0 ± 1.6 121.4 ± 4.9 79.0 ± 8.8 115.5 ± 0.3 34.0 ± 1.1
BP4 2.50 8.31 69.4 ± 21.5 69.3 ± 25.7 123.5 ± 33.1 56.2 ± 38.6 70.7 ± 29.4 121.5 ± 24.6
4HB 2.44 8.13 95.2 ± 20.0 130.8 ± 18.1 81.8 ± 5.0 86.1 ± 4.8 111.2 ± 1.5 124.6 ± 6.2
4DHB 2.02 6.71 63.4 ± 22.3 106.6 ± 26.1 68.8 ± 11.1 77.9 ± 6.7 101.3 ± 5.9 121.9 ± 6.3
DHMB 1.03 3.44 71.7 ± 21.1 64.8 ± 5.6 70.7 ± 8.6 112.9 ± 4.1 115.8 ± 9.8 149.9 ± 5.1
AVO 0.96 3.19 69.7 ± 10.0 94.0 ± 15.9 121.8 ± 12.2 91.5 ± 5.4 70.6 ± 12.2 123.5 ± 4.2
4MBC 0.49 1.65 120.7 ± 11.6 79.7 ± 14.8 66.2 ± 0.9 71.5 ± 1.1 100.2 ± 2.4 136.5 ± 3.8
EHMC 11.06 36.83 123.2 ± 4.5 87.2 ± 21.3 100.7 ± 1.1 62.2 ± 1.8 100.3 ± 1.2 80.7 ± 6.4
EtPABA 0.94 3.14 74.7 ± 19.4 61.3 ± 8.7 107.5 ± 10.3 53.6 ± 4.5 111.6 ± 12.0 69.6 ± 5.4
BZT 0.62 2.07 69.4 ± 17.6 124.9 ± 26.5 103.8 ± 26.0 116.6 ± 8.8 114.1 ± 1.5 113.6 ± 16.9
MeBZT 0.96 3.20 72.6 ± 12.8 78.6 ± 4.7 116.0 ± 23.7 88.4 ± 8.0 74.8 ± 7.5 69.9 ± 13.0
DMBZT 0.88 2.94 81.2 ± 3.4 65.5 ± 1.4 84.1 ± 49.8 95.9 ± 14.7 113.4 ± 4.0 81.3 ± 15.5
UVP 0.80 2.67 86.9 ± 16.5 75.8 ± 4.6 112.5 ± 8.9 55.0 ± 11.8 69.2 ± 21.5 118.4 ± 17.4
BePB 1.35 4.50 73.7 ± 8.1 111.8 ± 8.4 74.5 ± 7.0 63.7 ± 9.9 84.5 ± 2.2 110.3 ± 5.6
BuPB 0.94 3.13 73.0 ± 4.7 68.6 ± 7.5 70.2 ± 6.1 79.0 ± 9.5 95.8 ± 8.6 82.0 ± 0.8
PrPB 1.33 4.43 89.1 ± 5.0 94.5 ± 22.4 86.5 ± 11.1 86.0 ± 9.4 111.2 ± 8.3 53.1 ± 0.1
MePB 1.40 4.66 85.0 ± 6.8 78.4 ± 11.5 65.8 ± 17.2 69.9 ± 6.7 103.5 ± 0.3 89.1 ± 2.0
Flumequine 1.99 6.64 71.3 ± 7.7 75.6 ± 10.5 60.8 ± 9.7 77.5 ± 18.3 84.0 ± 8.0 124.8 ± 2.8
Ofloxacin 3.09 10.3 80.3 ± 4.2 130.5 ± 26.6 124.9 ± 12.4 99.6 ± 1.8 78.4 ± 15.2 78.7 ± 2 .2
Ciprofloxacin 0.62 2.07 136.5 ± 4.6 82.2 ± 10.0 72.2 ± 9.0 89.6 ± 19.0 122.2 ± 3.9 80.8 ± 2.0
Nalidixic acid 0.82 2.73 121.6 ± 6.0 123.3 ± 9.6 75.6 ± 11.5 122.8 ± 31.4 87.8 ± 7.3 95.8 ± 6.6
Oxolinic acid 0.54 1.79 80.7 ± 18.0 62.2 ± 24.8 75.0 ± 7.7 95.1 ± 21.0 121.4 ± 4.8 81.8 ± 1.8
Succinyl-sulfathiazole 0.32 1.07 84.8 ± 10.0 79.9 ± 4.2 122.8 ± 4.7 77.4 ± 1.5 69.4 ± 2.2 120.3 ± 4.6
SDZ 0.60 1.99 78.8 ± 18.9 102.9 ± 29.2 121.7 ± 20.5 129.9 ± 10.8 63.2 ± 12.5 104.2 ± 7.9
acSDZ 1.82 6.07 66.2 ± 10.8 124.7 ± 6.1 85.6 ± 13.8 115.7 ± 4.2 80.5 ± 13.0 97.7 ± 6.3
SMR 1.13 3.76 68.3 ± 17.3 122.4 ± 23.6 81.9 ± 24.4 80.2 ± 4.0 84.5 ± 12.2 122.4 ± 6.9
acSMR 0.22 0.72 121.3 ± 15.3 69.4 ± 5.3 99.9 ± 22.0 91.2 ± 25.4 54.9 ± 3.3 117.9 ± 21.3
SMZ 0.13 0.42 74.8 ± 9.0 70.0 ± 7.0 83.3 ± 11.3 99.8 ± 14.8 77.9 ± 11.2 95.8 ± 2.0
acSMZ 0.33 1.09 129.7 ± 20.6 89.5 ± 3.7 129.7 ± 5.8 80.6 ± 12.0 82.0 ± 16.6 125.7 ± 8.7
SMX 0.18 0.60 132.7 ± 6.3 78.3 ± 9.1 131.0 ± 5.8 68.6 ± 14.3 97.1 ± 12.4 145.7 ± 24.5
acSMX 0.41 1.37 124.4 ± 0.2 70.0 ± 6.6 105.4 ± 7.0 128.5 ± 23.2 73.0 ± 16.3 110.6 ± 8.1
SMPZ 0.16 0.53 68.7 ± 18.4 88.0 ± 3.0 122.3 ± 5.4 79.3 ± 9.9 89.5 ± 4.6 129.9 ± 20.4
SPY 0.26 0.86 57.9 ± 1.0 74.4 ± 3.3 111.6 ± 14.9 120.9 ± 2.9 88.8 ± 25.3 138.1 ± 18.9
acSPY 0.21 0.70 77.5 ± 4.4 49.3 ± 6.8 71.3 ± 0.1 117.2 ± 25.3 94.4 ± 5.6 81.1 ± 3.2
SQX 0.43 1.43 86.7 ± 8.5 97.6 ± 11.1 105.6 ± 20.0 88.8 ± 14.3 108.2 ± 17.6 156.5 ± 7.4
STZ 5.19 17.28 112.5 ± 2.4 72.6 ± 26.2 115.7 ± 8.7 128.7 ± 13.5 90.0 ± 23.5 101.7 ± 18.0
Sulfisomidin 5.70 18.99 75.4 ± 11.9 74.4 ± 26.3 65.7 ± 3.8 64.1 ± 3.7 79.0 ± 3.8 122.0 ± 0.2
SDM 1.54 5.14 62.4 ± 1.6 103.7 ± 4.3 91.8 ± 4.3 80.3 ± 16.1 99.9 ± 15.0 141.3 ± 15.3
Trimethoprim 1.56 5.20 88.9 ± 17.5 78.5 ± 16.7 98.8 ± 21.5 93.3 ± 8.1 120.7 ± 3.8 103.8 ± 11.5
Gemfibrozil 0.65 2.16 66.5 ± 11.2 68.3 ± 15.3 68.5 ± 5.8 131.3 ± 21.1 168.2 ± 2.0 136.3 ± 6.4
Mefenamic acid 1.16 3.86 135.7 ± 10.1 95.8 ± 9.3 123.1 ± 25.3 62.3 ± 2.5 83.1 ± 14.4 117.7 ± 17.0
Naproxen 0.47 1.58 123.5 ± 17.1 65.3 ± 5.4 112.0 ± 18.9 126.4 ± 5.1 69.6 ± 20.1 116.0 ± 12.9
IBU 1,66 5.54 84.4 ± 5.4 78.9 ± 17.5 111.8 ± 17.9 87.9 ± 25.3 131.3 ± 10.8 63.9 ± 10.5
Ketoprofen 0.36 1.21 57.6 ± 3.7 74.0 ± 10.9 106.5 ± 11.0 68.4 ± 7.4 68.3 ± 3.2 121.3 ± 22.7
Diclofenac 3.50 11.64 120.1 ± 4.2 111.5 ± 25.7 59.4 ± 17.9 62.0 ± 16.4 78.1 ± 23.1 89.2 ± 3.9
Acetaminophen 1.11 3.70 75.4 ± 7.4 74.8 ± 24.2 102.6 ± 27.2 86.8 ± 6.9 74.1 ± 16.5 111.9 ± 16.1
CBZ 1.87 6.24 64.0 ± 1.0 103.6 ± 12.8 103.2 ± 9.4 88.1 ± 1.4 93.4 ± 1.3 127.0 ± 24.7
CBZ-10,11-epoxy 5.04 16.80 63.0 ± 13.0 73.3 ± 13.5 109.3 ± 2.1 89.1 ± 1.8 82.1 ± 2.7 116.4 ± 5.2
Atenolol 0.41 1.38 117.3 ± 0.6 92.0 ± 1.7 138.1 ± 1.5 69.8 ± 0.5 87.6 ± 7.3 53.2 ± 0.5
NorFXT 2.40 8.00 120.9 ± 17.7 93.4 ± 0.3 70.1 ± 14.7 129.5 ± 6.5 49.9 ± 1.6 101.3 ± 6.6
N-desVFX 1.17 3.91 71.0 ± 4.2 131.4 ± 16.4 66.3 ± 13.3 66.9 ± 5.1 51.8 ± 1.9 94.1 ± 6.5
Salicylic acid 1.42 4.72 87.9 ± 8.0 80.5 ± 4.4 98.8 ± 12.5 110.0 ± 20.0 67.4 ± 24.4 89.6 ± 11.0
Caffeine 0.89 2.96 88.9 ± 10.0 115.3 ± 0.4 122.3 ± 13.7 128.4 ± 0.4 90.0 ± 7.9 134.6 ± 4.7
Diuron 0.86 2.87 74.6 ± 6.3 123.9 ± 26.8 108.6 ± 3.2 77.2 ± 3.7 120.4 ± 0.9 102.4 ± 6.9
Irgarol 0.43 1.44 119.8 ± 5.0 92.3 ± 4.4 111.8 ± 27.8 81.2 ± 15.0 106.6 ± 19.4 138.1 ± 28.3
DCOIT 0.53 1.78 125.4 ± 2.3 116.9 ± 17.8 100.2 ± 2.4 95.0 ± 4.2 112.5 ± 4.2 93.1 ± 18.7
Dichlofluanid 0.75 2.48 71.6 ± 14.8 104.4 ± 26.3 86.6 ± 6.0 123.9 ± 2.7 85.7 ± 0.4 122.8 ± 4.3
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in three out of the six samples analyzed, but at higher concentra-
tions (56.55e70.45 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�1) (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�1 dw, and 5.0e41.1 ng g�1

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 lowwater solubility (0.0065 mg L�1 a 25 �C)
and high log Koc (2.6e4.2) 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 Panam�a, irgarol, diuron, and DCOIT were
measured at concentrations between below 0.25 and 2.8 ng g�1

dw; 2.4 and 14.1 ng g�1 dw; and 2.4 and 81.6 ng g�1 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 0.2e75 ng g�1, below 0.5e9.9 ng g�1, and below 0.2 ng g�1,
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�1 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�1 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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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-1 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-1 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: 

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

 The developed method was efficient, fast, sensitive and environmentally friendly. 
 The method allowed to identify distribution patterns of the selected CECs in fish. 
 Et-PABA, 4HB, and salicylic acid were frequently accumulated in muscle and 

liver. 
 EDI of salicylic acid was lower than tolerable daily intake recommended by 

EFSA. 

 

 

 

3 
 

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 (μg L-

1 to ng L-1 for water and ng g-1 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 (Sebastià 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 

5 
 

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-1) and an intermediate stock 

solution of a mix of standards (1 mg L-1) 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 ºC 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 
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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 µL 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-1) was added. Finally, 20 µL 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.   

 

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

muscle. 

 

7 
 

1.4 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 × 2.0 mm, 5 μm) (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-1. 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 μL 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 transitions, MS/MS parameters (Cone voltage (CV), collision energy (CE), 

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

for each compound. *transition selected for quantification. 

 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

U
V

 fi
lte

rs
 

BP3 11.18 
229>151* 

229>105 

40 

40 

25 

27 

12 

16 
[M+H]+ BP3-d5 

BP1 10.05 
215>137* 

215>105 

40 

40 

27 

29 

10 

6 
[M+H]+ BP3-d5 

BP2 8.89 
247>137* 

247>109 

46 

46 

25 

45 

8 

8 
[M+H]+ BP3-d5 

BP4 6.60 
307>227* 

307>211 

-50 

-50 

-34 

-46 

-15 

-9 
[M-H]- GMZ-d6 

4HB 9.49 
199>121* 

199>105 

40 

40 

25 

27 

8 

8 
[M+H]+ BP3-d5 

4DHB 8.47 
215>121* 

215>93 

45 

45 

27 

45 

8 

60 
[M+H]+ BP3-d5 

DHMB 10.33 
245>121* 

245>151 

43 

43 

27 

29 

12 

8 
[M+H]+ BP3-d5 

AVO 12.94 
311>135* 

311>161 

40 

40 

25 

25 

15 

15 
[M+H]+ BP3-d5 

4MBC 9.85 
255>105* 

255>212 

61 

61 

41 

29 

6 

14 
[M+H]+ 4MBC-d4 

EHMC 12.75 291>179* 51 13 4 [M+H]+ 4MBC-d4 
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 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

291>161 51 25 10 

Et-PABA 8.57 
166>138* 

166>120 

41 

41 

20 

25 

10 

28 
[M+H]+ 4MBC-d4 

BZT 7.24 
120>65* 

120>92 

56 

56 

31 

25 

4 

16 
[M+H]+ BZT-d4 

MeBZT 8.27 
134>79* 

134>95 

46 

46 

29 

35 

10 

14 
[M+H]+ BZT-d4 

Pr
es

er
va

tiv
es

 

DMBZT 8.89 
148>77* 

148>93 

56 

56 

39 

27 

2 

6 
[M+H]+ BZT-d4 

UVP 12.47 
226>120* 

226>107 

46 

46 

25 

19 

10 

18 
[M+H]+ BZT-d4 

BePB 7.99 
227>92* 

227>136 

-65 

-65 

-26 

-22 

-9 

-1 
[M-H]- BePB-d4 

BuPB 8.03 
193>137* 

193>92 

-55 

-55 

-22 

-34 

-5 

-13 
[M-H]- BePB-d4 

PrBP 7.68 
179>92* 

179>137 

-60 

-60 

-30 

-24 

-13 

-5 
[M-H]- BePB-d4 

MePB 6.90 
151>92* 

151>136 

-45 

-45 

-28 

-20 

-7 

-9 
[M-H]- BePB-d4 

Ph
ar

m
ac

eu
tic

al
s 

FLU 9.37 
262>244* 

262>202 

51 

51 

29 

45 

14 

10 
[M+H]+ FLU-13C 

OFX 7.63 
362>318* 

362>261 

56 

56 

29 

41 

18 

18 
[M+H]+ SMZ-d4 

CPX 6.80 332>288* 91 27 14 [M+H]+ TMP-d3 
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 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

332>231 91 51 4 

NDX 9.13 
233>215* 

233>187 

61 

61 

19 

37 

14 

12 
[M+H]+ FLU-13C 

 

OXL 9.37 
262>244* 

262>216 

36 

36 

25 

41 

12 

16 
[M+H]+ FLU-13C 

S-STZ 
6.68 

356>256* 

356>192 

71 

71 

25 

33 

16 

16 
[M+H]+ SMZ-d4 

SDZ 5.23 
251>156* 

251>108 

46 

46 

27 

30 

10 

8 
[M+H]+ SMZ-d4 

acSDZ 6.42 
293>134* 

293>198 

65 

65 

30 

30 

12 

12 
[M+H]+ SMZ-d4 

SMR 5.93 
265>156* 

265>92 

61 

61 

27 

47 

8 

6 
[M+H]+ SMZ-d4 

Ph
ar

m
ac

eu
tic

al
s 

acSMR 6.77 
307>134* 

307>110 

60 

60 

35 

35 

8 

8 
[M+H]+ SMZ-d4 

SMZ 8.73 
279>59* 

279>87 

36 

36 

27 

19 

4 

14 
[M+H]+ SMZ-d4 

acSMZ 7.04 
321>134* 

321>124 

86 

86 

35 

35 

4 

4 
[M+H]+ SMZ-d4 

SMX 7.06 
254>108* 

254>156 

56 

56 

27 

25 

10 

10 
[M+H]+ SMZ-d4 

acSMX 7.80 
296>198* 

296>134 

60 

60 

30 

30 

10 

10 
[M+H]+ SMZ-d4 

SMPZ 6.68 281>126* 66 27 12 [M+H]+ SMZ-d4 

11 
 

 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

281>156 66 27 14 

SPY 5.65 
250>156* 

250>92 

51 

51 

28 

31 

12 

6 
[M+H]+ SMZ-d4 

acSPY 6.52 
292>134* 

292>198 

70 

70 

30 

30 

8 

8 
[M+H]+ SMZ-d4 

SQX 8.20 
301>156* 

301>92 

76 

76 

25 

47 

10 

12 
[M+H]+ SMZ-d4 

STZ 5.49 
256>156* 

256>92 

40 

40 

25 

25 

14 

10 
[M+H]+ SMZ-d4 

SMD 6.42 
279>124* 

279>186 

76 

76 

33 

23 

8 

14 
[M+H]+ SMZ-d4 

Ph
ar

m
ac

eu
tic

al
s 

SDM 8.03 
311>356* 

311>92 

76 

76 

31 

31 

8 

6 
[M+H]+ SMZ-d4 

TMP 6.15 
291>230* 

291>261 

76 

76 

33 

35 

20 

12 
[M+H]+ TMP-d3 

GMZ 8.47 
249>121* 

249>127 

-50 

-50 

-26 

-12 

-23 

-21 
[M-H]- GMZ-d6 

MFA 11.46 
242>224* 

242>209 

46 

46 

23 

41 

22 

14 
[M+H]+ MFA -d3 

NPX 7.18 
229>169* 

229>170 

-30 

-30 

-40 

-22 

-9 

-1 
[M-H]- NPX-d3 

IBU 7.86 
205>159* 

205>161 

-30 

-30 

-10 

-14 

-41 

-35 
[M-H]- IBU-d3 

KPF 9.78 255>105* 66 33 18 [M+H]+ BP3-d5 
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 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

255>209 66 25 10 

DCF 7.70 
295>251* 

295>215 

-40 

-40 

-16 

-30 

-7 

-19 
[M-H]- DCF-d4 

APH 5.21 
152>110* 

152>65 

71 

71 

23 

45 

18 

10 
[M+H]+ TMP-d3 

CBZ 9.18 
237>194* 

237>192 

61 

61 

29 

31 

14 

12 
[M+H]+ CBZ-d10 

CBZ-E 8.34 
253>180* 

253>151 

36 

36 

35 

109 

12 

10 
[M+H]+ CBZ-d10 

 

ATL 4.43 
267>116* 

267>133 

46 

46 

31 

39 

8 

22 
[M+H]+ TMP-d3 

Nor-FXT 5.6 
296>134* 

296>59 

31 

31 

11 

33 

8 

10 
[M+H]+ TMP-d3 

N-desVFX 6.93 
264>58* 

264>133 

31 

31 

57 

39 

18 

46 
[M+H]+ TMP-d3 

SCY 4.76 
137>93* 

137>65 

-50 

-50 

-18 

-40 

-1 

-3 
[M-H]- SCY-d6 

 CFF 6.79 
195>109* 

195>138 

56 

56 

31 

29 

8 

10 
[M+H]+ TMP-d3 

B
io

ci
de

s 

DIU 9.80 
233>72* 

233>46 

81 

81 

39 

37 

12 

0 
[M+H]+ BP3-d5 

IRG 9.96 

254>198* 

254>68 

254>83* 

61 

61 

61 

25 

69 

41 

12 

10 

4 

[M+H]+ BZT-d4 
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 Compounds 
tR 

(min) 

MS/MS 

Transition 

(m/z) 

CV 

(V) 

CE 

(eV) 

CxP 

(eV) 

Precursor 

Ion 

Corresponding 

IS 

DCOIT 11.76 

282>169 

282>43* 

282>57 

66 

66 

66 

21 

51 

33 

10 

0 

8 

[M+H]+ BP3-d5 

DFL 10.50 

333>123* 

333>223 

 

61 

61 

 

37 

17 

 

8 

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-1). 
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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.   

15 
 

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 g-1 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%). 

 

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-1 were prepared, in both, MeOH and tissue extract. The correlation coefficients (r2) 

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-1 dw and 3.31 and 114 ng g-1 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-1 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-1 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-1 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 (<LOQm), where 4HB was present at a quantifiable concentration (39.5 ng g-1 

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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Table 3 - Concentrations of target analytes (ng g-1 dw) measured in different tissues of 

Micropogonias furnieri from the Patos Lagoon estuary (Brazil).  *<LODm - below the 

limit of detection of the method; <LOQm – below the limit of quantification of the 

method. 

Analytes 

Muscle 

(ng g-1 

dw) 

Liver 

(ng g-1 

dw) 

Stomach 

(ng g-1 

dw) 

Gills 

(ng g-1 

dw) 

BP3 <LODm <LOQm <LODm <LODm 

4HB <LOQm 39.5 <LOQm <LOQm 

4DHB <LOQm <LODm <LODm <LODm 

AVO <LOQm <LODm <LODm <LODm 

Et-PABA 2840 8320 21.0 13.2 

FLU <LOQm <LODm <LODm <LODm 

OFX <LOQm <LODm <LODm <LODm 

OXL <LOQm <LODm <LODm <LOQm 

SQX <LODm <LOQm <LODm <LODm 

SDM <LOQm <LODm <LODm <LODm 

SCY 124 67.7 63.8 57.3 

IRG <LOQm <LOQm <LODm <LODm 

DCOIT <LOQm <LODm <LODm <LOQm 

 

Previous studies have reported 4HB in fish samples. For example, Molins-Delgado 

et al., (2018) found it in Mugil liza from highly urbanized areas in Guanabara Bay, Rio 

de Janeiro (Brazil). Results showed that target UV-Fs and metabolites were ubiquitous in 
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the analyzed tissues, including quite high concentrations of 4HB (40.1-152 ng g-1 dw) or 

the estrogenic UV filter Et-PABA (13.2-2840 ng g-1 dw). These results are in support of 

the UV filters’ bioaccumulation capacity reported so far in marine ecosystems (Agawin 

et al., 2022; Downs et al., 2022; Fenni et al., 2022; Gago-Ferrero et al., 2015).  

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

sunscreens but also in anesthetic products. Moreover, its distribution within the organs 

was somewhat unexpected as the bioaccumulation followed the order of liver > muscle 

> stomach > gills. As mentioned, the liver is the organ where the metabolism of toxic 

substances takes place, so the highest levels in this organ are logical. The same applies to 

the muscle, a tissue with a high fat content that favors the accumulation of lipophylic 

compounds such as Et-PABA.  

Due to its widespread use, Et-PABA has been found in different environmental 

matrices worldwide, i.e. sediment, water, and fish samples (Díaz-Cruz et al., 2019; Li et 

al., 2017). These studies focused on different fish species (Fent et al., 2008; Kunz and 

Fent, 2006; Zenker et al., 2008), and raise the question of whether UV filter residues 

found in the environment are potentially able to adversely affect aquatic organisms and/or 

cause interferences in metabolic processes depending on the tissue selected for analysis. 

Although Díaz-Cruz et al. (2019) found Et-PABA in surface water from Greece (up to 

956 ng L-1) and related the concentrations detected with temporal and spatial distribution, 

Et-PABA was only detected (<LOQm) in one S. keadicus fish. In contrast, BP3 was found 

in 50% of the analyzed samples. 

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

SCY, accumulated in 100% of the analyzed fish tissues. Its distribution across the organs 

differs from that observed for Et-PABA. Concentrations accumulated followed the order 

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. 

Acronym 
CAS 

Nº 

Log 

Kow 
pKa 

Solubility (mg L-1, 

in water at 25ºC) 

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; Paíga et al., 2015), sediments 
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(Martín 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 

et al., 2008) and has been previously found up to 490 ng g-1 in Mytilus edulis bivalve(Wille 

et al., 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-1 in 

muscle and 200 ng g-1 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·C∑s)·M-1 

where p is the average daily weight of fish consumed, C∑s is 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)-1d-1 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-1 and 67.7 ng g-1, 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 foodstuff, 

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)-1d-1 from a developmental toxicity study carried out in rats (Tanaka et al., 

1973), a tolerable daily intake (TDI) below 1 mg (kg body weight)-1d-1 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)-1d-1) 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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yl)benzenesulfonamide (SMZ), N-[4-[(4,6-dimethylpyrimidin-2-

yl)sulfamoyl]phenyl]acetamide (acSMZ), 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 (CBZ), 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-

 

 

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-oxo-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-oxo-2,3-dihydro-7H-[1,4]oxazino[2,3,4-

ij]quinoline-6-carboxylic acid (ofloxacin, OFX), 1-cyclopropyl-6-fluoro-4-oxo-7-

piperazin-1-ylquinoline-3-carboxylic acid (ciprofloxacin, CPX), 1-ethyl-7-methyl-4-

oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylic acid (nalidixic acid, NDX), 5-ethyl-8-

oxo-5,8-dihydro-[1,3]dioxolo[4,5-g]quinoline-7-carboxylic acid (oxolinic acid, OXL), 4-

oxo-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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(dimethylsulfamoyl)aniline (dichlofluanid, DFL) were purchased from Sigma-Aldrich 

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

BP3-d5, GMZ-d6, 4MBC-d4, BZT-d4, BePB-d4, FLU-13C, SMZ-d4, TMP-d3, 

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 

(98%), and ammonium acetate (≥ 96%) were supplied by Merck (Germany), SPE C18 

cartridges (500 mg) by Isolute (Spain), methanol (MeOH) and acetonitrile (ACN) ultra-

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 

(99.995%) by Air Liquid (Spain). 
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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 (Díaz-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 logKow 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 
logKow (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. 

CECs’ temporal trends

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 techniques 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. 

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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Figure 3.3. Temporal trend of the cumulative concentrations of UVFs and PBs in the selected 
sampling sites.
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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. 

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.

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. 

Antrophogenic influence

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 (α > 0.05). A strong 
positive correlation (r2  = 0.807 or α = 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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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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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. 

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 (García-Galán 
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 Palamós (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).

Technology Advantages Disadvantages
Adsorption processes

No formation of by-products, High operability, moderate 
flexible and easy process operation investment costs, rapid saturation

No formation of by-products, Low adsorption capacity,
 low investment costs  moderate operating costs

No formation of by-products, High operability, high investment
 high removal rates  costs, no real-scale studies

Capable to remove and degrade, Low stability material, high
 high removal rates  operability, high operating costs

No formation of by-products, No real-scale studies,
 great performance  commercial limitations

No formation of by-products, No real-scale studies,
 low cost, high removal rates  commercial limitations

Biological processes
Low maintenance costs and energy usage, Large footprint, efficiency depending

 no formation of by-products  on meteorological conditions
Low maintenance costs and energy usage, Large footprint, difficult to

 no formation of by-products  control conditions on large scale
No formation of by-products, High investment costs, high

 wide range of membranes  operating costs, fast clogging
Advanced processes

Wastewater desinfection High operability, high
(e.g. chlorination)  formation of by products

No formation of by-products, High operability,
 low operating costs  moderate investment costs

High operability,
 high investment costs

Low maintenance costs, High formation of by products,
 low investment costs  energy usage

Ozonation Low formation of by-products

Electrochemical

Wetlands

Algal/fungi based strategies

Membrane filtration

Low operating costs

UV radiation

Nanocellulose

Activated carbons

Clay-based adsorbents

Polymers

Metal-organic frameworks

Chitosan-based materials

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-Brandão et al., 2013)
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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. 

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. (García-Galán et al., 2018)

 

 

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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Methodologies

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. 

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-Caldú, A., Uggetti, E., Díez-
Montero, R., Diaz-Cruz, M. S., García, J., García-Galán, 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-Caldú, A., Uggetti, E., Díez-
Montero, R., Diaz-Cruz, M. S., García, J., García-Galán, 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-Caldú, A., Benedetti, B., Valhondo, C., Martínez-
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-
Caldú, A., Aranda, M., Peña-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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A B S T R A C T   

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 
system may account for the overall good results, The efficiency and sustainability of these systems make them a 
solid, feasible treatment choice.   

1. Introduction 

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) 
(García-Galán 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., 2009). 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 

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-
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 (Díaz-Cruz et al., 2012; 
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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) (Kümmerer, 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 (Ávila et al., 2014; García-Galán 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 (García et al., 2006; Muñoz and Guieysse, 2006). 
Microalgae biomass grows fixating CO2 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 

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 (García-Galán 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 
(García-Galán 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 Politècnica 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 
(García 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 m3. 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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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 m3 d�1 

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 μm 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, 

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 β-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 (NH4

+-N) according to 
Solórzano method (Solórzano, 1969). The ions nitrite (NO2

�-N), nitrate 
(NO3

�-N) and phosphate (PO4
3–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): 

Biomass productivity =
VSS (Q � QE + QP)

A
(1)  

where VSS is the volatile suspended solids concentration of the PBR 
mixed liquor (g VSS L�1); Q is the wastewater flow rate (L d�1); QE is the 
evaporation rate (L d�1); QP is the precipitation rate (L d�1); 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): 

QE = Ep A (2)  

where Ep is the potential evaporation (mm d�1), calculated using 
equation (3) (Fisher and Pringle, 2013). 

Ep = a
Ta

(Ta + 15)
(R+ 50) (3)  

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 Ta 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 SI. 

Fig. 1. Scheme of the hybrid tubular closed photobioreactor used in this study. 
1: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. 
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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 García-Galán 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�1 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; García-Galán et al., 2018; García 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 
(DOC). 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 

COD into total organic carbon (TOC, and in consequence DOC), we 
would obtain an increase of 18% in the PBR. 

COD= 7.25 + 2.99 × TOC (4) 

Furthermore, indicative of carbon fixation is the increase of the total 
carbon (TC) on the effluent, from 162 mg L�1 to 246 mg L�1. In addition, 
there is also an increase in VSS (from 20 mg L�1 to 215 mg L�1) 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–NH4
+ in the irrigation water was 4.4 

mg [N–NH4
+] L�1, 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 (García et al., 2006). 

3.1.1. Biomass productivity 
The average biomass productivity in the PBR was 61.18 ± 6 mg VSS 

L�1 d�1 (equivalent to 6.88 g VSS m�2 d�1). Similar results, ranging 
from 4.4 g m�2 d�1 to 8.26 g m�2 d�1, 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 L�1 d�1 treating domestic wastewater in an open system. However, 
values between 20 and 40 g m�2 d�1 are considered typical in closed 
systems (García-Galán et al., 2018). As expected, the concentration of 
total inorganic nitrogen (TIN) and total phosphorus (P-PO4

3-) in the feed 
water were low, explaining the overall low productivity. Higher pro-
ductivities (55–79 mgdcw L�1 d�1), 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�1 of TIN, 
whereas the average concentration in the water feedstock of the present 
study was 15 mg L�1 of TIN. Furthermore, biomass development in-
volves the assimilation of NH4

+ (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�1 d�1, 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�1 to 75 ng L�1. 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�1- 86 ng L�1). To the best of the 

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

Parameters Sample type 

PBRinf PBReff 

Mean ± SD Mean ± SD 

TSS (mg L�1) 73.70 ± 58.81 291.18 ± 200.91 
VSS (mg L�1) 20.43 ± 13.85 215.35 ± 124.95 
COD (mgO2 L�1) 92.50 ± 50.06 107.64 ± 81.06 
pH 8.3 ± 0.3 9.1 ± 1.0 
DO (mg L�1) – 8.97 ± 0.86 
Temperature (◦C) 24.18 ± 2.1 24.87 ± 1.6 
N–NH4+ (mg L�1) 4.4 ± 1.5 0.3 ± 0.5 
TN (mg L�1) 23.8 ± 2.7 23.8 ± 1.9 
TIN (mg L�1) 14.4 ± 8.9 6.6 ± 5.3 
TC (mg L�1) 162.0 ± 19.9 246.3 ± 34.4 
N–NO2

- (mg L�1) 1.1 ± 1.0 2.2 ± 3.4 
N–NO3

- (mg L�1) 9.3 ± 1.8 4.3 ± 5.3 
P-PO4

3- (mg L�1) 1.6 ± 1.0 0.0 ± 0.0 
S–SO4

2- (mg L�1) 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–NH4

+ - 
Ammonium - TN – Total Nitrogen – TC – Total Carbon. 
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Fig. 2. Microscope images of mixed liquor of the hybrid PBR (A–B), observed in bright light microscopy (x1000).  

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�1- 
2003 ng L�1 for BZT and 220 ng L�1- 1982 ng L�1 for MeBZT, respec-
tively) (see Fig. 3). DMBZT was detected in the 50% of the samples and 
at lower concentrations (45 ng L�1- 77 ng L�1). In a 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�1) (García-Galán 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�1 to 2008 ng 
L�1. These levels are higher than those detected in the same location and 
season in a previous study (150 ng L�1) (García-Galán et al., 2018). 
Median concentrations of 384 ng L�1 and up to 29,300 ng L�1 were 
detected in agricultural run-off in Singapore (Tran et al., 2019) and up to 
5200 ng L�1 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�1 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�1 to 790 ng L�1 (Pedersen et al., 2005). 
Ketoprofen was found in 50% of the samples, at levels ranging from 98 
ng L�1 to 379 ng L�1, similar to those detected by Moeder et al. (2017) in 
agricultural run-off in Mexico (18 ng L�1-230 ng L�1). Regarding anti-
biotics, sulfapyridine and trimethoprim were detected with the highest 
frequencies and average values of 43 ng L�1 and 15 ng L�1, respectively, 
followed by sulfathiazole. Sulfamethoxazole was present only 2 out of 
the 6 days of sampling, at concentrations between 10 ng L�1-20 ng L�1. 
Similar results were obtained by Bailey et al. (2015), who also obtained 
average concentrations of 22 ng L�1 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 β-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
(

1�
Ceff

Cinf

)
(5)  

where Cinf and Ceff are the concentrations (ng L�1) 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 García-Galán 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 

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 (García-Galán 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 Kow, which together with its high ionization tendency (high pka, 
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 
Díaz-Garduño 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 μg g�1 (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 Kow, 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 pKa 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, N4-acetylsulfapyridine 
(out of the scope of this study) can revert back into the parent compound 
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during wastewater treatment (García-Galán 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 (García-Galán 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 Kow 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%) (García-Galán 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 

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. 

 

Date Irradiance  (MJ/m2) 
Temperature  

(ºC) 

10/07 23.3 24.9 

11/07 26.6 25.5 

12/07 28.9 26 

13/07 25.3 25.6 

14/07 7.7 24.6 

15/07 27 25.9 

16/07 28.1 25.8 

17/07 28.3 25.8 

18/07 27.1 26.2 

19/07 25.3 25.9 

20/07 24.6 25.1 
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Table S4. Linearity and method limits of quantification (LOQ), given in ng L-1, for the targeted analytes. 

Family Compound Linearity r2 Urban  
sewage 

Agricultural  
runoff HRAPeff PBReff 

Benzotriazoles 

BZT 1-700 0,9939 29,59 31,57 39,91 51,02 
5-MeBZT 5-700 0,9978 9,01 5,44 31,44 3,36 
DMBZT 30-500 0,9985 13,99 22,47 20,50 11,15 
UVP 3-700 0,9932 282,02 81,04 209,00 94,60 

Benzophenones 

BP1 30-700 0,9988 15,18 - 11,70 5,11 
BP2 10-700 0,9982 - - - - 
BP3 1-700 0,9928 27,83 6,43 27,91 7,91 
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 
 derivatives 4MBC 30-700 0,997 3,76 15,77 3,68 4,26 

Cinnamate 
derivatives EHMC 5-700 0,9958 48,58 - 0,02 -  

p-aminobenzoic 
 acid derivatives EtPABA 50-700 0,9919 - - - - 

Macrolide 
Clarithromycin 30-700 0,9989 - 4,19 8,00 13,24 
Tylosin 50-700 0,9957 - - - - 

Fluoroquinolone 
Flumequine 30-700 0,9955 5,63 9,97 9,21 8,38 
Ofloxacin 30-700 0,9997 613,78 1011,09 1036,76 188,17 

Quinolone Oxolinic acid 1-700 0,9926 - - - - 

Sulfonamides 

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 
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 
reductases Trimethoprim 3-700 0,9931 11,83 10,68 16,41 3,43 

Analgesic/ 
antiinflammatories 

Ketoprofen 10-700 0,9955 113,15 60,35 67,78 41,18 
Mefenamic acid 1-700 0,9959 - - - - 
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 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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Figure S1. Air temperature (ºC) registered at 10 am (sampling time) and average solar radiation 
registered during the sampling days (A); diurnal temperature variations in the PBR (B). It should be 
considered that higher temperatures would be expected within the tubes of the PBR (measurements were 
performed in the open tanks). 
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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 contaminants; 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; doi:10.3390/w12102658 www.mdpi.com/journal/water
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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 m2, 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.

Water 2020, 12, x FOR PEER REVIEW 3 of 17 

based system (HRAP) is investigated regarding the specific removal of UV filters and UV Blockers in 
wastewater. 

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 m2, 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. 

 

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 μm 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). 

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 µm 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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grows fixing CO2 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 BOD5) of up to 94% has been
reported in HRAP systems with pH control (by means of CO2 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-NH4 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]. Ponsatí 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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(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 TRAPTM

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),

HQ =
MEC
PNEC

(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 (EC50 or LC50) 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−1,
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-NH4

+ 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−1 (equivalent to
67.9 ± 17 mg VSS L−1 day−1), which is in accordance with results obtained in previous studies (ranging
from 5 to 33 g VSS m−2·day−1 [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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sulfapyridine, sulfathiazole and sulfisomidin), trimethoprim, 3 antiinflammatories (ketoprofen,
naproxen and mefenamic acid), the lipid regulator gemfibrozil, the β-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 Solórzano
method [26]. The ions N-NO2

−, N-NO3
− and P-PO4

3−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−1) in the HRAP was calculated based on the VSS
concentration in the mixed liquor, using Equation (1):

Biomass productivity =
VSS (Q−QE + QP)

A
(1)

where VSS is the volatile suspended solids concentration of the HRAP mixed liquor (g VSS L−1); Q is
the wastewater flow rate (L d−1); QE is the evaporation rate (L d−1); QP is the precipitation rate (L d−1),
and A is the surface area of the system. The evaporation rate was calculated using Equation (2):

QE = Ep A (2)

where Ep is the potential evaporation (mm d−1), calculated using Equation (3) [29].

Ep = a
Ta

(Ta + 15)
(R + 50) (3)

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 Ta 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 (www.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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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−1), 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−1

and 165–1406 ng L−1, respectively, in agreement with the levels reported in previous monitoring
studies on wastewater [48–50]. Antibiotics were present at much lower concentrations, generally
<50 ng L−1. 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 L−1 to 100 ng L−1 in wastewater [51,52] but also at concentrations higher than 1000 ng L−1 [53].
Sulfathiazole was present (two days of sampling) at average concentrations of 15 ng L−1. Frequencies
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filters, none of the p-aminobenzoic acid and cinnamate derivatives were detected. The highest
concentrations corresponded to BZT (935 ng L−1–2292 ng L−1) followed by its derivative,
MeBZT (220 ng L−1–1982 ng L−1) (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−1–107 ng L−1). 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−1), whereas its main metabolite, BP1, was detected in 3 of the 6 samples
collected and at concentrations similar to BP3 (113–480 ng L−1). 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−1, 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 L−1 [30]. Regarding the camphor derivatives, 4MBC was
detected in 3 of the 6 samples analyzed, in the range of 26–106 ng L−1, which also agrees with previous
studies in the area [30,40,43].

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

Parameters
(n = 6)

Sample Type

HRAPinfluent HRAPeffuent

Mean ± SD Mean ± SD

TSS (mg L−1) 192.44 ± 114.65 323.15 ± 88.4 */42.59 ± 12.8
VSS (mg L−1) 154.67 ± 102.9 274.30 ± 77.5 */42.89 ± 13.9

COD (mgO2 L−1) 199.92 ± 75.11 78.85 ±33.13
pH 8.2 ± 0.2 8.4 ± 0.4

DO (mg L−1) - 8.80 ± 1.7
Temperature (◦C) 19.5 ± 1.3 18.9 ± 1.6
N-NH4

+ (mg L−1) 24.1 ± 3.0 0.6 ± 0.4
TN (mg L−1) 56.9 ± 17.8 38.7 ± 9.4
TIN (mg L−1) 29.3 ± 9.94 17.4 ± 6.5
TC (mg L−1) 253.5 ± 95.6 160.6 ± 21.6

N-NO2
− (mg L−1) 5.2 ± 4.5 1.8 ± 2.1

N-NO3
− (mg L−1) 0.15 ± 0.36 15.2 ± 8.6

P-PO4
3− (mg L−1) 3.9 ± 2.1 3.2 ± 2.1

S-SO4
2− (mg L−1) 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-NH4

+—Ammonium; TN—Total Nitrogen; TC—Total Carbon.
(*) values measured in the mixed liquor of the reactors.
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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 µg g−1 for 4HB and up to 0.62 µg g−1 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−1–35 ng L−1) [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%. Díaz-Garduño 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 EC50-LC50 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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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 García-Galán et al. [55] in
different WWTPs in Catalonia, at levels in the range of 7.3–142 ng L−1, and also at concentrations up to
300 ng L−1 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−1 and 23 ng L−1, respectively). Trimethoprim was frequently present (5
of the 6 days of sampling) at an average concentration of 76 ng L−1, which is in accordance with the
levels reported in previous studies for raw wastewater [48,51]. The β-blocker atenolol was detected in
3 out of the 6 samples analyzed, at an average concentration of 107 ng L−1. Results in previous studies
were more than one order of magnitude higher (µg 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):

RE(%) = 100 × (1− Ceff

Cinf
) (5)

where RE(%) is the removal efficiency, and Cinf and Ceff are the concentrations (ng L−1) 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−1 and 1980 ng L−1, 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 Díaz-Garduño 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 L−1 [64] and also in sewage sludge (0.79 µg 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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4. Discussion

The role of WWTP effluent discharges as main contributors to the presence of benzotriazoles in
aquatic ecosystems is generally highlighted in the bibliography [37,38,59], and the low biodegradability
of these substances makes these concentrations cumulative in sediments and also in living organisms
at different trophic levels [62]. Indeed, concentrations up to 8529 ng L−1 for BZT have been found
in highly-impacted rivers in the Barcelona Metropolitan area [40], but it is generally detected at
lower concentrations in surface waters. Generally, as demonstrated by Loos et al. [61], BZT is
frequently detected (>94%) in surface waters at average concentrations of 493 ng L−1. On the other
hand, Liu et al. demonstrated that BZT was photodegradable, and obtained removals in stabilization
ponds (with HRT of 27 days) of 47% [38,60]. Nevertheless, photodegradation, which is usually
enhanced in microalgae-based treatment systems [16,17], was not significant for BZT under the HRAP
configuration in the present study. Given its high solubility and low Kow, its retention/sorption tendency
on the microalgae biomass was also low. Regarding its two main metabolites, MeBZT and DMBZT, better
RE% were obtained in a closed photobioreactor for both metabolites [58], reaching average eliminations
up to 62% and 40%, respectively, compared to the results <19% in the studied HRAP. The presence
of other benzotriazole derivatives in the influent wastewater (not considered as target compounds
of the present study) that could biotransform into BZT or MeBZT could also explain the overall low
removals obtained for these compounds in the pond. For instance, xylyltriazole demethylates are
known to release both MeBZT and BZT as transformation products, and 5-chloro-benzotriazole can
lose the chlorine moiety to transform back into BZT [39].

Regarding UV-filters and the variable and low RE obtained for BP3, Gago-Ferrero et al.
demonstrated that photodegradation was not a relevant degradation pathway for this compound [66].
If photodegradation of BP3 is discarded in the HRAP, the higher concentrations of BP1 in the effluent
of the pond could be explained in terms of biodegradation of BP3 and new synthesis of BP1 as a
by-product. Indeed, in the same study by Gago et al., the authors identified BP1 as a biodegradation
by-product of BP3 by the white-rot fungi Trametes versicolor. The camphor derivative 4MBC was fully
removed in the HRAP. It is a highly lipophilic compound, and due to its low solubility and high Kow,
biosorption to microalgae biomass seems to be the main removal pathway in the pond.

The low biodegradability of the antibiotics trimethoprim and sulfapyridine, combined with their
high ionization potential and hydrophilicity, could explain the poor RE% obtained. Indeed, the high
pKa values of these substances and their low Kow (Table S1) explain their low tendency to adsorb to
the biomass and their presence in the aqueous phase. A recent study evaluated the bioconcentration of
trimethoprim and different sulfonamides in microalgae biomass, not finding any of the compounds in the
cell wall [67]. These authors in that study also stated that sulfonamides and trimethoprim were resistant
to microalgae-based treatments. However, sulfathiazole was fully eliminated. Generally, sulfonamides
are not prone to photodegradation [69], so biodegradation seems the most feasible removal pathway
for these antibiotics.

Similarly, atenolol is highly hydrophilic and shows a very low tendency to sorption, but different
studies have demonstrated that it is susceptible to photodegradation [70], which could be the main
removal pathway for this compound (84% removal). Indeed, it shows low and variable RE% in
WWTPs, which leads to its frequent presence in river and even coastal waters.

Naproxen is generally considered an easily biodegradable drug, with RE% >80% in conventional
WWTPs [71,72]. Its photodegradability has also been demonstrated [73] and should be considered as
one of the main removal pathways within the pond. Sorption processes are not considered due to its
low Kow value [74–76].

Last of all, and based on the established methodologies [77,78], the HQs calculated for the
compounds detected in the effluent showed that no environmental risk would be derived from the
discharge of the HRAP effluent. Amongst the different PPCP still present in the HRAP effluent, none
of them yielded HQ > 1. HQ values between 0.1 and 1 (low risk) were obtained for BZT and MeBZT
against green microalgae, for BP3 against green microalgae and Daphnia magna and for naproxen in theW
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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−1. 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.
Overall, 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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detection (F%) ≤ 17% (1 sample out of 6) in the HRAP.
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Table S4. Linearity and method limits of quantification (LOQ), given in ng L-1, for the targeted analytes. 

Family Compound Linearity r2 Urban  
sewage HRAPeff 

Benzotriazoles 

BZT 1-700 0.9939 29.59 39.91 
5-MeBZT 5-700 0.9978 9.01 31.44 
DMBZT 30-500 0.9985 13.99 20.50 
UVP 3-700 0.9932 282.02 209.00 

Benzophenones 

BP1 30-700 0.9988 15.18 11.70 
BP2 10-700 0.9982 - - 
BP3 1-700 0.9928 27.83 27.91 
4HB 5-700 0.9989 8.05 - 
4DHB 3-700 0.9907 16.51 20.09 
DHMB 10-700 0.9957 - - 

Camphor 
 derivatives 4MBC 30-700 0.997 3.76 3.68 

Cinnamate 
derivatives EHMC 5-700 0.9958 48.58 0.02 

p-aminobenzoic 
 acid derivatives EtPABA 50-700 0.9919 - - 

Macrolide 
Clarithromycin 30-700 0.9989 - 8.00 
Tylosin 50-700 0.9957 - - 

Fluoroquinolone 
Flumequine 30-700 0.9955 5.63 9.21 
Ofloxacin 30-700 0.9997 613.78 1036.76 

Quinolone Oxolinic acid 1-700 0.9926 - - 

Sulfonamides 

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 
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 
reductases Trimethoprim 3-700 0.9931 11.83 16.41 

Analgesic/ 
antiinflammatories 

Ketoprofen 10-700 0.9955 113.15 67.78 
Mefenamic acid 1-700 0.9959 - - 
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. 

 

Graphical abstract 
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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-1 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).  
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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 (Domínguez-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, 

Tª) of the WWTP. The need to operate on such a diverse group of contaminants in a broad range 

of concentrations (from low ng L-1 to µg L-1) 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) 

(Besha et al., 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). 
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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-

7 
 

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 

Palamós, 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 
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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); N4-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-1) 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 Palamós (Girona), on the north of the Spanish Mediterranean 

coast. The design flow of the facility is 33.000 m3/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 m3) that doubles that of the winter months (12.000 – 14.000 m3). 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 (ø=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 cm2 as 

sampler surface area). Polyethersulfone (PES) membranes (0.1-μm pore size, 150-μm thickness) 

were obtained from Pall Italia (Buccinasco, Italy) and Oasis hydrophilic-lipophilic balanced 

(HLB) sorbent phase (60-μm 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”). 
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 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 18th to February 1st, 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 µL of a solution of the internal standard diclofenac-C13 at a 

concentration of 50 mg L-1 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 TRAPTM 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 mm×2.0 mm, 5 μm, 

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 RS 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 18th to February 1st, when mean temperatures in the systems were between 12.3 and 

13.6 °C, while water in the secondary outlet range between 13 and 15.4ºC. 

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). ¡Error! 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.  
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Complete removal from the WWTPs inlet to the outlet of the secondary treatment was observed 

only for BP3, the parabens group, and APH.  

 
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.



Chapter 4

269268

The challenge of CECs' removal

44

18 
 

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/

group secondary outlet MAR outlet T2 MAR outlet T4
Personal care

Ultraviolet fi lter Benzophenone-3 BP3 100 - -
Ultraviolet fi lter Benzophenone-1 BP1 98.3 100 100
Ultraviolet fi lter 3-(4-Methylbenzilidene) camphor 4MBC -33.7 100 100
Ultraviolet fi lter Ethyl 4-aminobenzoate EtPABA 63.5 100 100
Ultraviolet fi lter 1,2,3-Benzotriazole BZT -191.1 58 67.7
Ultraviolet fi lter 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 N4-Acetylsulfamethoxazole acSMX 48.2 -51.1 41.3
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 TMP -625 100 100
Anti-inflammatory Gemfibrozil GFZ 38.3 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 IBU(-) 95.2 91.3 100
Anti-inflammatory Ketoprofen KPF 16 52.2 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
β-blocker Atenolol ATL -49.1 100 100

Anti-depressant Norfluoxetine norFXT 56.6 -5.9 23.3
Anti-depressant N-desmethylvenlafaxine N-desVFX -156.1 100 100

Stimulant Caffeine CFF 97.1 100 100

AcronymCompound
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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 β-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 µg 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. 

 

 

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 β-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; Göbel 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 Wojcieszyńska, 

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; 

Martínez-Hernández 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. 
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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 µg), 

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 4MBC 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 µg for BZT and MeBZT, respectively. In this study we considered 

the paraben preservatives and alkyl esters of the ρ-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 (Błedzka et al., 2014). This explains the high mass of MePB and 

PrPB, determined in this study, approximately 30 and 14 µg, 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 BP1, 

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 

 

 

 

 

Figure S1: Installation of the POCIS at the outlet of the SAT system T4. 

  

 
Figure S2: Appearance of the POCIS once transported to the laboratory and dismantled for 

subsequent cleaning and extraction. 
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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). 
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h i g h l i g h t s

� 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.
� More than 25 organic intermediaries generated during electrolysis were identified.
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a b s t r a c t

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 Na2SO4, 0.05 M NaCl, and 0.05 M Na2SO4 þ 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

�, SO4
2� and NH4

þ 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�3 equivalent to 2.90 USD m�3. 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.

1. Introduction

During the last decades, a large amount of many organic

micropollutants has been released into the environment as a result
of anthropogenic activities (Hern�andez et al., 2019). Most of these
micropollutants have raised particular concern and thus currently
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

* Corresponding author.
E-mail address: ricardo.salazar@usach.cl (R. Salazar).
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2.3. Electrochemical experiments

Electrochemical system. The electrolysis was carried out in a one
compartmental 100 cm3 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 cm2 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 cm3 glass
electrochemical cell. BDD was used as working electrode (0.19 cm2

area), Ag/AgCl (1 M) as reference electrode, and a platinumwire as
counter electrode. The voltammograms were recorded from 0 to
3 V at 5 mV s�1.

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 (0e100 mg L�1) and reagent HI93764-0, while nitrate
was determined using HI93766-50 test tube (0e30 mg L�1) 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 Ion Chromatograph, 930 Compact IC
Flex model. The separation was carried out in a Metrosep A Supp
5e250/4 (250 � 4.0 mm (i.d), 5 mm) column and mobile phase
composed of Na2CO3/NaHCO3 (3.2:1 mmol L�1) was used, at a flow
rate of 0.7 mL min�1. The injection volume was 20 mL.

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�1. 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 � 7.8 mm (i.d.) column at 30 �C was
used and the detectionwas performed at 210 nm. Themobile phase
was 4 mM H2SO4 with a 0.6 mL min�1

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 ðkW hm�3Þ¼ IEcellt=1000 Vs (2)

where I is the applied current (A), Ecell is the average cell voltage (V),
t is the electrolysis time (h), and Vs is the volume of the treated
solution (m3) (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

at different electrolysis times were mixed for a total of 10 mL, then
they were extracted three times with 30 mL of CH2Cl2 and ethyl
acetate separately to extract as many intermediates as possible.
Each organic fraction collected (90 mL) was dried with anhydrous
Na2SO4, 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 quadrupoleeOrbitrap
analyzer.

The ionization was carried out with an electrospray ionization
(ESI) source working in positive and negative modes under capil-
lary voltages of þ 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 flowswere set at 40 and 10 a.u.

The chromatographic separation was performed using an Acq-
uity BHE-C18 (100 � 2.1 mm, 1.7 mm) 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�1 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�1 in gradient
mode. The percentage of (A) was modified as follows: 0 min, 95%;
3 min, 50%; 6 min,10%; 13min; 0%,17min; 0%,18min, 95%; 20min,
95%. The analysis run time was 21 and 20 min, respectively, and
sample injection volume was 10 mL.

Spectra were acquired in independent data acquisition (DIA)
mode. This acquisitionmode allows different scans; the first is a full
scan at low collision energy (10 eV) in the range m/z 66.70e1000,
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 66.70e1000.

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 (þ)
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 (ESIþ) (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 B1a; 10.57, Aver-
mectin B1a, 10.34, Nigericin; 10.94, Ivermectin B1a; 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 .xlsx file
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(Geissen et al., 2015; Rodriguez-narvaez et al., 2017).
An important group of CECs are pharmaceutically active sub-

stances (G�omez 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 (Hern�andez 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; Hern�andez 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�1 to mg L�1

in urban wastewater (Alygizakis et al., 2020; �Cesen et al., 2019;
Pe~na-Guzm�an 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; Martínez-
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)) (Martínez-Huitle and Ferro, 2006).

M þ H2O / M(�OH) þ Hþ þ e� (1)

The hydroxyl radical (�OH) is a powerful oxidant (E0 (�OH/
H2O) ¼ 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 CO2, 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 anodematerial (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 (S2O8

2�), peroxodicarbonate (C2O6
2�), per-

oxodiphosphate (P2O8
2�) (Martínez-Huitle and Brillas, 2009) or

active chlorine species (Cl2, HClO/ClO�) (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).

Several authors have reported the removal of pharmaceuticals
by AO (Dirany et al., 2010; García-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, b-
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 mU cm).

2.2. Wastewater samples

Secondary effluent samples were collected in July 2019, from
“Aguas Andinas, Mapocho/Trebal” WWTP in Padre Hurtado
(33�3208200S/70�5000800W), 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�1) 1202
Conductivity (mS) 2402
Absorbance at 280 nm (U.A) 0.375
Chemical Oxygen Demand (mg L�1) 35.50 ± 0.70
Total Organic Carbon (mg L�1) 22.68
Total Chlorine (mg L�1) 0.16 ± 0.02
Nitrate NO3

� (mg L�1) 7.70 ± 0.14
Sulfate S2O4

� (mg L�1) 8.17 ± 3.25
Ammonium NH4þ (mg L�1) 42.50 ± 2.12
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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, whichwould 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 lm�ax 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 Na2SO4 (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 Cl� and SO4

��

radicals can be formed from the reaction between Cl� and SO4
2� (Eq.

(3)) (Lan et al., 2017). Therefore, the presence of both salts could
have a greater effect on the degradation of pollutants.

Cl� þ SO4
2� / (SO4

�)� þ Cl� þ e� (3)

However, the mineralization rates reached at current densities
of 6 and 20mA cm�2 for 0.05MNaCl (74.28 and 85.50%) and 0.05M
Na2SO4 (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

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 0.05MNaCl,
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 Na2SO4 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-
pa~nía Chilena de Energía El�ectrica, Chile), the total cost of each
electrolysis was calculated in USD. Applying current densities of 6
and 20 mA cm�2, 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

Fig. 2. Cyclic voltammograms of (A) 0.05 M NaCl, (B) 0.05 M NaCl þ 0.05 M Na2SO4, (C)
0.05 M Na2SO4, (D) secondary effluent, (E) secondary effluent spiked with 30 phar-
maceuticals corresponding to 72.62 mg L�1 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�1.

Fig. 3. TOC abatement (A) and absorbance decay at 270 nm (B) with respect to elec-
trolysis time for the treatment of 100 cm3 of solution containing a mixture of 30
pharmaceuticals in 0.05 M NaCl þ Na2SO4, using a stirred BDD/SS cell at 25 �C, pH 7.8,
applying (:) 6, (C) 20 and (▪) 40 mA cm�2.
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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 cm3 of a standard mixture of the 30 pharmaceuticals
selected corresponding to 72.62 ± 0.2 mg L�1 of TOC in 0.05 M
Na2SO4 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

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 Cl2 and HClO/ClO� (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 ClO2

�, ClO3
� and ClO4

� (Sir�es et al., 2014),
whichwould contribute to the oxidation of organic compounds, but
less efficiently than HClO/ClO� (Martínez-Huitle et al., 2015).

In Fig. 2, cyclic voltammograms in different electrolytic media
and the secondary effluent sample spikedwith pharmaceuticals are
displayed. The oxidation of chlorine begins first at potentials close

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�1

TOC in 0.05 M Na2SO4 (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 (:) 6, (C) 20, and (▪) 40 mA cm�2.
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1,5-dimethyl-2-phenylpyrazol-3-one (22).
O-dealkylationwhich 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
CeC 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 NeC bond
to form 25.

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

Ionic 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�1, respectively, while the
concentration of maleic acid did not exceed 1.7 mg L�1, 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 (NH4
þ) 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
11.5 and 180.1 mg L�1 before and after electrolysis, respectively,
while NH4

þ concentrations were 12.0 and 0 mg L�1, 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 Na2SO4 so-
lutions is proposed and showed in Fig. 4.

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 (11.48 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�1 of TOC, which increased
tomore than 93.3mg L�1 when the solutionwas spikedwith 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

Fig. 4. General diagram of mineralization of a mix of 30 pharmaceuticals in two
different electrolytic media by anodic oxidation.

Fig. 5. (A) TOC abatement and (B) spectra of real wastewater containing 30 pharma-
ceuticals (corresponding to 72.62 mg L�1 TOC) with respect to electrolysis time for the
treatment of 100 cm3 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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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�3), 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 Na2SO4 background were
analyzed by HRMS. The short chain carboxylic acids generatedwere
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 Na2SO4 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 ¼ 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,9S,13S,14S)-3-hydroxy-2-methoxy-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta[a]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 NeC bond of biphenyl and the imidazole ring in losartan,
together a CeC breakdown between the biphenyl and the tetrazole
ring.

On the other hand, N-(1,5-dimethyl-3-oxo-2-phenylpyrazol-4-

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 (8S,9S,10R,13S,14S)-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 CO2 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 Na2SO4 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-oxo-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 themeta positionwith respect to the aminomoiety
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 HClO (Cldþ-OHd-). In
addition, it could act by electrophilic substitution taking out an Hþ

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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10.64 mg L�1. This result shows that through AO, the complete
transformation to CO2 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 300min (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 (lm�ax 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
NaClþ Na2SO4 electrolyte, due to the low concentration of chloride
in thewastewater. A highmineralization 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 330minwas 18.95 kW hm�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 CO2 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. SO4

2� 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 (Sir�es et al., 2014). These results
confirm the positive influence of the matrix components of the
secondary WWTP’s effluent in the mineralization of
pharmaceuticals.

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 Na2SO4 þ
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 Na2SO4. In all electrolytic media, occur the
generation of carboxylic acids, NO3

�, SO4
2� and NH4

þ 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�3.
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. Continued. 

Estrone 270.1614 C18H22O2 

 

18.00 

Famotidine 337.0444 C8H15N7O2S3 

 

502.50 

Fluoxetine 309.1335 C17H18F3NO 

 

24.80 

Ibuprofen 206.1301 C13H18O2 

 

56.00 

Ketorolac 255.0889 C15H13NO3 

 

402.00 

Loperamide 476.2225 C29H33ClN2O2 

 

9.95 

Loratadine 382.1443 C22H23ClN2O2 

 

4.88 

Losartan 422.1616 C22H23ClN6O 

 

0.08 

Mefenamic acid 241.1097 C15H15NO2 

 

19.04 

Metamizol 311.0934 C13H17N3O4S 

 

498.00 

 

SM1. Pharmaceutical compounds used in this work including molecular formula, chemical structure, 

exact mass, and concentration. 

Compound Calculated exact mass Molecular formula Structure Concentration (mg L-1) 

Acetaminophen 151.0628 C8H9NO2  

 

502.00 

Amoxicillin 365.1039 C16H19N3O5S 

 

15.07 

Azithromycin 748.5079 C38H72N2O12 

 

249.50 

Caffeine 194.0798 C8H10N4O2 

 

500.00 

Chlorpheniramine 274.1231 C16H19ClN2 

 

514.00 

Ciprofloxacin 331.1327 C17H18FN3O3 

 

512.00 

Diclofenac 295.0161 C14H11Cl2NO2 

 

14.90 

Enalapril 376.1992 C20H28N2O5 

 

119.20 

Escitalopram 324.1632 C20H21FN2O 

 

44.60 

β-Estradiol 272.1772 C18H24O2 

 

24.00 
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SM1. Continued. 

Venlafaxine 277.2036 C17H27NO2 

 

501.20 

 

  

SM1. Continued. 

Naproxen 230.0937 C14H14O3 

 

80.00 

Norfloxacin 319.1327 C16H18FN3O3 

 

504.00 

Omeprazole 345.1142 C17H19N3O3S 

 

99.45 

Progesterone 314.2240 C21H30O2 

 

0.80 

Salicylic acid 138.03115 C7H6O3  

 

508.00 

Sertraline 305.0733 C17H17Cl2N 

 

3.06 

Sulfamethazine 278.0832 C12H14N4O2S 

 

408.00 

Tetracycline 444.1527 C22H24N2O8 

 

500.00 

Trimebutine 387.2040 C22H29NO5 

 

38.00 
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4

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 was used but applied to different samples (irrigation (#5) 
and wastewater (#6)). Both studies showed that the HRAP system presented 
difficulties removing benzotriazoles, especially BZT (<15% removal), 
but performed better on removing BP3 and some of its TPs. Regarding 
pharmaceuticals, the removals were considerably high in both matrices. Only 
trimethoprim (TMP) in the wastewater sample and sulfapyridine (SPY) in 
both analysed matrices presented low or negative removal rates. Overall, the 
removals in the irrigation water samples were higher than in the wastewater 
(8 vs 2, respectively). This was caused, probably, because the HRAP system 
was more efficient with a cleaner sample, and the removal performance 
decreased in a more complex matrix like wastewater.
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The results from Publication #7 show the removal rates of a reference 
SAT system (barrier filled only with sand) (T2) and a reactive barrier made of 
vegetal compost blended with sand (equal volume) and with little clay volume 
(2%) (T4). In general, the removals from the reference barrier show already 
a good performance, probably due to the biodegradation in the SAT system. 
With the incorporation of an active, reactive barrier, T4 presented even higher 
removal rates, with the barrier's additional degradation/retention area. In 
general, the performance of the SAT system was very efficient, achieving high 
removals of very recalcitrant CECs such as CBZ, BZT, and GFZ (81%, 68%, and 
90%, respectively) and the complete removal of other contaminants such as 
4MBC, TMP or IBU. 

Comparing the results from Publications #5, #6, and #7, the compounds 
with available removal rates are represented in Figure 4.3. The specific 
removal rates of the compounds with missing values are also shown in Table 
4.2. According to Figure 4.3, the best technology for CECs’ removal is the 
SAT system with the T4 barrier, as could be expected since this pilot system 
combines efficient absorption and biodegradation processes enhanced by the 
additional organic carbon supplied by the barrier’s material. Even the SAT 
reference showed a better removal performance than HRAP, suggesting that 
the biological processes in the SAT system provide more adequate conditions 
for improved CECs’ degradation. A clear example are benzotriazoles, which 
barely degraded in the HRAP system and achieved considerably high removals 
in the SAT (58-68%). 

removalsin the SAT (58-68%).  

-40

-20

0

20
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80

100
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m
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)

Compounds

Irrigation water
Urban wastewater
SAT reference
SAT T4

Figure 4.3. Removal rates (%) of each removal approach for the compounds in common in 
Publications #5, #6 and #7.

Irrigation water Urban wastewater SAT reference SAT T4
BZT 15 -1 58 68

MeBZT 62 -8 85 91
DMBZT 40 2

BP1 - -22 100 100
BP3 40 -29 - -
4HB - 100

4MBC 83 100 100 100
EtPABA - - 100 100

OFX - - 100 100
CFX - - 100 100
NDX - - 100 100
SMX 46 - -314 -192

acSMX - - -51 41
SPY -32 4 -0.4 27

acSPY - - 100 100
STZ 100 100 100 56

TMP 78 -32 100 100
KPF 94 33 52 82
MFA - - 84 87
NPX 100 45 -33 25

IBU(-) - - 91 100
GFZ 75 - 85 90
ATL - 84 100 100

DCF(-) - - 88 91
APH - - - -
CBZ - - 69 81

CBZ-E - - 63 70
norFXT - - -6 23

N-desVFX - - 100 100
CFF 100 59 100 100

HRAP system SAT system

The removal rates represented by "-" mean that
 the compound was not detected in the influent stream

Table 4.2. Removal rates (%) of all compounds detected in each pilot system in Publications 
#5, #6 and #7.
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However, it does not mean that HRAP was ineffective. For some compounds 
(such as ketoprofen (KPF) or NPX), the removal rate was higher in the HRAP 
system. For KPF, the difference between removals was small (94% HRAP – 82% 
SAT), but for NPX was considerably high (100% HRAP - 25% SAT). This makes 
sense since NPX is highly stable and resistant to microbial degradation due 
to the presence of two condensed rings in its structure (Domaradzka et al., 
2015). Therefore, efficient degradation can only be performed by bacteria, 
fungi or algae (Guzik and Wojcieszyńska, 2020). 

  
Some sulfonamides also presented interesting behaviour. Sulfamethoxazole 

(SMX) showed extremely high negative removal rates in the SAT system and 
was by far the compound that raised the most significant issues to be removed 
in the SAT systems. As mentioned in Publication #7, a “back transformation” 
of SMX metabolites has been reported before (Bonvin et al., 2013). However, 
the HRAP system was able to partially remove SMX (46%), suggesting that 
HRAP conditions disabled this “back transformation”. This difference could 
be explained by the solar radiation affecting the HRAP system, not present in 
the SAT system, which could facilitate SMX degradation (Bonvin et al., 2013).  

SMX acetylated homologue (acSMX) also presented a negative removal 
rate in the reference SAT system (-51%), but the removal in the T4 system 
was acceptable (41%). This significant increase in the removal rate suggests 
that this compound is mainly degraded/retained due to the materials of the 
reactive barrier. SPY was the contaminant with lower removal rates when 
evaluating both systems together. The highest rates were 4% and 27% in 
HRAP and SAT systems, respectively.  Other studies have reported that this 
contaminant’s degradation is favoured by aerobic conditions (Qin et al., 2020). 
It could explain the lack of degradation in the SAT system but not in the HRAP 
system, where microalgae generate oxygen through photosynthesis. 

These cases exemplify the complexity of degradation processes and the 
difficulty of completely removing CECs from wastewater. This complexity 
increases when considering the wide range of physicochemical properties 
of CECs and the unknown processes happening simultaneously in the 
degradation/removal of CECs. 

So far, the SAT system is more efficient in general terms because of the 
removal rates obtained and because it was tested receiving a continuous 
WWTP effluent flow. It shows that it is much closer to applying it under real 
conditions. However, the HRAP system was more efficient for compounds 
with specific properties (such as NPX), showing that it can also be beneficial. 
Thus, the best solution seems to be the combination of different technologies 
to take advantage of the best parts of each technology. However, there is 
still a long way to find a system that completely removes these contaminants 
from wastewater at a low cost and easy implementation. 

Generation of transformation products

As discussed above, the removal estimation of the CECs after anodic oxidation 
was performed with the measurement of the TOC. This electrochemical 
degradation process generates many TPs, as demonstrated in Publication #8, 
where 25 compounds were tentatively identified. In Publications #5, #6 and 
#7, nine out of the 30 CECs detected at least in one sample were TPs, showing 
the relevance of screening for new TPs in degradation studies. Most of the TPs 
tentatively identified in Publication #8 are products from parents detected 
in Publications #5, #6 and #8. Therefore, the identified TPs’ presence in the 
samples is reasonably probable. Regrettably, in the mentioned publications, 
only a target analysis was performed, providing data exclusively about 
the previously selected compounds. However, the ideal procedure in the 
performance evaluation of degradation technologies would be a combination 
of target and suspect (non-target) analysis.
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5.1 Introduction
Chapter 4 summarises the complexity of removing CECs from wastewater. 

Therefore, achieving cheap and efficient elimination technologies is still a 
challenge. Considering the environmental status of CECs’ contamination 
(Chapter 3), the discharge of reclaimed or wastewater directly into the 
environment should be avoided. Adding the global water scarcity, the 
exponential population growth and the effects of climate change, reusing 
this water seems the most straightforward solution for having freshwater 
availability as required in the near future (Jodar-Abellan et al., 2019). 

Thus, an upcoming approach in recent years is reusing reclaimed water 
for purposes requiring lower quality standards, such as agriculture or 
industry. Since agriculture accounts for 70% of water withdrawals worldwide 
(Margenat et al., 2019), wastewater reuse for irrigation seems the most 
viable solution. Firstly, sustainable reclaimed water reuse would reduce 
freshwater consumption drastically, which could be saved for higher-quality 
purposes (e.g. drinking water). Secondly, a continuous irrigation water supply 
would be precious in arid or semi-arid areas where drought is common 
(Libutti et al., 2018). Finally, these large volumes of reclaimed water would 
not reach environmental compartments, avoiding a continuous discharge of 
contaminants to water bodies and ecosystems.

However, reclaimed or wastewater reuse also presents essential issues 
to consider. The main problem is that wastewater effluents show high 
contamination loads of, for example, pathogens, heavy metals, CECs, etc. 
(Norton-Brandão et al., 2013; Varela and Manaia, 2013). Using this water 
for irrigation supposes a continuous discharge to the agricultural soil and, 
ultimately, crops. Some of these contaminants are partially volatilised or 
infiltrated through the soil following the irrigation water. But due to their 
persistence, most of them tend to accumulate in the soil and have the capacity 
to be uptaken by the crops. 
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So far, many studies have evaluated the uptake of CECs after irrigating with 
reclaimed or wastewater, but most of them were performed in greenhouses 
or hydroponic conditions (Abril et al., 2021; Herklotz et al., 2010; Wu et 
al., 2012). These studies can provide valuable information under controlled 
conditions, but studies under real-field conditions will be most appropriate. 
Therefore, studies under real cultivation conditions should be encouraged to 
fully understand and assess the uptake and fate of CECs in crops when using 
reclaimed wastewater.  

In this thesis, we focused on agricultural field plots to investigate CECs’ 
crop uptake from the wastewater and reclaimed water used for irrigation. For 
this purpose, two pilot plots were built in the Palamós WWTP, next to the SAT, 
with the reactive barriers pilot system explained in Chapter 4. It facilitated 
a continuous supply of reclaimed mater (from the barriers effluent) and 
wastewater (from the WWTP effluent) to irrigate crops. Briefly, half of both 
plots were built using sandy soil, and the other half adding 10% of clay. Then, 
two irrigation lines were installed in each plot, one with sprinklers and the 
other with drip irrigation tubes. Finally, each plot water supply came from a 
different source; one from the reactive barriers system and the other from 
the WWTP effluent. A graphical representation of the plots is shown in Figure 
5.2.

Once uptaken, the crop eliminates some contaminants via volatilization 
or excretion, but others are degraded (forming new TPs) or accumulated in 
the crop tissues (Tadić et al., 2019). Similar processes take place in the soils, 
where the formation of new TPs can start the uptake cycle again (Figure 5.1). 
Ultimately, it supposes the presence of unexpected or unknown contaminants 
in crops aimed for consumption, putting ecosystems and human health at 
risk. 

As explained in 
Chapter 4, contaminants’ 
accumulation and 
degradation processes 
are very complex 
and mostly not fully 
understood. Thus, water 
reuse and the potential 
uptake of contaminants 
by crops must be 
carefully evaluated 
and monitored. In this 
thesis, the focus was 
put on the uptake of 
CECs. Still, monitoring 

other contaminants (such as pathogens) is essential to guarantee safe human 
consumption. 

Furthermore, the absorption, uptake, or degradation processes will be 
different in, for example, a fruit (such as tomatoes), a leaf (such as lettuces), 
or a root (such as carrots). These crops’ feeding and growth mechanisms 
are entirely distinct, as well as their proper cultivation conditions. For 
example, some crops need a generous and continuous water supply to 
grow appropriately (e.g. rice), but others can grow only on rainwater (e.g. 
pomegranate). Another example is seasonal crops, needing specific weather 
conditions to achieve proper growth; in Spain, lettuces can be cultivated in 
cold seasons, but tomatoes are usually grown in summer. Thus, the uptake of 
CECs between the explained examples will be mechanistically different since 
they require different cultivation conditions. 

Figure 5.1. Summary of the different  processes underwent by 
contaminants during plant uptake. (Rigoletto et al., 2020)

Figure 5.2. Graphical representation of the two plots built in Palamos’ WWTP, with the different 
cultivation variables (namely irrigation water, soil composition and irrigation system).
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Finally, the extract was analysed by UHPLC-MS/MS with a C18 column and 
a triple quadrupole analyser. For the suspect screening (non-target analysis), 
the extracts were also analysed using a C18 column and a Q-Exactive mass 
analyser under DDA and DIA modes. The suspect analysis workflow was 
performed with Compound Discoverer software (v. 3.3.0.550 ). Further details 
can be found in the manuscript itself.

In these plots, we cultivated lettuces, tomatoes and carrots and evaluated 
the relevance of different variables in the uptake of CECs by the crops. All 
the information is provided in Publication #9 (method development and 
lettuce results), Publication #10 (site description, methodology for soil 
analysis, and irrigation water characterisation), and Publication #11 (carrots 
and tomatoes results). Publication #11 also includes a risk assessment 
with the CECs concentrations, but it will be further discussed in Chapter 6 
(human exposure to CECs). Then, complementary work on plant uptake and 
the generation of TPs was performed through an international collaboration 
performed in Pak Choi vegetable, fruit of a research stay at the Swedish 
University of Agricultural Sciences (Sweden) (Publication #12). This study 
aimed to evaluate the feasibility of reuse digestate (a product of anaerobic 
digestion) as fertiliser in agriculture. Thus, 18 CECs frequently detected in 
food waste biogas facilities were selected and spiked in a nutrient solution 
to evaluate the uptake and fate of these CECs in Pak Choi vegetable. Even 
though the uptake assessment was considered, the work’s main focus was 
the identification of the TPs produced by the translocation of the spiked CECs 
from the water to the vegetable. 

Methodologies

In Publications #9, #10, and #11, a new QuEChERS-based method was 
developed for PPCPs analysis in lettuces, tomatoes, carrots, and soil. The 
method optimisation is included in Publication #9, and a simplified overview 
is shown in Figure 5.3. Basically, it consisted of extracting the analytes of 
interest with the QuEChERS salts and a further clean-up step to eliminate 
undesired matrix components, including fatty acids, lipids, and sugars. Then, 
the target analysis was performed by HPLC-MS/MS with a C18 column and 
a q-TRAP mass analyser. The irrigation waters were analysed as described in 
previous papers and based on online-SPE-HPLC-MS/MS. Regarding Publication 
#12, the extraction and target analysis was performed following a previously 
developed method by the group from the Swedish University of Agricultural 
Sciences (Kodešová et al., 2019b, 2019a). The extraction consisted of using an 
organic/aqueous mixture solution homogenised in a bead-beating tissuelyser, 
from which the supernatant was filtered. 

Figure 5.3. Steps followed in the QuEChERS-based methodology for the analysis of PPCPs in 
different crops.
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5.2 Results
The results of this chapter are presented and described in two published 

articles and two submitted ones. The publications are:

-	 Publication #9: Sunyer-Caldú, 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-Caldú, A., Sepúlveda-Ruiz, P., Salgot, M., Folch-
Sánchez, M., Barceló, 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-Caldú, 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-Caldú, 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.



Wastewater reuse feasibility for irrigation purposes

339

5

5.2.1 Publication #9

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

Adrià Sunyer-Caldú
M. Silvia Diaz-Cruz

Talanta, 2021, 230, 122302
https://doi.org/10.1016/j.talanta.2021.122302
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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 

Adrià Sunyer-Caldú, M. Silvia Diaz-Cruz * 

Institute of Environmental Assessment and Water Research (IDAEA) Severo Ochoa Excellence Center, Spanish Council for Scientific Research (CSIC), Jordi Girona 18-26, 
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A B S T R A C T   

The use of reclaimed water for agricultural irrigation is an increasingly common practice, which recently has 
found its own European regulatory frame. However, the partial removal of organic contaminants together with 
other xenobiotic substances in current wastewater treatment plants leads to the occurrence of residues of such 
pollutants in the treated effluents. Wastewater reclamation techniques are thus required to provide reclaimed 
water fitting the minimum quality standards set up for irrigation of crops intended for human consumption. This 
work describes the development and validation of a simple QuEChERS-based extraction and liquid chromatog-
raphy quadrupole-linear ion trap mass spectrometry (LC-QqLIT-MS/MS) method for the simultaneous quanti-
tative analysis of 55 pharmaceuticals and personal care products (PPCPs) in lettuces irrigated with treated 
wastewater and reclaimed water. The method showed good recovery rates (80–120%) and low detection limits 
(0.04–0.8 ng/g dw). In comparison with previous analytical methodologies, this method was simpler, faster and, 
in most cases, more sensitive. Moreover, is the first one analysing selected personal care products in lettuces. The 
proposed method was applied to assess the potential transfer of contaminants of urban origin in the use of 
reclaimed water in agriculture. The case study consisted in the evaluation of the lettuce uptake of the selected 
contaminants at field scale under two irrigation systems, two soil compositions, and two water types. 
Benzophenone-2, 4-hydroxybenzophenone, 1H-benzotriazole, 2-(2-Benzotriazol-2-yl)-p-cresol, nalidixic acid, 
diclofenac, carbamazepine 10,11-epoxy, N-des-methylvenlafaxine, and salicylic acid were transferred to all 
samples. Highest detected values corresponded to 4-hydroxybenzophenone (84.1 ng/g dw), benzophenone-2 
(54.4 ng/g dw), and salicylic acid (53.8 ng/g dw). The best combination to minimize the transfer of the 
target contaminants from the irrigation water to the lettuces was sprinkling irrigation with water reclaimed by 
soil infiltration through reactive barriers, and clayey soil.   

1. Introduction 

Currently water scarcity affects 40% of the global population [1] and 
by 2030, global demand for water is expected to grow by 50% because of 
population needs [2]. This, together with the unknown consequences of 
climate change on the water resources, makes it a present-problem that 
demands immediate solutions to be applied. 

Agriculture plays an important role in water balance, as it accounts 
for 70% of all water withdrawals globally. Around 70% more food will 
be needed by 2050, increasing exponentially the water needs and 
putting 2.3 billion of expected people living in areas with severe water 
stress [3]. Therefore, the obvious solution could be the wastewater reuse 

for agricultural purposes, leaving the use of available freshwater for 
other uses. However, and since the occurrence of pollutants in the 
treated wastewater appears to be unavoidable, the application of 
reclaimed water in agriculture could constitute a direct pathway of these 
contaminants to humans, posing their health at risk. To ensure water 
safety, few months ago, the European Commission launched the Regu-
lation 2020/741 (25 May 2020) on water reuse, where the irrigation 
water quality standards were set up [4]. 

An important proportion of the generated wastewater corresponds to 
urban wastes, and thus from a direct anthropogenic origin. Among 
urban contaminants, the pharmaceuticals and personal care products 
(PPCPs) are the most concerning. The personal care products group 
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(PCPs) includes compounds that are directly applied to the human body 
for hygiene and beauty, such as sunscreens, shampoos, and cosmetics. 
Indeed, some active compounds of these products are also used in other 
industrial sectors as the UV filters (UVFs), which are added to materials 
exposed to UV light (i.e. plastics, textiles, and rubbers among others), or 
paraben preservatives (PBs) that are also present in beverages, food, and 
medicines. Pharmaceuticals are substances designed exclusively for 
medicinal purposes and vary as a function of their therapeutic target. 
Besides, there is an increasing trend in the consumption of pharma-
ceuticals in the European Union (EU), which has at least doubled in the 
last decade, and it is expected to increase in the coming years [5] as both 
population and life expectancy increase, as can be seen in Fig. S1 in 
Supplementary Material (SM). 

Such substances are incompletely removed in wastewater treatment 
plants (WWTPs), and this is not expected to change in short term 
because the implementation of new wastewater treatments is expensive 
and/or complex. As a whole, these compounds are considered contam-
inants of emerging concern (CECs) since they can accumulate in the 
environment, bioaccumulating and biomagnificating along the trophic 
chain. Thus, the occurrence of PPCPs in the environment appears diffi-
cult to avoid, and therefore, its abatement constitutes a current big 
challenge. 

Although there is still a lack of information about the potential 
adverse effects of PPCPs in wildlife and humans, some studies have 
demonstrated that many of them can alter vertebrate endocrine systems 
(endocrine-disrupting contaminants (EDCs)) [6] or foster the dissemi-
nation of antibiotic resistance genes [7]. Many studies have reported its 
occurrence in the environment, mostly in waters [8–10]. However, only 
limited information is available on their transfer from the irrigation 
waters to plants, likely due to the lack of simple, sensitive, and robust 
analytical methods to investigate these CECs at low concentrations in 
complex matrices such as vegetables, with a number of potential in-
terferences caused by chlorophylls, complex carbohydrates and amino 
acids, among others [11]. 

A literature review allowed us to identify some studies dealing with 
the analysis of CECs in crops. In earlier studies, 119 PPCPs were deter-
mined in vegetables using ultrasound-assisted extraction (UAE) fol-
lowed by solid-phase extraction (SPE), but all the results were below the 
limits of detection of the method (MLOD) [12]. Nineteen PPCPs were 
determined in crops using the same laborious and time-consuming 
extraction methodology [13] and analysis by LC-MS using a triple 
quadrupole (QqQ), but the study was performed in hydroponic condi-
tions. Malchi et al. [14] employed also a quite expense and 
time-consuming procedure based on pressurized liquid extraction (PLE) 
followed by filtration to determine 14 pharmaceuticals in carrot and 
sweet potato irrigated with wastewater and analysis by LC-(QqQ)-MS. 
More recent studies focused in just a few substances, for instance, five 
antibiotics in lettuces cultivated in spiked soils with UAE and further 
SPE clean-up [15] were determined by LC-(QqQ)-MS, obtaining quite 
high MLODs (3–45 ng/g dw). Beltrán et al. [16] determined carba-
mazepine, triclosan and atenolol in lettuces, maize and radish irrigated 
with reclaimed water using UAE followed by QuEChERS (Quick, Easy, 
Cheap, Effective, Rugged, and Safe) extraction and LC-(QqQ)-MS, 
however, the MLODs were still high (0.3–0.8 ng/g dw). QuEChERS is a 
sample treatment methodology originally developed for pesticide 
extraction from vegetables. In short, it consists of a dispersive 
solid-phase extraction using MgSO4 and further purification with PSA 
(primary/secondary amine) and a silica sorbent (C18) [17]. Two other 
recent studies employed QuEChERS in the extraction of pharmaceuticals 
from crops. De Santiago-Martin et al. [18] cultivated maize using 
gravity-based irrigation. After the QuEChERS extraction, the extracts 
were purified by SPE only detecting 4 out of the 25 pharmaceuticals 
investigated by LC-(QqQ)-MS. Montemurro et al. [19] determined 14 
pharmaceuticals in lettuces grown in pots under laboratory controlled 
conditions irrigating with spiked wastewater, with an adapted QuECh-
ERS method using liquid chromatography followed by quadrupole-time 

of flight detection (LC-QTOF/MS), a high resolution mass spectrometry 
detection (HRMS). The MLODs achieved were generally lower than 
those previously reported (0.01–0.02 ng/g). However, the high cost and 
complex high resolution mass spectrometry detection applied make it 
non-viable for routine analysis. 

These studies were performed under laboratory controlled condi-
tions, but studies focusing on the occurrence of CECs in real scale 
agroecosystems, natural conditions with different agricultural practices, 
are still lacking, but urgently needed for realistic human health risk 
assessments. The aim of the present work was double: first, to develop a 
simple, fast and sensitive QuEChERS-based extraction of 55 PPCPs from 
lettuces cultivated in real field-scale agricultural plots and further high- 
performance liquid chromatography-quadrupole lineal ion trap-mass 
spectrometry (HPLC-(QqLIT)-MS/MS), and second, apply the proposed 
method to evaluate the potential lettuces’ uptake of PPCPs in the reuse 
of two types of water for irrigation; WWTP treated water and reclaimed 
water through reactive barriers infiltration in a pilot managed aquifer 
recharge system. Other factors potentially driving the plant uptake i.e. 
the agricultural soil composition and the irrigation system, were also 
assessed. 

2. Materials and methods 

2.1. Standards and reagents 

The 55 PPCPs selected for this study encompass different families of 
compounds including pharmaceuticals, personal care products and 
stimulants and, therefore, have quite different physicochemical prop-
erties, as shown in Table S1. 

All the standards used were >98% of purity. Benzophenone-3 (BP3), 
benzophenone-1 (BP1), benzophenone-4 (BP4), 4HB, 4,4′-Dihydrox-
ybenzophenone (4DHB), avobenzone (AVO), UVP, 5,6-dimethyl-1H- 
benzotriazole (DMBZT), nalidixic acid (NDX), oxolinic acid (OXL), 
tetracycline (TCY), succynil-sulfathiazole (S-STZ), sulfadiazine (SDZ), 
N4-acetylsulfadiazidine (acSDZ), sulfamerazine (SMR), N4- 
acetylsulfamerazine (acSMR), N4-acetylsulfamethazine (acSMZ), sulfa-
methoxazole (SMX), N4-acetylsulfamethoxazole (acSMX), sulfame-
thoxypyridazine (SMPZ), sulfapyridine (SPY), N4-acetylsulfapyridine 
(acSPY), sulfaquinoxaline (SQX), sulfathiazole (STZ), sulfisomidine 
(SMD), sulfadimethoxine (SDM), trimethoprim (TMP), acetaminophen, 
also known as paracetamol (APH), atenolol (ATL), gemfibrozil (GFZ), 
ketoprofen (KPF), mefenamic acid (MFA), carbamazepine (CBZ), nor-
fluoxetine (norFXT), ofloxacin (OFX), ciprofloxacin (CFX), caffeine 
(CFF), ibuprofen (IBU), salicylic acid (SCY), diclofenac (DCF), diclofe-
nac-13C (DCF-13C), methyl paraben (MePB), propyl paraben (PrPB), 
benzyl paraben (BePB), butyl paraben (BuPB) and benzophenone-(car-
bonyl-13C) (BP-13C) were purchased from Sigma Aldrich (Darmstadt, 
Germany). BP2, 2,2′-Dihydroxy-4-methoxybenzophenone (DHMB), 
ethyl-4-(dimethyl-amino)benzoate (EtPABA), ethylhexyl methox-
ycinnamate (EHMC), and benzotriazoles (BZT) were obtained from 
Merck (Darmstadt, Germany). Enzacamen or 4-methyl benzylidene 
camphor (4MBC) was provided by Dr. Ehrenstorfer (Augsburg, Ger-
many). 5-Methyl benzotriazole (MeBZT) was obtained from TCI 
(Zwijndrecht, Belgium). Flumequine (FLU), N-desmethylvenlafaxine (N- 
desVFX), diclofenac 4-hydroxy (DCF-OH), carbamazepine 10,11-epoxy 
(CBZ-E) and sulfamethazine-d4 (SMZ-d4) and acetaminophen-d4 (APH- 
d4) were purchased in Toronto Research Chemicals (Toronto, Canada). 
Oxytetracycline (O-TCY) and naproxen (NPX) were obtained from 
Honeywell Fluka (Wabash, United States). 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), 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(tri-
deuteriomethyl)pentanoic acid (GMZ-d6) were from CDN isotopes 
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(Quebec, Canada). 
Water, methanol (MeOH), and acetonitrile (ACN) of MS-grade were 

obtained from J.T. Baker (Deventer, The Netherlands) and the nitrogen 
(99.995%) was supplied by Air Liquide (Barcelona, Spain). Ethanol, 
acetone, formic acid (FA) and ammonium acetate (AcNH4) were from 
Merck (Darmstadt, Germany). The commercial QuEChERS kits Citrate- 
Kit-01 and PSA-Kit-02 used were obtained from BEKOlut® (Haupt-
stuhl, Germany). 

Individual stock standard and isotopically labeled internal stock 
standard solutions were prepared on a weight basis in MeOH at 100 mg/ 
L. The solutions were stored in the dark at �20 ◦C. A mixture with all the 
standards was weekly prepared at 10 mg/L in MeOH. Ten working so-
lutions at concentrations between 1 ng/mL and 1 μg/mL were daily 
prepared by the appropriate dilution of the mixture standard solution 
with MeOH or with the extract from the lettuce matrix (see section 2.5). 

2.2. Agricultural plots and lettuces growing conditions 

The lettuces, from the variety Chicorium Intybus were grown during 
the Autumn of 2018 in two experimental plots located in an urban 
WWTP near Girona (Northeast of Spain), as shown in Fig. S2. 

The two plots were designed to have drip and sprinkling irrigation 
systems, two soil compositions with different proportions of clay and 
sand, and two types of irrigation water (treated wastewater (the sec-
ondary effluent from the WWTP) and reclaimed water by infiltration 
through a reactive barrier in a managed aquifer recharge (rbMAR) pilot 
system. A detailed description of this system of wastewater renaturali-
zation can be found elsewhere [20,21]. 

In addition, humidity, irrigation water volume, conductivity, and 
temperature in the plots at three different depths were monitored by a 
series of sensors installed along the plots to ensure that the crops always 
had available water and to monitor the evolution of the other 
parameters. 

In the case study, three binary variables were evaluated, resulting in 
eight different sample types. A scheme of the experimental plots set up is 
shown in Fig. 1 and the variables influencing the crops in each sample 
type are described in Table S2. 

Lettuces were grown in the two experimental plots simultaneously. 
At harvest, the lettuces had grown enough and were suitable for con-
sumption (typical market size, around three months) in December 2018. 

Approximately 50 lettuces per subplot were grown and 10 lettuces 
per subplot were randomly collected. Each lettuce sample was thor-
oughly shaken to remove soil particles. Then, the lettuces were stored in 
a portable freezer until arrival at the laboratory in Barcelona, where they 
were preserved at �20 ◦C. The day after sampling, the leaves of the 
lettuces were thawed, sliced in small pieces, frozen again, lyophilized, 
and homogenized with a crusher to a fine powder. The 10 lettuces of 
each subplot were mixed homogeneously, to form composite samples. 
Finally, the powered lettuce leaves were frozen and stored until analysis. 

2.3. Selection of the QuEChERS salts 

Nowadays, there are many alternatives when choosing the salts to be 
used in QuEChERS extraction, and thus a wide variety of kits are 
commercially available. The selection is usually carried out depending 
on the type of crop and the type of clean-up needed. In particular, for the 
analysis of lettuces, there was one specific type of kit, which was 
selected to be used in this study. The salts involved have key properties 
for the analysis; MgSO4 helps the partition of the analytes between the 
water and the organic phase, favoring the extraction, NaCl enhances 
extraction efficiency and allows the miscible organic solvent to separate 
from the water in the sample, Na3Citrate⋅2H2O and Na2HCitrate⋅1.5H2O 
provide buffering conditions (pH 5–5.5). Similarly, for the purification 
salts, PSA removes sugars, fatty acids and organic acids, and C18 
removes lipids and non-polar matrix components from the lettuces that 
might interfere in the analysis. 

2.4. QuEChERS extraction 

For the pollutant’s extraction, a QuEChERS methodology based on 
Parrilla Vázquez et al. [22] for the analysis of pesticides in baby food and 
eggs using a LC-QTOF, was optimized and validated. An aliquot of 1 g 
dw lettuce sample was weighted in a 50 mL centrifuge tube, where 9 mL 
of HPLC-grade water and 10 mL of ACN were added. The mixture was 
manually shaken for 4 min. and the citrate-kit QuEChERS salts was 
added (containing 4 g of anhydrous magnesium sulfate (MgSO4), 1 g of 
sodium chloride (NaCl), 1 g of trisodium citrate dihydrate (Na3Ci-
trate⋅2H2O), and 0.5 g of disodium hydrogencitrate sesquihydrate 
(Na2HCitrate⋅1.5H2O) to extract the compounds of interest. Further, it 
was manually shaken for 4 min and then centrifuged at 3500 rpm for 5 
min. Next, the PSA-Kit-02 salts was added to the supernatant (containing 
750 mg of MgSO4, 125 mg of primary/secondary amine exchange ma-
terial (PSA), and 125 mg of a C18 sorbent). The mixture was stirred for 
0.5 min. in a vortex and further centrifuged for 5 min at 3500 rpm to 
complete the dispersive clean-up. Then, the mixture was acidified with 
50 μL of a solution of 5% formic acid in ACN. Next, an aliquot of 5 mL of 
the organic phase was collected and transferred to a 10 mL-vial and then 
evaporated under a gentle nitrogen stream until near dryness. Then, this 
extract was transferred to a LC-vial (2 mL), where 100 μL of the isoto-
pically labeled internal standards mixture solution were added and 
stirred. Finally, this extract was evaporated to dryness and reconstituted 
with 1 mL of MeOH for further HPLC-MS/MS analysis. The flowchart of 
the sample pretreatment procedure is shown in Fig. S3. 

2.5. Liquid chromatography-tandem mass spectrometry analysis 

The target PPCPs were separated by high performance liquid chro-
matography in a Hibar Purosher® STAR® HR R-18 (50 mm × 2.0 mm, 5 
μm) column using a Symbiosis™ Pico instrument from Spark Holland 
(Emmen, The Netherlands) attached to a 4000 QTRAP mass spectrom-
eter from Applied Biosystems-Sciex (Foster City, USA). Electrospray 
ionization in positive (ESI+) and negative (ESI-) modes was selected as 
the ionization source. In positive mode, the mobile phase consisted of a 
mixture of MeOH and HPLC-grade water, both 0.1% in formic acid. The 
elution gradient started with 5% of MeOH, increasing to 75% at min. 7 
and to 100% at min. 10. After, it was decreased up to initial conditions at 
min. 17 and maintained until min. 23 for equilibration. In negative 
mode, the mobile phase consisted of the same solvents, but in this case 
both were prepared at 5 mM in AcNH4. The elution gradient started with 
5% of MeOH, increasing to 50% at min.3, to 90% at min.6, and to 100% 
at min. 13. Then, it was decreased to 5% at min. 18 and maintained until 
min. 20 for equilibration. All analyses were performed at a flow rate of 
0.3 mL/min and the injection volume was set up to 20 μL. 

Tandem-mass spectrometry detection (MS/MS) was performed in the 
hybrid quadrupole-linear ion trap spectrometer (QqLIT) under the 
selected reaction monitoring mode (SRM) to enhance the sensitivity and 

Fig. 1. Distribution of the experimental plots and the variables studied (soil 
composition, irrigation system, and water type). 
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selectivity of the method. For each pollutant, the two most intense 
transitions were selected and used for quantification (most intense) and 
confirmation (second most intense). Instrument control, data recording 
and processing were performed using Analyst v. 1.4.2 (Applied 
Biosystems). 

The chromatographic retention times (tR) and MS/MS operational 
parameters of the optimized method are listed in Table 1. The linearity 
range for all studied compounds was 1–700 ng/mL. 

2.6. QA/QC 

A common problem in trace analysis is the background contamina-
tion. To avoid these problems, a blank of the method was performed 
(same extraction procedure without matrix). Besides, all the lab glass 
material was cleaned with ethanol and acetone and the non-volumetric 
glassware was muffled at 400 ◦C overnight. The isotopically labeled 
standard BP-13C was used as surrogate to evaluate the extraction per-
formance of the target analytes. Quality controls at known concentra-
tions of the standards were randomly included along the samples 
analytical sequences. The standards’ chromatographic tR among cali-
bration curves and samples were compared at a tolerance of 2.5% 
maximum. The relative ion intensities between the two selected SRM 
transitions were related with a tolerance <15%. All the compounds were 
identified with the tR and with both transitions following the EU 
normative (Commission Decision 2002/657/EC). Isotopically labeled 
standards for each group of compounds, as shown in Table 1, were 
selected depending on different factors including tR, polarity, and 
chemical structure, together with the use of matrix matched standards 
solutions, to overcome matrix effects. 

2.7. Data analysis 

2.7.1. Correlation analysis 
T tests were carried out with the R software [23] to identify corre-

lations among the different variables studied with a 95% of confidence 
(Table S5). 

2.7.2. Principal component analysis 
A multivariate analysis of the results was performed with Solo_MIA 

(Copyright (C) 2007 - 2020 Eigenvector Research, Inc.) to evaluate 
group interactions and/or correlations that may not be observed with 
the previous data analysis. Further information about the statistical 
analysis can be found in Section S3 of SM. 

3. Results and discussion 

3.1. Optimization of the extraction method 

Initially, the extraction procedure reported by Parrilla Vázquez et al. 
[22] was applied, which involved the use of a citrate buffer. However, 
during the validation, low recovery rates were obtained (2–25%) for the 
three spiked concentrations (5, 100, and 350 ng/mL). This could be 
related with the unclear phase separation obtained after the shaking 
steps of the process. It must be considered, however, that the original 
method was developed for fresh samples (not dried), and therefore, they 
already had a certain water content. In our case, the samples were 
lyophilized, and thus dehydrated. Moreover, the original QuEChERS 
method [17] was developed for samples with a high content of water 
because the organic-aqueous partition greatly facilitates the extraction 
of the compounds. Therefore, instead of extracting 10 g of sample, and 
considering that lettuces have 90% of water content, we reproduced this 
percentage by analyzing 1 g of the lyophilized sample and 9 g (9 mL) of 
HPLC-grade water. This approach is recommended by most of the kits’ 

Table 1 
Retention time (tR), selected internal standards, MS/MS transitions and ionization parameters of each compound analyzed. (�) negative ionization mode.   

BP3 BP1 BP2 4HB 4DHB DHMB AVO BP4 (¡) 4MBC EHMC EtPABA 

LOD (ng/ml) 0.12 0.21 0.2 0.19 0.32 0.09 0.26 0.1 0.11 0.12 0.22 
LOQ (ng/mL) 0.41 0.72 0.66 0.64 1.07 0.3 0.85 0.35 0.38 0.4 0.74 
MLOD (ng/g dw) 0.06 0.1 0.1 0.09 0.16 0.04 0.13 0.05 0.05 0.06 0.11 
MLOQ (ng/g dw) 0.2 0.36 0.33 0.32 0.53 0.15 0.42 0.17 0.19 0.2 0.37 
r2 0.9992 0.9976 0.9979 0.9981 0.9946 0.9996 0.9966 0.9994 0.9993 0.9993 0.9974  

BZT MeBZT DMBZT UVP BePB (¡) BuPB (¡) PrPB (¡) MePB (¡) FLU NDX OXL 

LOD (ng/ml) 0.04 0.04 0.11 0.53 0.12 0.06 0.04 0.11 0.04 0.07 0.03 
LOQ (ng/mL) 0.14 0.12 0.38 1.76 0.39 0.21 0.14 0.37 0.13 0.22 0.1 
MLOD (ng/g dw) 0.02 0.02 0.05 0.26 0.06 0.03 0.02 0.05 0.02 0.03 0.01 
MLOQ (ng/g dw) 0.07 0.06 0.19 0.88 0.19 0.1 0.07 0.18 0.06 0.11 0.05 
r2 0.9999 0.9999 0.9993 0.9856 0.9993 0.9998 0.9999 0.9994 0.9999 0.9998 1000  

TCY Succynil-STZ SDZ acSDZ SMR acSMR acSMZ SMX acSMX SMPZ SPY 

LOD (ng/ml) 0.81 0.28 0.16 0.23 0.09 0.16 0.18 0.12 0.19 0.09 0.1 
LOQ (ng/mL) 2.69 0.94 0.55 0.78 0.3 0.52 0.58 0.41 0.63 0.31 0.33 
MLOD (ng/g dw) 0.4 0.14 0.08 0.11 0.04 0.08 0.09 0.06 0.09 0.04 0.05 
MLOQ (ng/g dw) 1.34 0.47 0.27 0.39 0.15 0.26 0.29 0.2 0.31 0.15 0.16 
r2 0.9674 0.9958 0.9986 0.9971 0.9996 0.9987 0.9984 0.9992 0.9982 0.9995 0.9995  

acSPY SQX STZ SMD SDM TMP GMZ (¡) MFA (¡) NPX (¡) DCF (¡) DCF-13C (¡) 

LOD (ng/ml) 0.12 0.05 0.22 0.04 0.09 0.1 0.05 0.41 0.06 0.44 0.47 
LOQ (ng/mL) 0.41 0.16 0.73 0.14 0.31 0.32 0.17 1.35 0.21 1.46 1.56 
MLOD (ng/g dw) 0.06 0.02 0.11 0.02 0.04 0.05 0.02 0.2 0.03 0.22 0.23 
MLOQ (ng/g dw) 0.2 0.08 0.36 0.07 0.15 0.16 0.08 0.67 0.1 0.73 0.78 
r2 0.9992 0.9999 0.9975 0.9999 0.9995 0.9995 0.9999 0.9915 0.9998 0.99 0.9887  

KPF (¡) IBU (¡) AAP CBZ CBZ-E ATL norFXT CFX N-desVFX SCY (¡) CFF 

LOD (ng/ml) 0.23 0.15 0.11 0.13 0.05 0.08 0.18 0.57 0.08 0.4 0.07 
LOQ (ng/mL) 0.77 0.5 0.38 0.44 0.16 0.26 0.6 1.89 0.27 1.32 0.23 
MLOD (ng/g dw) 0.11 0.07 0.05 0.06 0.02 0.04 0.09 0.28 0.04 0.2 0.03 
MLOQ (ng/g dw) 0.38 0.25 0.19 0.22 0.08 0.13 0.3 0.94 0.13 0.66 0.11 
r2 0.9972 0.9988 0.9993 0.9991 0.9999 0.9997 0.9983 0.9835 0.9996 0.9919 0.9997 

LOD: Limit of detection of the instrument; LOQ: Limit of quantification of the instrument; MLOD: limit of detection of the method: MLOQ: limit of quantification of the 
method. 
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suppliers, for the extraction of samples with low water content [24,25]. 
Under these new experimental conditions, an exothermic reaction 

was observed after shaking the mixture in the first addition of the 
QuEChERS salts, and the phases separated. This suggested that the 
presence of water effectively improved the extraction process. The ob-
tained recoveries improved for all the studied compounds, but still some 
were somewhat low (40–70%). Thus, an additional concentration step 
was included by adding 5 mL of the organic phase and evaporating them 
up to 1 mL. This step, significantly improved the recovery rates, which 
ranged from 80 to 120% for all the analytes and spike concentration 
levels. Thus, this extraction procedure was the finally selected to analyze 
the lettuce samples. 

3.2. Validation of the analytical method 

The validation of the method was performed and expressed in terms 
of calibration range, accuracy, sensitivity, and precision. Matrix effects 
(ME) were also estimated for each analyte following Eq. (1),  

ME% = (1-(analyte response in matrix extract/analyte response in calibration 
solvent)) x 100                                                                                (1)  

3.2.1. Calibration range and matrix effects 
Calibration curves at ten different concentrations (1, 3, 5, 10, 30, 50, 

100, 300, 500, and 700 ng/mL) were built both in pure MeOH and in 
lettuce extract (matrix-matched calibration solutions) to study the ME. 
Examples of these calibration curves are shown in Figs S4 and S5, where 
BP3 shows 23% of signal enhancement and MePB has a 26% of signal 
suppression. Quite good linearity was observed (0.967–0.999 r2 values) 
for most compounds. A high percentage (65%) of the studied com-
pounds presented signal suppression (between 4 and 86%), 33% showed 
enhanced signal (between 6 and 73%) and 7% did not showed ME. 
Therefore, according to these results, the most convenient approach for 
quantification was the use of matrix-matched calibration curves, and 
additionally, isotopically labeled internal standards. 

3.2.2. Accuracy 
Fifteen grams of the samples were weighed and thoroughly mixed. 

Then, 9 validation samples were prepared by spiking 1 g of the lettuce 
sample at three concentrations (5, 100, and 350 ng/g dw). At each 
concentration level, 3 replicates were prepared and measures three 
times each. For the validation blank, we followed the same protocol, but 
without analytes addition, and the mean value was subtracted from the 
signals of all the spiked samples. The recovery rates obtained are listed 
in Table S3 and a bar chart showing the proportion of compounds 
grouped per recovery percentages is shown in Fig. 2. 

Recovery rates between 80% and 120% were obtained for most of 
the 55 analyzed PPCPs. Only three compounds presented some prob-
lems; TCY showed good recoveries for the lowest concentration, but 
values <10% were obtained for 100 ng/g dw and 350 ng/g dw spike 
levels. However, we decided to include it into the method and consider it 
only when samples content’s in this compound was <100 ng/g dw. This 
assumption is motivated in light of the concentrations of TCY derivatives 
in lettuces reported in the literature when it was not detected [26]. 
Similarly, DCF and CPF, showed low recoveries, <6% and <29%, at 100 
ng/g dw and 350 ng/g dw spike levels, respectively. The isotopically 
labeled standard DCF-13C presented low recoveries at all levels and then 
it was discarded. 

3.2.3. Sensitivity 
The method limits of detection (MLODs) and quantification (MLOQs) 

were calculated as three and ten times, respectively, the standard de-
viation (SD) of the calibration curve divided by the slope. The MLODs 
obtained (0.01–0.40 ng/g dw) despite the complex matrix and the 
simultaneous analysis of the high number of compounds, were lower 
than those recently reported by Beltrán et al. (2020) (0.3–0.8 ng/g dw), 
and Albero et al. (2019) (3–45 ng/g dw) for many compounds. 
Furthermore, both reported methods used much more laborious meth-
odologies, especially Albero et al. [15]. De Santiago-Martín et al. [18] 
reported MLODs values in the range 0.1-1 ng/g dw (higher than the ones 
obtained in this study) and Montemurro et al. [19] obtained MLODs 
between 0.01-0.12 ng/g dw (similar to those achieved with this 
method), even though they used a much more selective equipment 
(QTOF) such as HRMS. Linear range, MLODs and MLOQs of each com-
pound are listed in Table 2. 

3.2.4. Precision 
The precision was evaluated analyzing three replicates of lettuce 

samples spiked at three concentrations (5, 100, and 350 ng/g dw) in a 
day and in successive days. Then, the SD of the obtained recoveries was 
evaluated for each concentration and compound. The inter- and intra- 
day relative standard deviation (RSD) were between 2 and 35% and 
from 0.6 to 30%, respectively, for most compounds (Table S4). The 
variability in the precision may be due to the wide range of compounds 
analyzed, with highly variable physicochemical properties, and the 
strong ME observed, which could not have been fully compensated since 
an internal standard is not included for each compound due to its cost 
and because it would reduce the sensitivity of the analysis by signifi-
cantly increasing the number of compounds analyzed, Similar studies 
only reported intra-day values, that were in the range 4.1–22% [19] or 
4–30% [18], quite similar to those provided by the developed method. 

3.3. Analysis of lettuces grown at field scale and irrigated with reclaimed 
water 

In order to investigate the potential transfer of the target PPCPs to 
crops in the reuse of water in agriculture, the developed method was 
applied to eight types of lettuces, according to the grown conditions in 
field (see Fig. 1). The total load of PPCPs classified in four groups is 
represented in Fig. 3. The individual concentrations measured in the 
lettuces are compiled in Table S5. 

The UVFs group was the one having the highest values in the total 
accumulated (670.6 ng/g dw) and on average per compound (44.8 ng/g 
dw). All samples individually accumulated the UVFs group the most. 
Pharmaceuticals had lower total accumulated values (425.4 ng/g dw) 
despite that a higher number of pharmaceuticals have been analyzed 
and, besides, the average value per compound (12.5 ng/g dw) was much 
lower than for UVFs. The PBs group showed the lowest accumulated 
value (40.3 ng/g dw) and the lowest average value per compound (10.1 
ng/g), being the family less bioaccumulated by the lettuces. 

4HB, BP2, BZT, UVP, SCY, DCF, NDX, CBZ-E, and N-desVFX were 
present in 100% of the samples. Twenty-three out of the 55 target 

Fig. 2. Percentage of compounds showing recoveries above the specified per-
centages of recovery rates (60%, 70%, 80%, and 90%). 
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compounds (42%) were not detected in any sample and 32 (58%) were 
at least found in one. The highest average concentrations corresponded 
to 4HB with 60.9 ± 27 ng/g dw, SCY with 18.9 ± 15 ng/g dw (SD), CFF 
with 16 ± 5 ng/g dw, DCF with 15.5 ± 8 dw, and BP2 with 13.2 ± 17 ng/ 
g dw. As an example, the reconstructed ion chromatograms of the pol-
lutants detected in the lettuce sample BCD are shown in Fig. 4 and Fig. 5. 

The compound 4HB is a metabolite of BP3, one of the most used 
UVFs in the formulation of PCPs and its occurrence in the aquatic sys-
tems is a well-known issue [27,28]. The extended use of BP3 and poor 
removal of 4HB in WWTPs explain its ubiquity in the reused water and 
its further transfer to the crops. Several studies reported ecotoxicological 
implications related to this compound and its endocrine-disrupting ef-
fect [29,30]. Urinary levels of 4HB in men were associated with reduced 
fecundity and in pregnant womens’ with endometriosis [33] and higher 
tax of male births [31,32]. BP2 is a benzophenone-type UVF, that is used 
in the formulation of PCPs and its ubiquitous presence in the lettuces 
may have the same origin as 4HB, especially in a coastal tourism area as 
that were the WWTP is located. 

BZT and UVP benzotriazoles are highly polar and water soluble 
substances extensively used in three main applications: UV light stabi-
lizer for plastics, rubbers, and textiles, corrosion inhibitor, and anti-
foggant in photography [34]. Because benzotriazoles are used in large 
quantities as a corrosion inhibitor, it is mainly through this application 
that benzotriazoles become very frequent environmental contaminants. 
A number of studies documented that benzotriazoles impaired 
morphological changes in a variety of plants. For instance, tomato plants 
were shown to be sensitive to BZT. In cucumber seedlings, BZT caused 
50% repression of root elongation, and in bushbean plants, inhibition of 
internodal elongation with simultaneous thickening of the stem [35]. 

Concerning the pharmaceuticals, SCY was ubiquitous. It is used as 
antiseptic mostly for skincare, and is also the metabolite of the ace-
tylsalicylic acid, which is one of the most consumed analgesics in the 
world [36]. This antiseptic can cause salicylism at high blood levels 
[36], and may promote fetal risk as it crosses the placenta [37]. DCF is 
an anti-inflammatory commonly prescribed for arthritis, and usually 
present in the aquatic environment [38,39]. The wide range of munic-
ipalities covered by the WWTP could explain the high levels found in the 
lettuces. It produced immobilization and reduced reproduction in 
Daphnia magna, and teratogenicity and mortality in Zebrafish embryos 
[40]. In humans, DCF affects particularly the intestine, liver, and kidney 
[41]. NDX is a common antibiotic usually prescribed for urinary in-
fections. It produced carcinogenic activity in rats [42] and can cause 
systemic effects in humans like convulsions, hyperglycemia, sweating, 
and blood changes in children [43]. It is usually found in water because 
of its low degradation [44,45], explaining its presence in the irrigation 
water and, consequently, in the lettuces. 

CBZ-E is the most common transformation product of CBZ and both 
are used as anti-epileptics. Scarce information about CBZ-E toxicity is 
available, but Fitzgerald et al. [46] demonstrated its capacity to accu-
mulate in humans and cause neurotoxicity, especially when combined 
with quetiapine pharmaceutical. Its presence in all the studied samples 
could indicate the original occurrence of CBZ-E in the irrigation water, 
transformation of the residual CBZ from the water once it is absorbed by 
the lettuces. N-desVFX is a known transformation product of VFX, and 
both are used as antidepressants. To the author’s knowledge no infor-
mation about its toxicity is available. However, as for CBZ-E, its presence 
in all the studied lettuces could be an indicator of VFX presence in the 
irrigation water, and further degraded in the uptake process, or the 
original occurrence of N-desVFX in the water. Venlafaxine, its parental 
compound, has been associated with mydriasis [47], sleep disturbance 
[48], neonate complications [49] and hyponatremia in elderly popula-
tion [50]. 

CFF is a known stimulant that is present in the coffee and soft drinks, 
and even in food, like chocolate, and also in many pharmaceuticals. 
Nowadays, it is consumed in large quantities and its presence in water 
has been commonly reported [51,52]. This is because, despite it is 
removed to some extent during wastewater treatment, its levels are so 
high, that still high concentrations remain in the WWTPs’ effluents. Its 
occurrence at high levels in the irrigation water could explain the uptake 
of the crops, resulting in the levels found in the lettuces. Although CFF is 
thought to be safe in moderate amounts in adults, it differs in recom-
mendations for children, adolescents, or pregnant women [53], where it 
causes alteration in myocardial blood flow [54], hearing [55], cognition 
indices [56], and increased liver fibrosis risk [57]. 

The compounds detected in all samples present pka values higher 
than 8, except SCY and DCF. As reported in previous studies [14], pka 
values are a good indicator of the capacity of the PPCPs to be up taken by 
the crops, since nonionic organic molecules are able to cross cell 
membranes easily [58]. Once inside the roots, nonionic compounds may 
be translocated by the water gradient inside the plant and therefore, 
accumulate more in the crops [59]. Ionic compounds, however, expe-
rience more difficulties to cross the permeable membranes, and thus its 
concentrations are lower. In fact, of the 55 compounds surveyed, the 
ones having higher pka values (alkaline) are CBZ and CBZ-E (15.96), 
N-desVFX (14.42), and CFF (14), found in 100% of the samples, except 
for CBZ, that could have been degraded to CBZ-E, as already explained. 

3.4. Correlation analysis 

The tests carried out showed correlations among the groups, except 
two. These groups are BCS with BCD and BCS with BSS. This statistical 
difference suggests that two of the studied variables (soil and irrigation 

Fig. 3. Accumulated concentrations (
∑

) of UV filters (UVFs); Parabens (PBs), Pharmaceuticals (Pharm.) and others (CFF) in the different samples (acronyms defined 
as in Fig. 1). 
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system) have significant impact on the PPCPs’ plant uptake. Unexpect-
edly, the irrigation water, did not present statistic difference among 
samples. Concerning the samples irrigated with the WWTP water, they 
were very similar, suggesting that the change of the variables affects 
more in the samples irrigated with reclaimed wastewater. Therefore, it 
appears that the cultivation variables considered in this study have a 
greater effect when the irrigation water is less contaminated. This fact is 
in total accordance with two previous studies [18,60], where the re-
ported concentrations of PPCPs in the water did not correspond to the 
accumulation pattern in the crops. 

3.5. Multivariate analysis 

The scores plot (Fig. S4) of the results confirms that the variables 

present different behavior on uptake, as they are separately distributed 
in the plot. The loadings plot (Fig. S5) shows potential correlations 
among the studied PPCPs (those close among them) and suggests that 
there might not be a clear pattern within the families of compounds 
studied, as they are randomly distributed. Finally, the biplot (Fig. S6) 
shows the main compounds responsible of the variability observed for 
each combination of variables. For example, the compound causing the 
major impact in WSD sample is the SCY, because it is the closest one in 
the plot. 

3.6. Factors driving the PPCPs’ lettuce uptake 

The results suggested that the best combination to lower the uptake 
of PPCPs by lettuces would be to irrigate with the reclaimed water 

Fig. 4. SRM reconstructed ion chromatograms showing the first selected transition obtained for the lettuce sample BCD showing the content in UVFs.  
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obtained from the treatment of the reactive barriers, in the soil that had 
the higher percentage of clay and by sprinkling. Moreover, the most 
differential factor to reduce the uptake was sprinkling irrigation, 
because all the lettuces irrigated by this system presented much lower 
values of accumulated PPCPs. This could be explained because the 
sprinkling water could have a higher spread throughout the soil around 
the crop, and therefore, it is exposed to more degrading processes (e.g. 
photolysis, soil processes, etc). The clayey soil hindered the pharma-
ceuticals uptake, but this did not affect the other pollutants. 

3.7. Comparison with previous studies 

So far, reported values of PPCPs in lettuces correspond to pharma-
ceuticals, mainly antibiotics. AAP (<LOD), CFF (3.2 ng/g dw), TMP (1.1 
ng/g dw), NPX (<LOD), IBU (<LOD) and GFZ (0.2 ng/g dw) levels in 
lettuces were reported in two studies where the crops were grown in 
hydroponic conditions [13,61]. Similar studies reported ATL (1.2 ng/g 
dw) and CBZ (0.9 ng/g dw) levels [16], CFX (3 ng/g dw) and SMX (12 
ng/g dw) [15,62] or DCF (9.05 ng/g dw) [63]. De Santiago-Martín et al. 
[18] detected APH (8.4–27.5 ng/g dw), IBU (0.2–1.1 ng/g) and CBZ 
(0.04–0.4 ng/g dw) in corn, Picó et al. [60] reported CFF (48–125 ng/g 

Fig. 5. SRM reconstructed ion chromatograms showing the first selected transition obtained for the lettuce sample BCD showing the content in pharmaceuticals 
and stimulants. 
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dw), GFZ (45–75 ng/g dw), NPX (38 ng/g dw) and ATL (55 ng/g dw) in 
cabbage and green beans, and Montemurro et al. found CFF (17.9 ng/g 
dw), GFZ (16.5 ng/g dw), CBZ (18.5 ng/g dw) and CBZ-E (16.5 ng/g dw) 
in lettuce. All the levels found in these studies are in accordance with the 
results reported in this study, as can be seen in Table S4. Only APH and 
IBU values from Ref. [18] and GFZ values in Refs. [19,60] are different, 
since they were not detected in this study. Picó et al. [60] reported quite 
high accumulated concentrations compared with literature, but this 
could be due to the lower sensitivity of the method used. To the best of 
the authors’ knowledge, no studies investigating the bioaccumulation of 
UV filters or paraben in lettuce have been reported so far, and thus, the 
present study constitutes the first data documenting the uptake of 
benzophenone-type UV filters, paraben preservatives, and benzotriazole 
UV stabilizers by lettuce. 

4. Conclusions 

Contamination of reclaimed water by CECs and the fate of these 
substances in agricultural environments are of increasing concern. To 
afford such knowledge gap, field studies and new simple and sensitive 
analytical methods are required. We contributed to fill this gap through 
the development and validation of a new QuEChERS-based method for 
the analysis of 55 PPCPs, including UVFs, PBs, pharmaceuticals, and 
stimulants, in lettuces. The new methodology presented good linearity 
and high sensitivity, low MLODs (0.03–0.8 ng/g dw) and MLOQs 
(0.1–2.7 ng/g dw). The method was successfully applied to determine 
the content of the target PPCPs in lettuces grown at field-scale and 
irrigated with two water types, in two soil compositions, and two irri-
gation systems. The results achieved allowed us to identify the best 
cultivation practices for lettuces using reclaimed water, which guaran-
tees the lower contaminants transfer from the water to the plant. BP2, 
4HB, BZT, UVP, NDX, DCF, CBZ-E, N-desVFX, and SCY were found in the 
eight groups of samples. The highest PPCP concentration, 84.1 ng/g dw, 
corresponded to the UV filter 4HB. The measured concentrations of BP2, 
4HB, BZT, UVP constitute the first evidence of UV filters and stabilizers 
lettuces uptake. 

Overall, the best conditions to lower the PPCPs’ plant uptake appears 
to be irrigate by sprinkling in a clayey soil with reclaimed water ob-
tained after a reclamation treatment, such as the water treated by soil 
infiltration through reactive barriers, but statistically there are no dif-
ferences. In light of these findings, further studies are needed to evaluate 
the plant uptake under other agricultural systems. 
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Figure S1. Annual evolution of the revenue volume of the pharmaceutical industry worldwide 
from 2001 to 2019. (Data from statista.com, August 2020). 

 

Figure S2. Map with the exact location of the WWTP in Palamós (Girona, Spain), where the crops were cultivated. 

. 

Figure S3. Workflow for analytes extraction, purification and concentration 

methodology. 

 

 

 

 

 

 

 

 

 

Figure S4. Calibration curves for BP3 compound, showing the enhancement of the signal in the 

matrix matched calibration curve. 
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Figure S5. Calibration curves for MePB compound, showing the suppression of the signal in 

the matrix matched calibration curve. 
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Compound BSS BCS BCD BSD WSD WCS WSS WCD Range Positive Frequency (%)
BP3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BP1 0.77 <LOD 0.82 2.76 0.69 1.17 3.56 0.42 0.42-3.56 7 87.5
BP2 1.48 54.4 7.03 9.81 5.32 8.14 5.37 13.8 1.48-54.4 8 100
4HB 11.8 64.1 26.6 59.8 80.6 80.1 79.9 84.1 11.8-84.1 8 100

4DHB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DHMB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AVO 0.85 1.69 6.54 <LOD 1.34 2.13 2.04 0.58 0.58-6.54 7 87.5

BP4 (-) 0.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.17 1
4MBC <LOD <LOD <LOD 0.1 0.71 0.3 1.62 0.48 0.1-1.62 5 62.5
EHMC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

EtPABA 0.3 1.06 <LOD <LOD 0.42 <LOD 1.17 0.73 0.3-1.17 5 62.5
BZT 1.52 0.57 5.32 7.05 1.43 6.55 0.49 1.4 0.49-7.05 8 100

MeBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DMBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

UVP 1.97 2.51 5.35 1.71 2.39 4.19 1.44 1.94 1.44-5.35 8 100
BePB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BuPB (-) 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.4 1 12.5
PrPB (-) <LOD <LOD 0.94 1.42 <LOD 0.97 <LOD <LOD 0.94-1.42 3 37.5

MePB (-) <LOD 10.24 0.48 1.52 4.52 7.78 1.14 10.9 0.48-10.86 7 87.5
FLU 0.52 1.94 4.25 <LOD 0.62 1.48 1.53 0.52 0.52-4.25 7 87.5
NDX 1.18 19 10.1 2 3.94 3.57 2,078 4.08 1.18-19 8 100
OXL 0.66 1.56 4.91 0.41 0.36 1.91 1.91 <LOD 0.36-4.91 7 87.5
TCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

Succynil-STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDZ <LOD <LOD 4.03 2.23 <LOD 2.95 <LOD <LOD 2.23-4.03 3 37.5

acSDZ 1.3 <LOD <LOD <LOD <LOD <LOD 1.44 <LOD 1.3-1.44 2 25
SMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
acSMZ 0.81 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.81 1 12.5
SMX 2.58 <LOD <LOD <LOD 2.97 <LOD <LOD <LOD 2.58-2.97 2 25

acSMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMPZ <LOD 2.59 1.55 <LOD <LOD <LOD 1.42 <LOD 1.42-2.59 3 37.5
SPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SQX <LOD 1.02 4.4 <LOD <LOD <LOD <LOD <LOD 1.02-4.40 2 25
STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

SMD 0.26 2.53 0.93 <LOD 14.8 2.31 3.71 10.6 0.26-14.83 7 87.5
SDM <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
TMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

GFZ (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
MFA (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NPX (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DCF (-) 3.68 19.5 24.9 26.9 9.31 9.76 16.9 12.8 3.68-26.90 8 100

DCF-13C (-) <LOD <LOD <LOD 0.48 <LOD <LOD <LOD <LOD 0.48 1 12.5
KPF (-) <LOD <LOD <LOD <LOD <LOD 1.25 <LOD 0.45 0.45-1.25 2 25

IBU <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
APH (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

CBZ <LOD <LOD <LOD <LOD 0.09 0.27 <LOD <LOD 0.09-0.27 2 25
CBZ-E 0.38 0.34 0.4 0.33 0.33 0.36 0.42 0.35 0.33-0.42 8 100
ATL <LOD <LOD <LOD <LOD 1.16 1.24 <LOD <LOD 1.16-1.24 2 25

norFXT <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.23 2.23 1 12.5
CFX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

N-desVFX 0.54 0.87 1 1.29 0.95 0.85 0.87 0.73 0.54-1.29 8 100
SCY (-) 6.14 14 19.9 19.4 18 53.8 10.7 9.46 6.14-53.80 8 100

CFF 8.8 15.24 <LOD 16.5 26.8 13.26 15.7 16 8.80-26.80 7 87.5
Values are in ng/g dw; <LOD: value below the limit of detection  

 

Table S5. Table of the results obtained for all the samples and compounds studied, with its ranges 

and frequencies of detection. 
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S3.1 Correlation analysis. 

The different samples studied (Table S4) were tested to find correlations between them with the t-test for 

paired samples. All of the variables showed to be correlated except two pairs, as it is shown below: 

t.test (data$BCS, data$BCD, paired = TRUE, alternative = ”two.sided”) 

 t = -2.1674, df= 54, p-value = 0.03463  ;  alternative hypotesis: true difference in means is not equal to 0 

95 percent confidence interval:  - 5.847   - 0.227 ;     mean of the differences: - 3.03727 

t.test (data$BCS, data$BSS, paired = TRUE, alternative = ”two.sided”) 

 t = -2.5365, df= 54, p-value = 0.01412  ;  alternative hypotesis: true difference in means is not equal to 0 

95 percent confidence interval:  - 2.712   - 0.317 ;     mean of the differences: - 1.5145 

Both tests have a p-value < 0.05, indicating that the pairs BCS-BCD and BCS-BSS are statistically 

independent between them. 

 

 

 

 

  

S3.2 Principal component analysis (PCA): 

To perform a PCA, autoscale was chosen as preprocessing of the data, followed by the leave one out cross 

validation method. After, two principal components were selected and the method was built. Then, scores 

plot, loadings plot and biplot of scores and loadings were built: 

 

Figure S6. Scores plot  
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A B S T R A C T   

Nowadays, water is a scarce resource, hence, water management is crucial as demand for agricultural, urban, and 
industrial purposes increases. The use of reclaimed water in agriculture can be a suitable solution. However, 
pathogens and chemical contaminants of emerging concern (CECs) present in reclaimed water can accumulate in 
the soil and ultimately, in the crop. To evaluate the potential transfer of biological and chemical pollutants from 
water to crop, two plots were designed for the cultivation of lettuce under field conditions. In this study, the 
influence of water quality, soil composition, and irrigation system on plant uptake of CECs and pathogens was 
assessed. The applied reclamation process reduced total suspended solids, E. coli (3–5 ulog), sulfite-reducing 
clostridia spores (1 ulog), Helminth eggs, and Legionella spp levels (complete removal) in water. Sodium 
adsorption ratio (SAR) and electric conductivity (EC) in the soils irrigated with reclaimed water were lower, and 
E. Coli was not detected. In lettuces, E. coli was only present in the crops irrigated with wastewater. Pharma-
ceuticals were the most frequently detected CECs in soils and waters, whereas UV filters achieved the highest 
concentrations. Diclofenac and salicylic acid were the most accumulated in soils, and diclofenac, ofloxacin, and 
benzophenone-4 were the most prevalent in the WWTP effluent. The irrigation water quality was the factor 
driving the transfer of CECs to the crops. Results show that the best combination to reduce pathogens and CECs 
was the use of reclaimed water, soils with high content of clay, and a sprinkling irrigation system.   

1. Introduction 

Fresh water is essential for human life, yet more than a billion people 
lack access to water, and by 2025, two-thirds of the world’s population 
could suffer from a lack of water. When water is scarce, people cannot 
get enough to drink, wash or grow crops, leading to economic decline. 
Water scarcity is an issue that aggravates with population growth, 
increased food and energy demands, economic development, and envi-
ronmental pollution [31]. Water is not only input for economic activ-
ities, it provides ecosystem services such as the maintenance of wetlands 
and river flows, and support for wildlife [53]. 

Climate change is one of the main causes of the shortage in water and 
one of the drivers of its changing demand [17]. Current data evidence 
the need to find alternatives to increase freshwater availability. A 
possible solution to this issue may be the integrated use of all available 

water resources, especially reclaimed water, that can be prioritized for 
purposes that do not require high quality, such as could be agriculture 
[30]. 

Wastewater use in agriculture has been a widely studied solution to 
deal with water shortages with promising benefits such as reduced fer-
tilizer consumption [57]. Nevertheless, wastewater can contain a 
myriad of substances potentially toxic. Several pollutants ranging from 
heavy metals to organic chemical compounds - many of them consti-
tuting contaminants of emerging concern (CECs) including micro-
plastics, pharmaceuticals, and personal care products (PPCPs) - can be 
found in wastewater [6], together with pathogens. Most of these 
chemical contaminants are released in large quantities to the sewerage 
systems and are only partially removed in wastewater treatment plants 
(WWTPs), reaching environmental compartments [22]. While waiting 
for more efficient and economic wastewater treatment technologies 
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were made up of two types of soil: the first one was the soil from the 
WWTP terrain, mainly sand (S soil) and the second one was the same soil 
to which clay was added up to 10% content (C soil). The plots were 
implemented with two irrigation systems: drip and sprinkler. Different 
sensors were installed in the plots to control in real-time several pa-
rameters: two DataLogger Decagon Em50G to the system ECHO2 were 
installed for reading, storage, and data transmission via GPRS, and eight 
5TE Decagon probes were installed to measure temperature, electrical 
conductivity, and soil moisture at six depths (10, 20, 30, 40, 50 and 
60 cm). These probes were installed in the plots avoiding areas where 
water could have direct contact with the sensor. Two flowmeters 
Decagon were also installed for monitoring the flow rate of the irrigation 
waters. Real-time control of water availability allowed the automated 
irrigation system to only activate when the crops needed it i.e. after a 
storm event, the sensors detect large amounts of water at different 
depths and cancel the scheduled irrigation. On the contrary, in times of 
drought or hot summer, when water evaporates quickly, the sensors 
activate irrigation more frequently than the dulled. 

2.3. Sampling 

2.3.1. Water samples 
For characterization, water samples were collected throughout each 

season of the year and additionally at harvest time. Regarding micro-
biological analysis and physicochemical characterization, W and B 
water samples were collected in sterilized 1 L glass bottles and trans-
ported in portable fridges to the laboratory. The analysis was performed 
within 24 h after sampling. For CECs analysis, water samples were 
collected in 1 L brown glass bottles, filled up to ¾ of capacity, and 
transported under cool conditions to the lab and then frozen. 

2.3.2. Soil samples 
For microbiological analysis, sterilized plastic bags and glass bottles 

were used. The microbiological analysis was performed within 24 h 
after the sampling. Soil samples were collected before sowing, every four 
months during one year, and at harvest time. 

The samples were gathered with a small gardening shovel at the 

Fig. 1. Diagram of the experimental agricultural plots. BSD: Barriers irrigation, sandy soil, drip irrigation; BCD: Barriers irrigation, clayey soil, drip irrigation; BSS: 
Barriers irrigation, sandy soil, sprinkler irrigation; BCS: Barriers irrigation, clayey soil, sprinkler irrigation; WSD: Wastewater irrigation, sandy soil, drip irrigation; 
WCD: Wastewater irrigation, clayey soil, drip irrigation; WSS: Wastewater irrigation, sandy soil, sprinkler irrigation; Wastewater irrigation, clayey soil, sprin-
kler irrigation. 
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allowing the complete removal of pathogens and CECs in the WWTPs, 
their monitoring of the environment is essential. A pathogen is any 
microorganism that can cause disease once entering the human body, so 
its occurrence in any matrix (water, soil and especially crops) involved 
in the production of fresh food intended for human consumption must be 
avoided. Regarding CECs, many studies have reported adverse health 
effects on aquatic ecosystems and humans [26], as many of them display 
endocrine disruption [8] and antibiotic residues contribute to antibiotic 
resistance dissemination [45]. Therefore, if reclaimed water use is to be 
implemented, it is urgent to evaluate the occurrence of pathogens and 
CECs in the reclaimed water and to estimate their potential uptake by 
crops. 

Regulation at the national (Ministerio de la Presidencia, 2007) or 
European level (The European Parliament and the Council, 2020) do not 
specify limitations about pathogen levels in crops. Only in some coun-
tries, pathogen and certain physicochemical parameters of reclaimed 
water aimed for agriculture irrigation are regulated for E. coli, total 
coliforms, turbidity, pH, and residual chlorine ([11,51]; the United 
States Environmental Protection Agency, 2022). Regarding CECs, they 
are mentioned as “additional requirements”, but no limits of concen-
tration in the irrigation water, soil or crop are specified. It is likely 
because most of the literature on the assessment of CECs’ uptake by 
plants deals with case studies far from real scenarios [13,16,2,63]. At the 
global level, the World Health Organization’s (WHO) latest guidelines 
were published in 1987 and followed the same pattern as the other 
regulations [60]. 

The scientific knowledge on plant joint exposure to pathogens and 
CECs under field conditions is yet limited because most studies focus 
solely on microbiological contamination or chemical contamination and 
were performed in hydroponic and greenhouse environments. So far, 
under field conditions, the effects of treated wastewater or reclaimed 
water use in terms of microbiological safety have only been evaluated in 
tomato, lettuces, chili, broccoli, and soil ([1,33,36,5]; A M [39]). 
Regarding CECs, their plant uptake from treated and reclaimed waste-
water under real field conditions has been evaluated in carrots, potatoes, 
cabbage, spinach, radish, corn, rice, tomato, lettuce, cauliflower, broad 
and long bean, eggplant, cucumber, wheat, and maize [15,43,34,35,40, 
50,49]. 

All these studies proved the potential capacity of pathogens and CECs 
to reach the crops when irrigating with treated wastewater or reclaimed 
water, and even some of them show the relevance of the irrigation water 
quality in the final uptake of contaminants by the crop. Theoretically, 
other variables such as soil composition and irrigation system may also 
influence the contaminants’ uptake. For example, Forslund et al., [19] 
and Palese et al., [39] stated that sprinkling irrigation or clayey soils 
enhance the survival of pathogens, thus increasing the possibility to be 
transferred to the crops. Drip irrigation has been commonly investigated 
([15,1,33,35,36]; A. M. [39]), but there were also several studies using 
sprinkling irrigation systems [19], wetland columns [5], furrow [37,40] 
or even gravity irrigation [43,34]. The same applies to soil composition, 
since sandy soils were the most studied [35], but also combined with 
clay (from 3% to 40% of the total), loam, or silt ([15,43,1,33,34,37]; A. 
M. [39]). Due to this marked diversity of setups employed, comparison 
among results is impeded, and sound conclusions about the role that all 
these variables may have in the uptake of contaminants by crops cannot 
be drawn. 

To the best of the authors’ knowledge, none of the mentioned studies 
performed under real conditions have evaluated the joint influence of 
the selected variables. In this scenario, the present study aims to eval-
uate crop uptake of both microbiological and chemical organic pollut-
ants from irrigation water, as well as the role of the soil, water quality, 
and the irrigation system in this process in real field conditions. 

2. Materials and methods 

2.1. Standards and reagents 

All the standards used were > 98% of purity. Benzophenone-3 (BP3), 
benzophenone-1 (BP1), benzophenone-4 (BP4), 4HB, 4,4′-dihydrox-
ybenzophenone (4DHB), avobenzone (AVO), UVP, 5,6-dimethyl-1 H- 
benzotriazole (DMBZT), nalidixic acid (NDX), oxolinic acid (OXL), 
tetracycline (TCY), succynil-sulfathiazole (S-STZ), sulfadiazine (SDZ), 
N4-acetylsulfadiazidine (acSDZ), sulfamerazine (SMR), N4- 
acetylsulfamerazine (acSMR), N4-acetylsulfamethazine (acSMZ), sulfa-
methoxazole (SMX), N4-acetylsulfamethoxazole (acSMX), sulfame-
thoxypyridazine (SMPZ), sulfapyridine (SPY), N4-acetylsulfapyridine 
(acSPY), sulfaquinoxaline (SQX), sulfathiazole (STZ), sulfisomidine 
(SMD), sulfadimethoxine (SDM), trimethoprim (TMP), acetaminophen, 
also known as paracetamol (APH), atenolol (ATL), gemfibrozil (GFZ), 
ketoprofen (KPF), mefenamic acid (MFA), carbamazepine (CBZ), nor-
fluoxetine (norFXT), ofloxacin (OFX), ciprofloxacin (CFX), caffeine 
(CFF), ibuprofen (IBU), salicylic acid (SCY), diclofenac (DCF), diclofe-
nac-13 C (DCF-13 C), methyl paraben (MePB), propyl paraben (PrPB), 
benzyl paraben (BePB), butyl paraben (BuPB) and benzophenone- 
(carbonyl-13 C) (BP-13 C) were purchased from Sigma Aldrich (Darm-
stadt, Germany). BP2, 2,2′-dihydroxy-4-methoxybenzophenone 
(DHMB), ethyl-4-(dimethyl-amino) benzoate (EtPABA), ethylhexyl 
methoxycinnamate (EHMC), and benzotriazoles (BZT) were obtained 
from Merck (Darmstadt, Germany). Enzacamen or 4-methyl benzylidene 
camphor (4MBC) was provided by Dr. Ehrenstorfer (Augsburg, Ger- 
many). 5-Methyl benzotriazole (MeBZT) was obtained from TCI 
(Zwijndrecht, Belgium). Flumequine (FLU), N-desmethylvenlafaxine (N- 
desVFX), diclofenac 4-hydroxy (DCF-OH), carbamazepine 10,11-epoxy 
(CBZ-E), and sulfamethazine-d4 (SMZ-d4) and acetaminophen-d4 
(APH- d4) were purchased in Toronto Research Chemicals (Toronto, 
Canada). Oxytetracycline (O-TCY) and naproxen (NPX) were obtained 
from Honeywell Fluka (Wabash, United States). 2-hydroxy-4-methoxy- 
2′,3′,4′,5′,6′-d5 (BP3-d5), ( ± )� 3-(4-methylbenzylidene-d4) camphor 
(4MBC-d4), 1 H-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), 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(tri-deuteriomethyl)pentanoic acid (GMZ-d6) were from CDN iso-
topes (Quebec, Canada). 

Information about solvents, stock solutions, extraction and analysis 
kits can be found in the Supporting Information (SI). 

2.2. Field site 

Palamós WWTP, the fifth-biggest plant in Catalonia (Spain), was 
selected to assemble the experimental plots. Detailed information about 
the facility can be found in the SI. 

To improve the quality of the WWTP effluent to be used for agri-
cultural irrigation, a Managed Aquifer Recharge pilot system with 
reactive barriers (rbMAR) was implemented as advanced tertiary 
treatment. The rbMAR system aims to improve biodegradation by 
generating different redox potential zones and enhancing microorgan-
isms’ CECs removal and pathogens retention. The pilot rbMAR described 
by Valhondo et al., [56,54] consists of five soil aquifer treatment systems 
implemented with a compost/wood ship reactive barrier, and a refer-
ence system without barrier; further, the infiltrated water flows along a 
15 m simulated aquifer. Finally, the effluent is discharged and stored in a 
tank to homogenize waters for further use. The water used to feed the 
rbMAR systems is the WWTP effluent (previously homogenized in a tank 
to overcome differences in effluent water quality over time). 

Two experimental agricultural plots, 4 m x 12 m, were constructed 
next to the rbMAR system (Fig. 1). Plot 1 was irrigated with rbMAR 
effluent (B water) and Plot 2 with WWTP effluent (W water). The plots 
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uptake factor, Ccrop is the contaminant concentration in the crop, Csoil is 
the contaminant concentration in the soil, Cwater is the contaminant 
concentration found in the irrigation water, and Kd is the soil-water 
sorption coefficient for each contaminant. Uptake factors could only 
be calculated for contaminants present at least in two matrices. UFSOIL, 
UFWATER and Kd values are listed in Table S1. 

2.7. Statistical methods 

T-tests to evaluate individual correlations, principal component 
analysis (PCA) and partial least squares regression-discriminant analysis 
(PLS-DA) was performed with RStudio open software, v. 1.2.5001 
(2019) RStudio, Inc. The results of the t-tests are included in Table S2. 

2. Results and discussion 

2.1. Physicochemical parameters 

Table 2 lists the quality parameters of W and B waters used for 
irrigation. W water quality fluctuates notoriously throughout the year. 
However, the rbMAR system helps to reduce this variability. Beyond, the 
rbMAR system allows decreasing by 50% of the total suspended solids 
(TSS), achieving an average concentration of 9,2 mg/L, a COD reduction 
of 70%, and average removals of 43% of N-NTK and 37% of N-NH4. 

SAR was calculated in irrigation waters according to RD 1620/2007. 
This parameter informs about the relationship between exchangeable 
Na+ and other exchangeable cations. When the concentration of Na+ is 
high, it may replace Ca2+ and Mg+2 which influences soil structure ag-
gregates stability and eventually may minimize soil permeability [59]. 

W and B waters showed similar SAR and EC, complying with the 
limits established by RD 1620/2007. Despite SAR values measured in 

the irrigation waters being high (> 4 meq/L), the also high EC (> 2,5 
dS/m) helped to minimize the potential risk of decreasing the infiltra-
tion rate [9]. However, high salinity waters may reduce crop yields 
because of the accumulation of salts in the roots, decreasing water 
availability to the plant. 

In soils, the organic matter content, total nitrogen, and pH after 
lettuce harvest did not show significant differences from the values 
determined before planting. However, soil organic matter content 
increased after one year of irrigation with both water types (Fig. S1). 
These results evidenced that B water may increase soil organic matter 
content minimizing any risk. Increased EC and SAR values of the plot 
irrigated with W water compared to those of the plot irrigated with B 
water were observed (Table S3). For the subplots having different sand- 
clay compositions, significant differences in these two parameters were 
not observed. 

With a specific focus on the soils irrigated with B water, SAR was 
calculated in triplicate samples collected every four months over one 
year. As shown in Fig. 2, a significant increase in SAR was observed. 
Before irrigation, the SAR values in the soil samples were in the range 
0,4 – 0,8 meq/L, increasing to 1,1 - 1,2 (150%). This behavior suggests 
that the use of B water in agriculture might increase soil sodicity and, 
consequently, alters soil structure and reduces crop production. An 
excess or deficiency of major plant nutrients, such as Ca2+, can lead to 
disturbances in the availability, uptake, transport, or distribution of 
nutrients in the plant [59]. 

A t-test performed to evaluate if SAR values were influenced by the 
irrigation system and soil type indicated that both variables influenced 
SAR. These results agree with those reported by Stevens et al., [47], 
pointing out an increase in SAR in topsoil irrigated with reclaimed water 
compared to that in virgin soil. Similarly, Phogat et al., [41] simulated a 
long-term impact on soil irrigated with reclaimed water and reported a 
considerable increase in SAR after 7 years of irrigation. 

2.2. Pathogen indicators analysis 

Concerning microbiological parameters, E. coli is considered an in-
dicator of fecal contamination and is regulated by RD 1620/2007 and 
EU Regulation 2020/741. B water showed reductions between 3 and 5 
ulog of E. coli and a decrease of 1 ulog of sulfite-reducing clostridia 
spores compared to the levels measured in the W water. Helminth eggs 
(1 egg/10 L) and Legionella spp (50 cfu/L) were only detected in the W 
water. 

Fig. 3 shows the annual fluctuation of fecal contamination in B water. 
During tourism’s peak season, the E. coli rate was found over the limits. 
All the water samples from March, April, and August exceeded the 
limits, while 70% of July’s samples had less than 1 log of E. coli. 
Nevertheless, in periods when the water input was lower and, conse-
quently, the retention time increased (i.e., in winter), less than 1 log cfu/ 
100 ml was detected, which meets the maximum level set up in the RD 
1620/2007 (in case there is direct contact of reclaimed water with the 
edible parts for fresh human food) and with EU Regulation 2020/741. 

Regarding fecal contamination in soil, at the time of lettuce harvest, 
it was observed that the soil irrigated with B water had no E. coli 
(Table 3). In contrast, the plot irrigated with W water by drip in C soil 
had a higher concentration of E. coli, 2,26 × 104 cfu/g. The S soil irri-
gated by drip presented a lower level of fecal contamination (4,3 ×102 

cfu/g) compared to 5,95 × 103 cfu/g when irrigated by the sprinkler 
system. Similar results were obtained by Forslund et al., [19]. This study 
showed that the highest values of E. coli were obtained in soil irrigated 
by a micro-sprinkler system using reclaimed water. However, soil 
properties and weather conditions may stimulate the persistence of 
E. coli in irrigated fields by reclaimed water. Fecal contamination in the 
soil also depends on the survival capacities of the pathogens [58]. In our 
study, soil samples were collected in autumn, which might have favored 
the persistence of the pathogens. 

E. coli was not observed in lettuces irrigated with reclaimed water, as 

Table 2 
Quality parameters of W and B waters compared with RD 1620/2007 and 
Regulation EU 2020/741 standard limits. TSS: total suspended solids, COD: 
chemical oxygen demand, BOD5: biological oxygen demand, EC: electrical 
conductivity, TNK: total Kjeldahl nitrogen, SAR: sodium adsorption ratio. n.d.: 
Not detected.  

Parameter W water B water RD 
1620/ 
2007 * 

Regulation 
(EU) 2020/ 
741 * * 

TSS (mg/L) 20 ± 6.5 9.2 ± 4.4 20 10 
COD (mg/L 

O2) 
99 ± 39 28 ± 19   

BOD5 (mg/L 
O2) 

17 ± 7.1 11 ± 2.4  10 

pH 7.8 ± 0.20 7.7 ± 0.30   
EC (dS/m) 2.7 ± 0.80 2.6 ± 0.2 3  
TKN (mg/L) 69 ± 9.2 30 ± 13   
N-NH4þ (mg/ 

L) 
60 ± 8.2 22 ± 14   

Cl- (mg/L) 430 ± 26 530 ± 29   
SO42- (mg/L) < 0.10 0.60 ± 0.30   
Naþ (ppm) 230 ± 13 211 ± 10   
Ca2þ (ppm) 123 ± 9.8 128 ± 8.5   
Mgþ2 (ppm) 32 ± 4.4 30 ± 3.6   
SAR (meq/L) 4,79 4,34 6  
E. coli (cfu/ 

100 ml) 
4.4 × 106 

± 1 × 107 
6.6 × 102 

± 1 × 103 
1 × 102 1 × 101 

Helminth eggs 
(eggs/ 10 L) 

1 n.d. 1 1 

Spores of 
sulfite- 
reducing 
clostridia 
(cfu/100 ml) 

1.9 × 104 

± 7.0 × 103 
3.9 × 102 

± 1.4 × 102   

Legionella spp 
(cfu/L) 

50 n.d. 1000 1000 

* Minimum reclaimed water quality class 2.1; ** Minimum reclaimed water 
quality class A. 
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surface, 10 and 20 cm depth around the crops, mixed by subplot and 
depth, and stored. For physicochemical analysis, soil samples were air- 
dried, then passed through a 2 mm sieve and stored until analysis. For 
CECs analysis, soils were freeze-dried and stored in aluminum foil at 
� 20 ºC until analysis. 

2.3.3. Lettuces 
Chicorium intybus lettuces variety (known as red oak leaf lettuce) was 

cultivated from October to December 2018. Approximately 50 lettuces 
per subplot were grown from a previously grown seedling. Once the 
lettuces were suitable for consumption (market size), 10 specimens per 
subplot were randomly collected, and further shaken to remove soil 
particles. 

The samples were separated into two groups: one for microbiological 
analysis and the other for the analysis of CECs. Both were shipped to the 
laboratories under cool conditions. The roots of the lettuces were very 
short (few mg), so the whole lettuce had to be used and homogenized. 
The microbiological analysis was performed within the next 24 h. Upon 
arrival, the samples for CECs analysis were frozen. The next day, they 
were thawed, sliced, frozen again, lyophilized, and crushed. Finally, 
samples were frozen at � 20ºC until analysis. 

2.4. Analytical methods 

2.4.1. Microbiological and physicochemical analysis 
Throughout the experiment, physicochemical parameters of water 

and soil were monitored and are listed in Table 1 [12,7]. For the irri-
gation water, physicochemical parameters were determined in the four 
seasons of the year considering the water’s variation in quality and 
quantity. An initial characterization of the soil was carried out before the 
lettuces were planted. 

Microbiological parameters and fecal indicators such as E. coli and 
spores of sulfite-reducing clostridia were analyzed. Legionella spp. was 
monitored because of the risk of transmission by aerosolization. As 
regards parasites, the presence of helminth eggs was monitored. 

Concerning fecal contamination in water and soil, E. coli was selected 
as the indicator and the membrane filter method based on ISO 9308 
(2014) [29] was performed. E. coli was determined in 30 g of soil and 
270 ml of buffer solution, both homogenized for 2 min in a Stomacher to 
get 10�1 dilution [19]. The lettuces were analyzed according to the ISO 
6887 (2017) [28]. To have a representative sample, leaves of different 
parts of the lettuces were cut and 25 g were taken under sterile 

conditions. Afterward, E. coli extraction was performed. Shredded let-
tuce was placed in sterile bags with 225 ml of peptone water. Subse-
quently, it was shredded in a Stomacher for 2 min to homogenize the 
sample and obtain a 10�1 dilution. Further, dilutions for the lettuce 
leaves and soil up to 10�4 were made and analyzed in the same way as 
for the water. The plates were incubated at 36 ◦C for 24 h and the 
colony-forming units (cfu) per g dry weight (dw) of soil or vegetable 
were counted. 

2.4.2. CECs analysis 
The determination of CECs in the lettuces and soils was performed 

following the developed QuEChERS-based method by Sunyer-Caldú and 
Diaz-Cruz, [48]. Briefly, this method consists of a first extraction step of 
1 g dw lettuce using QuEChERS kits (citrate and PSA-Kit-02 kits). Next, 
an aliquot of 5 ml was evaporated and reconstituted to 1 ml of the final 
extract. This extract was analyzed in a liquid chromatograph Symbiosis 
Pico from Spark Holland (Emmen, The Netherlands) using an 
LC-analytical column Hibar Purosher® STAR® HR R-18 
(50 mm × 2.0 mm, 5 µm) coupled to a 4000 QTRAP mass spectrometer 
from Applied Biosystems-Sciex (Foster City, USA). Analyses were per-
formed in selected reaction monitoring (SRM) mode using the two most 
intense transitions, in both positive and negative electrospray ionization 
(ESI+, ESI). The analytes were quantified by isotope dilution using 10 
matrix-matched standard solutions to build the calibration curves. For 
the analysis of soils, the methodology was adapted from our previously 
developed methods and further validated at three concentrations (10, 
50, and 100 ng/g dw). The method limits of detection (MLODs) ranged 
from 0.01 to 2.92 ng/g dw and the recovery rates were between 60% 
and 140% for 54 of the 56 determined compounds. Method validation 
parameters are compiled in the SI. 

CECs in water samples were analyzed using on-line solid phase 
extraction and high-performance liquid chromatography-tandem mass 
spectrometry (on-line-SPE-HPLC-MS/MS) according to our methodol-
ogy [21,23,54]. 

2.5. Quality assurance and quality control 

In microbiological analysis, the quality control established by the 
ISO and Standards methods were followed. 

In the CECs analysis, some measures are required to avoid contam-
ination at trace levels. All the glass material was washed with MeOH and 
acetone and muffled at 400ºC for 4 h. Quality control and blank samples 
were introduced randomly in the sequence of analysis to evaluate the 
method’s performance. The maximum tolerance permitted between 
chromatographic retention times (tR) in the calibration curve and the 
samples was 2.5% and the maximum tolerance permitted for the relative 
ion intensities between the two selected SRM transitions was 15%. 
Following the EU normative (Commission Decision 2002/657/EC), all 
the compounds determined were identified with the tR and the two 
selected SRM transitions. 

2.6. Uptake factors 

Measured CECs concentrations in lettuce, soil, and irrigation water 
were used to calculate the CECs uptake factors related to soil and water 
following Eqs. (1)–(3). 

UFSOIL =
CCROP

CSOIL
(1)  

UFWATER =
CCROP

CWATER
(2)  

Kd =
CSOIL

CWATER
(3)  

where UFsoil is the soil-based uptake factor, UFwater is the water-based 

Table 1 
Methods applied for water and soil analysis (TSS: total suspended solids, COD: 
chemical oxygen demand, BOD5: biological oxygen demand, TNK: total Kjeldahl 
nitrogen, OM: organic matter, EC: electrical conductivity, IC: Ion Chromatog-
raphy, ICP-OES: Inductively coupled plasma-optical emission spectroscopy).  

Parameter Method for water analysis Method for soil analysis 

TSS APHA[7], ref. 2540B – 
COD APHA[7], ref. 5220 C – 
BOD5 APHA[7], ref. 5220 B – 
TNK APHA[7], ref. 4500. ASA (1982) 
N-NH4 APHA[7] ASA (1982) 
NO3 APHA[7], ref. 4110B. (IC) – 
Cl- 

SO4 

OM – Wet oxidation by Walkley and Black 
(1934) 

Texture – Hydrometer method by Bouyoucos 
(1962) 

pH pH-meter (Crison GLP21) ASA (1982) pH-measurement 
(Crison GLP21) 

EC Conductivity measurement 
(Crison GLP21) 

ASA (1982) Conductivity 
measurement (Crison GLP21) 

Mgþ2 APHA[7], ref. 3120B. 
(ICP-OES) 

ASA (1982) (ICP-OES) 
Caþ2 

Naþ
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PPCPs concentrations found in S soil and C soil were very similar. In 
waters, however, there was a significant difference in the amount of 
PPCPs; the W water was much more contaminated than the B, as the 
accumulated values of UV filters and pharmaceuticals were two and 
three-fold higher, respectively. 

In soils, DCF showed the highest concentration (37–43 ng/g dw) 
followed by SCY (7.4–10 ng/g dw). Regarding the other detected com-
pounds, all were found at levels below 1.3 ng/g dw, showing a little 
affinity for soils. Similar concentrations of DCF and SCY in soil were 
reported in other studies, as in Carter et al. [14], where DCF was found 
at 50 and 70 ng/g dw, or Aznar et al. [10] where SCY was reported at 
47 ng/g dw. 

In W water, the compounds found at the highest concentrations were 
DCF (1390 ng/L), OFX (1240 ng/L), and BP4 (1030 ng/L), but other 
compounds were also measured at significant levels: GMZ (916 ng/L), 
BZT (623 ng/L), MeBZT (601 ng/L) and NPX (454 ng/L). In B water, the 
values were substantially lower, suggesting that the barriers boost 
degradation processes. These results are in agreement with reported 
concentrations in wastewater and reclaimed water of DCF [43,8], OFX 
[20,27], BP4 [44,8], GMZ [46], BZT [42,8], MeBZT [44] and NPX [46, 
8]. 

In lettuces, in contrast to waters and soils, UVFs had the highest 
accumulated load (671 ng/g dw), showing that the accumulation pat-
terns are not the same in the crops as in the waters and soils for all 
contaminants. This is also observed in many CECs (namely 4HB, AVO, 
UVP, SDZ, SMX, SMPZ, SMD, and desVFX) that were uptaken by the 
lettuces, but were detected neither in the irrigation waters nor in the 
soils. The compounds found at the highest concentrations in the lettuces 
were 4HB (61 ng/g dw), SCY (19 ng/g dw), CFF (16) ng/g dw, DCF 
(15 ng/g dw), and BP2 (13 ng/g dw). 4HB and BP2 are UVFs widely 
used, but also BP3 metabolites, so their presence in the crops could be 
due to the degradation of BP3, which was present in the irrigation wa-
ters, but absent in the lettuce samples. The presence of CFF and DCF can 
also be explained by the pretty high levels present in the irrigation 
waters, as DCF was the compound with the highest concentration, and 
CFF occurrence in WWTP effluents is also well documented [25,52]. 

2.4. Statistical analysis 

To evaluate potential correlations between CECs concentrations and 
type of sample, PCA was performed, as shown in Fig. 4. The first two 
components (PC1 and PC2) explained 77.8% of the variance, being PC1 
the one with the greatest contribution (52.7%). PC1 showed high 

positive loading values for CBZ (0.8) and BP4 (0.7) and high negative 
ones for BP3 (−0.9) and DCF (−0.9). PC2 had high positive loading 
values for GMF (0.8) and MFA (0.7) and high negative ones for AVO 
(−0.9), UVP (−0.9), and N-VFX (−0.9). The larger the value of the 
contribution, independently of it is positive or negative, the more the 
variable contributes to a component. Variables that are correlated with 
PC1 and PC2 are the most important in explaining the variability in the 
data set. As principal components are designed to explain the variance, 
the variables that are dimensionally close between them will have more 
correlation than the ones more separated. In our case, PC1 described the 
difference between the soil and the other matrices and additionally 
showed a slight difference between the two types of irrigation waters. 
PC2, however, described the difference between the lettuce and the B 
water not explained by PC1. 

The three types of samples showed different CECs accumulation 
patterns, as shown by their separated location in the biplot (Fig. 4). Soils 
irrigated with B and W waters showed a similar CECs pattern, likewise 
lettuces. However, there is a higher separation between the two water 
types, indicating that the infiltration of the water through the barriers 
modified the CECs content. The different accumulation patterns among 
the matrices are in accordance with previous works, where the CECs 
load in the irrigation water was statistically different from that in the 
soils or the crops. For example, Christou et al., [15] reported that 
considerable concentrations of DCF, SMX, and TMP (50.6 ng/L, 
41.3 ng/L, and 61.8 ng/L, respectively) in the irrigation wastewater did 
not display a cumulative or increasing pattern. Similarly, Liu et al., [34] 
found that the concentrations of SMX, SMZ, and TMP in reclaimed water 
(20 ng/L, 1 ng/L, and 3 ng/L, respectively) were higher than those of 
many other studied CECs and that their respective values in the irrigated 
soils and crops did not display a similar trend. 

Three well-differentiated groups were observed among the CECs, one 
for each type of matrix. The largest group of compounds (green ellipse in 
Fig. 4) is related to the lettuces, the second group (blue ellipse) to the 
irrigation waters, and the third group (orange ellipse) to the soils. Some 
of the CECs investigated were not directly correlated with any of the 
matrices (they are halfway among them), showing similar contributions. 

Regarding individual behaviors, the pharmaceutical CBZ is known to 
be present at high concentrations in wastewater, as we have observed, 
but its metabolite CBZ-E is mostly accumulated in the lettuces, probably 
because CBZ is metabolized when it is uptaken by the plant. Concerning 
UVFs, BZTs, the methylated derivatives are the major contributors to the 
W water. Conversely, BZT was associated with the lettuces irrigated with 
the same water. A possible explanation would be the existence of an 

Fig. 4. Biplot of the three studied matrices (lettuce, soil, and water) showing the CEC’s contributions.  
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expected since the B water had less than 10 cfu/100 ml (Table 3). 
However, its occurrence in W water was considerably higher (2,6 ×105 

cfu/100 ml), leading to values up to 1,15 × 104 cfu/g in the lettuces 
irrigated with this water. It is important to emphasize that both soils 
showed higher E. coli value when irrigated by sprinkling, while lettuces 
irrigated by dripping presented fecal contamination only when they 
were cultivated in the C soils. These results are in good agreement with 

those reported by Mañas et al. [36], who concluded that the use of drip 
irrigation for ready-to-eat vegetables could avoid microbial contami-
nation. However, in one drip-irrigated lettuce sample of our study, E. coli 
was found, which could be attributed to the wind present in the zone. 
Nevertheless, the use of B water has not shown any risk of fecal 
contamination neither in soil nor in lettuce. 

2.3. CECs analysis 

The occurrence of PPCPs in the lettuces was discussed together with 
the description of the analytical method developed for their analysis in 
Sunyer-Caldú and Diaz-Cruz, [48]. In the present work, we focus on soil 
and water, however, to have the full picture, the concentrations of the 
PPCPs determined in the lettuces are listed in Table S4. The concen-
trations for each detected compound, MLODs, method limits of quanti-
fication (MLOQs), determination coefficients (r2), and linear range for 
soil and water matrices are compiled in Tables S5 and S6, respectively. 

The concentrations determined in the three types of samples are 
shown in Table 4. UVFs presented high bioaccumulation in lettuces and 
a notorious difference in the total load between the samples irrigated 
with W water and B water. In contrast, soils and waters had a low 
concentration of UVFs. As for PBs, the accumulated values were very low 
in all the matrices. Regarding the pharmaceuticals, the accumulation in 
the soils was very similar to that in the lettuces, suggesting a direct 
relationship between soil and plant. As expected, the concentration in 
waters was much lower, as soils-plants accumulate water-borne con-
taminants during all the months that the crops were being irrigated. 

Of the 55 analyzed compounds, 10 were detected in soil (18%) and 
35 were present in the irrigation waters (64%). The pharmaceuticals had 
the highest accumulated load (50–56 ng/g dw in soils and 
3000–7500 ng/L in waters), while the UV filters (UVFs) presented the 
highest average value per compound (1.7 ng/g dw in soils and 180 ng/L 
in waters). In soils, PBs and CFF were not detected, despite being present 
at low concentrations in both types of water. 

Fig. 2. SAR values in soil irrigated with B water at three time periods. T1: 4 months; T2: 8 months; T3: 12 months. BSD: S soil-drip irrigation; BSS: S soil-sprinkler 
irrigation; BCD: C soil-drip irrigation; BCS: C soil-sprinkler irrigation. 

Fig. 3. Seasonal variability of E. coli (log cfu/100 ml) in B water compared with 
RD 1620/2007 and Regulation EU 2020/741 established limits. 

Table 3 
E. coli levels in soil and lettuces irrigated with W and B waters. S: soil composed 
of sand, C soil: S soil with 10% clay content.  

Irrigation 
water 

Type of 
soil 

Irrigation 
system 

E. coli in 
soil 

E. coli in 
lettuce 

(cfu/100 ml) (cfu/g) (cfu/g) 

W S Drip 4.3 × 102 n.d. 
Sprinkler 5.9 × 103 9.7 × 103 

(2.6 £105) C Drip 2.3 × 104 5.7 × 103 

Sprinkler 1.0 × 103 1.1 × 104 

B S Drip n.d. n.d. 
Sprinkler n.d. n.d. 

(9.5) C Drip n.d. n.d. 
Sprinkler n.d. n.d. 

n.d.: not detected  
Table 4 
Cumulative concentrations of PPCPs in water, soil, and lettuces. UVFs: UV filters, 
PBs: paraben preservatives, PhACs: pharmaceuticals, Others (caffeine, CFF)).   

∑UVFs ∑PBs ∑PhACs ∑Others 

B water  1.21 n.d.  1.88 n.d. 
W water  2.69 n.d.  4.93 n.d. 
B soil  2.31 n.d.  50.9 n.d. 
W soil  3.15 n.d.  54.6 n.d. 
Lettuce Barriers  69.0 3.75  52.7 10.1 
Lettuce WWTP  98.6 6.32  53.6 17.9 

n.d.: not detected; Units (water): ng/L; Units (soil and lettuce): ng/g dw. 
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4. Conclusions 

The present study showed that high concentrations of the pathogenic 
indicator E. coli and CECs in irrigation waters could lead to their accu-
mulation in the soil and crops. The quality of the irrigation water turned 
out to be crucial in reducing the levels of pathogens and CECs in crops. 
However, other factors such as soil composition and irrigation system 
also influence the plant uptake of pathogens and CECs. Based on the 
results, it can be stated that the most favorable conditions to minimize 
the levels of pathogens and CECs transferred to crops would be the use of 
reclaimed water with sprinkler irrigation in soil rich in clay. However, 
the processes leading to this minor transfer of microbiological and 
chemical contamination were not fully understood. Further studies 
should be carried out on different types of crops (absorption processes in 
the crop may be different, as well as metabolism products), in all seasons 
of the year (fluctuation of contaminants in irrigation waters) and for 
longer periods (increased salinization) that can lead to a gradual 
decrease in the availability of nutrients and modification of the soil 
structure. Beyond the control of the chemical and microbiological 
quality of the irrigation water, to minimize the risk of fecal contami-
nation in crops irrigated with reclaimed water, continuous monitoring of 
the irrigation water should be established in the storage tank usually 
used as a reserve for irrigation water, particularly concerning microbi-
ological quality, since the regrowth of bacteria during water storage is a 
probable risk. 
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enzymatic demethylation mechanism in plants. BP3, and some metab-
olites, are mostly found in soils, although they were also present in the 
waters, suggesting that it was accumulated thereafter irrigation. Then, 
soil microorganisms can degrade it, producing DHMB (BP8), and also 
impacting the soil matrix. Further, the DHMB formed is degraded during 
the uptaken process by the lettuces, as it was not detected in this matrix. 
When BP3 was metabolized in the plant, 4HB, BP1, and BP2 were 
generated, which would explain the high concentrations of these com-
pounds accumulated in the lettuces. Regarding the paraben pre-
servatives, all of them showed the same occurrence pattern in all 
matrixes, with the greatest correlations observed for the lettuces. 

PCA and PLS-DA were also performed to evaluate potential corre-
lations between measured physicochemical properties of the soils and 
CECs concentrations detected in them. The same analyses were applied 
to the irrigation waters; however, no correlation was observed in any 
case (Figs. S2 and S3). 

2.5. Soil and lettuces uptake factors 

The highest UFSOIL value of 175, corresponded to 4HB, present at a 
low concentration in soil, but highly accumulated by the lettuces. 
However, we cannot rule out that part of the 4HB in the plant could be 
produced by the plant itself in the metabolization of the BP3 accumu-
lated in addition to the 4HB directly transferred from the water to the 
soil [38]. The concentrations of BP3 measured in the irrigation waters 
and soils, and their absence in the lettuces would support this hypoth-
esis. Like 4HB, BP1 is another major BP3 metabolite, and thus a similar 
explanation for its occurrence can be given. 

Other compounds with high UFSOIL values were SCY (2.7), FLU (2.4), 
OXL (1.8), and BP1 (1.3). The UFSOIL values for the rest of the CECs were 
< 1. SCY is a plant hormone known for mediating host responses upon 
pathogen infection [32], so its UFSOIL value probably is the result of the 
natural production of SCY by the lettuces. For the two fluoroquinolone 
antibiotics, our results are consistent with their reported uptake by let-
tuces. Tadić et al., [49] found TMP, OFL, and enrofloxacin between 1.9 
and 37.8 ng/g dw in lettuces, while we have found FLU and OXL be-
tween 0.36 and 4.91 ng/g in this study. 

Regarding UFWATER, the compounds with the highest values, but still 
< 1 were BP2 (0.82) and BP3 (0.83); all other ratios were < 0.4. This 
could be explained by the relatively low lipophilicity (log Kow <4) of 
both compounds (log Kow 2.78 and 3.79), which make them preferably 
accumulate in organic matter components. The Kd values of all com-
pounds were < 0.3, showing low sorption coefficients in soils after 
irrigation. However, it has to be considered that plant uptake can also 
contribute to the reduction of CECs in the soil, resulting in low Kd 
values. 

2.6. Variables’ role in contaminants’ uptake 

2.6.1. Irrigation waters 
B water had lower levels of TSS, COD, E. coli, sulfite-reducing clos-

tridia spores, Helminth eggs, Legionella spp, UVFs, and pharmaceuticals 
than W water. However, SAR, EC, CFF, and PBs were very similar in 
both. The differences observed evidence that the rbMAR system reduces 
the levels of pathogens and CECs [55,54]. As shown in Fig. 2, the fluc-
tuation of pathogen indicators and contaminants’ load in the influent 
water of the rbMAR system is an important factor that needs to be 
considered, especially if a high infiltration flow rate is to be applied, 
because the reduction of pathogens and CECs can only be effective with 
long residence times. 

2.6.2. Soil 
OM, N, and pH of soils were very similar regardless of the irrigation 

water used, showing that the nutrients present in the wastewater were 
not altered during infiltration through the reactive barriers and, there-
fore, B water provided similar nutrient levels to the soil as W water. 

However, other parameters such as E. coli had lower values in the soil 
irrigated with B water, in accordance with the values found in the irri-
gation waters. Overall, E. coli appears to have more affinity to soils with 
higher clay content. However, E. coli levels varied randomly between 
drip irrigated and sprinkle irrigated soils. Additionally, SAR and salinity 
values in the soils increased after a year of irrigation in all the plots, 
likely lowering the availability of nutrients as well as modifying the soil 
structure [59]. These negative impacts should be considered for 
long-term agricultural practices and guarantee further research. 
Regarding CECs, no significant differences were observed between C and 
S soils, and between soils irrigated with B water or W water. The poor 
correlation observed between the CECs occurrence in the water, soil, 
and crop is an issue reported in previous studies. de Santiago-Martín 
et al., [43] reported that the concentration of CECs measured in the 
irrigation water was not in agreement with the bioaccumulation pattern 
found for the fruit, as observed in both, the sediments and the soils. They 
showed as an example that APH, IBU, and CBZ (range 0.03–27.5 ng/g) 
were up taken by crops, but were in the lowest concentration ranges in 
the irrigation water (range <100–250 ng/L). 

2.6.3. Lettuces 
Following the same pattern observed in irrigation waters and soils, 

high values of E. Coli were found in lettuces irrigated with W water, but 
no fecal contamination was present in those irrigated with B water. 
Considering the difference in E. coli levels between W and B water 
(2.6 ×105 and 9.6 cfu/100 ml, respectively) and W and B soil (7.5 ×103 

cfu/g and not detected, respectively), the accumulated levels in lettuces 
are consistent. Regarding soil composition and irrigation system, the 
E. coli levels found in lettuces (Table 3) suggest that C soil and sprinkling 
irrigation favor the accumulation of E. coli in the lettuces. According to 
the previous determination of PPCPs in lettuces [48], concentration 
values were much lower in crops irrigated with B water. But the other 
variables (soil composition and irrigation system) also appeared to 
impact the final concentrations of CECs in the plant, being C soils and 
sprinkling irrigation, the ones leading to a lower CECs’ uptake by 
lettuces. 

The irrigation with W water led to higher concentrations of PPCPs 
and fecal contamination (Fig. S4). However, the other variables seem to 
affect the levels of pathogen indicators and CECs in the lettuces, but with 
pretty different behavior. Dripping irrigation capacity to reduce the 
pathogens’ transfer compared with that of sprinkling irrigation has been 
reported (Banach and Van der Fels-Klerx, 2020; [61]). Sprinkling likely 
contributes to higher levels of pathogens when they are scattered all 
over the lettuce surface, meanwhile by dripping the possibility to reach 
the crop is much lower. CECs, however, could not trespass the crop 
surface when sprinkled, so they are more uptaken when higher amounts 
reach the roots of the plant. Regarding soil composition, finer-textured 
(such as clay), which have better moisture and nutrient retention ca-
pacity, support superior pathogens’ survival than sandy soils [18,3]. On 
the contrary, a higher dissipation of CECs in soils with higher clay 
content has been reported [24,62,64], which could explain the lower 
values found in the lettuces. However, degradation rates of CECs in soils 
are determined by different factors and processes and do not exclusively 
depend on a single factor [4]. 

Thus, contamination in the irrigation water is crucial to lowering 
pathogens and CECs levels in the crops. However, other factors such as 
soil composition and irrigation system have their own influence on the 
final outcome. According to the results, the best combination to lower 
the pathogen levels would be to irrigate with B water by drip in S soil, 
and the best combination to lower the CECs levels would be to irrigate 
with B water by a sprinkler system in C soil. Therefore, the most 
favorable conditions to lower pathogens and CECs levels would be the 
latest (B water, sprinkler, C soil), as pathogens are completely absent 
when irrigated with B water and the lower uptake of CECs occurs with 
sprinkler irrigation in C soil. 
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Section S2. Climatic conditions in the selected WWTP area and operational’s plant conitions. 

The Palamós WWTP is located on the North-East Spanish Mediterranean coastline and it treats 

municipal wastewater from 6 municipalities (165.500 inhabitants), that increases by more than 

100% in summer (Institue of statistics of Catalonia (Idescat), 2018). WWTP’s maximum flow is 

33.000 m3/day; during the 2019 summer, the flow rate treated was 709,3 m3 compared with 

347,7 m3 treated in February 2019; therefore, the quality of the effluent changes notoriously 

over the year. The treatment process involves pre-treatment (screening), primary treatment, 

and biological secondary treatment (activated sludge). The weather of the area is typically 

Mediterranean, with average temperatures between 8° C in winter and 24°C in summer. July 

and August are the hottest months whereas December, January and February are the coldest. 

The annual rainfall is 588 mm, with an average variation of 77 mm between the dry and rainy 

months. July is the driest month (19 mm precipitation) while October is the rainiest one (96 

mm).  

 

Section S3. Soils validation parameters. 

For the validation of the method to soil matrices, the same steps used in (Development) were 

applied. A homogenized pool of soils was spiked at three different concentrations (10, 50 and 

100 ng/g dw) by triplicate and the recoveries were evaluated. The values obtained in the spiked 

samples are shown in Table S7 and the precision parameters are shown in Table S8. 

Section S1. Solvents, stock solutions, and extraction and analysis kits specifications. 

 
Water, methanol (MeOH), and acetonitrile (ACN) of HPLC grade were purchased from J.T. Baker 

(Deventer, The Netherlands). Nitrogen (99.995%) was supplied by Air Liquide (Barcelona, Spain). 

Ethanol, acetone, formic acid (FA) and ammonium acetate (NH4Ac) were from Merck 

(Darmstadt, Germany). The commercial QuEChERS kits Citrate- Kit-01 and PSA-Kit-02 used were 

obtained from BEKOlut® (Hauptstuhl, Germany).  

Individual stock standard and isotopically labeled internal stock standard solutions were 

prepared on a weight basis in MeOH at 100 mg/L and stored in the dark at −20°C. A mixture with 

all the standards was weekly prepared at 10 mg/L in MeOH. Ten working solutions at 

concentrations between 1 ng/mL and 1 μg/mL were daily prepared by the appropriate dilution 

of the mixture standard solution with MeOH or with the extract from the solid matrix in each 

case (e.g. soil). 

For E. coli analysis, Brilliance E. coli/Coliform selective medium was purchased from OXOID LTD 

(Basingstoke, Hampshire, England). For E. coli determination in soil, a buffer solution was 

monthly prepared. The sterile buffer solution consists of 1,25 ml of stock solution I and 5 ml of 

stock solution II brought up to 1000 ml with distilled water. Stock solution I was composed of 34 

g KH2PO4 in 1000 ml of distilled water, adjusting the pH to 7.2 (±0.5) with 1 N NaOH. Stock 

solution II was contained 38 g of MgCl2 in 1000 ml of distilled water. All solutions were 

autoclaved at 121°C, under 15 lb pressure for 15 min and subsequently stored at 4°C until use. 

All the reagents used for APHA/ASA methods were >98% purity.  
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Table S4. Table of the concentrations detected in the lettuces in the different plots, with ranges and frequencies of detection.                                                                                         

Compound BSS BCS BCD BSD WSD WCS WSS WCD Range Positive Frequency (%)
BP3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BP1 0.77 <LOD 0.82 2.76 0.69 1.17 3.56 0.42 0.42-3.56 7 87.5
BP2 1.48 54.4 7.03 9.81 5.32 8.14 5.37 13.8 1.48-54.4 8 100
4HB 11.8 64.1 26.6 59.8 80.6 80.1 79.9 84.1 11.8-84.1 8 100

4DHB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DHMB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AVO 0.85 1.69 6.54 <LOD 1.34 2.13 2.04 0.58 0.58-6.54 7 87.5

BP4 (-) 0.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.17 1
4MBC <LOD <LOD <LOD 0.1 0.71 0.3 1.62 0.48 0.1-1.62 5 62.5
EHMC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

EtPABA 0.3 1.06 <LOD <LOD 0.42 <LOD 1.17 0.73 0.3-1.17 5 62.5
BZT 1.52 0.57 5.32 7.05 1.43 6.55 0.49 1.4 0.49-7.05 8 100

MeBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DMBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

UVP 1.97 2.51 5.35 1.71 2.39 4.19 1.44 1.94 1.44-5.35 8 100
BePB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BuPB (-) 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.4 1 12.5
PrPB (-) <LOD <LOD 0.94 1.42 <LOD 0.97 <LOD <LOD 0.94-1.42 3 37.5

MePB (-) <LOD 10.24 0.48 1.52 4.52 7.78 1.14 10.9 0.48-10.86 7 87.5
FLU 0.52 1.94 4.25 <LOD 0.62 1.48 1.53 0.52 0.52-4.25 7 87.5
NDX 1.18 19 10.1 2 3.94 3.57 2,078 4.08 1.18-19 8 100
OXL 0.66 1.56 4.91 0.41 0.36 1.91 1.91 <LOD 0.36-4.91 7 87.5
TCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

Succynil-STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDZ <LOD <LOD 4.03 2.23 <LOD 2.95 <LOD <LOD 2.23-4.03 3 37.5

acSDZ 1.3 <LOD <LOD <LOD <LOD <LOD 1.44 <LOD 1.3-1.44 2 25
SMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
acSMZ 0.81 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.81 1 12.5
SMX 2.58 <LOD <LOD <LOD 2.97 <LOD <LOD <LOD 2.58-2.97 2 25

acSMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMPZ <LOD 2.59 1.55 <LOD <LOD <LOD 1.42 <LOD 1.42-2.59 3 37.5
SPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SQX <LOD 1.02 4.4 <LOD <LOD <LOD <LOD <LOD 1.02-4.40 2 25
STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

SMD 0.26 2.53 0.93 <LOD 14.8 2.31 3.71 10.6 0.26-14.83 7 87.5
SDM <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
TMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

GFZ (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
MFA (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NPX (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DCF (-) 3.68 19.5 24.9 26.9 9.31 9.76 16.9 12.8 3.68-26.90 8 100

DCF-13C (-) <LOD <LOD <LOD 0.48 <LOD <LOD <LOD <LOD 0.48 1 12.5
KPF (-) <LOD <LOD <LOD <LOD <LOD 1.25 <LOD 0.45 0.45-1.25 2 25

IBU <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
APH (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

CBZ <LOD <LOD <LOD <LOD 0.09 0.27 <LOD <LOD 0.09-0.27 2 25
CBZ-E 0.38 0.34 0.4 0.33 0.33 0.36 0.42 0.35 0.33-0.42 8 100
ATL <LOD <LOD <LOD <LOD 1.16 1.24 <LOD <LOD 1.16-1.24 2 25

norFXT <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.23 2.23 1 12.5
CFX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

N-desVFX 0.54 0.87 1 1.29 0.95 0.85 0.87 0.73 0.54-1.29 8 100
SCY (-) 6.14 14 19.9 19.4 18 53.8 10.7 9.46 6.14-53.80 8 100

CFF 8.8 15.24 <LOD 16.5 26.8 13.26 15.7 16 8.80-26.80 7 87.5
Values are in ng/g dw; <LOD: value below the limit of detection
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Figure S4. Comparison of E. coli and 4HB concentrations between lettuces and soils irrigated with WWTP and barriers effluents water. 
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Highlights: 

 Cultivation conditions (e.g. soil composition) influence PPCPs uptake. 
 Diclofenac, norfluoxetine, and salicylic acid show the highest accumulation 

values. 
 PPCPs were more uptaken by carrots than by tomatoes or lettuce. 
 Determined PPCPs’ concentrations in the crops do not pose a human health 

risk. 
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1. INTRODUCTION 

Due to the increasing world population and life expectancy, thousands of tons of 
pharmaceuticals and personal care products (PPCPs) are consumed yearly, and their use 
is expected to increase in the following years. PPCPs include a wide range of chemical 
compounds intended to prevent and treat human and animal diseases and for personal 
care and hygiene [1]. PPCPs are considered contaminants of emerging concern (CECs) 
due to their persistence, potential toxicity, and bioaccumulation in the environment. As 
they present low degradability, they enter massively into the environment. 
Furthermore, those that can be degraded to some extent are constantly released, 
making them permanently present in the environment. Many studies show that 
continuous exposure to these compounds leads living organisms, including humans, to 
be at risk [2].  

PPCPs can be introduced into the environment directly by recreational aquatic activities 
and sunbathing, and indirectly from urban (excreta, showers…), hospitals, and industrial 
discharges into the sewage systems [3]. Therefore, wastewater treatment plants 
(WWTPs) play an essential role in the spread of these contaminants. Still, conventional 
wastewater treatments are not designed to remove  CECs efficiently from the 
wastewater [4,5]. In particular, many studies have demonstrated the poor removal of 
PPCP [4,6,7]. Improvements in wastewater treatments are required to 
prevent/minimize the spread of these pollutants into the environment [8]. 

Water scarcity is a current problem that will worsen in the coming years due to climate 
change and the increasing water demand boosted by population growth. Thus, 
wastewater reuse for agricultural irrigation has been considered a helpful solution, and 
its implementation is increasing worldwide, not only in arid countries. However, 
literature reports a wide range of PPCPs transported by wastewater effluents [9,10], 
whose use as irrigation water could lead to PPCPs uptake by the crop. Only, two studies 
have evaluated the role of the type of crop or cultivation conditions (e.g. soil 
composition or irrigation system) on PPCPs uptake [11,12], crops under controlled 
conditions i.e. hydroponics and greenhouse [13,14]. There is, therefore, an urgent need 
to evaluate the potential human health implications of using reclaimed water in 
agriculture intended for human consumption under field agri-food production practices. 

This work aimed to identify the agricultural conditions minimizing PPCPs uptake by crops 
when using treated wastewater and reclaimed water for irrigation, and to assess 
whether the levels bioaccumulated in the edible parts can constitute a risk to human 
health. To this end, 56 PPCPs frequently found in WWTP effluents were analyzed in the 
irrigation waters, soils, and vegetables. Finally, the risk posed to human health through 
the diet was estimated in terms of risk quotients (HQ).  

 

 

 

ABSTRACT 

In recent years, reclaimed water use for agricultural irrigation has increased worldwide 
to alleviate water scarcity, boosted by climate change and global population increase. 
However, emerging contaminants, such as pharmaceuticals and personal care products 
(PPCPs), are still present in reclaimed waters and can be translocated by crops. In this 
study, the occurrence of 56 PPCPs in tomatoes, lettuces, carrots,  soil, and irrigation 
water, was evaluated. Secondary effluent of an urban WWTP and the further reclaimed 
water produced by a coupled soil aquifer treatment (SAT) pilot system were tested for 
irrigation. Besides water quality, the influence of soil composition and irrigation system 
(dripping or sprinkling) on the PPCPs’ crop uptake was also investigated. Significant and 
differential bioaccumulation of the PPCPs was observed with a total load of 1248 ng/g 
dry weight (dw), 1692 ng/g dw, and 7787 ng/g dw in lettuces, tomatoes, and carrots, 
respectively. Overall, the best conditions to lower the uptake of PPCPs by crops was to 
irrigate by sprinkling with SAT-reclaimed water in soil with high clay content. According 
to the risk assessment estimation, the consumption of the crops and the use of 
reclaimed water for drinking water supply posed no risk to human health. 
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they had grown enough and were suitable for market consumption. For the analysis, ten 
specimens from each subplot were harvested randomly, shaken to remove soil particles, 
and stored in zip bags. Soil samples (100 g per subplot) were collected in zip bags from 
different representative points and mixed. Irrigation waters (500 mL) were collected 
from the hoses at the connection points with the irrigation systems in 1L brown glass 
bottles. All samples were transported to the lab in portable refrigerators.  

Table 1. Sampling dates and type of samples collected. 

Date Samples collected 

10/12/2018 Lettuces, soils, and irrigation waters 
30/05/2019 Carrots, soils, and irrigation waters 
20/08/2019 Tomatoes, soils, and irrigation waters 

 

In the lab, the vegetables and were sliced into small pieces, and, as well as soils, frozen, 
freeze-dried, and homogenized in a crusher to a fine powder. Sample belonging to the 
same subplot were homogenized together and stored at -20ºC. The water samples were 
frozen upon arrival at the lab until analysis. For lettuces, only the leaves were preserved; 
for carrots, only the carrot itself, without roots and leaves. The tomatoes were peeled 
before preservation under the same conditions as the other vegetables. Therefore, only 
the edible parts were considered for analysis.  

 

2.4. Sample pre-treatment, extraction, and analysis 

The extraction of the PPCPs from lettuces, carrots, tomatoes, and soils was performed 
by optimizing our QuEChERS-based method developed for lettuce analysis [17,18].  
QuEChERS is a known extraction method used to perform pesticide analysis on 
vegetables [19,20]. However, it was optimized for the multi-residue analysis of PPCPs 
in crops and soil. Details on the HPLC-MS/MS analysis of the extracts can be consulted 
in Table S2 in SI. Detailed information on the optimization and validation in tomatoes, 
carrots, and soils is included in Section S2.  The irrigation water analyses were carried 
out by our previously developed online solid-phase extraction and HPLC-MS/MS 
analysis [21].An example of the ion chromatograms of the compounds detected in 
sample BCS of the tomatoes is shown in Figure S2 of SI. 

 
 
 
 
 
 

 

2. MATERIALS AND METHODS 

2.1. Standards and reagents 

The 56 PPCPs selected for this study encompassed different families of compounds (anti-
inflammatory, antibiotics, analgesics, antidepressants, UV filters, UV blockers, and 
parabens, among others) that are usually detected in WWTP effluents. Their 
physicochemical properties are shown in Table S1 in the Supplementary Information 
(SI), and data about purity and purchase brands are provided in Section S1 of SI. 

 

2.2. Agricultural plots and crops description 
 

The WWTP of Palamós (Girona) located in the Nord-East Spanish Mediterranean coast, 
was selected for the study. The wastewater treatment includes pre-treatment (waste 
retention) and primary and secondary biologic treatment (activated sludge). In this 
facility, a water reclamation pilot plant was installed, consisting of six soil aquifer 
treatment (SAT) systems, five complemented with natural-based reactive barriers to 
improve chemical degradation (rbSAT). The last one was not implemented with reactive 
barriers, considered as the reference of the system. Details on this tertiary pilot system 
can be found elsewhere [15,16].  

Two agricultural plots were built next to the rbSAT and the WWTP secondary treatment. 
One plot was irrigated with the secondary effluent (W water), and the other with the 
reclaimed water from the rbSAT (B water). To investigate the effect of soil composition 
and irrigation system on PPCP uptake by plant, each plot was divided into two subplots 
containing different proportions of clay (C soil) and sand (S soil) and with two irrigation 
systems (dripping (D) and sprinkling (S)). These three factors were evaluated in three 
types of crops, according to what is consumed, i.e., lettuce (the leaf), carrot (the root), 
and tomato (the fruit). Additional information about the plots design, sensors installed, 
water parameters, etc., can be found elsewhere [17]. Depending on the cultivation 
conditions, different acronyms are used (e.g. crops irrigated with wastewater (W) in a 
clayey soil (C) by sprinkling (S) irrigation are referred to as WCS). All acronyms are 
summarized in Figure S1 of SI. 

 

2.3. Samples 

Agricultural soils and irrigation waters were collected together with crops in the dates 
listed in Table 1. Three vegetables were selected as investigated crops. The carrots were 
from the Daucus carota sativus variety, tomatoes from the Solanum Lycopersicum 
variety, and lettuces from the Chicorium intybus variety. The crops were harvested when 
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2.8. Data Analysis 

An exhaustive data analysis was necessary due to the large amount of data. Principal 
component analysis (PCA) and t-tests (p<0.05) were carried out to evaluate the data and 
compare between conditions and matrices. The PCA and t-tests were performed with R 
software (v. 4.1.2) using RStudio (v. 2021.09.01+372). The package used for this was 
factoextra, and the script used is described in Section S3 of SI. 

 
3. RESULTS AND DISCUSSION  
 
The method used for the analysis of the lettuces [15] was applied for carrots and 
tomatoes, and a slight modification (5 g of the sample instead of 1 g) was required to be 
applied to soil analysis. All validation parameters and matrix effect (ME) are discussed 
in Section S2 of SI. Information about linearity ranges, coefficients of determination, and 
limits of detection (LOD) and quantification (LOQ) of tomatoes, carrots, soils, and waters 
can be consulted in Tables S3, S4, S5, and S6 in SI. 
 

3.1. PPCPs’ occurrence in crops, soil and irrigation waters 

The individual concentrations of the PPCPs determined in the vegetables, soils, and 
irrigation waters are compiled in Tables S7, S8, S9, S10, and S11 of SI, respectively.  
 
3.1.1. Irrigation water 
Irrigation waters were analyzed to assess the potential water-crop transfer. Figure 1 
shows that all water samples contained PPCPs residues and that their concentration 
varied depending on the season collected, as expected. Waters from the secondary 
effluent of the WWTP were more contaminated than the waters provided by the rbSAT. 
This demonstrated that reactive barriers are an effective approach to remove efficiently 
most PPCPs. Forty-two of the fifty-seven target compounds were detected at least in 
one water sample. 
 
The pharmaceuticals group presented the highest concentrations in the irrigation 
waters, both in the WWTP (W water) and rbSAT effluents (B water), with accumulated 
loads up to 16383 ng/L and 6720 ng/L, respectively. PBs group was, by far, the group 
with the lowest concentrations, with 232 ng/L (W water) and 148.80 ng/L (B water) of 
the total load. Probably it is because paraben preservatives have a high removal rate in 
conventional wastewater treatments [28]. The highest average concentrations 
corresponded to the UV filter benzophenone-4 (BP4) with 1673 ng/L, diclofenac (DCF) 
with 1503 ng/L, ofloxacin (OFX) with 1106.00 ng/L, and gemfibrozil (GFZ) with 1103.67 
ng/L, all of them detected in W water; DCF with 911.67 ng/L, benzotriazole (BZT) with 

 

2.7 Human health risk assessment 

2.7.1. Drinking water  

The irrigation water from the rbSAT system was assessed to know whether its use for 
drinking water production would be safe for human health. Risk quotients (RQ) were 
calculated for those compounds present in the irrigation water according to Eq. 1 

(Eq. 1) 

 where Cmax corresponded to the maximum PPCPs concentration and DWEL to the 
drinking water equivalent level calculated according to Eq. 2 

 
(Eq. 2)  
 
 
where BWI is the daily water ingestion rate, BW is the body weight, and ADI is the 
acceptable daily intake from literature [22–27]. BW was considered 70 Kg (average male 
adult between 18-74 years old) and 24 Kg for children (average child between 3-9 years 
old). 

 
 
2.7.2. Crops consumption  
To assess the risk posed by the consumption of vegetables, hazard quotients (HQ) were 
estimated according to Eq. 3 
 
(Eq. 3)  
 
where EDI is the estimated daily intake calculated following Eq. 4 

 

(Eq. 4) 

 

where Ce is the average compound concentration and DI is the daily intake from ENALIA 
and ENALIA2 Surveys from AECOSAN.   

Finally, considering a linear approach, the hazard index (HI), considered as the 
cumulative risk of all the compounds present, was calculated following Eq. 5  

 

(Eq. 5)  𝐻𝐻𝐻𝐻= Σ𝐻𝐻𝐻𝐻 

𝑅𝑅𝑅𝑅 = Cmax DWEL⁄  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ADI x BW x 1000 DWI⁄  

𝐻𝐻𝑄𝑄 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝐸𝐸𝐸𝐸𝐸𝐸 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐷𝐷𝐷𝐷 · 𝐶𝐶𝑒𝑒
𝐵𝐵𝐵𝐵
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Regarding crops, tomatoe soils were the ones with the highest accumulated values, 
followed by carrots, and lettuce. A significant difference is observed among irrigation 
waters since soils irrigated with W water showed higher accumulated values in all cases.  
 
 

 
Figure 2. Accumulated concentrations (∑) of UVFs, PBs, pharmaceuticals, and others in soils (ng/g dw). 
 

To evaluate if the crop influenced the levels of PPCPs in the soils, a t-test was performed 
between the levels found in the same soils, but where different crops were cultivated. 
All t-tests (tomato and lettuce (t(11)=0.4843), tomato and carrot (t(7)=1.1585), and 
lettuce and carrot (t(7)=1.0544)) showed no significant differences. Therefore, the 
accumulated concentrations found in the soils were independent of the type of crop 
cultivated. 
 
3.1.3. PPCPs bioaccumulation in vegetables 

Lettuce 

In lettuces, UV filters contributed the most to the total load of PPCPs accumulated (671 
ng/g dw), as shown in Figure 3. The PBs was the group showing lower values (40 ng/g 
dw in the total accumulated), as previously observed for waters and soils. Thirty-one out 
of the fifty-five target compounds were detected at least in one lettuce sample. The 
highest average concentrations corresponded to 4-hydroxybenzophenone (4HB), 
metabolite of the UVF oxybenzone (BP3), with 61 ng/g dw, SCY with 19 ng/g dw, CFF 
with 16 ng/g dw, and benzophenone-2 (BP2) with 13 ng/g dw. The samples cultivated 
by S irrigation presented lower concentrations of PPCPs than those by D irrigation, likely 
due to the loose of water when spreading and higher oxidation of the water 
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482.33 ng/L, methyl-benzotriazole (MeBZT) with 402.33 ng/L, and BP4 with 372.33 ng/L 
were the highest in B water. 
 

 
Figure 1. Accumulated concentrations (∑) of UVFs, PBs, pharmaceuticals, and others in irrigation 

waters (ng/L). 
 

 
A t-test for independent groups between W and B waters was carried out. The results 
showed statistically significant differences (95% confidence) between them 
(t(161)=2.7590), demonstrating that the tertiary treatment based on SAT contributed in 
the PPCPs removal. 
 

3.1.2. PPCPs accumulation in soil 
 
Overall, PPCPs concentrations in the sandy soils (S) S soils were higher than in clayey 
soils (C soil). As in irrigation waters, pharmaceuticals showed the highest levels in all 
soils, but caffeine (CFF), found in all water samples, was never detected. The PBs group 
was only present in carrot soils. In S soils of all the crops, total load of pharmaceuticals 
was slightly higher than in clayey soils, as shown in Figure 2. For example, accumulated 
concentrations of 46 ng/g dw were found in the tomatoes’ S soils and 41 ng/g dw in C 
soil. However, in tomatoes and lettuce soils, the UV filters presented higher 
accumulation values in the C soils than in the S soils. The anti-inflammatory DCF was the 
most accumulated compound in soils (45 ng/g dw average), far from the next 
compound, salicylic acid (SCY), 14 ng/g dw. 
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Figure 4. Accumulated concentrations (∑) of UVFs, PBs, pharmaceuticals, and others in carrots (ng/g 
dw). 

 
Different t-tests were performed with the detected values in carrots, comparing soil 
composition (BCD or BSD)(t(19)=0.2620), irrigation method (BCS and BCD) 
(t(20)=0.0699), and water quality (BCS or WSS) (t(12)=0.7803) showing no statistical 
differences. This suggests that, unlike for lettuce, cultivation variables do not influence 
the PPCPs’ uptake by carrots. 

Tomatoes 

Tomatoes followed the same trend shown by lettuce and tomatoes, where 
pharmaceuticals presented higher values in the total load (943.81 ng/g dw) and PBs the 
lowest (38 ng/g dw total load).  However, in tomatoes, pharmaceuticals and UVFs levels 
were similar in most samples. Twenty-six out of the fifty-seven target compounds were 
detected at least in one tomato sample. The highest average concentrations 
corresponded to DCF with 116 ng/g dw, SCY with 48 ng/g dw, BP4 with 34 ng/g dw, and 
4HB with 16 ng/g dw. The total load of PPCPs classified by groups is represented in 
Figure 5. The best combination to minimize the PPCPs uptake by tomatoes was the same 
as previously observed in lettuce and carrots; irrigating with B water by sprinkling in C 
soil. 
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components. Overall, these results suggest that the lower concentration of PPCPs 
accumulated by lettuces corresponds to those irrigated with B water by S irrigation in C 
soil.  

 
Figure 3. Accumulated concentrations (∑) of UVFs, PBs, pharmaceuticals, and others in lettuces (ng/g 

dw) 
 
A t-test for the values found in lettuces irrigated with W water and B water (BCS and 
WCS) showed no statistical differences (t(20)=-1.3650). In contrast, statistical 
differences where observed when testing the irrigation method (BCS and BCD) (t(11)= 
2.1804) or the soil composition (BCS and BSS)(t(23)=2.3406). 
 
Therefore, these results suggest that the PPCPs values found in the lettuces were 
significantly influenced by the irrigation method and soil composition, but the 
contamination load in the irrigation waters was not that relevant.  
 

Carrots 

In carrots, pharmaceuticals were the group with the highest total load (7125 ng/g dw), 
as shown in Figure 4.  Following previous trends, the PBs group was the one that 
presented the lowest values (81.61 ng/g dw in the total accumulated). The highest 
average concentrations corresponded to SCY with 678 ng/g dw, norfluoxetine (norFXT) 
with 132 ng/g dw, AAP with 31 ng/g dw, and CFF with 31 ng/g dw. Only seventeen of 
the fifty-six target compounds were detected in carrots, but the average concentrations 
were considerably high. The best combination to lower the PPCPs uptake in carrots was 
the same as in lettuce; irrigating with B water by sprinkling in C soil. 
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Figure 6. Accumulated concentrations (∑) in the different plots, separated by vegetable (ng/g dw). 
 

Different t-tests on the concentrations found in lettuces, tomatoes, and soils, showed 
statistical differences between them. Since the comparison was performed under the 
same cultivation conditions, it evidences that PPCPs were selectively bioaccumulated by 
crops and soils. It suggests that plant uptake not only depends on the cultivation 
conditions (as in the case of lettuce) but also on the processes taking place, i.e. 
absorption/transport, and degradation of these compounds.  

Regarding compounds, the pharmaceuticals DCF and SCY and the UV filters 4HB and BP4 
were the compounds with the highest concentration in most of the samples. 

DCF is an anti-inflammatory commonly used to relieve pain and is prescribed for arthritis 
[29,30]. The highest concentration of DCF found was 360 ng/g dw in tomatoes, 85 ng/g 
dw in carrots, and 25 ng/g dw in lettuces. Other studies reported similar levels as 8 ng/g 
dw [31] or 19 ng/g dw [22] in lettuces. Still, lower in tomatoes,12 ng/d dw [32], but DCF’s 
uptake by carrots was not previously reported, even though a few studies focused on 
this crop. However, Kovacs et. al. [33] demonstrated the concentration increase of DCF 
over the time with spiking levels in irrigation water and soils similar to the ones in this 
work. This long exposure to high levels of DCF could explain the levels found in the crops. 
DCF has been reported to produce immobilization and reduced reproduction in Daphnia 
magna and teratogenicity and mortality in Zebrafish embryos [34] and humans, 
affecting mainly the intestine, liver, and kidney [35]. 
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Figure 5. Accumulated concentrations (∑) of UVFs, PBs, pharmaceuticals, and others in tomatoes (ng/g 

dw). 
 

Similarly, t-tests were carried out to compare the PPCPs values found in tomatoes in 
order to compare water quality (BCS or WSS) (t(32)=0.5826), irrigation method (BCS and 
BCD) (t(27)=0.4056), and soil composition (BCS or BSS)(t(30)=0.3049), showing no 
statistical differences. Likewise in carrots, cultivation conditions did not influence 
significantly PPCPs uptake by tomatoes. 

3.1.4. Vegetables PPCPs uptake comparison 

Overall, when comparing lettuce, tomato, and carrot, the latter was found to 
bioaccumulate the highest levels of PPCPs. As carrots are root crops, they are in 
continuous contact with the PPCPs present in the water and soil. Figure 6 shows the 
total load of PPCPs bioaccumulated in the different types of crops, cultivated under 
different conditions. Average concentrations ranged from 4.7 to 11.2 ng/g dw for 
lettuces, 7.3 to 17.2 ng/g dw for tomatoes, 10 to 30.7 ng/g dw for carrots, 1.1 to 5.5 ng/g 
dw for soils and 129 to 262 ng/L for irrigation waters. 
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10,11-epoxide CBZ-E, and the second one consisted of naproxen (NPX), DCF, MeBZT, 
avobenzone (AVO), propylparaben (PrPB), acetylsufladiazine (acSDZ), carbamazepine 
(CBZ), BP4, gemfibrozil (GMZ), sulfamerazine (SMR), benzylparaben (BePB), and 
sulfamethoxypyridazine (SMPZ). Methylparaben (MePB), CFF, atenolol (ATL), norFXT, 
acetaminophen (APH), and SCY formed the last. 

Although a similar behaviour between parental and metabolite compounds or 
compounds with similar chemical structures could be expected, this analysis showed 
that the translocation and uptake could be very different among vegetables cultivated 
in similar conditions. It can be confirmed by the sample distribution, as shown in Figure 
7. Every matrix of vegetables can be easily differentiated from the others even though 
the cultivation conditions were the same (soil composition, irrigation system, and 
irrigation water). 

This analysis also provided information about which compounds contributes more to 
each sample. For example, ATL, norFXT, APH, and SCY are closely related to carrot, 
probably indicating that these compounds have higher concetrations in the carrots than 
in the other vegetables. Then, the compounds that are not close to any of the ellipses 
(such as BP3, BP1, or enzacame (4MBC)) do not have strong correlation with any of the 
matrices since they present low or similar values in all of them. 

PCA of the PPCPs in soil and water 

After the comparison among vegetables, the different values for each variable in 
vegetables and soils were averaged to have only two variables to compare them with 
the irrigation water (WWTP effluent and rbSAT). Then, a PCA was performed for each 
matrix of vegetables to study the relationships among them and PPCPs.  

Figure 8 shows the tomato’s PCA with the soil and irrigation PPCPs levels as a 
representative example Observing the biplot, a different pattern for each matrix 
(tomato-soil-water) is observed, as they are far from each other. Soil and tomato points 
are similar between them since they are close. Still, water samples are pretty distant, 
suggesting that the rbSAT undergoes specific processes leading to less contaminated 
water than the secondary effluent.  

About the PPCP, there is a big group (MePB, 4,4'-dihydroxybenzophenone (4DHB), SQX, 
etc.) that seemed to contribute to all the samples, since it is in the center of the plot. 
However, a few compounds show a different behaviour, i.e., SCY, SMR, AVO, and SMPZ, 
since they are very close to the vegetables. It suggests that they presented a higher 
affinity to this matrix than others. Finally, the last group, including 4HB, acSDZ, BP3, and 
BePB, seemed to have a particular relationship with tomato and the waters, since it is 
more centered. It is noteworthy that none of the compounds was close to the soil, 
suggesting that the target compounds did not have a significant relationship with soil.  

 

SCY is the metabolite of acetylsalicylic acid (aspirin), one of the most consumed 
analgesics in the world. Still, it is also found in various over-the-counter products, such 
as topical anti-acne products. Besides, SCY is known to be naturally produced in crops 
and plants [36]. However, tomatoes are known to produce much higher levels of this 
compound [37], and the measured SCY levels in carrots were much higher (2590 ng/g 
dw) than in tomatoes (143 ng/g dw). It suggests that SCY levels are not naturally 
synthetized in this case (tomatoe levels would be higher than carrots’), but rather 
uptaken. A remarkable fact is that SCY was not found in the irrigation water. Some 
studies demonstrated SCY uptake in lettuces [38] or tomatoes [39], but it was not found 
in carrots, such as DCF, since it is not a crop usually studied regarding PPCPs uptake. SCY 
has been demonstrated to cause salicylism at high blood levels [40] and may promote 
fetal risk as it crosses the placenta [41]. 

BP4 is one of the most used UVFs in the formulation of sunscreens and similar products 
worldwide, and 4HB is a metabolite of BP3, another widely used UVF. The presence of 
both compounds in aquatic systems is well-studied [42,43]. BP4 showed very low uptake 
in carrots and lettuces but a very high concentration (140 ng/g dw) in tomatoes. The 
metabolite 4HB was also present in the three matrices, lettuces being the crop that 
showed the highest uptake (84 ng/g dw). No data on these compounds have been found 
in the literature in similar matrices.  

The only compound that was present in the water samples but was not detected in any 
crop or soil was trimethoprim (TMP). Thus, it suggests that it is not bioaccumulated in 
crops or soil but degraded or infiltrated to deeper surfaces. 

In all the crops, the samples that presented the lowest accumulation of PPCPs were the 
ones that were irrigated by sprinkling with the B water, and cultivated in the C soil. 
Although the statistical analysis generally showed no influence of the cultivation 
variables, the uptake values in all crop types suggest that this combination of cultivation 
conditions  is the best way to minimize the uptake of PPCPs.  

PCA of the PPCPs in vegetables 

All PPCP concentrations in the vegetables were escalated to avoid enormous 
contributions to the variance, and a PCA analysis was performed. Concentrations not 
detected or detected below the limits of detection (<LOD) or the limits of quantification 
(<LOQ) were substituted by LOQ/2 values to avoid statistical issues. Compounds not 
detected in any sample were also removed to build the PCA. (Figure 7).  

Three groups of PPCPs had very similar behaviour. The first group includes butylparaben 
(BuPB), acetylsulfamethazine (acSMZ), sulfamethoxazole (SMX), sulfisomidine (SMD), 
nalidixic acid (NDX), sulfaquinoxaline (SQX), sulfadiazine (SDZ), benzocaine (EtPABA), 
BZT, drometrizole (UVP), N-desmethylvenlafaxine (N-desVFX), and carbamazepine-
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Figure 9. Risk quotients (RQ) estimated for the individual PPCPs for reclaimed water 
ingestion according to age. Adults are represented by 18 years old. 

Figure 10. Hazard quotients (HQ) were estimated for the individual PPCPs and the 
cumulative (HI) values. A: HQ estimated for adults. C: HQ estimated for children. 

18 
 

3.3. Human health risk assessment 

In light of the low concentration of PPCPs detected in the reclaimed water (Figure 1), 
the risk associated with their applicability to the drinking water supply was evaluated. 
Eight age groups were considered for RQ estimation which are listed in Table 2, with the 
corresponding body weight (BW) and the daily water ingestion rate (DWI).  

Table 2. Age groups are considered for estimation. 

 

 

 

 

 

 

 

 

 

The data in Figure 9 show that DCF, BZT, and GFZ were the compounds posing the 
greatest concern but still far from posing a significant risk for consumers above two 
years old (RQ < 0.1). The cumulative risk quotient (∑RQ) was also far below the value for 
medium risk (RQ = 0.5).  

In the case of vegetables, SCY was the compound responsible for the highest risk in 
carrots but still posed a slight threat by consumption. In tomatoes, DCF had the highest 
HQs, as well as in lettuces, the vegetable with the lowest risk for consumption, according 
to the results shown in Figure 10. Overall, carrots were the crops with the highest 
estimated risk. 

Although the PPCPs concentrations measured in the vegetables were low, but the intake 
is continued, the prolonged exposure to PPCPs may cause adverse effects in humans; 
thus it needs to be monitored and controlled extensively.  

 

 

* Data on body weight was extracted from the WHO website and the DWI doses 
were those published by European Food Safety Authority (EFSA). 
 
 

Age groups BW (Kg) DWI (L/day)
0-6 months 7.6 0.68

6-12 months 8.6 1
1-2 years 10.6 1.2
2-3 years 13 1.3
4-8 years 20.4 1.6

9-13 years 35.4 2
14-18 years 58 2.25

Adults 62 2.25
BW: Body weight; DWI: Daily water ingestion
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Figure S2. Ion chromatograms of each compound found in sample BCS of the tomatoes in ascending order of 
retention time. 

 

 

 

 

 

 

 

 

Figure S1. Scheme of the distribution of the experimental plots, the variables studied, and their 
acronyms. 
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Table S8. Concentration of each compound in ng/g dw of the tomatoes analyzed in each plot, with its range, positive samples 
and frequency of detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound BSS BCS BCD BSD WSD WCS WSS WCD Range Positive Frequency (%)
BP3 4.25 4.45 3.92 4.76 4.36 4.02 4.23 3.45 3.45-4.76 7 87.5
BP1 13.9 6.64 12 7.18 6.6 5.94 16.4 24 5.94-24 7 87.5
BP2 28.8 16.8 22.9 17.1 19.6 24.4 31.1 31.4 16.8-31.4 7 87.5

BP4 (-) 42.6 74.4 99.6 22.9 7.32 61.9 101 140 7.32-140 7 87.5
4HB 39.2 14.7 22.2 20.1 21.9 23 85.7 29.8 14.7-85.7 7 87.5

4DHB <LOD 19.1 <LOD 20.8 <LOD <LOD 18.9 <LOD 18.9-20.8 3 37.5
DHMB 2.17 4.09 15.5 2.6 <LOD 4.26 6.44 <LOD 2.17-15.5 5 62.5
AVO 10.3 6.37 13.9 0.772 4.07 2.7 12.4 14.4 0.772-14.4 7 87.5

4MBC 9.21 13.3 25.2 30.4 18.6 12.6 19.4 <LOD 9.21-30.4 6 75
EHMC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

EtPABA <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BZT <LOD 0.392 <LOD <LOD <LOQ <LOD <LOD <LOD <LOQ-0.392 1 12.5

MeBZT <LOD <LOD <LOD <LOD <LOD <LOD 6.72 <LOD 6.72 1 12.5
DMBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

UVP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BePB (-) 4.96 4.93 5.03 4.97 4.99 5 4.99 5.01 4.93-5.03 7 87.5
BuPB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
PrPB (-) 1.55 0.353 3.71 6.46 12.7 <LOD 5.52 6.63 0.353-12.7 6 75

MePB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
FLU <LOD 3.58 3.49 3.45 <LOD 3.69 3.72 <LOD 3.45-3.72 5 62.5
OFX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
CPX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NDX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
OXL <LOD 5.45 5.39 5.32 <LOD <LOD 5.94 <LOD 5.32-5.94 4 50
TCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
OCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

S-STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSDZ <LOD 13.4 23 14.4 <LOD <LOD 10.9 16.8 10.9-23 5 62.5
SMR 3.91 12 8.05 5.25 5.12 4.54 4.77 13.1 3.91-13.1 7 87.5

acSMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
acSMZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMPZ 11.6 21.3 26.7 17.5 14.6 14.7 19.7 14.2 11.6-26.7 7 87.5
SPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SQX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

SMD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDM <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
TMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

GMZ (-) 6.41 6.37 6.4 6.45 6.49 6.44 6.43 6.48 6.37-6.49 7 87.5
MFA (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NPX (-) <LOD <LOD <LOD <LOD 10.5 <LOD <LOD <LOD 10.5 1 12.5

IBU <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
KPF (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3.63 3.63 1 12.5
DCF (-) <LOD <LOD <LOD <LOD 269 360 <LOD 65.3 65.3-360 3 37.5

DCF-13C (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AAP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
CBZ <LOD 7.6 7.65 7.91 <LOQ <LOD 7.74 7.95 <LOQ-7.95 5 62.5

CBZ-E <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
ATL <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

norFXT <LOD 8.89 <LOD <LOD <LOD <LOD <LOD <LOD 8.89 1 12.5
SCY (-) 81.9 81.7 78 143 112 73.2 113 81.6 73.2-143 7 87.5

CFF n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0 0 0
Values are in ng/g dw; <LOD: value below the limit of detection

Table S7. Concentration of each compound in ng/g dw of the lettuces analyzed in each plot, with its range, positive samples 
and frequency of detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound BSS BCS BCD BSD WSD WCS WSS WCD Range Positive Frequency (%)
BP3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BP1 0.77 <LOD 0.82 2.76 0.69 1.17 3.56 0.42 0.42-3.56 7 87.5
BP2 1.48 54.4 7.03 9.81 5.32 8.14 5.37 13.8 1.48-54.4 8 100
4HB 11.8 64.1 26.6 59.8 80.6 80.1 79.9 84.1 11.8-84.1 8 100

4DHB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DHMB <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AVO 0.85 1.69 6.54 <LOD 1.34 2.13 2.04 0.58 0.58-6.54 7 87.5

BP4 (-) 0.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.17 1
4MBC <LOD <LOD <LOD 0.1 0.71 0.3 1.62 0.48 0.1-1.62 5 62.5
EHMC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

EtPABA 0.3 1.06 <LOD <LOD 0.42 <LOD 1.17 0.73 0.3-1.17 5 62.5
BZT 1.52 0.57 5.32 7.05 1.43 6.55 0.49 1.4 0.49-7.05 8 100

MeBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DMBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

UVP 1.97 2.51 5.35 1.71 2.39 4.19 1.44 1.94 1.44-5.35 8 100
BePB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BuPB (-) 0.4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.4 1 12.5
PrPB (-) <LOD <LOD 0.94 1.42 <LOD 0.97 <LOD <LOD 0.94-1.42 3 37.5

MePB (-) <LOD 10.24 0.48 1.52 4.52 7.78 1.14 10.9 0.48-10.86 7 87.5
FLU 0.52 1.94 4.25 <LOD 0.62 1.48 1.53 0.52 0.52-4.25 7 87.5
NDX 1.18 19 10.1 2 3.94 3.57 2,078 4.08 1.18-19 8 100
OXL 0.66 1.56 4.91 0.41 0.36 1.91 1.91 <LOD 0.36-4.91 7 87.5
TCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

S-STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDZ <LOD <LOD 4.03 2.23 <LOD 2.95 <LOD <LOD 2.23-4.03 3 37.5

acSDZ 1.3 <LOD <LOD <LOD <LOD <LOD 1.44 <LOD 1.3-1.44 2 25
SMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
acSMZ 0.81 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.81 1 12.5
SMX 2.58 <LOD <LOD <LOD 2.97 <LOD <LOD <LOD 2.58-2.97 2 25

acSMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMPZ <LOD 2.59 1.55 <LOD <LOD <LOD 1.42 <LOD 1.42-2.59 3 37.5
SPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SQX <LOD 1.02 4.4 <LOD <LOD <LOD <LOD <LOD 1.02-4.40 2 25
STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

SMD 0.26 2.53 0.93 <LOD 14.8 2.31 3.71 10.6 0.26-14.83 7 87.5
SDM <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
TMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

GMZ (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
MFA (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NPX (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DCF (-) 3.68 19.5 24.9 26.9 9.31 9.76 16.9 12.8 3.68-26.90 8 100

DCF-13C (-) <LOD <LOD <LOD 0.48 <LOD <LOD <LOD <LOD 0.48 1 12.5
KPF (-) <LOD <LOD <LOD <LOD <LOD 1.25 <LOD 0.45 0.45-1.25 2 25

IBU <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AAP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
CBZ <LOD <LOD <LOD <LOD 0.09 0.27 <LOD <LOD 0.09-0.27 2 25

CBZ-E 0.38 0.34 0.4 0.33 0.33 0.36 0.42 0.35 0.33-0.42 8 100
ATL <LOD <LOD <LOD <LOD 1.16 1.24 <LOD <LOD 1.16-1.24 2 25

norFXT <LOD <LOD <LOD <LOD <LOD <LOD <LOD 2.23 2.23 1 12.5
CPX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

N-desVFX 0.54 0.87 1 1.29 0.95 0.85 0.87 0.73 0.54-1.29 8 100
SCY (-) 6.14 14 19.9 19.4 18 53.8 10.7 9.46 6.14-53.80 8 100

CFF 8.8 15.24 <LOD 16.5 26.8 13.26 15.7 16 8.80-26.80 7 87.5
Values are in ng/g dw; <LOD: value below the limit of detection
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Table S9. Concentration of each compound in ng/g dw of the carrots analyzed in each plot, with its range, positive samples 
and frequency of detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound BSS BCS BCD BSD WSD WCS WSS WCD Range Positive Frequency (%)
BP3 7.52 <LOD 8.31 9.22 7.84 9.61 9.61 9.02 7.52-9.61 7 87.5
BP1 <LOD 30.4 40.6 <LOD 26.8 26.4 22.9 <LOD 22.9-40.6 5 62.5
BP2 < LOQ 9.13 4.53 25.4 < LOQ < LOQ < LOQ 9.03 4.53-25.4 4 50

BP4 (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
4HB 20.8 < LOQ 16.4 9.31 8 5.41 6.38 5.64 5.41-20.8 7 87.5

4DHB <LOD <LOD 25.1 25.1 25.1 26.6 25.1 <LOD 25.1-26.6 5 62.5
DHMB <LOD 10.7 <LOD <LOD < LOQ < LOQ 10.7 11.4 10.2-11.4 3 37.5
AVO < LOQ 36.1 < LOQ < LOQ < LOQ 11.8 <LOD < LOQ 3.17-36.1 2 25

4MBC <LOD 26.8 <LOD 32.8 44 43.5 <LOD 42.4 26.8-44 5 62.5
EHMC <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

EtPABA <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

MeBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DMBZT <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

UVP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BePB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
BuPB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
PrPB (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

MePB (-) 4.88 51.5 33.6 23.7 <LOD 12 30.4 7.13 4.88-51.5 7 87.5
FLU <LOD <LOD <LOD <LOD <LOD < LOQ <LOD < LOQ 3.23-3.75 0 0
OFX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
CPX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NDX <LOD 15.6 <LOD <LOD <LOD 14.7 <LOD <LOD 14.7-15.6 2 25
OXL <LOD <LOD <LOD <LOD <LOD 3.99 <LOD <LOD 3.99 1 12.5
TCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
OCY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

S-STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSDZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMR <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
acSMZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSMX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SMPZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

acSPY <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SQX <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
STZ <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

SMD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
SDM <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
TMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

GMZ (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
MFA (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
NPX (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0

IBU <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
KPF (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
DCF (-) 75.3 95.6 72.8 18.8 0.79 <LOD 44.7 33.8 0.79-95.6 7 87.5

DCF-13C (-) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
AAP 113 34.9 60.5 39.7 67.7 64.3 87.7 28.9 28.9-113 8 100
CBZ <LOD < LOQ <LOD <LOD < LOQ < LOQ < LOQ <LOD 3.86-4.46 0 0

CBZ-E <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 0 0
ATL 32.4 139 43 <LOD 60.5 31.2 68 38.3 31.2-139 7 87.5

norFXT 225 84.8 192 350 521 407 137 197 84.8-521 8 100
SCY (-) 625 977 1120 1080 2590 1860 999 1600 625-2590 8 100

CFF 16.1 16.7 11.5 16.4 89.9 <LOD 103 181 11.5-181 7 87.5
Values are in ng/g dw; <LOD: value below the limit of detection
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Section S1. Standards and reagents 
 
The following standards used were of analytical grade (>98%); methyl paraben (MePB), 
propyl paraben (PrPB), benzyl paraben (BePB) butyl paraben (BuPB), succynil-sulfathiazole 
(S-STZ), sulfadiazine (SDZ), N4-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), benzonphenone-3 (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), 
trimethoprim (TMP), acetaminophen (AAP), 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), and 
diclofenac-13C (DCF-13C) were purchased from Sigma Aldrich (Darmstadt, Germany).  

The isotopically labeled internal standards 5-(2,5-dimethylphenoxy)-2,2-
bis(trideuteriomethyl)pentanoic acid (GMZ-d6), diclofenac-d4 (phenyl-d4) (DCF-d4), benzyl 
paraben-d4 (BePB-d4), caffeine-d3 (CFF-d3), ibuprofen-d3 (IBU-d3), salicylic acid-d6 (SCY-
d6), 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), and mefenamic acid-d3 (MFA-
d3) were acquired from CDN isotopes (Quebec, Canada).   

The following UV filters were purchased from Merck (Darmstadt, Germany); 1H-
benzotriazole (BZT), ethylhexyl methoxycinnamate (EHMC), benzophenone-2 (BP2), 2,2’-
dihydroxy-4-methoxybenzophenone (DHMB), and ethyl-4-(dimethyl-amino) benzoate 
(EtPABA). 

Naproxen (NPX) and oxytetracycline (OTC) were obtained from Honeywell Fluka (Wabash, 
United States). Sulfamethazine-d4, flumequine (FLU), carbamazepine 10,11-epoxy (CBZ-E) 
and acetaminophen-d4 were purchased from Toronto Research Chemicals (TRC) (Toronto, 
Canada). 5-Methyl benzotriazole (MeBZT) was obtained from TCI (Zwijndrecht, Belgium) and 
4-methylbenzylidene camphor (4MBC) was provided by Dr. Ehrenstorfer (Augsburg, 
Germany).   

The commercial QuEChERS kits used in the extraction method were from BEKOlut®.  

Water, methanol (MeOH) and acetonitrile (ACN) of HPLC- grade were purchased from J.T. 
Backer (Deventer, The Netherlands) and the nitrogen (99.99% purity) was supplied by Air 
Liquide (Barcelona, Spain). Formic acid (FA) and ammonium acetate (AcNH4), as well as 
ethanol and acetone cleaning solvents were supplied by Merck.  
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Section S3. Validation parameters 

In order to validate the method for the new matrices (carrots, tomatoes, and soils) MLODs 
and MLOQs, 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 according to the individual response range of each analyte. Accuracy was 
evaluated by the recovery rates of each standard spiked in the blank sediment or 
vegetable, determined in five replicate spiked extracts at three concentration levels; 5, 
100, and 350 ng/mL in standard solutions for tomatoes, and 10, 50, and 100 ng/mL in 
standard for carrots and soils, and measured 3 times (n=9). Precision was expressed as 
percentage of relative standard deviation (RSD (%)), for each concentration level. The 
ME was evaluated by comparing the slopes of the analytical calibration curves 
prepared in MeOH and in sample extracts (matrix-matched calibration standards).  

Calibration range and matrix effects 

For tomatoe, carrot and soil extracts analyses, calibration curves at ten different 
concentrations (1, 3, 5, 10, 30, 50, 100, 300, 500, and 700 ng/mL) were built, both in 
pure MeOH and in the matrix extract (matrix-matched standards solutions) to evaluate 
the potential matrix effect (ME). Correlation coefficients (r2) of analytical calibration 
curves were r2 > 0.98 in both MeOH and in the matrix-matched standards, indicating 
good linearity for all compounds. A high percentage (65%) of the studied com- pounds 
presented signal suppression (between 4 and 86%), 33% showed enhanced signal 
(between 6 and 73%) and 7% did not showed ME. That’s why matrix matched calibration 
curves were used for all the matrices. For example, the calibration curves of BP3 and 
MePB in tomatoe are shown in Figures S3 and S4. According to this, BP3 presents 
enhancement (20%) and MePB presents medium suppression (27%), as happens with 
most of the compounds of the method.  

Quality assurance 

To ensure a reliable analysis and prevent the problems related to background 
contamination, blanks of the methods were performed. To avoid the cross-
contamination, all the glass material was cleaned several times with ethanol and 
acetone, and the non-volumetric glassware was muffled at 3500 ºC overnight. To ensure 
extraction efficiency, a surrogate standard (BP-13C) was added to the samples. For a 
reliable HPLC-MS/MS analysis, quality controls (mixture standard solution at known 
concentration) and solvent blanks were randomly included along the analysis 
sequences. Isotopically labelled internal standards were used for quantification to 
overcome matrix effects. Stock solutions of individual standards (1000 mg/L) and an 
intermediate stock solution containing all analytes (1 mg/L) were prepared in MeOH. 
Weekly, standard working solutions were prepared at appropriate concentrations. All 
standards solutions were stored in the dark at -20 °C.  

Section S2. R script used for the statistical analysis (PCA). 
 
After opening Rstudio, the following code was used to perform the statistical analysis 
for the tomates. The same code was applied for all the other matrices: 
 
install.packages("factoextra") 
library(factoextra) 
Statistics_crops <- read_excel("file_directory", sheet = "Tomatoe") 
Tom.pca < -prcomp(Statistics_crops[,c(-1,-47)], scale=TRUE) 
dimnames(Tom.pca$x)[[1]] <- Statistics_crops$name 
fviz_pca_biplot(Tom.pca, labels = c(1,2), geom = c("point","text"), labelsize=5, 
habillage=Statistics_crops$Group, ggtheme = theme_gray(),  
                col.var = "black", repel=TRUE, geom.var = c("point", "text"), 
                title = "PCA  Tomatoes") +theme(text = element_text(size=15)) 
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3.1.2. Accuracy 

For tomatoes, the recovery rates ranged between 21% and 145%. The lowest recovery 
value was obtained for the metabolite acSMZ and the highest for norFXT. 
For carrots, the efficiency of the extraction was also satisfactory, obtaining recovery 
rates between 42% and 154%. Lowest recoveries rates, 42% and 43% were obtained for 
OTC and 4DHB, respectively, and the high value corresponded to OFX. OTC recovery 
rates are usually low because, as is well-known, it tends to form metal complexes, and 
undergo epimerization.  
For soils, similar recovery rates were obtained, with values between 15% for EHMC and 
154% for ketoprofen. 
An overview of the recovery rate values obtained for all the compounds, in all matrices 
and at the three concentrations levels considered is shown in Figure S5. Overall, about 
15% of the recovery rates estimated was below 50%.  Only in lettuces, values below 10% 
were obtained for 3 compounds at 100 and 350 ng/g dw spike levels. The complete list 
of recovery values is listed in the end of this section in tables S12, S13 and S14. 
 

 

 

 

 

 

 

 

 

 

Figure S5. Percentage of compounds grouped by percentage of recovery rates of <50%, 51% - 
100% and >100%. 

3.1.3. Sensitivity 

The MLOD and MLOQ obtained are listed in Tables S8, S9, S10 and S11.  

Higher values than the ones reported for lettuces were obtained for carrots, with MLODs 
and MLOQs in the ranges 0.02- 1.61 ng/g and 0.08-5.35 ng/g, respectively, and similarly 
for tomatoes, that were in the range 0.01-1.46 ng/g dw for MLODs and 0.03-4.87 ng/g 
dw for MLOQs. 

The MLODs and MLOQs obtained for soil were lower than those achieved in the 
vegetables. MLODs ranged from 0.01 to 0.29 ng/g dw and MLOQs from 0.03 to 0.97 ng/g 
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Figure S3. Calibration curves for BP3 in MeOH (grey line) and in tomatoe extract (black line).  

 

 

 
 

Figure S4. Calibration curves for MePB in MeOH (grey line) and in tomatoe extract (black 
line). 
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Concentration 
level (replicate 

number) 
BZT MeBZT DMBZT UVP BePB (-) BuPB (-) PrPB (-) MePB (-) FLU OFX CFX 

5 ng/mL (1) 64 117 122 93 97 104 131 82 90 126 116 
5 ng/mL (2) 96 134 106 130 103 111 132 78 107 81 119 
5 ng/mL (3) 84 89 91 85 96 102 127 101 103 85 106 
5 ng/mL (4) 99 78 119 66 105 114 135 95 94 90 119 
5 ng/mL (5) 106 77 132 72 81 82 80 76 81 77 103 

100 ng/mL (1) 112 96 117 100 99 110 98 81 94 74 75 
100 ng/mL (2) 111 108 95 92 103 106 115 98 94 148 138 
100 ng/mL (3) 90 85 110 81 96 101 96 104 101 96 105 
100 ng/mL (4) 102 107 113 113 105 106 102 103 94 124 153 
100 ng/mL (5) 91 104 108 108 99 104 109 98 117 144 137 
350 ng/mL (1) 94 94 117 64 105 105 109 109 101 126 114 
350 ng/mL (2) 110 114 107 129 106 112 104 95 103 101 139 
350 ng/mL (3) 90 119 98 94 98 100 108 91 95 72 77 
350 ng/mL (4) 91 92 108 80 90 91 107 81 89 81 80 
350 ng/mL (5) 104 128 123 87 103 111 116 99 119 98 87 

  NDX OXL TCY OTC S-STZ SDZ acSDZ SMR acSMR acSMZ SMX 
5 ng/mL (1) 111 118 77 120 127 114 104 107 116 64 85 
5 ng/mL (2) 149 127 90 128 82 64 115 76 102 23 69 
5 ng/mL (3) 113 119 89 79 92 81 145 84 102 23 86 
5 ng/mL (4) 99 90 87 105 85 77 113 88 97 21 67 
5 ng/mL (5) 93 77 86 124 84 77 98 85 100 57 77 

100 ng/mL (1) 104 95 103 138 94 84 89 77 107 108 85 
100 ng/mL (2) 124 95 103 93 115 126 96 112 106 96 106 
100 ng/mL (3) 113 107 116 131 85 64 98 70 100 89 93 
100 ng/mL (4) 117 92 116 135 123 102 88 41 112 88 138 
100 ng/mL (5) 117 110 114 142 124 92 96 110 93 85 84 
350 ng/mL (1) 108 96 101 102 114 121 108 93 95 94 114 
350 ng/mL (2) 121 106 111 94 98 116 100 97 90 84 80 
350 ng/mL (3) 107 98 111 128 74 89 80 71 84 80 56 
350 ng/mL (4) 81 81 83 116 117 63 85 89 121 89 74 
350 ng/mL (5) 127 108 104 127 119 71 99 97 97 75 68 

dw. For irrigation waters MLODs were between 0.04 ng/L and 2.21 ng/L, and MLOQs 
between 0.15 ng/L and 7.36 ng/L. 

3.1.4. Precision 

Five replicates of spiked samples at three concentrations (the spike levels selected; 5, 
100 and 350 ng/g dw for lettuces and 10, 50 and 100 ng/g dw for tomatoes, carrots and 
soils) were analyzed. The RSD values are listed in Tables S15, S16, and S17 below this 
section. 

For some compounds very different RSD were obtained depending on the 
concentration. %. For tomatoes samples, RSD variated between 0.3% and 36%, for 
carrots RSD variated between 5% and 46%, and for soils RSD variated between 0.5% and 
38%. 

3.1.5 Recoveries 

 

Table S12. Recoveries obtained in the tomatoes for each compound in the different 
replicates. 

 

 

 

 

 

  Concentration 
level (replicate 

number) 
BP3 BP1 BP2 BP4 (-) 4HB 4DHB DHMB AVO 4MBC EHMC EtPABA 

5 ng/mL (1) 106 107 142 88 81 133 83 103 115 136 95 
5 ng/mL (2) 99 114 149 102 95 133 81 125 67 117 114 
5 ng/mL (3) 101 71 147 120 94 134 69 98 77 128 120 
5 ng/mL (4) 108 93 142 109 93 133 97 125 94 131 105 
5 ng/mL (5) 96 111 145 42 91 133 67 59 93 122 83 

100 ng/mL (1) 114 123 114 100 110 95 112 110 76 61 112 
100 ng/mL (2) 123 82 103 90 109 96 102 121 93 101 125 
100 ng/mL (3) 111 117 110 99 123 100 126 89 72 71 101 
100 ng/mL (4) 120 120 118 105 123 100 141 88 97 83 96 
100 ng/mL (5) 123 126 114 93 121 89 136 106 75 64 91 
350 ng/mL (1) 98 91 92 92 108 121 99 107 105 63 116 
350 ng/mL (2) 89 84 94 111 118 111 88 84 89 65 126 
350 ng/mL (3) 90 114 100 111 118 116 119 68 80 49 93 
350 ng/mL (4) 91 104 85 99 88 113 88 85 97 41 93 
350 ng/mL (5) 105 114 129 102 111 107 115 100 82 38 81 
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Table S13. Recoveries obtained in the carrots for each compound in the different replicates. 

 

 

 

 

 

 

 

Concentration 
level 

(replicate 
number)  

BP3 BP1 BP2 BP4 (-) 4HB 4DHB DHMB AVO 4MBC EHMC EtPABA 

10 ng/mL (1) 74 100 63 105 113 78 84 119 113 89 94 
10 ng/mL (2) 99 133 82 90 106 56 95 85 140 73 80 
10 ng/mL (3) 101 53 80 83 120 43 65 113 94 66 52 
10 ng/mL (4) 91 57 127 131 72 55 75 47 100 115 139 
10 ng/mL (5) 93 132 119 115 98 25 60 105 135 99 95 
50 ng/mL (1) 99 145 107 114 101 138 87 119 103 101 98 
50 ng/mL (2) 104 99 92 119 112 122 100 119 113 134 106 
50 ng/mL (3) 90 92 103 105 102 100 103 102 88 106 89 
50 ng/mL (4) 97 120 127 112 98 103 89 137 87 99 101 
50 ng/mL (5) 84 125 92 99 75 68 66 107 76 105 116 

100 ng/mL (1) 105 112 122 83 98 95 99 85 92 109 103 
100 ng/mL (2) 91 100 115 119 120 96 116 122 114 96 81 
100 ng/mL (3) 90 103 98 103 125 95 73 106 123 99 86 
100 ng/mL (4) 81 113 95 101 96 93 96 104 92 93 123 
100 ng/mL (5) 109 110 94 94 107 109 112 97 117 104 68 

  BZT MeBZT DMBZT UVP BePB (-) BuPB (-) PrPB (-) MePB (-) FLU OFX CFX 
10 ng/mL (1) 92 81 89 121 81 77 70 87 83 122 77 
10 ng/mL (2) 110 133 131 115 90 126 90 121 77 84 105 
10 ng/mL (3) 105 126 104 107 122 111 77 131 109 154 110 
10 ng/mL (4) 114 115 83 154 119 73 91 84 96 141 55 
10 ng/mL (5) 86 74 99 173 131 131 127 93 55 154 55 
50 ng/mL (1) 109 122 106 106 92 141 142 120 88 62 82 
50 ng/mL (2) 107 83 128 84 74 80 131 84 73 59 55 
50 ng/mL (3) 108 64 106 93 101 111 147 73 101 123 58 
50 ng/mL (4) 110 91 91 118 75 145 127 97 96 61 73 
50 ng/mL (5) 67 100 107 93 81 139 118 108 128 67 80 

100 ng/mL (1) 85 85 81 52 88 105 84 103 102 95 100 
100 ng/mL (2) 91 79 92 113 96 118 80 99 102 87 76 
100 ng/mL (3) 86 94 81 83 91 119 108 88 109 82 85 
100 ng/mL (4) 86 84 94 75 84 121 80 120 92 102 111 
100 ng/mL (5) 69 115 101 68 87 79 109 97 105 89 120 

 

 

 

 

 

 

 

 

 

  Concentration 
level (replicate 

number) 
acSMX SMPZ SPY acSPY SQX STZ SMD SDM TMP GFZ (-) MFA (-) 

5 ng/mL (1) 103 108 64 134 75 66 94 69 84 90 106 
5 ng/mL (2) 112 89 64 137 70 61 103 60 121 94 74 
5 ng/mL (3) 129 109 79 109 82 102 118 69 63 88 72 
5 ng/mL (4) 143 83 85 110 95 82 131 75 78 93 99 
5 ng/mL (5) 59 90 92 77 28 81 54 58 58 81 79 

100 ng/mL (1) 93 103 66 85 49 82 85 71 114 93 123 
100 ng/mL (2) 104 106 112 116 92 90 96 120 102 101 113 
100 ng/mL (3) 94 72 66 83 43 88 86 74 117 96 85 
100 ng/mL (4) 106 134 115 124 120 92 97 147 128 102 87 
100 ng/mL (5) 127 158 99 124 64 98 117 88 122 96 99 
350 ng/mL (1) 125 91 104 108 100 118 115 52 106 107 104 
350 ng/mL (2) 107 69 109 114 101 84 98 61 106 103 115 
350 ng/mL (3) 62 94 98 92 133 57 57 54 82 93 87 
350 ng/mL (4) 118 88 108 99 114 84 108 94 100 95 96 
350 ng/mL (5) 105 85 62 90 121 85 96 80 106 106 118 

  NPX (-) KPF (-) DCF (-) DCF-13C (-) AAP CBZ CBZ-E ATX norFXT SCY (-) CFF 
5 ng/mL (1) 99 139 119 97 72 95 106 77 112 114 114 
5 ng/mL (2) 88 67 158 76 73 100 107 109 113 85 115 
5 ng/mL (3) 81 75 124 70 127 95 94 55 180 106 111 
5 ng/mL (4) 65 128 144 168 149 113 99 96 119 115 111 
5 ng/mL (5) 110 106 78 84 133 77 144 50 145 131 111 

100 ng/mL (1) 84 103 102 101 92 111 65 125 101 102 110 
100 ng/mL (2) 83 128 91 138 122 94 95 136 80 110 114 
100 ng/mL (3) 76 117 108 140 96 103 83 94 144 89 126 
100 ng/mL (4) 81 106 113 81 115 111 84 114 122 90 90 
100 ng/mL (5) 87 91 140 104 94 103 77 93 88 58 140 
350 ng/mL (1) 96 112 105 117 100 106 49 105 125 118 109 
350 ng/mL (2) 98 115 127 97 123 98 63 120 89 98 92 
350 ng/mL (3) 85 108 88 98 79 98 68 76 88 93 92 
350 ng/mL (4) 80 115 131 82 86 95 89 136 113 97 94 
350 ng/mL (5) 86 127 104 108 97 105 93 97 109 112 132 
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Table S14. Recoveries obtained in the soils for each compound in the different replicates. 

 

 

 

Concentration 
level 

(replicate 
number)  

NPX (-) IBU (-) KPF (-) DCF (-) DCF13C AAP CBZ CBZ-E ATL norFXT SCY  SCY (-) 

10 ng/mL (1) 75 101 111 120 85 111 94 61 71 93 116 103 
10 ng/mL (2) 130 99 146 99 95 82 79 57 111 152 108 115 
10 ng/mL (3) 170 104 138 92 116 104 70 47 97 147 109 134 
10 ng/mL (4) 103 126 133 84 70 108 80 50 59 122 106 131 
10 ng/mL (5) 49 120 128 119 120 82 66 38 123 114 124 100 
50 ng/mL (1) 100 147 88 127 78 125 113 104 107 115 71 87 
50 ng/mL (2) 127 102 96 148 112 105 87 71 65 133 144 75 
50 ng/mL (3) 151 106 75 105 114 143 111 44 92 129 78 109 
50 ng/mL (4) 78 95 69 118 109 60 212 105 81 103 136 76 
50 ng/mL (5) 131 82 80 129 78 144 67 59 92 71 137 102 

100 ng/mL (1) 117 122 69 82 92 107 115 132 110 90 79 109 
100 ng/mL (2) 119 98 84 122 107 78 97 77 127 117 83 97 
100 ng/mL (3) 76 101 83 104 103 98 65 55 101 78 106 79 
100 ng/mL (4) 106 104 61 116 114 107 101 109 71 120 102 97 
100 ng/mL (5) 119 101 93 104 115 126 91 74 118 84 91 129 

  Concentration 
level (replicate 

number) 
BP3 BP1 BP2 BP4 (-) 4HB 4DHB DHMB AVO 4MBC EHMC EtPABA 

10 ng/mL (1) 98 125 142 138 106 132 83 67 88 98 108 
10 ng/mL (2) 99 142 143 153 96 132 104 53 100 98 85 
10 ng/mL (3) 101 114 142 110 96 135 96 92 102 91 74 
10 ng/mL (4) 112 150 142 114 114 137 142 109 107 93 80 
10 ng/mL (5) 100 121 141 133 176 134 133 119 117 95 103 
50 ng/mL (1) 95 112 103 89 100 111 116 42 95 27 89 
50 ng/mL (2) 104 101 106 115 89 102 119 45 92 27 93 
50 ng/mL (3) 98 98 125 86 95 106 121 46 103 27 80 
50 ng/mL (4) 98 120 107 90 91 112 136 47 121 28 113 
50 ng/mL (5) 98 126 120 82 114 121 135 49 84 24 86 

100 ng/mL (1) 98 99 92 85 102 112 130 50 88 14 81 
100 ng/mL (2) 116 112 94 92 116 94 113 56 98 16 98 
100 ng/mL (3) 110 108 104 94 118 91 103 48 105 15 116 
100 ng/mL (4) 117 112 111 116 138 136 121 42 119 20 103 
100 ng/mL (5) 122 117 110 138 117 104 99 47 102 22 94 

 

 

 

 

 

 

 

 

  Concentration 
level (replicate 

number) 
NDX OXL TCY OTC S-STZ SDZ acSDZ SMR acSMR acSMZ SMX 

10 ng/mL (1) 110 89 118 99 124 104 102 123 141 107 131 
10 ng/mL (2) 76 74 45 86 97 76 71 103 83 80 96 
10 ng/mL (3) 61 45 88 112 85 85 83 82 127 60 91 
10 ng/mL (4) 103 71 175 99 151 64 123 102 135 128 91 
10 ng/mL (5) 75 153 127 80 151 91 127 112 121 113 177 
50 ng/mL (1) 99 103 93 31 142 128 75 98 125 136 100 
50 ng/mL (2) 97 106 118 57 84 70 74 87 89 102 93 
50 ng/mL (3) 89 91 127 71 114 116 122 98 139 142 121 
50 ng/mL (4) 101 74 91 42 98 90 113 135 145 58 100 
50 ng/mL (5) 99 81 120 146 94 122 82 117 84 105 82 

100 ng/mL (1) 107 88 107 93 99 111 71 98 103 114 89 
100 ng/mL (2) 127 118 85 30 120 129 76 92 86 71 97 
100 ng/mL (3) 75 66 116 117 111 90 113 69 89 74 108 
100 ng/mL (4) 112 123 89 14 101 125 106 106 139 113 101 
100 ng/mL (5) 138 137 101 112 130 98 85 90 106 91 83 

  acSMX SMPZ SPY acSPY SQX STZ SMD SDM TMP GFZ (-) MFA (-) 
10 ng/mL (1) 96 81 123 114 89 121 98 104 84 95 96 
10 ng/mL (2) 113 70 95 106 67 80 71 84 117 125 83 
10 ng/mL (3) 119 99 89 65 126 111 30 111 115 69 132 
10 ng/mL (4) 100 52 105 159 111 57 65 86 83 100 77 
10 ng/mL (5) 33 113 160 73 112 193 102 132 77 88 67 
50 ng/mL (1) 98 70 112 115 117 82 132 100 92 98 87 
50 ng/mL (2) 75 58 72 88 58 80 73 75 115 85 94 
50 ng/mL (3) 153 97 120 106 94 130 96 121 96 96 92 
50 ng/mL (4) 89 108 142 126 143 106 89 105 103 136 81 
50 ng/mL (5) 97 102 84 85 93 139 111 67 132 145 103 

100 ng/mL (1) 119 105 88 81 104 76 120 89 117 106 90 
100 ng/mL (2) 72 113 83 96 105 127 75 127 98 91 120 
100 ng/mL (3) 90 75 70 131 84 107 118 103 120 79 104 
100 ng/mL (4) 55 91 125 88 83 132 113 120 103 85 89 
100 ng/mL (5) 79 67 91 75 85 66 86 85 76 118 89 
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  Concentration 
level (replicate 

number) 
acSMX SMPZ SPY acSPY SQX STZ SMD SDM TMP GFZ (-) MFA (-) 

 
10 ng/mL (1) 81 144 131 148 42 117 92 95 69 164 102  
10 ng/mL (2) 75 116 60 108 72 70 87 97 97 163 110  
10 ng/mL (3) 114 111 51 103 112 77 70 72 75 155 79  
10 ng/mL (4) 151 121 50 160 138 145 90 104 142 179 99  
10 ng/mL (5) 140 119 58 140 88 47 90 86 97 165 53  
50 ng/mL (1) 112 137 88 97 91 113 85 82 94 96 88  
50 ng/mL (2) 86 92 89 78 112 70 108 103 77 116 129  
50 ng/mL (3) 102 95 82 74 83 62 97 115 89 100 92  
50 ng/mL (4) 90 87 109 80 84 86 82 128 86 126 119  
50 ng/mL (5) 90 72 103 90 103 88 101 84 114 86 92  

100 ng/mL (1) 90 77 49 77 58 58 109 72 99 77 93  
100 ng/mL (2) 117 141 105 135 104 87 113 127 103 77 91  
100 ng/mL (3) 122 110 115 118 97 134 93 95 116 86 92  
100 ng/mL (4) 130 111 118 109 95 116 108 129 128 107 126  
100 ng/mL (5) 106 131 144 86 96 133 112 141 123 110 114  

  NPX (-) IBU (-) KPF (-) DCF (-) DCF13C AAP CBZ CBZ-E ATL norFXT SCY (-) CFF 
10 ng/mL (1) 95 109 134 79 113 131 99 124 79 110 124 97 
10 ng/mL (2) 90 93 144 135 98 124 114 121 83 115 108 98 
10 ng/mL (3) 72 94 109 137 101 149 105 137 80 112 106 97 
10 ng/mL (4) 93 108 155 181 114 120 106 121 148 120 107 96 
10 ng/mL (5) 93 102 154 134 126 101 132 122 126 127 95 99 
50 ng/mL (1) 88 59 111 100 91 91 95 105 62 129 102 90 
50 ng/mL (2) 112 79 122 87 120 107 121 119 50 103 92 94 
50 ng/mL (3) 101 62 114 127 113 106 89 128 95 87 102 91 
50 ng/mL (4) 85 91 84 109 107 101 113 89 88 107 81 88 
50 ng/mL (5) 105 62 111 92 101 92 81 113 88 94 91 101 

100 ng/mL (1) 113 55 96 94 124 115 94 108 72 118 126 121 
100 ng/mL (2) 117 59 81 99 126 80 94 99 93 111 118 88 
100 ng/mL (3) 96 58 106 119 98 114 104 107 70 101 105 132 
100 ng/mL (4) 112 78 134 98 80 99 106 107 70 120 129 117 
100 ng/mL (5) 116 81 112 91 106 101 111 100 104 96 83 78 

 

 

 

 

 

 

 

  Concentration 
level (replicate 

number) 
BZT MeBZT DMBZT UVP BePB (-) BuPB (-) PrPB (-) MePB (-) FLU OFX CFX 

10 ng/mL (1) 69 120 79 151 145 115 118 95 134 82 145 
10 ng/mL (2) 78 98 66 164 135 111 110 81 116 73 114 
10 ng/mL (3) 117 77 75 141 130 101 110 85 107 70 97 
10 ng/mL (4) 107 85 81 80 152 129 138 81 149 68 99 
10 ng/mL (5) 117 96 61 54 140 114 121 64 129 75 104 
50 ng/mL (1) 109 106 118 63 90 83 107 80 93 120 67 
50 ng/mL (2) 110 117 117 86 108 103 126 102 97 119 71 
50 ng/mL (3) 101 95 91 82 86 82 100 82 93 93 110 
50 ng/mL (4) 84 115 70 67 114 103 111 63 110 116 64 
50 ng/mL (5) 100 104 109 37 78 73 90 71 96 76 119 

100 ng/mL (1) 86 92 109 87 70 70 83 70 105 106 81 
100 ng/mL (2) 94 100 120 59 73 70 81 71 91 94 96 
100 ng/mL (3) 81 103 85 86 77 73 89 73 81 89 83 
100 ng/mL (4) 113 112 126 137 100 97 113 97 101 74 112 
100 ng/mL (5) 73 87 86 85 101 103 122 106 111 108 93 

  NDX OXL TCY OTC S-STZ SDZ acSDZ SMR acSMR acSMZ SMX 
10 ng/mL (1) 109 110 108 112 137 138 124 101 80 99 110 
10 ng/mL (2) 84 137 104 89 43 121 110 65 87 117 118 
10 ng/mL (3) 66 124 95 77 80 82 79 67 91 119 110 
10 ng/mL (4) 115 170 121 83 103 110 133 61 116 112 97 
10 ng/mL (5) 109 154 107 107 84 162 149 78 99 79 137 
50 ng/mL (1) 97 103 78 93 102 125 96 92 118 88 108 
50 ng/mL (2) 124 108 97 97 103 73 83 88 91 101 92 
50 ng/mL (3) 89 93 77 83 88 69 94 72 91 84 68 
50 ng/mL (4) 125 107 97 118 103 68 97 86 93 94 77 
50 ng/mL (5) 90 93 69 89 112 61 82 66 93 97 87 

100 ng/mL (1) 109 104 66 85 51 44 53 40 82 76 52 
100 ng/mL (2) 92 89 66 102 84 76 99 65 112 117 86 
100 ng/mL (3) 88 82 69 120 135 93 106 94 104 96 130 
100 ng/mL (4) 128 82 92 107 134 99 128 102 109 110 124 
100 ng/mL (5) 135 108 97 98 140 98 84 102 103 98 74 
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Compound  RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 

SDM 10.77 32.51 26.59 
Trimethoprim 30.18 8.36 10.12 
Gemfibrozil (-) 5.74 3.54 6.34 

Mefenamic acid 17.72 16.00 12.11 
Naproxen (-) 19.33 4.99 8.54 

IBU (-) 13.74 10.06 11.54 
Ketoprofen (-) 30.28 12.97 6.15 
Diclofenac (-) 24.19 16.47 15.77 

Diclofenac-13C (-) 39.78 22.27 12.71 
AAP 32.11 13.27 17.02 
CBZ 13.46 6.67 4.84 

CBZ-epoxy 17.94 13.18 25.34 
Atenolol 32.28 16.78 21.08 
norFXT 21.75 24.16 15.03 

Salicylic acid (-) 15.20 21.85 10.38 
Caffeine 1.73 15.94 16.43 

Table S15. Relative standard deviations among replicates of each spiking level in the 
different compounds in the tomatoes. 

Compound RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 
BP3 4.72 4.46 7.06 
BP1 17.76 15.65 13.14 
BP2 2.13 5.15 16.79 

BP4 (-) 32.94 5.82 7.86 
4HB 5.96 6.15 11.06 

4DHB 0.34 4.84 4.64 
DHMB 15.35 13.41 14.15 
AVO 26.44 13.88 16.82 

4MBC 20.23 14.00 11.77 
EHMC 5.89 21.34 23.85 

EtPABA 14.08 13.00 18.03 
BZT 18.12 10.44 8.75 

MeBZT 25.44 9.43 14.23 
DMBZT 13.64 7.71 8.55 

UVP 27.93 12.83 26.18 
BePB (-) 9.68 3.58 6.43 
BuPB (-) 12.36 3.07 8.11 
PrPB (-) 18.73 7.42 4.08 

MePB (-) 12.45 9.58 10.45 
Flumequine 10.85 10.21 11.32 

Ofloxacin 21.13 26.94 21.47 
Ciprofloxacin 6.72 25.79 26.57 
Nalidixic acid 19.12 6.33 16.10 
Oxolinic acid 20.24 8.00 10.87 
Tetracycline 5.96 6.15 11.06 

OTC 17.76 15.65 13.14 
Succynil-Sulfathiazole 19.72 16.42 18.07 

SDZ 22.09 24.14 27.81 
acSDZ 15.74 4.87 11.87 
SMR 12.99 35.78 12.04 

acSMR 6.92 6.92 14.27 
acSMZ 55.30 9.54 8.90 
SMX 11.10 22.19 27.64 

acSMX 29.28 13.29 23.73 
SMPZ 12.09 28.50 11.35 
SPY 16.04 26.31 19.98 

acSPY 21.21 19.48 9.89 
SQX 36.02 43.00 12.30 
STZ 19.93 6.66 24.99 

Sulfisomidin 29.28 13.29 23.73 
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Compound  RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 

Ofloxacin 22.41 36.55 8.76 
Ciprofloxacin 32.81 17.49 18.32 
Nalidixic acid 23.99 4.87 21.31 
Oxolinic acid 46.49 15.23 26.62 
Tetracycline 43.31 15.03 12.34 

OTC 12.76 65.06 64.72 
Succynil-

Sulfathiazole 24.65 21.20 11.51 

SDZ 17.84 23.28 14.83 
acSDZ 23.91 24.11 20.13 
SMR 14.17 17.80 14.99 

acSMR 18.42 24.33 20.05 
acSMZ 27.59 30.75 21.93 
SMX 31.72 14.15 10.19 

acSMX 37.17 28.81 28.17 
SMPZ 28.66 24.83 21.35 
SPY 24.66 26.55 22.17 

acSPY 36.11 16.88 23.12 
SQX 22.81 31.16 11.99 
STZ 45.78 24.79 28.73 

Sulfisomidin 39.27 22.40 19.75 
SDM 18.99 23.87 17.30 

Trimethoprim 20.08 15.25 16.98 
Gemfibrozil (-) 21.36 23.77 16.16 

Mefenamic acid (-) 27.56 9.06 13.77 
Naproxen (-) 44.62 24.35 16.97 

IBU (-) 10.89 23.03 9.23 
Ketoprofen (-) 9.99 12.96 16.35 
Diclofenac (-) 15.93 12.49 14.47 

Diclofenac-13C (-) 21.44 18.62 8.99 
AAP 14.26 30.17 16.78 
CBZ 14.06 47.00 19.19 

CBZ-epoxy 17.71 35.36 34.06 
Atenolol 28.97 17.99 20.36 
norFXT 19.36 22.36 19.55 

Salicylic acid (-) 6.38 31.57 12.87 
Caffeine 13.38 16.65 17.76 

 

 

 

 

Table S16. Relative standard deviations among replicates of each spiking level in the 
different compounds in the carrots. 

Compound  RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 

BP3 11.58 8.13 12.01 
BP1 40.67 18.21 5.34 
BP2 28.90 13.64 12.04 

BP4 (-) 18.48 7.27 12.94 
4HB 17.83 13.76 11.77 

4DHB 37.17 24.82 6.58 
DHMB 18.69 16.16 16.89 
AVO 30.73 11.62 12.94 

4MBC 17.60 15.56 13.66 
EHMC 22.09 13.03 6.27 

EtPABA 33.89 9.62 22.81 
BZT 11.55 18.70 10.06 

MeBZT 25.20 23.52 15.13 
DMBZT 18.25 12.09 9.35 

UVP 21.04 13.23 28.39 
BePB (-) 19.83 13.92 5.02 
BuPB (-) 26.15 22.42 16.15 
PrPB (-) 24.40 8.77 16.12 

MePB (-) 20.55 18.93 11.43 
Flumequine 23.87 20.83 5.84 
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Compound  RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 
STZ    42.67      23.42             30.87 

Sulfisomidin  10.56      11.50              7.41 
SDM 13.11 19.33           25.05 

Trimethoprim 29.47 14.98 11.00 
Ketoprofen (-) 13.59 13.04 18.42 
Diclofenac (-) 27.08 15.32 10.70 

Diclofenac-13C (-) 10.26 10.51 17.51 
AAP 13.94 7.71 13.55 
CBZ 11.32 16.58 7.22 

CBZ-epoxy 5.46 13.38 4.12 
Atenolol 30.76 25.49 19.36 
norFXT 5.77 15.62 9.35 

Salicylic acid (-) 9.33 9.43 16.40 
Caffeine 1.36 5.36 21.26 

    
 

 

Table S17. Relative standard deviations among replicates of each spiking level in the 
different compounds in the soils. 

Compound  RSD% Intra 10 ng/g RSD% Intra 50 ng/g RSD% Intra 100 ng/g 

BP3 5.46 3.15 7.92 
BP1 11.54 10.79 6.14 
BP2 0.50 8.56 8.46 

BP4 (-) 13.68 13.90 20.56 
4HB 28.25 10.27 10.87 

4DHB 1.58 6.42 16.62 
DHMB 22.18 7.29 11.09 
AVO 31.33 5.87 10.61 

4MBC 10.21 14.34 10.86 
EHMC 3.11 5.12 18.61 

EtPABA 16.10 13.78 12.60 
BZT 22.90 10.27 16.70 

MeBZT 16.93 8.24 9.60 
DMBZT 11.69 20.25 17.81 

UVP 40.49 28.41 30.75 
BePB (-) 6.10 15.64 17.35 
BuPB (-) 8.82 15.23 19.21 
PrPB (-) 9.62 12.59 18.79 

MePB (-) 14.00 18.50 19.91 
Flumequine 12.81 7.10 11.87 

Ofloxacin 7.05 18.66 14.82 
Ciprofloxacin 17.61 30.04 12.98 
Nalidixic acid 21.20 17.16 18.93 
Oxolinic acid 17.09 7.02 12.88 
Tetracycline 8.82 15.23 19.21 

OTC 16.10 13.78 12.60 
Succynil-Sulfathiazole 38.19 8.19 35.99 

SDZ 24.18 32.48 27.96 
acSDZ 21.96 7.84 29.36 
SMR 21.37 13.85 33.75 

acSMR 14.45 11.65 11.32 
acSMZ 15.42 7.20 15.50 
SMX 12.72 17.25 35.04 

acSMX 30.02 11.19 13.56 
SMPZ 10.44 24.78 21.54 
SPY 48.67 12.01 33.02 

acSPY 19.05 11.44 22.17 
SQX 40.32 13.29 19.84 
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1. Introduction 

Huge quantities of food are lost or wasted in Europe (~15% of the total) and even greater 

quantities in Asia (~20%) and the United States (~35%) (United Nations Environment 

Programme, 2021). This is a pertinent issue as the global population increases, so new ways 

are needed to recover and reuse nutrients in a circular economy. Anaerobic digestion is an eco-

friendly solution to closing the nutrient loop as it allows reuse of food waste (Balagurusamy 

and Chandel, 2020). Apart from biogas, large amounts of an organic residue (digestate) 

containing useful nutritional components are produced and can be used as crop fertiliser 

(Bergstrand et al., 2020). However, undesirable components can also be present in the 

digestate, such metals or contaminants of emerging concern (CECs) (Golovko et al., 2022a). 

Thousands of chemicals can be categorised as CECs, but most are mainly unmonitored 

compounds with potential to reach environmental compartments and cause known or suspected 

adverse ecological or human health effects (Rosenfeld and Feng, 2011). These include 

pharmaceuticals, personal care products, per- and polyfluoroalkyl substances (PFAS), 

pesticides, industrial chemicals, flame retardants, hormones etc. Some CECs are persistent and 

can potentially enter the environment with wastewater treatment plant (WWTP) effluent or 

with anaerobically digested sewage sludge used as fertiliser. WWTP effluent makes a great 

contribution to CEC occurrence in surface water bodies, where CECs are frequently detected 

at concentrations between ng/L and µg/L (Archer et al., 2017). The side-effects of using 

wastewater for irrigation in agriculture have been evaluated (Mañas et al., 2009; Sunyer-Caldú 

et al., 2022), but research is urgently needed on the relevance of anaerobic digestate for CEC 

concentrations in crops and ultimately in the environment and humans.  

Presence of CECs in edible crops may have many undesirable effects in humans, e.g. low doses 

of antibiotics (clarithromycin, clindamycin etc.) can result in development of antibiotic 

resistance in bacteria, which is an emerging concern for human health (Golovko et al., 2022b; 

Nazaret and Aminov, 2014). Other CECs, such as PFAS, can have adverse effects on the 

environment (Ahrens and Bundschuh, 2014) and immunotoxicity (NTP, 2016), reproductive 

or carcinogenic effects (ATSDR, 2020) in humans. Parabens have known endocrine-disrupting 

capacity and estrogenic activity, with increasing potency with perfluorocarbon chain length 

(Boberg et al., 2010). 

During anaerobic digestion, plant uptake and translocation within plants, CECs may be partly 

or completely metabolised into new compounds, some unknown, with different 
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(Kungsbacka, Sweden), Sigma-Aldrich (St. Louis, Missouri, USA) and Toronto Research 

Chemicals (Toronto, Canada).  

Ultrapure water was produced by a Milli-Q Advantage Ultrapure water purification system and 

filtered through a 0.22 µm Millipak Express membrane and LC-Pak polishing unit (Merk 

Millipore, Billerica, MA). Methanol, acetonitrile, ammonium acetate, formic acid, ammonia 

and ethyl acetate, all of high analytical grade, were obtained from Sigma-Aldrich. 

 

2.2 Plant material 

Seeds of pak choi (var. ‘Joi Choi’, Impecta Förhandel, Julita, Sweden) were sown in rock wool 

plugs (ø 20 mm, Grodan, Roermond, the Netherlands) in a greenhouse chamber (temperature 

set-points: heating at 19°C during night, 22°C during day). Artificial light (high-pressure 

sodium lamps) was used for 16 h/day. Shading screens closed when outside radiation exceeded 

700 W m-2. The seedlings were fed with a complete mineral nutrient solution consisting of 

YaraTera Kristalon Purple + Calcinit (Yara, Oslo, Norway) at electric conductivity (EC) of 1.2 

mS/cm. Fourteen days after sowing (DAS), the plants were transferred to experimental vessels 

as described below. 

 

2.3 Hydroponic cultivation system and nutrition solution 

The experiment was performed in a 50 m2 greenhouse chamber in Alnarp, Sweden, during 

March-April 2021. The greenhouse climate set-points were as described above. The plants 

were cultivated under hydroponic conditions in plastic vessels containing 1.5 L of constantly 

aerated nutrient solution. Two different nutrient solutions were used, an organic solution 

produced from liquid biogas digestate (for details, see Bergstrand et al., 2020) and mineral 

solution containing mineral salts with similar nutrient content to the digestate solution (Table 

S1 in Supplementary Information (SI)).  

 

2.4 Experimental set-up 

Plants growing on each nutrition solution were subjected to three treatments with increasing 

exposure (nominal concentration of 1, 10 and 100 µg/L) to 18 CECs (four pharmaceuticals, 13 

PFAS, one paraben preservative) selected based on frequency of detection in food waste 

facilities in Sweden (Golovko et al., 2022a). A control treatment without addition of CECs was 

also included (experimental blank). Nutrient solution was exchanged once a week and sampling 

(50 mL) was performed to determine initial and final concentration of CECs in each 

physicochemical properties and in some cases more toxic effects than the parent compounds 

(Menger et al., 2021). Identification and monitoring of these transformation products (TPs) is 

critical in order to gain an overall picture of the contaminants present in crops fertilised with 

food waste digestate. Recent advances in high-resolution mass spectrometry (HRMS) and 

associated data treatment workflows have facilitated identification of TPs (Menger et al., 

2020). 

Pak choi (Brassica rapa subsp. chinensis, also known as Chinese cabbage) was selected as a 

model crop in this study because of three relevant characteristics: (i) it is a commonly 

consumed crop in Sweden; (ii) it is a fast-maturing crop that can be harvested in 30 days; and 

(iii) the whole plant is edible and can be consumed raw or cooked. Despite it being a widely 

consumed crop in Asia, America and Northern Europe, little information is available regarding 

CEC uptake in pak choi and whether this poses a potential risk to the environment and human 

health. 

The aim of this study was to assess uptake and fate of CECs by pak choi, using well established 

target methodologies, and to identify TPs of any CECs present using HRMS-based suspect 

screening. Specific objectives were to: i) evaluate the influence of nutrient solution on CEC 

uptake in pak choi; ii) identify TPs formed following uptake; and iii) investigate the fate of 

CECs and TPs in the plants. 

 

2. Materials and methods 

2.1 Chemicals and reference standards  

All analytical standards used for analysis were of high purity grade (>95%). Propylparaben 

(PrPB), fenbendazole (FBZ), clarithromycin (CLA), clindamycin (CLI), sertraline (SER), 

perfluorobutanoic acid (PFBA), perfluoroundecanoic acid (PFUnDA), perfluoroheptanoic acid 

(PFHpA), perfluorotetradecanoic acid (PFTeDA), perfluorohexanoic acid (PFHxA), 

perfluorododecanoic acid (PFDoDA), perfluorooctanoic acid (PFOA), perfluorodecanoic acid 

(PFDA), perfluorononanoic acid (PFNA), perfluorooctanesulfonic acid (PFOS), 

perfluorooctanesulfonamide (FOSA), perfluorohexanesulfonic acid (PFHxS) and 

perfluorobutanesulfonic acid (PFBS) were purchased from Sigma-Aldrich (USA). Isotopically 

labelled standards (IS) (D5-oxazepam-, D5-diazepam, D7-propylparaben, 13C2-PFHxA, 13C2-

PFDA, 13C2-PFDoDA, 13C4-PFOA, PFHxS-18O2, 13C5-PFNA, 13C4-PFOS, 13C2-PFUnDA, 
13C2-PFBA, 13C8-FOSA) were obtained from Wellington Laboratories (Canada), Teknolab AB 
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The mobile phase consisted of Milli-Q water with addition of 5 mM ammonium acetate (phase 

A) and acetonitrile (phase B). The same linear gradient was used in both ionisation modes, with 

a flow rate of 0.5 mL/min. The gradient started at 2% of phase B and increased to 99% from 

0.5 min to 10.0 min. This composition of the mobile phase was maintained for 3 min, until 13.0 

min, after which it returned to initial conditions at 13.1 min and remained there until the end 

of the analytical run, which took 15 min. 

Suspect screening 

The highest nominal concentration extracts (100 µg/L), controls (0 µg/L) and blanks were 

analysed for identification of TPs using a Vanquish Binary Pump H with TriPlus autosampler 

UHPLC system coupled to a Q-Exactive Focus Orbitrap mass spectrometer. An Acquity UPLC 

BEH-C18 (2.1 x 50 mm, 1.7 µm particle size) was used as an analytical column for 

chromatographic separation. The temperature of the column oven was set at 40 ± 2°C. The 

mobile phases for the positive ionisation (PI) mode (ESI+) consisted of Milli-Q water (phase 

A) and MeOH (phase B) with the addition of 0.1% of formic acid in both phases. In negative 

ionisation (NI) mode (ESI-), the same mobile phases were used, but with 5 mM ammonium 

acetate instead of formic acid as modifier. The same linear gradient was used in both ionisation 

modes, with a flow rate of 0.3 mL/min. The gradient started at 5% of phase B and increased to 

95% from 1 min to 10.0 min. This composition of the mobile phase was maintained for 3 min, 

until 13.0 min, after which it returned to initial conditions at 13.1 min and remained there until 

the end of the analytical run, which took 15 min. The acquisition modes used were data-

dependent (DDA), selecting the five most intense ions, and data-independent (DIA) at 35 eV 

of collision energy (CE), with a 53-800 m/z range with 70000/70000 and 70000/35000 

resolving power, respectively.  

Suspect screening workflow 

Data processing was performed using Compound Discoverer software (v 3.3.0.550) (for  

parameters and workflow used, see section S2 and Figure S1 in SI). From the features 

obtained, those present in the blanks were removed and the remaining features were verified 

or discarded manually in DDA data with Thermo Xcalibur software v. 3.1.66.7.  

2.5.3 Quality assurance and quality control in CEC analysis 

Method performance in terms of linearity in calibration, blanks, limit of quantification (LOQ), 

absolute recovery, precision and matrix effect was assessed. Overall, LOQ ranged between 0.2 

and 25 ng/g fw and all recovery rates were above 100%. Specific data on each parameter are 

experimental vessel (Table S2 in SI). The plant material was harvested at 42 DAS and fresh 

weight (fw) of shoots was recorded. The roots were washed three times in distilled water and 

left to drain for 2 min before fresh weight determination. The full plants were lyophilised before 

analysis, in order to minimise degradation during storage.  

 

2.5 Analysis  

2.5.1 Sample preparation for micropollutant (MP) analysis 

Samples of pak choi shoots were extracted using a validated in-house method described 

elsewhere (Kodešová et al., 2019a, 2019b). In brief, 0.2 g dry weight (dw) of shoot sample was 

weighed into a 7-mL tissue homogenisation tube (Precellys, Bertin Technologies, France), 

followed by addition of IS mixture (20 ng absolute per compound) and 2 mL of extraction 

solvent mixture (acetonitrile and 2-propanol (3:1, v/v) + 0.1% of formic acid). After 45 min, 

the samples were homogenised for two 40-s rounds at 5000 rpm, with a 20-s break in between. 

The tubes were then centrifuged at 3900 rpm for 15 min at 20 °C. The supernatant was collected 

and filtered through 0.2 µm regenerated cellulose filters into a 2 mL Eppendorf tube, which 

was stored at -20 °C for 24 hours. Around 30 min before analysis, the supernatant samples 

were removed from the freezer and kept at room temperature, after which they were centrifuged 

at 10,000 rpm for 3 min at 4 °C. A 200 µL aliquot was used for analysis. Further information 

about the blanks and quality controls is included in section S1 in SI. 

 

2.5.2 Instrumental analysis of CECs 

Target analysis 

Extracts were analysed for the presence of the 18 CECs using a DIONEX UltiMate 3000 ultra-

high-performance liquid chromatography (UHPLC) system (Thermo Scientific, Waltham, 

MA, USA) coupled to a triple quadrupole (TSQ) mass spectrometer (TSQ QUANTIVA, 

Thermo Scientific, Waltham, MA, USA). An Acquity UPLC BEH-C18 column (2.1 x 50 mm, 

1.7 µm particle size; Waters Corporation, Manchester, UK) was used as an analytical column 

for chromatographic separation. The temperature of the column oven was set at 40 ± 2°C. The 

system was equipped with a heated electrospray ion source (ESI) with static spray voltage set 

at 3500 V positive mode and 2500 V negative mode. The temperature of the ion transfer tube 

and the vaporiser was set at 325°C and 400°C, respectively. Data acquisition was performed 

under multiple reaction monitoring (MRM) using Xcalibur software (Thermo Fisher Scientific, 

San Jose, CA, USA) and the data were evaluated using TraceFinderTM 4.1. software (Thermo 

Fisher Scientific). 
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3. Results 

3.1 Plant parameters   

The different parameters related to plant development (plant photosynthetic performance, leaf 

photosynthesis, leaf chlorophyll concentration, content of vitamin C, glucosinolates and 

carotenoids, and fresh and dry weight) were measured in order to obtain more information 

about processes that can occur during plant uptake of CECs. The results are summarised in 

Table S5 in SI. Overall, no statistically significant correlations (Pearson correlation coefficient 

(r) <0.8, confidence interval (p) >0.05) were observed between detected levels of the target 

CECs and any plant parameter measured. However, for both nutrition solutions (mineral, 

digestate), a similar pattern of decreasing fresh weight of shoots when exposed to CECs was 

observed and plants exposed to the highest concentration of CECs (100 µg/L) had significantly 

lower shoot fresh weight compared with the controls. This suggests that CEC uptake can affect 

certain processes and mechanisms in pak choi development, indicating a need for monitoring.    

 

3.2 Uptake of CECs by pak choi shoots  

Total CEC content in shoots of plants exposed to 1 and 10 µg/L of CECs ranged from 14 to 39 

µg/kg fw in both nutrient solutions and no significant differences were observed between the 

solutions (p>0.05) (Table S6 in SI). In plants exposed to the highest concentration of CECs 

(nominal concentration 100 µg/L) the total content in shoots was considerably higher (680±41 

and 620±130 µg/kg fw for the mineral and digestate nutrient solution, respectively). 

The concentrations observed for each treatment and compound are shown in Figure 1. Among 

the pharmaceuticals, very different behaviours were observed. For example, FBZ was not 

detected at any exposure level, whereas shoot CLA concentration increased with spiking level. 

CLI was only detected at the highest spiking level in the digestate substrate, suggesting that 

substrate characteristics were important for CLI uptake. SER showed the second highest shoot 

concentrations among the target compounds, while PrPB was not detected in any treatment. 

All PFAS showed a similar pattern at the 1 and 10 µg/L spiking levels in that they were mostly 

detected in shoots of plants grown in the digestate solution, but were not detected in the mineral 

solution. At 100 µg/L, all PFAS were found at notable levels in shoots of plants grown in both 

solutions.  

provided in section S1 in SI and recovery rates, LOQs and matrix effect values in Table S3 in 

SI.  

 2.5.4 Plant characterisation  

Plant photosynthetic performance was measured by i) chlorophyll fluorescence and ii) gas 

exchange (leaf photosynthesis). Chlorophyll fluorescence parameters (basic fluorescence F0, 

maximum fluorescence Fm and variable fluorescence Fv/Fm) were determined at 30 DAS using 

a Walz PAM-2500 instrument (Heinz Walz GmbH, Effeltrich, Germany). Leaf photosynthesis 

was measured at 30 DAS using a leaf-chamber photosynthesis instrument (LCPro, ADC 

Bioscientific, Hoddesdon, UK). Maximum photosynthesis was measured at a light intensity of 

1000 µmol/s·m2 and ambient CO2 concentration. Leaf chlorophyll concentration was measured 

at the end of the experiment using a chlorophyll meter (Apogee MC-100, Apogee Instruments, 

Logan, UT USA). Fresh and dry weight (after lyophilisation) of shoots and roots were 

determined. Content of vitamin C, glucosinolates and carotenoids in leafy plant parts was 

analysed using a high-performance liquid chromatograph coupled to a UV-vis detector (Esteve 

et al., 1997; Humphries and Khachik, 2003; Maldini et al., 2012; Panfili et al., 2004). 

 

2.6 Uptake factor 

Measured concentrations of the CECs in shoots and in nutrient solution were used to calculate 

the uptake factor (UF) for each compound (Equation 1). For the solution concentrations, an 

average value for weeks 1-3 (pak choi cultivation period) was calculated. The average plant 

CEC content for the three different spiking (exposure) levels tested was used to calculate UFs 

(Table S4 in SI).  

                                         𝑈𝑈𝑈𝑈 = 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

                       (Equation 1) 

where UF is uptake factor, CPLANT is CEC concentration in shoots and CSOLUTION is CEC 

concentration in the nutrient solution. 

 

2.7 Statistical analyses  

The experiment was performed with three replicates and mean values and standard deviation 

are reported. Statistical analyses were carried out using Minitab (v.19) and data were tested for 

individual correlations with Pearson’s tests and for significant differences (p<0.05) using 

ANOVA and Fisher’s LSD method (Minitab). Values below LOQ were considered as LOQ/2 

in all statistical analyses. 
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Uptake factor  

At high CEC concentrations in the nutrient solution, UFs did not differ significantly between 

shoots of pak choi plants grown in the mineral and digestate solutions (p>0.05), confirming 

that type of nutrient solution did not influence the concentrations of CECs n shoots. The 

compound that showed the highest tendency to accumulate in shoots was SER, in plants grown 

both in the mineral and digestate solution (UF= 33 and 2.4 L/kg, respectively). The next highest 

UF with both solutions was obtained for PFBA, the PFAS with the shortest perfluorocarbon 

chain (n=3) in this study, with UF of 1.8 (mineral solution) and 1.6 (digestate). All other 

compounds had UF <1, indicating low uptake by pak choi.                                        

In a previous study on sewage sludge by Kodešová et al., (2019a), SER was the compound 

with the highest UF, with similar values (1-37.9) for spinach (Spinacia oleracea) as found here 

for pak choi. A high tendency for the short-chain PFBA to bioaccumulate from soil/sludge has 

been reported previously (Blaine et al., 2013; Krippner et al., 2015; Lesmeister et al., 2021).  

3.3 Identification of transformation products  

In data processing for identification of TPs using Compound Discoverer, 340 features in PI and 

224 in NI were obtained. The number of features of interest was reduced by (i) filtering out 

features present in the blanks; (ii) discarding features without MS/MS data; (iii) checking 

plausible retention time and fragments; and (iv) manual inspection. Only 16 features remained 

as tentatively identified compounds (14 in PI and two in NI). All TPs were found in plants 

grown on both nutrient solutions (digestate, mineral). Only four reference standards 

(oxfenbendazole (oxFBZ), FBZ sulfone, CLI sulfoxide, CLA N-oxide) are commercially 

available for these 16 compounds. This is consistent with previous findings that the greatest 

limitation in identification of TPs is lack of reference standards (Menger et al., 2021). The 16 

tentatively identified TPs, along with their retention time, parent compound, level of 

confidence (Schymanski et al., 2014) and evidence supporting their identification, are 

summarised in Table 1.   

 

 

 

 

Overall, the CEC concentrations differed significantly between shoots exposed to 100 µg/L 

and the other exposure levels (1 and 10 µg/L), suggesting that higher concentrations in the 

nutrient solution resulted in significantly different uptake by the crop (p<0.05). However, no 

significant differences were observed with regard to use of mineral or digestate nutrient 

solution (p>0.05). Thus, type of nutrient solution used appears to be less important for CEC 

uptake in plants exposed to high concentrations of CECs. The compound present in the highest 

concentration in shoots was PFBA (272 µg/kg fw), followed by SER (190 µg/kg fw) and 

PFHxA (70 µg/kg fw). The compound families tested (PFAS, pharmaceuticals, paraben) 

showed similar average levels of bioaccumulation. 

Figure 1. Concentration (µg/kg fresh weight (fw)) of different target compounds detected in pak choi 
shoots grown on nutrient solution (digestate or mineral) spiked with 1, 10 or 100 µg/L of contaminants 
of emerging concern (CECs). 
 



481480

Chapter 5 Wastewater reuse feasibility for irrigation purposes

55

 

13
 

 

Ta
bl

e 1
. C

om
po

un
ds

 te
nt

at
iv

el
y 

id
en

tif
ie

d 
an

d/
or

 co
nf

irm
ed

 an
d 

th
ei

r p
ar

en
t c

om
po

un
d,

 le
ve

l o
f c

on
fid

en
ce

 an
d 

su
pp

or
tin

g 
ev

id
en

ce
  

1 

 
2 

 
3 

Pa
re

nt
Le

ve
l o

f 
co

m
po

un
d

co
nf

id
en

ce
Ch

ar
ac

te
ris

tic
 fr

ag
m

en
ts 

m
/z

: 9
1.

05
42

 [C
7 H

7];
 1

29
.0

69
4 

[C
10

 H
9];

 1
58

.9
75

8 
[C

7 H
5 C

l 2]
;

Pl
au

sib
le

 R
T 

in
 P

I  
an

d 
in

 a
cc

or
da

nc
e 

w
ith

 se
rtr

al
in

e 
(8

.3
5)

Si
m

ila
rit

y 
w

ith
 m

zC
lo

ud
 [C

re
fe

re
nc

e3
37

3#
T5

60
6#

c#
65

08
69

]
Ch

ar
ac

te
ris

tic
 fr

ag
m

en
ts 

m
/z

: 9
1.

05
42

 [C
7 H

7];
 1

29
.0

69
4 

[C
10

 H
9];

 
15

8.
97

58
 [C

7 
H

5 
Cl

2]
; 2

75
.0

38
9 

[C
16

 H
13

 C
l2

] 
(A

ce
ty

l S
ER

)
Pl

au
sib

le
 R

T 
in

 P
I a

nd
 in

 a
cc

or
da

nc
e 

w
ith

 se
rtr

al
in

e 
(8

.3
5)

 a
nd

 is
ot

op
ic

 p
ro

fil
e 

m
at

ch
4-

hy
dr

ox
y s

er
tra

lin
e 

Ch
ar

ac
te

ris
tic

 fr
ag

m
en

ts 
m

/z
: 2

73
.0

22
3 

[C
16

 H
11

 C
l 2]

 (h
ttp

s:/
/d

oi
.o

rg
/1

0.
10

02
/e

lp
s.2

01
70

04
82

); 
(4

-h
yd

ro
xy

 SE
R)

23
8.

05
36

 [C
16

 H
11

 C
l]

(tw
o 

iso
m

er
s)

Pl
au

sib
le

 R
T 

in
 P

I a
nd

 in
 a

cc
or

da
nc

e 
w

ith
 fe

nb
en

da
zo

le
 (8

.3
5)

SE
R 

ke
to

ne
9.

84
Se

rtr
al

in
e

4
Pl

au
sib

le
 R

T 
in

 P
I a

cc
or

di
ng

 to
 th

e 
Q

SR
R 

m
od

el
 a

nd
 in

 a
cc

or
da

nc
e 

w
ith

 se
rtr

al
in

e 
(8

.3
5)

SE
R 

ox
im

e
9.

91
Se

rtr
al

in
e

4
Pl

au
sib

le
 R

T 
in

 P
I a

cc
or

di
ng

 to
 th

e 
Q

SR
R 

m
od

el
 a

nd
 in

 a
cc

or
da

nc
e 

w
ith

 se
rtr

al
in

e 
(8

.3
5)

Ac
et

yl 
hy

dr
ox

ys
er

tra
lin

e
Ch

ar
ac

te
ris

tic
 fr

ag
m

en
ts 

m
/z

: 2
73

.0
22

5 
[C

16
 H

11
 C

l 2]
; 2

38
.0

53
6 

[C
16

 H
11

 C
l]

(A
ce

ty
l h

yd
ro

xy
SE

R)
Pl

au
sib

le
 R

T 
in

 P
I a

nd
 in

 a
cc

or
da

nc
e 

w
ith

 se
rtr

al
in

e 
(8

.3
5)

 a
nd

 a
ce

ty
l s

er
tra

lin
e 

(9
.7

8)
Pr

es
en

ce
 o

f c
ha

ra
ct

er
ist

ic
 fr

ag
m

en
ts 

m
/z

: 1
29

.0
69

4 
[C

10
 H

9];
 

15
8.

97
58

 [C
7 

H
5 

Cl
2]

; 2
75

.0
38

9 
[C

16
 H

13
 C

l2
] 

(N
-m

et
hy

lSE
R)

Pl
au

sib
le

 R
T 

in
 P

I a
nd

 in
 a

cc
or

da
nc

e 
w

ith
 se

rtr
al

in
e 

(8
.3

5)
Ch

ar
ac

te
ris

tic
 fr

ag
m

en
ts 

m
/z

: 1
59

.0
42

2 
[C

8 H
5 N

3];
 1

91
.0

32
0 

[C
8 H

5 N
3 O

3];
 

22
3.

05
81

1 
[C

15
 H

11
 S

]; 
26

7.
04

52
 [C

14
 H

9 N
3 O

 S
]; 

28
4.

04
78

 [C
14

 H
10

 N
3 O

2 S
] 

Si
m

ila
rit

y 
w

ith
 m

zC
lo

ud
 [C

re
fe

re
nc

e1
61

4#
T2

47
2#

c#
27

63
59

]
Co

nf
irm

ed
 w

ith
 re

fe
re

nc
e 

sta
nd

ar
d

Ch
ar

ac
te

ris
tic

 fr
ag

m
en

ts 
m

/z
: 1

59
.0

42
1 

[C
8 H

5 N
3];

 
19

1.
03

19
 [C

8 
H

5 
N

3 
O

3]
; 3

00
.0

42
8 

[C
14

 H
10

 N
3 

O
3 

S]
Si

m
ila

rit
y 

w
ith

 m
zC

lo
ud

 [C
re

fe
re

nc
e4

90
2#

T8
03

6#
c#

13
86

22
5]

Co
nf

irm
ed

 w
ith

 re
fe

re
nc

e 
sta

nd
ar

d

Ac
et

yl 
se

rtr
al

in
e

N-
m

et
hy

lse
rtr

al
in

e

Ox
fe

nd
az

ol
e

(O
xF

BZ
)

1
Fe

nb
en

da
zo

le
7.

08

7.
25

Fe
nb

en
da

zo
le

1
Fe

nb
en

da
zo

le
 su

lfo
ne

(F
BZ

 su
lfo

ne
)

9.
02

8.
22

Se
rtr

al
in

e
32a

Se
rtr

al
in

e
8.

46
No

rse
rtr

al
in

e (
no

rS
ER

)

9.
78

Se
rtr

al
in

e
3

7.
52

/7
.9

6
Se

rtr
al

in
e

2b
 (b

ot
h 

iso
m

er
s)

3
Se

rtr
al

in
e

TP
: T

ra
ns

fo
rm

at
io

n 
pr

od
uc

t; 
RT

: R
et

en
tio

n 
tim

e;
 P

I: 
Po

sit
iv

e 
io

ni
za

tio
n;

 N
I: 

Ne
ga

tiv
e 

io
ni

za
tio

n

RT
 (m

in
)

TP
Ev

id
en

ce
s

Most of the 16 TPs were generated from pharmaceuticals (six TPs of SER, five TPs of FBZ, 

two TPs of CLI, one TP of CLA), while one PFAS generated two TPs. No TPs from the paraben 

preservative were identified. Glucoside conjugation and hydroxylation were the most common 

transformation pathways, but other transformations such as acetylation, (des)methylation and 

acid lactic conjugation were also observed. Most of the TPs identified corresponded to one-

step transformation (Phase I metabolites, e.g. CLA), but some TPs were formed through two 

or even three transformation steps, mostly from FBZ or SER as parent compounds. Figure 2 

shows the metabolic pathways from each parent compound to all TPs identified. 

The different TPs identified and their occurrence were considered based on the parent origin 

(Table 1) and on findings in previous works. 

SER. Desmethylsertraline (norsertraline, norSER)) and N-hydroxysertraline (N-hydroxySER) 

are the most commonly reported TPs of SER and have been detected in activated sludge and 

the helminth Haemonchus contortus (Gornik et al., 2020; Zajíčková et al., 2021). These TPs 

were both tentatively identified in pak choi in the present study. Additional TPs potentially 

identified in pak choi included SER ketone (exact mass and retention time (RT)), acetyl SER 

(characteristic fragments and RT) and acetyl hydroxysertraline (acetyl hydroxySER) 

(characteristic fragments and RT). These three TPs have been reported previously in residues 

after biological degradation and human metabolism (Gornik et al., 2020; Zajíčková et al., 

2021). An additional two SER TPs, SER oxime and N-methyl SER, were detected for the first 

time in this study, probably because SER oxime and SER are very similar in terms of mass 

(m/z 306.0447 and m/z 306.0811, respectively) and can only be differentiated with a very 

sensitive HRMS instrument. The same applies for N-methyl SER and dihydroxy SER (m/z 

320.0967 and m/z 320.0603, respectively). 
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 Figure 3. Experimental mass spectra of (a) tentatively identified fenbendazole (FBZ) glucoside and (b) 
oxfenbendazole (oxFBZ) glucoside, with their neutral losses. 

 

CLI and CLA. The most commonly reported TPs for both CLI and CLA are their respective 

hydroxylated form (Calza et al., 2012; Ooi et al., 2017), and both were confirmed here with 

their respective reference standard. CLI glucoside was tentatively identified at level 3, because 

it was not clear which hexose structure was added in which position. However, the structure 

(see Figure 2) showed a high match with Metfrag (0.999, representing CLI complete structure) 

as it is a lincomycin derivative and CLI differs from lincomycin only in addition of chlorine 

on the parent molecule. 

FOSA. This PFAS is a major intermediate usually transformed to PFOS but two TPs were 

tentatively identified, the only TPs from PFAS among the 13 investigated. The PFAS, in 

particular perfluoroalkyl acids (PFAA), are not expected to degrade during uptake or within 

plants, due to their high persistence (Ahrens, 2011). However, one TP was observed 

corresponding to conjugation with acid lactic, probably attached to the nitrogen of FOSA 

(Figure 2), the most nucleophilic part. The reported confidence level was kept to 3 since no 

spectral evidence could be obtained, as only common PFAS fragments (m/z 77.9655 and m/z 

497.94568) were present. More spectral information was available for the other TP, which had 

many fragments in common with FOSA (m/z 77.9655, 118. 9925, 168.9894, 218.9863, 

268.9829 and 497.94568 (FOSA)). Characteristic neutral losses of sulfo-hexoside (m/z of 

120.0421) and hexose (m/z of 162.0546) were also detected (Figure 2). FOSA has been 

reported previously in Swedish plants (leaves of birch trees) due to soil contamination 

 

16 
 

Figure 2. continued. 

FBZ.  FBZ sulfoxide (oxFBZ) and FBZ sulfone are the TPs from FBZ reported most 

commonly in the literature (Stuchlíková et al., 2016) and were confirmed with respective 

reference standards in the present study. FBZ glucoside spectra displayed the common neutral 

losses (162 and 192) for glucosidation, and the exact same spectra have been reported recently 

in other plants (Stasiuk et al., 2019). These are the outcome of simple Phase I (hydroxylation) 

and Phase II transformations (double hydroxylation and glucosidation). All TPs from FBZ have 

been reported previously, without structure, in studies in vivo in harebell (Campanula 

rotundifolia) (Stuchlíková et al., 2016, 2018), but to our knowledge the present study is the 

first to detect oxFBZ glucoside and FBZ sulfone glucoside in plants after degradation of FBZ. 

Both these TPs are formed through a combination of hydroxylation and glucosidation (Figure 

2). There is strong evidence to support these identifications, e.g. the spectral profile is 

practically identical to that of oxFBZ and FBZ sulfone, it has the two characteristic neutral 

losses (162 and 192) for glucoside addition and the retention times are plausible (Figure 3). 

These two TPs are also reported here for the first time in plant metabolism. 
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FBZ. This antiparasitic drug was not detected in pak choi, but up to five TPs from FBZ were 

tentatively identified. FBZ has been detected previously in sewage sludge (Golovko et al., 

2022a) and at low levels in ribwort plantain (Plantago lanceolata) (Stuchlíková et al., 2018) 

and harebell (Stuchlíková et al., 2016). FBZ has high logkow (3.93) and can be expected to be 

taken up by pak choi, so its low occurrence in shoots can probably be explained by its tendency 

for biotransformation into new TPs. Little information is available about the toxicity of most 

FBZ TPs. 

SER. This antidepressant was the pharmaceutical that accumulated most in pak choi and seven 

TPs were tentatively identified. Potential of SER to bioaccumulate in the environment has been 

reported previously (Boström et al., 2017; Grabicova et al., 2017). It has been detected in 

sewage sludge (Golovko et al., 2022a) and in garden cress (Lepidium sativum) (Reichl et al., 

2018) and spinach (Kodešová et al., 2019a). In both cases, SER was the compound that 

accumulated most, reaching 190 µg/kg fw in spinach leaves exposed to 10 mg/L in water and 

550 µg/kg fw in spinach roots exposed to 285-305 ng/g in soil in the study by Kodešová et al., 

(2019a). Similar levels were found in pak choi shoots in the present study. Considering the 

high log kow of SER (5.29), high accumulation in plants can be expected. However, only a few 

studies have examined uptake of this common pharmaceutical in crops, and even fewer have 

investigated formation of TPs from SER during plant metabolism.  

CLA. CLA is an antibiotic prescribed to treat bacterial infections, such as pneumonia or 

bronchitis. It was found to be present at low levels in pak choi shoots (~10 µg/kg fw) and only 

its hydroxylate derivative was confirmed as a TP. CLA has been detected previously in lettuce 

(Lactuca sativa) (Tian et al., 2019) and oyster mushrooms (Golovko et al., 2022b). Tian et al. 

(2019) found extremely high concentrations of CLA, probably because they spiked it at 1 mg/L 

in the irrigation water, while Golovko et al. (2022b) found average levels similar to those 

reported here (~5 µg/kg fw). These results are in agreement with the logkow value of CLA 

(3.16), which is lower than that of SER and FEN, indicating moderate hydrophilic behaviour. 

Considering that only one TP was found, it appears that CLA is not readily taken up by crops 

and also that it does not generate many TPs. An alternative explanation is rapid elimination of 

any TPs back to the substrate, depending on their physicochemical properties.  

 

 

(Gobelius et al., 2017), but the FOSA TPs were detected as plant metabolites for the first time 

in the present study. 

PrPB. The most commonly detected TPs from the paraben family are their hydroxylated 

derivatives  (Penrose and Cobb, 2022). However, no hydroxylation or any other TPs from PrPB 

were found in this study. Moreover, PrPB itself was not detected in pak choi plants, suggesting 

extremely low or no uptake, although further rapid degradation of potential TPs could not be 

ruled out. 

 

4. Discussion 

4.1 Occurrence and fate of target CECs 

Overall, pak choi plants cultivated on the two different nutrient solutions did not differ 

significantly in uptake of CECs, although some differences were observed at low spiking levels 

(1 and 10 µg/L). At these spiking levels, more of the target compounds were detected when 

pak choi was cultivated on digestate solution compared with mineral solution, possibly because 

the higher organic matter content in the digestate solution favoured pre-concentration of CECs, 

affecting uptake by plant roots. This trend was not observed at the highest spiking concentration 

(100 µg/L), probably because the processes in the nutrient solution and in the plant that govern 

uptake of the compounds were unable to cope with the high CEC concentrations in the solution. 

Considering that all TPs tentatively identified were detected in pak choi cultivated in both 

solutions, type of nutrient solution provided does not seem to affect the degradation processes 

that most probably take place inside the crop. 

PrPB. PrPB was the only target compound that was not detected, unaltered or as TPs, in pak 

choi, indicating very different uptake capacity or high degradability. In previous studies, PrPB 

has been found in sewage sludge (Golovko et al., 2022a; Haman et al., 2014) and in lettuce 

(Lactuca sativa) (Sunyer-Caldú and Diaz-Cruz, 2021), oyster mushrooms (Pleurotus 

ostreatus) (Golovko et al., 2022b) and radish (Raphanus sativus) (Abril et al., 2021), although 

at very low levels. Other studies investigating paraben uptake have not found this compound 

(Margenat et al., 2019; Sabourin et al., 2012). These results are in agreement with its octanol-

water partition constant (logkow of 3.04), which indicates moderate lipophilic behaviour. 

However, logkow values alone have limited accuracy as bioconcentration predictors (Dowdy 

and Mckone, 1997), and it is preferable to use a combination of logkow and other properties 

such as pKa, pH, ionic strength, biodegradation or sorption capacity (Jurado et al., 2014).  
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the only PFAS for which TPs were tentatively identified (two TPs, after conjugation with lactic 

acid and hexose).  

5. Conclusions and Outlook 

The CEC concentrations in pak choi plants cultivated in different nutrient solutions (mineral 

and digestate) did not differ significantly, but there was a trend for higher levels of 

bioaccumulation in plants grown in the digestate solution. This could be due to higher organic 

matter content in the nutrient solution favouring pre-concentration in the substrate, leading to 

higher concentrations in plant material. Among the target CECs analysed, uptake of 

pharmaceuticals was found to be compound-dependant, e.g. PrPB was not taken up, while 

PFAS uptake was negatively correlated with perfluorocarbon chain length and functional 

group. 

From the 18 selected CECs used for spiking, 16 TPs were tentatively identified (four confirmed 

with standard) regardless of nutrient solution used. This indicates that transformation processes 

occur when the compounds are translocated by the plant and do not depend on the cultivation 

solution. For the TPs reported here for the first time, no toxicity information is available and 

further studies are needed to identify potential harmful effects on human health. 

The levels of CECs detected demonstrated uptake and transformation in pak choi. Risk 

assessment based solely on monitoring the parent compound may lead to underestimation of 

TP concentrations (and their toxicity), which need special monitoring. Identification and 

quantification of CECs and their TPs in edible plants is necessary to clarify their effects on 

human health before digestate reuse as a crop fertiliser as part of food recovery and nutrient 

recycling in a circular economy.  
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CLI. This antibiotic was taken up at a low level (5.2 µg/kg fw) in pak choi plants grown on 

organic nutrient solution, but two TPs from CLI were detected in both the digestate and mineral 

solution. Previous works have detected CLI in spinach, lettuce and carrot (Daucus carota) 

(Jones-Lepp et al., 2010), but we found no further information on CLI detection in crops. In 

the study by Jones-Lepp et al. (2010), the level was below the limit of detection in lettuce and 

spinach and was 53 µg/kg fw in carrots, indicating a low tendency for translocation from soil 

to crop. The logkow of CLI was the lowest of all pharmaceuticals investigated here (2.16). 

Therefore, CLI showed very similar behaviour to CLA, i.e. it was present in low levels and had 

fewer than three TPs. 

PFAS. PFAS uptake was negatively correlated with perfluorocarbon chain length (r = -0.73, 

p>0.05; test performed only with carboxylic acids), as observed previously (Ghisi et al., 2019; 

Golovko et al., 2022b; Zhang et al., 2021). This was not unexpected, as perfluorocarbon chain 

length in PFAS is usually correlated with hydrophobic characteristics (Rostvall et al., 2018). 

Different uptake levels for PFAS with different functional groups were also observed, with 

sulphonamide and sulfonic acid PFAS showing lower uptake than carboxylic acid PFAS 

(Joerss, 2020). Both trends were clearly apparent when the PFAS were arranged in order of 

perfluorocarbon chain length (Table S7 in SI). Many studies have reported PFAS uptake in 

crops such as carrots (Bizkarguenaga et al., 2016; Blaine et al., 2013; Lechner and Knapp, 

2011), cucumber (Cucumis sativus) (Lechner and Knapp, 2011), potatoes (Solanum 

tuberosum) (Lechner and Knapp, 2011), radish (Blaine et al., 2013), spinach (Navarro et al., 

2017), tomato (Solanum lycopersicum) (Blaine et al., 2013; Navarro et al., 2017) and oyster 

mushrooms (Golovko et al., 2022b), in levels very similar to those detected in this work. The 

two most relevant PFAS cases were PFBA and FOSA. 

PFBA. This short-chain PFAS was taken up most, reaching a shoot concentration of 250 and 

270 µg/kg fw in pak choi grown in the digestate and mineral solution, respectively. PFBA is 

also the PFAS with the highest plant concentrations or UF in most previous studies assessing 

plant uptake, e.g. in carrots, tomatoes or radish (Bizkarguenaga et al., 2016; Blaine et al., 2014, 

2013). Even though it showed high bioaccumulation in plants, no TPs of PFBA were identified, 

indicating low degradation and long lifetime once translocated in the crop. 

FOSA. The levels of FOSA detected in pak choi shoots were low (7.6 and 4.4 µg/kg fw) 

compared with those of other PFAS, probably because the sulfamide in the end of the chain 

allows this compound to degrade more readily than other PFAS. This may explain why it was 
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Evaluation of results of blank samples, demonstrated that no native compounds were detected, 

which demonstrates that no CECs were introduced during the sample preparation process. 

The suitability of sample preparation methods was assessed based on the values of absolute 
recoveries and LOQ for each matrix. For each compound and each type of matrix average 
values (n=3) of absolute recoveries has been calculated. Determination of the relative standard 
deviation (RSD) of concentrations between substrate and vegetable replicates, was based on 
the results obtained from the substrate spiked at the concentration level of 100 ng/g, and 
vegetables grew on such substrate.  Relative recoveries, LOQs and ME values can be consulted 
in Table S3. 

 

 

Section S2. Compound discoverer workflow 

The workflow followed in the data treatment of suspect screening, using Compound Discoverer 

software, is represented in Figure S1 and the parameters of each function are explained below. 

After selecting the input files, the spectra between 0 and 15 min RT (our working gradient) was 

selected and the polarity mode was selected as “any”. The RT was aligned with an adaptive curve 

model, with a maximum mass deviation of 2 mDa / 5 ppm. In the generate compounds function, 

the spiked compounds were selected (CLA, CLI, FBZ, SER, PrPB, PFBA, PFUnDA, PFHpA, PFTeDA, 

PFHxA, PFDoDA, PFOA, PFDA, PFNA, PFOS, FOSA, PFHxS and PFBS). Dealkylation and dearylation 

were specified as “True”, the maximum steps were set at 2, and the minimum mass was set at 

60 Da. The potential transformations available of phase I and phase II were all selected, the 

maximum steps of phase II were selected as 1, and the maximum steps in total were 3. The 

adduct ions allowed were [M+H]+, [M+Na]+ and [M+NH4]+ in positive and [M-H]-, [M+Cl]- and [M-

H-H2O]- in negative. In the find expected compounds function, the mass tolerance was set at 5 

ppm, intensity tolerance at 30%, intensity threshold at 0.1, minimum isotopes at 2, minimum 

peak intensity at 1000 a.u. and the most intense isotope was used. In the group expected 

compounds function, the RT tolerance was set at 0.1 min, align peaks as “False”, preferred ions 

as [H+M]+, area integration as “most common ion”, area contribution at 3, CV contribution at 

10, FWHM to base at 5, Jaggedness contribution at 5, Modality contribution at 5, Zig-zag index 

at 5, peak rating threshold 0 and number of files at 0. In the mark background compounds 

function, maximum sample/blank was set at 3, maximum blank/sample at 0, and hide 

background as “True”. In the merge features function, mass tolerance was set at 5 ppm and RT 

tolerance was set at 0.1 min. In the FISH scoring function, annotate full tree was set as “True”, 

match transformation as “True”, S/N threshold at 3, high accuracy mass tolerance at 0.0001 Da, 

low accuracy mass tolerance at 5 ppm, use general rules as “True”, use libraries as “True”, 

Section S1. Quality assurance and quality control 

Preparation of blank samples (n=6) included all the same steps, but with no shoot material. 

Spiked quality control samples (n=6) were prepared in the same way as the main samples, but 

with a native standard mix (100 ng per sample aliquot of native standard) in addition to the IS 

mix. For post-extraction spiking samples, no native or internal standards were added before or 

during extraction. Both the IS mixture and the native standard mix were added to the whole 

volume of the final extract.  

The performance of the method was assessed with regard to its linearity, blanks, limits of 

detection (LOD), limits of quantification (LOQ), absolute recovery, precision, and matrix effect 

(ME). The blank levels were directly subtracted from the values obtained for the samples.  

For testing the linearity of the method, an initial nine-point calibration curve in the 

concentration range from 0 ng/mL to 1000 ng/mL was created. For each separate analysis, the 

calibration curve was measured two times, at the beginning and at the end of the sequence, to 

check instrument stability. The linearity was evaluated by means of the coefficient of 

determination (R2). The evaluation of the results of the blank samples, demonstrated that no 

native compounds were detected, which demonstrates that no contaminants of emerging 

concern (CECs) were introduced during the sample preparation process. 

LOQ were calculated as one half of the lowest calibration point in the calibration curve where 

the relative standard deviation of average response factor was < 30%. LOQs for each analyte in 

each sample were calculated by using the peak area of the lowest calibration point in the 

calibration curve. LOD were established as a third part of the corresponding LOQ. The absolute 

recovery was determined by comparison of the averaged signal (n = 3) of samples spiked at the 

concentration of 100 ng/mL with the signal of corresponding post-extraction spiked samples at 

the concentration level of 100 ng/mL. 

The extent of ME was determined quantitatively based on the instrumental responses and is an 

estimate of ionization suppression effects. This approach is based on comparing the peak area 

of the analyte from the post-extraction spiked sample with the peak area of the analyte recorded 

from the calibration solution (analyte in pure solvent).  

If the ME value yields 100%, such result corresponds to no effect detected, a value less than 

100% indicates an ionization suppression, while ME above 100% corresponds to an ionization 

enhancement. The lower the ME value, the greater is the extent of ionization suppression, the 

higher ME is, the greater is the extent of ionization enhancement. 
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maximum depth at 5, aromatic cleavage as “True” and minimum fragment m/z at 50. In the 

detect compounds function, mass tolerance was set at 5 ppm, minimum peak intensity at 80000 

in positive and 50000 in negative, use most intense peak as “True”, group isotopes for Br and Cl, 

and compound detection as [M+H]+, [M+Na]+ and [M+NH4]+ in positive and [M-H]-, [M+Cl]- and 

[M-H-H2O]- in negative. In the group compounds function, mass tolerance was set at 5 ppm, RT 

tolerance was set at 0.1 min, align peaks as “False”, preferred ions as [M+H]+, [M+Na]+ and 

[M+NH4]+ in positive and [M-H]-, [M+Cl]- and [M-H-H2O]- in negative, area integration as “Most 

common ion”, area contribution at 3, CV contribution at 10, FWHM to base at 5, Jaggedness 

contribution at 5, Modality contribution at 5, Zig-zag index at 5, peak rating threshold 0 and 

number of files at 0. In the fill gaps function, mass tolerance was set at 5 ppm and S/N threshold 

at 3. In the neutral loss search function, the most common neutral losses of xenobiotics in plant 

metabolism reported in the literature were introduced (it can be consulted in spreadsheet 

“Neutral losses” in the SI), and high accuracy mass tolerance was set at 0.0001 Da, low accuracy 

mass tolerance at 5 ppm, and S/N threshold at 3. In the pattern scoring function, isotope 

patterns were selected for Cl, Br and S, mass tolerance was set at 5 ppm, intensity tolerance at 

30, S/N threshold at 3, and minimum spectral fit at 0%. In the predict compositions function, 

mass tolerance was set at 5 ppm, minimum element count as C H, maximum element count as 

C90 H190 Br3 Cl4 N10 O18 P3 S5, minimum RDBE at 1, maximum RDBE at 40, minimum H/C at 

0.2, maximum H/C at 3.1, maximum candidates at 5, intensity tolerance at 30, intensity 

threshold at 0.1, S/N threshold at 3, use dynamic recalibration as “true”, use fragments as 

“true”, mass tolerance at 5 ppm and S/N threshold at 3. In the assign compound annotations 

function, mass tolerance was set at 5 ppm, four data sources were selected: mzCloud search, 

prediction compositions, masslist search and Chemspider search, use mzlogic was set as “true”, 

use spectral distance as “true”, SFit threshold at 20, SFit range at 20 and clear names as “false”. 

In the search Chemspider function, databases was set as KEGG, search mode as by formula or 

mass, mass tolerance at 5 ppm, maximum results at 10 and maximum predictions at 3. In the 

apply mz logic function, maximum compound was set at 0, max mzcloud at 5, and match factor 

threshold at 70.  
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Section S4. Tables 

 

Table S1. Composition of the two different nutrient solutions used in the study. The organic 
solution was prepared from liquid digestates and the mineral solution was prepared from 
pure salts to resemble the organic solution, both diluted in miliQ water 
 
        
  Organic Mineral  
 Nutrient mg/L mg/L  
 NO3- 140 141  

 NH4+ 28 28  
 P+ 8.2 7.8  
 K+ 190 189  
 Mg2+ 6.7 6.6  
 Ca2+ 93 160  
 S2- 16 34  
 Fe3+ 2.1 2.1  
 Mn2+ 0.46 0.44  
 Zn2+ 0.68 0.65  
 Cl- 120 120  
 Mo2+ 0.006 0.006  
 Cu2+ 0.006 0.006  
 B3+ 0.16 0.16  
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5.3 Discussion
The studies compiled in this chapter contribute to broadening the 

knowledge about the feasibility of wastewater reuse in agriculture, the 
potential uptake of CECs by crops and the formation of new TPs during the 
processes. Since the individual discussion and conclusions are presented 
in each manuscript, a general comparison and discussion of the results are 
included in this section.

Methodology

First, studies regarding CEC’s uptake are very scarce (compared with other 
environmental matrices), mainly because of the difficulties in analysing 
crops. The analysis of CECs in complex matrices has represented a challenge 
in recent years. Lipids, non-polar substances, and fatty or organic acids can 
interfere with or complicate the analysis. So far, most of the methodologies 
to analyse CECs in crops, especially PPCPs, consist of different laborious steps 
trying to obtain the cleaner extract possible. However, these methods are 
time-consuming and require personnel for routine analysis. Therefore, once 
the field plots were built in Palamós’ WWTP, an efficient and fast methodology 
was necessary to analyse the cultivated crops. Thus, Publication #9 describes 
the optimisation and development of a QuEChERS-based methodology to 
analyse CECs in lettuces, which was further applied to the analysis of soils 
(Publication #10, supplementary information (SI)), carrots and tomatoes 
(Publication #11, SI). As the QuEChERS acronym indicates, the methodology 
was fast, cheap, and easy to be performed by personnel without specific 
laboratory formation.
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These results are in accordance with those obtained in Publication #8, 
where the reactive barrier showed efficient removals for most of the CECs 
studied. Definitely, CECs levels in the irrigation water strongly influence soils 
and crops since the levels found in the plots irrigated with the WWTP effluent 
were higher in all cases. Besides, the high levels found in the irrigation waters 
of the carrots and tomatoes were very similar, probably because they were 
cultivated in months of good weather (May and August, respectively). The 
WWTP receives the most significant volumes of wastewater (and amounts 
of CECs) in a very tourist area because of population increase. Indeed, the 
lettuces’ irrigation waters, cultivated in winter (December), showed the 
lowest values.

Considering the levels found in the irrigation waters, it could be expected 
that the CECs present in the tomatoes and carrots and their soils would be 
higher. However, carrots soil presents the lowest values (much lower than 
lettuce soil). This suggests that, since carrots are root vegetables and grow 
inside the soil, most of the CECs reaching the soil were uptaken by the crop, 
leaving a low CECs levels in the soil. This is consistent with the uptaken CECs 
found in carrots, which are the highest by far. Since the levels in irrigation 
waters were very similar to tomatoes, it suggests that carrots have a greater 
tendency to accumulate CECs. As tomatoes are a fruit, the CECs will likely 
have more difficulty reaching them than with carrots, which are in direct 
contact with the soil and, subsequently, the irrigation water. 

According to the type of plant cultivated, significant accumulation 
trends were also observed among crops. For example, although the UVFs 
concentration in water was similar in carrots and tomatoes, they were strongly 
accumulated in the tomatoes. BP3 and all its TPs were detected at considerable 
concentrations (2.6-77.5 ng/g dw), but other UVFs, such as AVO or 4MBC, 
were also detected. A similar trend was observed with the accumulation of 
pharmaceuticals in carrots; the irrigation water concentrations were very 
similar to those in tomatoes, but the uptaken values were much higher in 
the carrots. The accumulated concentrations in carrots (1107 ng/g dw) were 
much higher than in lettuces (54 ng/g dw) when irrigating with the WWTP 
effluent. Notably, the major contributor to the pharmaceuticals’ total load 
was SCY, naturally generated by plants. However, it presented much lower 
levels in tomatoes (that naturally biosynthesise more SPY than carrots). Thus, 
carrots seem to have more affinity to uptake pharmaceuticals, probably due 
to the direct contact with the soil and irrigation water.

Uptake patterns and differences among crops

The theory behind the selection of crops to evaluate the CECs’ uptake 
was to analyse different parts of a plant intended for human consumption, 
namely leaves (lettuce), fruit (tomatoes), and roots (carrots). As explained 
in the introduction of this section, with the cultivation of diverse crops, it 
was expected to see different accumulation patterns. Table 5.1 summarises 
the results obtained for the crops, soils and irrigation waters, included in 
Publications #9, #10 and #11. 

As expected, in all cases (even in summer, when the CECs amount in the 
WWTP influent was considerably higher), the reactive barrier lowered the 
levels of CECs present in the water. 

Crop UVFs Pharm. PBs Caffeine Total
Lettuces barriers 69 53 4 10 136

Lettuces secondary 99 54 6 18 177
Tomaotes barriers 163 157 8 0 328

Tomatoes secondary 192 315 11 0 518
Carrots barriers 42 674 14 8 738

Carrots secondary 48 1107 6 47 1208

Soil UVFs Pharm. PBs Caffeine Total
Soil barriers (lettuces cultivation) 2 51 0 0 53

Soil secondary (lettuces cultivation) 3 55 0 0 58
Soil barriers (tomatoes cultivation) 4 88 0 0 92

Soil secondary (tomatoes cultivation) 3 103 0 0 105
Soil barriers (carrots cultivation) 5 20 1 0 26

Soil secondary (carrots cultivation) 6 37 1 0 44

Water UVFs Pharm. PBs Caffeine Total
Water barriers (lettuces cultivation) 1209 1882 48 40 3179

Water secondary (lettuces cultivation) 2692 4933 48 41 7713
Water barriers (tomatoes cultivation) 1670 2056 49 428 4202

Water secondary (tomatoes cultivation) 4089 6301 64 556 11009
Water barriers (carrots cultivation) 1378 2782 52 100 4312

Water secondary (carrots cultivation) 4927 5150 120 102 10299

Units: ng/g dw; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

Units: ng/g dw; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

Units: ng/L; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

Table 5.1. Levels of CECs determined in the different matrices included in Publications #9, #10 and 
#11, expressed by families (UVFs, PBs, pharmaceuticals and caffeine).
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Based on the values shown in Table 5.2, irrigation water quality was the 
most relevant factor in lowering the uptake; the crops irrigated with reclaimed 
water showed the lowest CECs’ concentrations in all cases. This difference 
is especially remarkable in the pharmaceuticals group in the carrots and 
tomatoes; the irrigation with reclaimed water considerably reduces the 
uptake in tomatoes (57%) and carrots (38%). 

In Publication #12, the study was not performed under real field conditions 
to help investigate TPs formed by Pak Choi when translocating certain CECs. 
Since it is a leafy vegetable, the uptaken levels can be compared with the 
lettuce’s regarding behaviour trends. Indeed, the considerable concentration 
of PBs in the irrigation water (or in the nutrient solution as it was a hydroponic 
system) did not influence the uptake; PBs were detected in lettuces at low 
levels (0.1-6.1 ng/g dw range) and were not detected in any of the exposure 
treatments applied to Pak Choi. These results are in accordance with 
previous works that targeted PBs in crops (Sabourin et al., 2012). Regarding 
pharmaceuticals, different behaviours were observed. Compounds with 
high logkow values, such as SER or DCF (5.29 and 4.51, respectively), were 
the pharmaceuticals with the highest concentrations. But others such as 
clindamycin (CLI), clarithromycin (CLA), sulfisomidine (SMD) and nalidixic acid 
(NDX) were also detected (> 5 ng/g), even though their lipophilicity varies 
widely (from -0.33 to 3.16). 

This confirms that logkow values alone have limited accuracy as 
bioconcentration predictors (Dowdy and Mckone, 1997), and it is preferable to 
combine them with other properties (e.g. pKa, pH, or ionic strength) (Jurado 
et al., 2014) to reach reliable predictions. Other families of compounds, such 
as UVFs or PFAS, were analysed only in one of the two publications, but they 
were considerably uptaken. This demonstrates that a complementary suspect 
screening to the target analysis would be needed to provide a holistic picture 
of the contaminants transferred from the irrigation water to the edible part 
of crops intended for human consumption. 

Influence of cultivation conditions

Regardless of the crop type, other cultivation conditions, as already 
described for irrigation water quality, can influence the CECs’ uptake. The 
conditions that vary most significantly among studies (besides water quality) 
are the cultivation soil composition (sandy is the most common, but others 
use clay, loam or silt) and the irrigation system (dripping, sprinkling, furrow, 
wetland columns or gravity) (Aiello et al., 2007; de Santiago-Martín et al., 
2020; Malchi et al., 2014; Margenat et al., 2017; Palese et al., 2009). In the 
agricultural plots built in Palamós, it was possible to assess the relevance and 
impact of each of these variables in the uptake of CECs in lettuces, tomatoes 
and carrots (Table 5.2), presented in Publications #9, #10 and #11.

Secondary Barriers Sandy Clayey Sprinkling Dripping
irrigation irrigation soil soil irrigation irrigation

UVFs 98.8 70.7 83.3 86.6 65.6 104.1
PBs 7.0 5.7 4.7 7.8 3.4 8.8

Pharma. 62.5 60.5 75.9 47.5 56.8 67.9
CFF 17.9 13.5 18.8 13.9 17.1 15.3

Total 186.3 150.3 182.7 155.9 142.9 196.1

Secondary Barriers Sandy Clayey Sprinkling Dripping
irrigation irrigation soil soil irrigation irrigation

UVFs 217.8 173.4 181.3 210.2 202.8 193.1
PBs 13.3 8.0 11.5 8.6 7.4 12.4

Pharma. 401.0 171.6 448.7 373.3 515.1 352.2
CFF 0 0 0 0 0 0

Total 632.0 353.0 641.6 592.1 725.3 557.8

Secondary Barriers Sandy Clayey Sprinkling Dripping
irrigation irrigation soil soil irrigation irrigation

UVFs 141.5 174.1 144.1 156.6 151.1 141.4
PBs 16.5 28.4 19.7 26.1 24.7 21.5

Pharma. 2234.5 1378.2 1797.3 1806.0 1562.3 2040.5
CFF 124.6 15.2 56.4 69.7 45.3 74.7

Total 2517.2 1595.8 2017.4 2058.4 1783.4 2278.0

Lettuces*

Tomatoes*

Carrots*

*Average values; Units: ng/g dw; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

*Average values; Units: ng/g dw; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

*Average values; Units: ng/g dw; UVFs: Ultraviolet filters; Pharm.: Pharmaceuticals; PBs: Parabens

Table 5.2. Average levels of CECs detected in the different crops separated by cultivation variables 
(water quality, soil composition and irrigation system) and families (UVFs, PBs, pharmaceuticals 

and caffeine (CFF)).
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Matrix influence and correlations

Comparing crops, the highest uptake was found in carrots, with accumulated 
values seven and two times higher than in lettuce and tomatoes, respectively. 
These different bioaccumulation trends, as explained, could be justified by 
the intrinsic nature of each crop. Carrots are in direct contact with the soil 
and require large quantities of water (compared to tomatoes and lettuce) 
during cultivation. Tomatoes are the fruit grown from the tomato rack, deeply 
rooted plants that probably serve to lower the final uptake. Finally, lettuce 
are leafy crops, which also seemed to help in reducing the uptake of CECs.

The different matrices analysed in the publications included in this chapter 
were tested for individual correlations with Pearson’s tests for α = 0.05 with 
RStudio open software, v. 1.2.5001 (2019) (R Core Team, 2020). Overall, no 
statistically significant correlations (Pearson correlation coefficient (r) <0.8, 
confidence interval (p) >0.05) were observed between the CECs levels found 
in the irrigation waters, soil and crops (Publications #9, #10, and #11), and 
nutrient solution and crop (Publication #12). This lack of correlation between 
CECs occurrence is an issue previously reported in the literature (de Santiago-
Martín et al., 2020). This demonstrates that the CECs with the highest 
concentrations in the irrigation waters or soils are not necessarily the ones 
that are preferably uptaken by the crops. Several processes and variables are 
involved. Thus, the only viable solution to know CECs occurrence in crops is 
their continuous monitoring. 

Transformation products

As shown in Figure 5.1, a process happening during plant uptake (in both 
plant and soil) is the degradation of the contaminants. Depending on the 
stability, residence time, and load, CECs can be degraded in the soil or crop 
after/during their bioaccumulation. This degradation can lead to their further 
elimination or formation of TPs that can also be uptaken/bioaccumulated by 
the crops. As explained in previous chapters, screening these unknown TPs 
is mandatory to provide outcomes closer to reality, as demonstrated when 
comparing the results from Publications #9, #10 and #11 with Publication 
#12. In the first case, the quantification of CECs was performed with a target 
approach comprising 55 compounds (of which 17 were TPs). 

CFF uptake is also significantly reduced in carrots when irrigated with 
reclaimed water (88%), while in tomatoes, it was not detected in any of the 
samples.

 
Soil composition had a moderate influence on the lettuce and tomato 

CEC’s uptake since the clayey soil showed a lower capacity to retain the 
contaminants (15% and 8%, respectively).  In carrots, the concentration values 
of each family and the total load are very similar for both soil compositions, 
showing no significant influence of clay on the uptake. As mentioned, this 
could be explained because they are root vegetables and grow inside the soil. 
It supposes continuous contact with the contaminants, which can skip the soil 
processes and reach the crop directly. In general, the crops cultivated in the 
clayey soil have shown lower uptake values, suggesting a higher dissipation of 
the CECs in clayey soil (Ghafoor et al., 2011; Wu et al., 2012).

The irrigation system also influenced CECs’ uptake; sprinkling irrigation 
reduced the uptake in lettuces and carrots (27% and 22%, respectively), 
while dripping irrigation reduced it in tomatoes (23%). A possible explanation 
for the different behaviours under the same irrigation system is the nature 
of the crops; lettuces and carrots are in direct contact with the soil, while 
tomatoes hang from the rack (and avoid direct contact, CECs are transported 
through the stems). Therefore, sprinkling irrigation helps dissipate CECs in 
lettuces and carrots, which translocate higher loads of CECs when using 
dripping irrigation, and thus, higher concentrations of CECs reach their roots. 
In tomatoes, otherwise, the tomato rack may act as a barrier for CECs uptake, 
while sprinkling irrigation facilitates the direct contact of the contaminants 
with the tomato. 

Overall, the best combination to lower the CECs uptake in crops was 
to irrigate with the reclaimed water from the rbSAT system by sprinkling 
in clayey soil. Since the lowest CECs’ values were always found with these 
variables (independent if lettuce, tomatoes, or carrots were cultivated), it 
suggests that the water quality, soil composition, and irrigation methodology 
play an important role in CECs’ accumulation. In Publication #12, two nutrient 
solutions (mineral and organic) were used to cultivate Pak Choi, thus, not a 
real soil. Still, no statistically significant differences in the CECs uptake or the 
detected TPs were observed. Indeed, most interaction/degradation processes 
between the soil and the crop do not occur when cultivating under hydroponic 
conditions. 
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In the second case, from the 18 CECs initially present in the nutrient solution, 
17 new TPs were formed (15 from the 4 pharmaceuticals). This suggests that 
the production of TPs during these processes is highly probable, especially 
for pharmaceuticals, which are usually degraded/metabolized after human 
consumption. Most of the found TPs were simple (Phase-I) transformations. 
Still, others presented complex conjugations (e.g. glucoside), such as Phase 
II or III transformations, challenging to predict and to be included in target 
analysis approaches. Indeed, most of the TPs from Publication #12 are 
reported for the first time in plant metabolism. Thus, the only way to detect 
and identify these TPs is with a suspect screening. No toxicity information 
is available for nearly all new TPs, and, thus, further studies are needed to 
identify potential harmful effects on human health.
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6.1 Introduction
So far, this thesis has described how CECs can easily reach environmental 

compartments (Chapter 4), their mostly low extent of elimination from 
wastewater in WWTPs (Chapter 5), and their occurrence in crops intended 
for human consumption (Chapter 6). Therefore, humans are continuously 
exposed to these contaminants through different pathways (inhalation, 
ingestion, or direct contact)(Gustafsson et al., 2022). 

As already explained in the introductory chapter of this thesis, a wide range 
of CECs are endocrine disruptors (Wang et al., 2016), display chronic toxicity 
(Fent et al., 2006) and carcinogenic effects (Amin et al., 2017; Pachkowski et 
al., 2019). Thus, human exposure to CECs should be minimised. Especially 
concern deserves exposure during sensitive periods of life to contaminants 
associated with birth outcomes (e.g. premature birth) or reproductive toxicity 
(malformations) (Baker et al., 2020; Geer et al., 2017; Kim and Choi, 2014). 
When the foetus develops during pregnancy, any external factor with adverse 
but also unknown effects is wholly discouraged. 

So far, limited studies are available aiming at monitoring CECs in humans, 
and thus, little is known about human exposure to CECs and the mechanisms 
behind it. This lack of data is due, first, to the fact that obtaining human 
samples is a complicated process that implies ethical issues and, second, to 
the complexity of the chemical analysis. The most common human samples 
obtained by non-invasive means are summarised in Figure 6.1. Understandably, 
it is difficult to obtain large cohorts that allow sound conclusions on the 
relationship between the detected compounds and their potential adverse 
effects. 
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Therefore, in this thesis, human exposure to CECs’ was addressed through 
two different pathways. First, exposure through diet was estimated in adults. 
Secondly, exposure after topical application and mother-foetus transfer. Each 
case is explained below:

The risk assessment was performed with the calculation of risk quotients, 
as shown in equation 6.1

(Eq. 6.1)                

where EDI is the estimated daily intake 
and ADI is the acceptable daily intake. ADI values can be obtained from 
toxicological studies in the literature, where no observed adverse effect levels 
(NOAEL) are determined and EDI values are calculated with equation 6.2

(Eq. 6.2)                         

where Ce is the average compound concentration, DI is the daily intake, and 
BW is the body weight (population average). The DI is the average quantity 
of a particular product (e.g. lettuce) consumed daily by an individual, and 
the BW is the average weight of the population in each study region. Once 
the HQ are calculated, the highest the value, the more risk to human health. 
Usually, the HQ values are considered to threaten the health when they are 
close to or higher than 1.

On the other hand, pre-natal exposure assessment was performed with the 
biomonitoring of CECs in umbilical cord blood. PCPs were the family selected 
for the monitoring based on several aspects: (I) they are extensively used, very 
persistent and present poor degradability, (II) previous studies in biological 
matrices have shown its widespread occurrence and persistence, (III) humans 
are exposed to them by multiple pathways, (IV) and scarce information about 
their biomonitoring in humans is available in the literature (Table 6.1).

Like other biological samples, the chemical analysis of human tissues 
or fluids is complex due to matrix effects caused by co-extracted matrix 
components, such as lipids and proteins, which can decrease the analysis’ 
sensibility and the reliability of the results. A commonly used alternative 
is estimating the daily intake (EDI) of the contaminants found. It uses the 
quantified concentration of the specific contaminants found, for example, 
in drinking water or edible organisms such as fish or vegetables. Then, the 
amount of contaminants ingested through diet is estimated using the average 
consumption rates of fish, vegetables or water. Finally, a risk assessment of the 
potential adverse effects on the human body is performed with the calculated 
daily intake. Since it is an estimation, the obtained values are indicative but 
constitute the basis for setting maximum values for those contaminants in 
the corresponding matrix.

Figure 6.1. Advantages (+) and disadvantages (-) of different non-invasive analysis for human 
monitoring of CECs. Adapted from Smolders et al., (2009).

 

 

Therefore, to evaluate human exposure to CECs (more specifically in PPCPs), a risk assessment 
was performed with the highest concentrations of CECs found in fish (Publication #4) and crops 
(Publication #11). The EDI was calculated based on equation 6.1 

 

(Eq. 6.1)                          

 

where Ce is the average compound concentration, DI is the daily intake, and BW is the body 
weight (population average).  

 

Besides, CECs’ indirect exposure through diet means that humans are probably exposed to the 
metabolites of these CECs, which have been formed in different degradation processes. And 
within direct exposure processes, much of the CECs bioaccumulated in the human body are also 
degraded, creating new (and in many cases unknown) TPs. Most studies analysing human 
matrices are by target approaches, where only the most frequently used and persistent 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐷𝐷𝐷𝐷 · 𝐶𝐶𝑒𝑒
𝐵𝐵𝐵𝐵

Figure 6.1. Advantages (+) and disadvantages (-) of of different non-invasively matrices for 
human monitoring of CECs. Figure adapted from Smolders et al., (2009). 

 

 

2.7 Human health risk assessment 

2.7.1. Drinking water  

The irrigation water from the rbSAT system was assessed to know whether its use for 
drinking water production would be safe for human health. Risk quotients (RQ) were 
calculated for those compounds present in the irrigation water according to Eq. 1 

(Eq. 1) 

 where Cmax corresponded to the maximum PPCPs concentration and DWEL to the 
drinking water equivalent level calculated according to Eq. 2 

 
(Eq. 2)  
 
 
where BWI is the daily water ingestion rate, BW is the body weight, and ADI is the 
acceptable daily intake from literature [22–27]. BW was considered 70 Kg (average male 
adult between 18-74 years old) and 24 Kg for children (average child between 3-9 years 
old). 

 
 
2.7.2. Crops consumption  
To assess the risk posed by the consumption of vegetables, hazard quotients (HQ) were 
estimated according to Eq. 3 
 
(Eq. 3)  
 
where EDI is the estimated daily intake calculated following Eq. 4 

 

(Eq. 4) 

 

where Ce is the average compound concentration and DI is the daily intake from ENALIA 
and ENALIA2 Surveys from AECOSAN.   

Finally, considering a linear approach, the hazard index (HI), considered as the 
cumulative risk of all the compounds present, was calculated following Eq. 5  

 

(Eq. 5)  𝐻𝐻𝐻𝐻= Σ𝐻𝐻𝐻𝐻 

𝑅𝑅𝑅𝑅 = Cmax DWEL⁄  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ADI x BW x 1000 DWI⁄  

𝐻𝐻𝑄𝑄 = 𝐴𝐴𝐴𝐴𝐴𝐴
𝐸𝐸𝐸𝐸𝐸𝐸 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐷𝐷𝐷𝐷 · 𝐶𝐶𝑒𝑒
𝐵𝐵𝐵𝐵
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The advances in HRMS have allowed for more rapid characterization 
and prioritization of compound exposures in humans through non-target 
and suspect techniques. Therefore, a combination of both approaches was 
selected; the development of an analytical method was performed to analyse 
UVFs and PBs (prevalent compounds in PCPs formulations) in the cord blood 
samples (Publication #13) with a target analysis, and an additional screening 
of 3,426 PCPs was performed with suspect strategies (Publication #14).  

Methodologies

In Publication #13, the development of a new analytical method to 
analyse PCPs in umbilical cord blood is described. A simplified overview of 
the developed method is shown in Figure 6.2. In brief, the samples were 
centrifuged, the supernatant was collected and then mixed with a solution 
of NaCl in MeOH and methyl tert–butyl ether (MTBE) to perform a L-L 
extraction. Extracts were then frozen (to solidify the aqueous phase), and the 
recovered organic extract was brought to dryness and further reconstituted 
with a buffer solution of NH4HCO2 (pH ~ 10) and MeOH. The HPLC-MS/MS 
methodology was the same applied in Publication #9.

The non-target method applied in Publication #14 followed the method 
used by Gil-Solsona et al., (2021). Briefly, the extracts were analysed using 
a C18 column and a Q-Exactive mass analyser under DDA and DIA modes. 
The suspect screening was performed by uploading the files to the Norman 
Digital Sample Freezing Platform (Alygizakis et al., 2019) and searching for 
the compounds included in the database S13 EUCOSMETICS (von der Ohe and 
Aalizadeh, 2020) from the NORMAN Suspect List Exchange-(NORMAN-SLE) 
(Taha et al., 2022). 

Traditional biomonitoring considers only those compounds selected a priori, 
whereas the potential number of compounds to which humans are exposed 
is higher. Also, developing such targeted methods generally consumes time 
and resources, which underlines the need for more holistic, high-throughput 
analytical approaches. 

Analysed Analysis Studied Concentrations
compounds approach matrix* range

PBs and 120 pregnant women,
phthalates  30 male children

Meeker et. al., (2011) PBs 190 men Target analysis Urine 0.5-1037 ng/mL
848 children, 

1311 adolescents, 
901 young men,

 565 pregnant women
Polycyclic musks, 210 adolescents, Urine and 0.4-1436 ng/mL and 
PBs and triclosan 204 adults peripheral blood 0.1-0.9 ng/mL

Urine and 0.1-46.1 ng/mL and
peripheral blood  0.09-3.38 ng/mL

Valle-Sistac et. al., (2016) UVFs and PBs 12 mothers Target analysis Breast milk 0.02-11.8 ng/g
Urine and 0.01-1751 ng/mL 

breast milk and 0.1-16.3 ng/mL
Vela-Soria et. al., (2017) UVFs and PBs 15 mothers Target analysis Placenta 0.3-3.6 ng/g

Bisphenols Peripheral and 0.02-1.6 ng/mL and
and PBs cord blood  0.05-4.1 ng/mL

Urine, 0.5-10,034 ng/mL, 
amniotic fluid, 0.2-11.6 ng/mL,
peripheral and  0.6-71.8 ng/mL 

cord blood and 0.3-10.1 ng/mL
Molins-Delgado 

et. al., (2018)
Li et. al. (2019) UVFs 53 children Target analysis Urine 0.9-336 ng/mL

Park et. al., (2019) PBs 260 mothers Target analysis Breast milk 0.1-42.8 ng/mL
Dualde et. al., (2020) PBs 120 mothers Target analysis Breast milk 0.1-49 ng/mL

Peripheral and 0.01-34.9 ng/mL and
 cord blood  0.02-56.6 ng/mL

Fernández et. al., (2021) UVFs and PBs 20 mothers Target analysis Placenta 0.2-16.4 ng/g
Urine, 0.6-644 ng/mL,

 semen and  0.1-16.3 ng/mL 
peripheral blood and 0.2-10.7 ng/mL

Wide-scope Target and Peripheral blood 0.01-86 ng/mL 
screening non-target and placenta  and 0.03-840 ng/g

Reimann et. al., (2021) PBs 229 mothers Target analysis Placenta 0.2-169 ng/mL
Wide-scope Non-target Peripheral and 15 confirmed

screening screening cord blood compounds
Phenols, Urine, 0.4-52.5 ng/mL,
PBs and peripheral blood  0.6-1.5 ng/mL

 phthalates and amniotic fluid  and 0.3-5.7 ng/mL

Reference Cohort

3.9-800 ng/g

200 pregnant womenUldbjerg et. al., (2022)

Casas et. al., (2011)

Hond et. al., (2013)

Frederiksen et. al., (2013)

Target analysis

Target analysis 0.1- 226 ng/mLUrine

UVFs 200 pregnant women

Song et. al., (2020)

Kolatorova et. al., (2018)

PBs: Parabens; UVFs: Ultraviolet filters; PFAS: per- and polyfluoroalkyl substances

Target analysis101 adultsUVFsZhang et. al., (2013)

Target analysis4867 menUVFsFrederiksen et. al. (2021)

Target analysis

UVFs 97 pregnant women Target analysis

Wang et. al., (2021) 60 pregnant women

Krause et. al., (2018)

27 pregnant women Target analysis

UVFs 79 women Target analysis

Target analysis

Breast milk

*Serum and blood were considered the same matrix, and were speficied as blood; 

State-of-the-arth on PCPs analysis in human matrices

Phenols, PBs 

and phthalates

Urine 1.2-755 ng/mLTarget analysis

19 pregnant womenGil-Solsona et. al., (2021)

Fisher et. al., (2017) PBs 31 pregnant women Target analysis

Table 6.1.State-of-the-art on PCPs analysis in human matrices.
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6.2 Results
This Chapter is composed of one published article and one submitted 

manuscript. In addition to the already discussed results in their corresponding 
chapters, it includes a CECs’ risk assessment that fits better in this chapter,  
from Publications #4 and #11. Thus, it is provided in the following. The two 
publications herein included are:   

-	 Publication #13: Sunyer-Caldú, A., Perió, A., Díaz, M., Ibáñez, 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-Caldú, A., Perió, A., Díaz, M., Ibáñez, 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.

Figure 6.2. Steps followed in the developed methodology for the analysis of PCPs in human 
umbilical cord blood.
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6.2.1 Publication #13

Development of a sensitive analytical method for the 
simultaneous analysis of benzophenone-type UV filters 
and paraben preservatives in umbilical cord blood

Adrià Sunyer-Caldú
Amelia Peiró

Marta Díaz
Lourdes Ibáñez

Pablo Gago-Ferrero
M. Silvia Diaz-Cruz

MethodsX, 2021, 8 , 101307
https://doi.org/10.1016/j.mex.2021.101307
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j o u r n a l h o m e p a g e: w w w . e l s e v i e r . c o m / l o c a t e / m e x 

Method Article 

Development of a sensitive analytical method for 

the simultaneous analysis of Benzophenone-type 

UV filters and paraben preservatives in umbilical 

cord blood 

Adrià Sunyer-Caldúa , Amelia Peiróa , Marta Díaz b , c , Lourdes Ibáñez b , c , 
Pablo Gago-Ferrero a , d , M. Silvia Diaz-Cruz a , ∗
a Department of Environmental Chemistry, Institute of Environmental Assessment and Water Research – Severo Ochoa 
Excellence Center (IDAEA), Spanish Council of Scientific Research (CSIC), Jordi Girona 18-26, Barcelona 08034, Spain 
b Department of Endocrinology, Institut de Recerca Pediàtrica Sant Joan de Déu, University of Barcelona, Pg. Sant Joan de 
Déu, 2, Esplugues (Barcelona) E-08950, Spain 
c CIBERDEM, Instituto de Salud Carlos III, Madrid, Spain 
d Water Quality Area, Catalan Institute for Water Research (ICRA), Scientific and Technological Park. H2O Building, Emili 
Grahit 101, Girona E-17003, Spain 

a b s t r a c t 

UV filters and parabens are compounds used in large quantities in modern societies and have become ubiquitous 
in the environment. They are considered compounds of emerging concern due to the unwanted effects they 
cause in the environment and their bioaccumulation potential in humans. Considering their endocrine disrupting 
activity and their so far unknown effects in newborns, a continuous monitoring of these substances is required. 
In this work, we developed and validated a new sensitive methodology for the analysis of 8 UV filters and 
metabolites, and 4 parabens in umbilical cord blood samples. The method consisted of a liquid-liquid extraction 
and phase separation by freezing. Then, the organic extract was further analyzed at alkaline pH using liquid 
chromatography coupled to tandem-mass spectrometry (LC-MS/MS) using a QqLIT hybrid mass spectrometer as 
analyzer. The low limits of detection achieved (0.01–0.42 ng/mL) allowed the reliable simultaneous quantification 
of UV filters and parabens in this complex biological matrix. 

• Simple, fast and sensitive analysis of UV filters and parabens in cord blood samples. 
• First simultaneous analysis of UV filters and parabens in cord blood. 
• Allows the evaluation of perinatal transfer of UV filters and parabens from the mother to the fetus. 

© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license 

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

∗ Corresponding author. 
E-mail address: sdcqam@cid.csic.es (M. Silvia Diaz-Cruz). 

https://doi.org/10.1016/j.mex.2021.101307 
2215-0161/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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bis(trideuteriomethyl)pentanoic acid (Gemfibrozil-d6) were purchased from CDN isotopes (Quebec, 
Canada). Water and methanol (MeOH) of high performance liquid chromatography (HPLC) grade were 
obtained from J.T. Backer (Deventer, The Netherlands) and the nitrogen (99.995% purity) was supplied 
by Air Liquide (Barcelona, Spain). Formic acid (HCOOH) and ammonium acetate (AcNH4) were from 
Merck (Darmstadt, Germany). For the extraction process methyl tert–butyl ether (MTBE), sodium 
chloride (NaCl), sodium hydrogen-carbonate (NaHCO3) from Sigma Aldrich, and ammonium formate 
(NH4HCO2) from Fisher Scientific (Fair Lawn, New Jersey, EEUU) were used. 

A mix of isotopically labelled internal standards containing BP3-d5, BePB-d4 and gemfibrozil-d6 
was prepared in MeOH with the appropriate volume of the standard stock solutions at a concentration 
of 200 ng/mL, and was stored at -20 º C. 

Ethical aspects 

Cord blood samples were provided by the Sant Joan de Déu Hospital (Barcelona, Spain), and were 
donated voluntarily by the mothers, who were asked to sign an informed consent to participate in 
the study, well before delivery. The present study was approved by the Ethics Review Board of the 
University of Barcelona and Sant Joan de Déu Hospital. All the data compiled were saved following 
the current regulation on Protection of Personal Data and guarantee of digital rights (Ley Orgánica 
3/2018). 

Sampling and sample extraction 

Umbilical cord blood samples were collected in metal-free serum tubes (to have the serum 
component of the blood) after direct extraction by venipuncture from the umbilical cords obtained 
immediately after delivery. The biological samples were stored at Sant Joan de Déu Hospital following 
the Spanish Law of Biomedical Investigation of 2007 (Law 14/2007) until shipment via urgent courier 
to the IDAEA-CSIC laboratories for analysis. All samples were received in perfect conditions and 
correctly codified, and were preserved frozen until analysis. 

Samples were centrifuged at 3500 rpm during 5 min to remove cell devris and the serum was 
collected with a Pasteur pipette for further analysis. Then, 500 μL of each serum sample were spiked 
with 100 μL of the mix of internal standards solution and 500 μL of a physiological solution of NaCl 
previously prepared with MeOH (0.137 M). Isolation of the target analytes was carried out by liquid- 
liquid extraction adding 2 mL of MTBE. The mix was vigorously shaken and the samples were frozen 
until the organic and aqueous phases were separated. The organic phases were transferred with a 
Pasteur pipette to 2 mL HPLC-vials and further evaporated until almost dryness under a gentle current 
of nitrogen. Then, 0.5 mL of NaHCO 3 (100 mM) were added up to pH 10.5 and the samples were 
incubated at 60 ºC for 5 min. Further, the samples were evaporated again under a stream of nitrogen 
until near dryness and then, 0.3 mL of the buffer NH 4 HCO 2 (10 mM) and 0.3 mL of MeOH were 
added to dilute the samples up to 1:1 (v:v) proportion. Finally, the extracts were brought to dryness 
and further reconstituted with 1 mL of MeOH. The extracts were stored at -20 ºC until HPLC-MS/MS 
analysis. 

Instrumental analysis 

The chromatographic separation of the compounds was performed in a Hibar Purosher R � STAR R �
HR R-18 (50 mm × 2.0 mm, 5 μm) column using a Symbiosis TM Pico instrument from Spark Holland 
(Emmen, The Netherlands). Detection was carried out in a 40 0 0 Q TRAP TM hybrid quadrupole-linear 
ion trap mass spectrometer from Applied Biosystems-Sciex (Foster City, CA, USA). Mobile phases 
consisted of MeOH and H 2 O 0.1% HCOOH in positive ionization mode determination, and MeOH and 
H 2 O 5 mM AcNH4 in negative ionization mode, respectively. The detailed gradient profiles are shown 
in Tables 2 and 3 . The injection volume was set up to 20 μL. Electrospray ionization in positive 
(ESI + ) and negative (ESI-) modes were selected. Tandem-mass spectrometry detection (MS/MS) was 
performed under selected reaction monitoring (SRM) mode for improved sensitivity and selectivity. 
The two most intense transitions were selected and used for the quantification (most intense, 1st 
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a r t i c l e i n f o 
Method name: UV filters and parabens determination in umbilical cord blood 
Keywords: Umbilical cord blood, Parabens, Sunscreens, Benzophenones, HPLC, Tandem mass spectrometry 
Article history: Available online 26 March 2021 

Specifications table 

Subject Area: Biochemistry, genetics and molecular biology 
More specific subject area: Analytical chemistry, CECs, human health, environment 
Method name: UV filters and parabens determination in umbilical cord blood 
Name and reference of original 
method: 

This analytical method is based on the method described in Kolatorova, L. , 
Vitku, J., Hampl, R., Adamcova, K., Skodova, T., Simkova, M., Parizek, A., Starka, 
L. , & Duskova, M. (2018). Exposure to bisphenols and parabens during 
pregnancy and relations to steroid changes. Environ. Res., 163, 115–122 . 
https://doi.org/10.1016/j.envres.2018.01.031 

Resource availability: NA 

Method details 

Background 

The industrial production and the use of personal care products (PCPs) have increased in recent 
years. Among these compounds are UV filters and parabens, which are extensively used as sunscreens 
and as preservatives, respectively. They are present in cosmetics, sunscreens, lotions, hygiene products, 
but also in foodstuff, plastics, rubbers, and textiles [9] . These compounds are considered contaminants 
of emerging concern (CECs) for the negative effects they can cause in the environment, including 
their potential for bioaccumulation [ 5 , 6 ] and biomagnification through the food web [3] . Their 
bioaccumulation in humans has also been reported [ 8 , 12 , 15 , 19 , 20 ]. This fact combined with their 
endocrine disrupting activity [ 1 , 2 , 10 , 13 , 14 ] make a regular monitoring of their occurrence necessary. 
This is even more important in crucial stages of life like pregnancy [4] , where the exposure of the 
unborn to these substances might have short- and long-term consequences in the development of 
the fetuses. Similar works are reported for the analysis of benzophenones or parabens in cord blood 
[ 7 , 12 , 16–18 ]. However, most of these methods use a solid-phase extraction [ 7 , 16 , 18 ] implying time- 
consuming and tedious steps, in addition to other steps such as long incubation, and derivatization. 
Kruse et al. used a laborious method, including an incubation of 3 h. This method was developed 
to detect benzophenone derivatives in serum (from the mothers and the fetuses) but all the cord 
blood samples analyzed were below the method limit of detection. Recently Song et al. presented 
a simpler method, however, it included time-consuming steps (incubation of 12 h and shaking for 
60 min). Despite that, only benzophenone-type compounds could be determined. This work describes 
a sensitive method for the simultaneous analysis of UV filters and paraben preservatives in umbilical 
cord blood in order to achieve a better understanding of the bioaccumulation of these compounds 
and their maternal transfer. To this end, a method used for the analysis of bisphenols and parabens 
[11] was adapted and significantly simplified for the simultaneous analysis of eight benzophenone- 
type UV filters and metabolites, and four parabens in human cord blood. 

Chemicals and reagents 

Table 1 lists the selected compounds. The UV filters avobenzone (AVO), benzophenone-2 (BP2), 
benzophenone-4 (BP4), benzophenone-3 (BP3) and their main metabolites namely benzophenone- 
1 (BP1), 4-hydroxybenzophenone (4HB), 4,4 � -dihydroxybenzophenone (4DHB), and 2,2 � -dihydroxy- 
4-methoxybenzophenone (DHMB, BP8), and the paraben preservatives methyl paraben (MePB), 
propyl paraben (PrPB), benzyl paraben (BePB), and butyl paraben (BuPB) were purchased 
from Sigma Aldrich (Darmstadt, Germany). The isotopically labelled compounds 2–hydroxy-4–

methoxy-2 � ,3 � ,4 � ,5 � ,6 � -d5 (BP3-d5), benzyl paraben-d4 (BePB-d4), and 5-(2,5-dimethylphenoxy) −2,2- 
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Table 5 
Limits of detection (MLODs) and quantification (MLOQs) of the method (expressed in ng/ml blood sample) and determination 
coefficient (r 2 ) for each compound. 

MLOD (ng/ml) MLOQ (ng/mL) r2 

BP3 0.3 1.01 0.9997 
BP1 0.08 0.28 0.9984 
4HB 0.42 1.39 0.9982 
DHB 0.05 0.18 0.9982 
DHMB 0.14 0.48 0.9995 
BP2 0.16 0.53 0.9974 
BP4 (-) 0.26 0.85 0.9988 
AVO 0.35 1.17 0.9992 
MePB (-) 0.41 1.38 0.9993 
PrPB (-) 0.23 0.75 0.9991 
BuPB (-) 0.18 0.61 0.9969 
BePB (-) 0.01 0.04 0.9986 

MLOD: Limit of detection of the method; MLOQ: Limit of quantification of the method. 

Fig. 1. Reconstructed ion chromatograms showing the SRM 1st transition obtained in the spiked samples at 5 ng/mL and in 
the procedural blanks using positive ionization (ESI + ). 

Quality assurance and quality control 

One of the most common problems in trace analysis is background contamination. Therefore, 
procedural blanks were processed and analyzed. The procedural blanks were prepared using 500 μL of 
HPLC water and submitted to all the steps in the sample analysis. No quantifiable peaks of the target 
analytes were measured, as shown in Figs. 1 and 2 , where the peak area of the spiked samples at 
5 ng/mL are notably higher than those of the blanks. Furthermore, all the glass material was cleaned 
with MeOH and acetone and dried at 400 ºC overnight before use. Quality controls (mix of standards 
at known concentrations) were randomly measured along the samples’ analysis sequence to ensure a 
reliable determination. The t R of the compounds were compared at a tolerance of 2.5% maximum, 
and the relative ion intensities of the two SRM transitions (1st transition / 2nd transition) were 
compared at a tolerance level below 15% with those of the standards. The target compounds were 
identified following EU normative (Commission Decision 2002/657/EC). Isotopically labelled standards 
for each family of compounds were used to overcome potential matrix effects and thus, for proper 
quantification. The calibration curves were built through ten mix standard solutions at 1, 3, 5, 10, 30, 
50, 100, 300, 500 and 700 ng/mL spiked in the matrix (matrix matched standards). 
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Table 2 
Mobile phases used in positive mode, with its gradient flow and time. 

Positive ionization 

Time (min) % Mobile Phase A ∗ % Mobile Phase B ̂ Flow (mL/min) 

0 95 5 0.3 
7 25 75 0.3 
10 0 100 0.3 
15 0 100 0.3 
17 95 5 0.3 
23 95 5 0.3 
∗ A: H 2 O 0,1% in HCOOH;. 
^ B: MeOH 0,1% in HCOOH. 

Table 3 
Mobile phases used in negative mode, with its gradient flow and time. 

Negative ionization 

Time (min) % Mobile Phase A ∗ % Mobile Phase B ̂ Flow (mL/min) 

0 95 5 0.3 
3 50 50 0.3 
6 10 90 0.3 
13 0 100 0.3 
17 0 100 0.3 
18 95 5 0.3 
20 95 5 0.3 
∗ A: H 2 O 5 mM AcNH4. 
^ B: MeOH 5 mM AcNH4. 

Table 4 
Retention time (t R ), selected MS/MS transitions, internal standard (IS) used, and ionization parameters for each compound. (-) 
for those analyzed in negative ionization mode. 

Compound t R 1st transition DP (V) CE (eV) CxP (eV) 2nd transition DP (V) CE (eV) CxP (eV) IS 

BP3 12.12 229 > 151 40 25 12 229 > 105 40 27 16 BP3-d 5 
BP1 11.39 215 > 137 40 27 10 215 > 105 40 29 6 BP3-d 5 
4HB 11.36 199 > 121 40 25 8 199 > 105 40 27 8 BP3-d 5 
4DHB 10.41 215 > 121 45 27 8 215 > 93 45 45 6 BP3-d 5 
DHMB 11.93 245 > 121 43 29 8 245 > 151 43 27 12 BP3-d 5 
BP2 10.89 247 > 137 46 25 8 247 > 109 46 45 8 BP3-d 5 
BP4 (-) 8.42 307 > 227 -50 -34 -15 307 > 211 -70 -40 -9 Gemfibrozil-d 6 
AVO 13.04 311 > 135 40 25 15 311 > 161 40 25 15 BP3-d 5 
BePB (-) 9.5 227 > 92 -65 -26 -9 227 > 136 -65 -22 -1 BePB-d 4 
BuPB (-) 9.54 193 > 137 -55 -22 -5 193 > 92 -55 -34 -13 BePB-d 4 
PrPB (-) 9.22 179 > 92 -60 -30 -13 179 > 137 -60 -24 -5 BePB-d 4 
MePB (-) 8.5 151 > 92 -45 -28 -7 151 > 136 -45 -20 -9 BePB-d 4 

DP: Declustering potential (V); CE: Collision energy (eV); CxP: Collision cell exit potencial (eV); 

transition) and confirmation (second most intense, 2nd transition) of each compound. The principal 
parameters of the developed HPLC-MS/MS method, including chromatographic retention time (t R ), 
selected transitions and ionization parameters are compiled in Table 4 . Analytical standards, reagent 
blank samples, and quality control solutions were included in each analysis batch together with the 
serum extracts. The Analyst v. 1.4.2 software package (Applied Biosystems) was used for acquisition 
and data analysis processing 
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Fig. 4. Calibration curves for MePB showing the suppression of the signal in the serum matrix in comparisson with MeOH in 
comp. 

Table 6 
Recovery rates (%) obtained from the spiked samples at the two concentration levels tested. 

Validation sample BP3 BP1 4HB DHB DHMB BP2 BP4 (-) AVO BePB (-) BuPB (-) PrPB (-) MEPB (-) 

50 ng/mL (1) 89.8 134.4 109.4 94.2 107.4 94.4 17.08 31.2 86.4 100.2 111 121.6 
50 ng/mL (2) 83.4 101.2 110.4 87 114.4 72.6 28.4 31.4 87.8 97.4 108 110.6 
50 ng/mL (3) 83.8 142.8 123.6 128.8 82.6 82.8 14.28 24.8 81.6 93.8 105.4 114.2 
50 ng/mL (4) 85.6 131.2 136.4 101.2 110.8 100.4 19.3 23.6 81.4 93.2 103.4 111.6 
50 ng/mL (5) 90.6 146.4 120.4 121.2 121.4 106.4 16.58 21.6 80.4 92.4 104.8 118.6 
400 ng/mL (1) 91.5 95 104 98.75 74.5 21.6 68.25 15.52 85.75 101.2 91 77 
400 ng/mL (2) 106 96.25 97.5 99.75 65 27.25 66.25 21.77 84.5 103.5 91.75 74.5 
400 ng/mL (3) 110 92 104.2 103.2 57.75 20.5 68 25.25 88.75 100 95.25 75.75 
400 ng/mL (4) 106.5 93 94.5 84.75 63.5 14.75 82.75 15.8 90.5 97.75 97.75 72.25 
400 ng/mL (5) 113.7 96 103.7 105.2 74.5 18.57 74.25 19.17 86.75 101.5 92.75 74.75 
Average 50 ng/mL 86.6 131.2 120.0 106.5 107.3 91.3 19.1 26.5 83.5 95.4 106.5 115.3 
Average 400 ng/mL 105.5 94.45 100.8 98.35 67.05 20.53 71.9 19.50 87.25 100.8 93.7 74.85 

(1), (2), (3), (4), (5): Number of replica; (-); Analyzed in negative mode. 

Table 7 
Relative standard deviation (RSD%) for inter- and intra-day precision. 

RSD% Intra C1 RSD% Intra C2 RSD% Inter C1 RSD% Inter C2 

BP3 1.68 33.8 8.45 10.41 
BP1 8.93 7.5 2.56 15.07 
4HB 5.51 18.05 0.72 12.09 
DHB 8.91 32.17 2.7 2.8 
DHMB 7.38 29.28 0.46 15.47 
BP2 6.81 18.3 7.04 18.49 
BP4 (-) 1.66 9.56 4.45 15.77 
AVO 2.25 16.47 1.59 0.82 
MePB (-) 1.64 8.47 3.1 7.68 
PrPB (-) 1.5 11.1 7.21 14.21 
BuPB (-) 2.34 7.02 5.99 11.61 
BePB (-) 2.74 27.11 9.25 17.84 

C1: Spiked concentration 1; C2: Spiked concentration 2; RSD%: Relative standard deviation; Intra: Intra-day; Inter: Inter-day. 
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Fig. 2. Reconstructed ion chromatograms showing the SRM 1st transition obtained in the spiked samples at 5 ng/mL and in 
the procedural blanks using negative ionization (ESI-). 

Fig. 3. Calibration curves for BP3 showing the enhancement of the signal in the serum matrix in comparisson with MeOH. 

Method validation 

A number of the received samples was pooled to obtain a representative mixture of the umbilical 
cord serum, that was needed to validate the proposed method. Ten aliquots of 500 μL of the pool 
samples were collected to elaborate the validation samples. These 10 samples were spiked at two 
concentrations (50 and 400 ng/mL) with the mix of the target compounds. The developed method 
was evaluated under optimized conditions in terms of linearity range, sensitivity, accuracy, precision, 
and matrix effects. 

The method limits of detection (MLODs) and quantification (MLOQs), and the coefficient of 
determination (r 2 ) are listed in Table 5 . MLODs and MLOQs were calculated as the concentration of 
each compound giving a signal-to noise ratio of 3 and 10, respectively. A wide linearity interval 1–
700 ng/mL was obtained for all the compounds, with r 2 > 0.9969. The method was highly sensitive, 
with MLODs in the range 0.01–0.42 ng/mL blood. 

Considering the high complexity of the sample composition, matrix effects were expected, and 
consequently, evaluated. Two representative examples of the calibration curves in the matrix extract 
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Fig. 5. Continued 

(matrix-matched standards) and in the organic solvent are shown in Figs. 3 and 4 . The large 
differences in the slope of the curves showed that, in these cases, BP3 signal suffers from signal 
enhancement in the presence of the matrix, and MePB experienced signal suppression, as indicated by 
the different slope obtained in the two media. Therefore, the matrix effects observed were significant, 
and demanded consideration. Thus, matrix matched calibration curves were used for all the analytes 
studied and were prepared using the pool of the samples created for the validation of the method. 

Table 6 lists the recovery rates obtained at the two spiked concentration levels. Despite generally 
good recoveries were obtained, between 80 and 120%, BP2 was scarcely recovered (c.a. 20%) at the 
higher spike level (400 ng/mL); however, at low concentration the recovery was quite good ( ≈ 91.3%). 
Considering the complexity of the samples analyzed, occurrence levels are not expected to reach 
this high concentration, and thus BP2 was also included in the method. AVO, on the other hand, 
presented medium-to-low recoveries (15.5–31.4%) at both concentrations, so it was also included in 
the method, but the obtained concentration values were considered semi-quantitative. Finally, BP4 
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Fig. 5. Reconstructed ion chromatograms showing the SMR first selected transition, in ascendant chromatographic retention 
time (t R ) order, corresponding to a cord serum sample. 
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[17] S. Song, Y. He, Y. Huang, X. Huang, Y. Guo, H. Zhu, K. Kannan, T. Zhang, Occurrence and transfer of benzophenone-type 
ultraviolet filters from the pregnant women to fetuses, Sci. Total Environ. 726 (2020) 138503, doi: 10.1016/j.scitotenv.2020. 
138503 . 

[18] C.V. Towers, P.D. Terry, D. Lewis, B. Howard, W. Chambers, C. Armistead, B. Weitz, S. Porter, C.J. Borman, R.C.M. Kennedy, 
J Chen, Transplacental passage of antimicrobial paraben preservatives, J. Expo. Sci. Environ. Epidemiol. 25 (6) (2015) 604–
607, doi: 10.1038/jes.2015.27 . 

[19] J. Valle-Sistac, D. Molins-Delgado, M. Díaz, L. Ibáñez, D. Barceló, M.S. Diaz-Cruz, Determination of parabens and 
benzophenone-type UV filters in human placenta: first description of the existence of benzyl paraben and benzophenone- 
4, Environ. Int. 88 (2016) 243–249, doi: 10.1016/j.envint.2015.12.034 . 

[20] T. Zhang, H. Sun, X. Qin, Q. Wu, Y. Zhang, J. Ma, K. Kannan, Benzophenone-type UV filters in urine and blood from children, 
adults, and pregnant women in China: partitioning between blood and urine as well as maternal and fetal cord blood, Sci. 
Total Environ. 461–462 (2013) 49–55, doi: 10.1016/j.scitotenv.2013.04.074 . 
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had the opposite behavior than BP2. It showed a good recovery at high concentration (c.a. 71.9%), but 
small recovery at the low concentration (c.a.19%), and, therefore we decided to proceed as for AVO. 

Repeatability and reproducibility were evaluated ( Table 7 ). Intra-day RSD values (1.5–32%) and 
inter-day RSD values (0.5–18%) indicated quite good precision for the complex matrix. 

As an applicability example of the developed method, Fig. 5 shows the reconstructed ion 
chromatograms corresponding to the UV filters and parabens detected in the serum of a cord blood 
sample. All the target compounds were detected and quantifiable, at concentrations from 0.20 to 
53.3 ng/mL. 
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Highlights: 

· First study reporting cord blood concentrations of avobenzone UV filter. 

· The most frequently detected and predominant paraben was methylparaben. 

· Eight compounds are reported in cord blood for the first time (level 1).  

· UVFs’ and PBs’ presence in the umbilical cord blood demonstrates mother-fetus transfer. 

· PCPs are capable to cross the placental barrier and suppose an exposure to the fetus. 
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Introduction 

Pregnancy is a critical period in human life as the human fetus is being developed. Chemical 

exposure is especially concerning as it is well-known that intrauterine life is a highly vulnerable 

period and sensitive to any external change because of the immaturity of fetal organs and 

undeveloped detoxification systems (Braun et al., 2014). During this time, the xenobiotics that 

women have been exposed to may accumulate in their tissues, cross the placenta, and reach the 

fetus. Despite the placenta being expected to constitute a barrier for chemical xenobiotics (Zhang 

et al., 2013), it has been demonstrated that it cannot fully protect the fetus from the entrance of 

all the contaminants (Towers et al., 2015). This early life exposure to pollutants, parental dietary 

habits and lifestyle can influence not only the development and growth of the fetus during 

pregnancy but also the newborn’s health throughout their entire lifetime (Fleming et al., 2018). 

For this reason, although the substantial industrial growth experienced in the last decades has 

boosted the economic and social development that we enjoy today, the manufacture, use, and 

later release of a wide range of potentially dangerous chemicals to the environment needs to be 

carefully controlled to avoid subsequent human health issues. Within a large number of chemicals 

of emerging concern (CECs) identified so far, some of them deserve special attention. In the 

current context of high UV radiation reaching the planet, most personal care products (PCPs) 

contain sunscreen agents to minimise the deleterious effect of sunlight on humans, such as 

photoaging and melanoma. In addition, some materials also include these chemicals to protect 

them against photodegradation, yellowing, lowing and improve their stability. Among them, 

organic UV filters (UVFs) are high-production chemicals (global production of around 10,000 tons 

per year) used as UV sunlight absorbers in beauty and hygiene products, food packaging materials, 

plastics, textiles, paints, rubbers, and many more daily-use products (Wang et al., 2010).  

However, in the product formulations, other chemicals are included. Among them, preservative 

substances are one of the most important and coexist with UVFs in many consumer products; 

2 
 

Abstract 

Prenatal exposure to certain organic chemicals like pesticides and phenols has been lifelong 

associated with birth outcomes and health disorders. Many personal care product (PCP) 

ingredients have similar properties or structures to those chemicals. Previous studies have 

documented the occurrence of UF filters (UVFs) and parabens in the placenta, but observational 

studies concerning PCPs and humans are particularly scarce. Thus, this work aimed to assess the 

presence of a wide range of PCPs using target and suspect screening in the umbilical cord blood 

of pregnant women to evaluate their potential transfer to the fetus. To do so, we analysed 69 

umbilical cord blood plasma from a mother-child cohort from Barcelona (Spain). We quantified 8 

benzophenone-type UVFs and their metabolites, and 4 parabens using validated analytical 

methodologies based on target screening using liquid chromatography-tandem mass 

spectrometry (HPLC-MS/MS). Then, we screened for additional 3246 substances using high-

resolution mass spectrometry (HRMS) and advanced suspect strategies. Six UV filters and three 

parabens were detected in the plasma with frequencies between 1.4% and 17.4% and 

concentrations up to 53.3 ng/mL (benzophenone-2). Thirteen additional chemicals were 

tentatively identified in the suspect screening, and ten were further confirmed with the 

corresponding standards. Among them, we found the organic solvent N-methyl-2-pyrrolidone, 

the chelating agent 8-hydroxyquinoline, and the antioxidant 2,2’-methylenebis(4-methyl-6-tert-

butylphenol), which have been demonstrated to display reproductive toxicity. UVFs and PBs 

presence in the umbilical cord blood demonstrates mother-fetus transfer through the placental 

barrier and prenatal exposure to these PCPs, which may lead to adverse effects in the early stages 

of fetal development. Considering the small cohort used in this study, the reported results should 

be interpreted as a preliminary reference for the background umbilical cord transfer levels of the 

target PCPs. Further research is needed to determine the long-term consequences of prenatal 

exposure to PCPs.  
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a broader picture of exposure to PCPs, it is necessary to complement these studies with high-

resolution mass spectrometry (HRMS)-based analysis and non-target strategies. 

In this context, the objective of the present study was to explore a barely studied group of 

xenobiotics, such as some PCPs, that can be transferred from the mother to the fetus by analysing 

the umbilical cord blood. Specifically, eight UVFs and four PBs commonly present in PCPs 

formulations were analysed and quantified in the samples. In addition, to identify a broader range 

of chemicals transported through the umbilical cord, 3,246 compounds related to PCPs 

formulations were investigated through suspect screening. 

 

Methods 

Standards and reagents 

Detailed information about the standards and reagents used in the target analysis can be found 

in Supplementary Information (SI). A summary of the target PCPs is shown in Table 1. The 

chemicals purchased to confirm the tentatively identified compounds for the suspect screening 

are listed in Table S1 of SI. 

Studied population and sample collection 

The samples were collected at Sant Joan de Déu hospital in Barcelona (Spain) between July 2004 

and April 2005. The mothers were asked to sign the informed consent to participate in the study. 

Delivery room staff from the hospital measured length, weight, and head circumference at birth 

using standard anthropometric procedures. Gestational age was calculated based on the last 

menstrual period. Information about the mother (smoking habits, diabetes, etc.) was obtained 

through a questionnaire given to pregnant women. The mother's registered anthropometric 

characteristics, including age, type of delivery, and parity, are compiled in Table S2. 

4 
 

being included in pharmaceuticals, beverages, and foodstuffs, they improve product stability 

against fungi and bacteria growth and make them last longer in proper conditions.  

UVFs and PBs are known estrogenic and anti-androgenic endocrine disruptors (Boberg et al., 

2010; Kolatorova Sosvorova et al., 2018), and many other adverse effects derived from these 

products, such as genotoxicity (Zhao et al., 2013), endometriosis (Frederiksen et al., 2017),  or 

cancer promotion (In et al., 2015; Phiboonchaiyanan et al., 2017) have been reported. Some 

studies have reported disorders of fetal development associated with prenatal exposure to 

benzophenone-type UVFs, such as Hirschsprung's disease (Balmer et al., 2005), cellular 

pathologies in brain cells in both fetuses and infants (Sang and Leung, 2016) and development of 

overweight in childhood (Leppert et al., 2020).  

Humans are exposed to UVFs and PBs through multiple pathways. In some cases, as for UVFs, 

their absorption produces the highest exposure after direct application on the skin (Matta et al., 

2019). But their ubiquity in the environment (Agawin et al., 2022; Díaz-Cruz et al., 2019; Fenni et 

al., 2022; Gago-Ferrero et al., 2013) indicates that humans are also exposed to them (and their 

metabolites) to a lesser extent, through drinking water and dietary intake. However, despite 

documented evidence in human matrices exists (breast milk, urine, or semen) (Meeker et al., 

2011; Molins-Delgado et al., 2018; Song et al., 2020; Zhang et al., 2013) of external exposure,  little 

is known about prenatal exposure, i.e. maternal transfer to the fetus, and only a few studies have 

reported concentrations of UVFs and PBs in placenta (Gil-Solsona et al., 2021; Reimann et al., 

2021; Song et al., 2020; Valle-Sistac et al., 2016; Zhang et al., 2013) or cord blood (Kolatorova 

Sosvorova et al., 2018; Krause et al., 2018; Song et al., 2020; Wang et al., 2021; Zhang et al., 2013). 

Apart from the UVF and PBs studied, there is a wide range of PCPs to which pregnant women may 

have been exposed with the potential to transfer to the fetus. Conventional target methodologies, 

such as the ones used here, are powerful and precise for analysing chemicals. However, to have 
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According to the information provided, the average age of the mothers was 30.5 years (4.6 SD).  

Out of the 69 participants with available samples, 58% were primiparous. Most pregnant women 

(91%) did not have gestational diabetes, and only five (7%) were smokers. The newborns 

included in the present study (55% females and 45% males) were born at the term of 39 weeks 

(1.25 SD), had 3.35 kg weight (4.2 SD), and 49.7 cm length (1.6 SD).  

Cord blood samples were stored in metal-free EDTA tubes after collection by venipuncture of 

the umbilical cords performed immediately after delivery. The biological samples were stored 

following the Spanish Law of Biomedical Investigation until shipment via urgent courier to the 

IDAEA laboratories for analysis. All samples were received in perfect conditions, correctly 

codified, and preserved at -80º C until sample treatment for further instrumental analysis. 

Procedural blanks were performed by adding HPLC-grade water to the sampling tubes and then 

preserved under the same storage conditions as the cord blood samples. 

The present study was approved by the Ethics Review Board of the University of Barcelona and 

Sant Joan de Déu hospital. All the data compiled were saved following the current regulation on 

the Protection of Personal Data and guarantee of digital rights.   

Analysis of UVFs and PBs 

The determination of UVFs and PBs in the cord blood samples was performed by optimizing an 

existing method (Kolatorovoptimisinga et al., 2018) with the conditions of the method published 

elsewhere (Sunyer-Caldú et al., 2021). Briefly, samples were centrifuged, supernatant collected, 

and mixed with a solution of NaCl in MeOH and methyl tert–butyl ether (MTBE) to perform a 

liquid-liquid extraction. Extracts were then frozen (to solidify the aqueous phase), and the 

recovered organic extract was brought to dryness and further reconstituted with buffer solution 

(pH ⁓ 10) and MeOH before analysis.  

The HPLC-MS/MS conditions for the target analysis can also be found elsewhere (Sunyer-Caldú 

et al., 2021). Summarizing, the chromatographic separation was performed in a Hibar Purosher 
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Suspect screening workflow 

Data processing of the samples started with the transformation of the DIA files from proprietary 

( *.raw) format to generic (*.mzML) with ProteoWizard v. 3.0.2 (Kessner et al., 2008). Then, low 

and high-energy functions were split up and uploaded to the Norman Digital Sample Freezing 

Platform (Alygizakis et al., 2019). Then, compounds included in the database S13 EUCOSMETICS 

(complete list of 3246 compounds available in spreadsheet) (von der Ohe and Aalizadeh, 2020) 

from The NORMAN Suspect List Exchange-(NORMAN-SLE) (Taha et al., 2022) were searched in 

our samples. Note that the suspect list contains compounds that, although not cosmetic, are 

used in some of these products (e.g. some pharmaceuticals). The criteria for identifying the 

compounds were based on mass accuracy, isotopic pattern, predicted LC retention time 

(Aalizadeh et al., 2021, 2019), and evaluation of the MS/MS fragmentation. For the LC retention 

time index plausibility, a mix of control standards was injected in every 35 samples (Aalizadeh 

et al., 2019). 

Tentative identification of compounds was verified or discarded manually by comparing the DDA 

data acquired for each tentatively assigned chemical with the available spectra in online 

databases (namely massBank, mzCloud, and PubChem (MoNA, 2022; Pubchem, 2022; Thermo 

Scientific, 2022). The detailed workflow used for the suspect screening is shown in Figure 1. 

 

Statistical analysis of data 

Individual correlations were tested among all the compounds with the Pearson test (95% of 

confidence). For the suspect screening, the peak areas were used to study the correlations 

instead of the quantified concentration. RStudio open software, v. 1.2.5001 (2019) Rstudio, Inc. 

(the USA) was used to carry out the variable correlation analysis and to generate the heatmaps 

using the ggplot2 package (Wickman, 2016).  

8 
 

STAR HR R-18 (50 mm × 2.0 mm, 5 μm) column and a pre-column of the same material from 

Waters (Dublin, Ireland) using a Symbiosis TM Pico instrument from Spark Holland (Emmen, The 

Netherlands). Detection was carried out in a 4000 Q TRAPTM hybrid quadrupole-linear ion trap 

mass spectrometer from Applied Biosystems-Sciex (Foster City, CA, USA) under selected reaction 

monitoring (SRM) in positive and negative electrospray ionization modes (ESI+, ESI-) in two 

different injection sequences.  

The LC-HRMS analysis of the samples for suspect screening was carried out following the 

conditions used in previous works (Gil-Solsona et al., 2021). Briefly, separation was performed 

with an Acquity UHPLC BEH C18 (100 mm x 2.1 mm, 1,7 μm) column from Waters ((Waters 

Corporation, Milford, Ma, USA)  with a pre-column of the same material (5 mm x 2.1 mm, 1,7 

μm) in an Acquity ultra-high performance liquid chromatographic system (UHPLC) (Waters) 

coupled to a Q-Exactive Orbitrap mass analyser (Thermo Scientific, Waltham, Ma, USA). 

Electrospray ionization, operating in ESI+ and ESI- ionization modes, was used, as for the target 

analysis. Each sample was analysed twice with different acquisition modes: Data Dependent 

Acquisition (DDA), where the 5 most intense ions from the low energy scan (4 eV) were selected 

and fragmented again at high collision energy (40 eV) to acquire MS/MS (excluding already 

selected ions for the next 30 seconds), and Data Independent Acquisition (DIA) using a ramp of 

10-40 eV of collision energy (CE) for the high energy function.  

QA/QC 

Several steps were followed to ensure the quality of the results, which can be consulted 

elsewhere (Sunyer-Caldú et al., 2021). Briefly, 5 procedural blanks were prepared with HPLC-

grade water, underwent the extraction procedure, and any peak present in the samples below 

a threshold of three times its intensity in the blanks was discarded. Matrix-matched calibration 

curves and isotopic dilution were used to minimize matrix effects in the quantification by target 

analysis. Analytical standards, reagent blank samples, and quality control solutions were 

included in each batch together with the study samples.  
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Suspect screening  

From the 3,426 chemicals included in the suspect list used, 1,620 peaks gave a tentative positive 

finding according to their accurate mass. After applying additional filters, including (I) a plausible 

chromatographic retention time index (RTI), (II) the presence of at least 2 MS/MS fragments with 

a correct mass accuracy, (III) subtraction of the chemicals present in the blanks, and (IV) removal 

of the potentially endogenous chemicals that are intrinsically present in human blood (they are 

included in the suspect list due to their use in PCPs), only 64 features remained. Then, the 

experimental MS/MS spectra of these 64 features were compared with those available in online 

spectral databases (MassBank, mzCloud, Pubchem (MoNA, 2022; Pubchem, 2022; Thermo 

Scientific, 2022). After this constrained selection, 21 chemicals from diverse families (e.g. UVFs, 

surfactants, hair dyeing products, preservatives, analgesics, or plasticizers) were tentatively 

identified. Ten of these compounds were further confirmed at Level 1 (Schymanski et al., 2014) 

by purchasing the corresponding reference standard, while the other 8 were discarded (Table S4), 

and 3 remained tentatively identified at Level 2a or 3.  

Figure 1. Suspect screening workflow. 

10 
 

Results  

Determination of UVFs and PBs. Target analysis  

Table S3 lists the concentrations of the UVFs and PBs measured in cord blood. A summary of the 

method’s limits of detection (MLOD) and quantification (MLOQ), detection frequencies, range, 

and average values for the target compounds is shown in Table 2. 

  Table 2. Limits of detection and quantification, frequencies of detection, range, and average values of the 
target compounds. 

 

 

 

 

In 24 samples UVFs and/or PBs were detected. In the other 45 samples, none of the target 

compounds were found. The ranges and detection frequencies showed high variability, for 

instance, BP2 ranged from 2.0 to 53.3 ng/mL.  

BP3, BP1, BP2, 4HB, BP4, AVO, PrPB, and, MePB were detected in at least one sample of the 

cohort, being 4HB and PrPB only found in one of them. In contrast, 4DHB, DHMB, BePB, and 

BuPB were not detected. The chemical most frequently detected was BP3 (17%), followed by 

AVO (14%). The highest concentration was found for BP2 (53.3 ng/mL), followed by AVO (23.9 

ng/mL) and BP3 (22.9 ng/mL). However, BP3 had the highest average concentration (2.2 ng/mL), 

followed by AVO (1.8 ng/mL), BP2 (0.9 ng/mL), and MePB (0.4 ng/mL).  

BP3 BP1 BP2 4HB DHB DHMB
MLOD (ng/mL) 0.01 0.03 0.04 0.04 0.02 0.04
MLOQ (ng/mL) 0.05 0.1 0.1 0.1 0.06 0.2

DF (%) 17 3 6 1 0 0
Range (ng/mL) 8.9-22.9 6.9-7.0 2.0-53.3 7.5 <MLOD <MLOD

Average* (ng/mL) 12.7 6.9 14.9 7.5 - -
AVO BP4 (-) BePB (-) BuPB (-) PrPB (-) MePB (-)

MLOD (ng/mL) 0.03 0.03 0.02 0.02 0.03 0.05
MLOQ (ng/mL) 0.1 0.1 0.08 0.08 0.09 0.2

DF (%) 14 4 0 0 1 6
Range (ng/mL) 8.9-23.9 1.1-5.3 <MLOD <MLOD 5.2 5.2-10.5

Average* (ng/mL) 12.4 0.1 - 5.2 7.3 3.3
MLOD: limit of detection of the method; MLOQ: limit of quantification of the method;

DF: detection frequency; *Average calculated with only positive samples
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The confirmed and tentatively identified chemicals are shown in Table 3, along with their 

confidence levels, chemical structure, detection frequency, and common use.  

Among the tentatively identified compounds, UVF and two preservatives were found 

(umbelliferone (UMB), 8-hydroxyquinoline (HCH), and 1,2-benzisothiazolin-3-one (TBH), 

respectively). Three compounds (namely 12-hydroxy-2-ethylhexylester-octadecanoic acid (OCT), 

N-Methyl-2-pyrrolidone (MPY), and 2-[2-(4-nonylphenoxy) ethoxy] ethanol (NEE)) have multiple 

applications, but they are mainly used as rheology modifiers of the PCPs (e.g. surfactants, 

emollients, etc.). Also, four pharmaceuticals or TPs of them were found (erythromycin (ERY), 4-

aminoantipyrine (4-AAP), 4-methylaminoantipyrine (4-MAP), 4-dimethylaminoantipyrine (4-

DMP)), probably due to their direct consumption. Interestingly, the last three are derivatives from 

the same parent compound (metamizole) and were also found in the same samples. Finally, two 

plasticizers were also found (Diisononyl adipate (ADI) and 2,2'-Methylenebis (4-methyl-6-tert-

butylphenol (MBM)). 

Some chemicals such as ERY (Bulska et al., 2015) or UMB  have been previously detected in cord 

blood (Wang et al., 2021), while other compounds, namely 4-AAP, 4-MAP, 4-DMP, ADI, MPY, BTH, 

NEE, BZX, HCH, MBM, and OCT have never been reported in this biofluid. Some of these chemicals, 

however, have been found in humans’ bloodstream as the three metamizole metabolites (4-APP, 

4-MAP, and 4-DMP) (Carretero et al., 1995; Ojha et al., 2009). Nevertheless, the rest of the 

confirmed compounds have not been reported in human blood. The compound most frequently 

found through suspect screening was 4-APP and 4-MAP (20.3%), both metabolites of metamizole, 

a widely used non-steroid anti-inflammatory pharmaceutical, and were found simultaneously in 

the same samples. The plasticizer MBM (13%) and the UVF UMB (8.7%) were also observed. 
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Correlations among compounds  

The Pearson test was applied to identify correlations among all the compounds. In the target 

analysis, positive correlations were found between BP2 and 4HB (1), BP3 and AVO (0.72), BP1 

and BP2 (0.69), BP1 and 4HB (0.69), and MePB and PrPB (0.68) (Figure 2). In the suspect 

screening, positive correlations were observed between 4-AAP and 4-MAP (0.82), MPY and 4-

DMP (0.80), OCT and 4-MAP (0.80), 4-AAP and OCT (0.62), and ADI and HCH (0.58) (Figure 3).  

 

 

 

 

Figure 2. Heatmap of 

Pearson’s correlation values 

for the selected compounds 

in target analysis. 
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Zhang et al. (2013) and Krause et al. (2018) analysed BP3, 4HB, BP1, DHMB, and BP2 in very small 

cohorts (n=22), detecting only the first three substances at levels ranging from 0.12 to 2.93 

ng/mL. Song et al. (2020) analysed BP3, 4HB, BP1, DHMB, and BP2 in a bigger cohort (n=97), 

detecting all of them at levels in the range of 0.01 - 34.9 ng/mL. Finally, (Kolatorova Sosvorova 

et al., 2018) analysed MePB and PrPB in 27 cord blood samples, detecting both in the 0.46-4.14 

ng/mL range. 

Although the exposure pathways of the fetus to these xenobiotics are still unknown, we can 

establish different hypotheses for each detected compound. For example, BP3 is the most used 

UVF worldwide (Downs et al., 2022) and was the most frequently detected in the cohort (17.4%). 

The primary exposure for the mother to this chemical can be through dermal adsorption. There 

are a wide variety of products containing BP3, which in Spain is allowed in formulations up to 

6%. In comparison, others such as AVO or BP4 are limited to 4% (European Parliament and the 

Council of the European Union, 2009), and it is used as light stabilizer or photodegradation 

inhibitor agent (Suzuki et al., 2005). Additional exposure can result from ingesting contaminated 

food or water and by air inhalation. The significant presence of this compound in daily-life 

products would explain its ubiquitous occurrence. Placental transfer of chemicals is influenced 

by their physicochemical properties (e.g. octanol-water partition constant (log Kow) and 

molecular weight) (Zhang et al., 2020). BP3 has a high log Kow (3.79), which suggests that the 

placental barrier should retain it. However, the high correlation between maternal blood and 

cord blood levels observed in previous studies (Krause et al., 2018; Song et al., 2020) indicates 

that despite the fact it may be partially retained in the placenta, BP3 reaches the cord blood and 

subsequently, the fetus.  
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Figure 3. 

Heatmap of the Pearson’s correlation values for the found compounds in the suspect screening. 

 

 

 

  Discussion  

Exposure pathways 

The available information on the human bioaccumulation of UVFs and PBs, is scarce, particularly 

about mother-fetus and mother-child transfer. In the few studies reporting them in matrices 

related to the fetus, it has been demonstrated that these compounds can cross the placenta and 

reach the cord blood. Furthermore, they have also been detected in humans’ urine, serum, 

breast milk, amniotic fluid, or placental tissue (Azzouz et al., 2016; Gao et al., 2015; Gil-Solsona 

et al., 2021; Kolatorova Sosvorova et al., 2018; Li et al., 2018; Mínguez-Alarcón et al., 2019; 

Philippat et al., 2013; Song et al., 2020; Towers et al., 2015; Vela-Soria et al., 2014, 2017; Wang 

et al., 2021; Zhao et al., 2019). Concentrations of the target chemicals measured in the present 

study were very similar to those reported in a few available cord blood studies.  
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Other studies reported BP2 occurrence in urine (Bae et al., 2016) and placenta (Valle-Sistac et 

al., 2016; Vela-Soria et al., 2011), but it was detected neither in maternal blood nor in cord blood 

(Krause et al., 2018; Zhang et al., 2013) before.  

AVO is not a usually monitored UVF, but it is commonly used as a substitute for BP3 in the 

formulation of sunscreens, body lotions, etc., likely due to their similar chemical structures. It 

was included in our study, and surprisingly it was the second most frequently detected UVF 

(15%), just after BP3 (17%). There is a lack of information relative to this compound in human 

matrices, and to the best of the authors’ knowledge, this is the first time it has been detected in 

cord blood. Considering the high concentrations found along with its antiestrogenic potential 

(Hong et al., 2016), obesogenic disrupting activity (Ahn et al., 2019), and mutagenic activity 

(ECHA EUROPE, 2022a), AVO emerges as an interesting chemical to be monitored in further 

studies. 

BP4, present only in 3 samples, has been previously reported in the placenta (Valle-Sistac et al., 

2016) and cord blood (Song et al., 2020) at 0.25-5.41 ng/g and 0.02-0.13 ng/mL, respectively. 

The lower detection frequency and concentration of BP4 would be explained by its high polarity 

(log Kow=0,88), which leads it to a lower tendency to bioaccumulate in organic compartments, 

being quickly excreted.  Moreover, BP4 has a molecular structure originating more steric effects 

than other benzophenones, probably hindering its crossing through organic barriers such as the 

placenta. 

Additional literature reporting UVFs toxicity in animals shows that these chemicals affect 

pubertal development and thyroid and reproductive functions (Kim and Choi, 2014; Krause et 

al., 2012; Schlumpf et al., 2008). Exposure of zebrafish to BP3 caused interference with normal 

sex development (Kinnberg et al., 2015), and in rats, it increased the uterus size (Schlumpf et al., 

2001). 
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There are studies reporting higher concentrations of BP3 in cord blood (56 ng/mL) than in a 

mother’s bloodstream and higher or similar detection frequencies (18.9-55 %) (Krause et al., 

2018; Song et al., 2020; Zhang et al., 2013), which led us to assume that BP3 can easily cross the 

placental barrier.  

BP1 is the major metabolite of BP3 (Valle-Sistac et al., 2016) and displays greater estrogenic 

activity than its parent compound (Kawamura et al., 2005; Takatori et al., 2003). It has been 

reported at higher concentrations (52 ng/mL) in cord blood (Song et al., 2020), but it has also 

been found in urine and placenta (Krause et al., 2018; Zhang et al., 2013). From the other 

metabolites of BP3, namely 4DHB, 4HB, and DHMB (Kasichayanula et al., 2005), only 4HB in one 

sample was found. 4HB has more estrogenic potential than BP3 (Morohoshi et al., 2005; Suzuki 

et al., 2005) and has been detected in urine (Krause et al., 2018), placenta (Valle-Sistac et al., 

2016), and quite frequently in cord blood (Frederiksen et al., 2017; Zhang et al., 2013). However, 

no correlation between 4HB and BP3 has been reported, as concluded in our study. A few works 

have targeted DHMB in the placenta (Valle-Sistac et al., 2016) or blood (Zhang et al., 2013), but 

it was not detected, despite it being detected at low concentrations in cord blood (Song et al., 

2020). Some authors have reported that BP3 and BP1 are excreted in urine as glucuronide 

conjugates (Calafat et al., 2008). However, due to the lower log Kow of BP3 metabolites 

compared to that of BP3 (Table 1), they might be easily excreted without reaching cord blood. 

Notwithstanding, further studies should be performed to confirm this hypothesis. 

BP2 is a benzophenone derivative with more estrogenic activity than that displayed by BP3 

(Kawamura et al., 2005). It is commonly used in PCPs formulations and food container plastics. 

Given its widespread use, its presence in cord blood would be most likely related to the direct 

application of PCPs on the skin and subsequent dermal absorption.  
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Information and potential pathway identification about each confirmed compound are 

explained thereupon. An interesting case was the confirmation of 4-AAP in 14 samples. This 

compound is the main metabolite of metamizole, an analgesic, anti-inflammatory, and 

antipyretic, which use during pregnancy is discouraged because it can produce agranulocytosis 

(Dathe et al., 2017). Two other metamizole metabolites, 4-MAP and 4-DMP, were also found, 

being 4-MAP in the same 14 samples and 4-DMP only in 3. The high detection frequency of these 

compounds in the cohort suggests that pregnant women could have consumed them and that 

their metabolites had a great facility to cross the placental barrier and reach the fetus’ 

environment.  

BZX, detected in 1.4% of the samples and used as a colourant in dyes, was the most unexpected 

compound detected, as hair dyeing is not recommended during pregnancy because of the 

potential toxicity of its components (Manjunatha et al., 2020). Although it was only detected in 

one sample, it is evidence of its capacity to cross the placental barrier. Other chemicals, such as 

BTH or HCH, were detected in 2.9% and 1.4% of the samples, respectively, and are antimicrobials 

usually used as preservatives in cosmetics, surfactants such as NEE (4.3%), or plasticizers such 

as ADI and MBM (2.9% and 13%, respectively), widely used in food and drink packaging, were 

also present in cord blood.  

Other chemicals identified in the suspect screening have not been reported as toxic, like ERY, 

UMB, or MYP, found in 1.4%, 8.7%, and 1.4% of the samples, respectively. The antibiotic ERY 

was only detected in one sample due to its consumption (facultative prescription) by the mother 

before delivery. ERY use is not discouraged during pregnancy and is often prescribed when the 

waters break early (Romøren et al., 2012). The UV filter UMB (also known as 7-hydroxycoumarin) 

was already reported in cord blood (Wang et al., 2021).  
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Within the PBs family, MePB was the most detected compound (5.8%) and with the highest 

concentration value (10.5 ng/mL). The other PB detected was PrPB in only one sample. BuPB 

and BePB were not detected. This result is in accordance with those reported in plasma 

(Kolatorova Sosvorova et al., 2017), cord blood (Kolatorova Sosvorova et al., 2018; Pycke et al., 

2015), and placenta (Valle-Sistac et al., 2016). In all of them, MePB was the most detected 

paraben, with concentration levels very similar to the ones obtained in this study (from 0.06 to 

319 ng/mL). Other authors also reported PrPB as the second most detected paraben in a similar 

concentration range (0.17 - 64.7 ng/mL). BuPB and BePB were not detected in any of these 

studies, as in the present work. The four PBs selected in this study, especially MePB,  are 

extensively used in the cosmetic and pharmaceutical industries for gels, shampoos, lotions, 

drugs, or toothpaste (Shivashankara et al., 2013), which makes easier its consumption through 

ingestion, explaining its presence in cord blood. 

Studies reporting PBs toxicity in animals show that these compounds induce adverse effects on 

sperm production and testosterone levels (Boberg et al., 2010) or altered gonadal hormone 

signalling or metabolism (Braun et al., 2014).  

 

Extended suspect screening of PCPs 

An extended screening analysis was performed to expand the chemical domain and obtain a 

more comprehensive picture of the presence of PCPs in the evaluated cohort, taking advantage 

of the power of HRMS. This approach allowed us to identify 13 additional chemicals, 10 

confirmed and 3 tentatively identified.  
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The second highest correlation found was between BP3 and AVO (0.72). It could be explained as 

the mothers that use PCPs where both BP3 and AVO are present in the formulation (as both are 

the most UVFs used worldwide and are commonly used together (Geoffrey et al., 2019)  have 

similar values in the cord blood. The last correlation was between MePB and PrPB (0.68), probably 

because both are the most common preservatives in many daily-use products.  

In the suspect screening, the highest correlation value was found between 4-AAP and 4-MAP 

(0.82) (Figure 3), as expected since 4-MAP is a metabolite of 4-AAP, and both were found in the 

same samples. Other compounds, such as MPY and OCT, were only detected in one sample, 

meaning that probably their correlation with 4-DMP (0.80), 4-MAP (0.80), and 4-AAP (0.62). This 

correlation is not fully understood, but it could be just a coincidence because they occur in the 

only sample where MPY and OCT were detected.  

A quite significant correlation was observed between ADI and HCH (0.58). Considering that ADI 

is a plasticizer and HCH a stabilizer, both used in cosmetics, it is probable that both were used 

together in personal care and hygiene products.  

 

Key findings and study limitations 

The present work evidence that some UVFs and PBs can reach the human blood and cross the 

placental barrier, as concentrations of BP3, BP1, BP2, AVO, BP4, MePB, and PrPB were found in 

umbilical cord blood. The compounds measured at the highest concentrations were BP3 (2.21 

ng/mL) and AVO (1.80 ng/mL) in good agreement with their predominant use in products 

containing UV filters. To the best of the author’s knowledge, this is the first study reporting cord 

blood concentrations of the obesogenic UV filter AVO. The most frequently detected and 

predominant paraben was MePB, in agreement with its wide use.  
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MPY is often used in manufacturing pigments, cosmetics, and pharmaceuticals, among other 

products, as a skin penetration enhancer (Åkesson and Jönsson, 2000). MPY, found in one single 

sample, was included in an exposure study in pregnant rats, showing no abnormal development 

in the vital organs (Lee et al., 1987) despite high concentrations; it showed lethargy, respiratory 

difficulty, and excessive mortality in the mothers. 

Some confirmed compounds through the suspect screening also present associated health risks. 

For example, metamizole presents a risk of agranulocytosis, so its use as a pharmaceutical is not 

recommended during pregnancy (Gualde and Malinvaud, 1982), NEE, BTH, and BZX are very 

toxic to aquatic life and present acute toxicity when swallowed (ECHA EUROPE, 2022b, 2022c, 

2022d), UMB has been associated with glucose intolerance (Sim et al., 2014), and MPY, HCH, 

and MBM have been demonstrated to have reproductive toxicity and may damage the unborn 

child (Europe, 2022; European Union, 2017; Solomon et al., 1995). In addition, it is important to 

highlight that some of the compounds found in the suspect screening do not have reported 

studies about their potential toxicity or adverse effects, probably because their occurrence data 

is also scarce.  

Correlations among compounds 

In the target analysis, a strong positive correlation (Pearson’s test) was found between BP2 and 

4HB (0.99), easily explained as both are phase I metabolites of BP3 so that they could be generated 

in similar ratios after BP3 degradation. The same explanation applies to the correlations BP1- BP2 

(0.69) and BP1- 4HB (0.69) (Figure 2). Similar results were obtained by Wang and Kannan (2013) 

in urine, where they found a correlation among 4HB, BP2, BP1, and DHMB. 
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Our findings also demonstrate that not only frequently used PCPs are capable of reaching the 

fetus’s environment. By applying complementary suspect screening, the chemicals 4-AAP, 4-

MAP, 4-DMP, ADI, MPY, BTH, NEE, BZX, HCH, MBM, and OCT’s were determined for the first 

time in umbilical cord blood. These outcomes document that many compounds can reach the 

fetus during this critical period of development and that many of them were unexpected, such 

as the metamizole metabolites (which use is discouraged during pregnancy), the 4-AAP, 4-MAP, 

and 4-DMP.  

Despite the well-documented results, this study is based on a limited number of samples. The 

relatively small population size, consisting of a cohort of 69 cord blood samples, provides for the 

first time cord blood plasma levels of certain chemicals included in personal and hygiene 

products of daily use. The reported concentrations may be considered a reference for the 

background levels of benzophenone-type UVFs and PBs in cord blood pregnant women related 

to current lifestyle and environmental contamination exposure. In light of the results, further 

research is guaranteed to unravel the role of PCPs in fetal growth and the mechanisms of action 

behind it. 
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Section S1. Chemicals and reagents 

The UVFs benzophenone-3 (BP3), benzophenone-1 (BP1), benzophenone-4 (BP4), 4-
hydroxybenzophenone (4HB), 4,4’-Dihydroxybenzophenone (4DHB), avobenzone 
(AVO) and the PBs methyl paraben (MePB), propyl paraben (PrPB), benzyl paraben 
(BePB) and butyl paraben (BuPB) were purchased from Sigma Aldrich (Darmstadt, 
Germany). Benzophenone-2 (BP2) and 2,2’-Dihydroxy-4-methoxybenzophenone 
(DHMB) were obtained from Merck (Darmstadt, Germany).  
The isotopically labeled compounds used were 2-hydroxy-4-methoxybenzophenone-
2′,3′,4′,5′,6′-d5 (BP3-d5), benzyl paraben-d4 (BePB-d4) and 5-(2,5-dimethylphenoxy)-2,2-
bis(trideuteriomethyl)pentanoic acid (Gemfibrozil-d6) were from CDN isotopes (Quebec, 
Canada).  
Water and methanol (MeOH) of high-performance liquid chromatography (HPLC) grade 
were obtained from J.T. Backer (Deventer, The Netherlands) and the nitrogen (99.995% 
purity) was supplied by Air Liquide (Barcelona, Spain). Formic acid (FA) and ammonium 
acetate (AcNH4) were from Merck (Darmstadt, Germany). For the extraction process tert-
butyl ether (MTBE), sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO3) 
from Sigma Aldrich (Darmstadt, Germany) and ammonium formate (NH4HCO2) from 
Fisher Scientific (Fair Lawn, NJ, USA) were used. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

                                

Ta
bl

e S
1.

 S
tan

da
rd

 co
m

po
un

ds
 n

am
e a

nd
 S

M
IL

ES
 p

ur
ch

as
ed

 fr
om

 S
ig

m
a-

Al
dr

ich
 fo

r i
de

nt
ity

 co
nf

irm
ati

on
.  

Co
m

po
un

d
SM

ILE
S

1,2
-B

en
zis

ot
hi

az
ol

in
-3

-o
ne

c1
2c

(cc
cc

2)
s[n

H]
c1

=O
Am

ilo
xa

te
CO

c1
cc

c(C
=C

C(
=O

)O
CC

C(
C)

C)
cc

1
Be

nz
oi

c a
cid

, 2
-h

yd
ro

xy
-, 

2-
(2

-h
yd

ro
xy

pr
op

ox
y)

-1
-m

et
hy

le
th

yl 
es

te
r

CC
(O

)C
OC

C(
C)

OC
(=

O)
c1

cc
cc

c1
O

Iso
pr

op
yl 

m
et

ho
xy

cin
na

m
at

e
CO

c1
cc

c(C
=C

C(
=O

)O
C(

C)
C)

cc
1

Ca
pr

yo
yl 

sa
lic

yli
c a

cid
CC

CC
CC

CC
(=

O)
Oc

1c
cc

cc
1C

(O
)=

O
7-

hy
dr

ox
yc

ou
m

ar
in

 (u
m

be
lli

fe
ro

ne
)

Oc
1c

cc
2c

cc
(=

O)
oc

2c
1

4-
am

in
oa

nt
ip

yr
in

e
c(c

cc
1N

(N
(C

=2
C)

C)
C(

=O
)C

2N
)cc

1
Do

de
ca

m
et

hy
lcy

clo
he

xa
sil

ox
an

e
C[

Si]
1(

O[
Si]

(O
[S

i](
O[

Si]
(O

[S
i](

O[
Si]

(O
1)

(C
)C

)(C
)C

)(C
)C

)(C
)C

)(C
)C

)C
N-

bu
ty

lb
en

ze
ne

su
lfo

na
m

id
e

CC
CC

NS
(=

O)
(=

O)
C1

=C
C=

CC
=C

1
CC

C1
C(

C(
C(

C(
=O

)C
(C

C(
C(

C(
C(

C(
C(

=O
)O

1)
C)

OC
2C

C(
C(

C(
O2

)
C)

O)
(C

)O
C)

C)
OC

3C
(C

(C
C(

O3
)C

)N
(C

)C
)O

)(C
)O

)C
)C

)O
)(C

)O
Di

iso
no

ny
l a

di
pa

te
CC

(C
)C

CC
CC

CO
C(

=O
)C

CC
CC

(=
O)

OC
CC

CC
CC

(C
)C

N-
M

et
hy

l-2
-p

yr
ro

lid
on

e
CN

1C
CC

C1
=O

2-
[2

-(4
-N

on
ylp

he
no

xy
)e

th
ox

y]
et

ha
no

l
CC

CC
CC

CC
Cc

1c
cc

(O
CC

OC
CO

)cc
1

Do
de

cy
lb

en
ze

ne
su

lfo
ni

c a
cid

CC
CC

CC
CC

CC
CC

c1
cc

cc
c1

S(
O)

(=
O)

=O
3,4

-d
ih

yd
ro

-2
H-

1,4
-B

en
zo

xa
zin

-6
-o

l
Oc

1c
cc

2O
CC

Nc
2c

1
2-

Et
hy

lh
ex

yl 
sa

lic
yla

te
CC

CC
C(

CC
)C

OC
(=

O)
c1

cc
cc

c1
O

8-
Hy

dr
ox

yc
hi

no
lin

C1
=C

C2
=C

(C
(=

C1
)O

)N
=C

C=
C2

2,2
'-M

et
hy

le
ne

bi
s(4

-m
et

hy
l-6

-te
rt-

bu
ty

lp
he

no
l)

C1
=C

(C
=C

(C
(=

C1
C(

C)
(C

)C
)O

)C
C2

=C
C(

=C
C(

=C
2O

)C
(C

)(C
)C

)C
)C

Er
yt

hr
om

yc
in



587586

Chapter 6 Human exposure to CECs

66

                                     

T
ab

le
 S

2.
 B

io
lo

gi
ca

l a
nd

 a
nt

hr
op

om
et

ri
ca

l p
ar

am
et

er
s 

of
 th

e 
pa

ir
s 

m
ot

he
r-

ne
w

bo
rn

s.
  

Sa
m

pl
e

M
ot

he
r

G
es

ta
ti

on
al

W
ei

gh
t

Le
ng

th
Cr

an
ia

l
G

es
ta

ti
on

al
Pr

e-
ge

st
ac

io
na

l
nu

m
be

r
ag

e
ag

e 
(w

ee
ks

)
(g

)
(c

m
)

pe
ri

m
et

er
 (c

m
)

di
ab

et
es

di
ab

et
es

1
33

0
38

.3
F

36
05

50
36

.0
1

N
N

N
2

31
0

39
.0

F
29

30
49

36
.0

0
N

N
N

3
30

1
41

.0
M

35
50

52
36

.0
1

N
N

N
4

27
0

39
.0

M
37

30
51

35
.0

0
Y

N
N

5
37

0
41

.0
F

35
90

51
34

.0
1

N
N

N
6

30
0

41
.2

F
35

15
50

35
.0

1
N

N
N

7
29

1
36

.0
M

31
40

48
35

.0
1

N
N

Y
8

30
1

37
.2

M
32

00
49

35
.0

1
N

N
N

9
34

0
41

.4
M

34
60

49
35

.0
0

N
Y

N
10

31
0

39
.6

M
33

05
49

34
.0

0
N

N
N

11
34

0
39

.3
F

29
70

49
34

.0
1

N
N

N
12

31
0

38
.3

F
25

00
49

32
.0

0
N

N
N

13
34

0
39

.3
F

25
00

46
32

.0
1

N
N

N
14

32
1

40
.2

M
34

00
50

36
.0

1
N

N
N

15
29

0
39

.2
F

39
70

50
33

.0
0

N
N

N
16

25
1

40
.0

F
34

00
52

36
.0

0
N

N
N

17
25

0
40

.2
F

34
20

49
34

.0
0

N
N

N
18

28
0

40
.3

M
35

80
50

36
.0

1
N

N
N

19
20

0
41

.0
F

36
20

51
35

.0
0

N
N

N
20

26
1

41
.4

F
40

10
51

36
.0

0
N

N
N

21
32

0
38

.0
M

30
20

49
35

.0
0

N
N

N
22

27
0

40
.2

M
39

15
53

36
.5

1
N

N
N

23
32

1
38

.2
F

28
40

48
34

.0
1

N
N

N
24

32
1

37
.0

M
26

30
48

33
.0

1
N

N
N

25
31

0
39

.4
F

30
80

47
34

.0
0

N
N

N
26

33
1

37
.2

M
28

80
48

32
.0

0
N

N
N

27
27

0
39

.6
F

33
80

51
34

.0
0

Y
N

N
28

26
0

38
.0

F
33

70
49

34
.5

1
N

N
N

29
38

0
38

.2
F

31
00

49
35

.0
1

N
Y

N
30

27
0

39
.6

F
31

00
50

35
.0

0
Y

N
N

31
29

1
39

.1
M

40
50

51
34

.0
0

N
N

N
32

39
0

38
.5

F
37

75
51

35
.0

1
N

N
N

33
28

0
41

.0
F

31
00

49
34

.0
0

N
N

N
34

29
0

37
.3

M
33

70
52

36
.0

1
N

N
N

D
el

iv
er

y:
 (0

=s
po

nt
an

eu
ou

s,
 1

=i
nd

uc
ed

);
 P

ar
it

y:
 (0

=p
ri

m
ip

ar
ou

s,
 1

=p
re

gn
an

t 
be

fo
re

);
 G

en
de

r:
 (F

= 
fe

m
al

e,
 M

=m
al

e)

D
el

iv
er

y
G

en
de

r
Pa

ri
ty

Sm
ok

in
g

Sm
ok

in
g:

 (Y
=Y

es
, N

=N
o)

; G
es

ta
ti

on
al

 d
ia

be
te

s:
 (Y

=Y
es

, N
=N

o)
; P

re
-g

es
ta

ci
on

al
 d

ia
be

te
s:

 (Y
=Y

es
, N

=N
o)

                                   

T
ab

le
 S

2.
 C

on
tin

ue
d.

 

35
34

0
40

.0
F

28
80

48
34

.0
0

N
N

N
36

36
1

37
.2

F
23

00
45

31
.0

0
N

N
N

37
43

0
38

.0
F

32
00

48
36

.0
1

N
N

N
38

31
1

40
.0

M
45

60
52

36
.5

1
Y

Y
N

39
25

0
41

.4
F

37
20

52
35

.0
0

N
N

N
40

28
0

38
.5

M
33

50
51

35
.0

0
N

N
N

41
34

0
38

.0
F

29
60

49
34

.0
1

N
N

N
42

26
0

39
.3

M
31

80
50

34
.5

0
N

N
N

43
25

0
40

.6
F

29
00

47
32

.0
1

N
N

N
44

32
0

40
.0

F
38

80
48

N
ot

 a
va

ila
bl

e
0

N
N

N
45

27
0

39
.2

F
31

30
48

34
.0

0
N

N
N

46
24

1
39

.0
M

34
00

48
34

.0
0

N
N

N
47

34
0

38
.0

M
35

10
50

34
.5

1
N

Y
N

48
26

0
41

.0
F

36
00

51
36

.0
0

N
N

N
49

31
0

40
.3

F
39

25
52

35
.0

1
N

N
N

50
32

1
39

.0
F

37
70

50
34

.0
0

N
Y

N
51

39
0

39
.5

F
29

80
48

33
.0

0
N

N
N

52
35

0
39

.0
M

36
05

52
36

.5
1

N
Y

N
53

26
0

39
.6

F
39

95
51

35
.0

0
N

N
N

54
32

0
39

.3
F

32
85

50
34

.5
0

N
N

N
55

31
1

40
.2

M
32

80
48

35
.0

0
N

N
N

56
28

0
41

.5
M

33
40

50
36

.5
0

N
N

N
57

31
0

41
.0

M
37

70
51

35
.5

0
N

N
N

58
37

0
39

.0
F

33
90

49
35

.0
1

N
N

N
59

43
1

39
.4

F
35

70
50

36
.0

1
N

N
N

60
35

0
39

.3
M

35
75

49
35

.0
0

N
N

N
61

32
0

40
.0

F
32

60
50

30
.0

0
N

N
N

62
21

0
41

.0
F

26
70

48
34

.0
0

N
N

N
63

29
0

40
.5

F
30

65
48

34
.5

0
N

N
N

64
23

0
38

.4
M

32
40

51
35

.0
0

N
N

N
65

27
0

40
.3

M
30

95
52

33
.0

1
N

N
N

66
26

0
41

.3
F

31
40

49
34

.0
0

N
N

N
67

37
0

39
.0

M
35

30
50

34
.5

1
Y

N
N

68
29

0
39

.0
M

33
55

50
35

.0
0

N
N

N
69

31
0

39
.0

M
40

50
53

37
.0

1
N

N
N



589588

Chapter 6 Human exposure to CECs

66

 

T
ab

le
 S

3.
 C

on
ce

nt
ra

tio
ns

 o
f t

ar
ge

t c
om

po
un

ds
, t

he
 to

ta
l s

um
 b

y 
th

e 
fa

m
ili

es
, a

nd
 th

e 
to

ta
l s

um
, w

ith
 ra

ng
e,

 fr
eq

ue
nc

y 
of

 d
et

ec
tio

n 
an

d 
av

er
ag

e 
va

lu
es

. 

 

  

Sa
m

pl
e 

N
am

e
BP

3
BP

1
BP

2
4H

B
D

H
B

D
H

M
B

A
V

O
Be

PB
 (-

)
Bu

PB
 (-

)
Pr

PB
 (-

)
M

EP
B 

(-
)

BP
4 

(-
)

∑U
V

Fs
∑P

Bs
∑T

O
TA

L
1

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

2
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
3

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

4
19

.1
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
15

.4
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
34

.5
n.

d.
34

.5
5

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

6
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
7

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

8
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

10
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
11

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

8.
5

n.
d.

n.
d.

8.
5

8.
5

12
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
13

n.
d.

n.
d.

2.
1

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

2.
1

n.
d.

2.
1

14
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
5.

3
5.

3
n.

d.
5.

3
15

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

16
n.

d.
6.

9
53

.3
7.

5
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
67

.7
n.

d.
67

.7
17

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

3.
6

3.
6

n.
d.

3.
6

18
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
19

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

1.
1

1.
1

n.
d.

1.
1

20
22

.9
n.

d.
2.

4
n.

d.
n.

d.
n.

d.
23

.9
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
49

.2
n.

d.
49

.2
21

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

22
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

1
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

1
n.

d.
9.

1
23

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

24
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
10

.1
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
10

.1
n.

d.
10

.1
25

13
.6

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

10
.1

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

23
.7

n.
d.

23
.7

26
9.

0
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9

n.
d.

9
27

9.
4

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

9
n.

d.
9.

4
28

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

29
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
30

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

31
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
32

8.
9

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

10
.5

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

19
.4

n.
d.

19
.4

33
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
34

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

35
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
36

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

9.
5

n.
d.

n.
d.

n.
d.

5.
2

n.
d.

9.
5

5.
2

14
.7

37
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
38

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

39
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
40

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

 
Ta

bl
e 

S3
. C

on
tin

ue
d.

 
  

        

41
9.

8
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
17

.5
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
27

.3
n.

d.
27

.3
42

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

43
9.

9
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

9
n.

d.
9.

9
44

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

45
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
5.

2
n.

d.
n.

d.
5.

2
5.

2
46

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

47
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
48

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

49
12

.6
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

2
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
21

.8
n.

d.
21

.8
50

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

51
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
52

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

53
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
54

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

55
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
56

n.
d.

n.
d.

2.
0

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

2
n.

d.
2

57
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
5.

2
10

.5
n.

d.
n.

d.
15

.7
15

.7
58

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

59
14

.0
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

0
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
23

n.
d.

23
60

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

61
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
62

13
.6

7.
0

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

20
.6

n.
d.

20
.6

63
9.

8
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
9.

8
n.

d.
9.

8
64

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

65
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
66

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

67
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
68

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

69
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
n.

d.
Va

lu
es

 a
re

 in
 p

pb
 (n

g/
m

L)
; n

.d
.: 

no
t d

et
ec

te
d;

 ∑
U

VF
s:

 to
ta

l s
um

 o
f u

ltr
av

io
le

t f
ilt

er
s;

 
∑P

Bs
: t

ot
al

 su
m

 o
f p

ar
ab

en
s;

 ∑
To

ta
l: 

to
ta

l s
um

 o
f e

ac
h 

sa
m

pl
e



590

Chapter 6

6

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S4. List of false positives identified after the identity confirmation process,CAS# and molecular formula.  

Compound CAS number Molecular formula
Amiloxate 71617-10-2 C15 H20 O3

Benzoic acid, 2-hydroxy-, 2-(2-hydroxypropoxy)-1-methylethyl ester 68683-31-8 C13 H18 O5

Isopropyl methoxycinnamate 5466-76-2 C13 H16 O3

Capryoyl salicylic acid 78418-01-6 C15 H20 O4

Dodecylbenzenesulfonic acid 27176-87-0 C18 H30 O3 S
2-Ethylhexyl salicylate 118-60-5 C15 H22 O3

Dodecamethylcyclohexasiloxane 540-97-6 C12 H36 O6 Si6

N-butylbenzenesulfonamide 3622-84-2 C10 H15 N O2 S
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6.3 Discussion
The works included in this chapter provide novel data on the 

bioaccumulation and risk of PCPs in the human body. Publications #4 and #11 
demonstrate that the risk assessment is useful for estimating the potential 
adverse effects of compounds of interest. Meanwhile, Publications #13 and 
#14 contribute to broadening the knowledge about the human exposome in 
a critical development period, demonstrating that specific PCPs can reach 
the human blood and cross the placental barrier. As in previous chapters, a 
general comparison and discussion of the results are included in this section.

Daily intake estimation (EDI) and risk assessment

For the samples included in this thesis representing food for human 
consumption, i.e. fish and vegetables, the daily intake of CECs via ingestion 
was estimated. The risk quotients (RQ) of the compounds found at the highest 
concentrations are listed in Table 6.2. In general, SCY was the compound with 
the highest RQ in all the crops and fish, showing a similar bioaccumulation 
and risk pattern, even though the matrices and sampling locations differed. 
The highest RQ of SCY was notorious in fish and carrots. Among crops, 
carrots presented the highest hazard index (HI, the sum of all RQ), followed 
by tomatoes and lettuces. This HI order agrees with the sum of CECs’ 
concentrations uptaken by each crop. However, in lettuce and tomatoes, the 
highest RQ corresponded to DCF. 

Overall, the estimated risk quotients shown in the table indicate that the 
concentrations found in the fish and crops posed no risk to human health 
since all estimated values were far from one. Even though this estimation 
shows that it is safe to consume the fish and, especially, the crops irrigated 
with waste and reclaimed water, it has to be considered that some ADI values 
were not available in the literature. 
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Human exposure to CECs

As explained in the introduction of this chapter, the daily intake and risk 
assessment are based on estimations that can serve as guide values. The 
best approach to assess the fate of CECs is by monitoring them in humans. 
Publications #13 and #14 demonstrate that CECs, in general, and PCPs, in 
particular, are present in the human body and can reach pregnant women’s 
foetuses. Figure 6.3 summarises the results of the target analysis obtained in 
the positive samples (left) and the range, average and frequencies of detection 
of the UVFs and PBs analysed (right). A total of 11 samples (16% of the cohort 
of 69 individuals) present accumulated values higher than 10 ng/mL in the 
umbilical cord blood. These values are concerning since they demonstrate 
that these compounds (most endocrine disruptors) can reach the foetus at 
concentrations up to 60 ng/mL. Curiously, a pattern was observed for some 
of the positive samples; BP3 (light green in the figure) and AVO (dark green 
in the figure) were found together at very similar concentrations. Even the 
detection frequencies, concentration ranges and average concentrations are 
nearly identical. This could be expected since both UVFs are commonly used 
together and at similar concentrations in many PCPs’ formulations (Geoffrey 
et al., 2019), and both present high logkow values (>3.5), showing a similar 
tendency to bioaccumulate.

Relevance of non-target strategies

The majority of studies focus on the most frequently used and persistent 
compounds because they are more likely to be present in the samples, mainly 
using target strategies. An exception are target methodologies focusing on 
specific families of compounds (e.g. phthalates), where metabolites are 
usually included. In the target study of Publication #14, 8 of the 12 target 
compounds (8 benzophenones derivatives and 4 PBs) were at least detected 
in one of the cord blood samples, with detection frequencies ranging 
between 1.4 and 17.4 %. In order to expand the chemical domain and obtain 
a more holistic picture of PCPs exposure, an additional suspect screening of 
3,426 PCPs was performed. It included a combined inventory of ingredients 
employed in cosmetic and personal care products. Of those 3,426 compounds, 
13 additional compounds were tentatively identified, and 10 could finally be 
confirmed with their standard. 

BP4, for example, was found at considerable concentrations in tomatoes 
(68.7 ng/g average), but the RQ could not be calculated. In addition, using the 
target analysis approach, only some CECs and TPs were included in the study, 
giving a partial picture of the CECs’ occurrence in the crops. It means some 
undetected contaminants could change the reported RQ values, depending 
on the concentrations. Furthermore, the RQs are estimations, and although 
they are useful as qualitative indicators, human biomonitoring is mandatory 
to know the actual exposure to these contaminants.

4HB EtPABA SCY
1.8E-02 4.1E-03 7.0E-02

N.A. N.A. 70.35
N.A. N.A. 0.001

SCY DCF ATL CBZ OXL BZT
3.8E-04 3.1E-04 2.4E-05 3.6E-06 3.4E-05 6.1E-05

6.3 1.4 2.7 2.9 2.5 1.5
6.0E-05 2.2E-04 8.9E-06 1.2E-06 1.3E-05 4.1E-05

SCY DCF CBZ OXL BZT NPX
1.9E-03 4.6E-03 1.6E-04 1.1E-04 7.8E-06 2.1E-04

6.3 1.4 2.9 2.5 1.5 7.1
3.0E-04 3.3E-03 5.4E-05 4.4E-05 5.2E-06 3.0E-05

SCY DCF ATL OXL
2.7E-02 9.8E-04 1.2E-03 8.0E-05

6.3 1.4 2.7 2.5
4.31E-03 7.0E-04 4.4E-04 3.2E-05

Carrots

EDI (µg/kg*BW*day)
ADI (µg/kg*BW*day)

RQ

Fish

EDI (µg/kg*BW*day)
ADI (µg/kg*BW*day)

RQ

Lettuces

EDI (µg/kg*BW*day)
ADI (µg/kg*BW*day)

RQ

Tomatoes

EDI (µg/kg*BW*day)
ADI (µg/kg*BW*day)

RQ

Table 6.2. Estimated daily intake (EDI), acceptable daily intake (ADI) and risk quotients (RQ) for 
the compounds found at highest concentrations in fish, lettuces, tomatoes, and carrots. BW: Body 

weight
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Figure 6.3. PCPs’ accumulated concentrations in positive samples (ng/mL) (left) and detection 
frequency, range and average of the target PCPs (right).

The detection frequencies in the suspect screening ranged between 1.4 
and 20.3 %. This shows that some of the identified compounds were present 
in more samples than BP3, the most frequently detected target compound. 
To the author’s knowledge, this is the first evidence of the presence of eleven 
of these thirteen compounds in cord blood. The presence of some CECs, 
such as erythromycin (ERY), an antibiotic often prescribed when the waters 
break early (Romøren et al., 2012), is evident. But other CECs’ occurrence, 
such as 3,4-Dihydro-2H-1,4-Benzoxazin-6-ol (BZX), a hair dyeing, was much 
more complicated to predict and would not be selected a priori for target 
analysis. The information available for most of these compounds is very 
limited, especially regarding toxicological information. Some of them (such as 
N-Methyl-2-pyrrolidone (MPY)) display reproductive toxicity and may damage 
the foetus. These effects are especially concerning for compounds present in 
the foetus’ blood while developing. 

Therefore, the complementary use of target and non-target strategies is key 
to obtaining an overall picture of the contaminants present. These two works 
may be considered a preliminary and integrated study to provide the required 
analytical methodology and base concentration levels of benzophenone-
type UVFs and PBs in human cord blood. We expect this will help further the 
determination of other PCPs in human umbilical cord blood in new studies. In 
addition, further research is guaranteed to assess the long-term effects of the 
determined PCPs in the development of the foetus and throughout the life of 
the child.

Detection Range Average*
frequency % (ng/mL)  (ng/mL)

BP3 17 9-23 12.7
BP1 3 6-7 6.9
BP2 6 2-53 14.9
4HB 1 7 7.5
AVO 14 9-24 12.4
BP4 4 1-5 5.2
PrPB 1 5 7.3

MePB 6 5-10 3.3
*Average calculated only

 with positive samples
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7. Conclusions

The wide range of CECs and the diverse physicochemical properties they 
present suppose a challenge from an analytical point of view. Furthermore, 
to correctly assess their occurrence and fate, very diverse samples of origin 
and nature need to be analysed. It supposes developing, validating, and 
applying robust analytical methodologies specific and sensitive enough 
to these samples, as has been done in this thesis. Despite the consequent 
workload, investment and complexity, novel results on CECs’ occurrence in 
environmental compartments have been obtained, the evaluation of new 
removal techniques has been carried out, the feasibility of reusing water 
for agriculture has been assessed, and, finally,  human exposure to selected 
CECs has been evaluated. From all this, the following conclusions have been 
drawn:

· UVFs and PBs, are ubiquitous in aquatic environmental compartments. UVFs 
and PBs occurrence is reported for the first time in seagrass and non-studied 
areas such as the Madhia coast in Tunisia. However, their bioaccumulation 
trends and mechanisms behind are different among environmental matrices. 
Therefore, using the contaminants’ lipophilic properties is not enough to 
reliably predict their occurrence in different environmental samples.

· UVFs and PBs temporal trends were evaluated in seagrass, showing that 
these contaminants were already present in the marine environment 20 years 
ago on the Mallorca Island coastline. The trends varied among the locations, 
but the ones with higher anthropogenic impact correlated with the levels 
of the contaminants, demonstrating the strong effect of big cities to close 
environmental ecosystems. Furthermore, the contamination levels seem to 
increase in the last few years.
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· An additional suspect screening of the cord blood samples has been 
crucial to tentatively identify 13 PCPs, 10 finally confirmed with the respective 
standard. Eleven of these PCPs are reported for the first time in cord blood. It 
demonstrates that not only frequently used PCPs reach the human blood and 
cross the placental barrier with unknown effects. 

Overall, from all the work reported in this thesis, it can be concluded that 
CECs are extensively present in the aquatic environment, basically because 
WWTPs are not able to remove them completely from wastewater. Due to 
its persistence, CECs can be uptaken by crops when irrigated with reclaimed 
water and, ultimately, bioaccumulated in the human body but posing no risk 
at the determined values. Their occurrence in the umbilical cord and the 
associated capacity to cross the placental barrier is especially concerning. 
These facts, and the lack of toxicological information available, make them 
contaminants of great interest that require exhaustive monitoring at all levels. 

· A lab-scale and two pilot wastewater treatment technologies, algal ponds 
and SAT with reactive barriers, have been evaluated through the continuous 
monitoring of CECs along the processes. It showed that real-scale technologies 
are better suited for testing under real conditions as integrate factors that 
cannot be mimicked at laboratory scale.

· The combination of different removal techniques can enhance the CECs 
removal rates. It was shown by the outstanding performance of combining 
reactive barriers with a SAT system after secondary wastewater treatment. 
However, actual elimination techniques are still far from a complete CECs 
removal from wastewater, and further studies are needed in this direction. 

· A new analytical methodology based on QuEChERS extraction proved 
useful for routine analysis of CECs in different crops. The type of crop (e.g. 
fruit, root, or leaf) and the cultivation variables ((e.g. irrigation water quality, 
soil composition, or irrigation system) can condition the final uptake of 
contaminants, showing different accumulation trends. Carrots were the crop 
with higher uptaken values, followed by tomatoes and lettuce. Besides, using 
reclaimed water by sprinkling irrigation in clayey soil was generally the best 
cultivation condition to lower crop uptake. 

· The formation of TPs during the uptake processes is probable. 
Complex transformations are impossible to predict and include in target 
analysis approaches, making the use of suspect (non-target) approaches a 
complementary and valuable tool. 

· The RQ are a valuable tool to estimate the risk of the detected contaminants 
to human health, but it should be used as a qualitative parameter since it is 
an estimation. The best procedure to evaluate human exposure to CECs is the 
analysis of human samples, despite the complexity it involves.

· PCPs’ capacity to bioaccumulate in pregnant women has been proved. 
The ability of these contaminants to cross the placental barrier constitutes 
prenatal exposure to the foetus in critical development stages. BP3’s and 
MePB’s extensive use in formulations of daily-use products agrees with 
the detection frequencies found in the umbilical cord blood. Besides, the 
sunscreen AVO is reported for the first time in cord blood.
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