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Abstract 
 

Emerging contaminants, from waste to taste? Recently, the number of wastewater 

treatment plants increased and consequently, the sludge/compost production. Sludge 

retains high organic matter content and minerals, which make them prone to be used 

as agricultural fertilizer. Although sludge/compost are increasingly used as fertilizer, 

concerns have emerged on possible risks (e.g. organic pollutants contamination). In fact, 

after application to soil, contaminants can accumulate, be taken up by plants or leach 

into groundwater. This work aimed to understand the behaviour of previously selected 

model compounds of ultraviolet-filters (UVFs) and synthetic musk compounds (SMCs), 

by determining their presence in environmental matrices such as water, 

sludge/compost and soil and to study the possible uptake and translocation of UVFs and 

SMCs by the tomato fruit in composted amended soil.  

For that, several analytical methodologies were developed. For water, the analytical 

method developed consisted on the preconcentration of water samples by dispersive 

liquid-liquid microextraction (DLLME) and analysis by gas chromatography tandem mass 

spectrometry detection (GC-MS/MS). This methodology is an easy and fast procedure of 

detecting a possible contamination, at low levels, in different types of water, namely tap 

water, river and sea water as well as wastewater. For this methodology, 2-propanol was 

used as dispersive solvent and 1,1,2-trichloroethane as extractant solvent. The method 

limit of detection (MDL) ranged from 0.1 ng L−1 (octocrylene, OC); celestolide, ADBI) to 

20.0 ng L−1 (benzophenone, BZ). Recoveries assays were performed at four spike levels 

(50, 250, 500 and 1500 ng L-1) in all the above mentioned water matrices, and average 

recoveries of the analytes based on the surrogate correction ranged from 80 to 120%, 

with a good repeatability (relative standard deviations (RSD) less than 10%). This 

analytical methodology was necessary for further analysis of leachate samples from the 

final experiments.  

The UVFs and SMCs contamination in sludge/compost samples was already suspected 

due to literature review. Nevertheless, not all target compounds were mentioned in the 

peer reviewed papers available. Thus, a Quick, Easy, Cheap, Effective, Rugged and Safe 

(QuEChERS) methodology followed by gas chromatography – triple quadrupole mass 
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spectrometry (GC–MS/MS) was developed and optimized by a design of experiments 

(DoE) approach, applying first a screening design (SD) and then a central composite 

design (CCD). The best conditions achieved to extract the target UVFs and SMCs 

simultaneously were: 500 mg freeze dried sludge, 2.5 min of vortex and 15 min 

ultrasound and the use of a QuEChERS for the dispersive solid-phase extraction (d-SPE) 

containing 500 mg MgSO4, 410 mg C18 and 315 mg PSA. The method detection and 

quantification limits (MDLs and MQLs) ranged between 0.5 (cashmeran, DPMI) and 1394 

(exaltolide, EXA) ng g-1 dw and 2 and 4648 ng g-1 dw, respectively (DPMI and EXA). High 

average recoveries were obtained, ranging from 75% (DPMI) to 121% (2‑ethylhexyl 

4‑methoxycinnamate, EMC), as well as good repeatability values (RSD <8%). This 

methodology was applied either to sludge samples, as well as biosolid compost samples, 

yielding similar recoveries.  

Since soil is the main receiving medium of sludge/compost used as fertilizer, a 

QuEChERS/GC–MS/MS methodology was optimized and validated for this matrix. 

Accuracy, assessed by recovery tests, ranged from 81% to 122% and a good precision 

was achieved, with RSD < 4%. The MDL varied from varied from 0.02 (drometrizole 

trisiloxane, DTS) to 46.3 (exaltolite, EXA) ng g-1 dw. This methodology was also found 

suitable for the analysis of UVFs and SMCs in commercially substrate as well as in 

mixtures of soil and substrate.  

Due to the deliberate introduction of UVFs and SMCs into soils through the application 

of sludge or commercially available compost as fertilizers, these pollutants may enter 

the food chain if crop uptake occurs. To study this behaviour, it was necessary to carry 

out plant uptake studies and, for that, it is also essential to develop simple, expeditious 

and reliable analytical methodologies to detect those compounds in tomatoes. 

Therefore, a sensitive, reliable and fast multiresidue methodology based on a 

QuEChERS/GC-MS/MS for the determination of six UVFs and thirteen SMCs in tomatoes 

was developed and validated. Tomatoes were chosen for this study based on European 

and national production and consumption habits, as well as due to their frequent use in 

plant uptake trials as they may grow all year in agricultural fields or greenhouses. The 

proposed methodology was optimized: 2 g of freeze-dried tomato, extracted with 4 mL 

of water and 10 mL of ethyl acetate, adding 6 g of MgSO4 and 1.5 g of NaCl, then a 
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dispersive solid-phase extraction was performed using 3 g of MgSO4, 300 mg of primary-

secondary amino adsorbent (PSA) and 300 mg of octadecyl-silica (C18). MQLs ranged 

between 0.4 (celestolide) and 47.9 ng g-1 dw (exaltolide) and recoveries between 81 

(celestolide, ADBI) and 119% (musk tibetene, MT), with RSD < 10%. Based on the 

obtained results, primary exposure and risk of human consumption was estimated, 

suggesting that a potential health risk is unlikely.  

The uptake of UVFs and SMCs was assessed in Micro Tom tomatoes, in a ‘walk-in 

chamber’ under controlled temperature and humidity conditions and with different 

types of soil compositions. The  results showed that there was an uptake of most of the 

target compounds. A risk assessment showed that there was no risk in the consumption 

of tomato fruits from this experiment, based on a tolerable weekly exposure assessment 

for an adult (body weight of 60 kg), consuming around 0.5 kg of tomato per person per 

week. 

Finally, it can be affirmed that this work is a relevant contribution to the knowledge of 

the consumption of tomatoes grown in sludge based fertilizers in soils, suggesting that 

there is no risk associated due to the low levels detected in the fruit, nevertheless, more 

studies need to be performed. 
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Resumo 
 

Contaminantes emergentes, dos resíduos ao palato? Recentemente, o número de 

estações de tratamento de águas residuais aumentou e consequentemente, a produção 

de lamas/composto. A lama contém um elevado teor de matéria orgânica e de minerais, 

o que a torna propensa a ser usada como fertilizante agrícola. Embora a lama/composto 

seja cada vez mais usada como fertilizante, existe uma preocupação crescente sobre os 

possíveis riscos associados a esta prática (por exemplo, contaminação por poluentes 

orgânicos). De facto, após a aplicação no solo, os contaminantes podem-se acumular, 

ser absorvidos pelas plantas neles cultivados ou lixiviar, atingindo águas subterrâneas. 

Este trabalho teve como objetivo compreender o comportamento de compostos 

modelo previamente selecionados pertencentes à classe dos filtros ultravioleta (UVFs) 

e almíscares sintéticos (SMCs), determinando a sua presença em matrizes ambientais 

como água, lama/composto e solos e estudar a possível absorção dos UVFs e SMCs pelo 

tomate em solo fertilizado com lama/composto. 

Para isso, foram desenvolvidas várias metodologias analíticas. Para as matrizes de água, 

o método analítico desenvolvido consistiu na pré-concentração das amostras por 

microextração líquido-líquido dispersiva (DLLME) e na análise por cromatografia em fase 

gasosa, com deteção em espectrometria de massa (GC-MS/MS). Este pretendia ser um 

procedimento fácil e rápido para detetar uma possível contaminação a baixos níveis de 

concentração, em diferentes tipos de água, nomeadamente água da torneira, rio e mar, 

bem como águas residuais. Para esta metodologia, o 2-propanol foi utilizado como 

solvente de dispersão e 1,1,2-tricloroetano como solvente de extração. O limite de 

deteção do método variou entre 0,1 ng L-1 (octocrileno, OC; celestolide, ADBI) e 20,0 ng 

L-1 (benzofenona, BZ). Os ensaios de recuperação foram realizados em quatro níveis de 

fortificação (50, 250, 500 e 1500 ng L-1) em todas as matrizes de água acima 

mencionadas, e as recuperações médias dos analitos com base na correção dos padrões 

internos variaram de 80 a 120%, com uma boa repetibilidade (desvios padrão relativos 

(RSD) inferiores a 10%). Esta metodologia analítica foi necessária para a determinação 

dos compostos alvo em amostras de lixiviados das experiências finais. 
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A contaminação por UVFs e SMCs em amostras de lama/composto já era suspeita devido 

à revisão da literatura. No entanto, nem todos os compostos-alvo foram mencionados 

nos artigos encontrados. Assim, uma metodologia QuEChERS (siglonimização das 

palavras “Rápida, Fácil, Barata, Efetiva, Robusta e Segura” em inglês), seguida de análise 

por GC-MS/MS, foi desenvolvida e otimizada utilizando desenho de experiências (DoE), 

aplicando primeiro uma etapa de screening (SD), seguida de um desenho composto 

central (CCD). As melhores condições alcançadas para extrair os UVFs e SMCs 

simultaneamente foram: 500 mg de lama liofilizada, 2,5 min de vórtice e 15 min em 

banho de ultrassom e o uso de um QuEChERS para a extração em fase sólida dispersiva 

(d-SPE) contendo 500 mg de MgSO4, 410 mg de C18 e 315 mg de PSA. Os limites de 

deteção e quantificação do método (MDLs e MQLs) variaram entre 0,5 (cashmeran, 

DPMI) e 1394 (exaltolide, EXA) ng g-1 dw e 2 e 4648 ng g-1 dw, respectivamente (DPMI e 

EXA). Além disso, foram obtidas recuperações relativamente elevadas, variando entre 

75 (DPMI) e 121% (2-etilhexil-4-metoxicinamato, EMC), com boa repetibilidade (RSD 

<8%). Esta metodologia foi aplicada tanto nas amostras de lama como nas de composto, 

obtendo recuperações semelhantes. 

Como o solo é o principal local de destino da aplicação da lama/composto como 

fertilizante, foi desenvolvida, optimizada e validada uma metodologia QuEChERS 

seguida por deteção por GC-MS/MS para a análise desta matriz. A exatidão, avaliada por 

testes de recuperação, variou entre 81 e 122% e uma boa precisão foi obtida, com RSD 

<4%. O limite de deteção do método variou entre 0,02 (drometrizole trisiloxano, DTS) e 

73.37 (exaltolite, EXA) ng g-1 dw. Esta metodologia também foi considerada adequada 

para a análise de UVFs e SMCs em substrato comercial, bem como em misturas de solo 

e substrato. 

Devido à introdução deliberada de UVFs e SMCs em solos através da aplicação de lama 

ou composto comercialmente disponível como fertilizantes, existe a possibilidade de 

entrada desses poluentes na cadeia alimentar, caso ocorra a sua absorção pelas 

culturas. Para estudar esse comportamento, foi necessário realizar estudos de uptake 

pelas plantas e, para isso, foi também necessário desenvolver metodologias analíticas 

simples, rápidas e confiáveis. Assim, foi desenvolvida e validada uma metodologia 

multirresíduos sensível, confiável e rápida, baseada em QuEChERS/GC-MS/MS para a 
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determinação de seis UVFs e treze SMCs em tomates. Os tomates foram escolhidos para 

este estudo com base nos níveis de produção nacionais e nos hábitos de consumo 

europeus e nacionais, bem como devido ao seu uso frequente em ensaios de uptake de 

plantas, pois podem crescer o ano todo em campos agrícolas ou estufas. A metodologia 

proposta foi otimizada, consistindo em 2 g de tomate liofilizado, extraído com 4 mL de 

água e 10 mL de acetato de etilo, adicionando 6 g de MgSO4 e 1,5 g de NaCl; em seguida, 

foi realizada uma d-SPE usando 3 g de MgSO4, 300 mg de PSA e 300 mg C18. Os limites 

de quantificação do método variaram entre 0,4 (celestolide, ADBI) e 47,9 ng g-1 dw (EXA) 

e recuperações entre 81 (ADBI) e 119% (musk tibeteno, MT), com RSD <10%. Com base 

nos resultados obtidos, foi estimada a exposição primária e o risco associado ao 

consumo humano destes tomates, sugerindo que um potencial risco para a saúde seja 

pouco provável. 

O uptake de UVFs e SMCs por tomates Micro-Tom, foi avaliado numa câmara de 

fitoclima, sob condições controladas de temperatura e humidade e usando diferentes 

composições de solo. Os resultados mostraram que houve uma absorção da maioria dos 

compostos alvo. Uma avaliação de risco mostrou que não havia risco no consumo de 

tomate, com base numa estimativa da exposição semanal tolerável de um adulto 

(assumindo um peso corporal médio de 60 kg), consumindo cerca de 0,5 kg de tomate 

por pessoa por semana.  

Finalmente, pode-se afirmar que este trabalho constitui uma contribuição relevante 

para o conhecimento do consumo de tomates cultivados em fertilizantes à base de lama 

nos solos, sugerindo que não há risco associado devido aos baixos níveis detetados nos 

frutos. No entanto, será necessário realizar-se mais estudos. 
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Part I: Framework 
 

In this section, a general overview of the work is presented, as well as their relevance, 

and the main objectives are defined. The structure of this thesis is also explained, chapter 

by chapter.  
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Overview  
 

In the past years, a growing concern about the contaminants commonly known as 

emerging pollutants has been noticed (Noguera-Oviedo and Aga, 2016). In fact, personal 

care products (PCPs) have attracted the attention of the scientific community. Although 

PCPs have been used for over a century, only in the last 20 years their environmental 

impacts have been considered due to their widespread use and continuous release to 

the environment (Brausch and Rand, 2011; Pedrouzo et al., 2011). Within the class of 

PCPs, synthetic musk compounds (SMCs) and UV-filters (UVFs) are examples of 

compounds that are commonly incorporated in daily life products (e.g. soaps, 

shampoos, detergents, lotions, perfumes, etc.) (Brooke et al., 2008; Mikkelsen, 2015; 

Peck, 2006; Vallecillos et al., 2015). SMCs are used as base notes in perfumery and as 

fragrance fixatives and they are considered environmentally persistent, bioaccumulative 

and are suspected to be hormone disruptors (Nakata et al., 2015; Witorsch and Thomas, 

2010). UVFs are organic chemicals that can absorb UV radiation, attenuating the 

negative effects of sunlight exposure. Studies have shown that UVFs may also 

accumulate in the environment through direct and indirect sources and bioaccumulate 

in living organisms, showing estrogenic and hormonal activities (Molins-Delgado et al., 

2016; Osterwalder and Hareng, 2016; Sobek et al., 2013).  

Once used, the products containing this kind of PCPs are usually washed down-the-drain 

and end up in wastewater treatment plants (WWTPs) (Homem et al., 2015a; Ramos et 

al., 2016). However, WWTPs are not completely efficient in removing these PCPs, which 

eventually will be discharged through the effluents into the receiving media (rivers, 

lakes, sea, etc.) (Ramos et al., 2015). Persistent and lipophilic organic pollutants, such as 

SMCs and some UVFs, tend to preferably accumulate in the produced sewage sludge, 

which may be applied in farmlands as organic fertilizers (Rigby et al., 2016; Sharma et 

al., 2017). The application of these biosolids is especially favourable in poor quality soils. 

In fact, the high amount of organic matter present in those biosolids, as well as essential 

nutrients for plants, especially nitrogen (N) and phosphorus (P), make these residues 

good amendment agents, from an agronomic perspective (Banuelos et al., 2004). 

Nevertheless, the disposal of sludge as fertilizer is only regulated regarding the presence 
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of heavy metals, pathogens and some organic compounds of concern (linear 

alkylbenzene sulfonates (LASs), nonylphenols and nonylphenol ethoxylates (NPE), 

polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 

polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)), 

with limits established either in Portugal and Europe (Decree-Law No. 103/2015; 

Decree-Law No. 276/2009; Regulation (EC) No 2003/2003). 

The growing global population has directly resulted in generation of huge amounts of 

diverse solid wastes worldwide. In Europe, in 2016, around 304,813.9 thousand tonnes 

of sewage sludge were produced, of which only 3.5%, corresponding to a total amount 

of 10,674.3 thousand tonnes, were used in agriculture as fertilizers. In Portugal, in the 

same year, 119.17 thousand tonnes of sludge were produced, from which 13.9 thousand 

tonnes were used in agriculture and 5.1 thousand tonnes were disposed in landfills 

(Eurostat, 2019a, 2019b). Landfill disposal of sewage sludge is a worldwide problem due 

to the associated environmental and social issues. The main environmental problems 

related to this practice are the risk of nutrient leaching, harmful effects on soil 

biodiversity and greenhouse gas emissions, these are also problems related to the use 

of not treated sewage sludge as fertilizers in agricultural fields. Social issues are related 

to human health problems due to air pollution caused by incineration of the waste and 

odour or amenity effects by landfills (Przydatek and Wota, 2019). Actually, there is an 

European Directive that limits sewage sludge storage, called the Landfill Directive 

(Council Directive 99/31/EC). This document states that the priority over sewage sludge 

should be prevention in the production, encouragement of recycling and waste 

recovery, as well as the use of the waste as a source of energy.  

However, the potential transfer of PCPs from sewage sludge or fertilizers produced from 

it to the soils and consequently, to crops, has not been a concern so far. Although, this 

practice is increasingly encouraged due to the adoption of circular economy policies that 

promote the reuse of waste generated, emerging contaminants such as UVFs and SMCs 

have been poorly studied in this context. Nevertheless, the ubiquitous presence of SMCs 

in the environment and in sewage sludge has been thoroughly described, compiled and 

compared in the past years (e.g. Homem et al., 2015b; Liu and Wong, 2013). However, 
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this did not happen for UVFs. Therefore, Part II of this work focuses only on the review 

of these compounds.  

As consequence, the application of sewage sludge as fertilizer may be considered a 

pathway for the introduction of UVFs and SMCs in the soil and consequently, into the 

food chain through crop uptake (Lai et al., 2014a; Litz et al., 2007; Macherius et al., 2012; 

Muller et al., 2006). Only a few studies were found regarding the uptake of UVFs and 

SMCs by crops grown in amended-soils. In the first case, only studies with benzotriazoles 

were found (Lai et al., 2014b), while in the latter case, most studies focused on 

galaxolide (HHCB) and tonalide (AHTN) (Calderón-Preciado et al., 2012; Litz et al., 2007; 

Macherius et al., 2012), which concluded that these compounds are translocated into 

the crop under study. Therefore, the development of further studies with emerging 

compounds in this area is essential to ensure environmental and human health safety. 

Different crop plants may be used in this type of study (Christou et al., 2019; Pullagurala 

et al., 2018). The tomato fruit was the crop chosen for this project. This choice was based 

on production and consumption statistics in Portugal. According to the ‘2015 

Agricultural Statistics’ (Instituto Nacional de Estatística, 2016), 1.8 million tons of 

tomatoes were produced for industry (reaching a record), but also tomato for fresh 

consumption reached the highest production volume (around 97 thousand tons). In 

addition, the tomato plant has a fast growth rate, making this crop the better choice for 

this study. 

Risk assessment approaches for organic compounds in food have already been 

described in different matrices (e.g. seafood, vegetables and fruits) (Cunha et al., 2015; 

Hlihor et al., 2019; Prosser and Sibley, 2015). Although there is a lack of human risk 

studies related to the ingestion of food contaminated by SMCs and UVFs, this situation 

should be seriously taken into consideration since there are no regulations to prevent 

the ingestion of these potential hazardous pollutants. Moreover, this work focuses only 

in UVFs and SMCs, but is fair to say that these are not the only compounds uptake by 

crops and, therefore, more studies within this field of experiments should be 

encouraged, either with different compounds and/or crops in order to ensure human 

safety (Colon and Toor, 2016; Pullagurala et al., 2018; Taylor-Smith, 2015). There is also 

a lack of information regarding the levels of UVFs and SMCs in sludge/compost and its 
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partitioning to soil, as well as studies of crop uptake in amended-soils. Therefore, this 

subject needs to be studied due to the concerning consequences to human health.  

 

Objectives 
 

The main objectives of this project are to understand the behaviour of two distinctive 

chemical families of PCPs, the UVFs and SMCs, determine their presence in 

environmental matrices and monitoring their path to the entrance in the food web. 

Specific objectives include the implementation and validation of analytical 

methodologies for the determination of SMCs (nitro, poly and macro) and UVFs (six 

compounds from different families) in environmental matrices such as sludge/compost, 

soil, leachate water and the tomato fruit; the characterization of soils/sludge/compost 

to assess the influence of their properties on the behaviour of the target compounds in 

soil; to investigate the uptake and translocation of PCPs by tomatoes after crop 

fertilization with compost, using a controlled climatic chamber (evaluation of the effect 

of the amount of fertilizer, the amount of selected target compounds; analysis of the 

contamination levels in the tomato fruit; development of partitioning and uptake 

models; risk assessment). 

 

Outline 
 

For a better understanding of the work developed, this thesis was divided into five parts. 

The first part is the Framework (Part I), where a general overview of the work is 

explained, as well as the objectives and the thesis organization.  

Part (II), corresponding to the Introduction and State of the Art, comprises two chapters 

that explain the problematic of UV-Filters (Chapter 1 and 2). An introduction and state 

of the art devoted only to SMCs were not included in this thesis due to the number of 

review papers found in the literature on this subject (Balk and Ford, 1999; Clarke and 

Smith, 2011;  Pinkas et al., 2017), including studies developed in the working group 

(Homem et al., 2015a, 2015b). Also, within each Chapter 3 to 7, a literature overview on 

musks is present within each topic of research. To complement relevant information, on 
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Annex 3, Table S3.1, is presented the state of the art regarding treatments, extraction 

methodologies and concentrations of muks in sewage sludge, and in Annex 5, Table S5.3, 

is presented hazard identification and NOAEL values for this class also.  

Part (III) consists of four chapters devoted to the development of analytical 

methodologies capable to determine SMCs and UVFs in different matrices. Chapter 3 is 

related to water matrices, Chapter 4 to sewage sludge, Chapter 5 to soils and Chapter 6 

to tomato fruits.  

Part IV is the culmination of all the knowledge acquired during this study, and where all 

methodologies developed have been applied to determine UVFs and SMCs uptake by 

tomatoes grown in amended-soils (Chapter 7).  

Part V is the final section where a general discussion is developed and the main 

conclusions presented (Chapter 8) and finally, the future work is discussed (Chapter 9). 
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Part II: Introduction and State of the Art 
 

In this section, a review on UVFs is presented in two chapters. The first with a general overview 

of the compounds properties as wells as the presence of these compounds in environmental 

matrices and biota. Also, the analytical methods used for the determination of these compounds 

are presented and discussed. Chapter two describes the presence of UVFs in WWTPs, since they 

enter in influent wastewater until they exit as effluent wastewater or sewage sludge, discussing 

treatment methods, concentrations levels and analytical methodologies for their detection. 
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Chapter 1. Advances in analytical methods and occurrence of 

organic UV-filters in the environment – A review  
 

Sara Ramos, Vera Homem, Arminda Alves, Lúcia Santos, 

 Science of the Total Environment, 526, pp. 278–311 (2015) 

 

Abstract 

UV-filters are a group of compounds designed mainly to protect skin against UVA and 

UVB radiation, but they are also included in plastics, furniture, etc., to protect products 

from light damage. Their massive use in sunscreens for skin protection has been 

increasing due to the awareness of the chronic and acute effects of UV radiation. Some 

organic UV-filters have raised significant concerns in the past few years for their 

continuous usage, persistent input and potential threat to ecological environment and 

human health. UV-filters end up in wastewater and because wastewater treatment 

plants are not efficient in removing them, lipophilic compounds tend to sorb onto sludge 

and hydrophilics end up in river water, contaminating the existing biota. To better 

understand the risk associated with UV-filters in the environment a thorough review 

regarding their physicochemical properties, toxicity and environmental degradation, 

analytical methods and their occurrence was conducted. 

Higher UV-filter concentrations were found in rivers, reaching 0.3 mg L-1 for the most 

studied family, the benzophenone derivatives. Concentrations in the ng to μg L-1 range 

were also detected for the p-aminobenzoic acid, cinnamate, crylene and benzoyl 

methane derivatives in lake and sea water. Although at lower levels (few ng L-1), UV-

filters were also found in tap and groundwater. Swimming pool water is also a sink for 

UV-filters and its chlorine by-products, at the μg L-1 range, highlighting the 

benzophenone and benzimidazole derivatives. Soils and sediments are not frequently 

studied, but concentrations in the μg L-1 range have already been found especially for 

the benzophenone and crylene derivatives. Aquatic biota is frequently studied and UV-

filters are found in the ng g-1 dw range with higher values for fish and mussels. It has 

been concluded that more information regarding UV-filter degradation studies both in 
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water and sediments is necessary and environmental occurrences should be monitored 

more frequently and deeply. 

 

Keywords: UV-filters; Environment; Occurrence; Analytical methods  
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1.1  Introduction 

In the past few years, concern for sunburns, premature skin aging and the risk of 

developing skin cancer has raised and ultraviolet (UV) radiation has been considered a 

public health threat. UV radiation can reach the earth surface in both UVA (315–400 nm) 

and UVB (280–315 nm) ranges, while solar light UVC (200–280 nm) is absorbed by ozone 

in the stratosphere (Kim and Choi, 2014).  

UV-filters are compounds designed mainly to protect our skin against damage by UVA 

and UVB radiation. These compounds can either be organic (chemical) absorbers or 

inorganic (physical) blockers, depending on the basis of their mechanism of action. 

Organic UV-filters absorb UV radiation and the absorbed energy produces an excited 

state of the molecule, giving it higher energy content. The excess of energy is dissipated 

by emission of higher wavelengths or relaxation by photochemical processes, for 

example isomerisation and heat release (Abdelraheem et al., 2015). Inorganic 

sunscreens, like titanium dioxide and zinc oxide, protect the skin by reflecting and 

scattering UV radiation (Crista et al., 2014). In this review, only organic UV-filters are 

considered because of their frequent use at higher quantities. 

Although UV-filters are mainly incorporated in cosmetics (such as sunscreen lotions, skin 

care, facial makeup and lip care products), they are also included in a wide range of 

products including plastics, adhesives, paint and rubber in order to protect from UV 

degradation (Brooke et al., 2008; Gackowska et al., 2014). Personal care products with 

a high sun protection factor (SPF) values are the most popular among consumers; 

however, the ‘false’ sense of protection leads to prolonged sun exposure. In order to 

enhance the SPF values, several combinations of UV-filters are used (both organic UVA 

and UVB and inorganic) and their total concentration in the final products increased. 

This results in an increased population exposure to a higher and greater diversity of UV-

filters (Chisvert et al., 2001; Manova et al., 2013). 

At some point, the majority of cosmetic products will find their way into wastewater 

(due to bathing and washing activities) and consequently into rivers, lakes and ocean, so 

it is not surprising that UV-filters are found in the environment (Abdelraheem et al., 

2015; Duirk et al., 2013). A schematic of the major pathways of UV-filters in the 
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environment was presented by Giokas et al. (2007) and can be completed with the 

understanding of the urban water cycle presented by Pal et al. (2014). UV-filters are very 

persistent in the environment due to their massive use and physicochemical properties 

(Liu and Wong, 2013; Rodil et al., 2009a) and their environmental issues are related 

mainly to their endocrine disrupting potential, systemic circulation and probable 

exposure of all tissues in the body in humans (Krause et al., 2012), mammals (Schlumpf 

et al., 2004), amphibian and also fish (Blüthgen et al., 2014). 

The first review specifically oriented to UV-filters appeared in 1999 by Daughton and 

Ternes and the second in 2007 by Giokas et al. However, other reviews regarding specific 

topics under UV-filters also exist, such as BP3 (Kim and Choi, 2014), UV-filter 

transformation products (Santos et al., 2012) and UV-filter occurrence in biota (Gago-

Ferrero et al., 2012). Overviews of analytical methods for determining UV-filters in 

cosmetic products (Salvador and Chisvert, 2005), human samples (Jiménez-Díaz et al., 

2014) and advanced aspects of current LC–MS/MS methodology (Gago-Ferrero et al., 

2013a) were also published, as well as regarding toxicity of few UV-filters in the aquatic 

environment (Brausch and Rand, 2011). 

Therefore, the main objective of this review is to summarize the scattered information 

about the utilization of UV-filters and to explain why this class of compounds has raised 

so much concern in the past years. It is also expected to summarize and analyze the UV-

filter profiles in several matrices (water, soil, sediments and biota), describe the 

analytical methods most used and analyze the overall distribution and fate of UV-filters 

in the environment. 

 

1.2  UV-filter characterization 

 

1.2.1 Chemistry  

The most used UV-filters in today's worldwide industry and the most detected in 

environmental matrices are represented in Figure 1.1, according to their chemical 

family. Those whose use in cosmetics is currently allowed by European legislation 

(Regulation (EC) No 1223/2009) (in Annex VI “List of UV-filters allowed in cosmetic 
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products”) are marked in bold. Different abbreviations were found in literature for the 

same compound. For that reason, the CAS number which unequivocally defines the 

chemical, an abbreviation and also the chemical structure, were included in Figure 1.1. 

The 46 organic UV-filters were grouped in 11 chemical families (Bester, 2007; Crista et 

al., 2014): benzophenone derivatives (two benzene rings joined by a carbonyl group), p-

aminobenzoic acid derivatives (one benzene ring substituted with an amino group and 

a carboxyl group in the para position), camphor derivatives (organic compounds 

classified as terpenoids), benzotriazole derivatives (composed by a fused benzene and 5 

member unsaturated ring structure with 3 nitrogen atoms), salicylate derivatives 

(containing a monohydroxybenzoic acid group), triazine derivatives (six-membered 

benzene-like ring, with three carbons replaced by nitrogen atoms), benzimidazole 

derivatives (heterocyclic aromatic organic compound derivative with a merged benzene 

and imidazole ring), cinnamate derivatives (unsaturated carboxylic acids), 

benzylmalonate derivatives (esters of dicarboxylic acids with a benzylic substituent), 

crylene derivatives (aromatic acrylates) and dibenzoyl methane derivatives (aromatic 

1,3-diketone derivative of acetylacetone, where both methyl groups have been 

substituted by phenyl groups). Another compound, benzhydrol (diphenylmethanol), 

was not grouped in any family because it is a metabolite that results from benzophenone 

reduction. 
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Ethyl 4-aminobenzoate (Et-PABA)  
CAS: 94-09-7 

Octyldimethyl-p-aminobenzoic acid (ODP)  
 CAS: 58817-05-3 

Figure 1.1 Organic UV-filters (in bold the allowed UV-filters in cosmetics) 
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Camphor derivatives  
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Methylene bis-benzotriazolyltetramethyl butylphenol (MBBT) 

 CAS: 103597-45-1 

 
Salicylate derivatives 
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2-Ethylhexyl salicylate (ES)  
CAS: 118-60-5 

3,3,5-Trimethylciclohexyl salicylate 
(Homosalate) (HMS)  

CAS: 118-56-9 

Benzylsalicylate (BZS)  
CAS: 118-58-1 

Figure 1.1 Organic UV-filters (in bold the allowed UV-filters in cosmetics) (cont.) 
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Triazine derivatives  Cinnamates derivatives 
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Ethylhexyl triazone (EHT) 
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CAS: 70356-09-1 
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2-Phenyl-5-benzimidazole sulfonic acid  
 (PBSA)  

CAS: 27503-81-7 

Disodium phenyl dibenzimidazole tetrasulfonate 
(DPDT)  

CAS: 180898-37-7 
 

(Benzhydrol) 
Diphenylmethanol 
(BH) CAS: 91-01-0 

      
Benzalmalonate derivative  Crylene derivative  
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55
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Dimethicodiethylbenzalmalonate (BMP) 
 (Polysilicone-15) 
 CAS: 207574-74-1 

 
2-Ethylhexyl 2-cyano-3,3-diphenylacrylate (OC)  

(octocrylene) 
CAS: 6197-30-4 

Figure 1.1 Organic UV-filters (in bold the allowed UV-filters in cosmetics) (cont.). 

However, this UV-filter is widely used and detected in the environment, therefore is also 

relevant in this review. A common feature of these compounds is the presence of an 

aromatic moiety with a side chain, showing different degrees of unsaturation (Díaz-Cruz 
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et al., 2008). As can be seen in Figure 1.1, some of these compounds are chiral (e.g. EMC, 

OC and 4-MBC), but their enantiomers are expected to show the same physicochemical 

properties (Bester, 2007). Among the benzophenone derivatives, BP5 (2-hydroxy-4-

methoxybenzophenone-5-sodium sulfonate) is the salt of BP4 (2-hydroxy-4-

methoxybenzophenone-5-sulfonic acid), and both are allowed in cosmetics in a 

maximum concentration of 5% (w/w) (Directive, 1998). The percentage of UV-filter 

added to cosmetic formulations depends on the degree of protection (SPF) and 

protection zone desired (UVA, UVB). However, they are usually combined in 

concentrations that should not exceed 10% in combination with an inorganic UV-filter 

(Santos et al., 2013). UV-filter drometrizole trisiloxane (DTS) is an exception, whose 

maximum concentration in the final product is 15% (Regulation (EC) No 1223/2009; 

Moreta and Tena, 2011). 

 

1.2.2. Physicochemical properties 

Physicochemical properties of UV-filters will determine their fate in environment and 

are also important to understand which analytical methodologies are appropriate to 

their determination in the different environmental compartments. Figure 1.2 presents 

their main properties (boiling point (A), water solubility (B) and the octanol–water 

partition coefficient (C)) grouped by chemical family. Data was not found for most of the 

compounds presented in Figure 1.1. Therefore, the EPI Suite™ tool was used. This is a 

screening-level tool that provides either measured and/or estimated physical/chemical 

property values (EPA, 2012b). 

Regarding the boiling points (Figure 1.2(A)) UV-filters are not considered as volatile 

compounds since they have boiling points with average values of 400 °C (EPA, 2012b). 

The most volatile compounds are Et-PABA, BP and IMC (around 300–350 °C). The less 

volatile compounds are benzimidazole and triazine derivatives. 

The UV-filters' solubility in water is presented in Figure 1.2(B). Water solubility provides 

some information on the likely distribution of the chemicals between the different 

environmental compartments, specially soil/sediment and water and consequently, the 

potential for environmental or human exposure through release to the aquatic 
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compartment. Water solubility (S) values were estimated using EPI Suite™ and, 

accordingly compounds are classified as: highly soluble if S ≥ 1.0 × 104 mg L-1; soluble if 

1.0 × 104 mg L-1 > S ≥1.0 × 103 mg L-1; moderately soluble if 1.0 × 103 mg L-1 > S ≥ 1.0 × 

102 mg L-1; slightly soluble if 1.0 × 102 mg L-1 > S ≥ 1.0 × 10−1 mg L-1 and negligibly soluble 

if S < 1.0 × 10−1 mg L-1 (EPA, 2012a). According to this classification the benzimidazole 

group and BP5 and BP4 (benzophenone derivatives) are highly soluble, which was 

already shown by several studies (Gago-Ferrero et al., 2013b; Fent et al., 2010; Wick et 

al., 2010; Kasprzyk-Hordern et al., 2009). Most benzophenone derivatives are 

moderately soluble, as well as BCSA (camphor derivative). Other camphor, 

benzophenone, p-aminobenzoic acid, salicylate and cinnamate derivatives are slightly 

soluble. On the other hand, compound families of triazine, benzotriazole and crylene 

derivatives are not soluble, which means that are not likely to be found in water bodies. 

The log Kow values for each compound are presented in Figure 1.2(C). This partition 

coefficient is an indicator of the environmental fate of the UV-filters, translating how 

they are distributed between octanol (which represents the lipids or fats in biota) and 

water (the aqueous phase). Values were also estimated with EPI Suite™. Benzimidazole 

derivatives and benzophenone derivatives BP4 and BP5 with values <1 are considered 

hydrophilic (highly soluble in water). On the other hand, most compounds with values 

>4 are hydrophobic like crylene, dibenzoyl methane, cinnamate, p-aminobenzoic and 

salicylate derivatives (Díaz-Cruz and Barceló, 2009). Compounds like BEMT (>8) are 

considered not readily bioavailable and compounds with values >10, like EHT, DBT, 

MBBT and DTS, are not bioavailable at all (EPA, 2012a). 

The organic carbon–water partitioning coefficient (log Koc), as the log Kow, has a similar 

distribution. Considering the properties discussed before, the water compartment 

seems to be the priority matrix for these compounds. Compounds as benzophenone 

derivatives, BP4 and BP5 and benzimidazole derivatives, PBSA and DPDT, with high 

solubility in water and low log Kow, are very likely to be found in water. On the other 

hand, triazine and benzotriazole derivatives with very low solubility in water and high 

Kow and log Koc are not likely to be detected in that matrix, but in soils/sediments. 

 

 



Part II: Introduction and State of the Art 

21 

 

 

 

Figure 1.2 UV-filters main properties (A - boiling point, B - water solubility and C - octanol-water partition 
coefficient) grouped by chemical family. 
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1.2.3. Toxicity and legislation 

For the past years, UV-filters have been detected in trace levels, in different 

environmental matrices, but mostly in water with values in the μg L-1 range. However, 

the effects and consequences of their presence are a growing subject of discussion. 

Sobek et al. (2013) presented evidence in inconsistencies in EU environmental hazard 

classification requirements for UV-filters. Because the Cosmetic Directive (Directive, 

1998) does not include any requirements on conducting environmental risk assessments 

(ERAs), the list of approved UV-filters may include substances with environmentally 

hazardous properties. In fact, the present review presents evidence of UV-filter 

detection in surface water, sediments and biota (Kasprzyk-Hordern et al., 2009; Amine 

et al., 2012; Peng et al., 2015). The European regulation on classification, labelling and 

packaging (CLP) of substances and mixtures is not used in UV-filters. However, if it was 

used, 12 of the 26 individual UV-filters approved for use in cosmetics would meet the 

CLP classification as ‘hazardous to the aquatic environment’ (Sobek et al., 2013). Of 

these 12 compounds, 4 would be classified according to the highest toxicity category, 

and the others would not be classified for lack of information (Sobek et al., 2013). 

Regarding water policy, the Council Directive 98/83/EC (Directive, 1998) on the quality 

of water intended for human consumption makes no reference to UV-filters. Hopefully, 

with the increasing knowledge about the UV-filter occurrence and ecotoxicity, it will be 

possible that risk assessment studies may lead to impose legal limits for some 

compounds of this group in wastewater effluents in the near future. These limits would 

narrow the amounts of UV-filters discharged from WWTPs to rivers that then 

accumulate in other matrices. 

The reason why these compounds are under scope is related to their toxicity and 

adverse effects like the known estrogenic effects on biota and humans (Schlumpf et al., 

2004; Bester, 2007; Weisbrod et al., 2007; Sieratowicz et al., 2011; Kaiser et al., 2012; 

Paredes et al., 2014). These effects have already been systematically described by Díaz-

Cruz and Barceló (2009) and they include estrogenic activities in vitro (Fent et al., 2008), 

maximum effects on cell proliferation by EMC, ODP, 4-MBC and HMS (Ciszmas et al., 

2004), induction of transcriptional activation of human estrogenic receptor α (hERα) and 

β (hERβ) by BP3, BMDM, EMC, ODP, 4-MBC and HMS (Schreurs et al., 2002). Multiple 
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hormonal activities have also been demonstrated in vitro for estrogenic and 

antiestrogenic for 4-MBC and also antiandrogenic for BP3 and HMS (Schlumpf et al., 

2004). Compounds 4-MBC and EMC, identified as ‘endocrine disruptor compounds’ 

(EDCs) are usually compared to estradiol-17β (E2) a chemical that like UV-filters was 

found to negatively affect reproduction and sometimes detected at environmentally 

relevant concentrations (Weisbrod et al., 2007). 

Although UV-filter estrogenic activity has been widely studied both in vivo and in vitro 

test systems, namely in fish and mammals (Schlumpf et al., 2004; Søeborg et al., 2007; 

Christen et al., 2011; Kim et al., 2014), recent studies have demonstrated that not only 

estrogens, but also different hormonal targets in mammals and fish are affected by UV-

filters (Blüthgen et al., 2014; Ponzo and Silvia, 2013). To date, more attention has been 

given on the interaction of UV-filters with sex steroid hormones in mammals, because 

research about the adverse effects of these compounds has been mainly focused on 

assessing the potential risk to humans. Although significantly less attention has been 

paid to the effects in invertebrates, there is also some evidence of the toxic effects (Gao 

et al., 2013) and developmental or reproductive impairments of UV-filters in these 

organisms (Ozáez et al., 2014). 

Information regarding UV-filter toxicity is still very scarce and is not possible to develop 

adequate aquatic risk assessments. However, preliminary hazard assessments are 

already available. Brausch and Rand (2011) reviewed some UV-filters in the environment 

presenting acute (BP, BP3, BP4, 4-MBC and EMC) and chronic toxicity data (BP, BP1, BP2, 

BP3, BP4, 3BC, 4-MBC and Et-PABA). Rodríguez et al. (2015) presented an approach to 

environmental risk assessment for BP3, 4-MBC and EMC in waters of monitored beaches 

and found small potential for adverse effects for BP3 and significant potential for 

adverse effects for 4-MBC and EMC, whose risk quotient (RQ) values were higher than 

10. An ecological risk assessment is available for BP3 and although the levels observed 

in ambient water are generally an order of magnitude lower than the predicted no effect 

concentration (PNEC), the authors consider that further studies on environmental 

monitoring and potential consequences of long-term exposure in aquatic ecosystem are 

needed (Kim and Choi, 2014). 
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In Table S1 in the Annex 1, it is available data for some UV-filters regarding their 

ecotoxicity and assessment of priority. Most of the available data was calculated using 

the EPI Suit™ tool; however, some information comes from measured experiments (EPA, 

2012b). According to information in Table S1, compounds with ‘No Observed Effect 

Concentration’ (NOEC) values lower than 0.01 mg L-1 are considered high priority for 

further work. The compounds with this classification are HMS, OC, EMC, IMC, 4-MBC, 

3BC, ES and EDP (Brooke et al., 2008). 

 

1.2.4. Environmental degradation and transformation products 

Although the main characteristic of UV-filters should be their high stability upon 

exposure to sunlight, several studies report that some undergo degradation under UV 

radiation (De Laurentiis et al., 2013; Vione et al., 2013). This happens mainly due to the 

inability to convert the energy absorbed fast enough, so the molecule stays excited and 

chemically react (Díaz-Cruz et al., 2008). This compromise the products' efficiency, since 

the UV-filters lose their photoprotective properties and photodegradation reactions 

may change their physical properties, namely the maximum absorption wavelength and 

absorbance coefficient (Díaz-Cruz et al., 2008; Serpone et al., 2002). Considering that 

these compounds are added to personal care products and applied frequently and in 

large quantities, it is essential to study their transformation products, since they can 

accumulate in human skin, posing a threat to human health, and afterwards will end up 

in the environment (Negreira et al., 2008). 

A similar situation occurs in the environment. When these contaminants are released 

into the ecosystems, they are also susceptible to degradation by sunlight. UV-filter 

degradation can also happen in chlorine media, like swimming pools, resulting in 

chlorinated by-products that are often more toxic than the parent UV-filters (Santos et 

al., 2012). 

In fact, photolysis is a chemical process that causes the dissociation of the UV-filters into 

reactive fragments (free radicals) or reactive intermediates. However, it was shown that 

the photochemistry of sunscreen products (usually containing different UV-filters) is 

more complex than the isolated behavior of individual UV-filter (Sayre et al., 2005). It 

also depends on environmental conditions and on the presence of other compounds, 
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like dissolved organic matter (Sakkas et al., 2003). UV-filter degradation can also happen 

in chlorine media, like swimming pools, resulting in chlorinated by-products that are 

often more toxic than the parent UV-filters (Santos et al., 2012). 

As mentioned before, Santos et al. (2012) recently reviewed the transformation 

products of UV-filters in aqueous and chlorinated aqueous solutions. Although few 

studies have been found, these authors verified that transformation products of 

benzophenone, p-aminobenzoic acid, camphor, benzimidazole, cinnamate and 

dibenzoyl methane derivatives were already been identified. Although this topic is 

beyond the scope of this work, a small overview on these transformation products is 

presented in Supplementary material. 

 

1.3. Advances in analytical methods for UV-filters in the environment 

The major number of analytical methods for UV-filters has been developed for water 

matrices and therefore this chapter is essentially centered in this matrix. However, other 

environmental compartments (soil and sediments) are also included. As previously 

mentioned, the methods regarding biota analysis have been already reviewed by Gago-

Ferrero et al. (2012) and, for that reason, it was not included in this study. 

An extensive overview of UV-filter publications since 2000 was performed. Information 

regarding extraction and cleanup procedures, chromatographic analysis, validation 

parameters (limits of detection and recoveries) and environmental concentrations is 

presented in Tables 1.1 to 1.3. 

 

1.3.1. Extraction techniques for water analysis 

Extraction methods usually follow a common path involving the release of the target 

components from their matrices to a desirable solvent, followed by removal of the 

unwanted components. Although several extraction methodologies have been used to 

determine UV-filters in water, solid-phase extraction (SPE) is the most used (Table 1.1). 

Considering the extraction recovery yield, this method is often applied using commercial 

cartridges with monomerically bonded C18 silica sorbents (Tsui et al., 2014). This type of 
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sorbent is able to retain the major organic analytes from aqueous solution, but it is 

mostly used in the extraction of moderately polar to non-polar analytes from aqueous 

samples (Giokas et al., 2004; Goksoyr et al., 2009; Li et al., 2007; Tsui et al., 2014). 

However, polymeric reversed phase sorbents (hydrophobic), with no bonded phase or 

alkyl ligands, water wettable, were also used (Rodil et al., 2012; Ho and Ding, 2012). This 

type of sorbents is suitable for applications with target compounds over a wide range of 

chemical properties like the UV-filters under study (Arukwe et al., 2012; Liu et al., 2011). 

The high sample volumes in this procedure, usually from 100 mL (Goksoyr et al., 2009; 

Liu et al., 2010) up to 1.0 L (Kameda et al., 2011; Liu et al., 2011) are the main 

disadvantage of this technique. Because UV-filters are relatively polar, the great 

majority of authors use intermediate polarity solvents like dichloromethane (DCM) 

(Goksoyr et al., 2009; Kameda et al., 2011; Lambropoulou et al., 2002; Tashiro and 

Kameda, 2013) or ethyl acetate (EA) (Arukwe et al., 2012; Balmer et al., 2005; da Silva 

et al., 2015; Negreira et al., 2008; Poiger et al., 2004) to extract water samples. However, 

Rodil et al. (2012) used a more polar solvent, methanol (MeOH), which is justified by the 

complex mixture analyzed, containing not only very polar UV-filters (like PBSA and BP4), 

but also other polar compounds like pharmaceuticals and herbicides. SPE is considered 

a good method, easy to perform and generally yields high recoveries, ranging 60 to 100% 

(Giokas et al., 2004; Goksoyr et al., 2009; Kameda et al., 2011; Li et al., 2007; Liu et al., 

2010; 2011; Tsui et al., 2014). In order to obtain a better cleanup, SPE is also used 

coupled to other clean-up techniques, as gel permeation chromatography (GPC) (Balmer 

et al., 2005) with recoveries ranging 78–129%. SPE is usually performed off-line (i.e. prior 

to separation and detection), however, on-line SPE is emerging as an effective 

technique, coupled online with an LC system or as a fully-automated system in order to 

analyze organic UV-filters (Gago-Ferrero et al., 2013b; Grabicova et al., 2013; Jurado et 

al., 2014) yielding recoveries around 100%. 

Besides SPE, other approaches exist, as the dispersive liquid–liquid microextraction 

(DLLME) (Jeon et al., 2006; Zhang and Lee, 2012b) and solid-phase microextraction 

(SPME) (Lambropoulou et al., 2002; Zhang and Lee, 2012a). These methods have the 

benefit of being more environmental-friendly since they use small amounts of organic 
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solvents, are usually faster and conducts to less matrix effects are less. However, 

sensitivity and the precision tend to be worse than commonly used SPE techniques. 

DLLME is a liquid–liquid extraction (LLE), based on the relative solubility of the analytes 

in two different immiscible liquids. A small volume of extracting solvent (a high-density 

solvent) is dispersed by the action of a second solvent, the disperser (a water miscible, 

polar solvent). Dispersion increases the effective extraction area, obtaining fast 

extraction rates and high enrichment factors, as well as simplicity of operation and low 

cost of implementation (Ojeda and Rojas, 2009; Maya et al., 2014). The usual 

combinations of extractant and disperser used for UV-filter extraction are 

chloroform/acetone (CHL/Ac) (Benedé et al., 2014b; Tarazona et al., 2010; Tovar-

Sánchez et al., 2013) and tetrachloroethylene/Ac (Wu et al., 2013). Ionic liquid-based 

combinations like 1-hexyl-3-methylimidazolium tris(pentafluoroethyl) 

trifluorophosphate ([HMIM][FAP])/MeOH (Zhang and Lee, 2012b) or 1-butyl-3-

methylimidazolium hexafluorophosphate [C4MIM]PF6/MeOH (Ye et al., 2011) are 

starting to be used, due to their unique physical and chemical properties, such as non-

flammability, negligible vapor pressure, good extractability for a wide spectrum of 

inorganic, organic and organometallic compounds, as well as tunable viscosity and 

miscibility with water and organic solvents (Zhang and Lee, 2012a). This technique was 

tested in five classes of UV-filters (benzophenone, camphor, salicylate, crylene and p-

aminobenzoic acid derivatives) and conducted to high recovery rates (70–118%), using 

different matrices like river, lake, sea and swimming pool waters (Benedé et al., 2014b; 

Wu et al., 2013; Tovar-Sánchez et al., 2013; Zhang et al., 2011; Tarazona et al., 2010).
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

River water  Brazil BP3, EMC, ES, OC 
Filtration (glass fiber filter) 
SPE (500 mL sample, 200 mg polymer-based 
sorbent cartridges, MeOH + EA) 

GC-MS/MS 62 - 107 

BP3: 7.1  
EMC: 23.5 
ES: 12.1   
OC: 19.3   

<LOD 
da Silva et al. 
(2015) 

River water Bangkok 

ODP, 4-MBC, 
BMDM, EMC, IMC, 
OC, BP3, ES, BP4, 
HMS, BP1, BP8 

Addition of 5% (w/v) Na2EDTA 
SPE (350 mL sample, 500 mg C18 cartridges, 
MeOH/EA (1:1)) 

HPLC-ESI-
MS/MS 

63 – 106 0.03 – 1.38 

ODP: <LOD 
4-MBC: <LOD 
BMDM: 36 –38 
EMC: 88 – 95 
IMC: <LOD 
OC: 153 – 205 
BP3: 86 – 116 
ES: 28 – 56 
BP4: 80 – 95 
HMS: 29 – 59 
BP1: 127 - 166  
BP8: 63 – 71 

Tsui et al., 
(2014a) 

River water  Spain 

BP3, BP1, 4HB, 
4DHB, BP8, BP2, 
BP4, 4-MBC, Et-
PABA 

Filtration 
On line-SPE (5 mL sample, PLRP-s polymer sorbent 
cartridge, H2O + ACN, both with 0.1% formic acid) 

LC-MS/MS 

BP3: 97 - 100 
BP1:  100 - 104 
4HB: 81 - 84 
4DHB: 82 - 83 
BP8: 94 - 98 
BP2: 90 - 91  
BP4: 107 - 111 
4-MBC: 100 - 102  
Et-PABA: 111 - 113  

BP3: 0.7 
BP1:  1.0 
4HB: 1.1 
4DHB: 1.8 
BP8: 1.0 
BP2: 1.2 
BP4: 0.5 
4-MBC: 3.5 
Et-PABA: 1.5 

BP3: n.d. – 37.8  
BP1:  n.d. – 7.54 
BP4: 30.4 - 862 
4-MBC: n.d. – 12.6 
4HB, 4DHB, BP8, 
BP2, Et-PABA: n.d. 

Gago-Ferrero et 
al. (2013) 

River water 
Czech 
Republic 

PBSA, BP4, BP3 
Filtration (regenerated cellulose filters) 
In-line SPE-LC-MS/MS 

LC/LC-MS/MS 
PBSA: 95 
BP4: 97 
BP3: 95   

LOQ  
PBSA:2.3 
BP4: 1.8 
BP3: 3.9 

PBSA: 11 - 500 
BP4: 4.6 - 390 
BP3: 12 - 67 

Grabicova et al. 
(2013) 

River water 
(background sites) 

Czech 
Republic 

PBSA, BP4, BP3 
Filtration (regenerated cellulose filters) 
In-line SPE-LC-MS/MS 

LC/LC-MS/MS 
PBSA: 95 
BP4: 97 
BP3: 95   

LOQ 
PBSA:2.3 
BP4: 1.8 
BP3: 3.9 

PBSA: 5.1 - 48 
BP4: 3.4 - 37 
BP3: 14 - 20 

Grabicova et al. 
(2013) 

River water China BP, BP3, 4PB 
DI -SPME (10 mL of sample, MPTS-Ag wires 
(fiber),60 min, desorption with MeOH for 10 min 
with 200 mg/mL NaCl) 

HPLC-PDA 
BP: 94.1 – 102.4 
BP3: 69.7 – 87.6 
4PB: 82.2 – 92.7  

BP: 580 
BP3: 1030 
4PB: 1860  

n.d. Li et al. (2013) 

River water Taiwan 
ES, HMS, BP3, BP1, 
BP8 

UA-DLLME (10 mL sample, 0.5 g NaCl, Ac 
(dispersant), TCE (extractant), 2 min) 
Derivatization (20 µL BSFTA)  

GC-MS  

ES:  70 
HMS: 71 - 72 
BP3: 78 - 83 
BP1: 84 - 90 
BP8: 86 - 93  

ES: 2 
HMS: 2 
BP3:1.5 
BP1: 1 
BP8: 1 

ES:  n.d. – 10.6 
BP3: 12.3 – 15.4 
BP1: n.d. – 6.1 
HMS, BP8: n.d. 

Wu et al. (2013) 

River water Singapore 
BP1, BP, BP3, 
 4-MBC 

IL-USAEME (1.5 ml sample, pH 3 (0.1 mol L-1 HCl), 
[HMIM][FAP] (extractant), 12 min) 

HPLC-UV 

BP1: 98-1 – 102-7 
BP: 96.9 – 102.2 
BP3: 98.1 – 107.5 
4-MBC: 96.4–104.2  

BP1, BP3, 4-MBC: 1  
BP: 0.5  

n.d. 
Ge and Lee 
(2012) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

River water Taiwan BP3, BP1, BP8 
SPE (100 mL sample, 60 mg HLB cartridge, EA, ACN, 
EA/DCM (1:1 and 2:1)).  
Derivatization (1 µL MSTFA, 70 oC, 2.5 min) 

GC-MS/MS 
BP3:72  
BP1: 73 
BP8: 67 

BP3: 0.3  
BP1: 0.5 
BP8: 1.0 

BP3: 3.0 
BP1: 1.8 
BP8: n.d. 

Ho and Ding 
(2012) 

River water Singapore 
BP, ES, HMS, BP3, 
4-MBC,  

Plunger-in-needle solid-phase microextraction 
(graphene sorbent, pH 5, 40 min, 25 oC, <1000 rpm, 
direct immersion mode) 
Silylation on-fiber (40 μL of MSTFA, 45 oC, 15 min) 

GC-MS 

BP: 114 
ES: 109 
HMS: 107 
4-MBC: 99 
BP3: 102 

 BP: 6.8 
ES: 0.5 
HMS: 0.5 
4-MBC: 1.6 
BP3: 0.7 

n.d. 
Zhang and Lee, 
(2012a) 

River water Singapore BP, BP3, ES, HMS 
IL-USA-DLLME (10 mL sample, [HMIM][FAP] 
(extractant), MeOH (dispersant), 3 min) 

HPLC 

BP: 94 - 118 
BP3:  82 - 114 
ES: 81 - 91  
HMS: 81 - 86 

BP: 200 
BP3: 500 
ES: 5000 
HMS: 1000 

n.d. 
Zhang and Lee 
(2012b) 

River water  
(heavily polluted) 

Japan 
BP3, BZS, 4-MBC, 
ODP, EMC, ES, 
HMS, OC, BP 

Filtration (glass fiber filter) 
SPE (1.0 L sample, C18 cartridge + DSC-PH 
(monomerically bonded, phenyl - 7 %C)) cartridge, 
DCM). 

GC-MS 80 – 113 0.1 – 3.0 

BP: 21 - 68 
BP3: n.d. - 4 
EHMC: 125 - 1040 
ES: n.d. - 38 
BZS, 4-MBC, ODP, 
HMS, OC: n.d. 

Kameda et al. 
(2011) 

River water  
(moderately polluted) 

BP: 2 - 43 
BP3: 4 - 12 
ODP: 1 -2  
EHMC: 12 - 91 
ES: n.d. - 6 
HMS: n.d. - 22 
OC: n.d. - 1 
BZS, 4-MBC: n.d. 

River water  
(background sites) 

BP: 1 - 57 
BP3: 2 - 10 
ODP: n.d. - 5 
EHMC: n.d. - 18 
OC: n.d. - 1 
BZS, 4-MBC, ES, 
HMS: n.d. 

River water 
(streams receiving 
wastewater) 

BP: 31 - 82 
BP3: 16 - 41 
BZS: 107 - 169 
4-MBC: n.d. 
ODP: n.d. - 2 
EHMC: 21 - 260 
ES: n.d. - 266 
HMS: n.d. - 29 
OC: 6 - 14 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

River water Spain 
ES, HMS, IMC, 
BP3, 4-MBC, EMC, 
EDP, OC 

MNPs-based dSPE (75 mL sample, pH 3, 30% (w/v) 
NaCl, 100 mg CoFe2O4@oleic acid (optimized 
sorbent), 2 min US, 2 min vortex, 1 min in 
magnetization system; Hex, 2 min US, 2 min vortex) 
Derivatization (50 µL BSTFA) 

GC-MS 

ES, OC: 88 
HMS: 74 
IMC: 119 
4-MBC, EMC: 106 
BP3: 113 
EDP: 95 

ES, BP3: 0.2 
HMS: 0.4 
IMC: 6.0 
4-MBC: 5.8 
EDP: 3.1 
EMC: 2.5 
OC: 1.8  

 ES: 146 - 586 
HMS: 342 - 712 
IMC: <LOD - 595 
4-MBC: 264 - 794  
BP3: 428 - 993 
EDP: 56 - 531 
EMC: 240 - 770 
OC: <LOD - 440  

Román et al. 
(2011) 

River water China BP3, BP1, BP, 4HB  
IL-DLLME (10 µL sample, pH 2.63, 60 mg mL-1 NaCl, 
[C4MIM]PF6 (extractant solvent), MeOH (disperser 
solvent)) 

LC-UV  - 

4HB:1900–2200 
BP1:5700–6400 
BP:800 – 1700 
BP3:470 –5300 

n.d. Ye et al.(2011) 

River water Spain BP8, BP3, OC, ODP 
SBSE-LD (50 mL sample; stir bar coated with PDMS; 
ACN desorption) 

UHPLC-
MS/MS 

BP8: 31 
BP3: 67  
OC: 59 
ODP: 77 

2.5  
BP3: 6 - 28 
BP8, OC, ODP: <LOD  

Pedrouzo et 
al. (2010) 

River water 

Switzerland 
BP4, BP3, 4-MBC, 
EMC 

SPE (1.0 L sample, 500 mg Strata-X-CW polymer-
based cartridge, MeOH/DCM) 

GC-MS 
LC–MS/MS 

- - 

BP4: n.d. 
BP3: 56 - 68 
4-MBC: 12 - 17 
EMC: 6 Fent et 

al.(2010) 

River water 
(POCIS) 

POCIS content washed with HPLC H2O in empty SPE 
and dried for 45 min; MeOH and MeOH/Tl/DCM for 
elution  

BP4: n.d. - 2402 
BP3: n.d. - 178 
4-MBC: n.d. - 106 
EMC: n.d. - 41 

River water Spain 
BP3, IMC, 4-MBC, 
OC, EDP, EMC 

IL-SDME (20 mL sample with 1% EtOH (v/v), 
[C6MIM][PF6] (extractant), 1300 rpm, 37 min, pH 2, 
room temperature) 

LC-UV 

BP3: 96 
IMC: 97 
4-MBC: 98 
OC: 115 
EDP: 96 
EMC: 101 

BP3: 110 
IMC: 160 
4-MBC: 60 
OC: 3000 
EDP: 70 
EMC: 190 

n.d. 
Vidal et al. 
(2010) 

River water China 
ES, BP3, 4-MBC, 
OC 

SPME (3 mL sample, PDMS fiber, direct immersion, 
90 min, 24 oC, desorption for 7 min at 280 oC) 

GC-MS 

ES: 75.4 - 112 
BP3: 73.6 - 106 
4-MBC: 72.5 - 115 
OC: 100 - 114 

 ES: 0.5 
BP3: 0.2 
4-MBC: 1.3 
OC: 2.0  

ES: 8 – 5620 
BP3:59 – 5390 
4-MBC: 10 – 5790 
OC: 29 – 5180 Liu et al. 

(2010) 

SPE (100 mL sample, 60 mg C8 cartridges, Hex/DCM 
(6:4)) 

- 

ES: 24.8 
BP3: 85.2 
4-MBC: 21.0 
OC: 42.9 

n.d. 

River water Germany 
BP1, BP2, BP3, 
BP4, PBSA 

Filtration 
SPE (200-500 mL sample, 200 mg HLB cartridges, 
MeOH) 

LC-MS/MS 

BP1: 21 - 98 
BP2: 6 - 53 
BP3: 93 - 130 
BP4: 69 - 81  
PBSA: 57 - 100 

LOQ 
BP1: 0.5 
BP2: 0.5 
BP3: 5 
BP4: 1 
PBSA: 1  

BP1: 0.9 - 29 
BP2: <LOQ – 6.7 
BP3: <LOQ - 47 
BP4: 51 - 1980 
PBSA: 48 - 3240 

Wick et al. 
(2010) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

River water  
(upstream WWTP) 

UK BP1, BP2, BP3, BP4 

Sample acidification (30% HCl to pH 2) 
Addition 500 mg Na2EDTA 
Filtration  
SPE (1.0 L sample, 60 mg MCX mixed-mode 
polymeric sorbent cartridge, MeOH, 5% 
NH4OH/MeOH) 

UPLC-ESI-
MS/MS 

BP1: 99 
BP2: 117 
BP3: 97 
BP4: 67 

LOQ 
BP1: 0.3 
BP2: 0.5 
BP3: 15 
BP4: 3 

BP1: <LOQ - 17000 
BP2: <LOQ – 1000 
BP3: <LOQ - 43000 
BP4: <LOQ - 144000 

Kasprzyk-
Hordern et al. 
(2009) 

River water 
(downstream WWTP) 

BP1: <LOQ - 13000 
BP2: <LOQ - 26000 
BP3: <LOQ - 44000 
BP4: 32000 - 323000 

River water Spain 
ES, HMS, BP3, BP1, 
BP8 

DI-SPME (10 mL sample, PDMS-DVB fiber, 20 oC, 
1200 rpm) 
Derivatization (20 µL MSTFA, 45 oC, 10 min, 
headspace) 

GC-MS/MS 

ES: 110 
HMS: 109 
BP3: 108 
BP1: 99 
BP8: 97 

LOQ 
ES: 5 
HMS: 5 
BP3: 0.5 
BP1: 10 
BP8: 2  

ES: <LOQ 
BP3: 52 
BP1: 37 

Negreira et al. 
(2009) 

River water UK BP1, BP2, BP3, BP4 

Sample acidification (30% HCl to pH 2) 
Addition 500 mg Na2EDTA 
Filtration  
SPE (1.0 L sample, 60 mg MCX mixed-mode 
polymeric sorbent cartridge, MeOH, 5% 
NH4OH/MeOH) 

UPLC-ESI-
MS/MS 

BP1: 99 
BP2: 117 
BP3: 97 
BP4: 67 

BP1, BP2: 0.1 
BP3: 5 
BP4: 1 

BP1: 6 - 9 
BP2: <0.5 
BP3: 28 - 37 
BP4: 10 - 227 

Kasprzyk-
Hordern et 
al.(2008a) 

River water UK BP1, BP2, BP3, BP4 

Sample acidification (30% HCl to pH 2) 
Addition 500 mg Na2EDTA 
Filtration  
SPE (1.0 L sample, 60 mg MCX mixed-mode 
polymeric sorbent cartridge, MeOH, 5% 
NH4OH/MeOH) 

  

BP1: 109.9 
BP2: 86.8 
BP3: 124.7 
BP4: 11.7 

BP1: 0.1 
BP2: 0.1 
BP3: 10 
BP4: 1.5 

BP1: <0.3 
BP2: <0.5 
BP3: <30 – 220  
BP4: <5 

Kasprzyk-
Hordern et al. 
(2008b) 

River water Japan 
BP, BP1, BP3, 
BP10, 2HB, 3HB, 
4HB 

SBSE (10 mL sample, PDMS coated stir bar, 
extraction at room temperature, 120 min 1000 rpm, 
thermodesorption at 250 oC, 5 min) 
Derivatization (100 µL C4H6O3) 

TD-GC-MS 

BP: 101.0 – 105.2 
BP1: 102.0 – 128.0 
BP3: 108.7 – 122.0 
BP10: 115.3 –126.5 
2HB: 101.6 – 117.3  
3HB: 112.2 – 128.1 
4HB: 114.9 – 125.8  

BP: 0.5 
BP1: 1 
BP3: 0.5 
BP10: 2 
2HB: 0.5  
3HB: 0.5 
4HB: 1  

BP: 23 
BP3: 14 
BP10: 12 
3HB: 7 
4HB: 6 
BP1, 2HB: <LOQ 

Kawaguchi et 
al. (2008) 

River water Germany 
ES, HMS, IMC, 
BP3, 4-MBC, EMC, 
EDP, OC, BMDM 

SBSE (20 mL sample, PDMS coated stir bar, 
extraction time of 3 h at room temperature, 1000 
rpm, thermodesorption at 250 oC, 15 min) 

TD-GC-MS 

ES: 77 
HMS: 84 
IMC: 106 
4-MBC, BP3: 112 
EMC: 98 
EDP: 87  
OC: 89 
BMDM: 101  

ES, 4-MBC: 4 
HMS: 1 
IMC: 2 
BP3: 11 
EMC: 16 
EDP: 0.2  
OC: 7 
BMDM: 63  

HMS: <LOD - 5 
4-MBC: 5 - 15 
BP3: <LOD – 30 
EMC: <LOD - 21 
EDP: <LOD - 3 
OC: <LOD - 16 
ES, IMC, BMDM <LOD 

Rodil and 
Moeder 
(2008a) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

River water Switzerland 

EMC, 4-MBC, BP3, 
3BC, BP1, BP2, 
BP3, BP4, Et-PABA 

POCIS (exposed for 28 days; 
PES membranes, 200 mg of triphasic sorbent 
admixture (80:20 (w/w) ENV+ Ambersorb 572 
(dispersed on S-X3 Bio Beads)) 
SPE (MeOH, MeOH/Tl/DCM (1:1:8)) 

LC-(ESI)-MS/MS 

75 – 100 

(ng/POCIS) 
BP4: 158 
4DHB: 465 
BP2: 199 
Et-PABA: 178 
BP1: 389 
BP3: 252 
3BC: 990 
4-MBC: 693 
EMC: 621 

- 

Zenker et al. 
(2008) 

EMC, 4-MBC, BP3, 
3BC 

GC-EI-MS/MS 

(ng/POCIS) 
BP3: 77 
3BC: 53 
4-MBC: 43 
EMC: 20 

(pg/POCIS) 
BP3: 432 
EMC: 21 
3BC, 4-MBC: <LOD 

River water  
(upstream WWTP) 

Switzerland 
EMC, 4-MBC, BP3, 
3BC 

POCIS (exposed for 28 days; 
PES membranes, 200 mg of triphasic sorbent 
admixture (80:20 (w/w) ENV+ Ambersorb 572 
(dispersed on S-X3 Bio Beads)) 
SPE (MeOH, MeOH/Tl/DCM (1:1:8)) 

GC-EI-MS/MS 75 – 100 

(ng/POCIS) 
BP3: 77 
3BC: 53 
4-MBC: 43 
EMC: 20 

(ng/POCIS) 
 BP3: 272 
EMC: 18 
3BC, 4-MBC: <LOD 

Zenker et al. 
(2008) 

River water  
(downstream WWTP) 

(ng/POCIS) 
BP3: 1344 
3BC: 96 
4-MBC: 64 
EMC: 27 

River water 
South 
Korea 

BP, BH, 4HB, BP3, 
BP1, BP8, 234THB 

LLE (100 mL sample, EA) 
Derivatization (50 µL MSTFA, 80 oC, 30 min) 

GC-MSD 

BP: 77 - 100 
BH: 62 - 97 
4HB: 65 - 110 
BP3: 90 - 113 
BP1: 92 – 109  
BP8: 76 - 114  
234THB: 85 - 112  

5 – 100 

BP1:  47 
BP, BH, 4HB, BP3, BP8: 
<LOQ 
234THB: <LOD 

Jeon et al. 
(2006) 

River water  
(outflow) 

Switzerland 
4-MBC, BP3, EMC, 
OC 

SPMDs (exposed for 3-6 weeks, depth 1-2 m) 
Dialysis (CYPN/DCM (95:5)) 
GPC (10 mL Bio-Beads SM-2, 20-50 
mesh absorbent, DCM/CYHex (35:65)) 
SPE (silica column) 

GC-MS 

4-MBC: 72 
BP3: 51 
EMC: 110 
OC: 73 
  

(ng/SPMD) 
4-MBC, OC: 5 
BP3: 25 
EMC: 100  

(ng/SPMD) 
4-MBC: 720 -820 
BP3: 50 - 110 
EMC: <LOD 
OC: 510 - 700 Balmer et al., 

(2005) 

River water 

(ng/SPMD) 
4-MBC: 560 - 1250 
BP3: <LOD - 50 
EMC: 290 - 320 
OC: 130 - 435 

Lake water China BP3, BP1, BP, 4HB  
IL-DLLME (10 µL sample, pH 2.63, 60 mg mL-1 NaCl, 
[C4MIM]PF6 (extractant solvent), MeOH (disperser 
solvent)) 

LC-UV  - 

4HB: 3700 
BP1: 6000 
BP: 600 
BP3: 5300 

n.d. 
Ye et al. 
(2011) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Lake water China 4HB, BP1, BP, BP3 
DLLME (20 mL sample, 1-Oc (extractant), no 
dispersant) 

HPLC-DAD 

4HB: 92.2 
BP1: 91.3 
BP: 97.1 
BP3: 94.2  

4HB: 200 
BP1: 400 
BP: 500 
BP3: 800  

n.d. 
Zhang et al. 
(2011) 

Lake water Germany 
BP3, 4-MBC, OC, 
EMC 

MEPS (sorbent C8, MeOH, H2O (conditioning); 8x 100 
µL pump cycles (sample extraction); H2O (sorbent 
wash); pressing air (sorbent dry); EA) 

PTV-GC-MS 

 4-MBC: 61 
BP3: 95 
EMC: 114 
OC:  71  

4-MBC: 51 
BP3: 44 
EMC: 34 
OC:  81  

4-MBC: 2351 
BP3: 83 
EMC: 150 
OC:  274 

Moeder et al. 
(2010) 

Lake water Germany 
BP3, IMC, 4-MBC, 
OC, BMDM, EDP, 
EMC, ES, HMS 

MALLE (15 mL sample, MeOH; 20 mm-membrane 
bag attached, add 100 µL PrOH; shaking 500 rpm, 40 
oC, 120 min) 

LC-APPI-
MS/MS 

BP3: 60 - 78 
IMC: 90 - 101 
4-MBC: 90 - 97  
OC: 80 - 92  
BMDM: 76 - 94 
EDP: 83 - 97 
EMC: 98 - 103  
ES: 95 - 104 
HMS: 92 - 102 

 BP3: 0.8 
IMC: 0.9 
4-MBC: 1.7 
OC: 8.5 
BMDM: 10 
EDP: 0.4 
EMC: 16 
ES, HMS: 4 

BP3: 40 
IMC: 146 
4-MBC: 1140 
BMDM: 2431 
OC: 4381 
EMC: 3009 
ES: 748 
EDP, HMS: <LOD 

Rodil et al. 
(2009b) 

Lake water Germany 
ES, HMS, IMC, 
BP3, 4-MBC, EMC, 
EDP, OC, BMDM 

SBSE (20 mL sample, PDMS coated stir bar, 
extraction time of 3 h at room temperature, 1000 
rpm, thermo desorption at 250 oC, 15 min) 

TD-GC-MS 

ES: 96 
HMS: 109 
IMC: 95 
4-MBC: 100 
BP3: 92 
EMC: 107 
EDP: 78  
OC: 93 
BMDM: 82  

ES, 4-MBC: 4 
HMS: 1 
IMC: 2 
BP3: 11 
EMC: 16 
EDP: 0.2  
OC: 7 
BMDM: 63  

 ES, IMC: <LOD - 51 
HMS, EDP: <LOD - 5 
4-MBC: <LOD - 148 
BP3: <LOD - 55 
EMC: <LOD - 33 
OC: 10 - 250 
BMDM: <LOD 

Rodil and 
Moeder 
(2008a) 

Lake water 
South 

Korea 

BP, BH, 4HB, BP3, 

BP1, BP8, 234THB 

LLE (100 mL sample, EA) 

Derivatization (50 µL MSTFA, 80 oC, 30 min) 
GC-MSD 

BP: 77 - 100 

BH: 62 - 97 

4HB: 65 - 110 

BP3: 90 - 113 

BP1: 92 – 109  

BP8: 76 - 114  

234THB: 85 - 112  

5 – 100 

BP: <LOD 

BH: <LOQ 

4HB: 85 

BP3:<LOD 

BP1:  <LOD 

BP8: <LOD 

234THB: <LOD 

Jeon et al. 

(2006) 

Lake water Stwitzerland 
4-MBC, BP3, EMC, 
OC 

GPC (1 L sample, 10 mL Bio-Beads SM-2, 20-50 
mesh absorbent, MeOH/DCM) 
SPE (silica mini column, EA) 

GC-MS 

78-129 2 

4-MBC: <LOD-28 
BP3: <LOD - 35 
EMC: <LOD - 7 
OC: <LOD - 5 

Balmer et al. 
(2005) 

SPMDs (exposed for 3-6 weeks, depth 1-2 m) 
Dialysis (CYPN/DCM (95:5)) 
GPC (10 mL Bio-Beads SM-2, 20-50 
mesh absorbent, DCM/CYHex (35:65)) 
SPE (silica column) 

4-MBC: 72 
BP3: 51 
EMC: 110 
OC: 73 

(ng/SPMD) 
4-MBC, OC: 5 
BP3: 25 
EMC: 100 

(ng/SPMD) 
4-MBC: <LOD-2790 
BP3, EMC: <LOD - 200 
OC: <LOD - 320 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Lake water 
(midland) 

Switzerland 

BMDM, 4-MBC, 
EMC, TDSA, OC, 
EHT, PBSA, BP3, 
ES 

SPE (1 L sample, 10 mL Bio-Beads SM-2, MeOH, DCM) 
Silica mini column clean-up (60 mm silica gel 60 +  
10 mm Na2SO4 in a Pasteur pipette, EA) 

GC-MS 

MBC: 77 
EMC: 90 
OC: 57 
BP3: 64 
BMDM: 42 

MBC, EMC, 
OC, BP3: 2 
BMDM: 20 

MBC: <LOD - 22 
EMC: <LOD - 26 
BP3: <LOD - 4 
OC, BMDM: <LOD 

Poiger et al. (2004) 

Lake water 
(small bathing) 

MBC: <LOD - 82 
EMC: <LOD - 19 
OC: <LOD - 27 
BP3: 5 - 125 
BMDM: <LOD - 24 

Lake water 
(midland) 

Switzerland 

BMDM, 4-MBC, 
EMC, TDSA, OC, 
EHT, PBSA, BP3, 
ES 

SPMDs (exposed for 24 – 48 days, depth 1-2 m) 
Dialysis (CYPN) 
Purified with high resolution GPC 

GC-MS - 
(ng/SPMD) 
10  

(ng/SPMD) 
MBC: 430 - 950 
EMC: 140 - 360 
OC: 85 - 380 

Poiger et al. (2004) 

Lake water 
(small mountain) 

(ng/SPMD) 
MBC: <LOD 
EMC: 63 - 66 
OC: <LOD 

Groundwater 
(urban) 

Spain 

BP1, BP2, BP3, 
BP4, 4DHB, 4HB, 
BP8, Et-PABA, 
4-MBC 

Filtration (glass fiber filters + nylon membrane filters) 
On-line SPE (5 mL sample, PLRP-s polymer sorbent 
cartridge, H2O + ACN, both with 0.1% formic acid) 

LC-MS/MS - - 

BP1: n.d. – 1.9 
BP3: 0.64 – 7.9 
BP4: 1.1 – 3.8 
4HB:  n.d. – 0.38 
4DHB: n.d. - 0.58 
BP2, BP8, Et-PABA: n.d. 
4-MBC: n.d. –6.7 

Jurado et al. (2014) 

Groundwater Spain 

BP3, BP1, 4HB, 
4DHB, BP8, BP2, 
BP4, 4-MBC,  
Et-PABA 

Filtration 
On line-SPE (5 mL sample, PLRP-s polymer sorbent 
cartridge, H2O + ACN, both with 0.1% formic acid) 

LC-MS/MS 

BP3: 103 – 107 
BP1: 98 - 104   
4HB: 89 - 92 
4DHB: 90 - 96 
BP8: 93 - 100 
BP2: 88 - 94  
BP4: 110 - 114 
4-MBC: 99 - 100  
Et-PABA: 109 - 112   

BP3: 0.5 
Et-PABA, BP1, 
BP2:  1.0 
4HB, BP8: 0.8 
4DHB: 1.5 
BP4: 0.3 
4-MBC: 3.0 

BP3: n.d. - 34 
BP1:  n.d. – 19.4 
4HB: n.d. 
4DHB: <LOQ 
BP8: n.d. 
BP2: n.d. 
BP4: n.d. – 36.6 
4-MBC: <LOQ 
Et-PABA: n.d 

Gago-Ferrero et al. 
(2013) 

Groundwater Taiwan BP3, BP1, BP8 
SPE (100 mL sample, 60 mg HLB cartridge, EA, ACN, 
EA/DCM (1:1 and 2:1))  
Derivatization (1 µL MSTFA, 70 oC, 2.5 min) 

GC-MS/MS 
BP3: 82 
BP1: 83 
BP8: 73 

BP3: 0.3  
BP1: 0.5 
BP8: 1.0 

n.d. Ho and Ding (2012) 

Groundwater  
(well) 

Germany 
BP1, BP2, BP3, 
BP4, PBSA 

Filtration 
SPE (200-500 mL sample, 200 mg HLB cartridges, 
MeOH) 

LC-MS/MS 

BP1: 69 - 114 
BP2: 23 - 142  
BP3: 95 - 105  
BP4: 92 - 107 
PBSA: 101 - 106 

- n.d. Wick et al. (2010) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Seawater Spain 
BP3, IMC, 4-MBC, 
OC, EDP, EMC, ES, 
HMS 

SBSE/ DµSPE (25 mL unfiltered samples, 100 mg 
cobalt ferrite bars coated with oleic acid 
nanoparticles, desorption with EtOH). 

LC-UV 

BP3: 84 - 116 
IMC: 79 - 116 
MBC: 96 - 120 
OC: 98 - 103 
EDP: 100 - 107 
EMC: 97 - 107 
ES: 83 - 95 
HMS: 87 - 97 

(ng mL-1) 
BP3: 30.6 
IMC: 2.4 
MBC: 3.2 
OC: 2.7 
EDP: 3.0 
EMC: 2.4 
ES: 3.0 
HMS:3.2 

- 

Benedé et al. 
(2014) 

DLLME (5 ml sample, CHL (extraction solvent), Ac 
(disperser solvent)) 

GC-MS 

ES: 112 - 117 
HMS: 88 - 97 
IMC: 97 - 107 
4-MBC: 82 - 88 
 BP3: 111 - 114  
EMC: 87 - 99 
 EDP: 90 - 95 
OC: 91 - 104 

ES: 26 
HMS: 14 
IMC: 23 
4-MBC: 10 
 BP3: 30 
EMC: 14 
 EDP: 29 
OC: 27 

ES: 440 – 880 
HMS: 157 - 310 
IMC: 118 - 280 
4-MBC: <LOD - 220 
 BP3: <LOQ - 308 
EMC: 91 - 260 
 EDP: 163 - 390 
OC: <LOQ - 317 

Seawater 
(surface) 

Hong Kong 

ODP, 4-MBC, 
BMDM, EMC, IMC, 
OC, BP3, ES, BP4, 
HMS, BP1, BP8 

Addition of 5% (w/v) Na2EDTA 
SPE (350 mL sample, 500 mg C18 cartridges, 
MeOH/EA (1:1)) 

HPLC-ESI-
MS/MS 

63 – 106 0.03 – 1.38 

ODP: 95 – 182 
4-MBC: 173 –379 
BMDM: 24–721  
EMC: 89 – 4043  
IMC: 63 – 173 
OC: 103 - 6812  
BP3: 39 - 5429 
ES: 61 – 1030 
BP4: 54 – 389 
HMS: 66 – 2812 
BP1: 82 – 135 
BP8: 64 – 117 

Tsui et al. (2014a) 

Japan  
(Tokyo) 

ODP, 4-MBC, IMC : <LOD 
BMDM: 78 – 104 
EMC: 46 – 95  
OC: 87 – 108 
BP3:  24 – 86 
ES: 71 - 95 
BP4: 71 - 136 
HMS:  65 - 110 
BP1: 52 - 95 
BP8: 76 - 96 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Seawater 
(surface) 

USA  
(New York) 

ODP, 4-MBC, 
BMDM, EMC, IMC, 
OC, BP3, ES, BP4, 
HMS, BP1, BP8 

Addition of 5% (w/v) Na2EDTA 
SPE (350 mL sample, 500 mg C18 cartridges, 
MeOH/EA (1:1)) 

HPLC-ESI-
MS/MS 

63 – 106 0.03 – 1.38 

ODP, 4-MBC, IMC: <LOD 
BMDM: 70 - 87 
EMC: 89 - 150 
OC: 117 - 128 
BP3: 23 - 178 
ES: <LOD 
BP4: 89 - 574 
HMS: 91 - 114 
BP1: <LOD - 74 
BP8: 72 – 92 

Tsui et al. (2014a) 

USA 
(Los Angeles) 

ODP, 4-MBC, IMC, BP4: <LOD 
BMDM: 67 - 109 
EMC: 91 - 138 
OC: 145 - 377 
BP3: 227 - 601 
ES: 53 - 120 
HMS: 142 - 270 
BP1: 100 - 117 
BP8: 29 – 96 

China  
(Shantou) 

ODP, 4-MBC, IMC, ES, BP4, HMS, BP8: <LOD 
BMDM: 53 - 100 
EMC: 52 - 78 
OC: 75 - 107 
BP3: 55 - 188 
BP1: 22 - 58 

Seawater 
(surface) 

China 
(Chaozhou) 

ODP, 4-MBC, 
BMDM, EMC, IMC, 
OC, BP3, ES, BP4, 
HMS, BP1, BP8 

Addition of 5% (w/v) Na2EDTA 
SPE (350 mL sample, 500 mg C18 cartridges, 
MeOH/EA (1:1)) 

HPLC-ESI-
MS/MS 

63 – 106 0.03 – 1.38 

ODP, 4-MBC, BMDM, IMC, HMS, BP1, BP8: <LOD 
EMC: <LOD - 79 
OC: 36 - 102 
BP3: 37 - 49 
ES: 121 - 128 
BP4: <LOD - 49 

Tsui et al. (2014a) 

Artic 

ODP, 4-MBC, IMC, ES, BP4, HMS: <LOD 
BMDM: 18 - 70 
EMC: 25 - 66 
OC: 26 - 31 
BP3: 17 - 33 
BP1: 2.5 - 5 
BP8: 2 – 3.3 

Seawater 
(beach sites) 

Japan 
BP3, BZS, 4-MBC, 
ODP, EMC, ES, 
HMS, OC 

Filtration (glass fiber filter) 
SPE (1 L sample, C18 cartridge + DSC-PH 
cartridge (monomerically bonded, phenyl - 7 
%C), DCM) 

GC-MS 80 - 113 0.1 – 3.0  

BP3: n.d. - 1258 
ODP: n.d. – 4.1 
EMC: n.d. - 143 
ES: n.d. - 10 
HMS: n.d. - 214 
OC: n.d. - 79 
BZS, 4-MBC: n.d. 

Tashiro and 
Kameda (2013) 



Part II: Introduction and State of the Art 

37 

 

Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Seawater  
(river and reef 
sites) 

Japan 
BP3, BZS, 4-MBC, 
ODP, EMC, ES, 
HMS, OC 

Filtration (glass fiber filter) 
SPE (1 L sample, C18 cartridge + DSC-PH cartridge 
(monomerically bonded, phenyl - 7 %C), DCM) 

GC-MS 80 - 113 0.1 – 3.0  

BP3: n.d. – 9.0 
ODP, BZS, 4-MBC: n.d. 
EMC: n.d. – 3.9 
ES: n.d. – 1.8 
HMS: n.d. – 3.2 
OC: n.d. – 8.1 

Tashiro and 
Kameda (2013) 

Seawater Spain BP3, 4-MBC 
DLLME (10 mL sample, Ac (dispersant), CHL 
(extractant)) 

GC-MS - - 
BP3: 15.8 – 314.8  
4-MBC: 26.6 – 109.6 

Tovar-Sánchez et 
al. (2013) 

Seawater Italy 
BP3, OC, EDP, 
EMC, ES, HMS 

SBSE-LD (10 mL sample, stir bar pre-conditioned in 
MeOH; desorption in MeOH, 30 min, room 
temperature) 

LC-MS 71 – 100 

BP3: 0.08 
OC: 0.20 
EDP: 0.01  
EMC: 0.07 
HMS: 1.70 
ES: 2.65 

BP3: <LOQ - 118 
EMC: <LOQ - 83  

Nguyen et al. 
(2011)  

Seawater Spain 
ES, HMS, IMC, 
4-MBC, BP3, EMC, 
EDP, OC 

MNPs-based dSPE (75 mL sample, pH 3, 30% (w/v) 
NaCl, 100 mg CoFe2O4 in oleic acid (optimized 
sorbent), 2 min US, 2 min vortex, 1 min in 
magnetization system; Hex, 2 min US, 2 min vortex) 
Derivatization (50 µL BSTFA) 

GC-MS 

ES: 86 
HMS: 81 
IMC, 4-MBC: 80 
BP3: 125 
EDP: 73 
EMC: 101 
OC: 88 

ES, BP3: 0.2 
HMS: 0.4 
IMC: 6.0 
4-MBC: 5.8 
EDP: 3.1 
EMC: 2.5 
OC: 1.8  

ES: 792 - 1222 
HMS: 625 - 1030 
IMC: 245 - 645 
4-MBC: 358 - 758 
BP3: 254 - 879 
EDP: 409 - 774 
EMC: 682 - 1187  
OC: <LOQ - 440 

Román et al. 
(2011) 

Seawater Spain 
BP3, BP1, BP8, 
234THB 

DLLME (5 mL sample, Ac (disperser solvent), CHL 
(extraction solvent)) 
Derivatization (60 µL BSTFA, 75 oC, 30 min) 

GC-MS 

BP3: 82 - 126 
BP1: 65 - 169 
BP8: 99 - 120 
234THB: 82 - 222  

BP3, BP8: 33 
BP1: 32 
234THB: 50 

BP3: 1340 - 3300 
BP1: n.d. - 280 
BP8, 234THB: n.d. 

Tarazona et al. 
(2010) 

Seawater Spain 
BP3, IMC, 4-MBC, 
OC, EDP, EMC 

IL-SDME (20 mL sample with 1% EtOH (v/v), 10 µL 
[C6MIM][PF6] (extractant), 1300 rpm, no NaCl, 37 
min, pH 2, room temperature) 

LC-UV 

BP3: 99  
IMC, OC, EDP: 92 
4-MBC: 96 
EMC: 107 

BP3: 110 
IMC: 160 
4-MBC: 60 
OC: 3000 
EDP: 70 
EMC: 190 

n.d. 
Vidal et al. 
(2010) 

Seawater Pacific Ocean 
E-EMC, Z-EMC, 
BP3, 4-MBC, 3BC 

SPMDs (exposed for 3-6 weeks) 
Dialysis (CYPN, 18 oC, 24 h) 

RP-HPLC - 
(pg/SPMD) 
150 – 510 

(pg/SPMD) 
E-EMC: 11464 - 27058  
Z-EMC: 3432 - 8484 
4-MBC, 3BC: < LOD  
BP3: <LOD - 34310 

Goksoyr et al. 
(2009) 

Seawater 
(surface 
microlayer) 

Pacific Ocean BP1, BP2, BP3, BP4 
SPE (100 mL sample, 225 mg HLB cartridge, EtOH, 
DCM) 

GC-MS - 1 – 5  

E-EMC: 7 - 55 
Z-EMC: 6 – 37 
4-MBC: 18 - 30 
BP3: 5 - 6 
3BC: 9 - 13 

Goksoyr et al. 
(2009) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Seawater Greece 
PBSA, BP3, 4-MBC, 
BMDM, EMC 

Filtration  
Micelle mediated extraction (50-100 mL sample, pH 
3 (HCl), Na2SO4, Triton X-114 (ionic surfactant), 15 
min, 60 oC; re-extraction: MeOH, Hex, US (3 min); 
upper phase (Hex) analysed) 

LC-UV-DAD 

PBSA: 98.0 – 99.4 
BP3: 98.8 – 99.0 
4-MBC: 98.3 – 100.0 
BMDM: 96.5 – 98.0 
EMC: 97.4 – 98.7 

PBSA: 300 
BP3: 450 
4-MBC: 140 
BMDM: 1270 
EMC: 560 

n.d. 

Giokas et al. 
(2005) 

GC-MS - 
BP3: 6.2 
4-MBC: 30.0 
EMC: 2.2 

BP3: 6.5 – 8.2 
4-MBC: 13.1 – 19.7 
EMC: 7.4 – 10.7 

Sea water Greece 
BP3, 4-MBC, 
BMDM, EMC 

Filtration (5 min) 
SPE (500 mL sample, 500 mg C18 disks, EA/DCM (1:1); 
extract reconstitution: MeOH (LC), Hex (GC)) 

LC-UV-DAD (a) 
GC-MS (b) 

BP3: 95  
4-MBC: 96 
BMDM: 87(a) 
EMC: 93 

LOQ (a) 
BP3: 14 
4-MBC: 8 
BMDM: 24 EMC: 13 
 

LOQ (b) 
BP3: 1.4 
4-MBC: 0.7 
BMDM: - 
EMC: 0.9 

(a) 

BMDM: n.d.  
 
(b) 

BP3: 1.8 
4-MBC: <LOD 
 EMC: n.d. 

Giokas et al. 
(2004) 

Seawater Greece 
BP3, 4-MBC, 
BMDM, EMC 

DI-SPME (5 mL sample, 100 µm PDMS fibre, 45 min, 
960 rpm at room temperature, desorption for 8 min 
at 240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3:97 
ODP: 85 

BP3 (a): 1700 
ODP (a) : 870 
BP3 (b): 2470   
ODP (b): 1200  

n.d. 

Lambropoulou 
et al. (2002) 

DI-SPME (5 mL sample, 85 µm PA fibre, 45 min, 960 
rpm at room temperature, desorption for 8 min at 
240 oC) 

BP3: 99 
ODP: 82 

BP3 (a): 1170 
ODP (a): 2470 
BP3 (b):  1700 
ODP (b): 2930 

- 

Seawater Greece 
BP3, 4-MBC, 
BMDM, EMC 

HS-SPME (100 µm PDMS fibre, 25% g L-1 NaCl, 45 
min, 90 oC, desorption for 8 min at 240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3: 91 
ODP: 98 

BP3(a): 4100 
ODP (a): 600 
BP3(b): 4430   
ODP (b): 730 

- 
Lambropoulou 
et al. (2002) 

HS-SPME (100 µm PDMS fibre, 25% g L-1 NaCl, 45 
min, 90 oC, desorption for 8 min at 240 oC) 

BP3: 94 
ODP: 95 

BP3 (a): 2530 
ODP (a): 2230 
BP3 (b): 2900   
ODP (b): 3030 

- 

Seawater Greece 
BP3, 4-MBC, 
BMDM, EMC 

SPE (10 mL sample, 500 mg C cartridges, DCM) 
GC-FID (a) 
GC-MS (b) 

BP3: 94 
ODP: 93 

BP3 (a): 3330 
ODP (a): 270 
BP3 (b): 7330   
ODP (b): 8330 

- 
Lambropoulou 
et al. (2002) 

Tap water Singapore BP1, BP3, ES, HMS 
TC-IL-DLPME (10 mL sample, [HMIM][FAP] 
(extractant), 50 oC until dissolution) 

HPLC-UV 

BP1: 99 
BP3: 97 - 99 
ES: 91 - 100 
HMS: 96 - 104 

BP1: 300 
BP3: 800 
ES: 5000 
HMS: 1000 

- 
Zhang and Lee 
(2013) 

Tap water Singapore 
BP1, BP, BP3, 
 4-MBC 

IL-USAEME (1.5 ml sample, pH 3 (0.1 mol L-1 HCl), 
[HMIM][FAP] (extractant), 12 min US)  

HPLC-UV 

BP1: 95.7 – 101.9 
BP: 101.1 – 105.1  
BP3: 100.4 – 104.9 
4-MBC: 98.9 – 100.7  

BP1, BP3, 4-MBC: 1  
BP: 0.5  

n.d. 
Ge and Lee 
(2012) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Tap water  Spain 
4-MBC, PBSA, BP3, 
EMC, OC, ODP, 
BP4, IMC 

Filtration 
SPE (200-500 mL sample, 200 mg HLB cartridges, 
MeOH) 

LC-ESI-MS/MS - - 10000 - 62000 
Rodil et al. 
(2012) 

Tap water  Singapore BP, BP3, ES, HMS 
IL-USA-DLLME (10 mL sample, [HMIM][FAP] 
(extractant), MeOH (dispersant)) 

HPLC 

BP: 91 - 117 
 BP3:  82 - 105 
ES: 82 - 93  
HMS: 81 - 87 

BP: 200 
BP3: 500 
ES: 5000 
HMS: 1000 

n.d. 
Zhang and Lee 
(2012b) 

Tap water Australia 
BP3, 4-MBC, EMC, 
UV-326, UV-329, 
OC 

Filtration (1 L sample, glass fiber filters) 
Addition of MeOH - pH 2 (4 M H2SO4) 
SPE (1 L sample, 500 mg HLB cartridges, MeOH/DCM 
(1:1)) 
Filtration 

GC-MS/MS 

BP3: 117 - 150 
4-MBC: 83 - 126  
EMC: 79 - 96  
UV-326: 89 - 102 
UV-329: 97 - 110 
OC: 71 - 88   

BP3: 4.3 
4-MBC, EMC: 0.3 
UV-326: 1.5 
UV-329: 5.6 
OC: 1.9 

< LOQ Liu et al. (2011) 

Tap water Spain 
ES, HMS, IMC, BP3, 
4-MBC, EMC, EDP, 
OC 

MNPs-based dSPE (75 mL sample, pH 3, 30% (w/v) 
NaCl, 100 mg CoFe2O4 in oleic acid (optimized 
sorbent), 2 min US, 2 min vortex, 1 min in 
magnetization system; Hex, 2 min US, 2 min vortex) 
Derivatization (50 µL BSTFA) 

GC-MS 

ES: 91 
HMS: 103 
IMC: 63 
4-MBC: 101  
BP3: 90 
EDP: 99 
EMC: 86 
OC: 110 

ES, BP3: 0.2 
HMS: 0.4 
IMC: 6.0 
4-MBC: 5.8 
EDP: 3.1 
EMC: 2.5 
OC: 1.8  

 ES: 160 - 615 
HMS: <LOD - 515 
IMC: 65 - 315 
4-MBC: <LOQ - 505 
BP3: <LOQ - 450  
EDP: 126 - 621 
EMC: <LOD - 430 
OC: <LOQ - 550 

Román et al. 
(2011) 

Tap water Spain 

BP3, BP1 
SPE (500 mL sample, 60 mg HLB cartridge, EA) 
Derivatization (20 µL MTB-STFA) 

GC-MS 

BP3: 98 
BP1: 89 

LOQ  
BP1, BP3: 8 

- 

Negreira et al. 
(2008) 

ES, EDP 
SPE (500 mL sample, 60 mg HLB cartridge, EA) 
Derivatization (20 µL MTB-STFA) 

ES: 84 
EDP: 82 

LOQ 
ES: 24 
EDP: 25 

- 

Swimming pool 
water (outdoor) 

Czech Republic PBSA, BP4, BP3 
Filtration (regenerated cellulose filters) 
In-line SPE-LC-MS/MS 

LC/LC-MS/MS 
PBSA, BP3: 95 
BP4: 97 

LOQ 
PBSA: 2.3 
BP4: 1.8 
BP3: 3.9 

PBSA: 240 -13000 
BP4: 3.3 - 35 
BP3: 26 - 620 

Grabicova et al. 
(2013) 

Swimming pool 
water 

Singapore BP1, BP3, ES, HMS 
TC-IL-DLPME (10 mL sample, [HMIM][FAP] 
(extractant), 50 oC until dissolution) 

HPLC-UV 

BP1: 88 - 102 
BP3: 90 - 100 
ES: 110 - 111 
HMS: 109 - 116 

BP1: 300 
BP3: 800 
ES: 5000 
HMS: 1000 

- 
Zhang and Lee 
(2013) 

Swimming pool 
water 

Singapore BP, BP3, ES, HMS 
IL-USA-DLLME (10 mL sample, [HMIM][FAP] 
(extractant), MeOH (dispersant)) 

HPLC 

BP: 98 - 117 
BP3:  87 - 106 
ES: 71 - 75  
HMS: 71 - 77 

BP: 200 
BP3: 500 
ES: 5000 
HMS: 1000 

n.d. 
Zhang and Lee 
(2012b) 

Swimming pool 
(seawater) 

Italy 
BP3, OC, EDP, 
EMC, ES, HMS 

SBSE-LD (10 mL sample; desorption in MeOH, 30 
min, room temperature) 

LC-MS 71 – 100 

BP3: 0.08 
OC: 0.20 
EDP: 0.01  
EMC: 0.07 
HMS: 1.70 
ES: 2.65 

BP3: 25 - 216 
EMC: 53 - 86 

Nguyen et al. 
(2011)  
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Swimming pool China BP3, BP1, BP, 4HB  
IL-DLLME (10 µL sample, pH 2.63, 60 mg mL-1 NaCl, 
[C4MIM]PF6 (extractant solvent), MeOH (disperser 
solvent)) 

LC-UV  - - 

4HB: 15400 
BP1: 8700 
BP: 18800 
BP3: 4500 

Ye et al. (2011) 

Swimming pool 
water 

Spain 
BP3, IMC, 4-MBC, 
OC, EDP, EMC 

IL-SDME (20 mL sample with 1% EtOH (v/v), 10 µL 
[C6MIM][PF6] (extractant), 1300 rpm, 37 min, pH 2, 
room temperature) 

LC-UV 

BP3: 99 
IMC: 100 
4-MBC: 100 
OC: 110 
EDP: 103 
EMC: 110 

BP3: 110 
IMC: 160 
4-MBC: 60 
OC: 3000 
EDP: 70 
EMC: 190 

IMC: 700 
4-MBC: <LOQ 

Vidal et al., 
(2010) 

Swimming pool 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

Filtration (5 min) 
SPE (500 mL sample, 500 mg C18 disks, EA/DCM 
(1:1); extract reconstitution: MeOH (LC), Hex (GC)) 

LC-UV-DAD (a) 
GC-MS(b) 

BP3: 97 
4-MBC: 99  
BMDM: 88 (a) 
EMC: 96 

LOQ (a) 
BP3: 14 
4-MBC: 8 
BMDM: 24 
EMC: 13 
 
LOQ (b) 
BP3: 1.4 
4-MBC: 0.7 
BMDM: - 
EMC: 0.9 

(a) 

BMDM: n.d.  
 
(b) 

BP3: 4.2 
4-MBC: 6.9 
EMC: 4.5 

Giokas et al. 
(2004) 

Swimming pool 
water 
(game pool) 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

Filtration (5 min) 
SPE (500 mL sample, 500 mg C18 disks, EA/DCM 
(1:1); extract reconstitution: MeOH (LC), Hex (GC)) 

LC-UV-DAD (a) 
GC-MS (b) 

 -  

LOQ (a) 
BP3: 14 
4-MBC: 8 
BMDM: 24 
EMC: 13 
 
LOQ (b) 
BP3: 1.4 
4-MBC: 0.7 
BMDM: - 
EMC: 0.9 

(a) 

BMDM: n.d.  
 
(b) 

BP3: 5.7 
4-MBC: 5.4 
EMC: 3.0 

Giokas et al. 
(2004) 

Swimming pool 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

DI-SPME (5 mL sample, 85 µm PA fiber, 45 min, 960 
rpm at room temperature, desorption for 8 min at 
240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3: 95 
ODP: 94 

BP3 (a): 1700 
ODP (a): 870 
BP3 (b): 2470   
ODP (b): 1200  

BP3: 2400 – 3300 
ODP: n.d. 

Lambropoulou 
et al. (2002) 

Swimming pool 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

DI-SPME (5 mL sample, 85 µm PA fiber, 45 min, 960 
rpm at room temperature, desorption for 8 min at 
240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3: 99 
ODP: 98 

BP3(a): 1170 
ODP (a): 2470 
BP3(b): 1700 
ODP (b): 2930 

- 
Lambropoulou 
et al. (2002) 

Swimming pool 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

HS-SPME (100 µm PDMS fiber, 25% g L-1 NaCl, 45 
min, 90 oC, desorption for 8 min at 240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3: 89  
ODP: 97 

BP3 (a): 4100 
ODP (a): 600 
BP3 (b): 4430   
ODP (b): 730 

- 
Lambropoulou 
et al. (2002) 
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Table 1.1 Overview on analytical methods and occurrence of UV-filters in natural, tap and swimming pool water matrices. (cont). 

Matrix Location Compounds Extraction method 
Instrumental 
method 

Rec. (%) 
LOD 
(ng L-1) 

Concentration 
(ng L-1) 

Reference 

Swimming pool 
water  

Greece 
BP3, 4-MBC, 
BMDM, EMC 

HS-SPME (100 µm PDMS fiber, 25% g L-1 NaCl, 45 
min, 90 oC, desorption for 8 min at 240 oC) 

GC-FID (a) 
GC-MS (b) 

BP3: 90 
ODP: 95 

BP3 (a): 2530 
ODP (a): 2230 
BP3 (b): 2900   
ODP (b): 3030 

- 
Lambropoulou 
et al. (2002) 

Swimming pool 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

SPE (10 mL sample, 500-mg C cartridges, DCM) 
GC-FID (a) 
GC-MS (b) 

BP3: 97 
ODP: 95 

BP3 (a): 3330 
ODP (a): 270 
BP3 (b): 7330   
ODP (b): 8330 

- 
Lambropoulou 
et al. (2002) 

Recreational 
ponds water 

Czech Republic PBSA, BP4, BP3 
Filtration (regenerated cellulose filters) 
In-line SPE-LC-MS/MS 

LC/LC-MS/MS 
PBSA: 95 
BP4: 97 
BP3: 95   

LOQ 
PBSA: 2.3 
BP4: 1.8 
BP3: 3.9 

PBSA: 24 - 930 
BP4: 4.0 - 46 
BP3: 21 - 550 

Grabicova et al. 
(2013) 

Run-off water Nigeria EMC, OC 
Filtration (glass fiber filter) 
SPE (820 mL sample, HLB cartridge, EA) 

GC-MS - - 
EMC: n.d. 
OC: 3 

Arukwe et al. 
(2012) 

Shower wastes 
water 

Greece 
BP3, 4-MBC, 
BMDM, EMC 

Filtration (5 min) 
SPE (500 mL sample, 500 mg C18 disks, EA/DCM 
(1:1); extract reconstitution: MeOH (LC), Hex (GC)) 

LC-UV-DAD (a) 
GC-MS (b) 

BP3: 97 
4-MBC: 95  
BMDM (a): 86 
EMC: 92 

LOQ (a) 
BP3: 14 
4-MBC: 8 
BMDM: 24 
EMC: 13 
 

LOQ (b) 
BP3: 1.4 
4-MBC: 0.7 
BMDM: - 
 EMC: 0.9 

(a) 

BMDM: n.d.  
 
(b) 

BP3: 10.0 
4-MBC: 3.8 
EMC: 4.1 

Giokas et al. 
(2004) 

Shower wastes 
water 

Greece 
BP3, 4-MBC, 

BMDM, EMC 

DI-SPME (5 mL sample, 85 µm PA fiber, 45 min, 960 
rpm at room temperature, desorption for 8 min at 
240 oC) 

GC-FID (a) 
GC-MS (b) 

- 

BP3 (a): 1700 
ODP (a): 870 
BP3 (b): 2470   
ODP (b): 1200 

BP3: 8200 – 9900 
ODP: 5300 – 6200 

Lambropoulou 
et al. (2002) 

Pure water Germany 
ES, HMS, IMC, BP3, 
4-MBC, EMC, EDP, 
OC, BMDM 

SBSE (20 mL sample, PDMS coated stir bar, 
extraction time of 3 h at room temperature, 1000 
rpm, thermodesorption at 250 oC, 15 min) 

TD-GC-MS 

ES: 90 
HMS: 93 
IMC: 111 
4-MBC: 123 
BP3: 107 
EMC: 125 
EDP: 108  
OC: 106 
BMDM: 114  

ES, 4-MBC: 4 
HMS: 1 
IMC: 2 
BP3: 11 
EMC: 16 
EDP: 0.2  
OC: 7 
BMDM: 63  

= 
Rodil and 
Moeder (2008a) 

Ultrapure water UK BP1, BP2, BP3, BP4 

Sample acidification with 30% HCl to pH 2 and 
addition of 500 mg Na2EDTA 
Filtration  
SPE (1.0 L sample, Oasis MCX mixed-mode polymeric 
sorbent cartridge, MeOH, 5% NH4OH/MeOH) 

UPLC-ESI-
MS/MS 

BP1: 109.6 
BP2: 114.4 
BP3: 79.7 
BP4: 16.0 

BP1, BP2: 0.1 
BP3: 10 
BP4: 1.5 
 

 

- 
Kasprzyk-
Hordern et al. 
(2008b) 



Part II: Introduction and State of the Art 

42 

 

Table 1.2 Overview on analytical methods and occurrence of UV-filters in sediments and soils. 

Matrix Location Compounds Extraction method 
Analysis 
method 

Rec. (%) 
LOD 
(ng g-1 dw) 

Concentration 
(ng g-1 dw) 

Reference 

River sediments 
(estuarine) 

Chile 
BP3, 4-MBC, OC, 
EMC, ODP, 4HB, 
BP1, 4DHB 

SPLE (1 g sample, 1 g Al2O3, MeOH) 
Filtration (syringe filter) 

UPLC-MS/MS 

4- MBC: 89 
OC: 85 
EMC: 90 
ODP, 4DHB: 120  
BP3: 125 
BP1: 58 
4HB: 80 

4- MBC: 1.1 
OC: 9.9 
EMC:4.1 
ODP, 4HB: 0.7  
BP3: 0.4 
BP1: 4.6 
4DHB: 0.8 

 BP3: n.d. - 2.96 
4-MBC, EMC: n.d. 

Barón et al. 
(2013) 

River sediments 
(estuarine) 

Colombia 
BP3, 4-MBC, OC, 
EMC, ODP, 4HB, 
BP1, 4DHB  

SPLE (1 g sample, 1 g Al2O3, MeOH) 
Filtration (syringe filter) 

UPLC-MS/MS 

4- MBC: 89 
OC: 85 
EMC: 90 
ODP, 4DHB: 120  
BP3: 125 
BP1: 58 
4HB: 80 

4- MBC: 1.1 
OC: 9.9 
EMC:4.1 
ODP, 4HB: 0.7  
BP3: 0.4 
BP1: 4.6 
4DHB: 0.8 

 
BP3: n.d. – 5.38 
4-MBC: n.d. – 17.2 
EMC: n.d. – 47.1 

Barón et al. 
(2013) 

River sediments Lebanon EMC, OC, ODP MAE (5 g sample, Ac/Hep (1:1), 115 oC, 15 min) GC-MS/MS 
EMC: 99-113 
OC: 97 – 115 
ODP: 98-104  

EMC: 1.5 
OC: 2.0 
ODP: 1.5 

EMC: 35.8 
OC: 90.0 
ODP: 11.0 

Amine et al. 
(2012) 

River sediments Spain  
4DHB, 4HB, BP1, 
BP3, 4-MBC, OC, 
EMC, ODP 

ASE (1 g sample, 1 g Al2O3, 2 x MeOH + 2x 
MeOH/H2O (1:1)) 
Filtration (syringe filter)  

UPLC-MS/MS 

4-MBC: 89 
OC: 85 
EMC: 90 
ODP, 4DHB: 120 
BP3: 125 
BP1: 58 
4HB: 80 

4-MBC: 8.0 
OC: 2.2 
EMC: 1.6 
ODP: 0.5 
BP3: 0.8 
BP1: 15.5 
4HB, 4DHB: 2.4 

OC: n.d. - 2400 
EMC: n.d. - 42 
ODP: n.d. – 5.2 
BP3: n.d. - 27 
4HB: n.d. - 21 
4DHB, BP1, 4-MBC: n.d. 

Gago-Ferrero 
et al. (2011) 

River sediments 
(heavily polluted river) 

Japan 
BP3, BZS, 4-MBC, 
ODPABA, EHMC, 
OS, HMS, OC, BP  

Freeze-drying  
USE (4 g sample, 2 x DCM + 2 x Ac, 40 min) 
Centrifugation (3000 rpm, 10 min) 
SPE (5 g florisil cartridge, Hex -1st, Hex/Ac (19:1) - 
2nd, Hex/Ac (1:1) - 3rd) 
SPE (3rd fraction  into graphite column, Ac/Tol 
(70:30)) 
SPE (2nd and 4th fraction combined into NH2 
cartridge, Hex + Ac/Hex (4:96)) 

GC-MS  70 - 125  0.05 – 1.00 

BP3, BZS, 4-MBC, ODP:  n.d.  
EMC: 2.2 – 9.6 
HMS: 0.8 – 6 
OC: 2.7 - 50 

Kameda et al. 
(2011) 

River sediments 
(moderately polluted river) 

BP3, BZS, 4-MBC, ODP: n.d.  
EMC: 3.8 – 30 
HMS: 0.5 – 0.8 
OC: 0.4 – 8.1 

River sediments 
(background sites) 

BP3, BZS, 4-MBC, ODP, HMS: n.d. 
EMC: 2.0 – 8.0 
OC: 1.0 - 12 

River sediments Spain 
4HB, BP1, BP3, 
BP8, BP6, ES, HMS 

SPE (2 g sample, 1.5 g C18 + 1 g Na2SO4, 2x 
EA/MeOH (9:1), 15 min USE) 

GC-MS/MS   

4HB: 102-105.3  
BP1: 94.3-101.9 
BP3: 98.9-101.3 
BP8: 88.4-91.4 
BP6: 89.9-92.4  
ES: 99.4-102 
HMS: 97.4-101.3 

4HB: 0.23 
BP1: 0.21 
BP3: 0.28 
BP8: 0.14 
BP6: 0.15 
ES: 0.11 
HMS:0.12 

4HB, BP1, BP3, BP8, HMS: n.d. 
BP6: 6.1 
ES: 20 

Sánchez-
Brunete et al. 
(2011) 
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Table 1.2 Overview on analytical methods and occurrence of UV-filters in sediments and soils. (cont.). 

Matrix Location Compounds Extraction method 
Analysis 
method 

Rec. (%) 
LOD 
(ng g-1 dw) 

Concentration 
(ng g-1 dw) 

Reference 

River sediments  Korea  
BP, BH, 4HB, BP3, 
BP1, BP8, 234THB 

SLE (10 g sample, 10 g Na2SO4, MeOH, 20 min) 
Centrifugation (1660 x g, 15 min) 
Evaporation + 5% NaCl solution + EA 
Derivatization (50 µL MSTFA, 80 oC, 30 min) 

GC-MS 

BP: 102-125 
BH:76-111 
4HB:73-115 
BP3:71-81 
BP1:62-84 
BP8:60-78 
234THB: 81-92 

 0.1 

BP:1520-9730 
BH:530 
4HB:18380 
BP1:500-2140 
BP3, BP8, 234THB: n.d. 

Jeon et al. 
(2006) 

River sediments  Germany  BP, 4-MBC  

SEHSDT (200-400 g sample, Ac + Ac/Hex (1:1) + 
Hex) 
Centrifugation (4000 rpm, 5 min per 20 g)  
USE (organic layer, Na2SO4, copper powder) 
Filtration 

GC-MS 
BP:90 
4-MBC: 75  

 -  
BP: n.d.- 4 
4-MBC: n.d.- 4  

Ricking et al. 
(2003) 

Lake sediments  Germany 
ES, HMS, IMC, 
4-MBC, BP3, EMC, 
ODP, OC  

PLE (4-5 g sample, 2 g silica gel, 2 g copper 
powder, 1 g Na2SO4, 4x 5 min, 160 oC, 100 bar, 
EA/Hex (80:20)) 
Derivatization (50 µL BSTFA, 1 h) 

GC-MS 

ES: 99 
HMS: 98-103 
IMC: 113-128 
4-MBC: 108-111 
BP3: 88-98 
EMC: 97-121 
ODP: 97-121 
OC: 73-120 

 ES:2-20 
HMS: 3-55 
IMC:4-21 
4-MBC: 6-30 
BP3: 1-51 
EMC: 5-12 
ODP: 2-14 
OC:2-15  

ES, HMS, IMC, 4-MBC, BP3, ODP: n.d. 
EMC: 14-34 
OC: 61-93  

Rodil et al. 
(2008) 

Coastal sediments Chile 
BP3, 4-MBC, OC, 
EMC, ODP, 4HB, 
BP1, 4DHB 

SPLE (1 g sample, 1 g Al2O3, MeOH) 
Filtration (syringe filter) 

UPLC-MS/MS 

4- MBC: 89 
OC: 85 
EMC: 90 
ODP, 4DHB: 120  
BP3: 125 
BP1: 58 
4HB: 80 

4- MBC: 1.1 
OC: 9.9 
EMC:4.1 
ODP, 4HB: 0.7  
BP3: 0.4 
BP1: 4.6 
4DHB: 0.8 

 BP3: n.d. - 1.42 
4-MBC, EMC: n.d. 

Barón et al. 
(2013) 

Coastal sediments Colombia 
BP3, 4-MBC, OC, 
EMC, ODP, 4HB, 
BP1, 4DHB 

SPLE (1 g sample, 1 g Al2O3, MeOH) 
Filtration (syringe filter) 

UPLC-MS/MS 

4- MBC: 89 
OC: 85 
EMC: 90 
ODP, 4DHB: 120  
BP3: 125 
BP1: 58 
4HB: 80 

4- MBC: 1.1 
OC: 9.9 
EMC:4.1 
ODP, 4HB: 0.7  
BP3: 0.4 
BP1: 4.6 
4DHB: 0.8 

 
BP3: n.d. – 2.52 
4-MBC: n.d. – 7.90 
EMC: n.d. – 17.8 

Barón et al. 
(2013) 

Coastal sediments Lebanon EMC, OC, ODP MAE (5 g sample, Ac/Hep (1:1), 115 oC, 15 min) GC-MS/MS 
EMC: 99-113 
OC: 97 – 115 
ODP: 98-104  

EMC: 1.5 
OC: 2.0 
ODP: 1.5 

EMC: 9.0 
OC: 79.0 
ODP: 9.0 

Amine et al. 
(2012) 

Coastal sediments Spain 
4HB, BP1, BP3, 
BP8, BP6, ES, HMS  

SPE (2 g sample, 1.5 g C18 + 1 g Na2SO4, EA/MeOH 
(9:1), 15 min USE) 

GC-MS/MS 

4HB: 102-105.3  
BP1: 94.3-101.9 
BP3: 98.9-101.3 
BP8: 88.4-91.4 
BP6: 89.9-92.4  
ES: 99.4-102 
HMS: 97.4-101.3 

4HB: 0.23 
BP1: 0.21 
BP3: 0.28 
BP8: 0.14 
BP6: 0.15 
ES: 0.11 
HMS:0.12 

4HB, BP1, BP3, BP8, BP6, HMS: n.d. 
ES: 13.3 

Sánchez-
Brunete et al. 
(2011) 
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Table 1.2 Overview on analytical methods and occurrence of UV-filters in sediments and soils. (cont.). 

Matrix Location Compounds Extraction method 
Analysis 
method 

Rec. (%) 
LOD 
(ng g-1 dw) 

Concentration 
(ng g-1 dw) 

Reference 

Streams sediments (receiving 
wastewater) 

Japan 
BP3, BZS, 4-MBC, 
ODPABA, EHMC, 
OS, HMS, OC, BP 

Freeze-drying  
USE (4 g sample, DCM + Ac, 40 min) 
Centrifugation (3000 rpm, 10 min) 
SPE (5 g florisil cartridge, Hex -1st, Hex/Ac (19:1) - 
2nd, Hex/Ac (1:1) - 3rd) 
SPE (3rd fraction  into graphite column, Ac/Tol 
(70:30)) 
SPE (2nd and 4th fraction combined into NH2 
cartridge, Hex + Ac/Hex (4:96)) 

GC-MS  70 - 125  0.05 – 1.00 

BP3, BZS, 4-MBC, ODP: n.d. 
EMC: 3-101 
HMS: 26 
OC: 3.0 - 635 

Kameda et al. 
(2011) 

STP effluents sediments Japan 
BP3, BZS, 4-MBC, 
ODPABA, EHMC, 
OS, HMS, OC, BP 

Freeze-drying  
USE (4 g sample, DCM + Ac, 40 min) 
Centrifugation (3000 rpm, 10 min) 
SPE (5 g florisil cartridge, Hex -1st, Hex/Ac (19:1) - 
2nd, Hex/Ac (1:1) - 3rd) 
SPE (3rd fraction  into graphite column, Ac/Tol 
(70:30)) 
SPE (2nd and 4th fraction combined into NH2 
cartridge, Hex + Ac/Hex (4:96)) 

GC-MS  70 - 125  0.05 – 1.00 

BP3, BZS, 4-MBC, ODP: n.d. 
EMC: 3-101 
HMS: 26 
OC: 3.0 - 635 

Kameda et al. 
(2011) 

Agricultural soil (fertilized 
with sewage sludge) 

Spain 
4HB, BP1, BP3, 
BP8, BP6, ES, HMS 

SPE (2 g sample, 1.5 g C18 + 1 g Na2SO4, 2x 
EA/MeOH (9:1), 15 min USE) 

GC-MS/MS   

4HB: 97.5-101.1 
BP1: 93.6-103.8 
BP3: 92.8-96.9 
BP8: 89.8-93.7  
BP6: 91.9-98.9  
ES: 97.9-104.4 
HMS: 91.3-97.4  

4HB: 0.07 
BP1: 0.10 
BP3: 0.10 
BP8: 0.07 
BP6: 0.09 
ES: 0.08 
HMS:0.07 

4HB, BP1, BP3, BP8, ES, HMS: n.d. 
BP6: 0.6 

Sánchez-
Brunete et al. 
(2011) 

Industrial soil (fertilized with 
sewage sludge) 

Spain 
4HB, BP1, BP3, 
BP8, BP6, ES, HMS 

SPE (2 g sample, 1.5 g C18 + 1 g Na2SO4, 2x 
EA/MeOH (9:1), 15 min USE) 

GC-MS/MS   

4HB: 97.5-101.1 
BP1: 93.6-103.8 
BP3: 92.8-96.9 
BP8: 89.8-93.7  
BP6: 91.9-98.9  
ES: 97.9-104.4 
HMS: 91.3-97.4  

4HB: 0.07 
BP1: 0.10 
BP3: 0.10 
BP8: 0.07 
BP6: 0.09 
ES: 0.08 
HMS:0.07 

BP1: 5.7 

4HB, BP3, BP8, BP6, ES, HMS: n.d 

Sánchez-
Brunete et al. 
(2011) 

Ground soil  Korea  
BP, BH, 4HB, BP3, 
BP1, BP8, 234THB 

SLE (10 g sample, 10 g Na2SO4, MeOH, 20 min) 
Centrifugation (1660 x g, 15 min) 
Evaporation + 5% NaCl solution + EA 
Derivatization (50 µL MSTFA, 80 oC, 30 min) 

GC-MS 

BP: 102-125 
BH:76-111 
4HB: 73-115 
BP3: 71-81 
BP1: 62-84 
BP8: 60-78 
234THB: 81-92 

 0.1 

BP: 820-16550 
BH: 510-6950 
4HB: 1060-4910 
BP3: 730-3880 
BP1: n.q. 
BP8: 500-4170 
234THB: n.d. 

Jeon et al. 
(2006) 
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In SPME, a fiber coated with a stationary phase is exposed to the sample, typically until 

equilibrium is reached either by direct immersion (DI) or headspace (HS) (Doong et al., 

2000). Usually sampling in the headspace presents a significant advantage in terms of 

selectivity because only volatile and semi-volatile organic compounds can be released 

into the headspace. Because the fiber is not in contact with the sample, background 

adsorption and the matrix effect are reduced, which also enhances the life expectancy 

of SPME fibers (Doong et al., 2000). These fibers are reusable, unlike single-use SPE 

cartridges, resulting in cost savings (Wong and MacLeod, 2009). However, few types of 

fiber are available (e.g. PDMS, PDMS-DVB, polyacrylate (PA) and carboxen) narrowing 

the users' choice. In order to extract the most volatile UV-filters (salicylate derivatives 

ES and HMS and benzophenone derivatives BP1, BP3 and BP8), Negreira et al. (2009) 

verified that PDMS-DVB coated fibers were the most appropriate, using a headspace 

assembly (relative recoveries ranging from 89 to 115%). Note that recoveries in 

microextraction techniques (e.g. SPME) are usually referred as relative recoveries. Liu et 

al. (2010) used PDMS coated fiber for the extraction of salicylate ES, benzophenone BP3, 

camphor 4-MBC and crylene OC, obtaining relative recoveries of 72.5–115%. 3-

(Mercaptopropyl) trimethoxysilane (MPTS)-Ag-C12 wire was also used in a SPME 

approach (Li et al., 2013), conducting to relative recoveries of 69.7 to 102.4% for 

benzophenone derivatives BP, BP3 and 4 PB. This technique seems to be appropriate for 

the extraction of the most volatile UV-filters. However, when compared with SPE, the 

SPME procedure is limited in the method manipulation and presents a restriction in the 

choice of fibers. 

Stir-bar sorptive extraction (SBSE), a technique related to SPME, is based on the 

extraction of the analytes from the liquid matrix onto a thick film coated on a magnetic 

stir bar. This technique is usually followed by liquid or thermal desorption (LD or TD) 

(Wong and MacLeod, 2009). This technique was successfully applied for the extraction 

of UV-filters, using stir bars externally coated with poly(dimethylsiloxane) (PDMS) 

(Kawaguchi et al., 2008; Pedrouzo et al., 2010; Rodil and Moeder, 2008a). This 

methodology has the advantage of using small sample volumes (10 to 50 mL) with 

extraction times from 120 to 180 min and 800 to 1000 rpm stirring at room temperature. 

Recoveries varied from 80 to 130% when thermal desorption was used (Kawaguchi et 
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al., 2008; Rodil and Moeder, 2008a) and ranging 30 to 80% using liquid desorption 

(Pedrouzo et al., 2010). 

Other less conventional methodologies were also applied to water samples in order to 

extract the organic compounds, like ionic liquid based ultrasound-assisted 

emulsification microextraction (IL-USAEME) (Ge and Lee, 2012) with around 100% 

recovery, ionic liquid-based single-drop microextraction (IL-SDME) (Vidal et al., 2010) 

with average recovery of 100%, non-porous membrane-assisted liquid–liquid extraction 

(MALLE) (Rodil et al., 2009b) yielding 60 to 100% recovery, magnetic nanoparticles 

dispersive solid-phase extraction (MNPs-based dSPE) (Román et al., 2011) with about 

70–125% recovery, microextraction by packed sorbent (MEPS) (Moeder et al., 2010) 

with 60 to 115% and micelle mediated extraction (MME) (Giokas et al., 2005) with 

average recoveries of 100%. These techniques are relatively new and their applicability 

to extract UV-filters from water samples has been poorly investigated. However, the 

results obtained so far are very promising. It is also important to remember that some 

of these extraction techniques have disadvantages. For example, most ionic liquids are 

not commercially available, being necessary to synthesize them. A similar situation can 

be verified with the specific sorbents used in MEPs or MNPs-based dSPE. 

Water may also be indirectly analyzed (passive sampling) using semipermeable 

membrane devices (SPMDs), which support the presence of UV-filters in lakes and rivers 

(Goksoyr et al., 2009). SPMDs are usually used for integrative in situ concentration of 

more lipophilic contaminants and measure time-weighted average concentrations of 

the dissolved (bioavailable) compounds (Balmer et al., 2005). These devices consist of a 

thin lay flat tube made from semipermeable polyethylene membranes. They are 

mounted on assemblies to give a spread configuration in perforated stainless steel 

containers and are exposed for 3 to 6 weeks at a 1 to 2 m depth. The UV-filter 

concentrations in the SPMDs (CSPMD, ng/SPMD) can be used to estimate the respective 

concentrations in water (CW, ng L-1) (Poiger et al., 2004). Extractions from these devices 

are usually by dialysis for 24 h and the solvents used are cyclopentane/DCM (95:5) 

(CYPN/DCM), CYPN or hexane (Hex) (Goksoyr et al., 2009; Balmer et al., 2005; Poiger et 

al., 2004). These authors studied mid-polar UV-filters (BP3, OC, 4-MBC, EMC, BMDM, 
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3BC) and obtained average recoveries of 42 to 110%, with the lowest values for the more 

polar compounds. 

Fent et al. (2010) reported a similar passive sampling device, a polar organic chemical 

integrative sampler (POCIS) which is used with the same purpose as SMPDs. However, 

they are used to in situ collection of hydrophilic organic contaminants. The POCIS 

sampler consists of several sampling disks mounted on a support rod. Each disk consists 

of a solid sorbent sandwiched between two microporous membranes. For the analysis, 

the sorbent is removed and placed into a SPE column or empty cartridge. The UV-filters 

are usually extracted using more polar solvents or mixtures as MeOH and 

MeOH/toluene/DCM. In this specific case, Fent et al. (2010) studied four polar to mid-

polar UV-filters (BP3, BP4, 4-MBC and EMC). This sampler yields good recoveries, ranging 

from 70 to 100%. 

 

1.3.2. Extraction techniques for sediments and soil analysis 

Information regarding occurrence and method development of UV-filters in soils and 

sediments is rather scarce, unlike water samples. It is worth noticing that sediments and 

soils are extracted with similar methodologies. Usually, prior to extraction, samples are 

either frozen (Sánchez-Brunete et al., 2011) or freeze-dried (Gago-Ferrero et al., 2011) 

and homogenized. Samples are then extracted by solid–liquid techniques and 

sometimes clean-up with solid-phase extraction. Solid-phase techniques usually require 

small amounts of sample (1 to 10 g) and in these specific cases, small volumes of 

extraction solvents (8 to 120 mL). The extraction solvents vary in polarity from polar 

MeOH, intermediate polarity like DCM and Ac, to apolar Hex, depending on the target 

compounds. Mixtures with intermediate polarity are also used and in different 

proportions like Ac/heptane (Hep) (1:1) (Amine et al., 2012), Ac/toluene (Tl) (7:3) 

(Kameda et al., 2011), EA/Hex (8:2) (Rodil and Moeder, 2008b), EA/MeOH (9:1) 

(Sánchez-Brunete et al, 2011). 

These extraction techniques yielded high recoveries like conventional solid–liquid 

extraction (SLE) using ultrasounds with 65 (BP8) to 125% (BP) (Jeon et al., 2006), 

pressurized liquid extraction (PLE) with 58 (BP1) to 128% (IMC) (Gago-Ferrero et al., 
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2011; Rodil and Moeder, 2008b), and selective pressurized liquid extraction (SPLE) from 

85 (OC) to 125% (BP3) (Barón et al., 2013). Solid-phase extraction (SPE) used as a cleanup 

also yields high recoveries, ranging from 70 to 125% (Kameda et al., 2011), applied to 

sediments, and 88 to 105% applied to soils (Sánchez-Brunete et al., 2011). Other 

techniques were also used in sediment extraction like microwave assisted extraction 

(MAE) which is a fast, reliable method, with high recoveries from 97 to 115% (OC) and 

sequential extraction with high-speed dispersion tool (SEHSDT), used to analyze 

camphor 4-MBC (75% recovery) and benzophenone BP (90% recovery) (Ricking et al., 

2003). 

 

1.3.3. Chromatographic analysis 

Usually, after extraction and clean-up of UV-filters, chromatographic methods are 

employed to both identify and quantify several components in a single analysis. Those 

have to be sensitive enough to detect trace levels of the potential contaminants. 

Peck (2006) already described the most common analytical methods for the 

determination of persistent ingredients of personal care products in environmental 

matrices, dedicating a section to the UV-filter extraction from water, sewage sludge and 

fish tissue samples and also to specific details related with detection and quantification. 

Pietrogrande and Basaglia (2007) reviewed in deep detail the GC–MS analytical methods 

for the determination of PCPs (UV-filters included) in water matrices. Regarding liquid 

chromatography, Gago-Ferrero et al. (2013a) thoroughly reviewed the liquid 

chromatography–tandem mass spectrometry for the multi-residue analysis of organic 

UV-filters and their transformation products in the aquatic environment. Therefore, in 

this section a small comparison and discussion of the most commonly used 

chromatographic methods to determine UV-filters will be presented. 

The most used chromatographic method is liquid chromatography (LC) (Oliveira et al., 

2010; Rodil and Moeder, 2008b; Giokas et al., 2004, 2005), since UV-filters are generally 

non-volatile compounds (Figure 1.2). Reversed-phase chromatography with octadecyl-

based stationary phase is the normally used, combined with mobile phases consisting of 

mixtures of acetonitrile (ACN), MeOH and water (H2O), with phase modifiers to improve 
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peak shape, retention, and resolution (Zenker et al., 2008). Good chromatographic 

separations are desirable, even with sophisticated detectors like mass spectrometers. 

Diode-array (DAD) (Giokas et al., 2005; Zhang et al., 2011) or photodiode array detectors 

(PDAs) (Li et al., 2013) are also used coupled to HPLC. Recently, ultra-performance liquid 

chromatography (UPLC) has been explored for this type of analysis since it uses less 

solvent and provides improved speed, resolution, and sensitivity from narrower and 

sharper chromatographic peaks and also reduction of matrix effects during MS/MS 

detection (Wong and MacLeod, 2009). 

When choosing the analytical method, the physiochemical properties of the target 

analyte must be taken into consideration. More polar and less volatile compounds are 

usually analyzed by LC–MS, while to identify and quantify volatile or volatilizable 

compounds and transformation products, gas chromatography coupled with mass 

spectrometry (GC–MS) is the choice (Jurado et al., 2014; Rodil andMoeder, 2008a,b), 

especially when resolution is essential to separate isomers or congeners (Goksoyr et al., 

2009). Most studies using GC–MS method present a significant improvement in limits of 

detection (LODs) in the low-ng L-1 level (Kawaguchi et al., 2008; Li et al., 2007; 

Lambropoulou et al., 2002).However, an additional derivatisation step is needed as UV-

filters with polar groups are not easily analyzed by GC–MS due to their low sensitivity 

and volatility for GC (Jeon et al., 2006). In general, derivatisation reduces the polarity of 

the analyte, which prevents co-elution with high polar endogenous materials in complex 

matrices. Furthermore, the derivatisation increases the molecular weight of relatively 

low weight molecules. As a result, the interference of endogenous materials is 

prevented by increasing the retention times during the reversed-phase 

chromatographic run (Ho and Ding, 2012). Several reagents have been steadily 

developed for this purpose, such as N-methyl-N-(trimethylsilyl)trifluoroacetamide 

(MSTFA) (Jeon et al., 2006; Negreira et al., 2009; Zhang and Lee, 2012a), N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Román et al., 2011; Tarazona et al., 2010) 

and N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTB-STFA) (Negreira et al., 

2008). These studies were conducted under high temperatures (60 °C) and for at least 

30 min of reaction time. Some authors couple extraction methods like DLLME (Wu et al., 
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2013) and SBSE (Kawaguchi et al., 2008) with in situ derivatisation, which seems to 

increase the throughput of sample analysis. 

 

1.4. Occurrence in the environment 

1.4.1. Occurrence in water matrices 

The presence of UV-filters in water has been verified in tap water, natural waters (lake, 

river, groundwater and sea water) and swimming pool water (Table 1.1). Probably the 

increasing number of analytical methods for UV-filters enhanced the incidence of 

occurrence in water matrices (Figure 1.3). 

 

Figure 1.3 Evolution of articles numbers dedicated to the detection of UV-filters in water matrices. 

 

1.4.1.1. Natural and tap waters 

A detailed overview about the occurrence of UV-filters in natural and tap water is shown 

in Table 1.1. Distribution is analyzed by type of water and per family of UV-filters. 

In water bodies, UV-filter compounds can be separated into two groups since they 

present different mobility depending on their physicochemical properties: the less 

mobile molecules have significant log Kow, since they might exhibit sorption affinity with 

organic matter present in aquifer sediments; the more mobile molecules might have a 

more hydrophilic character (Jurado et al., 2014). In fact, UV-filters like BP4, BP5, PBSA 

and DPDT are expected predominantly in aqueous matrices (Figure 1.2). 
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1.4.1.1.1. River water 

 River water is the matrix that shows higher concentrations and different types of UV-

filters (Figure 1.4). The highest detected concentration was in the UK with 

concentrations up to 0.3 mg L-1 (BP4). Kasprzyk-Hordern et al. (2009) examined the 

presence of four UV-filters (BP1, BP2, BP3, and BP4) in water from two rivers, upstream 

and downstream of a WWTP. Among the studied benzophenones, BP4 was found at 

higher concentrations (32–323 μg L-1) followed by BP3 (n.d.–44 μg L-1), BP2 (n.d.–26 μg 

L-1) and BP1 (9–17 μg L-1). In Spain Gago-Ferrero et al. (2013b) determined BP3, BP1, 

4HB, 4DHB, BP8, BP2, BP4, 4-MBC, Et-PABA. Out of the 9 compounds, only four (BP1, 

BP3, BP4, 4-MBC) were found in river water, where BP4 had the highest concentration 

(21.3–862 ng L-1). The above results could be explained with the high polarity and 

solubility in water of BP4 compared with other benzophenones (Figure 1.2). 

In Japan, BP4 has not been studied. However, the most dominant sun-blocking agent in 

heavily polluted rivers is EMC, with concentrations from 125 to 1040 ng L-1. This profile 

was consistent with those found in moderately polluted river (12–91 ng L-1) and 

background river sites (18 ng L-1), but not with smaller river streams where OS was up 
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Figure 1.4 UV-filters maximum concentration found in tap, river, lake, sea and groundwater (A – benzophenone 
derivatives, B – p-aminobenzoic acid derivatives, C – camphor derivatives, D – salicylate derivatives, E – 

benzimidazole derivatives, F – cinnamate derivatives, G – crylene derivative, H – dibenzoyl methane derivatives, I – 
other). 



Part II: Introduction and State of the Art 

52 

 

to 266 ng L-1. In addition to BP4 being found in high concentrations (Gago-Ferrero et al., 

2013b; Kasprzyk-Hordern et al., 2008a; Kasprzyk-Hordern et al., 2009), it is possible to 

point other UV-filters, such as PBSA ranging from 5.1 to 500 ng L-1 in Czech Republic 

(Grabicova et al., 2013) and 48–3240 ng L-1 in Germany (Wick et al., 2010). 

BP3 is also a UV-filter frequently studied and found in high concentration in rivers. It was 

found in Taiwan with concentrations from 12.3 to 15.4 ng L-1 (Wu et al., 2013) and 3 ng 

L-1 (Ho and Ding, 2012), in Switzerland from 56 to 68 ng L-1 (Fent et al., 2010), in the UK 

up to 220 ng L-1 (Kawaguchi et al., 2008), and in Germany with 30 ng L-1 (Rodil and 

Moeder, 2008a). In Spain concentrations were found from 28 ng L-1 in a background river 

to 993 ng L-1 in a heavily polluted river (Negreira et al., 2009; Pedrouzo et al., 2010; 

Román et al., 2011).  

Salicylate derivatives ES, HMS and BZS were frequently detected and in high 

concentrations. Román et al. (2011) found 586 ng L-1 of ES and 712 ng L-1 of HMS in 

samples from Spain, and Liu et al. (2010) found concentrations of ES ten times higher 

(5620 ng L-1) in samples from China. On the other hand, BZS was only found in samples 

from Japan (169 ng L-1) (Kameda et al., 2011). The crylene derivative OC was also often 

under study and higher concentrations (5180 ng L-1) were found in China (Liu et al., 

2010). The cinnamate derivatives EMC and IMC were also found in high concentrations 

ranging 21–1040 ng L-1 and 595 ng L-1, respectively (Kameda et al., 2011; Román et al., 

2011). 

The most detected UV-filter families in river water were the benzophenone derivatives 

(BP, BP1, BP2, BP3 and BP4) with concentrations up to 0.4 mg L-1, p-aminobenzoic acids 

(EDP) with 531 ng L-1, camphor derivatives (4-MBC) up to 5.8 μg L-1, salicylate derivatives 

(ES, HMS and BZS) from 169 ng L-1 to 5.6 μg L-1, benzimidazole derivatives (PBSA) up to 

3.3 μg L-1, cinnamate derivatives (EMC and IMC) from 595 ng L-1 to 1.1 μg L-1 and crylene 

derivatives (OC) with 5.2 μg L-1. Although the maximum values for benzophenones (0.4 

mg L-1 for BP4) were found after a WWTP discharge point in the UK (Kasprzyk-Hordern 

et al., 2009), most authors don't mention this pollution source. Kameda et al. (2011) 

studied a heavily polluted river in Japan where BZS and EMC were found at high 

concentrations. It's worth mentioning that EMC is allowed in Japan at a concentration 

limit in sunscreens of 20% (only 10% allowed in EU) (Jansen et al, 2013). In Spain, Román 
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et al. (2011) found the higher concentrations for IMC, EDP and HMS, whereas in 

Germany Wick et al. (2010) found higher concentrations for PBSA. In the μg L-1 range 

were found 4-MBC and OC in river samples from China (Liu et al., 2010). 

 

1.4.1.1.2. Lake water 

As previously mentioned, UV-filters enter the environment in two ways, either indirectly 

via WWTP effluent or directly from swimming and other recreational activities (Pal et 

al., 2014). Studies performed in lake water reported higher UV-filter content in samples 

collected during the summer. In fact, recreational activities like bathing and swimming 

occur most frequently in summer months, which may create seasonal variations (Rodil 

and Moeder, 2008a). Moeder et al. (2010) presented a study from a lake intensively 

used for swimming and bathing in Germany and detected 4-MBC (2351 ng L-1), BP3 (83 

ng L-1), EMC (150 ng L-1) and OC (274 ng L-1). In the same conditions, but with higher 

range of concentrations, Rodil et al. (2009a,b) detected 7 of the 9 compounds under 

study (BP3, IMC, 4-MBC, BMDM, OC, EMC and ES). OC was found in the highest 

concentration (4381 ng L-1) and the dibenzoyl methane derivative BMDM was found in 

2431 ng L-1, the highest concentration among all types of water studied. 

Besides the previous studies, benzophenone-type UV-filters were determined in lakes 

of South Korea, whose main pollution sources are indirect inputs (contaminated rivers) 

(Jeon et al., 2006). Out of 7 compounds under study, only 4HB showed concentrations 

above the limit of quantification (85 ng L-1). 

Balmer et al. (2005) analyzed UV-filters in lakes with direct and indirect inputs and in 

remote locations. UV-filters were detected in several lakes, but concentrations were 

lower than expected, even during summer when direct inputs are supposedly higher. In 

fact, maximum concentrations were detected for 4-MBC and BP3 (28 and 35 ng L-1, 

respectively). The same concentration levels were reported by Poiger et al. (2004) in 

midland lakes, where BP3 showed the highest concentration (125 ng L-1) followed by 4-

MBC (82 ng L-1). In both studies UV-filters were determined using SPMD systems. In the 

latest study, the concentrations measured in the SPMDs exposed during summer were 

generally higher than in spring, again reflecting an increased use of UV-filters 

(sunscreens) during this season. In the remote mountain lake, Balmer et al. (2005) 
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detected no compounds above blank levels. However, Poiger et al. (2004) reported 

levels around 60 ng/SPMD for EMC in a small mountain lake. 

Compared to river water, fewer studies were performed in lakes and again, lower 

concentrations were found, which is expectable considering that sources are mainly 

swimming and other recreational activities. Higher concentrations were found in 

Germany, for camphor 4-MBC (2.4 μg L-1) (Moeder et al., 2010), salicylate ES (0.8 μg L-

1), cinnamate derivatives EMC (3.01 μg L-1) and IMC (146 ng L-1), crylene OC (4.4 μg L-1) 

and dibenzoyl methane BMDM (2.4 μg L-1) (Rodil et al., 2009a,b). It is worth mentioning 

that BMDM was not detected in any river water. Benzophenone derivatives were only 

found in Switzerland (BP3 at 125 ng L-1) (Poiger et al., 2004) and South Korea (4HB at 85 

ng L-1) (Jeon et al., 2006). 

 

1.4.1.1.3. Groundwater 

Surface and groundwater bodies, used sometimes for water supply purposes, are the 

endpoint for some UV-filters (Gago-Ferrero et al., 2013b). The presence of UV-filters in 

groundwater may be due to water leaks in the plumbing systems that collect wastewater 

(Gago-Ferrero et al., 2013b). Climate conditions can also affect UV-filter entrance in 

groundwater since intense sun irradiation, high temperatures and high microbial activity 

can accelerate material decomposition. Then, heavy rain might be able to leach 

chemicals and transport them directly or adsorbed on particles into groundwater 

(Arukwe et al., 2012). UV-filters are either not found in groundwater (Ho and Ding, 2012; 

Wick et al., 2010) or found at very low concentrations (0.38–36.6 ng L-1) (Arukwe et al., 

2012; Gago-Ferrero et al., 2013b; Jurado et al., 2014). Considering the mixing of the 

different sources that contribute to the occurrence of the UV-filters in groundwater, 

these concentrations are below the expected. Jurado et al. (2014) suggest that in 

groundwater, UV-filters might be removed under different redox conditions. 

The UV-filter found in higher concentrations in groundwater was BP4, whose major 

inputs could be explained by its highly solubility in water and frequent use in cosmetics 

and as color protector in products with translucent package (Gago-Ferrero et al., 2013b). 
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4.1.1.4. Sea water 

In sea water, apart from recreational activities and surface runoff, the major contributor 

to UV-filter occurrence is probably wastewater release into the ocean (incomplete 

removal of organic UV-filters in WWTPs) (Tsui et al., 2014). 

Most sea water data come from method development studies and takes particular 

emphasis in Southern Europe (Spain and Greece) and Japan. Among these studies, BP3, 

ES and OC appear in higher concentrations, all part of ‘the Allowed UV-filter in cosmetics 

list’. Tarazona et al. (2010) obtained the higher concentrations for BP3 (3300 ng L-1) in 

samples from Alicante and BP1 (280 ng L-1) in samples from Murcia, Spain. Other UV-

filters such as BP8 and 234THB, which are not part of the allowed compounds in 

cosmetics, were also studied but they were not detected. 

In a comparison study between water collected in the ocean and collected in a natural 

swimming pool, higher concentrations were found in the latest matrix, with BP3 ranging 

from 25 to 216 ng L-1 and EMC ranging 53 to 86 ng L-1, opposed to 118 ng L-1 and 83 ng 

L-1 respectively from the seawater samples (Tovar-Sánchez et al., 2013). Although the 

difference was expected, since the dilution factor is much higher at sea, the reported 

concentrations are in lower concentration levels than in other studies (Román et al., 

2011; Tarazona et al., 2010). 

The UV-filter ES was found in high concentrations in Alicante, Spain, ranging 792–1222 

ng L-1 (Román et al., 2011), while in Majorca (Spain) concentrations were 440–880 ng L-

1 (Benedé et al., 2014a,b). This compound, although relatively weak UV absorber has an 

excellent safety record, is easily incorporated into cosmetic formulations due to its 

aesthetics, stability, emollience and non-water-solubility, so it is widely used in many 

sunscreen products (Lowe et al., 1996). 

Román et al. (2011) detected other 7 UV-filters in high concentrations: HMS (625–1030 

ng L-1), IMS (245–645 ng L-1), 4-MBC (358–758 ng L-1), BP3 (254–879 ng L-1), EDP (409–

774 ng L-1), EMC (682–1187 ng L-1) and OC (440 ng L-1). The same compounds were 

detected by Benedé et al. (2014a,b), but in a lower concentration range (220 to 390 ng 

L-1). Vidal et al. (2010) also detected OC at 3000 ng L-1, while BP3, IMC, 4-MBC, EDP and 

EMC were detected between 60 and 190 ng L-1. 
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Sea water collected from beach sites revealed higher UV-filter concentration (e.g. BP3: 

1258 ng L-1) than reef sites (BP3: 9 ng L-1). In Japan, concentrations ranged from 4.1 ng 

L-1 (ODP) to 1258 ng L-1 (BP3) in beach sites, while in reef sites they varied between 1.8 

ng L-1 (ES) and 9.0 ng L-1 (BP3). Compounds like BZS and 4-MBC were not detected in 

either site. In Greece, UV-filters were not detected (Lambropoulou et al., 2002) or 

detected at low concentrations — 8.2 (BP3) to 19.7 ng L-1 (4-MBC) (Giokas et al., 2005) 

and 1.8 ng L-1 (BP3) (Giokas et al., 2004). 

SPMDs were used to determine UV-filters in the middle of the Pacific Ocean and these 

levels were compared to those found in the collected sea water. Compounds were 

detected in concentrations between 6 and 55 ng L-1 in water and below LOD (0.15–0.51 

ng/SPMD) and 34.3 ng/SPMD in the devices (Goksoyr et al., 2009). Due to the fact that 

UV-filters were found far away from the coastal area, where direct inputs are 

predominant, it may indicate that they are transported via ocean currents or 

atmospheric transport, either long-range or short-range. 

Tsui et al. (2014) determined the concentrations and spatial occurrence of twelve 

commonly consumed UV-filters, including BP1, BP3, BP4 and BP8, ES, IMC, ODP, BMDM, 

EMC,HMS, 4-MBC and OC in surface sea water samples collected in different countries, 

including China (Hong Kong, Shantou and Chaozhou), United States (New York City and 

Los Angeles), Japan (Tokyo Bay), Thailand (Bangkok) and the Arctic region. Hong Kong 

showed the higher concentrations (117 (BP8) to 6812 (OC) ng L-1). OC was the compound 

found in higher concentrations among all Chinese cities. Tokyo's highest concentration 

was BP4 (136 ng L-1), while in Los Angeles and Shantou it was the BP3 (601 and 188 ng 

L-1, respectively). In Chaozhou the ES was detected in higher concentration levels (128 

ng L-1) and in Arctic was the BMDM (70 ng L-1). This is the only report of the occurrence 

and distribution of organic UV-filters in the Arctic, for which there possible pathways are 

the same as for the middle of the Pacific Ocean (ocean currents or atmospheric 

transport). 

 

1.4.1.1.5. Tap water 

The presence of UV-filters in tap/drinking water has been poorly studied. Therefore, few 

conclusions can be drawn. 
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da Silva et al. (2015) investigated drinking water samples from a water treatment plant 

(WTP), while Ge and Lee (2012), Rodil et al. (2012) and Zhang and Lee (2013) studied 

samples collected in their research labs. In fact, if treatment plants are efficient, no UV-

filters should be found in tap water. This was verified by da Silva et al. (2015) in a 

Brazilian WTP. This showed good treatment efficiencies, since reported UV-filter 

concentrations were below the limit of detection (7.6–24.1 ng L-1). Regarding the tap 

water analyzed in Singapore (Ge and Lee, 2012; Zhang and Lee, 2013) and in Japan 

(Kameda et al., 2011), UV-filters were not found in the collected samples. However, 

Rodil et al. (2012) and Román et al. (2011) from Spain found high amounts of these 

compounds in tap water samples — around 10 ng L-1 for PBSA and 4-MBC and 62 ng L-1 

for BP4 in the first case and below LOQ (0.5–20 ng L-1) to 160 ng L-1 for ES, EMC and IMC. 

Also in Spain, Díaz-Cruz et al. (2012) found in a slight higher range the following UV-

filters: BP3, ODP, EMC and OC ranging from 110 to 290 ng L-1 and 4-MBC at 35 ng L-1. 

 

1.4.1.2. Swimming pool water 

Swimming pools, as lakes, are widely used in summer for recreational activities, where 

UV-filter entrance is a direct input since sunscreens are often used. Higher UV-filter 

concentrations were found in swimming pool water samples. The maximum 

concentrations detected are shown in Figure 1.5. 

 

Figure 1.5 UV-filters maximum concentration found in swimming pool water (A – benzophenone derivatives, B – p-
aminobenzoic acid derivatives, C – camphor derivatives, D – salicylate derivatives, E – benzimidazole derivatives, F – 

cinnamate derivatives, G – crylene derivative, H – dibenzoyl methane derivatives). 
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Chlorination disinfection is still one of the most widely used techniques in water 

treatment practices, and often associated to swimming pools, because of its strong 

oxidation ability, lower cost when comparing to other techniques and effective 

persistence. However, the free available chlorine does not only kill the harmful 

pathogens but may also react with some chemical pollutants that enter or already exist 

in the water and may possibly create poisonous and harmful by-products (Liu et al., 

2014). 

Ye et al. (2011) analysed four benzophenone-type UV-filters in a swimming pool water 

sample from China and detected concentrations as high as 4500 (BP3), 8700 (BP1), 

15,400 (4HB) and 18,800 (BP) ng L-1. BP and 4HB are not part of ‘the compounds allowed 

in cosmetics list (Annex VI)’ so their presence in swimming pool water is not very well 

understood. It's known that BPs are usually not directly incorporated in personal care 

products, but no information regarding 4HB utilization was found among literature. 

Therefore, their presence in swimming pools may be due to its presence in the tap or 

other source of water that is used to fill the pool (PROGRAM, 2006). 

UV-filters were also detected in Czech Republic by Grabicova et al. (2013). PBSA (24–

13,000 ng L-1), BP3 (21–620 ng L-1) and BP4 (3.3–46 ng L-1) were detected in the collected 

samples. Higher concentration levels of PBSA could be explained by its massive use as 

an UV-filter in cosmetic products (maximum concentration of 8% (expressed as acid) in 

Europe and 4% in the USA (SCCP/1056/06)). On the other hand, PBSA is highly water-

soluble and chlorine plays a negligible role in PBSA degradation (Ji et al., 2013). 

Nguyen et al. (2011) reported concentrations of BP3 ranging 25–216 ng L-1 and EMC 

from 53 to 86 ng L-1 in a seawater swimming pool in Italy. Other compounds were also 

investigated (OC, EDP, HMS and ES), but they were not detected. Limits of detection 

were considerably low (0.01 ng L-1 for EDP to 2.65 ng L-1 for ES) and the method 

combined SBSE-LD with LC–MS. 

Giokas et al. (2004) obtained concentrations of 4.2–5.7 ng L-1 for BP3, 5.4–6.9 ng L-1 for 

4-MBC and 3.0–4.5 ng L-1 for EMC, by SPE–GC–MS, in Greece. However, BMDM was not 

detected using LC–UV–DAD. Zhang and Lee (2012a,b) did not detect UV-filters in 

swimming pool water, either because the analytes (BP, BP3, ES, HM) were not present 
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or due to the high LOD of the IL-SDME–LC–UV method (200–5000 ng L-1). The UV-filter 

IMC was the only compound found in samples from Spain at 700 ng L-1, among OC, BP3, 

EDP, EMC and 4-MBC, using IL-SDME and LC–UV (Vidal et al., 2010). 

UV-filters in shower waste water samples were compared with swimming pool water 

samples by Lambropoulou et al. (2002), where BP3 and ODP levels were higher in 

shower waste (8200–9900 ng L-1 and 5300–6200 ng L-1 respectively) than in swimming 

pool water (2400–3300 ng L-1 for BP3 and ODP was not found). In the same country 

(Greece), shower waste water UV-filter levels were in a lower range for BP3 (10.0 ng L-

1), 4-MBC (3.8 ng L-1) and EMC (4.1 ng L-1) (Giokas et al., 2004). 

The detection range of UV-filters in swimming pool water is different from the other 

water matrices probably because of the different contamination sources and 

degradation processes. The most frequently detected compounds are benzophenones 

BP (18.8 μg L-1), 4HB (15.4 μg L-1), BP1 (8.7 μg L-1) and BP3 (4.5 μg L-1) (Ye et al., 2011), 

however, benzophenone BP4 was also found at lower concentrations by Grabicova et 

al. (2013) at 46 ng L-1. Other compounds such as benzimidazole PBSA (13 μg L-1) 

(Grabicova et al., 2013) and cinnamate derivatives EMC and IMC were also found at high 

concentrations, 86 and 700 ng L-1 respectively. Compounds such as ODP, EDP and BMDM 

were either not detected or detected at low concentrations, which may be due to the 

degradation processes they suffer upon contact with chlorine. Although UV-filter EMC 

and BP3 were found at relatively high concentrations, they also suffer degradation with 

chlorine (Supplementary material). 

 

1.4.2. Occurrence in sediments and soils 

Although the occurrence of UV-filters in water samples has been well documented, the 

information regarding soil and sediments is rather scarce. So far only 8 papers regarding 

this subject were published since 2000 (Table 1.2). 

UV-filters' maximum concentration found in soil and sediments is shown in Figure 1.6. 

For lipophilic organic UV-filters, these matrices constitute a trapping compartment 

(Amine et al., 2012). Most UV-filters found in these matrices can be called hydrophobic 

once their log Kow values are higher than 4, and their affinity to the matrices in study can 
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be proven by their high log Koc up to 5.5, which translates into moderate to very strong 

sorption to soil/sediments. Among all the UV-filters found in these solid compartments, 

the crylene derivative OC presented the higher frequency of detection and one of the 

highest concentrations. Although it was not studied in soil samples, it was found in 

sediments with concentrations ranging 79 and 2400 ng g-1 dw (Amine et al., 2012; Gago-

Ferrero et al., 2011; Kameda et al., 2011; Rodil and Moeder, 2008b). This compound is 

highly lipophilic with log Kow 6.9 (Fig. 2), therefore with tendency to adsorb upon 

sediment organic matter. It also has very low water solubility (0.0038 mg L-1 at 25 °C), 

which makes lixiviation not possible, and is highly stable and resistant to sunlight 

degradation (Gago-Ferrero et al., 2011). These high concentrations in sediments can be 

associated with its extensive use in personal care products, especially sunscreens 

(Amine et al., 2012; Gago-Ferrero et al., 2011). However, OC was not found in all studies, 

which suggests that the production and use profiles of UV-filters are different among 

countries (Barón et al., 2013). 

Like the UV-filter OC, the cinnamate derivative EMC (log Kow=5.8) was frequently studied 

and detected in sediments with concentrations between 9 (Amine et al., 2012) and 101 

ng g-1 dw (Kameda et al., 2011). The average range concentrations of UV-filters in 

river/lake sediments are similar on different impacted environments: river transition 

zones (11–90 ng g-1 dw) (Amine et al., 2012), moderately polluted rivers (0.4–30.0 ng g-

1 dw), highly polluted rivers (0.8– 50 ng g-1 dw) (Kameda et al., 2011), slightly polluted 

rivers (5.2–42 ng g-1 dw, exception for OC found at 2400 ng g-1 dw) (Gago- Ferrero et al., 

2011) and recreational lakes (14–93 ng g-1 dw) (Rodil and Moeder, 2008b). River 

sediment samples from Korea present high concentration levels, which constitutes an 

exception to the tendency presented above: benzophenone derivatives BP (1520–9730 

ng g-1 dw), 4HB (18,380 ng g-1 dw), BP1 (500–2140 ng g-1 dw) and benzophenone 

metabolite BH (530 ng g-1 dw). UV-filters BP3 and BP8 were not detected in these 

samples (Jeon et al., 2006). 
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Figure 1.6 UV-filters maximum concentration found in sediments and soils (A – benzophenone derivatives, B – p-
aminobenzoic acid derivatives, C – camphor derivatives, D – salicylate derivatives, E – cinnamate derivatives, F – 

crylene derivative, G – other). 

A temporal trend in sediment contamination was also shown by Amine et al. (2012), 

who explain that higher concentrations of UV-filters can be found in low flow conditions 

like the ones in the dry season, where simultaneously happens an increase in UV-filter 

consumption. Also, Gago-Ferrero et al. (2011) tried to correlate UV-filter concentrations 

with total organic carbon (TOC) values of the sediments, however, no direct correlation 

was found. 

Regarding soil samples, Jeon et al. (2006) detected really high concentrations of UV-

filters in soil collected from residential, park, commercial and industrial areas with dense 

population. Concentrations found were around 820–16,550 ng g-1 dw (BP), 510–6950 ng 

g-1 dw (BH), 1060–4910 ng g-1 dw (4HB), 730–3880 ng g-1 dw (BP3) and 500–4170 ng g-1 

dw (BP8). UV-filters BP1 and 234THB were not detected. 

On the other hand, Sánchez-Brunete et al. (2011) studied salicylate and benzophenone-

type UV-filters in agricultural soils amended with sewage sludge. Compounds 4HB, BP3, 

BP8, ES and HMS were not detected. BP1 (5.7 ng g-1 dw) and BP6 (0.6 ng g-1 dw) were 

detected at lower concentration levels. 

 

1.4.3. Occurrence in biota 

UV-filter occurrence in biota has been widely studied throughout the past years. In fact, 

an overview of UV-filters in aquatic biota by Gago-Ferrero et al. (2012) synthesizes the 
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scattered information in this subject by discussing the analytical methods and levels. 

This section, however, intends to compile the latest results published in the past 3 years 

(since 2012). An overview on the occurrence for the UV-filters is presented in Table 1.3. 

Since the last review several fish species have been investigated together with, although 

to a lesser extent, clams, urchins, prawns, crabs and mussels. 

A study carried out by Peng et al. (2015) compared the levels of wild and farmed fish 

species from China, detecting BP3 in both at low ng g-1 dw. 4-MBC and EDP were 

detected at 41.5 and 52 ng g-1 dw, respectively in the farmed fish species, opposed to 

the wild species (2.3 ng g-1 dw and not detected, respectively). Similar concentrations 

were found in Taiwan for ES, HMS, BP3, BP1 and BP8 ranging 0.5 and 6.9 ng g-1 dw for 

wild fish (Tsai et al., 2014). Higher levels were found in wild fish, in samples from Spain 

for EMC at 241.7 ng g-1 dw (Gago-Ferrero et al., 2013c, 2015) and from Norway for BP3 

at 1037 ng g-1 dw and OC at 11,875 ng g-1 dw (Langford et al., 2015). Besides the high 

concentrations of UV-filters in codfish, Langford et al. (2015) also detected levels of BP3, 

EMC and OC in prawns Pandalus borealis (BP3 at 68.4, OC at 23.1 ng g-1 dw). Crabs 

(Carcinus maenas) were also under studied, but values were below the limit of detection 

for all compounds. In New Zealand, BP3 was detected in samples of clams (108 ng g-1 

dw), urchins (8.6 ng g-1 dw) and fish (14.1 in the filet and 41.0 ng g-1 dw in the liver), but 

BP1 was not detected in either sample (Emnet et al., 2015). Samples of wild mussels 

(Mytilus galloprovincialis) from Portugal were studied by Groz et al. (2014) and high 

levels were detected for EMC (1765 ng g-1 dw), ODP (833 ng g-1 dw) and OC (3992 ng g-1 

dw); however, compound UV-326 was not detected. These results are in a lower range 

of that detected by Bachelot et al. (2012), except OC which was found at higher 

concentrations (7112 ng g-1 dw). 

As shown, of all the UV-filters under study, BP3 is the most frequently found and in all 

type of biota (except crab, where no compounds were detected) at concentrations 

ranging 68.9 (urchins) to 1037 ng g-1 dw (fish). However, the UV-filter OC was found at 

higher concentrations ranging 23.1 (prawns) and 11875 ng g-1 dw (fish). 
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Table 1.3 UV-filters concentration and analytical method overview in biota (from 2012). 
Country Matrix Species Compounds Concentration (ng g-1 dw) Method Recovery (%) LOD (ng g-1 dw) Ref 

China 

Wild Fish 

BP3, 4-MBC, OC, ODP, 
BMDM, EMC, UV-326, 

UV-329 

BP3: 0.106 – 1.52 
4-MBC: 0.2 – 2.3 
UV-329: 0.105 – 0.225 
ODP, BMDM, UV-326: 
n.d. 

Samples were freeze-dried, ground, and homogenized. 
USA (4 g sample, MeOH (extraction solvent), vortex, 
ultrasonic bath 15 min, 300W, 3 times); 
GPC (Biobeads S-X3 (200–400 mesh), Acetate/CYHex (1:1) 
(elution solvent)) 
SPE (Silica column, DCM/EA (1:1) (elution solvent)) 
 
UHPLC-MS/MS 

BP3: 88.3 – 102.0 
4-MBC: 80.8 – 102.4  
OC: 87.9 – 115.6  
ODP: 64.2 – 102.3 
BMDM: 41.1 – 82.8 
EMC: 81.1 – 109.5 
UV-326: 42.2 – 95.8 
UV-329: 54.8 – 101.6 

MQL 
BP3: 0.08 
4-MBC: 0.2 
OC: 0.1 
ODP: 0.005 
BMDM: 1 
EMC: 10 
UV-326:0.01  
UV-329: 0.003 

Peng et 
al., 
2015 

Farmed red 
snapper 

BP3: 0.59 – 0.80 
4-MBC: 14.7 – 41.5 
ODP: 0.239 – 0.36 
BMDM: 33 – 52 
UV-326: 7.95 – 11.38 
OC, EMC, UV-329: n.d. 

New 
Zealand 

Clams 
Laternula 
elliptica 

BP1, BP3 

BP3: 9.2 - 108 
BP1: n.d. 

Samples homogenized 
PLE (ASE, 1st [2 cycles, 5 min, 120 oC, 1450 psi, H2O/IPA 
(1:1) (extraction solvent)], 2nd [2 cycles, 10 min, 180 oC, 
1450 psi, H2O/IPA (20:80) (extraction solvent)]) 
SPE (Oasis HLB (1g/20mL) cartridges, 2x MeOH + 2x H2O 
(elution solvents)) 
SPE (Florisil (Isolute 2g/15 mL) cartridges, 3x DCM/MeOH 
(95:5) + DCM/MeOH (95:5) (elution solvents)) 
GPC (SX8 Biobeads, DCM/MeOH (95:5) (elution solvent)) 
Derivatization  
(BSTFA/TMSI (98:2)) 
GC-MS 

BP3: 53  
BP1:47.9  

MQL 
 
BP3: 6.6  
BP1: 2.0 

Emnet 
et al., 
2015 

Urchin 
Sterechinus 
neumayeri 

BP3: 8.6 
BP1: n.d. 

Fish (fillet) 
Trematomus 
bernachi 

BP3: <6.6 – 14.1 
BP1: n.d. 

BP3:  67.4 
BP1: 52.2 Fish (liver) 

Trematomus 
bernachi 

BP3: 41.0 
BP1: n.d. 

Spain 

River fish 
Luciobarbus 
sclateri 

BP3, EMC, 4-MBC, OC 

BP3: < 4.0 – 24.3 
EMC: <16.7 – 241.7 
4-MBC: n.d. 
OC: <20.0 – 30.4 

Freeze-dried samples; 
PLE (ASE, 1 g Florisil, 1 g sample, 4 cycles, 5 min, 100 oC, 
1500 psi, AcEt/DCM (1:1) (extraction solvent)) 
SPE (C18 (500 mg, 3 mL) cartridges, EA/DCM (1:1) + DCM 
(elution solvent) 
 
LC-MS/MS 

- 
 

BP3: 1.2 
EMC: 5.0 
4-MBC: 0.7 
OC: 6.0 
 

Gago-
Ferrero 
et al., 
2015 

Barbus graellsii 
BP3: 2.2 
4-MBC: <2.3 – 2.7 
EMC, OC: n.d. 
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Table 1.3 UV-filters concentration and analytical method overview in biota (from 2012). (cont.). 
Country Matrix Species Compounds Concentration (ng g-1 dw) Method Recovery (%) LOD (ng g-1 dw) Ref 

Norway 

Codfish (liver) 
Gadus morhua 

BP3, EDP, EMC, OC, UV-
329 

BP3: <30 – 1037 
EDP: <20 – 21.3 
EMC: <30 – 36.9 
OC: <20 – 11875 
UV-329: <25 

PLE (ASE, 3 cycles, 5 min, 100 oC, 1500 psi, Hex/DCM (1:1) 
(extraction solvent)) 
GPC (DCM (elution solvent)) 
 
LC-HRMS 
GC-HRMS 

BP3: 75 
EDP: 51 
EMC: 85 
OC: 75 
UV-329: 72 

BP3: 30 
EDP: 20 
EMC: 30 
OC: 20 
UV-329: 25 

Langford 
et al., 
2015 

Prawn 
Pandalus 
borealis 

BP3: <30 – 68.9 
EDP: <20  
EMC: <20 
OC: <10 – 23.1  
UV-329: <25 

Crab 
Carcinua meanas 

BP3: <30 
EDP: <20  
EMC: <10 
OC: <10 
UV-329: <25 

Fish (fillet) 
Lota lota, Perca 
fluviatilis, 
Coregonus 
lavaretrus 

BP3: <5 – 182  
EDP: <20  
EMC: <5 
OC: <2 – 2.1 
UV-329: <25 

Portugal 
Wild mussels 
M. 
galloprovincialis 

EMC, ODP, OC, UV-326 

EMC: 1765 
ODP: 833 
OC: 3992 
UV-326: n.d. 

Freeze-dried samples; 
QuEChERS (2 g sample, H2O, vortex, ACN, shaking; add Q1 (4 
g Na2SO4, 1 g NaCl, 1 g Na3Cit:2H2O, 0.5 g Na2HCit:3H2O), 
shake 1 min, centrifuge 5 min x 3500 rpm, upper layer 
transferred, add Q2 (750 mg Na2SO4, 125 mg C18, 125 mg 
PSA silica), add 50 µL formic acid, shake 1 min, Centrifuge 5 
min x 5000 rpm) 
 
GC-MS 

EMC: 93 - 106 
ODP: 90 - 93 
OC: 99 - 126 
UV-326: 33 - 50 

EMC: 1.0 
ODP: 2.5  
OC: 5.0  
UV-326: 12.5 

Groz et 
al., 2014 
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Table 1.3 UV-filters concentration and analytical method overview in biota (from 2012). (cont.). 
Country Matrix Species Compounds Concentration (ng g-1 dw) Method Recovery (%) LOD (ng g-1 dw) Ref 

Taiwan 

Striped bass fish 

ES, HMS, BP3, BP1, BP8 

ES: 2.9 
HMS: n.d. 
BP3:5.7 
BP1:1.7 
BP8: 1.7 

Freeze-dried samples; 
MSPD (matrix solid-phase dispersion) (0.5 g sample, 0.5 g 
Na2SO4, 1.0 g Florisil) 
SPE (C18 cartridge, 7 mL ACN) 
 
GC-MS/MS 

ES: 75 - 79 
HMS: 78 - 83 
BP3: 90 - 102 
BP1: 84 - 88 
BP8: 71 - 72 

ES: 0.02 
HMS: 0.02 
BP3: 0.03 
BP1: 0.02 
BP8: 0.03 

Tsai et 
al., 
2014 

Tilapia fish 

ES: 1.8 
HMS:n.d. 
BP3:5.4 
BP1: 0.7 
BP8:1.5 

Codfish 

ES: 0.8 
HMS :n.d. 
BP3:3.3 
BP1: 1.0 
BP8: 0.5 

Salmon (fish) 

ES: 3.9 
HMS: 0.7 
BP3: 6.9 
BP1: 3.6 
BP8: 2.4 

Spain 

Fish 
Luctobarbus 
sclateri 

BP3, BP1, 4HB, 4DHB, 
4-MBC, EMC, OC, ODP 

BP3: 16.5 – 24.3 
EMC: 19.0 – 241.7 
OC: <20.0 – 30.4 
BP1, 4HB, 4DHB, 4-MBC, 
ODP: n.d. 

Freeze-dried samples; 
PLE (ASE, 1 g Florisil, 1 g sample, 2 cycles, 5 min, 100 oC, 
1500 psi, EA/DCM (1:1) (extraction solvent)) 
SPE (C18 (500 mg, 3 mL) cartridges, EA/DCM (1:1) + DCM 
(elution solvent) 
 
LC-MS/MS 

BP3: 106 - 112 
BP1: 90 - 92 
4HB: 110 - 112 
4DHB: 92 - 96 
4-MBC: 95 - 109 
EMC: 66 - 72 
OC: 70 - 80 
ODP: 36 - 42 

BP3: 1.2 
BP1: 4.0  
4HB: 6.0 
4DHB: 5.0 
4-MBC: 0.7 
EMC: 5.0 
OC: 6.0 
ODP: 0.1 

Gago-
Ferrero 
et al., 
2013 

Fish 
Cyprinus carpto  

BP3: 11.2 
EMC: <16.7 
OC, BP1, 4HB, 4DHB, 4-
MBC, ODP: n.d. 
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1.5. Conclusions 

The present review provided comprehensive information about the occurrence and fate 

of UV-filters in the environment, as well as the main analytical methods to detect them. 

The widespread use of UV-filters in several personal care products, including sunscreens 

and cosmetics, household products or as industrial additives and its frequent detection 

in both water and sediments have raised multiple concerns. Their multiple endocrine 

disruptive activities make them a threat both to biota and humans. 

Based in the available in vitro and in vivo toxicity studies and the levels at which they 

occur in the environment, UV-filters may pose a risk to freshwater ecosystems, with 

higher risk incidence in some hotspot areas. However, much more information is needed 

in order to establish a temporal effect in water and long-term exposure in biota. Also, it 

is known that under certain conditions UV-filters can degrade and form, in some cases, 

unknown by-products. These by-products may be more toxic than the parent 

compounds. 

Due to the wide dimension of the UV-filter class and the different physico-chemical 

properties of these compounds, several analytical procedures have been developed so 

far in order to obtain a reliable multi-residue method to determine different UV-filters 

in a single extraction. Solid-phase extraction (SPE) has been the favorite procedure and 

yield to high recoveries, probably due to its simple procedure and versatility in the 

sorbents and solvents that can be used. However, this technique when compared with 

microextraction methodologies is not environmentally friendly, considering the great 

amounts of solvents used and can be time consuming. On the other hand, techniques 

like DLLME and SPME, that are often used, need small amounts of solvents and sample 

and often deliver good results. Passive sampling using either SPMDs or POCIS was found 

to be a good method to indirectly analyze UV-filters in water, more specifically for 

lipophilic compounds. Extraction from these devices is mostly by dialysis and recoveries 

are usually high. 

UV-filters were found, to date, in water bodies, soil and sediments. However, most 

studies have focused on the occurrence in water. In natural waters they are detected in 

higher concentrations in river water and are especially detected benzophenones BP1, 
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BP2, BP3 and BP3 with concentrations up to 0.3 mg L-1. There are few studies on 

sediments and soils, but those that exist show that benzophenones 4HB and BP were 

found at higher concentrations, up to 0.02 mg g-1 dw. Studies on biota had already been 

extensively reviewed in 2012. However, a small overview was performed since then. 

These latest studies showed that fish presents concentration levels up to 11.9 μg g-1 dw 

for crylene OC and around 1 μg g-1 dw for BP3. Other compounds such as 4-MBC, BMDM, 

UV-326, EMC and EDP were detected at relevant concentrations (from 10 to 200 ng g-1 

dw). Relevant concentrations of UV-filters were also detected in mussels for EMC (1765 

ng g-1 dw), ODP (833 ng g-1 dw) and OC (3992 ng g-1 dw). Clams, urchins and prawns also 

showed the presence of BP3 (up to 100 ng g-1 dw). Although different type of marine 

biota is being studied there's a lack of information in terrestrial biota in order to evaluate 

the potential bioaccumulation and biomagnification of these compounds.  

Attending to the massive use of these compounds and their occurrence in the 

environment, new approaches should be developed in order to reduce discharges into 

the environment and/or submit them under new legislation. 
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Abstract 

UV-filters are a group of compounds which have been massively used in the past years 

due to the recent concerns with sunburns, premature skin ageing and the risk of 

developing skin cancer, related to sun exposure. At the moment, these compounds have 

been identified by the scientific community as emerging pollutants, due to their 

persistence in the environment, potential to accumulate in biota and potential threat as 

endocrine disruptors. At some point, the majority of sunscreens will find their way into 

wastewater (due to bathing and washing activities) and because wastewater treatment 

plants (WWTPs) are not able to remove and/or degrade them, consequently they find 

their way into rivers, lakes and ocean, so it is not surprising that UV-filters are found in 

the environment. Therefore, wastewater treatment plants should be the focus of the 

scientific community aiming to better understand the fate of the UV-filters and develop 

new technologies to remove them from wastewater and sludge. This review aims to 

provide the current state of the art in the occurrence and fate of UV-filters in wastewater 

treatment plants and how the technologies that are being used are successfully 

removing these compounds from both wastewater and sludge. 
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2.1. Introduction 

Personal care products (PCPs) have gained growing interest in recent years due to their 

increased production and consumption (Giokas et al., 2007). Since the 1920s with the 

new wave of Coco Chanel known as the ‘Chanel look’, the bronzed look became 

fashionable (Wolf et al., 2001). However, overexposure to ultraviolet (UV) radiation has 

been the main cause of several skin disorders such as sunburn, photo-ageing and even 

skin cancer. The growth in public awareness of these hazards led to an increase in the 

availability of UV protection products containing organic UV-filters (Langford et al., 

2015). Organic UV-filters are compounds used to absorb UVA and/or UVB radiation (also 

called ‘UV-absorbers’), while inorganic UV-filters mainly scatter and reflect the radiation 

(Serpone et al., 2007). They are present in sunscreens and cosmetics to prevent skin 

damage under sunlight irradiation, but they are also used as sun blocking agents for the 

protection of several materials such as plastics, adhesives and rubber (Brooke et al., 

2008; Gackowska et al., 2014; Kupper et al., 2006). The amount and type of UV-filters 

incorporated into cosmetic formulations depend on the desired degree of sun 

protection factor (SPF) and protection wavelength range (UVA, UVB). However, there 

combined concentrations should not exceed 10% with other organic or inorganic UV-

filters (Santos et al., 2013). 

Nowadays, UV-filters are considered emerging contaminants due to their widespread 

presence in the environment and because of the unknown risks associated with their 

presence (Liu and Wong, 2013; Ramos et al., 2015). UV-filters' occurrence have been 

reported in several matrices such as river water (Gago-Ferrero et al., 2013a,b; Grabicova 

et al., 2013; Tsui et al., 2014a,b), lake water (Moeder et al., 2010; Rodil et al., 2009; 

Zhang et al., 2011), sea water (Benedé et al., 2014; Tsui et al., 2014a,b), groundwater 

(Gago-Ferrero et al., 2013a; Ho and Ding, 2012; Jurado et al., 2014), sediments (Amine 

et al., 2012; Barón et al., 2013; Gago-Ferrero et al., 2011a) and even biota (Blüthgen et 

al., 2014; Christen et al., 2011; Kim et al., 2014). The main issue of concern of these 

compounds are their potential toxicity and adverse effects, namely as xenohormone 

affecting reproductive activity (Bester, 2007; Kaiser et al., 2012; Paredes et al., 2014; 

Schlumpf et al., 2004; Sieratowicz et al., 2011; Weisbrod et al., 2007). Camphor 

derivative 4-MBC has shown multiple hormonal activities in vitro (estrogenic and 
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antiestrogenic), as well as 2-hydroxy-4-methoxybenzophenone (BP3) and HMS 

(antiandrogenic) (Schlumpf et al., 2004). An extensive description on these effects has 

been provided by Díaz-Cruz and Barceló (2009). 

Although recreational activities are direct input pathways of UV-filters into the 

environment, the major source of contamination are the effluents from the wastewater 

treatment plants (WWTPs) and also sewage sludge, which is frequently used as fertilizer 

in agriculture or simply disposed in landfills. It is, therefore, essential to understand the 

UV-filters' behaviour in WWTPs and define the best removal mechanisms, in order to 

reduce the quantities released into the environment. For that reason, the aim of this 

work is to systematize the main results and conclusions obtained on the levels and fate 

of organic UV-filters in WWTPs. 

 

2.2. UV-filters occurrence and fate in wastewater treatment plants 

The number of papers studying UV-filters in WWTPs has been growing in the past couple 

of years (Figure 2.1). Improvements in analytical methodologies, allowing lower 

detection limits, helped the scientific community to became aware that these 

compounds are not easily degraded in WWTPs and their physicochemical properties 

allows them to persist in the environment which may cause long-term negative impacts 

on biota and human health. Scientific publications regarding the occurrence and fate of 

UV-filters in WWTPs between 2000 and 2015 were retrieved and the information 

compiled in Table 2.1, in order to facilitate the analysis. A brief description of the used 

extraction and clean-up methods was also complimentary included, although this topic 

has already been systematically reviewed by Zuloaga et al. (2012) and Ramos et al. 

(2015).  

To better understand the influence of physicochemical properties on the fate of the 

organic UV-filters within this review, the most important properties (such as log KOW, 

solubility and boiling points) are presented in Annex (Annex 2). Additionally, an overview 

of current legislation regarding incorporation of these compounds in cosmetics in 

Europe (Cosmetics Directive, 2009), USA (21CFR352.10, 2014) and Japan (MHW, 2000) 

was also included. 

 



Part II: Introduction and State of the Art 

83 

 

 

Figure 2.1 Number of published studies per year studying UV-filters in WWTPs. 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants. 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

ES, HMS, IMS, 4-
MBC, BP3, BP1, 
BP8, EDP, 
234THB, EMC, 
OC, BMDM 

Portugal 

Extraction method: 
DLLME (10 mL sample, pH 3, 
Ac (dispersant), TCE 
(extractant)) 
Derivatization (Microwave, 
600W, 5 min, 40 µL BSTFA, 
1% TMCS)  
 
Instrumental method: 
GC-MS 

ES, IMS, 4-
MBC, BP8, 
EDP: 6 
HMS, BP3, 
EMC: 2 
BP1, OC: 3 
234THB: 23 
BMDM: 26 

ES: 91 - 103 
HMS: 76 - 89 
IMS: 89 - 101 
4-MBC: 93 - 99 
BP3: 93 - 105 
BP1: 59 - 99 
BP8: 60 - 78 
EDP: 69 - 79 
234THB: 55 - 68 
EMC: 61 - 101 
OC: 75 - 104 
BMDM: 69 - 105 

Domestic, industrial (residual) 
(41955 inhabitants) 
-Secondary treatment 
- Activated Sludge with 
conventional aeration) 

4-MBC, BP1: n.d. 
BP3: 71.3 – 234.2 
EDP: 51.5 - 197 
EMC: 47.9 
OC, BMDM: <LOQ 

4-MBC, BP1, OC, 
BMDM: n.d. 
BP3: <LOQ – 22.2 
EDP: < LOQ 
EMC: 57.8 

- 
(Cunha et 
al., 2015) 

Domestic, industrial (mainly) 
(10000 inhabitants) 
-Tertiary treatment  
- Activated Sludge with extended 
aeration  

4-MBC, BP1: n.d. 
BP3: 6.6 – 273.3 
EDP: 28.2  
EMC: 37.9 
OC: <LOQ 
BMDM: 495 

4-MBC, BP1, EDP, 
EMC, OC: n.d. 
BP3: <LOQ - 136 
BMDM: <LOQ 

Domestic, industrial (residual) 
(57748 inhabitants) 
- Secondary treatment with UV 
disinfection 
- Activated Sludge with extended 
aeration 

4-MBC, BP1: n.d. 
BP3: 5.4 – 98.1 
EDP: 24.9 
EMC: 41.6  
OC: <LOQ 
BMDM: 195 

4-MBC, BP1, EDP, 
OC: n.d. 
BP3: <LOQ – 16.4 
EMC: 35.1 
BMDM: <LOQ 

Domestic, hospital and industrial 
(45257 inhabitants) 
- Secondary treatment with UV 
disinfection 
- Activated Sludge with medium 
load aeration 

4-MBC: 45.8 
BP3: 29.5 - 237 
BP1: n.d. 
EDP: 38.3 
EMC: 133.3 
OC: <LOQ – 689.6 
BMDM: 312.2 

4-MBC: <LOQ 
BP3: <LOQ – 32.5  
BP1, EDP: n.d. 
EMC: 54 
OC: 154.3 
BMDM: 93.2 

Domestic and industrial (255557 
inhabitants) 
-Tertiary treatment with UV 
disinfection 
-Activated Sludge with 
conventional and extended 
aeration 

4-MBC, BP1, BMDM: 
n.d. 
BP3: 31.2 – 188 
EDP: 22 – 139.9 
EMC: 48.7 
OC: <LOQ 

4-MBC, BP1, EMC, 
OC, BMDM: n.d. 
BP3: <LOQ – 36.1  
EDP: <LOQ 

Domestic (300000 inhabitants) 
-Tertiary treatment with UV 
disinfection 
-Activated Sludge with extended 
aeration 

4-MBC, BMDM: n.d. 
BP3: 61.2 
BP1: 88.5 – 184.4 
EDP: 34.8 – 87.2 
EMC: 222.5 
OC: 88.1 – 247.6 

4-MBC, BP1, EDP, 
OC, BMDM: n.d. 
BP3: <LOQ 
EMC: 49.5 

Domestic and industrial (213000 
inhabitants) 
-Secondary treatment 
-Trickling Filters 

4-MBC: 84.6 
BP3: 16.9 - 126 
BP1, EDP, BMDM: n.d. 
EMC: 32.8 
OC: <LOQ 

4-MBC: <LOQ 
BP3: <LOQ - 60 
BP1, EDP, OC, 
BMDM: n.d.  
EMC: 42.7 

Domestic, hospital and industrial 
(6850 inhabitants) 
-Secondary treatment 
-Activated Sludge 

4-MBC, BP1: n.d. 
BP3:15.8 - 60 
EDP: 12.2 – 23.2 
EMC: 46.1; OC: <LOQ 
BMDM: 71.1 – 1247.5 

4-MBC, BP1, EDP, 
OC: n.d. 
BP3: <LOQ – 13.1 
EMC: 37.4 
BMDM: 44.5 – 62.6 

  



Part II: Introduction and State of the Art 

85 

 

Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

ES, HMS, IMS, 4-
MBC, BP3, BP1, 
BP8, EDP, 
234THB, EMC, 
OC, BMDM 

Portugal 

Extraction method: 
DLLME (10 mL sample, 
pH 3, Ac (dispersant), 
TCE (extractant)) 
Derivatization 
(Microwave, 600W, 5 
min, 40 µL BSTFA, 1% 
TMCS)  
 
Instrumental method: 
GC-MS 

ES, IMS, 4-
MBC, BP8, 
EDP: 6 
HMS, BP3, 
EMC: 2 
BP1, OC: 3 
234THB: 23 
BMDM: 26 

ES: 91 - 103 
HMS: 76 - 89 
IMS: 89 - 101 
4-MBC: 93 - 99 
BP3: 93 - 105 
BP1: 59 - 99 
BP8: 60 - 78 
EDP: 69 - 79 
234THB: 55 - 68 
EMC: 61 - 101 
OC: 75 - 104 
BMDM: 69 - 105 

Domestic and industrial 
-Secondary treatment with 
biofiltration 
-Activated Sludge 

4-MBC, BP1, EMC, 
BMDM: n.d. 
BP3: 48.8 – 152.5 
EDP: 12.9 
OC: <LOQ 

4-MBC, BP1, EDP, 
EMC, OC, BMDM: 
n.d. 
BP3: <LOQ 

- 
(Cunha et 
al., 2015) 

Domestic and industrial 
-Tertiary treatment with disinfection 
-Activated Sludge 

4-MBC, BP1, EDP, 
BMDM: n.d. 
BP3: 32.9 – 323.3 
EMC: 689.5 
OC: <LOQ 

4-MBC, BP1, EDP, 
OC, BMDM: n.d. 
BP3: <LOQ 
EMC: 483.4 

Domestic 
-Secondary treatment with 
disinfection 
-Biofiltration 

4-MBC, BP1, EDP: n.d. 
BP3: 80.8 - 171 
EMC: 159.3 
OC: 49.1 – 687  
BMDM: 2935 

4-MBC, BP1, EDP: 
n.d. 
BP3: 17.2 – 68.2 
EMC: 153.9 
OC: 353 – 357.4 
BMDM: 168.1 

Domestic, hospital and industrial 
(60000 inhabitants) 
-Secondary treatment with 
disinfection 
-Activated Sludge with medium load 
aeration 
 

4-MBC, BP1, EMC, 
BMDM: n.d. 
BP3: 57.6 - 150 
EDP: 66.4 
OC: <LOQ 

4-MBC, BP1, EDP, 
EMC, OC, BMDM: 
n.d. 
BP3: 16.6 – 36.5 

Domestic (8700 inhabitants) 
-Secondary treatment with 
disinfection 
-Activated Sludge with extended 
aeration 
 

4-MBC, BP1, EMC, 
BMDM: n.d. 
BP3: 40 - 90 
EDP: 92.8 – 315.3 
OC: <LOQ 

4-MBC, BP1, EDP, 
EMC, OC, BMDM: 
n.d. 
BP3: <LOQ – 60.1 

Domestic (49547 inhabitants) 
-Secondary treatment with UV 
disinfection 
-Activated Sludge with extended 
aeration 
  

4-MBC: 154.9 
BP3: 31.8 – 178.6 
BP1: n.d. 
EDP: 32.2 - 418 
EMC: 147.7 
OC: <LOQ – 785.5 
BMDM: 507 

4-MBC: <LOQ 
BP3: 21.6 – 31.3 
BP1, EDP: n.d. 
EMC: 46.1 
OC: 124.6 
BMDM: <LOQ 

Domestic (30766 inhabitants) 
-Secondary treatment with UV 
disinfection 
-Lagoons with extended aeration 
 

4-MBC: 48.6 
BP3: 84 – 256.7 
BP1: 408.5 
EDP, BMDM: n.d. 
EMC: 93.7 
OC: <LOQ - 546 

4-MBC: <LOQ 
BP3: <LOQ – 35.7 
BP1, EDP, EMC, OC, 
BMDM: n.d. 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP3, EDP, EMC, 
OC, UV-234, UV-
327, UV-328, 
UV-329  

Norway 

Extraction method for 
wastewater: 
SPE (1 L sample, 200 mg, 6 mL 
HLB  cartridges,  EA/DCM (1:1)) 
 
Extraction method for sludge: 
Freeze-dried samples 
PLE (1.0 g PSA, Hex/DCM (1:1) 
(extraction solvent), 100 ◦C,  5 
min, 3 cycles) 
GPC (Alliance 2695 system, 
DCM (mobile phase), 12.1 – 
20.0 min collected fractions) 
Additional cleaning (100 mg 
PSA, centrifuge 21,000 g, 10 
min) 
 
Instrumental method: 
LC-HRMS 
GC-HRMS 

Wastewater 
BP3, UV-327:  
10 
EDP, EMC, OC,  
UV-234, UV-
328, UV-329: 5 
 
Sludge 
BP3, UV-234, 
UV-327, UV-
328, UV-329: 
10 
EDP: 4 
EMC, OC: 5 
 

Wastewater 
BP3: 78 
EDP: 49 
EMC: 64 
OC: 78 
UV-234: 14 
UV-327: 34 
UV-328: 76 
UV-329: 67 
 
Sludge 
BP3: 72 
EDP: 81 
EMC: 98 
OC: 102 
UV-234: 78 
UV-327: 114 
UV-328: 89 
UV-329: 100 

WWTP1 – Urban (domestic) (580 000 
inhabitants) 
- Treatments: mechanical, chemical, 
biological (pos-denitrification) 
- Sludge: anaerobic digestion and 
drying 
 
WWTP2 – Urban (domestic) (52 000 
inhabitants) 
 - Treatments: mechanical, biological 
(no nitrogen removal), chemical 
- Sludge: thermal hydrolysis, 160 oC, 
prior to anaerobic digestion at 38 oC.  
 
WWTP3 – Urban (domestic) (38 400 
inhabitants) 
- Primary treatment  
 
 
 

- 

WWTP1 
BP3: 81 – 598 
OC: 181 - 538 
EDP, EMC, UV-234, 
UV-328, UV-329: <5 
UV-327: <10 
WWTP2 
BP3: 10 - 438 
OC: 7-227 
EDP, EMC UV-234, 
UV-328, UV-329: <5 
UV-327: <10 
WWTP3 
BP3: 374-1915 
EMC: 4.3 - 37 
OC: 1701 - 6969 
UV-234: 4.5 – 5.6 
UV-327: <10 
EDP, UV-328,  
UV-329: <5 

WWTP1 
EMC: 551 - 793 
OC: 3449 - 12661 
UV-327: 30.4 – 77.1 
UV-329: 1172 – 3075 
BP3: < 10 
EDP: < 4 
UV-234, UV-328: <11 
WWTP2 
BP3:824-2116 
EDP: <10 
EMC: 2501 - 4689 
OC: 26823 -41610 
UV-234: <14 
UV-327: 83.3 – 159.9 
UV-328: <25 
UV-329: 1493 - 3303 

(Langford et 
al., 2015) 

BMDM, BP1, 
BP3, BP4, EMC, 
ODP, OC, BP8, 
IMC, ES, 4-MBC, 
HMS 

China 

Extraction method: 
Filtration (glass fiber filters) 
SPE (250 mL sample, 500 mg 
C18 cartridges, MeOH/EA (1:1)) 
 
Instrumental method: 
HPLC-ESI-MS/MS 

Influent  
ODP: 0.31 
4-MBC: 3.46 
BMDM: 0.97 
EMC: 1.63 
IMC: 14.09 
OC: 66.62 
BP3: 1.61 
ES: 63.87 
BP4: 0.59 
HMS: 38.95 
BP1: 15.41 
BP8: 4.97 
 
Effluent 
ODP: 0.11 
4-MBC: 1.58 
BMDM: 0.44 
EMC: 0.85 
IMC: 11.64 
OC: 5.91 
BP3: 0.60 
ES: 4.18 
BP4: 0.60 
HMS: 3.75 
BP1: 7.54 
BP8: 2.32 

Influent  
ODP: 64 - 76  
4-MBC: 82 - 85 
BMDM: 67 - 76 
EMC: 77 - 78 
IMC: 85 - 93 
OC: 72 - 77 
BP3: 90 - 92 
ES: 69 - 70 
BP4: 98 - 99 
HMS: 73 - 74 
BP1: 94 - 103 
BP8: 98 - 102 
 
Effluent 
ODP: 66 - 69 
4-MBC: 81 
BMDM: 75 - 76 
EMC: 73 - 79 
IMC: 80 - 82 
OC: 72 - 79 
BP3: 94 - 95 
ES: 71 
BP4: 101 - 102  
HMS: 70 - 72 
BP1: 93 - 97 
BP8: 90 - 94 

Urban (domestic) (3 500 000 
inhabitants) 
- Primary treatment (Flocculation 
and sedimentation with ferric (III) 
chloride and polymers; Chlorination)  

ODP: 39.2 – 258.9 
4-MBC: <LOD – 288.6 
BMDM: 93.9 – 169.4 
EMC: 295.3 – 1134.4 
IMC: <LOD – 111.1 
BP3: 159.5 – 371.3 
OC, ES: <LOD 
BP4: 620.1 – 945.7 
HMS: 61.4 – 262.3 
BP1: 23.3 – 168.9  
BP8: <LOD – 121.7 

ODP: 47.7 – 140.5 
4-MBC: <LOD – 
181.8  
BMDM: 17.5 – 59.4 
EMC: 86.9 – 492.1 
IMC: <LOD – 56.7 
BP3: 34.3 – 115.8 
OC, ES: <LOD 
BP4: 374.5 – 457.1 
HMS: <LOD – 153.9 
BP1: 19.6 – 146.4 
BP8: <LOD – 83.5 

- 

(Tsui et al., 
2014) 

Urban (domestic) (600 000 
inhabitants) 
- Primary treatment (primary 
sedimentation) 
- Secondary treatment (Modified 
Ludzack-Ettinger system with UV-
disinfection) 

ODP: 43.3 – 136.9 
4-MBC: 67.1 – 350.0  
BMDM:58.1 – 257.1 
EMC: 119.5 – 558.6 
IMC, OC: <LOD 
BP3: 141.1 – 374.1  
ES: <LOD – 1188.3 
BP4: 601.1 – 904.7 
HMS: 75.6 – 1650.4 
BP1: 114.8 – 240.1 
BP8: 61 – 174.2 

ODP: <LOD – 77.7 
4-MBC: <LOD – 
118.0 
BMDM: 27.8 – 99.3 
EMC: 90.0 – 174.4 
IMC, OC: <LOD 
BP3: 18.4 – 67.5 
ES: <LOD – 128.9 
BP4: 343.3 – 496.8 
HMS: <LOD – 154.2 
BP1: <LOD – 122.0 
BP8: 10.0 – 60.4 

- 

  



Part II: Introduction and State of the Art 

87 

 

Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BMDM, BP1, 
BP3, BP4, EMC, 
ODP, OC, BP8, 
IMC, ES, 4-MBC, 
HMS 

China 

Extraction method: 
Filtration (glass fiber filters) 
SPE (250 mL sample, 500 mg C18 
cartridges, MeOH/EA (1:1)) 
 
Instrumental method: 
HPLC-ESI-MS/MS 

Influent  
ODP: 0.31 
4-MBC: 3.46 
BMDM: 0.97 
EMC: 1.63 
IMC: 14.09 
OC: 66.62 
BP3: 1.61 
ES: 63.87 
BP4: 0.59 
HMS: 38.95 
BP1: 15.41 
BP8: 4.97 
 
Effluent 
ODP: 0.11 
4-MBC: 1.58 
BMDM: 0.44 
EMC: 0.85 
IMC: 11.64 
OC: 5.91 
BP3: 0.60 
ES: 4.18 
BP4: 0.60 
HMS: 3.75 
BP1: 7.54 
BP8: 2.32 

Influent  
ODP: 64 - 76  
4-MBC: 82 - 85 
BMDM: 67 - 76 
EMC: 77 - 78 
IMC: 85 - 93 
OC: 72 - 77 
BP3: 90 - 92 
ES: 69 - 70 
BP4: 98 - 99 
HMS: 73 - 74 
BP1: 94 - 103 
BP8: 98 - 102 
 
Effluent 
ODP: 66 - 69 
4-MBC: 81 
BMDM: 75 - 76 
EMC: 73 - 79 
IMC: 80 - 82 
OC: 72 - 79 
BP3: 94 - 95 
ES: 71 
BP4: 101 - 102  
HMS: 70 - 72 
BP1: 93 - 97 
BP8: 90 – 94 

Urban (domestic) (300 000 
inhabitants) 
- Primary treatment 
- Secondary treatment (SBR) 
- Tertiary treatment (fine suspended 
solids filtration by dual-media filter 
containing carbon and sand; UV-
disinfection; chlorination  

ODP: <LOD 
4-MBC: <LOD 
BMDM: 256.6 
EMC: 104.7 
IMC: <LOD  
OC: <LOD 
BP3: 113.8 
ES: <LOD 
BP4: <LOD 
HMS: <LOD 
BP1: 37.0 
BP8: <LOD 

ODP: <LOD 
4-MBC: <LOD 
BMDM: <LOD 
EMC: <LOD 
IMC: <LOD  
OC: <LOD 
BP3: 19.3 
ES: <LOD 
BP4: <LOD 
HMS: <LOD 
BP1: <LOD 
BP8: <LOD 

- 

(Tsui et al., 
2014) 

Urban (domestic) (110 000 
inhabitants) 
- Primary treatment 
- Secondary treatment (Modified 
Ludzack-Ettinger system with UV-
disinfection) 
- Additional treatments (Reverse-
osmosis) 

ODP: 73.8 – 346.4 
4-MBC: 101.9 – 320.8 
BMDM: 44.4 – 194.8 
EMC: 249.3 – 755.9 
IMC: <LOD – 71.2 
OC: <LOD – 131.5 
BP3: 155.7 – 450.7  
ES: <LOD – 218.3 
BP4: 426.5 – 872.8 
HMS: 93.7 – 404.8 
BP1: 204.9 – 281.3  
BP8: <LOD – 89.3 

ODP: <LOD – 94.4 
4-MBC, IMC, OC, ES, 
BP8: <LOD 
BMDM: 15.5 – 92.7 
EMC: <LOD – 105.8 
BP3: 25.6 – 55.2 
BP4:218.9 – 466.4 
HMS: <LOD – 21.0 
BP1: 64.1 – 89.8 

- 

Urban (domestic) (40 000 
inhabitants) 
- Primary treatment (screening grit 
with diameter> 6 mm) 

ODP: <LOD – 376.9 
4-MBC: 70.5 – 335.4 
BMDM: 35.0 – 1290.2 
EMC: 50.2 – 989.8 
IMC: 29.4 – 226 
OC, ES, BP8: <LOD 
BP3: 116.3 – 576.5 
BP4: 389.2 – 576.5  
HMS: <LOD – 149.8 
BP1: 85.7 – 172.9 

ODP: <LOD – 224.3 
4-MBC:<LOD–207.2 
BMDM:27.9–1018.3 
EMC: 36.1 – 505.2 
IMC: <LOD – 165.5 
OC, ES, BP8: <LOD 
BP3: 91.0 – 541.1 
BP4: 312.4 – 409.3 
HMS: <LOD – 93.3 
BP1: 56.1 – 155.0 

- 

PBSA, BP1, BP3, 
BP4 

Czech 
Republic 

Extraction method: 
Samples frozen until analysis 
Filtration (0.45 um, regenerated 
cellulose filters) 
Internal Standard added (10 ng 
to 10 mL sample) 
 
 
Instrumental method: 
LC-MS/MS 

LOQ 
PBSA: 20 
BP1: 30 
BP3, BP4: 40  

- 

Urban (domestic) (>95%) + Industrial 
(<5%) 
(112 000 inhabitants) 
-Secondary treatment ( biological 
activated sludge with partial 
nitrification and thermophile 
anaerobic sludge stabiliozation) 

- - - 
(Golovko et 
al., 2014) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP3, BP1, 4HB, 
4DHB, BP8, BP2, 
BP4, 4-MBC, Et-
PABA  

 Spain 

Extraction method: 
Filtration 
On line-SPE (5 mL sample, PLRP-
s polymer cartridge, H2O + ACN, 
both with 0.1% formic acid) 
 
Instrumental method: 
LC-MS/MS 

Influent 
BP3: 5.0 
BP1:  8.0 
4HB: 8.0 
4DHB: 9.0 
BP8: 7.0 
BP2: 7.0 
BP4: 6.0 
4-MBC: 10.0 
Et-PABA: 5.0 
 
Effluent 
BP3: 1.5 
BP1:  2.5 
4HB: 1.5 
4DHB: 3.5 
BP8: 1.5 
BP2: 3.0 
BP4: 1.0 
4-MBC: 4.0 
Et-PABA: 2.5 

Influent 
BP3: 96 - 106 
BP1:  101 - 105 
4HB: 70 - 76  
4DHB: 70 - 88 
BP8: 81 - 87 
BP2: 70 - 80  
BP4: 102 - 105 
4-MBC: 98 - 102  
Et-PABA: 110 - 
112 
 
Effluent 
BP3: 101 - 111 
BP1:86 - 100   
4HB: 77 - 92 
4DHB: 70 - 80 
BP8: 74 - 78 
BP2: 84 - 85 
BP4: 108 - 111 
4-MBC:99 - 103  
Et-PABA:105 - 
110 

Urban (domestic) 
(154 103 – 1 142 103 inhabitants)  
- Primary treatment 
- Secondary treatment (conventional 
activated sludge) 
- Tertiary treatment  

BP3: 75.6 – 306 
BP1:  152.4 - 722 
BP4: 738 - 1548 
4-MBC: <LOQ – 48.3 
Et-PABA: 17 –120.9 
4HB, 4DHB, BP8, BP2: 
n.d.  

BP3: 7.71 - 34 
BP1:  <LOQ – 31.1 
BP4: n.d. - 1420 
4-MBC: <LOQ – 
23.8 
Et-PABA, 4HB, 
4DHB, BP8, BP2: 
n.d. 

- 
(Gago-
Ferrero et 
al., 2013) 

ES, HMS, 
BP3,BP1, BP8 

Taiwan 

Extraction method: 
UA-DLLME (10 mL sample, pH 7, 
0.5 g NaCl, Ac (dispersant), TCE 
(extractant)) 
Derivatization (20 µL BSTFA, 15 
min)  
 
Instrumental method: 
GC-MS 

ES:  2 
HMS: 2 
BP3: 1.5 
BP1: 1 
BP8: 1 

ES:  73 - 75 
HMS: 73 - 74 
BP3: 82 
BP1: 85 - 87 
BP8: 89 - 91 

Urban (domestic) (380 000 
inhabitants) 

- 

ES:  n.d. – 6.1 
BP3: 12.5 – 21.4 
BP1: 7.7 – 16.8 
BP8: 9.8 – 10.1 
HMS: n.d. 

- 
(Wu et al., 
2013) 

BP3, OC, ODP, 
EMC, ES, HMS 

Italy 

Extraction method: 
SBSE-LD (50 mL sample, pH 6, 
room temperature, 800 rpm, 5h; 
MeOH pre-conditioned stir bar; 
desorption: MeOH, 30 min, 
room temperature, 800 rpm) 
 
Instrumental method: 
LC-MS/MS 

BP3: 1.5 
OC: 1.6 
ODP: 1.2 
EMC: 2.6 
HMS: 152 
ES: 199 

BP3: 61 
OC: 71 
ODP: 97 
EMC: 105 
HMS: 108 
ES: 90 

Urban (domestic) (631 000 
inhabitants) 

BP3: 6 - 163 
OC: 12 - 390 
ODP: <LOD - 4 
EMC: <LOD 48 
HMS, ES: - 

BP3: 5 - 28 
OC: 4 - 126 
ODP, EMC, HMS,  
ES: - 

- 
(Magi et al., 
2013) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP, BP3, OC Australia 

Extraction method for 
wastewater: 
SPE  
 
Extraction method for sludge: 
Freeze-dried samples 
Dried samples turned into dust 
Clean-up (vortex 3 min, 
ultrasound 10 min at 40 oC (2x); 
DCM + MeOH) 
 
Instrumental method: 
GC-MS/MS 

- - 
Syntetic wastewater: 
-Membrane bioreactor (MBR) 

- - - 
(Wijekoon 
et al., 2013) 

BP1, 4DHB, 4HB, 
BP3, 4-MBC, OC, 
ODP, EMC 

Spain 

Extraction method: 
Freeze-dried and grinded 
samples 
PLE (1 g sample, Al2O3, 
preheating of 5 min, 2 static 
cycles of 5 min with MeOH, 2 
static cycles of 5 min using 
MeOH/H2O (1:1) at 100 ◦C, 
10,000 kPa) 
 
Instrumental method: 
UPLC–ESI-MS/MS 

4-MBC: 12 
OC: 18 
EMC: 19 
ODP: 0.2 
BP3: 1.0 
BP1: 60 
4HB: 5.0 
4DHB: 5.0 

4-MBC: 102 
OC: 70 
EMC: 90  
ODP: 85 
BP3: 70 
BP1: 30 
4HB: 95 
4DHB: 96 

Urban (domestic) (2 000 000 
inhabitants) 
-Secondary treatment: biological 
activated sludge plant with sludge 
anaerobic digestion, 26 days (HRT) 
and thermal dehydration 
-Stabilized sewage sludge used in 
agriculture  

- - 

Raw sludge 
4DHB: 70  
BP3: 60 
4-MBC: 3100  
OC: 8000 
EMC: 2200 
BP1, 4HB, ODP: n.d. 
Treated sludge 
4-MBC: 250  
OC: 570 
EMC: 100  
BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 

(Badia-
Fabregat et 
al., 2012) 

BP3, BP1, BP8 Taiwan  

Extraction method: 
SPE (100 mL sample, 60 mg HLB 
cartridges, EA, ACN, EA/DCM 
(1:1; 2:1)) 
Derivatization (1 µL MSTFA, 70 
oC, 2.5 min) 
 
Instrumental method: 
GC-MS/MS 

BP3: 0.3  
BP1: 0.5 
BP8: 1.0 

BP3: 98 – 103 
BP1: 81 – 96 
BP8: 77 – 108 

Urban (domestic) (380 000 
inhabitants) 
- Primary treatment (mechanical 
clarification; flocculation filtration) 

- 
BP3: n.d. – 3.6 
BP1: 1.5 – 1.7 
BP8: n.d.  

- 
 (Ho and 
Ding, 2012) 

4-MBC, PBSA, 
BP3, EMC, OC, 
ODP, BP4, IMC 

Spain  

Extraction method: 
Filtration 
SPE (200-500 mL sample, 200 
mg HLB cartridges, MeOH) 
 
Instrumental method: 
LC-ESI-MS/MS  

- - 

WWTP1: Urban (domestic) (1 000 
inhabitants): 
-Pre-treatment 
-Secondary activated Sludge 
Treatment 
WWTP2: Urban  (domestic) (500 000 
inhabitants): 
-Pre-treatment 
WWTP 3: Rural (domestic) (4 000 
inhabitants): 
-Pre-treatment 
-Secondary activated Sludge 
Treatment 

BP4:2100 
PBSA: 200 
4-MBC, BP3: < 90 
OC, ODP, IMC, EMC: 
n.d. 

BP4: 1200 
PBSA: 240 
4-MBC: 5 
BP3, OC, ODP, IMC, 
EMC: n.d. 

- 
(Rodil et al., 
2012) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP3, 4-MBC, 
EMC, UV-326, 
UV-329, OC 

Australia  

Extraction method for 
wastewater: 
Sample acidification (MeOH, pH 
2, 4 M H2SO4) 
Filtration (glass fiber filters) 
SPE (1 L sample, 500 mg HLB 
cartridges, MeOH/DCM (1:1)) 
 
Extraction method for sludge: 
1 g sodium azide added  
Freeze-dried samples 
PLE (1.0 g, Na2SO4, Si, copper 
powder, acid washed sand, 
Hex/DCM (1:1) (extraction 
solvent), 120 ◦C, 5 min, 2 cycles) 
 
Instrumental method: 
GC-MS/MS 

Influent 
BP3: 3.2 
4-MBC: 0.7 
EMC: 0.5 
UV-326: 4.1 
UV-329: 5.6 
OC: 2.8 
 
Effluent 
BP-3: 6.5 
4-MBC: 0.5 
EMC: 0.7 
UV-326: 3.3 
UV-329: 4.8 
OC: 3.4 
 
Sludge(ng g-1) 
BP3: 7.3 
4-MBC: 2.8 
EMC: 0.7 
UV-326: 0.3 
UV-329: 8.2 
OC: 3.6 

Influent 
BP3: 121 - 133 
4-MBC: 82 - 119 
EMC: 75 - 98 
UV-326: 97 - 105 
UV-329: 96 - 108 
OC: 85 - 96 
 
Effluent 
BP3: 119 - 127 
4-MBC: 88 - 96 
EMC: 82 - 91 
UV-326: 95 - 110 
UV-329: 97 - 101 
OC: 84 - 93 
 
Sludge 
BP3: 94 - 130 
4-MBC: 68 - 81 
EMC: 76 - 90 
UV-326: 81 - 96 
UV-329: 125 - 
152 
OC: 82 - 91 

Urban (domestic) (75%) + Industrial 
(25%)  
(1 300 000 inhabitants): 
- Primary treatment (sedimentation) 
- Secondary treatment (activated 
sludge; stabilization lagoons; 
dissolved air flotation /filtration)  

BP-3: 1059 – 3112  
4-MBC: 394 – 406  
EMC: 106 – 319  
UV-326: 15 – 35  
UV-329: 227 – 414  
OC: 88 – 89   

Primary effluent: 
BP3: 1053 – 2469  
4-MBC: 368 – 404  
EMC: 11 – 384  
UV-326: 5 – 39  
UV-329: 52 – 125  
OC: 65 – 141 
 
Secondary effluent: 
BP3: 54 – 488  
4-MBC: 17 – 140  
EMC: <LOD – 53  
UV-326: <LOD – 55  
UV-329: <LOD – 98  
OC: <LOD – 73  
 
Lagoon effluent: 
BP3: 36 – 363  
4-MBC: <LOD – 91  
EMC, UV-326, UV-
329, OC: <LOD 
 
Final effluent: 
BP3: 32 – 273  
4-MBC: n.d. – 90  
EMC, UV-326, UV-
329, OC: n.d.  

Influent: 
BP3: 104 – 111 
4-MBC: 341 - 403 
EMC: 218 - 229 
UV-326: 81 - 90 
UV-329: 91 - 93 
OC: 303 - 326 
 
Primary sludge: 
BP3: 120 - 201 
4-MBC: 743 - 1031 
EMC: 207 - 312 
UV-326: 101 - 111 
UV-329: 71 - 96  
OC: 438 - 561  
 
Secondary sludge: 
BP3: 189 – 1785  
4-MBC: 64 – 171  
EMC: 50 – 62  
UV-326: 48 – 114  
UV-329: 79 – 27  
OC: 281 – 443  
 
Digested sludge:  
BP3: 149 – 303  
4-MBC: 958 – 2020  
EMC: 385 – 401  
UV-326: 52 – 60  
UV-329: 64 – 74  
OC: 1147 – 1838  
 
Lagoon sludge:  
BP3: 18 
4-MBC: 701 
EMC: 53 
UV-326: 89 
UV-329: 72 
OC: 317 
 
Biosolid: 
BP3: 16 
4-MBC: 962 
EMC: 30 
UV-326: 88 
UV-329: 27 
OC: 465 

(Liu et al., 
2012) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP1, 4DHB, BP3, 
4-MBC, OC, 
ODP, EMC  

Spain 

Extraction method: 
Freeze-dried and grinded 
samples 
PLE (1 g sample, Al2O3 
(purification step); MeOH 
(extraction solvent)) 
Filtration 
 
Instrumental method: 
UPLC-TQD 

- - 

Urban (domestic) (2 000 000 
inhabitants) 
Biological activated sludge (sludge 
anaerobic digestion; thermal 
dehydration) 
Bioslurry reactor with T. versicolor 
  

- - 

Raw sludge: 
BP1: 0.08  
4DHB: 0.051  
BP3: 0.034  
4-MBC: 0.520  
OC: 7.71  
ODP: 0.012  
EMC: 1.031 
 
Treated sludge: 
BP1: n.d.  
4DHB: 0.050 
BP3: 0.019 
4-MBC: 0.205  
OC: 3.214 
ODP: 0.004  
EMC: 0.211 

(Rodríguez-
Rodríguez et 
al., 2012) 

BP1, 4DHB, 4HB, 
BP3, 4-MBC, OC, 
ODP, EMC 

Spain 

Extraction method: 
Freeze-dried and grinded 
samples 
PLE (1 g sample, Al2O3, 
preheating of  5 min, 2 static 
cycles of 5 min with MeOH, 2 
static cycles of 5 min using 
MeOH/H2O (1:1) at 100 ◦C, 
10,000 kPa) 
 
Instrumental method: 
UPLC–ESI-MS/MS 

4-MBC: 12 
OC: 18 
EMC: 19 
ODP: 0.2 
BP3: 1.0 
BP1: 60 
4HB: 5.0 
4DHB: 5.0 

4-MBC: 102 
OC: 70 
EMC: 90  
ODP: 85 
BP3: 70 
BP1: 30 
4HB: 95 
4DHB: 96 

Urban (domestic) (147 000 
inhabitants) 
1: Biological with P and N removal; 
Tertiary treatment;  
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

- - 

BP1, 4HB, BP3, ODP, 
EMC: n.d. 
4DHB: <LOQ 
4-MBC: 1630 
OC: 2600 

(Gago-
Ferrero et 
al., 2011)  

Urban (domestic) (198 000 
inhabitants) 
2: Biological; Tertiary treatment; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 1610 
OC: 2870 
EMC: 750 

Urban (domestic) (142 000 
inhabitants) 
3: Biological with N removal; 
Sludge Treatments: 
-Anaerobic digestion. 

BP1, 4HB, BP3, ODP: 
n.d. 
4DHB: 70 
4-MBC: 3830 
OC: 9170 
EMC: 1220 

Urban (domestic) (182 000 
inhabitants) 
4: Biological with P and N removal; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, BP3, ODP: n.d. 
4DHB: 40 
4HB:150 
4-MBC: 1520 
OC: 2610 
EMC: 780 

Urban(domestic) (124 000 
inhabitants) 
5: Biological; 
Sludge Treatments: 
-Anaerobic digestion/filter press. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 2980 
OC: 5390 
EMC: 1910 

Urban (domestic) (229 000 
inhabitants) 
6: Biological; 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC:3170 
OC: 4150; EMC: 1090 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type of 
treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP1, 4DHB, 4HB, 
BP3, 4-MBC, OC, 
ODP, EMC 

Spain 

Extraction method: 
Freeze-dried and grinded 
samples 
PLE (1 g sample, Al2O3, 
preheating of 5 min, 2 static 
cycles of 5 min with MeOH, 2 
static cycles of 5 min using 
MeOH/H2O (1:1) at 100 ◦C, 
10,000 kPa) 
 
Instrumental method: 
UPLC–ESI-MS/MS 

4-MBC: 12 
OC: 18 
EMC: 19 
ODP: 0.2 
BP3: 1.0 
BP1: 60 
4HB: 5.0 
4DHB: 5.0 

4-MBC: 102 
OC: 70 
EMC: 90  
ODP: 85 
BP3: 70 
BP1: 30 
4HB: 95 
4DHB: 96 

Urban (domestic) (205 000 
inhabitants) 
7: Biological with P removal; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

- - 

BP1, 4HB, BP3, ODP, 
EMC: n.d. 
4DHB: 620 
4-MBC: 1790 
OC: 4490 

 (Gago-
Ferrero et 
al., 2011) 

 -  

Urban(177 000 inhabitants) 
8: Biological; 
 

Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP, EMC: n.d. 
4-MBC: 730 
OC: 2860 

 

Urban domestic) (87 000 inhabitants) 
9: Biological with P and N removal; 
Tertiary treatment; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 1530 
OC: 2160 
EMC: 610 

 

Urban (domestic) (154 000 
inhabitants) 
10: Biological; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 1760 
OC: 3630 
EMC: 1080 

 

Urban (domestic) (1 142 000 
inhabitants) 
11: Biological; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 1840 
OC: 6600 
EMC: 3350 

 

Urban (domestic) (165 000 
inhabitants) 
12: Biological; 
 

Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP, EMC: n.d. 
4-MBC: 1340 
OC: 2250 

 

Urban (domestic) (272 000 
inhabitants) 
13: Biological; 
Sludge Treatments: 
-Anaerobic digestion/centrifuge. 

BP1, 4DHB, 4HB, BP3, 
ODP: n.d. 
4-MBC: 2840 
OC: 3860 
EMC: 2090 

Urban (domestic) (84 000 
inhabitants) 
14: Biological: 
Sludge Treatments: 
-Centrifuge. 

BP1, 4DHB, 4HB, ODP: 
n.d. 
BP3: 790 
4-MBC: 810 
OC: 3000 
EMC: 2010 

Urban  (domestic) 399 000 
inhabitants) 
15: Biological with P and N removal 
Sludge Treatments: 
-Anaerobic digestion/filter press. 

BP1, 4HB, BP3, ODP, 
EMC: n.d. 
4DHB: <LOQ 
4-MBC: 890 
OC: 1060 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP3, BZS,          
4-MBC, ODP, 
EHMC, ES, HMS, 
OC, BP , UV-326, 
UV-329, UV-327, 
UV-328, 

Japan 

Extraction method: 
Filtration (glass fiber filter) 
SPE (1.0 L sample, C18 silica and 
Polymerically bonded cartridges, 
DCM) 
 
Instrumental method: 
 GC-MS 

 BP, ODP, UV-
326, UV-328: 
0.2 
HMS: 0.4 
BZS: 3.0 
4-MBC, BP3, 
EMC, UV-327: 
0.1 
UV-329, OC: 
0.3 

BP: 88.5 
HMS: 95.6 
BZS: 106.9 
4-MBC: 111.2 
BP3: 113.2 
ODP: 97.4 
EMC: 92.5 
UV-326: 92.6 
UV-329: 102.5 
OC: 94.8 
UV-327: 88.8 
UV-328: 85.7 

Urban (domestic) 
- Primary treatment 
- Secondary treatment (conventional 
activated sludge)  
 
Sewage Treatment Plant Efflents: 
1 - 47 000 inhabitants 
2 – 30 000 inhabitants 
3 – 300 000 inhabitants 
4 – 700 000 inhabitants  

- 

BP: 8 - 74 
BP3: 29 - 164 
BZS: 107 - 169 
EHMC: n.d. - 12 
ES: n.d. – 77 
UV-326: 13 
UV-327: 2 
UV-328: 47 - 88 
HMS, 4-MBC, ODP, 
OC, UV-329: n.d. 

- 
(Kameda et 
al., 2011) 

BP3, 4-MBC, 
EMC, UV-326, 
UV-329, OC 

 Australia  

Extraction method for 
wastewater: 
Filtration (1 L sample, glass fiber 
filters) 
SPE (1 L sample, 500 mg HLB 
cartridges, MeOH/DCM (1:1))  
Filtration (membrane filter)  

 . 
Extraction method for biosolid: 
Freeze-dried samples 
PLE (1 g sample, Na2SO4, silica, 
copper powder, 120 oC, 
Hex/DCM (1:1) (extraction 
solvent), 2 cycles 5 min) 
Filtration (membrane filter) 
 

Instrumental method: 
GC-MS/MS 

Effluent 
BP3: 6.5 
4-MBC: 0.5 
EMC: 0.7  
UV-326: 3.3 
UV-329: 4.8 
OC: 3.4 
 

Biosolid (ng g-

1) 
BP3: 7.3 
4-MBC: 2.8 
EMC: 0.7 
UV-326: 0.3 
UV-329: 8.2 
OC: 3.6 

Effluent 
BP3: 119 - 127 
4-MBC:88 - 96  
EMC: 82 - 91  
UV-326: 95 - 110 
UV-329: 97 - 101 
OC:84 - 93 
 
Biosolid 
BP3: 94 - 130 
4-MBC: 68 - 81 
EMC: 76 - 90 
UV-326: 81 - 96 
UV-329: 125 - 152 
OC: 82 – 91 

Urban (domestic) (75%) + 
Industrial (25%)  
(700 000 inhabitants) 
 - Biosolid production 

- 

BP3: 32.7 
4-MBC, EMC, UV-
326, UV-329, OC: < 
LOQ  

BP3: 74.0 
4-MBC: 250 
EMC: 31.9 
UV-326: 49.9 
UV-329: 122.9 
OC: 138.4  

 (Liu et al., 
2011) 

BP1, BP2, BP3, 
BP4, PBSA  

Germany 

Extraction method for 
wastewater: 
Filtration (glass fiber filters) 
SPE (100 mL sample influent or 
200 mL sample effluent, 200 mg 
HLB cartridge, MeOH/Ac 
(60:40)) 
a 
Extraction method for sludge: 
Freeze-dried samples 
Centrifugation (4000 rpm, 15 
min) 
PLE (200 mg sample, baked out 
sea sand; H2O/MeOH (1:1), 4 
static cycles, 80 ◦C) 
SPE (200 mg HLB cartridge; 
MeOH/Ac (3:2)) 
. 
Instrumental method: 
LC-MS/MS (ESI mode) 

Effluent 
BP1, BP2: 2.5 
BP3: 25 
BP4, PBSA: 5 
 
Sludge 
BP1, BP2: 2.5 
BP3: 25 
BP4, PBSA: 5 

Effluent 
BP1: 105 
BP2: 113 
BP3: 90 
BP4: 106  
PBSA: 110 
 
Sludge 
BP1: 83 
BP2: 99 
BP3: 108 
BP4: 103 
PBSA: 118 

Urban (domestic) (300 000 
inhabitants) 
- Mechanical treatment (screen, 
grit removal and primary clarifier)  
- Trickling filter 
-  Activated sludge treatment 
(nitrification and denitrification, 
phosphate removal and a final 
clarification) 

Sludge-water distribution coefficients (Kd, sec) 
PBSA: 9 
BP1: 260 
BP2: 300 
BP3: 720 
BP4: -  
(L kgdw sludge

-1) 

(Wick et al., 
2011) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

ES, HMS, BP3,   
4-MBC, EMC, 
OC, IMC, ODP 

Spain 

Extraction method: 
Freeze-dried samples 
PLE ( 0.5 g sample, 
diatomaceous earth, graphitized 
carbon, Hex/DCM (80:20)  
(extraction solvent), 75 ◦C, 1 
cycle, 5 min, 1500 psi) 
SPE (0.5 g PSA cartridge, 
Hex/Eth (1:1) (elution); 
isooctane (keeper)) 
 
Instrumental method: 
GC-MS  

LOQ (ng g-1) 
 
ES: 17 
HMS: 34 
IMC:34 
BP3: 61 
4-MBC: 26 
EDP:22 
EMC: 24 
 OC: 33 

Primary sludge 
ES: 95 - 101 
HMS: 78 - 96 
IMC: 80 - 107 
BP3: 89 - 106 
4-MBC: 79 - 86 
EDP: 88 - 93 
EMC: 73 - 90 
 OC: 84 - 85 
c 
Biological sludge 
ES, HMS: 100 - 103 
IMC: 90 - 98 
BP3: 112 - 100 
4-MBC, OC: 91 - 112 
EDP: 83 - 104 
EMC: 88 - 90 

Urban (domestic) 
Non-digested sludge (primary, 
secondary and mixtures of both) 

- - 

Primary sludge 
ES, HMS, IMC, BP3, 
EDP: n.d. 
4-MBC: 106 - 1543 
EMC: 213 - 3287 
 OC: 1039 - 2242 
 
Biological sludge 
ES: 133 - 270 
HMS: 110 - 207 
IMC, EDP: n.d. 
BP3: 93 
4-MBC: 97 - 1439 
EMC: 104 - 856 
 OC: 377 - 3263 

 (Negreira et 
al., 2011) 

BP3, 4-MBC, OC, 
EMC 

Germany 

Extraction method: 
MEPS (C18, 8x 100 µL pump 
cycles (sample extraction); H2O 
(sorbent wash); pressing air 
(dry); EA (elution)) 
 
Instrumental method: 
PTV-GC-MS  

4-MBC: 61  
BP3: 53 
EMC: 35 
OC: 87 

4-MBC: 77 
BP3: 109 
EMC: 107 
OC:  65  

Urban (domestic) (10 000 
inhabitants) 

- 

4-MBC: 102 
BP3: 431 
EMC: 332 
OC:  461  

- 
(Moeder et 
al., 2010) 

BP8, BP3, OC, 
ODP  

Spain  

Extraction method: 
SBSE-LD (50 mL sample, pH 5, 
room temperature, 900 rpm, 
180 min; PDMS stir bar; 
desorption: ACN, 15 min, 30 oC) 
 
Instrumental method: 
UHPLC-MS/MS  

5 

Influent 
BP8: 25 
BP3: 59 
OC: 48 
ODP: 68 
 
Effluent 
BP8: 28 
BP3: 64 
OC: 43 
ODP: 72 

Urban (domestic) (120 000 
inhabitants) 

BP8: <LOD - 185 
BP3: <LOD - 127 
OC: <LOD - 129 
ODP: <LOD - 55  

BP8: <LOD - 55  
BP3: <LOD - <LOQ 
OC: <LOD - <LOQ 
ODP:  <LOD - 25  

- 
 (Pedrouzo 
et al., 2010) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP1, BP2, BP3, 
BP4, PBSA  

 Germany  

Extraction method for 
wastewater: 
Filtration (glass fiber filters) 
SPE (100 mL sample influent or 
200 mL sample effluent, 200 mg 
HLB cartridge, MeOH/Ac 
(60:40)) 
 
Extraction method for sludge: 
Freeze-dried samples 
Centrifugation (4000 rpm, 15 
min) 
PLE (200 mg sample, baked out 
sea sand; H2O/MeOH (1:1), 4 
static cycles, 80 ◦C) 
SPE (200 mg HLB cartridge; 
MeOH/Ac (3:2)) 
 
Instrumental method: 
LC-MS/MS (ESI mode) 

LOQ 
Influent 
BP1, BP2: 5 
BP3: 50 
BP4, PBSA: 10 
 
Effluent 
BP1, BP2: 2.5 
BP3: 25 
BP4, PBSA: 5 
 
Sludge 
BP1, BP2: 2.5 
BP3: 25 
BP4, PBSA: 5 

Influent 
BP1: 19 - 180 
BP2: 9 - 111  
BP3: 42 - 100 
BP4: 89 - 105  
PBSA: 34 - 96 
 
Effluent 
BP1: 11 - 93 
BP2: 6 - 93 
BP3: 46 - 102 
BP4: 89 - 105  
PBSA: 26 - 66 
 
Sludge 
BP1: 74 
BP2: 99 
BP3: 104 
BP4: 114 
PBSA: 118 

Urban (domestic) (320 000 
inhabitants) 
- Mechanical treatment (screen, 
grit removal and primary clarifier)  
- Trickling filter 
- Activated sludge treatment 
(nitrification and denitrification, 
phosphate removal and a final 
clarification) 

BP1: 43 
BP2: 35 
BP3: 195 
BP4: 2120 
PBSA: 275  

BP1: 12 
BP2: 14 
BP3:  96 
BP4: 572 
PBSA: 316 

 BP1: 5.1 
BP2: 11 
BP3: 132 
BP4: 29 
PBSA: <LOQ  

(Wick et al., 
2010) 

Urban (domestic) (307 000 
inhabitants) 
- Mechanical treatment (screen, 
grit removal and primary clarifier)  
- Activated sludge treatment 
(nitrification and denitrification, 
phosphate removal and a final 
clarification) 

BP1: 488 
BP2: 93 
BP3: 518 
BP4: 55130 
PBSA: 3890 

BP1, BP2, BP3: 
<LOQ 
BP4: 105 
PBSA: 1820 

- 

BP1, BP2, BP3, 
BP4  

 UK 
  

Extraction method: 
Sample acidification (31% HCl to 
pH 2) + addition of 500 mg 
Na2EDTA 
Filtration 
SPE (250 mL sample, 5% 
NH4OH/MeOH) 
 
Instrumental method: 
UPLC-ESI-MS/MS  

LOQ 
Influent 
BP1: 3 
BP2: 18 
BP3: 104 
BP4: 35 
 
Effluent 
BP1: 2 
BP2: 13 
BP3: 80 
BP4: 10 

Influent 
BP1: 31 - 43 
BP2: 17 - 20 
BP3: 39 - 49 
BP4: 17 - 50 
 
Effluent 
BP1: 48 - 54 
BP2: 24 - 37 
BP3: 50 - 81 
BP4: 59 - 118 

Urban (domestic) and Industrial  
(230 000 inhabitants) 
- Primary treatment 
- Secondary treatment (activated 
sludge) 

BP1: 51000 - 700000 
BP2: 61000 - 403000 
BP3: <LOQ - 3975000 
BP4: 2218000 - 
6084000 

BP1: <LOQ - 38000 
BP2: <LOQ - 13000 
BP3: <LOQ - 223000 
BP4: <LOQ - 
6325000 

 -  
(Kasprzyk-
Hordern et 
al., 2009)  

Urban (domestic) (500 000 
inhabitants) 
- Primary treatment 
- Secondary treatment (trickling 
filter beds) 

BP1: 46000 - 400000 
BP2: 9000 - 247000 
BP3: <LOQ - 1068000 
BP4: 1425000 - 
13248000 

BP1: <LOQ - 41000 
BP2: <LOQ - 17000 
BP3: <LOQ - 
2196000 
BP4: 818000 - 
4309000 

ES, HMS, BP3, 
BP1, BP8  

Spain  

Extraction method: 
HS-SPME (10 mL sample, 65 µm 
PDMS-DVB fibre, 30 min, room 
temperature, 1200 rpm, 
desorption for 3 min at 270 oC) 
Derivatization (20 µL MSTFA, 45 
oC, 10 min) 
 
Instrumental method: 
GC-MS/MS  

LOQ 
ES: 5 
HMS: 5 
BP3: 0.5 
BP1: 10 
BP8: 2 

Influent 
ES: 53 
HMS: 48 
BP1, BP3: 92 
BP8: 80 
 
Effluent 
ES: 95 
HMS: 89 
BP3: 115 
BP1: 97 
BP8: 108 

Urban (domestic): 
- Primary treatment; 
- Activated sludge units 

ES: n.d. - 28 
BP3: 216 - 462  
BP1: 131 - 245  

ES: n.d. – 7.5 
BP3: n.d. - 44 
BP1: n.d. - 41    

 -  
(Negreira et 
al., 2009) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

BP3, IMC,          
4-MBC, OC, 
BMDM, EDP, 
EMC, ES, HMS  

 Germany  

Extraction method: 
MALLE (15 mL sample, MeOH in 
a bottle,20 mm - membrane 
bag, PrOH, 500 rpm, 40 oC, 120 
min) 
 
Instrumental method: 
LC-APPI-MS/MS 

BP3: 0.8 
IMC: 0.9 
4-MBC: 1.7 
OC: 8.5 
BMDM: 10 
EDP: 0.4 
EMC: 16 
ES, HMS: 4 

BP3: 60 - 78 
IMC: 90 - 101 
4-MBC: 90 - 97  
OC: 80 - 92  
BMDM: 76 - 94 
EDP: 83 - 97 
EMC: 98 - 103  
ES: 95 - 104 
HMS: 92 - 102 

Urban (domestic): 
WWTP1 - Ultrafiltration 
WWTP2 - Soil filtration 
WWTP3 - Trickle filter  
WWTP4 - Sequential batch reactor 

BP3: 234 
IMC: 66 
4-MBC: 278 
BMDM: 407 
OC: 5322 
EDP: <LOD 
EMC: 1732 
ES: 753 
HMS: <LOD  

WWTP1 
 BP3: 3 
 
WWTP4  
BP3: 19 
 
WWTP2  
BP3: 18 
4-MBC: 30 
 
WWTP3 
BP3: 45 
4-MBC: 62 
BMDM: 29 
OC: 179  

- 
(Rosario 
Rodil et al., 
2009) 

BP3, IMC,          
4-MBC, OC, 
BMDM, ODP, 
EMC, ES, HMS, 
DBT, EHT  

Belgium  

Extraction method: 
PLE (75 g sample, EA) 
 
Instrumental method: 
LC-MS/MS  

BP3: 8 
IMC, EMC: 12 
4-MBC: 10 
OC: 18 
BMDM: 17 
ODP: 9 
ES, HMS:>1000 
DBT: 200 
EHT: 52 

BP3, IMC: 120 
4-MBC: 106 
OC: 108 
BMDM, ODP: 113  
EMC: 105 
ES: 95 
HMS: 96 
DBT: 107 
EHT: 124 

Dried test material from the 
Institute for Reference Materials 
and Measurements 

- - 

BP3: 6.6  
IMC: 5.0  
4-MBC: 3893 
OC: 2479  
BMDM:144 
ODP: 1.4  
EMC: 127  
ES: 49  
HMS: 22  
DBT: 136  
EHT: 928  

 (R Rodil et 
al., 2009) 

BP3, IMC,          
4-MBC, OC, 
BMDM, ODP, 
EMC, ES, HMS, 
DBT, EHT  

Germany 

Extraction method: 
PLE (75 g sample, EA) 
 
Instrumental method: 
LC-MS/MS  

BP3: 8 
IMC, EMC: 12 
4-MBC: 10 
OC: 18 
BMDM: 17 
ODP: 9 
ES, HMS:>1000 
DBT: 200 
EHT: 52 

BP3, IMC: 120 
4-MBC: 106 
OC: 108 
BMDM, ODP: 113  
EMC: 105 
ES: 95 
HMS: 96 
DBT: 107 
EHT: 124 

Urban(domestic) (100 000 
inhabitants) 

- - 

BP3: 29  
IMC: 20.0 
4-MBC:  73  
OC: 585 
BMDM: 517 
ODP: 1.9  
EMC:  35 
ES: 280 
HMS: 331  
DBT: 54  
EHT: 1433 

 (R Rodil et 
al., 2009) 

BP1, BP2, BP3, 
BP4  

UK 

Extraction method: 
Sample acidification (31% HCl to 
pH 2) + addition of 500 mg 
Na2EDTA 
Filtration 
SPE (250 mL sample, 5% 
NH4OH/MeOH) 
 
Instrumental method: 
UPLC-ESI-MS/MS 

LOQ 
Influent 
BP1: 3 
BP2: 18 
BP3: 104 
BP4: 35 
. 
Effluent 
BP1: 2 
BP2: 13 
BP3: 80 
BP4: 10 

Influent 
BP1: 31 - 43 
BP2: 17 - 20 
BP3: 39 - 49 
BP4: 17 - 50 
 
Effluent 
BP1: 48 - 54 
BP2: 24 - 37 
BP3: 50 - 81 
BP4: 59 - 118 

Urban (domestic)  
(500 000 inhabitants) 
- Primary treatment 
- Secondary treatment (trickling 
filters) 

BP1: 306 
BP2: 25 
BP3: 971 
BP4: 5790 

 BP1: 32 
BP2: 1 
BP3: 143 
BP4: 4309  

- 
(Kasprzyk-
Hordern et 
al., 2008) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

ES, HMS, IMC,  
4-MBC, BP3, 
EMC, EDP, OC, 
BMDM 

Germany   

Extraction method: 
SBSE (20 mL sample, PDMS 
coated stir bar, extraction time 
of 3 h at room temperature, 
1000 rpm, thermos desorption 
at 250 oC, 15 min) 
 

Instrumental method: 
TD-GC-MS 

ES, 4-MBC: 4 
HMS: 1 
IMC: 2 
BP3: 11 
EMC: 16 
EDP: 0.2  
OC: 7 
BMDM: 63  

ES: 86 
HMS: 93 
IMC: 115 
4-MBC: 112 
BP3: 108 
EMC: 89 
EDP: 83  
OC: 81 
BMDM: 75 

Urban (domestic) (500 000 
inhabitants) 

- 

HMS: 8 - 9 
IMC: <LOD - 3 
4-MBC: 38 
BP3: 42 - 54 
EMC: 11 - 23 
EDP: 2 - 7 
OC: 10 - 18 
BMDM, ES: <LOD   

- 
(Rodil and 
Moeder, 
2008) 

BP3, 4-MBC, 
EMC, OC  

China 

Extraction method: 
Filtration 
SPE (1.0 L sample, 200 mg C18 

cartridge, EA/DCM (1:1)) 
 
Instrumental method: 
GC-MS 

10 67 - 118  

Urban (domestic) (9 000 000 
inhabitants) 
- Primary treatment 
- Secondary treatment  
- Tertiary treatment (coagulation–
flocculation; continuous 
microfiltration;  
ozonation) 

BP3: 97 - 722  
4-MBC:475-2128 
EMC: 54 - 116 
OC: 34 – 153 

After coagulation 
treatment: 
BP3: 88 - 664 
4-MBC:418-1851  
EMC: 45-100 
OC: 27-121 
. 
After continuous 
microfiltration:  
BP3: 88 - 664 
4-MBC:418-1851  
EMC: 45 - 100 
OC: 27 – 121 
 
After ozonation 
treatment: 
BP3: 68 - 506 
4-MBC:299-1287 
 EMC: 30 - 67 
OC: 21 - 95 

- 
(Li et al., 
2007) 

 
4-MBC, OMC, 
OC, EHT 

Switzerland 

Extraction method for 
wastewater: 
LLE (700 mL sample, 50 g NaCl, 
PN + PN/DE (1:1) + DE) 
SPE (silica gel activated during 
15 h at 180 oC (H2O added to 
1.5% by weight); Hex/DE (9:1)) 
 
Extraction method for sludge: 
LLE (50 g sample + Na2SO4, Hex, 
DCM/Hex (1:1)) 
GPC (100 g Bio-Beads S-X3, 
Hex/DCM (1:1)) 
SPE (4 g florisil activated at    
650 oC for 2 h, 1 cm Na2SO4, 
Hex/DE (9:1) (elution 
discarded), DE (elution solvent)) 
 
Instrumental method: 
GC-MS (4-MBC, OMC, OC) 
HPLC-DAD (EHT) 

Wastewater 
4-MBC: 14 
EMC: 3 
OC: 5 
EHT: 34 
 
Sludge 
4-MBC: 4 
EMC: 3 
OC: 6 
EHT: 57 

Wastewater 
4-MBC: 91 
EMC: 75 
OC: 84 
EHT: 74 
 
Sludge 
4-MBC: 95  
EMC: 101 
OC: 87 
EHT: 75  

Rural (domestic) and Industry  
(23 000 inhabitants) 
- Primary treatment (screen, 
aerated grit removal tank, clarifier) 
- Secondary treatment (aeration 
tank, secondary clarifier, 
nitrification, FeClSO4 precipitation, 
thickeners, disinfection, two-stage 
mesophilic anaerobic stabilization, 
storage tanks) 

4-MBC: 680 –1410  
EMC:10400-49740 
OC: 950 - 3060 
EHT: 550 - 980  

Primary effluent: 
4-MBC: 380 - 920 
EMC: 3250 - 15960 
OC: 410 - 1490 
EHT: 280 - 770 
 
Secondary effluent: 
4-MBC: 50 - 110 
EMC: 20 – 40  
OC: <LOQ - 20 
EHT: <LOQ 

 Raw sludge: 
4-MBC: 210 – 1830  
EMC: 920 – 14450  
OC: 1200 – 4680  
EHT: 1700 – 2700 
 Excess sludge: 
4-MBC: 340 – 500  
EMC: 150 – 440  
OC: 1010 – 1320  
EHT: 1000 – 1300 
 Digestion sludge: 
4-MBC: 1260 – 2290   
EMC: 1020 – 1500 
OC: 3040 – 4950  
EHT: 2600 – 2700  
Storage tank sludge: 
4-MBC: 1900 – 2970  
EMC: 30 – 370  
OC: 1980 – 9520  
EHT: 1500 – 8100 

 (Kupper et 
al., 2006) 
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Table 2.1 Overview occurrence and fate of UV-filters in wastewater treatment plants (cont). 

Compounds Country Method overview LOD (ng L-1) Recovery (%) 
Type of WWTP/inhabitants/type 
of treatment 

Influent (ng L-1) Effluent (ng L-1) Sludge (ng g-1 dw) Reference 

4-MBC, EMC, 
OC, EHT  

Switzerland  

Extraction method: 
LLE (60 g sample, NaCl, PN/Ac 
(1:1), 30 min; PN/DE (1:1) + 
DE/DCM (4:1))  
SPE (5 g silica gel activated 
during 15 h at 180 oC (H2O 
added to 1.5% by weight), 
Hex/DE (9:1)) 
 

Reconstitution: EA (4-MBC, 
EMC, OC), EtOH (EHT) 
 

Instrumental method: 
GC-MS (4-MBC, EMC, OC) 
HPLC/DAD, LC-ES-MS-MS  (EHT) 

4-MBC: 4 
OMC: 3 
OC: 6 
EHT: 57 

4-MBC: 94.6 
OMC: 101.2 
OC: 87.5 
EHT: 75.0 

Rural (domestic) (210 – 514 
inhabitants): 
- Primary treatment 
- Secondary treatment  

- - 

4-MBC: 150 - 1000 
EMC: 30 - 95 
OC: 320 - 2480 
EHT: 700 – 6300  

(Plagellat et 
al., 2006) 

Rural (domestic)and Industrial  
(674 – 8 460 inhabitants): 
- Primary treatment 
- Secondary treatment 

4-MBC: 250 - 3340 
EMC: 70 – 390  
OC: 2580 – 7860  
EHT: 1000 – 11000  

Urban (domestic) and Industrial 
(10 000 – 30 000 inhabitants): 
- Primary treatment 
- Secondary treatment 

4-MBC: 610 – 4980  
EMC: 10 – 295  
OC: 1600 – 18740  
EHT: 3300 - 27700 

4-MBC, BP3, 
EMC, OC 

 
Switzerland  

Extraction method: 
SPE g-1PC (100-200 mL sample, 
10 mL Biobeads SM-2, 
MeOH/DCM) 
SPE (silica mini column clean-up, 
EA/MeOH (95:5)) 
 
Instrumental method: 
GC-MS 

10 78 - 12 

Urban (domestic) 
(10 000 – 30 000 inhabitants): 
- mechanical treatment 
- biological treatment 
- chemical treatment 
- sand filtration 

4-MBC:600–6500 
BP3:700 – 7800 
EMC:500-19000 
OC: 100 - 12000 

 4-MBC: 60 – 2700 
BP3: <LOD – 700 
EMC: <LOD – 100 
OC: <LOD – 2700   

- 
 (Balmer et 
al., 2005) 

 
Table 2.1 abbreviations: Ac - acetone; ACN – acetonitrile; Al2O3 - Aluminium oxide; BSTFA - N,O-bis(trimethylsilyl)trifluoroacetamide; C18 - bonded silica stationary phase column; DCM – dichloromethane; DE – diethyl ether; DLLME, 
dispersive liquid–liquid microextraction; EA - ethyl acetate; GC-HRMS - gas chromatography coupled with high resolution mass spectrometry; GC-MS - gas chromatography coupled with mass spectrometry; GPC – gel permeation 
chromatography; H2O – water; HCl - hydrochloric acid; Hex – hexane; HPLC-DAD - high performance liquid chromatography coupled with diode-array detection; HS-SPME – headspace solid phase microextraction; LC-MS/MS – Liquid 
chromatography-tandem mass spectrometry; LLE – liquid liquid extraction; LOD – limit of detection; LOQ – limit of quantification; MALLE - membrane-assisted liquid–liquid extraction; MeOH – methanol; MEPS - microextraction by packed 
sorbent; MSTFA - N-methyl-N-(trimethylsilyl)trifluoroacetamide; Na2EDTA - Ethylenediamine tetraacetic acid; Na2SO4 - sodium sulfate; NaCl - sodium chloride; NH4OH - Ammonium hydroxide; PDMS - poly(dimethylsiloxane); PLE - pressurized 
liquid extraction; PN – Pentane; PrOH, propanol; PSA - Primary-secondary amine sorbent; Rec – recovery; SBSE - stir bar sorptive extraction; Si – Silica;  SPE – solid-phase extraction; TCE – tetrachloroethylene 
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2.2.1. Occurrence in wastewater 

Monitoring programmes, where river samples are collected up and downstream of a 

selected WWTP along with influent and effluent wastewater, revealed that effluents are 

the main contributors to UV-filters contamination in the aquatic ecosystem (Gago-

Ferrero et al., 2013b). In order to understand the dimension of the problem, the 

concentration ranges of UV-filters found in influent and effluent wastewater were 

represented in Figure 2.2. 

At first sight, the benzophenone derivatives BP1, BP2, BP3 and BP4, stand out due to 

their high concentrations both in influent and effluent. This means a poor removal 

efficiency of the WWTP treatments and a high tendency to remain in water (higher 

solubility in water and relatively low log KOW; Table S2.1, Annex 2). Although these values 

seem inflated due to a single study performed by Kasprzyk-Hordern et al. (2009), which 

reports extremely high concentrations, namely for BP4 (concentrations reaching 13.3 

mg L-1 in influent and 6.3 mg L-1 in effluent), other studies confirm this tendency. For 

example, Gago-Ferrero et al. (2013b) reported concentrations up to 1420 ng L-1 for BP4, 

while Wick et al. (2010) mentioned levels up to 572 ng L-1. Similarly, Balmer et al. (2005) 

and Tsui et al. (2014a,b) detected maximum concentrations of 541 and 700 ng L-1 for 

BP3, respectively. In fact, BP4 was the compound detected in higher concentration 

levels, probably due to its very low octanol–water partition coefficient (log KOW=0.37; 

Table S2.1, Annex 2). Another benzophenone which appear in fairly high concentrations 

is BP8. This compound is less frequently studied than other benzophenones and its 

incorporation in cosmetics is prohibited in Europe and Japan. However, it was already 

found in effluents at concentration levels up to 10 ng L-1 in Taiwan (Wu et al., 2013), 84 

ng L-1 in China (Tsui et al., 2014a,b) and up to 55 ng L-1 in Spain (Pedrouzo et al., 2010). 
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Figure 2.2 UV-filters range of concentration (between minimum and maximum) in influent and effluent wastewaters (A – benzophenone derivatives, B – p-aminobenzoic acid derivatives, C – 
camphor derivatives, D – benzotriazole derivatives, E – salicylate derivatives, F – benzimidazole derivatives, G – triazine derivative, H – cinnamate derivatives, I – crylene derivative, J – dibenzoyl 

methane derivatives). 
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The crylene derivative OC also stands out due to the high concentrations found both in 

influent (around 12,000 ng L-1; Balmer et al., 2005) and effluent wastewater (near 7000 

ng L-1; Langford et al., 2015). However, most studies present lower concentration 

ranges, i.e. from 18 to 461 ng L-1 (Cunha et al., 2015; Kupper et al., 2006; Li et al., 2007; 

Magi et al., 2013; Moeder et al., 2010; Rodil and Moeder, 2008a; Rodil et al., 2009a,b,c). 

In a few articles OC was not even detected (Liu et al., 2011, 2012; Pedrouzo et al., 2010; 

Tsui et al., 2014a,b). This wide concentration range deeply depends on the type of 

population that the WWTP serves (influent concentrations), and on the employed 

technology (effluent concentrations). This high frequency of detection in wastewaters is 

probably related to its widespread use in cosmetics, since its use is allowed both in USA, 

Europe and Japan. However, the lipophilic nature of OC (log KOW of 6.88) suggests that 

it should be predominantly found in sludge due to its sorption capacity. 

According to Table 2.1 and Figure 2.2, the camphor derivative 4-MBC, whose 

incorporation into cosmetic products is only allowed in Europe, is often found in high 

concentration levels. 4-MBC has been detected in WWTPs influents in concentrations 

ranging from 394 to 406 ng L-1 in Australia (Liu et al., 2012), 3 ng L-1 (Tsui et al., 2014a,b) 

to 2128 ng L-1 (Li et al., 2007) in China and from 600 ng L-1 (Kupper et al., 2006) to 6500 

ng L-1 (Balmer et al., 2005) in Switzerland and ranging 45.8 to 154.9 ng L-1 (Cunha et al., 

2015) in Portugal. Lower concentrations were detected in samples from Spain (10–90 

ng L-1) (Gago-Ferrero et al., 2013b). Effluent wastewater shows a similar geographical 

pattern, with maximum concentrations ranging from 207 ng L-1 (Tsui et al., 2014a,b) to 

1851 ng L-1 (Li et al., 2007) in China and 110 ng L-1 (Kupper et al., 2006) to 2700 ng L-1 

(Balmer et al., 2005) in Switzerland. Also, other authors present lower concentrations in 

effluent wastewater from Spain (24 ng L-1) (Gago-Ferrero et al., 2013b) and Germany 

(30–60 ng L-1) (Rodil and Moeder, 2008b; Rodil et al., 2009a,b,c), while 4-MCB was not 

detected in Japan (Kameda et al., 2011). 

The benzimidazole PBSA, allowed in Europe, USA and Japan, was found, both in the 

influent (from 275 to 3615 ng L-1) and effluent (from 316 to 1504 ng L-1) wastewater in 

a single study performed by Wick et al. (2010). Although this compound has not been 

frequently studied, Ji et al. (2013) have shown that a fast photochemical transformation 

via direct photolysis is expected to be an important degradation pathway, compared to 
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other processes such as sorption or biological degradation. This indicates that 

monitoring studies should focus on the photoproducts of this compound, since the half-

live of the PBSA will be short. The dibenzoyl methane derivative BMDM was found in a 

screening study from Tsui et al. (2014a,b), at relatively high concentrations in both 

influent (35–1290 ng L-1) and effluent (18–1018 ng L-1) wastewater. However, in a WWTP 

that employs advanced treatments, BMDM was not detected (this will be further 

discussed in 3.1). The dibenzoyl methane derivative BMDM was also found in Portugal 

in June at high concentrations, 2935 ng L-1 (Cunha et al., 2015) in a WWTP which employs 

a secondary treatment followed by disinfection by biofiltration. The salicylate 

derivatives ES were found in the same range at 1188 ng L-1 and 129 ng L-1 and HMS at 

1650 ng L-1 and 154 ng L-1, in influent and effluent respectively (Tsui et al., 2014a,b). The 

widely used EHT (triazine derivative) was found at concentrations ranging from 550 to 

980 ng L-1 in influent wastewater, and 770 ng L-1 in effluent wastewater (Kupper et al., 

2006). However, due to its high log KOW (>10), it is expected that EHT has more tendency 

to adhere on organic matter and therefore, be present at higher concentrations in 

sludge. 

The cinnamate derivatives EMC (allowed in European, American and Japanese 

cosmetics) and IMC (allowed in USA and Japan) are also compounds that were 

frequently studied and detected in both influent and effluent. In influents, EMC and IMC 

concentrations range from not detected to 50,000 ng L-1 (Kupper et al., 2006) and 226 

ng L-1 (Tsui et al., 2014a,b), respectively. In effluents, maximum concentrations of 505 

ng L-1 for EMC and 165 ng L-1 for IMC (Tsui et al., 2014a,b) were detected. The 

benzotriazoles found in wastewater are not usually used in cosmetics as UV-filters, but 

in technical products such as plastics and paints as UV stabilizers. Since the allowed 

benzotriazoles in cosmetics have never been studied in WWTPs, these following 

compounds (UV-234, UV-326, UV-327, UV-328 and UV-329) may be used as 

representatives. Langford et al. (2015) studied the occurrence of benzotriazoles UV-234, 

UV-327, UV-328 and UV-329 in WWTPs, but the authors verified that they were not 

detected either in influent or effluent. Still, Liu et al. (2012) detected UV-326 and UV-

329 in influent wastewater at 35 and 414 ng L-1, respectively, but did not detect them in 
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effluent wastewater. Because of the lipophilic character of these compounds (log KOW 

N 5), they may be probably sorbed onto sludge (Liu et al., 2012). 

The p-aminobenzoic acid derivatives EDP, ODP and Et-PABA are present in lower 

concentrations at WWTPs in comparison to the other UV-filter classes. On the one hand 

Gago-Ferrero et al. (2013a,b) found Et-PABA at 120 ng L-1 in the influent, but not in the 

effluent. On the other hand, the compound ODP was detected by Tsui et al. (2014a,b) 

at 376 ng L-1 in influent and 225 ng L-1 in effluent wastewater. Some other authors also 

found these p-aminobenzoic acid derivatives, but in lower concentration ranges. Magi 

et al. (2013) detected ODP at 4 ng L-1 in an influent, but did not detect this compound in 

the effluent, while Pedrouzo et al. (2010) detected 55 ng L-1 in influent and 25 ng L-1 in 

effluent. The derivative EDP was found in Portugal at 418 ng L-1 in influent wastewater 

from a WWTP near a beach area in June (Cunha et al., 2015) but was not detected in the 

treated effluents (Rodil et al., 2009a,b,c). 

Although values presented in Table 2.1 show an overview, UV-filters concentrations 

differ with geographical location, treatment scheme, type of sewage (urban, rural or 

industrial), flow conditions and even seasonally (Balmer et al., 2005; Kasprzyk-Hordern 

et al., 2009). 

Data suggests some variability of UV-filters inputs to WWTPs, with higher loads during 

warmer months (Balmer et al., 2005; Cunha et al., 2015; Li et al., 2007; Magi et al., 2013; 

Pedrouzo et al., 2010). In fact this seasonal trend is not surprising as during warmer 

months care with skin is more relevant among population, with consequent increase in 

use of sunscreens, lotions and other type of cosmetics aimed to protect against for 

sunburns. Predominantly in these products, some common UV-filters are used 

(mentioned by their trade name): avobenzone (BMDM), octocrylene (OC), ensulizole 

(PBSA), oxybenzone (BP3) or sulisobenzone (BP4) (21CFR352.10, 2014; 

CosmeticsDirective, 2009; MHW, 2000; Richardson and Ternes, 2014; Salvador and 

Chisvert, 2005). For this reason, these are some of the compounds that appear in higher 

concentrations in warmer months. However, a considerable amount of UV-filters can be 

released from people' skin during showering and washed off from towels and clothes 

during laundering, representing an indirect input into the environment throughout the 

year. Moreover, UV-filters can be absorbed by the human body through the skin 
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(Chisvert et al., 2012; Giokas et al., 2007) and then, they may be excreted in urine and/or 

faeces as parent compounds or metabolites, also constituting a continuous indirect 

input during the year (Giokas et al., 2007; Magi et al., 2013). As mentioned above, UV-

filters are added not only to cosmetics specific for sun protection (sunscreens), but also 

in common products that are used throughout the year. A recent study by Chisvert et al. 

(2013) showed that UV-filters such as BP3, 4-MBC, OC, EMC, BMDM, DBT and MBP were 

detected in daily routine personal care products (moisturizers, after shave products, 

firming facial creams and lip balms) in concentrations between 0.55 and 7.80% (w/w). 

It's also worth to notice that during snowing periods sunscreens are also frequently used 

and should be considered as an input source in remote locations. 

Most studies related to the occurrence of UV-filters in wastewaters are focused on 

municipal WWTPs located in urban areas and those receiving only domestic sewage 

(Gago-Ferrero et al., 2013b; Langford et al., 2015; Tsui et al., 2014a,b). However, a 

couple of studies have focused on urban WWTPs receiving domestic and industrial 

sewage (usually with an average ratio of 75:25) (Kasprzyk-Hordern et al., 2008a,b, 2009; 

Liu et al., 2011, 2012) and only one investigated the UV-filters' behaviour in a rural 

WWTP that treats domestic/industrial sewage (Kupper et al., 2006). Besides the scarce 

number of available studies, information is not always clear regarding the type of 

influent being studied. Furthermore, information regarding type of employed 

treatments in the WWTP, the amount of served population and in case of industrial 

influents, the type of industry in its surroundings is not always evident. This lack of 

information may be related to the fact that most of the studies are more focused in 

method development rather sample analysis. Therefore, making the analysis and 

comparison of results is a quite complex undertaking. 

An analysis of total concentrations in effluents from rural (domestic)/industrial, urban 

(domestic) and urban (domestic)/industrial WWTPs showed that the last group 

presented the major load of UV-filters, in opposition to the rural (domestic)/industrial 

ones. This could be expected if the mentioned industry was somehow related to the 

cosmetics industry. Otherwise, concentrations would be lower due to the dilution effect. 

There is a general lack of information regarding the presence of UV-filters in WWTPs 

worldwide. Considering that these compounds may be incorporated in different 
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concentrations in daily life products depending on the regulation in force in the specific 

country (e.g. European, USA and Japanese legislation), their levels should be monitored 

more often than they already are. Results showed maximum average concentration of 

UV-filters in effluents of 3300 μg L-1 in UK and between 0.15 and 3.57 μg L-1 for Italy < 

Spain < Switzerland < Germany < Norway (European countries). The high levels of UV-

filters detected in the UK reflect only the results of a single study (Kasprzyk-Hordern et 

al., 2009) and therefore, they should be analysed with caution and should not be used 

as representative of that country. European countries present concentrations in the 

same range, as they are due to comply to the same legislation, and small differences 

may be due to type of treatment employed in the different facilities. In Asia, average 

concentrations are in a lower range (0.03 and 1.74 μg L-1) for Taiwan < Japan < China. In 

Japan, BZS was the only compound found in effluent wastewater that is not allowed in 

cosmetics. Regarding China and Taiwan, it was not possible to find reliable information 

regarding UV-filters legislation in cosmetics to compare. In Oceania only data from 

Australia is available (0.20 μg L-1) and in this country most compounds are allowed in 

cosmetics (Shaath, 2010). 

Although the amount of UV-filters in the effluent is in average lower than in influent, it 

does not mean that they are effectively degraded. Most probably they migrate to sludge 

or originate new by-products (Barón et al., 2013; Santos et al., 2012), but this situation 

will be discussed in more detail in Section 2.3. 

 

2.2.2. Occurrence in sludge 

As mentioned before, UV-filters' fate in WWTP is not yet well known. However, taking 

into account the lipophilic nature of some UV-filters (Table S2.1 from Annex 2), they may 

tend to sorb onto sludge. Therefore, sewage sludge may contain multiple UV-filters, 

representing an appropriated matrix to characterize the release of environmentally 

relevant substances (Plagellat et al., 2006). One of the main use of sewage sludge is as 

fertilizer in agriculture, which pose a contamination pathway to soils, animals and even 

humans. The concentration range of UV-filters per compound in sludge is shown in 

Figure 2.3.  
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Figure 2.3 UV-filters range of concentration found in raw and treated sludge (A – benzophenone derivatives, B – p-aminobenzoic  acid derivatives, C – camphor derivatives, D – benzotriazole 
derivatives, E – salicylate derivatives, F – triazine derivative, G – cinnamate derivatives, H – crylene derivative, I – dibenzoyl methane derivatives) 
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Unlike wastewaters, a different scenario is presented regarding UV-filters in sludge 

(Figure 2.3). Generally, it seems that the number of UV-filters detected in sludge is lower 

than in wastewaters and the range of concentration levels also appears to be narrower. 

Among benzophenone derivatives, BP3 seems to be the predominant compound 

reaching concentrations around 2100 ng g-1 dw in treated sludge (Langford et al., 2015). 

However, lower concentrations were also reported, ranging from 16 to 790 ng g-1 dw 

(Gago-Ferrero et al., 2011b; Liu et al., 2011, 2012; Negreira et al., 2011; Rodil et al., 

2009a,b,c; Wick et al., 2010). Benzophenone BP1 was detected in treated sludge by Wick 

et al. (2010) at 5.1 ng g-1 dw, but BP2 and BP4 were only found in raw sludge (in the 

same study). Compounds like benzophenones 4HB and 4DHB that were not found in 

effluent wastewater were detected in sludge. The benzophenones 4HB and 4DHB were 

found at maximum concentrations of 150 and 620 ng g-1 dw, respectively, in three 

WWTPs in Spain by Gago-Ferrero et al. (2011a,b) and 4DHB also at lower concentrations 

(0.05 ng g-1 dw) by Rodríguez-Rodríguez et al. (2012). However, this behaviour was not 

totally expected, since both 4HB and 4DHB are not considered very lipophilic 

compounds due to their log KOW values of 3.1 and 2.2, respectively. In fact, these 

compounds, besides being used by industry as UV-filters, are also major BP3 

degradation products. Considering that they were not found in wastewater, it is possible 

to assume that BP3 is mostly degraded during biological treatment. 

As seen in Figure 2.3, compounds like benzotriazoles UV-326 and UV-329 that were not 

found in effluent wastewater were detected in sludge.  This is already expected for these 

compounds since they present a lipophilic character (log KOW > 5). Concentrations of 88 

and 123 ng g-1 dw were found for UV-326 and UV-329, respectively in Australia (Liu et 

al., 2011, 2012) and higher levels in Norway for UV-327 and UV-329 — 160 and 3303 ng 

g-1 dw, respectively (Langford et al., 2015). The p-aminobenzoic acid derivatives 

detected in effluent wastewater showed small concentrations in treated sludge. EDP 

was not found at all and ODP was found at 2 ng g-1 dw by Rodil et al. (2009a,b,c) and 

0.004 ng g-1 dw by Rodríguez-Rodríguez et al. (2012). 

Camphor derivative 4-MBC, crylene derivative OC and triazine derivatives EHT and DBT 

showed the highest concentrations in treated sludge. Actually, these compounds are the 

most lipophilic ones under study, as the partition coefficients (log KOW) are 6, 8, 17 and 
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14, respectively, so they were expected to sorb easily onto sludge. 4-MBC was found in 

raw and treated sludge at concentrations ranging from 73 to 4980 ng g-1 dw and 106 to 

3100 ng g-1 dw, respectively (Badia-Fabregat et al., 2012; Gago-Ferrero et al., 2011b; 

Kupper et al., 2006; Liu et al., 2011, 2012; Negreira et al., 2011; Plagellat et al., 2006; 

Rodil et al., 2009a,b,c). OC was found at higher concentrations levels: 303–8000 ng g-1 

dw in raw sludge and 138–41,610 ng g-1 dw in treated sludge (Badia-Fabregat et al., 

2012; Gago-Ferrero et al., 2011b; Kupper et al., 2006; Langford et al., 2015; Liu et al., 

2011, 2012; Negreira et al., 2011; Plagellat et al., 2006; Rodil et al., 2009a,b,c). Regarding 

the triazine derivatives, EHT was found at concentrations ranging 700 to 27,700 ng g-1 

dw in raw sludge and 1700 to 2700 ng g-1 dw in treated sludge (Kupper et al., 2006; 

Plagellat et al., 2006; Rodil et al., 2009a,b,c), while DBT was only found in raw sludge, 

ranging 54 to 136 ng g-1 dw (Rodil et al., 2009a,b,c). The high concentrations reported 

for 4-MBC and OC are in agreement with the high sorption coefficients reported by 

Kupper et al. (2006). Similar concentrations of salicylate derivatives ES (133–280 ng g-1 

dw) and HMS (110–331 ng g-1 dw) and dibenzoyl methane derivative BMDM (517 ng g-1 

dw) were found in treated sludge (Negreira et al., 2011; Rodil et al., 2009a,b,c); however 

they were not studied in raw sludge. Perhaps due to the frequent incorporation of the 

cinnamate derivative EMC in cosmetic formulations (Manova et al., 2013), this 

compound was monitored in all studies focused on sludge analysis. Concentrations from 

213 to 14,450 ng g-1 dw (Kupper et al., 2006; Liu et al., 2012) in raw sludge and in treated 

sludge up to 4689 ng g-1 dw (Langford et al., 2015) were detected. 

Like wastewaters, a seasonal variation was also observed in sludge, with maximum 

concentration peaks during the summer period (Plagellat et al., 2006). 

Except for a couple of studies performed in Australia (Liu et al., 2011, 2012), most UV-

filter studies in sludge are performed in Europe. Therefore, a comprehensive knowledge 

about levels on global scale is still lacking and therefore scientific community should 

widen and intensify studies regarding on these compounds of emerging concern to 

better understand their behaviour and consequences in the environment. 
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2.3. Treatment of UV-filters in WWTPs 

WWTPs' main goal is to treat wastewater, removing contaminants (Spellman, 2013a). 

However, due to the great number and diversity of known and unknown contaminants 

treatment plants are not prepared to remove all these compounds. For example, in a 

study involving several emerging contaminants, Kasprzyk-Hordern et al. (2009) proves 

that WWTP effluent discharges into rivers are the main source of environmental 

contamination. Nevertheless, some WWTPs are able to remove UV-filters from water 

and sludge at some extent and their removal strongly depends on the technology 

implemented in the WWTP.  

Generally, biological or chemical degradation and volatilization are the possible removal 

mechanisms from WWTPs. Since UV-filters have a relatively high boiling point (Table 

S2.1, Annex 2), it is expected that volatilization is not a key removal step. However, 

compounds relatively stable to bio or chemical degradation can also be removed from 

the water line by sorption onto sludge. Compounds with low water solubility and high 

octanol–water partitioning coefficient are especially prone to this phenomenon. 

Nevertheless, the efficiency of conventional sludge treatment technologies should be 

investigated since sewage sludge is frequently applied in agriculture as a fertilizer. 

 

2.3.1. Water line treatments 

In a WWTP, the primary treatment is mechanical and/or physicochemical aimed to 

remove at least half of the suspended material and at least 20% of biochemical oxygen 

demand (BOD) through processes such as decantation/sedimentation/clarification, 

flotation and coagulation. Usually, these kind of treatments are not capable enough to 

remove UV-filters from wastewaters (Spellman, 2013c; Tsui et al., 2014a,b; Wang et al., 

2010). Langford et al. (2015) showed that a WWTP, which employs only a primary 

treatment, discharges 7 to 13 times more UV-filters to the environment than facilities 

that employ a secondary treatment (activated sludge), although served population is 

considerably smaller (Table 2.1). Tsui et al. (2014a,b) also showed that a WWTP that 

employs only a treatment to screen grit with diameter exceeding 6 mm and with a 

hydraulic retention time(HRT) of less than 1 h is not efficient in the removal of UV-filters. 
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Detectable UV-filters removal efficiencies were low (0–30%) to moderate (30.1–70%) 

after this type of treatment, except for ODP which showed 75% removal. These results 

prove that physical screening is not an effective treatment for UV-filters in wastewater, 

compromising the aquatic environment through their continuous release. 

During primary sedimentation solids are removed by gravity and water moves slowly 

through the sedimentation tank or basin with a minimum turbulence at entry and exit 

points, and sludge keeps accumulating at the bottom of the tank (Spellman, 2013b). The 

removal of contaminants due to sedimentation of primary sludge usually depends on 

the sorption coefficient of compounds as well as the amount of suspended solids 

present in the wastewater. Compounds with higher log KOW values will likely sorb onto 

primary sludge, which means that UV-filters with low coefficients like benzophenones 

derivatives (e.g. BP9 (−2.78) and BP3 (3.79)) will be less removed. Moderate removal 

(between 30 and 70%) was observed in this stage of treatment for compounds like 

BMDM, HMS, 4-MBC, ODP and EMC, whose log KOW >4 (Li et al., 2007; Tsui et al., 2014a, 

b). Also Liu et al. (2012) showed that 4-MBC, UV-326 and OC were removed from the 

primary influent in a range between 44 and 82% by sorption onto sludge, while EMC and 

UV-329 were removed to a lesser extent (about 45%). Lower removal rates (<5%) were 

determined for BP3. 

Another primary treatment referred in literature is coagulation–flocculation (CF). This 

methodology is usually applied before sedimentation and is used to enhance not only 

the removal of suspended solid particles, but also the biochemical oxygen demand 

(BOD), chemical oxygen demand (COD), and bacterial population in primary settling 

facilities (Semerjian and Ayoub, 2003). Coagulants are added and the wastewater is 

turbulently stirred. This process is usually followed by flocculation to agglomerate small 

particles into well-defined flocs by gentle agitation for a much longer time (Spellman, 

2013b; Wang et al., 2010). For example, the coagulant ferric (III) chloride neutralizes the 

surface charges on suspended particles and colloidal material and allows their 

aggregation into larger and heavier flocs for sedimentation (Tsui et al., 2014a,b). This 

improved the removal efficiencies for BMDM (from 26 to 75% in dry season and 26 to 

69% in wet season), BP3 (23 to 52% in dry season and 28 to 67% in wet season) and EMC 

(32 to 52% in dry season). However, this methodology showed not to be effective in the 
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removal of UV-filters with low log KOW like benzophenones BP1 and BP4 (Tsui et al., 

2014a,b). Li et al. (2007) studied the use of polyaluminum chloride as a coagulant in a 

CF treatment; however, the removal efficiencies achieved for BP3 (7.6–9.7%), 4-MBC 

(12–15%), EMC (13–16%) and OC (19–21%) were relatively low. Authors correlate the 

different behaviour obtained in the CF treatment with the potential to adsorb onto the 

particulate organic matter in suspension. This adsorption potential can be characterized 

by the organic matter/organic partition coefficient (log KOM) that were estimated by the 

authors as 3.1 for BP3, 4.3 for 4-MBC, 5.3 for EMC and 6.1 for OC. In fact, the removal 

efficiencies obtained by this study follow this tendency (Li et al., 2007). Overall, although 

the primary treatment is essential in a WWTP, its contribution to the removal of UV-

filters is not great, except for those whose log KOW is high enough to allow them to 

rapidly sorb into primary sludge. 

The main purpose of secondary treatment (sometimes referred to as biological 

treatment) is to provide biochemical oxygen demand (BOD) removal beyond what is 

achievable by primary treatment. Some common approaches are activated sludge and 

the trickling filter, and they take advantage of the ability of microorganisms to convert 

organic wastes (via biological treatment) into stabilized, low-energy compounds. 

Usually, it follows the primary treatment (Spellman, 2013b). 

Balmer et al. (2005) consistently showed lower concentrations in the effluent 

wastewater (after mechanical, biological, chemical treatment and also sand filtration) 

with elimination rates quite high for most compounds (18–82% for 4-MBC, 68–96% for 

BP3, 88–99% for OC and 97–99% for EMC). Still, authors point out that it is not clear 

whether compounds are actually degraded or just removed from wastewater by 

sorption onto sewage sludge. Also, Kasprzyk-Hordern et al. (2008a,b) showed a 85% 

removal for BP3, 89% for BP1, 96% for BP2, but only a 30% removal of BP4 (primary 

treatment followed by trickling filter beds). This is probably due to BP4 higher solubility 

in water (2.50 × 105 mg L-1), opposed to the other benzophenones (see Annex 2 Table 

S2.1). Kasprzyk-Hordern et al. (2009) studied two different secondary WWTPs systems 

(trickling filter and traditional activated sludge). Both systems conducted to similar 

removal rates for the studied benzophenone derivatives (about 90% for BP1, 98% for 

BP2, 70–95% for BP3 and < 15% for BP4). The UV-filter BP4 also showed lower removal 
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rates, which may be explained by its high polarity, when compared to the other 

benzophenone derivatives studied. The removal of BP3 and BP1 from WWTP is also 

corroborated by Negreira et al. (2009) (83% removal for BP1 and 90% removal for BP3 

after activated sludge treatment). 

Although several studies mention the average removal of the UV-filters in the WWTPs, 

it is not always clear if they are actually degraded or removed from wastewater by 

sorption to sewage sludge. Nevertheless, few authors opt to investigate the fate and 

removal of these compounds in different wastewater treatment steps (Kupper et al., 

2006; Liu et al., 2012). 

Kupper et al. (2006) studied four UV-filters (4-MBC, EMC, OC and EHT) along a 

conventional activated sludge treatment plant, which also has a sludge treatment line 

(Switzerland), performing mass balances for both water and sludge lines. They verify 

that 50–80% of OC and EHT and less than 35% of 4-MBC and EMC present in the influent 

were removed by sorption onto sludge in the primary treatment (residence time: 3 h). 

Also, the remaining of those last two compounds were found to be degraded (30 and 

50%, respectively) in this step. In the biological unit (residence time: 8 h), it was verified 

a greater degradation: 99% for EMC, 90% for 4-MBC and 80% for OC. Only, EHT 

presented a lower degradation, being sorbed in more extensively onto sludge (more 

than 30%). On overall, less than 25% of UV-filters were detected in the final effluent and 

OC and EHT were mainly removed by sorption.  

Liu et al. (2012) investigated six UV-filters (BP3, 4-MBC, EMC, UV-326, UV-329, and OC) 

in a full-scale municipal wastewater treatment in South Australia. The WWTP consists of 

primary sedimentation, secondary activated sludge treatment (hydraulic retention time: 

18 h), stabilization lagoons (hydraulic retention time: 27 days), dissolved air 

flotation/filtration and also a sludge line (will be further discussed). For 4-MBC, UV-326 

and OC, the authors concluded that 44–82% of the influent load partitioned to sludge in 

the primary treatment, which was expected considering their high log KOW values 

(Annex 2). Sorption was low for BP3 and UV-329 (<5%), which was expected for BP3 (log 

KOW of 3.79) but not for UV-329 (log KOW of 6.21). Higher degradation rates were 

reported in primary treatment for EMC (≈50%) and UV-329 (≈40–80%). For all the target 

compounds, except for OC, a considerable degradation was achieved during secondary 
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treatment (60–95%). Only 14% of degradation was verified for OC, which is not 

consistent with previous results from (Kupper et al., 2006). Mass balances were used to 

understand the UV-filters' behaviour during WWTP (sorption to sludge and 

degradation), however, authors point out that some mass balance errors occurred and 

that they could be explained by the long hydraulic retention times. It is also important 

to mention that there were two sampling campaigns and that a different behaviour 

among UV-filters was verified. However, a consistent variation was not detected, which 

prevents a deeper analysis. The mass balance analysis for the entire water line showed 

that more than 54% of 4-MBC, UV-326 and OC were sorbed onto sludge (hydrophobic 

compounds according Table S2.1, Annex 2). Significant degradation occurred for BP3, 

EMC and UV-329 (86%–97%). The proportions in the final effluent were <16% for all 

target compounds. 

Tsui et al. (2014a,b) investigated five different wastewater treatment methods for 12 

organic UV-filters (Table 1). Compounds like BMDM, BP1, BP3, BP4 and EMC were 

frequently detected (> 80%) in both influent and effluent, with mean concentrations 

ranging from 23 to 1290 ng L-1 and 18–1018 ng L-1, respectively. Overall, the UV-filters 

have been degraded in a greater extent during the biological treatment: >99% for ES, 

OC and BP8, >70% for BP1, BP3 and HMS, 38–77% for 4-MBC, 30–55% for EMC and 10–

50% for BMDM, IMC and ODP in the modified Ludzack–Ettinger (MLE) system. The 

compounds BMDM, IMC and ODP were considered by the authors less biodegradable in 

the given aeration time (not shown). Nevertheless, the sequential batch reactor (SBR) 

presented higher removal efficiencies for UV-filters considering most compounds were 

not detected and BMDM, EMC and BP1 were removed between 77–99% and BP3 54%. 

The SBR system treats a portion of the day's total wastewater flow in a batch-type 

process thereby becoming more efficient than the MLE process (Spellman, 2013b; Wang 

et al., 2010) These values were consistent with those observed in the previously 

mentioned studies (Kupper et al., 2006; Liu et al., 2012). 

Because primary and secondary treatments are not able to remove the majority of the 

organic contaminant compounds, more sophisticated WWTP already own tertiary 

treatments, also called advanced wastewater treatments. They follow secondary 

treatment and usually include phosphorus removal or nitrification (Spellman, 2013b). 
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Disinfection is an important step of wastewater treatment, especially when the 

secondary effluent is discharged into a body of water used for swimming or as a 

downstream water supply. The most commonly used disinfectants and oxidants are 

chlorine, chlorine dioxide, ozone, and potassium permanganate (Spellman, 2013b). Li et 

al. (2007) studied the effect of ozonation (advanced oxidation process) in the removal 

of UV-filters. Ozone is a strong oxidizing gas that reacts with most organic and many 

inorganic molecules. However, this treatment conducted to poor removal efficiencies, 

around 20% of BP3, 25% of 4-MBC, 28% of EMC and 17% of OC. The lower removal 

efficiencies than expected may be due to low ozone dose (5–6 mg L-1), short hydraulic 

residence time (3 h), as well as the competitive reactions with other organic 

contaminants. 

Tsui et al. (2014a,b) studied different WWTP with tertiary treatments and concluded 

that the chlorination process is not efficient in removing most compounds from 

wastewater (<30%), except for HMS which showed removals of 46% in the dry season 

and 76% in the wet season. In contrast, the UV-disinfection (short UV-irradiation) 

showed good results for 4-MBC and IMC (>90%), HMS (71%) and EDP (61%). UV-

disinfection can oxidize organic contaminants through direct photolysis or formation of 

reactive free radical from water to attack other organic compounds. During this process 

(UV-disinfection), the removal efficiencies of BP1, BP3, BP4, BMDM and EMC were lower 

than 30% (lower than 60% for EMC in the wet season), which can be explained by the 

previously mentioned photostability of these compounds (Liu et al., 2013; Rodil et al., 

2009a; Santos et al., 2012, 2013). Also, according to Kockler et al. (2012) the presence 

of suspended particles during the treatment can also scatter and absorb UV-irradiation, 

while several UV-filters may enhance the photostability effect of compounds and 

consequently diminish the removal efficiency of the process. It is important to mention 

that by-products with higher toxicity than their parent compounds can be formed during 

these processes, which is also an important issue (Santos et al., 2012, 2013). 

In the conventional water treatment process, filtration usually follows coagulation, 

flocculation, and sedimentation. However, this technique can also be used as 

disinfection in tertiary treatment (Wang et al., 2010). Wastewater filtration is a physical 

process employed in order to separate the suspended and colloidal particles from water 
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through a granular material (Spellman, 2013a). It can also be used to some extent for 

the removal of some microorganisms and viruses. Li et al. (2007) studied the effect of a 

continuous microfiltration (CMF) treatment (0.2 μm pore size), which besides the 

removal of particles, is also effective for absolute removal of Giardia cysts (responsible 

for giardiasis, an intestinal infection) with 9 to 21 μm length (EPA, 1999) and partial 

removal of bacteria and viruses (Wang et al., 2007). Nevertheless, removal efficiencies 

of the target compounds (BP3, 4-MBC, EMC and OC) were lower than 10%, which means 

that CMF process has minimal effect in the removal of UV-filters. Authors admit that the 

minimal removal efficiencies obtained during this process are due to UV-filters' 

adsorption onto the particles retained on the membranes. 

Besides disinfection purposes, other technologies are employed in tertiary treatment. 

Tsui et al. (2014a,b) evaluated the ability of reverse osmosis in removing UV-filters from 

water and concluded that this technology showed the highest removal efficiencies for 

4-MBC, IMC, HMS and EDP (>99% removal) so far. These high removal efficiencies can 

be attributed to the molecular weights of these compounds (ranging between 100 and 

300), which are in the range of values for membrane exclusion. However, the 

operational costs of a large-scale reverse osmosis treatment are very high and need to 

be taken into consideration (Tsui et al., 2014a,b). 

Solutions like membrane bioreactors (MBR) treatments with long solid retention time 

(SRT) have also been suggested for the removal of this type of compounds from WWTPs. 

Longer SRT also allows the MBR system to produce less waste sludge than an SBR system 

(as an SBR can't operate at longer SRTs due to the negative impact on the settling of 

sludge). It favours the proliferation of slowly growing bacteria, improving microbial 

diversity in the reactor and achieving better biodegradation of compounds. One of the 

benefits of MBR technology over other activated sludge processes is its ability to operate 

at high biomass concentrations, leading to much smaller process basins (Spellman, 

2013b; Wijekoon et al., 2013). This type of reactor improves the removal of some 

compounds via adsorption onto sludge and subsequent biodegradation. Because of the 

prolonged SRT, the MBR yields a higher biodegradation rate. In fact, Wijekoon et al. 

(2013) obtained high biodegradation/transformation rates for some UV-filters like BP 
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and BP3 (>96%) and OC (67–96%) with MBR working conditions of HRT of 26 h, 

temperature of 26 °C, dissolved oxygen concentration of 2.4 mg L-1 and SRT of 88 days. 

As mentioned before, nitrification is often applied after secondary treatment in WWTPs. 

In nitrification, the ammonia nitrogen is converted to nitrate nitrogen, producing a 

nitrified effluent. At this point, nitrogen has actually not been removed, only converted 

to a form that is not toxic to aquatic life and that does not cause an additional oxygen 

demand. Biological denitrification removes nitrogen from the wastewater. When 

bacteria come in contact with a nitrified element in the absence of oxygen, they reduce 

the nitrates to nitrogen gas, which escapes from the wastewater (Spellman, 2013b). 

Some authors mention biological nitrification and denitrification (Gago-Ferrero et al., 

2011b; Golovko et al., 2014; Wick et al., 2010, 2011). However, it is not possible to 

conclude if this treatment influences the removal of UV-filters since no information is 

given regarding the compounds concentration. 

Because of the limitations of the primary and secondary treatments, the advanced 

treatments should overcome the gaps that still exist in WWTPs. However, so far, few 

studies have been made in that area and many other potentially effective treatments 

need to be studied. 

 

2.3.2. Solid line treatments 

The typical sewage sludge is classified as primary, biological, and chemical, according to 

its origin (Wang, 2007). The removal of UV-filters in sludge treatment is barely discussed 

in literature, even though most WWTP have a specific line dedicated to sludge 

treatment.  

Langford et al. (2015) presented the concentrations of UV-filters in sludge from WWTP 

1, which undergoes anaerobic digestion of sludge and a drying process and from a 

WWTP 2, which consists in thermal hydrolysis at 160 °C prior to anaerobic digestion at 

38 °C. Although plants may have different inputs due to the different population they 

serve (580,000 the first and 52,000 the second), total concentrations in treated sludge 

were higher in the second plant (16.6 μg g-1 dw and 51.9 μg g-1 dw respectively) for which 

authors conclude that the differences are due to the more advanced treatments in 
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WWTP 1. However, a wider discussion about the reasons and underlying phenomena 

that may explain these results were not given by the authors. 

Liu et al. (2012) studied the distribution of UV-filters in sludge /biosolids from the 

primary sludge, through the different stages of sewage treatment (anaerobic digestion–

sludge retention time of 7 days and sludge stabilization lagoons) until the final biosolid. 

They observed that the profiles of the detected UV-filters in the sludge were very 

variable. The highest concentrations were found in the digested sludge for 4-MBC and 

OC (2020 ng g-1 and 1838 ng g-1 respectively), which were much higher than the primary 

sludge (1031 ng g-1 and 561 ng g-1 respectively), probably due to water loss during the 

process. This indicates recalcitrance of 4-MBC and OC to anaerobic degradation in 

mesophilic anaerobic digestion process. However, because concentrations of these 

compounds are reduced in sludge stabilization lagoon samples, it may suggest 

biodegradation occurred in the stabilization process. The final biosolid still presents high 

concentrations of 4-MBC and OC (962 ng g-1 and 465 ng g-1 respectively), but 

nevertheless, lower than the raw sludge. 

Kupper et al. (2006) analysed the sludge line, which comprises three thickeners (RT: 2 

days), a disinfection unit (pasteurization), a two-stage mesophilic anaerobic stabilization 

(RT: 20 days; 34 °C) and two storage tanks. Results show that during sludge treatment 

only EMC suffers degradation (>90%). The other compounds studied, 4-MBC, OC and 

EHT primarily migrate to the stabilized sludge of the storage tank, which is expected 

considering that these compounds are some of the most lipophilic known UV-filters 

(Table S2.1 in Annex 2). Also, 13% of 4-MBC was found in the supernatants from the 

thickener that was considered negligible for mass balances in the authors' point of view.  

The use of ligninolytic fungi is a promising alternative for pollutant treatment because 

of their ability to degrade a broad spectrum of compounds such as pharmaceuticals, 

textiles, dyes, oestrogens and PAHs in both liquid and solid media. Also, the use of a 

bioslurry approach is considered an advantage as the sludge can be treated directly from 

the effluent of the anaerobic digester. UV-filters were studied in a bio-slurry reactor with 

fungus Trametes versicolor. Compounds presented different behaviours, BP3 showed 

low removal (22%), 4-MBC, OC and ODP showed moderate removals (58–70%) and EMC 

and BP1 high removals (79 and 100% respectively). Only 4DHB remained unchanged 
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after the treatment with this fungus. This treatment showed good results to some 

compounds, however, the different profiles in the overall content of pollutants often 

present in the sludge may play a role in synergistic or antagonistic interactions in terms 

of removal (Rodríguez-Rodríguez et al., 2012). Also, Badia-Fabregat et al. (2012) showed 

that the use of ligninolytic fungi is a promising alternative for pollutants treatment in 

sludge due to their ability to remove from 87 to 100% of several UV-filters (BP1, 4DHB, 

4HB, BP3, 4-MBC, OC, ODP and EMC). It was noticed that UV-filters were detected at 

strikingly higher concentrations than pharmaceuticals in the same sampled sludge, 

putting these compounds in an alarming position compared to some drugs that have 

been studied for a long time (Rodríguez-Rodríguez et al., 2012). Also, it is worth to notice 

the presence of BP3 metabolite and 4DHB in sludge, before fungal treatment. Its origin 

may be related to its transformations and excretion by the human body or partial 

degradation in the WWTP by microorganisms in the activated sludge treatment. This 

fact stresses the need for identifying and establish methods to detect not only the 

parent compounds, but also their intermediate metabolites (Badia-Fabregat et al., 

2012). 

The sludge line has still been poorly studied, even though concentrations of UV-filters in 

treated sludge have been published. However, because this issue is becoming of great 

importance, development of technologies which are capable to remove these 

contaminants from sludge should be an objective of research in the future. 

Treated sludge has been used as an agricultural fertilizer for decades, in fact, data from 

the European Commission shows that as far from 2010, ‘some 42% of Europe's municipal 

sewage sludge was treated and used on farmland, 27% was incinerated, 14% was 

disposed of by landfilling and about 17% was disposed of in other ways’ (EC, 2015). This 

means that all the contaminants present in the sewage sludge, which include the UV-

filters previously described, are continuously released into the environment. 

So far, UV-filters have been found from the low ng g-1 to some μg g-1 in treated sludge, 

like EHT (27.7 μg g-1 dw) and OC (41.6 μg g-1 dw). However, if we compare with other 

emerging contaminants, such as synthetic musks which have been massively used for 

decades and are not successfully removed from WWTP and end up in agricultural soils 

and eventually are taken up by crops, this could also be the reality for UV-filters 
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(Macherius et al., 2012). In fact, there are already some evidences that benzotriazoles 

(UV-326, UV-327, UV-328 and UV-329) can accumulate and persist in biosolid-amended 

soils, being already found from low ng g-1 up to 3.3 μg g-1 (UV-329). Preliminary results 

have shown that they have slow dissipation in soils, and compounds were not found in 

the crop plants collected from the trial plots, however, more studies are already in 

motion. 

Given the magnitude of the situation, the high concentrations found and diversity of 

compounds, more information is needed. There is a great lack of studies related to UV-

filters behaviour in soils, their uptake and accumulation by plants, namely crops. 

However, these studies are essential to correctly asses their potential threat to 

environment, and most important to food safety. 

 

2.4. Conclusion 

This review summarized the available information to date on occurrence and removal 

of UV-filters on WWTPs. Due to the recent concern to sun exposure, UV-filters have 

been massively used in cosmetics, namely in sunscreens, translating into higher loads 

being discharged in WWTPs. Although most studies are focused in method development 

for the determination of UV-filters in wastewater and sludge, information regarding 

occurrence is rather large. However, information is geographically restricted to some 

European and Asian countries, as well as Australia, whereas data from other regions, 

namely America is missing. Therefore, there is indeed a need to expand and intensify 

studies in different regions of the globe to better understand the magnitude of this 

issue. Studies performed in WWTPs should specify in more detail operative parameters 

and employed treatments in order to better understand fate of the contaminants and 

to point out most potentially successful approaches for their removal. 

Regarding the occurrence, the benzophenone derivatives BP3 and BP4 are the 

compounds found at higher concentrations both at influent and effluent wastewater in 

the mg L-1 range, probably because of being the most hydrophilic ones. On the other 

hand, compounds like EHT, 4-MBC and OC that are more lipophilic tend to sorb onto 

sludge and appear at high concentration in treated sludge in the μg g-1 dw range. 
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The high concentrations found among literature show that UV-filters may pose a 

potentially relevant threat to aquatic ecosystems, due to adverse effects UV-filters have 

shown in vitro and in vivo. Seasonal variation in usage and release for some compounds 

can also endanger sensitive species, especially during breeding periods.  

The efficiency of the removal of UV-filters strongly depends on the employed 

wastewater treatment technology in WWTPs. Primary treatment is poor in removing 

UV-filters from wastewater, its contribution is mainly based on the fast sorption onto 

sludge by the more lipophilic compounds. During secondary treatment – a commonly 

used treatment – it's not always clear if compounds are degraded or removed by 

sorption, showing some potential for further clarification of this quest. Tertiary 

treatment is still uncommon in WWTPs and only available at the more sophisticated 

ones. So far, reverse osmosis presented the best removal rates for all compounds, 

however, its high operational costs and other technical limitations can be limiting to a 

large-scale implementation. 
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Part III: UV-Filters and Synthetic Musk Compounds – 

analytical methods for quantification in environmental 

matrices 
 

In this section the analytical methodologies necessary to fulfil the aim of this work are presented. 

In Chapters 3, 4 and 5 the development and optimization of methodologies for the determination 

of the target compounds in environmental matrices (water, sludge and soil) are described. In 

Chapter 6 the methodology used for the analysis of the tomato is described. Within every 

methodology developed and validated, different real samples were analysed to test the 

applicability of each method. 
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Chapter 3. Simultaneous determination of synthetic musks and 

ultraviolet filters in water matrices by dispersive liquid-liquid 

microextraction followed by gas chromatography tandem mass-

spectrometry 
 

Sara Ramos, Vera Homem, Lúcia Santos,  

Journal of Chromatography A, 1590, pp. 47-57 (2019) 

 

Abstract 

An analytical method was developed for the simultaneous analysis of 19 emergent 

compounds in water matrices, six UV-filters (UVFs), five nitro, six polycyclic and two 

macrocyclic musks. The target compounds were extracted by a dispersive liquid-liquid 

microextraction (DLLME) approach, using 2-propanol as the dispersive solvent and 1,1,2-

trichloroethane as the extractant solvent. The extracts were then analysed by gas 

chromatography tandem mass-spectrometry (GC–MS/MS). This methodology was 

successfully validated for the analyses of the target compounds in five types of aqueous 

samples (tap, river and seawater and influent and effluent wastewater). Recoveries of 

the analytes based on the surrogate correction ranged from 80 to 120%, with a good 

repeatability (relative standard deviations less than 10%). The method limit of detection 

ranges from 0.1 ng L−1 (octocrylene (OC), celestolide (ADBI)) to 20.0 ng L−1 

(benzophenone (BZ)). Both UVFs and synthetic musk compounds (SMCs) were detected 

in all matrices. Higher concentrations were found in wastewaters (total mean 

concentration in influents of 6248 ng L−1 and 3856 ng L−1 in effluents), followed by river 

water (159 ng L−1). Only BZ was detected in one of the analysed seawater samples and 

none of the compounds were detected in tap water. The most detected UVFs among all 

matrices were BZ and drometrizole (DTS) and tonalide (AHTN) and galaxolide (HHCB) 

within the SMCs class. Among all matrices, wastewater was the one with higher number 

of compounds found per sample (both UVFs and SMCs). 

Keywords: UV-filters; Synthetic musk compounds; Aqueous matrices; Dispersive liquid-

liquid microextraction; GC–MS/MS. 
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3.1. Introduction 

Personal care products (PCPs) are compounds that can be found in a variety of toiletries 

and household products (Buchberger, 2011; Gracia-Lor et al., 2012).  Synthetic musk 

compounds (SMCs) are a multiclass group of semi-volatile organic compounds used as 

fragrances and fixative compounds in a variety of applications (perfumes, lotions, 

deodorants, soaps, textiles, washing agents, softeners, etc.) (Peck and Hornbuckle, 

2006; Pinkas et al., 2017). They can be divided according to their chemical structure into 

four groups: nitro, polycyclic, macrocyclic and alicyclic musks (Vallecillos et al., 2015). 

Most of these compounds are freely used in cosmetics, however, due to toxicologic 

concerns, some nitro musks (musk ambrette (MA), musk moskene (MM) and musk 

tibetene (MT)) were prohibited and others (musk xylene (MX) and musk ketone (MK)) 

were restricted (Commission, 2011; European Parliament, 2009). UV-Filters (UVFs) are 

compounds used as active ingredients in sunscreens in order to protect the skin from 

deteriorating when exposed to ultraviolet radiation (Salvador and Chisvert, 2005). UVFs 

compounds protect either from UV-A (320-400 nm) or UV-B (280-320 nm) radiation or 

both, and can be used alone or combined in order to achieve the sun protector factor 

(SPF) desired (González et al., 2008). Their use is restricted to concentrations between 

0.1 and 10% (%w/w) and, according to the European legislation, only 26 organic 

compounds and 2 inorganic are allowed in cosmetic products (CosmeticsDirective, 

2009).  

Due to the massive and continuous use of SMCs and UVFs, they are considered emerging 

contaminants (Sauvé and Desrosiers, 2014), having direct and indirect pathways to the 

environment (Ramos et al., 2016; Richardson and Ternes, 2014; Wang and Wang, 2016). 

The source and type of these PCPs found in environmental matrices vary according to 

their physicochemical properties. However, many PCPs are frequently found in 

wastewater treatment plants (WWTPs) since they are disposed down-the-drain daily 

(Prosser and Sibley, 2015). Although lipophilic compounds tend to accumulate in the 

sewage sludge, some of these remain in water phase. In fact, most conventional WWTPs 

are not capable to remove these compounds and therefore, they are often detected in 

effluent wastewaters at relatively high concentrations, eventually being discharged into 

the environment(to rivers or even directly to the sea) (Homem et al., 2015; Ramos et al., 
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2015).  Nevertheless, these compounds can also end up in lake, river or sea water due 

to direct contamination, through wash-off from the skin and cloth during recreational 

activities like aquatic sports or swimming (Fent et al., 2010; Tashiro and Kameda, 2013).  

Several critical and updated reviews of the literature regarding analytical methods used 

for synthetic musks and UV-filter determination in water matrices have recently 

appeared (Albero et al., 2015; Pedrouzo et al., 2011; Pietrogrande and Basaglia, 2007; 

Ramos et al., 2016, 2015; Richardson and Ternes, 2014). Microextraction techniques 

stand out due to the lower sample volume required and low organic solvent 

consumption, simpler equipment and handling, such as dispersive liquid–liquid 

microextraction (DLLME) (Cunha et al., 2015; Homem et al., 2016). So far, different types 

and amounts of extraction and dispersion solvents have been used both for UVF and 

SMCs. Carbon tetrachloride (TCC) has been used as an extractant for SMCs, where five 

polycyclic musks (ADBI, Phantolide (AHMI), Traseolide (ATII), HHCB, AHTN) were 

extracted yielding recoveries between 77 and 93% when methanol (MeOH) was used as 

a dispersive solvent (Panagiotou et al., 2009) and six polycyclic musks (Cashmeran 

(DPMI), ADBI, AHMI, ATII, HHCB, AHTN)  were extracted yielding recoveries between 70 

and 95% for surface water and wastewater with 2-propanol (IPA) as the dispersive 

solvent (Yang and Ding, 2012).  On the other hand, chloroform (CF) has been used both 

for SMCs (Homem et al., 2016; López-Nogueroles et al., 2011) and UVFs (Benedé et al., 

2014; Tarazona et al., 2010; Tovar-Sánchez et al., 2013). For SMCs, CF was combined 

either with acetonitrile (ACN) (dispersive solvent), yielding recoveries between 71 and 

118% for 5 nitro, 5 poly and 2 macrocyclic musks (Homem et al., 2016), and with acetone 

(Ac) resulting in recoveries of 87 to 93% both in surface water and wastewater, but only 

for 5 nitro musks (López-Nogueroles et al., 2011). For UVFs, CF was combined with Ac 

and different compounds were extracted: benzophenone-3 (BP3), Isoamyl p-

methoxycinnamate (IMC), 4-Methyl benzylidene camphor (4MBC), OC, Ethylhexyl 

dimethyl PABA (EDP), 2-ethylhexyl 4 –methoxycinnamate (EMC), 2-Ethylhexyl salicylate 

(ES) and Homosalate (HMS) with recoveries ranging 82 and 117% (Benedé et al., 2014); 

BP3 and 4MBC (Tovar-Sánchez et al., 2013) and benzophenones: benzophenone-1 (BP1), 

BP3, benzophenone-8 (BP8) and 2,3,4-Trihydroxybenzophenone (234THB) with 

recoveries between 65 and 169% (Tarazona et al., 2010). Other extraction solvents have 
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also been used for UVFs like tetrachloroethylene (TCE), combined with Ac, to extract ES, 

HMS, BP3, BP1, BP8 (70-93% recovery range) (Wu et al., 2013); 1-octanol (Zhang et al., 

2011) with no dispersive combined (for 4-Hydroxybenzophenone (4HB), BP1, BP, BP3) 

yielding recoveries around 90%; and ionic liquid based solvents like [C4MIM]PF6 (Ye et 

al., 2011) and [HMIM][FAP] (Zhang and Lee, 2012), both combined with MeOH as the 

dispersive solvent, but only benzophenone compounds, ES and HMS were analysed.  

Until now, most studies regarding the detection of UVFs in aqueous samples apply a final 

step of derivatization before analysis in GC-MS/MS (in order to convert these 

compounds in more volatile ones) or UVFs compounds are analysed by HPLC or LC-MS. 

However, it is possible to analyse some UV-filters by gas chromatography without a 

derivatization step and develop an analytical method to extract and analyse both SMs 

and UVFs simultaneously.  

Therefore, the aim of the present work was to optimize and validate a simple 

methodology based on ultrasound-assisted dispersive liquid-liquid microextraction 

followed by gas chromatography tandem mass-spectrometry (USA-DLLME-GC-MS/MS), 

for the simultaneous analyses of different classes of UV-filters and synthetic musks in 

different aqueous matrices. The method performance was assessed in terms of linearity, 

limits of detections (LODs), accuracy and precision. To demonstrate the applicability of 

the proposed methodology, several types of water samples, including wastewater, tap 

water, sea water and river water, were analysed.  

 

3.2. Materials and methods 

3.2.1 Standards, reagents and materials 

The polycyclic musks were obtained as solid standards from LGC Standards (Barcelona, 

Spain) with 99% purity for cashmeran (DPMI), celestolide (ADBI), phantolide (AHMI), 

traseolide (ATII), and tonalide (AHTN), except for galaxolide, which contains 

approximately 25% of diethyl phthalate. The nitro musks tibetene (MT) and musk 

moskene (MM) were also obtained as a 10 mg L-1 in cyclohexane from LGC Standards. 

Musk ambrette (MA) and musk ketone (MK) were purchased as solid standards from Dr. 

Ehrenstorfer (Augsburg, Germany) with 99% and 98% purity, respectively. Musk xylene 
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(MX) was obtained from Sigma-Aldrich (St. Louis, MO, USA) as a 100 mg L-1 solution in 

acetonitrile. Solid standards of exaltolide (EXA) and ethylene brassylate (EB) were also 

purchased from Sigma-Aldrich with 99% and 95% purity, respectively. The surrogate 

standards musk xylene-d15 (MX-d15) and tonalide-d3 (AHTN-d3) were purchased from 

Dr. Ehrenstorfer (Augsburg, Germany) as 100 mg L-1 solutions in acetone and iso-octane, 

respectively. UV-filters 2-Ethylhexyl 4-dimethylaminobenzoate (EDP) and 3-(4’-

Methylbenzylidene) camphor (4-MBC) were purchased from Alfa Aesar (Karlsruhe, 

Germany), both with 99% purity. 2-Ethylhexyl 4 –methoxycinnamate (EMC), 2-

ethylhexyl 2-cyano-3,3-diphenylacrylate (OC) and benzophenone (BZ) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA) with 98%, 97% and 99% purity, respectively. 

Drometrizole trisiloxane (DTS) was purchased from Fluka (Saint Louis, MO, USA) with 

98% purity. Surrogate (±)-3-(-4-Methylbenzylidine-d4)camphor (4-MBC-d4) was 

purchased with 99% purity from CDN Isotopes (Pointe-Claire, Quebec, Canada). 

Individual stock solutions of each compound were prepared in both acetonitrile and 

hexane. Those stock solutions in acetonitrile were used to prepare the spike mix solution 

and those in hexane to prepare the analytical control standard. Stock and working 

solutions were stored and preserved in a freezer at -20 °C, protected from the light. 

Acetone (Ac), acetonitrile (ACN), methanol (MeOH), chlorobenzene (CB), chloroform 

(CF), 2-propanol (IPA) and tetrachloroethylene (TCE) were purchased from VWR BDH 

Prolabo (Fontenay-sous-Bois, France), ethanol (EtOH) (96% v/v) was obtained from 

Panreac (Barcelona, Spain) and 1,1,2-trichloroethane (TC) was purchased from Merck 

(Darmstadt, Germany).  All solvents used were analytical grade. Sodium chloride (NaCl), 

used to adjust the ionic strength, was purchased from Merck (Darmstadt, Germany) as 

well as ultrapure water, with LC-MS grade.  

 

3.2.2 Samples  

To demonstrate the applicability of the proposed methodology, several water samples 

were analysed - tap, river and sea waters and influent and effluent wastewaters. Tap 

water was collected in the laboratory on the day of the analysis, while seawater was 

collected in June 2017 from Angeiras Sul beach (Matosinhos, Portugal) and Carneiro 
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beach (Porto, Portugal) and river samples from river Leça (Matosinhos, Portugal) and 

Ave (Vila do Conde, Portugal). 24 h composite samples from influent and effluent 

wastewater were collected from a WWTP with secondary treatment (Porto, Portugal). 

All samples were collected in amber glass bottles and stored in the freezer at -20 °C until 

they were processed. 

 

3.2.3 USA-DLLME procedure 

Before the extraction, all samples were centrifuged (Hettich® Rotofix 32A, Tuttlingen, 

Germany) for 15 min at 2670 × g to remove suspended particles. Then, 6 mL of the 

centrifuged aqueous sample was placed into a 15 mL polypropylene tube with conical 

bottom, containing 3.5% wt of NaCl and 50 µL of a 100 µg L-1 surrogate solution (MX-

d15, AHTN-d3 and 4MBC-d4) in acetonitrile. Subsequently, 880 µL of 2-propanol and 80 

µL of 1,1,2-trichloroethane were mixed and rapidly injected into the sample, forming a 

cloudy solution. The sample was ultrasonicated for 2 minutes in a 420 W ultrasonic bath 

(J.P. Selecta, Barcelona, Spain) and the organic phase separated by centrifugation at 

2670 x g for 15 minutes. The sedimented phase was transferred to a vial with insert, 

dried under a gentle stream of nitrogen and reconstituted with 50 µL of hexane before 

GC-MS/MS analysis. Samples were analysed in duplicate. 

 

3.2.4 GC-MS/MS analysis 

Analysis were performed on a gas chromatograph coupled to triple quadrupole mass 

spectrometer from Bruker (Massachusetts, EUA). This GC-MS system was equipped with 

a 436 gas chromatograph, a mass spectrometer EVOQ triple quadrupole, an injector CP-

1177 split/splitless and an autosampler CP8410 from Bruker. For the separation of the 

target compounds, a J&W CP-Sil 8 CB capillary column (50 m x 0.25 mm I.D. x 0.12 µm) 

from Agilent Technologies (Santa Clara, California, EUA) was used. Helium (99.999%) 

was used as a carrier at a constant flowrate of 1.0 mL min-1. 2 µL sample were injected 

in splitless mode (split ratio of 1:100 after 1 min for injector purging) at 280 oC. The GC 

oven temperature program starts at 70 oC for 1 min, raise to 180 oC at 25 oC min-1, then 

10 oC min-1 until 240 oC and finally 25 oC min-1 until 300 oC (for 5 min). 
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The MS/MS analysis was carried out in electron ionization (EI) mode, using the multiple 

reaction monitoring (MRM) mode. Two specific MRM transitions were chosen per 

compound (one for quantifying and one as qualifier), except for the nitro musks and 

surrogates, where two qualifiers were used for better identification.  The ion source was 

operated at 280 oC with electron energy of -70 eV and filament current of 40 µA. The 

temperature of the transfer line was set at 270 oC. Ultra-pure argon was used as collision 

gas and its pressure was set at 2.00 mTorr. The MRM transitions and collision energies 

optimized for each compound are presented in Table 3.1. 
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Table 3.1 Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Surrogates. Quantifier transition presented in bold. 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Log Kow 

Retention 
time 
(min) 

MRM 
transition 

Collision 
Energy 

(eV) 
Surrogate 

U
V

-F
ilt

er
s 

Benzophenone BZ 

 

119-61-9 182.22 3.2 7.71 
105>51  
182>105   

(25) 
(10) 

AHTN-d3 

3-(4’-
methylbenzylidene) 
camphor 
 

4-MBC 

 

36861-47-9 254.37 5.9 11.23 
128>77  
254>149  

(25) 
(10) 

 
4MBC-d4 

Ethylhexyl dimethyl 
PABA 

EDP 

 

21245-02-3 277.4 5.8 12.63 
165>119  
165>149  

(20) 
(10) 

4MBC-d4 

2-ethylhexyl 4 –
methoxycinnamate 

EMC 

 

5466-77-3 290.4 5.8 12.91 
178>161  
178>132  

(10) 
(15) 

4MBC-d4 

Octocrylene 
 

OC 

 

6197-30-4 361.48 6.9 14.49 
204>176  
360>276  

(25) 
(20) 

4MBC-d4 

Drometrizole trisiloxane 
 

DTS 

 

155633-54-8 501.85 
10.8 

 
15.71 

221>73  
221>221  

(15) 
(5) 

4MBC-d4 
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Table 3.1 Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Surrogates. Quantifier transition presented in bold (cont.). 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Log Kow 

Retention 
time (min) 

MRM 
transition 

Collision 
Energy 

(eV) 
Surrogate 

Sy
n

th
et

ic
 M

u
sk

s 

Cashmeran DPMI 

 

33704-61-9 206.3 4.9 6.77 
191>135  
206>192  

(10) 
(10) 

AHTN-d3 

Celestolide ADBI 

 

13171-00-1 244.3 6.6 8.26 
229>173  
244>229  

(5) 
(10) 

AHTN-d3 

Phantolide AHMI 

 

15323-35-0 244.3 6.7 8.59 
244>229  
229>187  

(5) 
(5) 

AHTN-d3 

Musk 
ambrette 

MA 

 

83-66-9 268.3 5.7 9.18 
253>106  
253>121  
268>253 

(10) 
(5) 
(5) 

MX-d15 

Exaltolide EXA 

 

106-02-5 240.4 6.0 9.35 
83>55  
69>68  

(5) 
(5) 

AHTN-d3 

Traseolide ATII 

 

68140-48-7 258.4 8.1 9.32 
215>173  
258>215  

(10) 
(5) 

AHTN-d3 
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Table 3.1 Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Surrogates. Quantifier transition presented in bold (cont.). 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Log Kow 

Retention time 
(min) 

MRM 
transition 

Collision 
Energy 

(eV) 
Surrogate 

Sy
n

th
et

ic
 M

u
sk

s 

Galaxolide HHCB 

 

1222-05-5 258.4 5.9 9.39 
243>213  
213>171  

(10) 
(5) 

AHTN-d3 

Musk 
xylene 

MX 

 

81-15-2 297.2 4.8 9.40 
282>119  
282>160 
282>265  

(10) 
(10) 
(5) 

MX-d15 

Tonalide AHTN 

 

1506-02-1 258.4 5.7 9.40 
258>243 
243>128  

(10)  
(40) 

AHTN-d3 

Musk 
moskene 

MM 

 

116-66-5 278.3 5.8 9.63 
263>156  
263>144 
263>211  

(20) 
(25) 
(5) 

MX-d15 

Musk 
tibetene 

MT 
 

 

145-39-1 266.3 5.9 10.04 
266>251  
251>132 
251>160 

(5) 
(10) 
(15) 

MX-d15 

 



Part III: UV-Filters and Synthetic Musk Compounds – analytical methods for quantification in environmental matrices 

142 
 

Table 3.1 Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Surrogates. Quantifier transition presented in bold (cont.). 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Log Kow 

Retention 
time (min) 

MRM 
transition 

Collision 
Energy 

(eV) 
Surrogate 

Sy
n

th
et

ic
 M

u
sk

s Musk ketone MK 

 

81-14-1 294.3 4.3 10.38 
279>118  
279>191  
294>279 

(20) 
(10) 
(5) 

MX-d15 

Ethylene 
brassylate 

EB 

 

105-95-3 270.4 4.7 10.83 
98>83  
227>113  

(5) 
(10) 

AHTN-d3 

Su
rr

o
ga

te
s 

Xylene-d15 MX-d15 

 

877119-10-3 312.36  9.28 
294>294  
294>122 
294>276  

(5) 
(15) 
(10) 

 

Tonalide-d3 AHTN-d3 

 

 261.40  9.42 
246>190  
246>204 
261>246  

(5) 
(10) 
(5) 

 

(±)-3-(4-
Methylbenzylidine-
d4) camphor 

4-MBC-d4 

 

1219806-41-3 258.40 

 

10.22 
132>105  
258>150 
258>108  

(15) 
(5) 

(10) 
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3.2.5. Quality assurance and control 

UVFs and SMCs are present in most of the personal care products and for that reason 

some precautions were taken to avoid sample contaminations. Analysts avoided the use 

of scented cosmetics such as perfume, lotions and hand creams, as well as personal care 

products containing UV protection. All the glass material was rinsed with acetone and 

distilled water and the non-calibrated material was further subject to heating at 400 oC 

for at least 1 hour. Additionally, procedural blanks were extracted and analysed in order 

to identify eventual contaminations and correct samples concentration.  

 

3.3. Results and discussion 
 

3.3.1. Optimization of USA-DLLME conditions 

The extraction methodology was developed based on a previously one implemented by 

Homem et al. (2016) for SMCs. This method was tested (880 μL of ACN as disperser 

solvent and 80 μL of CF as extraction solvent) and results were quite satisfactory for both 

SMs and UVFs when matrix free ultrapure water was used, with recoveries varying 

between 80 and 120%. Apparent recoveries of the analytes were calculated based on 

the response factor (RF). This RF is based on the peak area of the compound/ peak area 

of corresponding surrogate x 100. However, when this methodology was implemented 

to real water samples, like wastewaters, recoveries for UVFs were low (<50%). Trying to 

improve these recovery rates, different dispersing and extraction solvents were tested: 

acetonitrile (ACN), methanol (MeOH), ethanol (EtOH), acetone (Ac) and 2-propanol (IPA) 

were used as disperser solvents, while chlorobenzene (CB), chloroform (CF), 

tetrachloroethylene (TCE) and 1,1,2-trichloroethane (TC) as extraction solvents. Those 

were selected based on the physicochemical properties of the target compounds as well 

as information available in literature (Cacho et al., 2016; Cunha et al., 2015; Homem et 

al., 2016; Maya et al., 2014; Yang and Ding, 2012; Zhang et al., 2011). The target 

compounds present a low polarity, although most selected UVFs are slightly more polar 

than SMCs. For this reason, non- to low polar extraction solvents were chosen for this 

work. Among the extraction solvents, TCE is a non-polar solvent, which may not favour 

the extraction procedure since the selected SMCs and UVFs are not completely non-
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polar. CF is considered a slightly polar solvent (1.15 D), followed by TC (1.36 D) and CB 

(1.54 D) (Stenutz, n.d.). The water interfacial tension is another important parameter 

that may influence the extraction efficiency. In fact, the lower the water interfacial 

tension of the extraction solvents, the greater the efficiency in the emulsion formation 

and, consequently, the greater the extraction of the compounds into the organic phase. 

The extraction solvent that presents the lowest value is the TC (29.6 mN m-1), followed 

by CF (31.6 mN m-1), CB (37.4 mN m-1) and TCE (47.5 mN m-1) (Montgomery, 2007) 

Regarding the disperser solvent, it plays an important role in the DLLME process, 

decreasing the interfacial tension between water and extracting solvent. In fact, this will 

enhance the extraction yields through the production of droplets with a smaller size 

(increase of the contact surface areas)(Al-Said and Emara, 2014). From the selected 

solvents, IPA has the lowest surface tension (20.9 mN m-1), followed by EtOH (21.9 mN 

m-1), MeOH (22.2 mN m-1) and Ac (22.7 mN m-1) and ACN (28.7 mN m-1)(Rumble, 2017). 

In this stage, the different combinations of the previously mentioned solvents were 

tested (Figure 3.1), using the original methodology (Homem et al., 2016) (volume of 

sample, volumes of solvents, extraction time and ionic strength were maintained). At 

this time, tap water was used since it can be considered a more challenging matrix than 

ultrapure water due to the presence of residual chlorine, a powerful oxidizing agent 

employed during water disinfection.  

In general, a combination of high recoveries (>70%) and low RSD values (<15%) were 

found for all the pairs of solvents tested (Figure 3.1). However, analysing in more detail 

the results, it can be seen that the UV-filter EMC was not recovered when CF was used 

as extraction solvent or when the pair TC-ACN was applied (Figure 3.1B and 3.1C). EMC 

is one of the most commonly used UVFs in Europe and has often been detected in 

environmental matrices at high concentration ranges(Kameda et al., 2011; Ramos et al., 

2015). For that reason, EMC should be maintained as one of the target compounds of 

this study and authors decided to discard the use of CF as extraction solvent, as well as 

the pair TC-ACN. Comparing the remaining results, it can also be seen that for certain 

compounds, especially nitro musks, macrocyclic musk EB and UV-filter BZ and DTS, some 

pairs of solvents conducted to considerable matrix effects (Rec > 120%). This behaviour 

is particularly noticeable when combinations like CB-ACN, CB-MeOH, CB-EtOH, CB-IPA 
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(Figure 3.1A) and TCE-Ac and TCE-EtOH (Figure 3.1D) were used (recoveries reached the 

147%). Then, the recoveries of surrogates were analysed for the other pairs of solvents 

(data not shown).  
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(A) 

(B) 

(C) 

(D) 

Figure 3.1 Mean recoveries (n=3) of the target compounds from tap water samples, spiked at 1500 ng L-1 using as extraction solvents: (A) 
CB, (B) CF, (C) TC and (D) TCE. 
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Relatively low values were found for the CB-Ac, TCE-ACN, TCE-MeOH and TCE-IPA 

(around 50%). The most promising pairs of solvents were subsequently tested for the 

extraction of wastewater, a matrix particularly difficult to work due to the high number 

of interfering compounds and organic matter present (Figure 3.2). The best results were 

obtained for the TC-IPA pair, considering the high recoveries (between 80 and 119%) 

and precision (RSD between 1 and 10%). In fact, this is in accordance with the DLLME 

theory. TC present a low polarity and, among the extraction solvents tested, it is the 

compound with the lowest water interfacial tension, promoting the conditions for the 

formation of an emulsion. Besides that, the combined use of IPA as disperser solvent 

may increases the extraction rates. As explained before, IPA has the lowest surface 

tension and, for that reason, it may promote the formation of smaller droplets. This pair 

of solvents was also tested for river and seawater (data not shown) and results were 

similar to those obtained with wastewater. Since results were acceptable, validation was 

performed for these four matrices.  

The influence of adding salt on the efficiency of DLLME, was studied and optimized by 

Homem et al. (2016). Nevertheless, int his study, the ionic strength of the samples was 

also tested adding NaCl (0%, 1.5%, 3.5%, 5.5% and 7.5%). The addition of NaCl intends 

to stimulate the transport of the target analytes to the extraction solvent. This occurs 

because water molecules have the tendency to form hydration spheres around the salt 

ions. This reduces the water availability to dissolve molecules, thus forcing them into 

the extraction phase (Vallecillos et al., 2012). Higher recoveries were obtained with 3.5% 

NaCl, which coincides with that reported by Homem et al. (2016) (data not shown). 
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Figure 3.2 Mean recoveries (n= 3) of the target compounds from influent wastewater samples, spiked at 1500 ng L-1, using TC as extraction solvent and ACN, MEOH, Ac and IPA as dispersive 
solvents. 
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3.3.2. Method validation 

The method developed was validated regarding the linearity ranges, coefficients of 

determination, limits of detection (LODs) and quantification (LOQs), accuracy and 

precision (intra and inter-day). 

For SMs and UVFs a good linear behaviour was obtained (R > 0.975) for all target 

compounds within the linearity range (4 to 1500 ng L-1) (Table 3.2). The LODs and LOQs 

were estimated based on a signal-to-noise (S/N) ratio of 3 and 10, respectively. The LODs 

ranged from 0.1 ng L-1 (OC and ADBI) to 20.0 ng L-1 (BZ) (Table 3.2). The accuracy was 

assessed by recovery tests using spiked water samples (influent and effluent 

wastewater, tap, river and sea water) at three different levels (250, 500 and 1500 ng L-

1). The recoveries obtained under the optimized conditions are summarized in Table 3.3. 

Those are quite satisfactory, varying between 83 and 120%, which is well acceptable for 

this type of analysis. Mean  absolute recovery of the surrogates in water samples was 

about 70%, in tap water (78% for 4-MBC-d4, 69% for MX-d15, 64% for AHTN-d3), sea 

water  (97% for 4-MBC-d4, 74% for MX-d15, 69% for AHTN-d3), river water  (75% for 4-

MBC-d4, 60% for MX-d15, 67% for AHTN-d3), influent wastewater  (70% for 4-MBC-d4, 

75% for MX-d15, 62% for AHTN-d3) and effluent wastewater  (62% for 4-MBC-d4, 62% 

for MX-d15, 61% for AHTN-d3). These recovery values are comparable to those found in 

literature using more complicate and time-consuming methodologies (Fent et al., 2010; 

Hu et al., 2011a; Kasprzyk-Hordern et al., 2009; Lee et al., 2010; M. M. P. Tsui et al., 

2014). The precision of the method (intra and inter-day) was studied assessing the 

relative standard deviations (%RSD) of three replicate spiked samples at different 

concentrations (250, 500 and 1500 ng L-1). Either for intra- and inter-day precision, the 

RSDs were always below 10% (Table 3.2 and 3.3), indicating that the proposed 

methodology is precise. 

Considering the distinct types of aqueous matrices tested and the proposed multi-

residue approach, results are quite satisfactory. Overall recoveries and LODs are in the 

same order of magnitude of those reported in literature for the analysis of UVFs or SMs 

in water matrices using more complex and time-consuming methodologies. For 

example, Rodil and Moeder (2008) developed a method for the determination of UVFs 

in water samples (lake water, river water and treated wastewater) using stir-bar sorptive 
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extraction followed by thermal desorption–gas chromatography–mass spectrometry. 

The authors achieved similar recoveries for the studied compounds (EMC, 4MBC, EDP 

and OC) and LODs ranging from 0.2 to 63 ng L-1. Pedrouzo et al. (2010), also using a stir-

bar sorptive extraction and ultra-high-performance liquid chromatography–tandem 

mass spectrometry for simultaneous analysis of UVFs in water samples, achieved lower 

recovery percentages (20-97%), but similar LODs (2.5-10 ng L-1). Yang and Ding (2012) 

determined several synthetic polycyclic musks in aqueous samples, using a similar 

analytical methodology, i.e. ultrasound-assisted dispersive liquid–liquid microextraction 

coupled to gas chromatography–mass spectrometry. They used a different pair of 

solvents (carbon tetrachloride as extractant solvent and IPA as disperser solvent) and 

achieved similar LODs (0.2 ng L-1), RSD values below 11% (both intra- and inter-day 

precision) and recoveries between 71 and 104%. Both da Silva et al. (2015), Kameda et 

al. (2011) and Tsui et al. (2014) used solid phase extraction (SPE) as the extraction 

method coupled to GC-MS analysis. In the first case, recoveries ranged from 62 to 107%, 

which are accordant to our study, however LOD were 19.3 ng L-1 for OC and 23.5 ng L-1 

for EMC (da Silva et al., 2015), a bit higher than our study. The second one (Kameda et 

al., 2011) obtained recoveries ranging 80-113 for 4-MBC, EDP, EMC and OC and lower 

LOD (0.1 to 3.0 ng L-1). As for the study of Tsui et al. (2014), several UVFs were studied, 

among them EDP, 4-MBC, EMC and OC, with recoveries ranging 63 and 106 and low 

method limits (0.03 to 1.38 ng L-1). Regarding SMCs, Hu et al. (2011b) studied several 

nitro and poly musks in water (AHTN, HHCB; ADBI, AHMI, ATII, MK, MX) yielding 

recoveries from 78.6 to 106.3% using SPE with C18 disks followed by GC-MS analysis.   
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Table 3.2 Limits of detection (LOD) and quantification (LOQ) and interday precision for different aqueous matrices. 

 Compounds 

  BZ 4MBC EDP EMC OC DTS DPMI ADBI AHMI ATII HHCB AHTN EXA EB MA MX MM MT MK 

LOD (ng L-1)a 20.0 2.9 3.9 0.4 0.1 8.6 0.9 0.1 0.3 0.2 0.6 0.5 10.9 1.5 8.7 5.3 7.3 3.5 3.2 

LOQ (ng L-1)b 66.7 9.5 12.9 1.2 0.4 28.6 3.1 0.2 1.0 0.8 1.9 1.6 36.4 5.0 28.9 17.8 24.2 11.8 10.5 

Intreray precision (%RSD) Influent wastewater 

1500 ng L-1 6 4 9 6 9 6 5 5 9 3 8 7 8 6 6 5 10 10 10 
500 ng L-1 8 4 10 6 6 4 8 1 2 9 4 6 9 6 10 1 3 8 10 
250 ng L-1 9 8 6 4 9 1 9 2 5 4 4 9 7 7 2 10 1 3 10 
50 ng L-1 1 2 0 4 1 3 3 3 2 5 5 3 3 3 3 1 4 2 2 

Interday precision (%RSD) Effluent wastewater 

1500 ng L-1 7 1 6 7 9 8 5 3 2 2 2 7 1 3 3 6 7 6 6 
500 ng L-1 8 2 6 6 1 4 9 9 7 7 8 9 1 9 1 7 4 1 4 
250 ng L-1 9 3 5 8 3 3 10 6 5 5 9 0 5 6 4 6 3 2 5 
50 ng L-1 2 1 2 2 1 1 2 1 1 1 2 3 4 4 1 4 1 1 2 

Interday precision (%RSD) Tap water 

1500 ng L-1 9 7 7 4 5 4 4 7 3 2 2 8 3 7 4 4 4 7 2 
500 ng L-1 2 4 6 2 6 5 3 2 3 2 2 2 1 1 1 8 4 0 2 
250 ng L-1 4 3 10 3 2 5 2 4 3 4 3 6 2 5 4 6 2 3 2 
50 ng L-1 2 1 4 5 0 5 2 3 1 1 1 2 3 3 3 2 2 2 5 

Interday precision (%RSD) Sea water 

1500 ng L-1 2 3 8 3 4 7 8 6 4 2 2 5 4 7 2 6 3 0 1 
500 ng L-1 1 6 3 5 10 2 2 4 10 3 6 5 5 4 1 4 4 5 7 
250 ng L-1 3 4 5 3 5 10 8 3 4 5 7 3 5 9 4 3 4 3 2 
50 ng L-1 1 0 2 2 4 2 3 1 1 5 1 1 2 3 1 2 2 3 1 

Interday precision (%RSD) River water 

1500 ng L-1 8 1 9 9 7 6 7 8 3 3 7 2 4 3 1 7 5 2 3 
500 ng L-1 9 3 9 6 9 2 3 8 7 6 3 6 3 6 4 5 4 1 1 
250 ng L-1 5 5 6 8 5 8 7 3 2 3 7 6 4 8 3 7 6 1 1 
50 ng L-1 2 2 2 3 3 2 7 3 1 12 3 0 1 2 3 2 2 3 1 

a Limit of detection calculated based on S/N = 3 
b Limit of detection calculated based on S/N = 10 
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Table 3.3 Accuracy and intraday precision for influent and effluent wastewater, tap, sea and river water (n=3). 
 Compounds 

 BZ 4MBC EDP EMC OC DTS DPMI ADBI AHMI ATII HHCB AHTN EXA EB MA MX MM MT MK 

Accuracy (%Mean recovery ±RSD) 

Influent wastewater 
1500 ng L-1 100±11 81±2 81±1 86±3 105±3 115±4 99±10 98±3 100±3 104±7 102±9 114±6 97±4 91±2 105±5 83±6 84±1 87±3 83±3 
500 ng L-1 105±2 90±5 100±5 94±4 88±5 118±3 100±7 96±2 102±4 109±6 102±7 98±6 103±11 84±3 114±5 95±1 93±2 116±6 90±6 
250 ng L-1 116±10 84±4 83±1 91±4 95±8 121±10 89±4 85±10 95±6 94±5 111±1 99±4 97±4 97±10 114±1 88±12 91±4 118±2 120±13 
50 ng L-1 114±5 109±3 111±4 90±5 104±0 93±4 86±0 87±1 80±0 101±0 113±5 112±2 86±1 99±2 114±1 114±0 105±3 83±3 83±4 

Effluent wastewater 
1500 ng L-1 102±5 88±4 86±2 85±5 91±9 102±6 90±7 103±3 115±1 119±5 88±7 94±4 117±3 120±1 119±1 102±4 118±3 122±2 123±4 
500 ng L-1 97±9 81±3 107±4 80±3 83±5 123±3 101±10 85±5 93±3 99±4 111±8 84±4 109±4 112±6 122±5 97±9 93±6 120±4 116±3 
250 ng L-1 97±11 80±8 98±4 81±7 121±3 125±6 121±3 99±4 100±3 104±2 96±7 106±7 108±5 101±7 117±6 86±5 94±5 117±3 111±10 
50 ng L-1 96±1 104±5 107±3 111±3 84±1 93±2 96±3 83±2 83±3 83±2 103±1 88±6 114±2 106±1 98±8 95±3 93±1 100±7 101±7 

Tap water 
1500 ng L-1 86±0 104±3 112±3 102±6 94±4 118±3 97±10 98±7 108±6 114±1 97±2 106±1 116±2 100±4 109±2 99±6 107±2 110±3 119±6 
500 ng L-1 91±8 82±6 90±4 83±5 99±4 99±7 110±10 93±1 106±4 109±3 98±2 91±3 100±4 91±5 107±2 98±2 83±9 109±7 108±6 
250 ng L-1 93±5 89±3 100±2 105±1 86±6 97±5 105±7 90±3 97±3 100±5 106±1 93±7 100±4 83±3 116±2 87±4 94±11 112±10 104±5 
50 ng L-1 103±3 106±5 115±1 96±4 87±3 99±1 86±3 108±2 83±3 105±3 93±4 94±3 87±6 96±4 88±9 86±6 95±1 102±2 110±0 

Sea water 
1500 ng L-1 80±1 87±3 93±6 95±5 90±5 103±10 99±8 106±6 111±6 118±5 91±2 112±2 119±4 114±9 112±1 107±9 111±3 118±3 117±6 
500 ng L-1 87±4 87±2 90±2 90±6 90±10 120±0 88±3 92±0 104±2 118±1 95±9 104±1 110±1 97±2 114±2 107±7 98±3 118±2 114±1 
250 ng L-1 93±7 93±5 94±2 87±3 94±8 86±6 97±3 89±4 94±4 113±3 112±1 102±3 104±1 97±9 108±6 109±5 101±9 113±9 112±10 
50 ng L-1 84±2 105±5 105±0 98±0 97±1 100±1 88±1 81±0 88±6 106±0 115±1 112±4 81±8 93±3 101±1 87±4 92±0 102±1 106±1 

River water 
1500 ng L-1 85±6 83±1 93±4 87±5 80±2 120±2 82±7 106±6 117±5 119±2 86±4 116±4 113±6 108±5 114±3 109±2 109±3 120±2 114±5 
500 ng L-1 100±7 85±7 91±7 105±10 81±2 118±6 109±5 103±3 111±2 119±1 116±1 115±2 110±1 97±4 107±4 115±6 115±6 118±4 118±2 
250 ng L-1 114±6 84±2 98±1 82±3 90±5 111±6 102±10 94±4 97±6 97±8 117±4 118±9 98±1 103±3 119±2 118±4 120±4 113±7 118±2 
50 ng L-1 111±4 84±1 113±2 110±3 89±3 117±3 97±4 86±3 93±2 105±2 110±3 85±5 89±6 91±5 94±2 86±1 93±4 94±1 105±3 
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3.3.3. Application to real samples 

In order to assess the methodology’s performance, naturally contaminated samples of 

different aqueous matrices were analysed (river, sea and tap water and influent and 

effluent wastewater). Results are summarized in Table 3.4.  

Overall, polycyclic musks were the most abundant compounds in all water matrices, 

followed by UVFs. Regarding the SMCs, HHCB was found in higher levels and from UVFs, 

it was the BZ. 

Both UVFs and SMCs were not detected in tap water and only BZ was found in seawater. 

However, UVFs have already been determined in tap water before, in concentrations 

ranging the ng L-1 (Ge and Lee, 2012; Rodil et al., 2012; Román et al., 2011), with EMC, 

EDP and 4-MBC being detected in higher concentrations. SMCs were also detected 

before in this matrix, with 228 ng L-1 for EB (Homem et al., 2016). Regarding seawater, 

higher concentrations of UVFs were found before, either in Spain (up to 880 ng L-1 for 

ES) (Benedé et al., 2014), Hong Kong (up to 6812 ng L-1 for OC) (Tsui et al., 2014) or even 

in the Artic sea with concentrations up to 128 ng L-1 (Tsui et al., 2014). 

River samples from two different locations were analysed in this study. A different 

concentration profile was found at each sampling point, with a total of 86.9 ± 3.5 ng L-1 

in point 1 and 230.9 ± 5.7 ng L-1 for point 2. UVFs have been found within the ng L-1 range 

by other authors, as well. For example, UVFs were detected in river samples from 

Switzerland (6-2402 ng L-1) (Fent et al., 2010), China (8 – 5790 ng L-1) (Liu et al., 2010), 

the UK 6-227 ng L-1 (Kasprzyk-Hordern et al., 2008) or even Spain (6-28 ng L-1) (Pedrouzo 

et al., 2010). As for SMCs detection in river water samples, the average concentrations 

of HHCB, AHTN and HHCB-lactone were 260, 60 and 1000 ng L-1, respectively (Lange et 

al., 2015) in a German river, and the concentrations of HHCB, AHTN were in the ranges 

of 3.5–32.0, 2.3–26.7 ng L−1 , respectively, in a river in China (Hu et al., 2011b), which are 

more similar to those found in this study. 
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Table 3.4 Levels of UV-filters and synthetic musks in naturally contaminated aqueous matrices - river, sea and tap water, influent (in) and effluent (out) wastewater (WW). Results are presented 
in ng L−1 ± SD. 

  River 1 River 2 Sea water 1 Sea water 2 Tap water WW in 1 WW out 1 WW in 2 WW out 2 

UV filters 

BZ 81.4 ± 3.5 156.7 ± 3.1 68.5 ± 0.5 < LOQ <LOQ 793.1 ± 31.2 803.1 ± 55.2 478.7 ± 21.5 69.5 ± 2.0 

4MBC nd nd nd nd <LOQ <LOQ <LOQ 13.6 ± 1.9 <LOQ 

EMC nd nd nd nd nd nd nd 2.1 ± 0.8 nd 

OC nd nd nd nd nd 554.3 ± 47.4 101.3 ± 7.2 671.0 ± 79.4 nd 

DTS nd nd nd nd nd 104.9 ± 0.3 50.5 ± 0.1 176.6 ± 2.2 42.8 ± 0.5 

Policyclic Musks 

DPMI nd nd nd nd nd 361.4 ± 98.4 515.6 ± 4.6 797.8 ± 99.9 739.6 ± 75.1 

ADBI nd nd nd nd nd nd nd 2.7 ± 0.7 2.1 ± 0.2 

HHCB nd 60.4 ± 4.7 nd nd nd 1618 ± 18 867.7 ± 39.0 5801 ± 177 3799 ± 56 

AHTN 5.5 ± 0.3 13.8 ± 0.6 nd nd nd 152.8 ± 2.1 89.8 ± 2.1 537.4 ± 12.3 281.5 ± 1.0 

Nitro Musks 

MK nd nd nd nd nd 171.2 ± 3.8 105.6 ± 0.5 250.0 ± 14.5 242.1 ± 8.6 

Σ/ location 86.9 ± 3.5 230.9± 5.7 68.5 ± 0.5 nd nd 3756 ± 115 2534 ± 68 8740 ± 220 5177 ± 94 
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Wastewater samples were taken from the same WWTP, but different periods. Within 

influent wastewater results vary from 2.1 ± 0.8 ng L-1 (EMC) to 5.8 ± 0.2 µg L-1 (HHCB) 

and for effluent wastewater from 2.1 ± 0.2 ng L-1 (ADBI) to 3.80 ± 0.05 µg L-1 (HHCB). 

Concentrations in these levels have been detected before in Switzerland (Balmer et al., 

2005; Kupper et al., 2006) and in the UK (Kasprzyk-Hordern et al., 2008). 

 

3.4. Conclusion 

A method based on dispersive liquid-liquid microextraction (DLLME) followed by gas-

chromatography tandem mass spectrometry (GC-MS/MS) was optimized for the rapid 

analysis of 19 UVFs and SMs compounds in water matrices. To the authors’ best 

knowledge, this is the first method based on DLLME and GC-MS/MS for the analysis of 

all compounds without a derivatization process. Several types of extraction and 

dispersion solvents were tested to achieve the best results for tap, river, sea water and 

influent and effluent wastewater. The chosen solvents were IPA and TC, with recoveries 

from 83 to 123%. The performance of the method has been demonstrated in terms of 

linearity, accuracy and precision (RSD<10%). Real samples were analysed, and 

concentrations found at the ng L-1 range, with higher concentration in wastewater 

samples, in the µg L-1 range. 
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Abstract 

A Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) methodology followed by 

gas chromatography–triple quadrupole mass spectrometry (GC–MS/MS) analysis was 

developed to extract synthetic musk compounds (SMCs) (6 polycyclic, 2 macrocyclic and 

5 nitro musks) and ultraviolet-filters (UVFs) (6 compounds) from sludge. This 

methodology fills a gap in the literature, since the proposed technique does not require 

specific equipment, nor large amounts of solvents, sorbents and time to extract SMCs 

and UVFs from sludge. To optimize this new methodology, a design of experiments (DoE) 

approach was used, applying first a screening design (SD) and then a central composite 

design (CCD). The best conditions achieved to extract these 19 compounds 

simultaneously were: 500 mg freeze dried sludge, 2.5 min of vortex and 15 min 

ultrasound and the use of a QuEChERS for the dispersive solid-phase extraction (d-SPE) 

containing 500 mg MgSO4, 410 mg C18 and 315 mg PSA. Then, this methodology was 

successfully validated. Recoveries of the target compounds ranged from 75% 

(cashmeran, DPMI) to 122% (2‑ethylhexyl 4‑methoxycinnamate, EHMC), with good 

repeatability (relative standard deviation < 10%). The instrumental detection limits 

(IDLs) and quantification (IQLs) varied from 0.001 pg (musk moskene, MM) to 7.5 pg 

(musk xylene, MX) and from 0.003 (MM) to 25 pg (MX), respectively. The method 

detection and quantification limits (MDLs and MQLs) ranged between 0.5 (DPMI) and 

1394 (exaltolide, EXA) ng g-1 dw and 2 and 4648 ng g-1 dw, respectively. Both SMCs and 

UVFs were detected in all sludge samples analysed. Higher concentrations were found 

for octocrylene (OC: maximum value of 115,486 ng g-1 dw) followed by galaxolide (HHCB: 

81,771 ng g-1 dw). Only the nitro musks ambrette, xylene, moskene and tibetene and 

macrocyclic musk ethylene brassylate (EB) were not detected in any sample. 

 

Keyworks: UV-filters; Synthetic musk compounds; Sludge; QuEChERS; GC–MS/MS; 

Design of experiments 
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4.1. Introduction 

The presence of personal care products (PCPs), namely synthetic musk compounds 

(SMCs) and UV-filters (UVFs) in sewage sludge is unquestionable. So far, several studies 

have shown their presence in this matrix in concentrations ranging from a few to 

thousands of μg g-1 dw (Homem et al., 2015; Ramos et al., 2015). Although these 

compounds are legislated in cosmetics (Cosmetics Directive, 2009), they are not 

regulated in the environment, nor in wastewaters or sludge. 

The application of sludge in agricultural fields as fertilizer has raised a growing concern 

due to the potential existence of non-legislated contaminants in the sludge, which may 

bioaccumulate in the environment and when present in agricultural soils can migrate to 

crops (Prosser and Sibley, 2015). Although the European Union has defined specific rules 

for its use and maximum allowed levels for some metals and organic compounds (e.g. 

polycyclic aromatic hydrocarbons, polychlorinated biphenyls, etc.) (Decreto-Lei 

N.276/2009), the effects produced by the presence of emerging contaminants in the 

sludge, such as those studied in this work, are not clearly defined. 

So far, the methodologies developed for the extraction of these compounds from 

sewage sludge are often expensive and time consuming, like pressurized liquid 

extraction (PLE), Soxhlet or solid phase extraction (SPE). A compilation of the 

methodologies used so far to determine SMCs and UVFs in sewage sludge is presented 

in Tables S3.1 and S3.2 of Annex 3. Methodologies like Soxhlet (Horii et al., 2007; Reiner 

et al., 2007) or Soxhlet followed by SPE (Chen et al., 2007; Shek et al., 2008; Zeng et al., 

2005) or Soxhlet followed by SPE and gel permeation chromatography (GPC) (Bester, 

2004; Stevens et al., 2003) show good recoveries for galaxolide (HHCB), but lower values 

for the other polycyclic musks. These techniques also have the disadvantages of being 

time consuming and use high amounts of solvents and/or sorbents. Liquid-liquid 

extraction (LLE) followed by SPE provided good recoveries for both UVFs (75–101%) 

(Plagellat et al., 2006) and SMCs (98.5–111%) (Muller et al., 2006), as well as the 

combination of LLE with SPE and GPC (75–103%) (Kupper et al., 2006). Pressurized liquid 

extraction depends on the capacity of the solvent to extract the target analytes. Despite 

the advantage of using less solvent volume, it requires a specific equipment. This 

method is often used by itself (Badia-Fabregat et al., 2012; Gago-Ferrero et al., 2011; Liu 
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et al., 2011, 2012; Rodil et al., 2009; Rodríguez-Rodríguez et al., 2012) or combined with 

SPE or GPC (Langford et al., 2015; Liu et al., 2014; Negreira et al., 2011; Ternes et al., 

2005; Wick et al., 2010). In general, PLE enables high recoveries for both classes (around 

100%) and low limits of detection (around 10 ng g-1 dw). Accelerated solvent extraction 

(ASE) methodology was also used to extract poly- and nitro musks from sludge, yielding 

recoveries around 70 to 100% and limits of detection below 10 ng g-1 dw (Guo et al., 

2010; Hu et al., 2011; Yang and Metcalfe, 2006). The instrumental methodology most 

used for the analysis of SMCs is either gas chromatography–mass spectrometry (GC–

MS) or GC–MS/MS. Regarding UVFs, either gas or liquid chromatography followed by 

mass spectrometry are equally used. Considering that most methodologies described in 

the literature are time consuming, expensive, use large amount of solvents and require 

specialized equipment, it is crucial to develop a quick, inexpensive and environmentally 

friendly approach. A Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) 

methodology has already been described to the extraction of UVFs in other matrices 

such as milk (Vela-Soria et al., 2018), coastal vegetation (Ribeiro et al., 2017) and marine 

mussels (Picot Groz et al., 2014) and in SMCs such as beach sands (Homem et al., 2017) 

and seafood products (Saraiva et al., 2016; Vallecillos et al., 2015). Except the study of 

coastal vegetation, which used a mixture of dichloromethane and n‑hexane (1:1) as 

extraction solvent, the other studies used acetonitrile. C18 and PSA seem to be the most 

commonly used sorbents for the dispersive solid-phase extraction step. Thus, in this 

study, the authors proposed to develop and optimize a QuEChERS methodology 

followed by GC–MS/MS analysis to simultaneously extract 13 SMCs and 6 UVFs from 

sewage sludge (Table S3.3 in Annex 3). 

To develop this new methodology, a design of experiments (DoE) approach was used to 

optimize the extraction parameters, as the type and amount of solvents and sorbents, 

time of vortex and time of extraction. First, a screening design (SD) was applied to define 

the most important extraction parameters, then a central composite design (CCD) was 

used to obtain the optimized conditions. Finally, the optimized method was validated 

using the procedure proposed by EuraChem (Magnusson and Örnemark, 2014). 
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4.2. Materials and methods 
 

4.2.1. Standards, reagents and materials 

Acetone (Ac), acetonitrile (ACN), n‑hexane (Hex), dichloromethane (DCM) and ethyl 

acetate (EA) were of analytical grade and were purchased from VWR BDH Prolabo 

(Fontenay-sous-Bois, France). For the QuEChERS preparation, anhydrous magnesium 

sulphate (MgSO4) was obtained from Panreac AppliChem (Barcelona, Spain), while 

primary and secondary amine exchange bonded silica sorbent (PSA) and octadecyl‑silica 

(C18) from Supelco (Bellefonte, PA, USA). Florisil (magnesium silicate, particle size 0.150–

0.250 mm) and alumina (neutral aluminium oxide 90, particle size 0.063–0.200 mm) 

were acquired from Merck (Darmstadt, Germany). Both florisil, alumina and MgSO4 

were activated overnight at 450 °C before use. 

Helium (99.9%) used in the GC–MS/MS and nitrogen (99.9%) used in the evaporation 

step were supplied by Air Liquide (Maia, Portugal). 

The polycyclic musks were obtained as solid standards from LGC Standards (Barcelona, 

Spain) with 99% purity for cashmeran (DPMI), celestolide (ADBI), phantolide (AHMI), 

traseolide (ATII), and tonalide (AHTN), except for galaxolide, which contained 

approximately 25% of diethyl phthalate. The nitro musks tibetene (MT) and moskene 

(MM) were also obtained from LGC Standards, as a 10 mg L-1 solution in cyclohexane. 

Musk ambrette (MA) and musk ketone (MK) were purchased as solid standards from Dr. 

Ehrenstorfer (Augsburg, Germany) with 99% and 98% purity, respectively. Musk xylene 

(MX) was obtained from Sigma-Aldrich (St. Louis, MO, USA) as a 100 mg L-1 solution in 

acetonitrile. Solid standards of exaltolide (EXA) and ethylene brassylate (EB) were also 

purchased from Sigma-Aldrich with 99% and 95% purity, respectively. The surrogate 

standards musk xylene‑d15 (MX‑d15) and tonalide‑d3 (AHTN‑d3) were purchased from 

Dr. Ehrenstorfer (Augsburg, Germany) as 100 mg L-1 solutions in acetone and isooctane, 

respectively. UV-filters 2‑ethylhexyl 4‑dimethylaminobenzoate (EDP) and 

3‑(4′‑methylbenzylidene) camphor (4‑MBC) were purchased from Alfa Aesar (Karlsruhe, 

Germany), both with 99% purity. 2‑Ethylhexyl 4‑methoxycinnamate (EHMC), 

2‑ethylhexyl 2‑cyano‑3,3‑diphenylacrylate (OC) and benzophenone (BZ) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) with 98%, 97% and 99% purity, 
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respectively. Drometrizole trisiloxane (DTS) was purchased from Fluka (Saint Louis, MO, 

USA) with 98% purity. Surrogate (±)‑3‑(−4‑methylbenzylidine‑d4) camphor (4‑MBC‑d4) 

was purchased with 99% purity from CDN Isotopes (Pointe-Claire, Quebec, Canada). 

Individual stock solutions of each compound (10 mg L-1) were prepared in both 

acetonitrile and n‑hexane. The stock solutions in acetonitrile were used to prepare the 

spike mix solution due to miscibility with the water sample and those in n‑hexane to 

prepare the analytical control standard, since all extracts are evaporated to dryness and 

reconstituted in n‑hexane for injection in the GC–MS/MS. Stock and working solutions 

(50, 250 and 2500 μg L-1) were stored and preserved in a freezer at −20 °C, protected 

from the light. The stability of the solutions was tested, and results revealed that they 

were stable about 3 months. 

 

4.2.2. Sample collection and pre-treatment 

Sludge samples were collected from a wastewater treatment plant (WWTP) with 

secondary treatment (activated sludge process) that serves a population of 80,000 

inhabitants, treating an average flow of 18,000 m3 day-1, in Oporto (Portugal). Grab 

samples were collected (December 2013–December 2017) from the thickening tank in 

wide mouth 5 L polyethylene containers, transported to the lab in a cooler with ice packs 

and then around 10 g of sample was freeze-dried in a Virtis Benchtop K Freeze Dryer (SP 

Scientific, New York, USA) for 72 h. Then, it was stored in the dark at −20 °C until analysis. 

These samples were used to prove the method applicability and to compare the levels 

with the literature. 

 

4.2.3. Sample extraction 

Samples were extracted using a QuEChERS methodology. In short, 500 mg of freeze-

dried sludge were weighted into a 15 mL polypropylene tube with conical bottom, 

containing 10 mL of ACN and 250 ng g-1 surrogate solution (MX‑d15, AHTN‑d3 and 

4MBC‑d4) in acetonitrile. The sample was vortexed for 2.5 min and then, ultrasonicated 

for 15 min in a 420 W ultrasonic bath (J.P. Selecta, Barcelona, Spain). The organic phase 

was separated by centrifugation at 2670 ×g for 15 min and it was added to a 15 mL 
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polypropylene tube with conical bottom containing 500 mg MgSO4, 410 mg C18 and 315 

mg PSA. The extract was then vortexed for 2.5 more minutes and centrifuged for 15 min. 

The supernatant was transferred to a 12 mL amber vial, evaporated to dryness under a 

gentle N2 stream and reconstituted in 500 μL of n‑hexane. Finally, the extract was 

transferred to a 1.5 mL amber vial for instrumental analysis. Samples were analysed in 

triplicate (Figure 4.1). 

 

4.2.4. GC–MS/MS analysis 

Analysis was performed on a gas chromatograph coupled to triple quadrupole mass 

spectrometer from Bruker (Massachusetts, USA). This GC–MS system was equipped 

with a 436-gas chromatograph, a mass spectrometer EVOQ triple quadrupole, an 

injector CP-1177 split/splitless and an autosampler CP8410. For the separation of the 

target compounds, a J&W CP-Sil 8 CB capillary column (50 m × 0.25 mm I.D. × 0.12 mm) 

from Agilent Technologies (Santa Clara, California, USA) was used. Helium (99.999%) 

was used as a carrier at a constant flowrate of 1.0 mL min-1. 2 μL sample was injected in 

splitless mode (split ratio of 1:100 after 1 min for injector purging) at 280 °C. The GC 

oven temperature program started at 70 °C for 1 min, raising to 180 °C at 25 °C min-1, 

then 10 °C min-1 until 240 °C and finally 25 °C min-1 until 300 °C (for 5 min). 

The MS/MS analysis was carried out in electron ionization (EI)mode, using the multiple 

reaction monitoring (MRM) mode. Two specific MRM transitions were chosen per 

compound (one for quantifying and one as qualifier), except for the nitro musks and 

surrogates, where two qualifiers were used for better identification. The ion source was 

operated at 280 °C with electron energy of 70 eV and filament current of 50 μA. The 

temperature of the transfer line was set at 270 °C. Ultrapure argon was used as collision 

gas and its pressure was set at 2.00 mTorr. The MRM transitions and collision energies 

optimized for each compound are presented in Table S3.3 in Annex 3. 
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Figure 4.1 Scheme of the QuEChERS procedure proposed. 
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4.2.5. Quality assurance and control (QA/QC) 

As mentioned before, UVFs and SMCs are present in most personal care products. 

Therefore, some precautions were taken to avoid sample contamination. The analyst 

did not use scented cosmetics such as perfume, lotions and hand creams, as well as 

other personal care products containing UV protection. All the glass material was pre-

rinsed with acetone and distilled water and the non-calibrated material was further 

subject to heating at 400 °C for at least 1 h. Additionally, procedural blanks (where no 

sample is used, only solvent and sorbents subjected to the same conditions as the 

samples) were analysed with every extraction batch to identify eventual contaminations 

and to correct samples concentration. Chromatographic blanks were also performed, 

but no memory effects were observed. 

 

4.3. Results and discussion 
 

4.3.1. Preliminary tests 

Since few QuEChERS methodologies were reported for the extraction of emerging 

contaminants from sludge, and none for the simultaneous determination of UVFs and 

SMCs, some preliminary tests were performed. Several aspects have been considered, 

such as the type and amount of solvent, the time of extraction, the number of 

extractions needed for the complete extraction of the target compounds and the 

processing of the sample. 

 

4.3.1.1. Solvents and extraction time 

Regarding the type and amount of solvent and the number of extractions needed, 

several experiences were performed. First, the sludge (containing 6–8% of dry solids) 

was centrifuged (20 min at 2670 ×g) and the supernatant was removed. The remaining 

sludge, considered the ‘wet’ sludge, was used for subsequent experiments. 

In the first approach, the extraction of 500 mg of wet sludge was tested using different 

solvents - ethyl acetate (EA), acetonitrile (ACN), n‑hexane (Hex) and acetone (Ac). The 

sample was subjected to successive ultrasonic extractions using fresh solvent to 
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evaluate the amount of solvent and if multiple extractions would be required to extract 

the target compounds. For each extraction step, 2 mL of solvent, 2 min of vortex, 15 min 

in an ultrasound bath and 15 min of centrifugation for phase's separation were used. 

Each fraction was then evaporated to dryness, under a N2 stream, and reconstituted in 

100 μL of Hex for GC–MS/MS analysis. Although no clean-up step was added to this 

procedure, the chromatographic analyses of these extracts proved that only one 

extraction step was sufficient to extract >90% of the target compounds from the sample. 

Regarding the type of solvent used, ACN seemed to be the one that led to higher 

recoveries for most target compounds (11/19 compounds with recoveries between 47 

and 132%), with only a single extraction step. Ac also appeared to be a solvent with 

potential, with 9/19 compounds extracted with recoveries between 28 and 119%. 

However, the chromatograms present many interferences. The Hex and EA do not seem 

to be suitable solvents for the extraction of the target compounds (3/19 and 5/19 

compounds extracted, respectively). The resultant chromatograms have also 

demonstrated the presence of different interferences Figure S3.1 in Annex 3. 

 

4.3.1.2. Sample processing 

Through the various experiments carried out, it was noticed that the results obtained 

were affected by a great variability (relative standard deviation (RSD) > 50%). Such 

situation could be related to the fact that the analysed sample is not homogeneous (e.g. 

variable water content). Thus, it was decided to test the samples lyophilization. All tests 

with lyophilized sludge presented a relatively small relative standard deviation (RSD < 

5%). Therefore, in the subsequent assays the collected samples were centrifuged and 

lyophilized. After lyophilization, samples were homogenized (by mortar and pestle 

followed by sieving) and kept in the freezer at −20 °C until analysis. 

 

4.3.1.3. Clean-up procedure 

In order to obtain better results by decreasing the presence of interferences, a clean-up 

step using dispersive solid-phase sorbents were tested. Only C18 and PSA were tested as 

sorbents, and the results were quite satisfactory, but not for all the target compounds. 
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In fact, PSA sorbent is usually used to remove polar interferences, while C18 sorbent to 

remove nonpolar interferences. 

Tests were performed using either 250 mg of C18 or PSA combined with 500 mg MgSO4 

(drying agent). In both cases, recoveries of most target compounds were improved 

adding this clean-up procedure (mean: 89±20% for C18 and 82±20% for PSA). However, 

some matrix effects were still detected in the quantification of OC, DTS, HHCB or AHTN 

(recoveries ≈ 500%). To overcome this problem, more assays should be performed to 

optimize the clean-up procedure (amounts and type of sorbents). 

Considering these preliminary results, the authors opted to perform an experimental 

design (screening design followed by a central composite design) to optimize the main 

parameters of the extraction procedure more quickly and systematically and considering 

the possible interaction between factors. 

 

4.3.2. Optimization of the extraction procedure 

The optimization of the extraction procedure was done using a design of experiments 

(DoE), previously described by Homem et al. (2016), where multiple extraction 

parameters were tested in order to determine their effect on a desired response 

(recovery of the target analytes).Thus, a screening design (SD) was initially performed to 

understand which variables affect the response. After that, a second order model 

central composite design (CCD) was used to optimize the extraction methodology. This 

design of experiments was performed using the JMP14 Statistical Software. 

 

4.3.2.1. Screening design 

Several parameters may influence the QuEChERS extraction. Therefore, in this study, a 

screening design considering eight factors was implemented: volume (VE) and type (SE) 

of extraction solvent, ultrasound time (tE), time of vortex (tV), amount of different 

sorbents - C18 (mC18), PSA (mPSA), florisil (mFLO) and aluminium oxide (mAL). All extractions 

were tested using a sludge sample spiked with a concentration of 2500 ng g-1 dw 

(poly/macro musks and UVFs) and 500 ng g-1 dw for nitro musks. The values proposed 

for each factor are presented in Table 4.1. 
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The experimental screening design consisted in a total of twelve experiences (Table S3.4 

– Annex 3) and the average recovery of each compound analysed (n = 3) was selected 

as a response. Overall, the experiences were considered reproducible once the relative 

standard deviation were generally under 10%. All responses were adjusted to a 

quadratic model with a r2 higher than 0.82. The main effects were determined by the F-

probability, calculated for each factor (Figure 4.2). A F-probability ≤0.05 represents a 

significant effect on the selected response, whereas 0.05 < F-probability ≤ 0.10 indicates 

a relative effect on the extraction. The factors that significantly affect the responses 

were the volume of the extraction solvent, time of vortex, amount of C18, amount of PSA 

and type of solvent, since their F-probability stands below 0.10 for the different target 

compounds, namely the nitro musks. The other investigated factors (time of ultrasound 

extraction, amount of aluminium oxide and florisil) that do not affect significantly the 

responses need to be defined, as well as the discrete variable – type of solvent. To define 

those factors, the desirability function was used to maximize the response of each target 

compound to achieve recovery values of 100 ±20% (values defined by user). The optimal 

desirability was obtained for ACN as extraction solvent, 15 min for US extraction and no 

amount of either aluminium oxide or florisil. The solvent ACN, as proven before, seems 

to be the best, probably due to its physicochemical properties and the need of a US 

extraction also helps the transference of the target compounds from the sludge into the 

solvent phase. These conditions were defined based on the results from the JMP 

software. The other four factors were further evaluated in the CCD optimization step 

(volume of the extraction solvent, time of vortex, amount of C18 and amount of PSA). 
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Table 4.1 Experimental factors and coded levels for the proposed screening approach. 

i Factors 
Coded values (xi) 

Low (-1) High (+1) 

1 VE - Volume of extraction solvent(mL) 5 12 

2 tE - Extraction time in US (min)  0 15 

3 tV - Vortex time (min)  1 5 

4 mC18 - Amount of C18 (mg) 0 500 

5 mPSA - Amount of PSA (mg) 0 500 

6 mFlo - Amount of florisil (mg) 0 500 

7 mAL - Amount of aluminium oxide (mg) 0 500 

8 SE – Type of extraction solvent ACN; EA; Ac; DCM/Hex (1:1, v/v) 

Obs.: ACN – Acetonitrile; EA – Ethyl Acetate; Ac – Acetone; DCM – Dichloromethane; Hex – Hexane. 

 

 

Figure 4.2 F-probability obtained in the screening design for each factor (X1: Volume of extraction solvent (mL); X2: 
Extraction time in US (min); X3: Vortex time (min); X4: Amount of C18 (mg); X5: Amount of PSA (mg); X6: Amount of 

florisil (mg); X7 - Amount of aluminium oxide (mg); X8: Type of extraction solvent). 

 

4.3.2.2. Central composite design 

After selecting the most important factors using a screening design, those selected 

parameters were optimized by a central composite design (CCD) (Table 4.2). A total of 

thirty experimental runs were carried out, including six assays performed at the center 

of the cubic domain for the repeatability determination. The conditions set in each 

experiment are listed in Table S3.5 in Annex 3. 
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Table 4.2 Factors and values for the CCD. 

i Factors 
Coded levels (xi) 

-1.483 -1 0 1 1.483 

1 VE - Volume of extraction solvent (mL) 5.0 6.0 8.5 11.0 12.0 

2 tV - Vortex time (min) 1.0 1.5 2.5 3.5 4.0 

3 mC18 - Amount of C18 (mg) 250 315 450 585 650 

4 mPSA - Amount of PSA (mg) 250 315 450 585 650 

 

Using the response surface methodology (RSM), a mathematical relationship between 

dependent and independent variables was determined. As mentioned above, a second-

order polynomial equation (Eq. 1) was fitted to the experimental data and the model 

coefficients were calculated by a least-square regression analysis. These results are 

summarized in Table S3.6 (Annex 3). 

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ 𝑏𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ ∑ 𝑏𝑖𝑗𝑥𝑖

𝑘

𝑖=1

𝑥𝑗

𝑘

𝑗>1

 (Eq. 1) 

where Y represents the response, x is the codified variables, b0 is the interception term, 

bi is the influence of the variable i in the response, bii is the parameter that determines 

the shape of the curve and bij corresponds to the effect of the interaction among variable 

i and j. The equations found for each compound, containing only the factors that most 

affect the response, are presented in Table 4.3. 

The model was applied to all compounds and its suitability determined by an ANOVA 

approach after the assumptions for ANOVA and Student's t-test are met. A good 

relationship between the experimental data and the fitted model (r2 > 0.83) was 

achieved (Table 4.3). All models indicate a F-probability <0.001, which means that 

variations that occur in the responses are associated to the model and not to 

experimental errors. The relevant variables and interactions were identified by the 

Student's t-test and results are also presented in Table 4.3. It is also possible to conclude 

that all variables and interactions have significant effect (Prob > |t| is <0.05) on at least 

one of the responses (bold values in Table 4.3). 
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Table 4.3 Results from the Student’s t-test for the main and quadratic effects, and intercept and the interaction; And model suitability parameters for the response functions. 

  Prob>|t|     

Compounds Intercept X1 X2 X3 X4 X1X2 X1X3 X2X3 X1X4 X2X4 X3X4 X12 X22 X32 X42 R2 F-ratio Prob>F LOF Prob > F 

BZ <.0001 0.6795 0.2056 0.7575 0.0244 0.0002 0.1366 0.7274 0.1148 0.0091 0.3504 0.091 0.0002 0.4723 0.0192 0.85 5.8956 0.0008 0.852 

4MBC <.0001 <.0001 0.1575 0.2806 0.3093 <.0001 0.0262 0.0001 0.2365 0.2365 0.5037 0.408 0.0034 0.1768 0.8193 0.9 10.0885 <.0001 0.3822 

EDP <.0001 0.0267 0.7494 <.0001 0.0666 0.9318 0.0002 0.4972 0.1024 0.2117 0.0014 0.023 0.1961 0.7321 0.9655 0.86 6.7146 0.0004 0.0458 

EMC <.0001 <.0001 0.0183 0.0002 0.8388 0.023 0.0013 0.5313 0.9761 0.0036 0.0007 0.0036 0.1727 0.1113 0.1484 0.93 14.2988 <.0001 0.0411 

OC <.0001 0.0171 0.5289 0.2557 0.3546 0.0011 0.0007 0.0025 0.0019 0.8373 0.0241 0.1946 0.9138 0.0044 0.0054 0.88 7.9086 <.0001 0.0991 

DTS <.0001 <.0001 0.0728 0.0536 0.0089 0.4235 0.5594 0.099 0.0215 0.2572 0.6022 0.1563 0.0868 0.0057 0.9344 0.88 7.7152 0.0002 0.0324 

DPMI <.0001 <.0001 0.1419 0.0103 0.508 0.4287 0.2127 0.2127 0.0088 0.0045 0.0017 0.0112 0.0009 0.0053 0.2234 0.9 9.954 <.0001 0.1388 

ADBI <.0001 0.2534 0.8343 0.2904 0.9197 0.3219 0.4708 0.616 0.0981 0.0005 0.438 0.0031 0.0022 0.0125 0.7299 0.84 5.6248 0.001 0.0966 

AHMI <.0001 0.4467 0.0133 0.0311 0.0098 0.0086 0.1306 0.006 0.005 0.0422 0.3439 0.0499 0.0003 0.0223 0.518 0.86 6.7749 0.0003 0.0619 

ATII <.0001 <.0001 0.1773 0.0134 0.1935 0.0009 0.619 0.0021 0.1021 0.2113 0.0788 0.0646 0.0314 0.2593 0.0025 0.9 9.3512 <.0001 0.1898 

EXA <.0001 0.0412 0.0007 0.9919 0.0069 0.8232 0.0675 <.0001 0.0114 0.0775 <.0001 0.1516 0.0032 <.0001 0.1129 0.94 15.4349 <.0001 0.0115 

HHCB <.0001 0.0007 0.0325 0.0791 0.0028 0.0103 0.0005 0.4364 <.0001 <.0001 0.0128 0.53 0.0112 0.1292 0.0003 0.93 13.4317 <.0001 0.5619 

AHTN <.0001 0.0548 0.0302 0.0118 0.0839 0.8455 0.0048 0.8455 0.4039 0.5188 0.0162 0.0013 0.418 0.0006 0.2033 0.83 5.3397 0.0013 0.0039 

EB <.0001 0.3874 0.661 0.0833 0.0001 0.0217 0.085 0.0002 0.0003 0.102 0.6877 0.0439 <.0001 0.3157 0.0037 0.91 10.2362 <.0001 0.0766 

MA <.0001 0.4714 0.4175 0.767 0.177 0.0001 0.0009 0.0002 0.009 0.241 0.0004 0.0001 <.0001 0.0701 0.0005 0.94 16.387 <.0001 0.2963 

MX <.0001 0.0425 0.044 0.0099 0.7786 0.0013 0.1781 0.0119 0.0025 0.0137 0.0137 0.0403 0.8096 0.8675 0.7883 0.84 5.6317 0.001 0.8127 

MM <.0001 0.2858 0.4248 0.0521 0.0426 0.0215 0.2745 0.0004 0.0004 0.0015 0.0019 <.0001 0.0187 0.0533 0.1026 0.92 13.0058 <.0001 0.0035 

MT <.0001 <.0001 0.0658 0.1402 0.1479 0.025 0.1124 0.0007 0.025 <.0001 0.001 <.0001 0.0902 0.4118 0.5559 0.94 16.3158 <.0001 0.0012 

MK <.0001 0.0193 <.0001 <.0001 0.0409 0.8679 <.0001 0.0003 0.6191 0.0001 0.3261 <.0001 0.002 0.5028 0.7444 0.95 19.5173 <.0001 0.1031 

 

Obs.: X1 - Solvent Volume; X2 - Time of Vortex; X3 - Amount C18; X4 - Amount PSA. 
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Due to the high number of responses, the optimal conditions were determined using a 

desirability function. Once again, this function was used to maximize the target 

recoveries (recovery = 100 ± 20%). The optimal conditions were obtained with 10 mL of 

ACN, 2.5 min of vortex, 410 mg of C18 and 315 mg of PSA. The predicted recovery values 

using these conditions ranged between 75% (DPMI) and 122% (EHMC). The software 

also allows the visualization of three-dimensional response surfaces of the predicted 

responses. As an example, the three-dimensional response surface plot for galaxolide 

(HHCB) is represented in Figure 4.3. 

 

This optimization indicates that a higher volume of extraction solvent (10 mL instead of 

5 mL) allows the maximization of the target's extraction. In fact, a higher amount of 

solvent will probably help in the transference of the target compounds from the sample 

to the solvent. The optimal time of vortex is in the middle of the studied range (2.5 min), 

which may indicate that long time of vortex will extract not only the target compounds, 

but other interferences, and short times are not enough to transfer all the target 

compounds from the sludge to the solvent. Regarding the clean-up sorbents C18 and 

PSA, seems that is necessary quite more C18 than PSA, probably because of the amount 

of lipophilic/non-polar interferences found in sludge. 

To prove the applicability of this empirical model, five additional tests were performed, 

aiming to confirm the prediction viability of the model, where random patterns of the 

coded levels (xi) were selected (Table S3.7 in Annex 3). Results obtained were in the 

A 
B C 

Figure 4.3 Example of a response surface plot for HHCB (response: recovery). (A) Solvent volume (X1) vs. Amount of C18 (X3); (B)Solvent 

volume (X1) vs. Amount of PSA (X4); (C) Time of vortex (X2) vs. amount of PSA (X4). 
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range of the predicted values by the proposed model. Deviations between the 

experimental and predicted extraction recoveries were low (<5%). 

 

4.3.3. Method validation 

To evaluate the performance of the developed methodology (QuEChERS-GC–MS/MS), 

validation tests were carried out – assessment of the linearity range, instrumental and 

methodologic limits of detection and quantification as well as precision and accuracy. 

The main results are presented in Table 4.4. 

The calibration curve was constructed directly injecting thirteen calibration standards in 

n‑hexane with all target compounds at concentrations from 0.5 to 5000 ng g-1 dw, since 

preliminary tests revealed not significant matrix effects (< 20%). All target compounds 

showed a linear behavior within the studied range, except for DTS, MX and MM (5–5000 

ng g-1 dw) and DPMI and MA (1–5000 ng g-1 dw). The r2 ranged between 0.991 and 0.999. 

The instrumental detection limits (IDLs) were determined injecting solvent solutions, 

whereas both detection and quantification limits of the method (MDL and MQL, 

respectively) were assessed by the injection of spiked sludge samples. They were 

calculated based on a signal-to-noise ratio (S/N) of 3 and 10, respectively. IDLs varied 

between 0.001 pg (MM) to 7.5 pg (MX). These values are generally in the same range as 

those reported in the literature (e.g. Wu and Ding (2010)). The MDLs were calculated 

based on the matrix effect and values ranged between 0.5 (DPMI) and 1394 (EXA)ng g-1 

dw. These results are in accordance, for example, with those published by Gago-Ferrero 

et al. (2011) in the analysis of UVFs in sludge. 

The precision was evaluated by the inter- and intra-day precision at different spiking 

levels (50, 250 and 2500 ng g-1 dw). This method can be considered precise once the 

values obtained vary between 1 and 8% (expressed as %RSD), which are quite 

acceptable considering this type of matrix. 
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Table 4.4 Main validation parameters for the QuEChERS/ GC-MS/MS methodology. 

Compounds 
Linearity Range  
(ng/g-dw) 

R2 
ILOD  
(pg) 

ILOQ 
(pg) 

MDL 
(ng/d-dw) 

MQL 
(ng/g-dw) 

Interday precision (%RSD)  
Accuracy ± Intraday precision  
 (%Mean recovery ±RSD) 

50 
ng/g-dw 

250 
ng/g-dw 

2,500 
ng/g-dw 

50 
ng/g-dw 

250 
ng/g-dw 

2,500 
ng/g-dw 

BZ 0.5-5,000 0.998 0.11 0.36 26 86 2 4 6 100±2 101±4 92±5 

4MBC 0.5-5,000 0.998 0.03 0.11 59 196 7 2 2 88±8 87±1 85±5 

EDP 0.5-5,000 0.999 1.00 3.33 31 102 2 1 1 86±3 82±3 85±2 

EHMC 0.5-5,000 0.998 0.02 0.07 5 18 1 2 5 122±3 125±2 113±8 

OC 0.5-5,000 0.999 0.04 0.12 6 19 3 4 5 94±2 81±2 88±7 

DTS  5 -5,000 0.991 5.00 16.67 2 7 2 3 3 118±2 113±6 114±1 

DPMI  1 -5,000 0.999 0.08 0.27 0.5 2 1 1 7 75±4 85±2 77±9 

ADBI 0.5-5,000 0.994 0.01 0.02 2 7 8 5 1 111±3 103±3 82±4 

AHMI 0.5-5,000 0.999 0.06 0.21 4 13 2 7 2 78±8 82±1 88±5 

ATII 0.5-5,000 0.998 0.16 0.53 4 13 1 2 0 97±5 97±1 87±3 

HHCB 10-5,000 0.993 4.29 14.29 1394 4648 3 1 1 98±6 94±4 94±1 

AHTN 0.5-5,000 0.995 0.01 0.05 16 55 2 5 4 97±1 103±4 105±8 

EXA 0.5-5,000 0.995 0.03 0.11 5 18 2 3 1 97±3 103±6 93±8 

EB 0.5-5,000 0.990 0.60 2.00 126 421 5 2 3 74±8 86±3 99±2 

MA 1-5,000 0.995 1.20 4.00 21 70 5 2 4 118±2 112±6 111±3 

MX  5 -5,000 0.999 7.50 25.00 5 15 2 2 4 97±6 95±3 90±2 

MM  5 -5,000 0.999 0.000050 0.00017 5 16 1 2 2 111±6 115±1 115±2 

MT 0.5-5,000 0.999 0.60 2.00 15 50 3 2 2 112±2 108±5 103±3 

MK  50 -5,000 0.991 0.000022 0.000072 0.5 2 6 5 2 103±10 87±8 92±2 
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Accuracy was determined by recovery tests, using three replicate spiked samples at the 

same concentration levels as before. Recoveries vary from 75% (DPMI) to 122% (EHMC), 

which are similar to those found in the literature, using more time-consuming and 

expensive techniques (Shek et al., 2008; Herren and Berset, 2000; Langford et al., 2015; 

Rodil et al., 2009). To the authors' best knowledge, the proposed methodology is the 

first one based on QuEChERS followed by GC–MS/MS that can be applied for the 

simultaneous extraction of 6 polycyclic, 2 macrocyclic and 5 nitro musks and 6 UVFs. 

 

4.3.4. Real samples analysis 

The applicability of the proposed methodology was proved by the analyses of real 

samples. Thus, the occurrence of the target contaminants was determined in seven 

sewage sludge samples. The samples were analysed in triplicate and the results are 

summarized in Table 4.5. 

SMCs and UVFs were found in all samples. Exception for, the nitro musks MA, MM and 

MT, which were not detected in any sample. In fact, this was already expected since 

their use in personal care products and cosmetics is prohibited in Europe. From the 

restricted nitro musks (MX and MK), only MK, which is mainly used in cosmetics (Reiner 

et al., 2007; Yang and Metcalfe, 2006), was detected. This compound is usually found in 

low concentrations in literature, ranging from 7 ng g-1 dw (Herren and Berset, 2000) to 

359 ng g-1 dw (Liu et al., 2014), whether in this study values ranged from 25 to 471 ng g-

1 dw. Both polycyclic musks HHCB and AHTN show the highest concentrations and were 

also the predominant SMCs in sewage sludge. The low variability of results with 

seasonality in the SMCs class may be due to their continuous use in personal care and 

household products (average total values of 92,488 ± 4912 ng g-1 dw in summer and 

77,126 ± 10,186 ng g-1 dw in winter). Despite the small number of samples analysed, 

these values are in the same range than those found in the literature for SMCs. The 

season variation is more clear in UVFs class, with concentrations of the most detected 

compounds as OC and DTS (Gilbert et al., 2013) being higher in the summer. Mean levels 

of OC varied from 59,557 ±8054 ng g-1 dw in winter to 87,999±12,428 ng g-1 dw in 

summer and DTS from 8662 ± 664 ng g-1 dw to 17,139 ± 2203 ng g-1 dw in the same 
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seasons. Other UVFs' compounds are present in relatively lower concentrations 

throughout the year, as 4MBC (246 to 538 ng g-1 dw), EDP (13 ng g-1 dw), EHMC (726 to 

3448 ng g-1 dw) and BZ (665 to 2471 ng g-1 dw). These results are in the same order of 

magnitude as those found in the literature (Langford et al., 2015; Kupper et al., 2006; 

Plagellat et al., 2006). It is also important to mention that DTS has never been studied in 

sewage sludge and so these are the first results published in this matrix. Also, it is worth 

to notice that DTS is only used in products owned by the L'Oreal brand (Manova et al., 

2013), which can indicate a high consume of these products in the region where sludge 

samples were collected. Overall, these results reported prove that the developed 

QuEChERS methodology coupled to GC–MS/MS analysis is suitable to determine both 

SMCs and UVFs in sewage sludge. 

Despite the small sampling campaign, the results showed that SMCs and UVFs end up in 

sludge at concentrations ranging from few ng g-1 dw to hundreds of μg g-1 dw. This is 

particularly worrisome, since sludge is often used as fertilizer in agricultural fields due 

to their high nutrients content (Molla et al., 2005). So far, few studies have been 

conducted with UVFs and SMCs, however, their potential to migrate from soils to crops 

needs to be considered (Calderón-Preciado et al., 2012; Lai et al., 2014; Macherius et al., 

2012). 
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 Table 4.5 Concentration (ng g-1 dw) of UVFs and SMCs in the analysed sludge samples. (number of replicates=3; n.d. – not detected; <MQL - below method quantification limit). 
  Winter 13' Spring 14' Summer 14' Summer 14' Winter 14' Winter 17' Winter 17' 

    Sample 1 Sample 2  Sample 1 Sample 2 

UV-Filters 

BZ 1,665±74 1,893±56 2,471±72 2,389±109 1,918±83 2,043±373 665±38 

4MBC 268±2 246±0 532±1 462±3 254±0 538±9 <MQL 

EDP 13±1 < MQL <MQL <MQL <MQL <MQL <MQL 

EHMC 822±16 1,661±17 726±1 863±9 1,145±8 3,448±77 3,420±480 

OC 48,879±1,249 38,324±2,158 110,186±8,485 115,486±8,821 59,607±306 95,334±4,398 34,406±6,624 

DTS 4,424±7 4,461±83 22,326±1,686 24,631±1,415 6,324±229 17,428±607 6,472±143 

Policyclic 
Musks 

DPMI 285±12 210±9 346±10 299±8 271±6 60±2 228±15 

ADBI n.d. n.d. 14±2 <MQL <MQL n.d. n.d. 

AHMI 13±1 <MQL 20±2 15±1 15±1 n.d. <MQL 

ATII 84±6 306±13 231±25 185±23 151±28 n.d. n.d. 

HHCB 59,985±1,924 64,741±1945 81,771±3,432 66,519±2,717 77,618±2,821 41,315±6,006 41,132±2,216 

AHTN 6,637±146 7,292±173 10,293±384 9,004±430 8,051±199 6,766±13 3,722±94 

Macro cyclic 
Musks 

EXA 9,737±127 14,939±468 10,497±180 10,662±753 12,684±1,250 36,705±7,030 1,461±180 

EB <MQL <MQL <MQL <MQL <MQL <MQL <MQL 

Nitro Musks 

MA n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MX n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MM n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MT n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MK n.d. 25±1 n.d. n.d. n.d. 189±17 471±22 
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4.4. Conclusions 

In this work, a QuEChERS methodology coupled to GC–MS/MS analysis was successfully 

developed to extract simultaneously SMCs and UVFs from sludge samples. Method 

development was performed using a Design of Experiments approach. Firstly, a 

Screening Design was used to understand which parameters influence the most the 

compounds in the extraction, and then a Central Composite Design was performed to 

optimize the proposed parameters. QuEChERS procedure proved to be a useful 

extraction method to the selected 19 compounds among SMCs and UVFs, using low 

volume of organic solvents and low amount of sorbents. The optimal conditions 

achieved were: 10 mL ACN, 2.5 min vortex, 15 min ultrasound extraction, 500 mg MgSO4, 

315 mg PSA and 410 mg C18 for the QuEChERS. These conditions lead to compound 

recoveries between 75% (DPMI) to 122% (EHMC). The method was validated, achieving 

low %RSD in the inter- and intra-day precision (<10%) and accuracy was proven fit to 

this methodology with good %recoveries and low limits of detection. The method was 

applied to real sewage sludge samples, with higher concentrations found in the most 

used UVFs (OC and DTS) and SMCs (HHCB and AHTN). The target compounds were 

detected in all samples. Overall, concentrations of polycyclic musks varied from 12.6 

(AHMI) to 81,771 ng g-1 dw (HHCB), macro musk from 1461 to 36,705 ng g-1 dw (EB) and 

UVFs from 12.5 (EDP) to 115,486 ng g-1 dw (OC). Among nitro musks, only MK was 

detected in the samples, with concentrations between 25 and 471 ng g-1 dw. 
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Abstract 

A simple method for the analysis of thirteen synthetic musk compounds (SMCs) and six 

UV-filters (UVFs) in soil samples was developed using a Quick, Easy, Cheap, Effective, 

Rugged and Safe (QuEChERS) technique followed by gas chromatography – triple 

quadrupole mass spectrometry (GC-MS/MS).  

The QuEChERS procedure included an initial ultrasound-assisted extraction step with 

organic solvents (acetone/hexane 1:1, v/v) and the addition of sodium chloride. Then, 

in the second phase, a clean-up based on dispersive solid-phase extraction, using C18 as 

sorbent, was performed. Accuracy, assessed by recovery tests, ranged from 81% to 

122% and a good precision was achieved, with relative standard deviation less than 4%. 

The instrumental limit of detection (ILOD) varied from 0.01 pg to 5.00 pg, while the 

method detection limit (MDL) ranged between 0.01 and 10.00 ng g-1 dw. The 

applicability of the proposed methodology was tested using different types of soils. Both 

SMCs and UVFs were detected in all soil samples. The most frequently detected 

compounds were benzophenone (BZ), octocrylene (OC), 2-ethylhexyl 4-

dimethylaminobenzoate (EDP), 2-ethylhexyl 4–methoxycinnamate (EMC) and galaxolide 

(HHCB). Higher levels were detected for benzophenone (maximum value of 158 ng g-1 

dw) and octocrylene (137 ng g-1 dw).  

The proposed method compared to conventional techniques uses lower amounts of 

solvents and sorbents, thus producing little waste (“green” technique). Also, it is a faster 

and easier to perform methodology, does not need sophisticated equipment, and in the 

end, the cost of each analysis is cheaper. 

 

Keywords: UV-filters, Synthetic musk compounds, Soils, QuEChERS, GC-MS/MS, Sewage 

sludge-based fertilized soils. 
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5.1 Introduction 

Soils could be considered as reservoirs for lipophilic compounds since organic matter is 

a key sorption medium for contaminants (Qin et al., 2017). Whereas highly mobile 

hydrophilic compounds can easily leach into groundwater, lipophilic compounds may 

accumulate in the upper soil layer (Chefetz et al., 2008). The accumulation in soils is 

influenced by both the soil properties, such as organic matter content, type and quantity 

of clay, ion exchange capacity and pH and the physicochemical properties of the target 

compounds, such as their water solubility, octanol–water partition coefficient (KOW) or 

organic carbon-water partition coefficient (KOC) (Drillia et al., 2005; Tolls, 2001). 

Irrigation with contaminated water (Wang et al., 2013; Xu et al., 2009) or fertilization 

with biosolids from wastewater treatment plants (WWTPs) (Clarke et al., 2016; Dodgen 

et al., 2014) may be possible origins of soil contamination. Nevertheless, literature has 

shown that over the past decades several organic contaminants like pharmaceutical and 

personal care products (PCPs), are present either in biosolids or in treated wastewater 

(Homem et al., 2015; Ramos et al., 2016; Sharma et al., 2017). Few works have already 

been published on the presence of PCPs, and more specifically on ultraviolet filters 

(UVFs) and synthetic musk compounds (SMCs). UVFs and SMCs are two classes of 

organic compounds used in a broad range of products, such as plastics, adhesives, 

rubber, cosmetics, toiletries, etc. UVFs were created to protect products or skin from 

ultraviolet (UV) radiation, whereas SMCs are used as base notes in perfumed products 

and as fragrance fixatives (Witorsch and Thomas, 2010). Several reviews have proven 

that these compounds are environmentally persistent, biologically active, with 

bioaccumulation capability and some are considered potential endocrine disrupters. 

To the authors’ best knowledge, the UVFs under scrutiny in this paper have never been 

studied before in soils and few studies are available regarding SMCs. Analysing the 

available works on SMCs, soil samples were generally extracted and cleaned up either 

by pressurized liquid extraction (PLE) (Albero et al., 2012; Chen et al., 2014; Kinney et 

al., 2008; Lai et al., 2014; Wang et al., 2013; Yang and Metcalfe, 2006), stir-bar sorptive 

extraction (SBSE) (Aguirre et al., 2014), solid-phase extraction (SPE) (Sánchez-Brunete et 

al., 2011) or using a solid-liquid extraction approach (SLE) (Camino-Sánchez et al., 2016; 

Chase et al., 2012). Although PLE and SBSE are methods with good performances, the 
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equipment required is not always available in all laboratories. SPE and SLE are often 

time-consuming techniques that use large amounts of solvent and sample. Therefore, it 

is essential to develop quick, efficient and reliable methodologies to extract 

contaminants from soils. In this work a Quick, Easy, Cheap, Effective, Rugged and Safe 

(QuEChERS) methodology was proposed to simultaneously extract SMCs and UVFs. This 

technique is a very appealing approach by combining extraction with clean-up, using low 

amounts of solvents and sorbents and producing little waste. On the other hand, the 

procedure is quite fast, easy to perform, needs few equipment and the reagents’ cost is 

low, when compared to conventional techniques (Perestrelo et al., 2019). This 

methodology has also the advantage of generating potentially high recoveries and low 

detection limits (Bragança et al., 2012). It has already been employed to extract other 

compounds, especially pesticides, from soils and it is easy to adapt and optimize.  

Thus, the purpose of this work was to optimize and validate a QuEChERS methodology 

followed by GC-MS/MS analysis for the determination of 19 compounds (6 UVFs and 13 

SMCs) in different types of soil, providing references for future research on soil 

contamination. To the author’s best knowledge this technique has never been tested 

for the simultaneous extraction of these compounds in soils. 

 

5.2 Materials and Methods  

 

5.2.1 Standards, reagents and materials 

In this study, the solvents used to optimize the extraction method were all analytical 

grade and purchased from VWR BDH Prolabo (Fontenay-sous-Bois, France): acetonitrile 

(ACN), acetone (Ac), ethyl acetate (EA) and hexane (Hex). Ultrapure water was achieved 

using a combined equipment Millipore Reverse Osmosis System Elix® coupled to a 

Millipore® Synergy® with UV from Merck (Germany). The salts and sorbents used in the 

extraction were the sodium chloride (NaCl) from Merck (Germany), anhydrous 

magnesium sulphate (MgSO4) from Panreac AppliChem (Barcelona, Spain) and 

octadecyl-silica (C18) from Supelco (Bellefonte, PA, USA). To ensure that MgSO4 was in 

an anhydrous form, it was heated at 450 °C for 12 hours before use. Extracts were 
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filtered using a 0.2 µm polytetrafluoroethylene (PTFE) syringe filters from VWR BDH 

Prolabo (Fontenay-sous-Bois, France), using a 2.5 mL sterile luer lock tip syringes from 

Terumo (Leuven, Belgium) and sterile disposable needles from Sterican, Braun 

(Melsungen, Germany). Helium, nitrogen and argon (all with 99.9999% purity) were 

supplied by Linde (Porto, Portugal) or by Air Liquid (Maia, Portugal). More information 

regarding analytical standards used in this work is provided in the Annex 4. 

 

5.2.2 Soil samples 

Different soil samples were collected (near a beach, on agricultural lands, garden, 

industrial area and school yard). Roots and large stones were removed, and soil samples 

were collected from the top layer (0–30 cm) with a stainless-steel shovel and carried to 

the lab in polypropylene bags. Then, samples were dried in an oven at 50 oC for 3 h (to 

avoid the loss of the target compounds), sieved through a 2 mm sieve opening (mesh 

n.o 10), thoroughly mixed and kept frozen (-20 °C) in amber glass containers until 

analysis.  

 

5.2.3 Sample characterization 

Different types of soils were selected to represent diverse contents of organic carbon 

and clay (Table 5.1). The organic carbon (OC) was determined in a PrimacsSNC Carbon-

Nitrogen/Protein Analyzer from Skalar (Breda, The Netherlands) and content varied 

between 0.8 and 14.7%. The particle size distributions for determination of the clay 

content variation were measured with the COULTER LS 230 laser diffraction analyser 

from Beckman (West Hialeah, USA).  

A fertilizer bought in a local agricultural cooperative was also used in this study. This 

fertilizer is produced by the composting of a sewage sludge from an urban WWTP, which 

is subsequently sanitized. It has a grain size between 1 and 10 mm, a 42% humidity and 

a bulk density of 0.4 kg dm-3. The organic content is about 75±9%, but total carbon is 

42±5%. Regarding inorganic nutrients, this fertilizer has a total phosphorous content 

(P2O5) of 0.4%, potassium (K2O) of 0.2%, calcium (CaO) of 0.9%, magnesium (MgO) of 
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0.1% and total boron (B) content of 8.6 mg kg-1 dw. Levels of heavy metals are all below 

the maximum legal limits allowed for this type of product (information collected from 

the label). 

Table 5.1 Characterization of soils and fertilizer, regarding percentage of organic carbon (OC), clay, silt and sand. 

Soil  %OC 
Clay [%] 
(0-2 µm) 

Silt [%] 
(2-63 µm) 

Sand [%] 
(63-2000 µm) 

Soil texture 

Agricultural (A1) 1.7 2.4 33.7 63.9 Sandy loam 

Agricultural (A2) 1.5 4.8 64.4 30.7 Silt loam 

Beach (B) 0.8 1.0 11.8 87.3 Loamy sand 

Garden (G) 8.1 0.6 9.7 89.7 Sand 

Industrial (I) 1.1 1.0 12.1 87.0 Loamy sand 

School yard (SY) 14.7 0.9 12.2 86.9 Loamy sand 

Fertilizer (F) 42.0 - - - - 

 
In order to assess the effect of a sewage sludge-based fertilizer in a soil, preliminary 

experiments were carried out, applying 5% of sewage sludge-based fertilized (w/w) to 

the agricultural soil A2. The sewage sludge-based fertilizer was mixed uniformly with soil 

and pots were filled with this mixture. Samples were collected for analyses after four 

days of initial mixing. These assays were performed in six independent pots and an extra 

pot was prepared with unamended soil A2 as control. The fertilizer was analysed by the 

method proposed by Ramos et al. (2019), while the amended-soil was analysed using 

the methodology developed in this study. 

Considering an efficient mix of the fertilizer with the agricultural soil, it is possible to 

estimate the maximum expected concentration accumulated of the target compounds 

in the treated soil (worst-case scenario), according to Eq. 1: 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖 = 𝐶𝑠𝑜𝑖𝑙 𝑖
× 𝑓𝑠𝑜𝑖𝑙 +  𝐶𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑖

× 𝑓𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟  (Eq. 1) 

 where i is the target compound, Csoil i is the concentration of the target in the soil (ng g-

1 dw), Cfertilizer i is the concentration of the target compound in the fertilizer (ng g-1 dw), 

fsoil is the fraction of agricultural soil used in the experiment (w/w) and ffertilizer is fraction 

of fertilizer (w/w).  
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5.2.4 QuEChERS approach 

The methodology optimized and validated was based on that proposed by Pang et al. 

(2016) to study the extraction of four herbicides from soil. Briefly, 5 g of previously air-

dried and sieved soil (d < 2 mm) were put into a 50 mL polypropylene tube with conical 

bottom and then, 0.25 ng of surrogate compounds (MX-d15, AHTN-d3 and 4MBC-d4) 

was added. After vortexing, samples were kept at 4 oC overnight. Then, 4 mL of ultrapure 

water was added and vortexed to completely mix with the soil. After that, 10 mL of 

Ac/Hex (1:1) was added, vortexed for 1 min and then the tube was placed in an 

ultrasound bath (420 W) for 15 minutes (J.P. Selecta, Barcelona, Spain). Afterwards, 6 g 

of MgSO4 and 1.5 g of NaCl were added. Samples were vortexed again for 1 min and 

then, the organic supernatant was separated by 15 min of centrifugation at 2670 x g. 

The organic phase was added to a dispersive solid-phase (d-SPE) mixture containing 3 g 

of MgSO4 and 300 mg of C18. It was then vortexed for 1 min and centrifuged once again 

for 15 min. The supernatant was filtered with a 0.2 µm PTFE syringe filter to a 15 mL 

amber vial, completely evaporated under a N2 stream and resuspended in 1 mL of Hex. 

The sample was transferred to an amber chromatographic vial for further instrumental 

analysis. 

 

5.2.5 GC-MS/MS analysis 

Analyses were performed in a GC–MS/MS system from Bruker (Massachusetts, EUA), 

using multiple reaction monitoring (MRM) mode. A J&W CP-Sil 8 CB capillary column (50 

m x 0.25 mm I.D. x 0.12 µm) from Agilent Technologies (Santa Clara, California, EUA) was 

used and the chromatographic separation was achieved using the following 

temperature program: 70 oC for 1 min, then raised at 25 oC min-1 to 180 oC, then a second 

ramp was applied at 10 oC min-1 to 240 oC and finally the temperature raised at a rate of 

25 oC min-1 until 300 oC, holding for 5 min. The temperature of the injector was set at 

280 oC, as well as the ion source, while the temperature of the transfer line at 270 oC. 2 

µL of sample were injected in splitless mode, the electron energy was set at 70 eV and 

the filament current at 40 µA. The collision gas was ultra-pure argon at 2.00 mTorr. The 
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MRM transitions and collision energies, optimized for each compound, are presented in 

Table S4.1 (Annex 4). 

 

5.2.6 Quality Control and Assurance (QC/QA) 

UVFs and SMCs are incorporated in most personal care and household products. 

Therefore, safety measures need to be taken to avoid external sample contamination. 

In the laboratory, no scented products were allowed for washing purposes and analysts 

could not use scented toiletries. To guarantee the proper decontamination of the 

material, the glass calibrated material was previously rinsed with an appropriated 

solvent and the other glass material was subjected to 1 hour heating at 400 oC. 

Laboratory blanks were performed in each sample batch and were used to implement 

appropriate corrections to the results. Chromatographic blanks were also performed, 

but no memory effects or system contamination were detected.  

 

5.3. Results and discussion 
 

5.3.1 Extraction and clean-up optimization 

The extraction of compounds from complex matrices, such as industrial or amended 

soils, is seen as a major challenge because of the wide variety of compounds and high 

organic matter content that these matrices may contain, making the analysis difficult 

and requiring time-consuming cleaning procedures. QuEChERS methodology emerges 

as a possible solution. This is a technique that combines extraction with clean-up, it is 

considered an environmentally friendly methodology (due to the small amount of 

solvent used and with low toxicity) and it is fast and non-labour intensive. Since no 

QuEChERS methodologies were reported for SMCs and UVFs extraction from soils, the 

methodology proposed by Pang et al. (2016) and developed for the extraction of 

pesticides was used as a starting point.  

In that study, 5 g of homogenized soil was extracted in an ultrasonic bath with a mixture 

of ACN, acetic acid and water. In the new proposed approach, 4 mL of ultrapure water 

was added to the soil sample at the beginning of the process, allowing soil particles to 
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be hydrated more easily. This is crucial to allow greater penetration of the extraction 

solvent, which should be added later. SMCs and UVFs are compounds structurally 

different from the pesticides, therefore, the addition step of acetic acid was eliminated, 

and several extraction solvents were tested: ACN, Ac, Ac/Hex (1:1, v/v), EA and EA/Hex 

(1:1, v/v). Due to the water addition, NaCl and MgSO4 were added in the first step of the 

QuEChERS methodology. The NaCl was used to promote a salting-out effect, while 

MgSO4 was added to remove the aqueous phase by hydration, promoting the 

partitioning of the target analytes into the organic layer. After centrifugation, instead of 

a fraction of the supernatant being transferred to the tube containing the sorbents for 

the dispersive solid-phase extraction (d-SPE), all supernatant volume was transferred in 

order to increase the mass of compounds present in the final extract. In the d-SPE, 

MgSO4 and C18 were used and their quantity set based on the volume increase of 

supernatant. Finally, the samples were evaporated to dryness and reconstituted in 1 mL 

of Hex before analysis.  

The main results from the extraction solvent tests are presented in Figure 5.1. 

Recoveries obtained from samples extracted with ACN ranged between 63 and 138%, 

with relative standard deviations (RSD) below 7%. The solvents EA and EA/Hex (1:1) 

showed lower recoveries for exaltolide (EXA; 48% and 21%, respectively) and for all UVFs 

in general (around 70%), with RSD values between 1 and 26%. Ac and Ac/Hex (1:1) 

presented the best results in terms of recoveries (73-119% and 85-129%, respectively) 

and RSD values (<8%). Combining this information with chromatographic issues (peak 

resolution, presence of other interfering contaminants, which hinder chromatographic 

quantification), the Ac/Hex (1:1) proved to be the best solvent for extracting SMCs and 

UVs. An example of chromatograms of blanks, soils, spiked soils and standard is 

presented in Annex 4 (Figures S4.1 and S4.2). 
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5.3.2 Method Validation 
 

5.3.2.1 Linearity, Precision and Accuracy   

Results concerning the method validation are shown in Table 5.2. Calibration curves 

were built injecting directly calibration standards prepared in Hex at concentrations 

ranging from 1 to 1000 µg L-1. All target compounds showed a linear behaviour within 

the studied range, with R2 values greater than 0.996. Instrumental limits of detection 

(ILODs) and quantification (ILOQs) were calculated based on a signal-to-noise ratio (S/N) 

of 3 and 10, respectively. ILODs varied between 0.01 pg (MK) to 5.00 pg (MT). Also, the 

method limits of detection (MDLs) were assessed by the injection of spiked soil samples 

and vary between 0.01 (ADBI) to 10.00 ng g-1 dw (EXA). These values are generally in the 

same order of magnitude than those reported in the literature, although there is not 

much information available for SMCs (0.01 - 1.58 ng g-1 dw) (Aguirre et al., 2014; Chen 

et al., 2014) and none for UVFs.   
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Figure 5.1 Evaluation of the % Recovery of UVFs and SMCs from soils using different extraction solvents (EA; EA/Hex (1:1); Ac; 
Ac/Hex (1:1); ACN). 
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The precision was assessed either by inter- or intra-day precision assays (relative 

standard deviation, %RSD) at different spiking levels (10, 50 and 200 µg g-1 dw), in 

triplicate. The proposed methodology can be considered precise, since the RSD values 

vary between 1 and 4%, which are quite acceptable considering this type of complex 

matrix. Accuracy was measured by recovery tests, using three replicate spiked samples 

at the same spiking levels mentioned before (10, 50 and 200 µg g-1 dw). Recoveries vary 

from 81±2% (ATII and AHTN) to 122±4% (MM) and are analogous to those found in the 

literature, using more time-consuming and expensive techniques (Aguirre et al., 2014; 

Chen et al., 2014; Wang et al., 2013). The surrogates presented recoveries of 87±10% 

for 4MBC-d4, 64±5% for AHTN-d3 and 78±5% MX-d15. All data found in the literature 

on UVFs are related to compounds not studied in this paper, such as salicylates, 

benzophenones (BP-1, -2, -3, -6, -8 ), homosalates and benzotriazoles (Albero et al., 

2012; Camino-Sánchez et al., 2016; Lai et al., 2014; Sánchez-Brunete et al., 2011). This 

means that the information presented in this paper is a novelty for the scientific 

community. To the authors’ best knowledge, the proposed method is the first one that 

can be applied for the simultaneously determination of polycyclic, macrocyclic and nitro 

musks and UVFs from soils. 
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Table 5.2 Main validation parameters for the QuEChERS-GC–MS/MS methodology proposed. 

Compounds 
Linearity 

Range 
(µg L-1) 

R2 
ILOD 
(pg) 

ILOQ 
(pg) 

MDL 

(µg g-1 dw) 

MQL 

(µg g-1 dw) 

Inter-day precision (%RSD) 
Accuracy ± Intra-day precision 

(%mean recovery ± RSD) 

10  

µg g-1 dw 

50  

µg g-1 dw 

200  

µg g-1 dw 

10  

µg g-1 dw 

50  

µg g-1 dw 

200  

µg g-1 dw 

BZ 1 - 1000 0.996 0.27 0.91 0.09 0.31 3 2 1 100±4 106±2 102±1 

4MBC 1 - 1000 1.000 0.68 2.27 1.16 3.87 1 2 1 120±3 119±1 119±2 

EDP 1 - 1000 1.000 0.60 2.00 0.15 0.49 1 1 1 101±3 102±2 106±3 

EMC 1 - 1000 1.000 0.05 0.17 0.05 0.15 3 1 1 94±3 98±2 94±1 

OC 1 - 1000 1.000 0.29 0.98 0.21 0.69 2 1 2 96±6 101±2 97±1 

DTS 1 - 1000 1.000 1.50 5.00 0.02 0.08 3 2 1 119±3 119±2 114±2 

DPMI 1 - 1000 0.999 0.75 2.50 0.12 0.41 3 1 2 109±4 105±6 98±1 

ADBI 1 - 1000 1.000 0.04 0.15 0.01 0.02 1 3 1 97±2 83±1 86±1 

AHMI 1 - 1000 1.000 0.54 1.79 0.02 0.06 3 3 1 113±2 84±2 89±4 

ATII 1 - 1000 1.000 1.00 3.33 0.26 0.88 5 3 3 109±5 94±3 81±1 

EXA 1 - 1000 0.999 3.75 12.50 10.00 33.34 2 2 1 106±3 105±5 107±2 

HHCB 1 - 1000 1.000 0.58 0.10 0.10 0.34 1 4 1 98±2 94±2 93±2 

AHTN 1 - 1000 1.000 0.33 1.11 0.08 0.27 1 2 3 97±5 89±2 81±2 

EB 1 - 1000 1.000 3.00 10.00 3.85 12.83 2 4 2 84±1 87±2 95±2 

MA 1 - 1000 1.000 1.88 6.25 0.13 0.42 3 4 1 101±2 110±2 106±3 

MX 1 - 1000 1.000 2.14 7.14 0.15 0.50 1 4 1 94±3 95±3 93±4 

MM 1 - 1000 1.000 1.14 3.79 0.06 0.19 2 2 1 122±4 118±2 120±2 

MT 1 - 1000 1.000 5.00 16.67 0.10 0.32 2 2 2 91±5 86±1 89±2 

MK 1 - 1000 1.000 0.01 0.03 0.02 0.05 2 3 2 83±3 86±2 83±1 

 

 



Part III: UV-Filters and Synthetic Musk Compounds – analytical methods for quantification in environmental matrices 

203 

5.3.3 Applicability studies 

The suitability of the developed method was assessed by the study of the occurrence of 

the target compounds in different soil samples, in a sewage sludge-based fertilizer and 

in an amended-soil. Each sample was processed in triplicate as described above. The 

concentrations of the studied contaminants are summarized in Table 5.3. 

Table 5.3 . Contaminants detected in different soils, fertilizer and amended-soil. Mean results are expressed in ng g−1 
dw (n=3). The prediction of Maximum Expected Concentration (M.E.C.) in the amended-soil is also presented. 

UVFs/ 

SMCs 
A1 A2 B G I SY F AS M.E.C. 

BZ 5.59±0.04 2.8±0.3 4.8±0.2 158±3 20±1 19±1 205±13 8.7±0.3 30 

4MBC nd <MQL Nd <MQL nd 12.8±0.8 49±2 13.8±0.4 7 

EDP 4.23±0.06 nd 4.8±0.2 nd 4.23±0.06 4.40±0.06 nd nd - 

EMC nd 4.09±0.02 Nd 1.8±0.1 1.59±0.01 6±3 1.7±0.6 4.31±0.01 2 

OC nd 5.21±0.01 6±1 3.3±0.5 3±1 137±8 1519±22 84±2 212 

DTS nd nd Nd nd nd 7±1 1629±53 56±2 225 

DPMI nd nd Nd nd nd Nd 58±6 1.36±0.05 8 

ADBI nd nd Nd 0.46±0.03 nd Nd 33±1 1.62±0.01 5 

AHMI nd 0.92±0.01 Nd nd nd Nd 6.8±0.1 1.04±0.01 1 

ATII nd nd Nd 9.0±0.8 nd Nd nd 2.52±0.02 - 

EXA nd <MQL Nd nd nd Nd nd nd - 

HHCB nd 5.3±0.2 4.8±0.8 <MQL <MQL 6.8±0.9 17,140±594 341±5 2367 

AHTN nd 2.2±0.1 Nd nd nd 3.7±0.4 4416±198 88±1 610 

EB nd nd <MQL nd <MQL <MQL nd nd - 

MA nd nd nd nd nd Nd nd nd - 

MX nd nd nd nd nd Nd nd nd - 

MM nd nd nd nd nd Nd nd nd - 

MT nd nd nd nd nd Nd nd nd - 

MK nd nd nd nd nd Nd 15.07±0.04 nd 2 

Total 
per 
site 

9.8±0.1 20.5±0.4 20±1 172±3 29±1 196±9 25,073±890 602±11 3,469 

Obs.: A1 and A2 (Agricultural), B (Beach), G (Garden), I (Industrial), SY (School yard); F (Fertilizer); AS (Amended-soil); 
M.E.C. (Maximum Expected Concentration in the amended-soil); <MQL (below method quantification limit): nd – not 
detected. 

The soil presenting most compounds of all classes is the school yard (SY) soil, where 9 

out of 19 compounds were detected. This soil also presented the highest total 

concentration of UVFs and SMCs, reaching a total of 196±9 ng g-1 dw. It was collected in 

an area where cleaning waters, containing residues of household products, are often 

disposed and students hang for long periods, which means that these PCPs may 

accumulate in this matrix (i.e. through particle deposition). Also, the garden soil (G) is 

one of the collected samples with a larger number of compounds and these were 

detected at high levels (total of 172±3 ng g-1 dw. It presented the higher amount of BZ, 

which may be explained by the utilization of plastic flowerpots and, for example, 
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agricultural chemicals. In fact, BZ may be used with different purposes. It is usually 

applied as an ultraviolet filter in sunscreens and cosmetics and UV blocker in plastic 

packaging, coatings and adhesive formulations. However, it can also be used as an 

aroma ingredient, a fragrance enhancer and fixative, but it also can be used in  the 

production of insecticides and agricultural chemicals, some pharmaceuticals and 

laundry and household cleaning products (Working Group on the Evaluation of 

Carcinogenic Risk to Humans, 2013). All these applications lead to a greater likelihood 

of environmental contamination, since its availability is greater in a wide range of 

products and consequently its disposal. In this specific case, the use in agricultural 

chemicals may be a likely source of this contamination. In the beach soil (B), most 

compounds detected were UVFs, apart from the HHCB (a very common SMC), which 

could indicate than the main source of contamination is the use of sunscreens and other 

personal care products by people who go to the beach. In this case, the total 

concentration found reached 20±1 ng g-1 dw. The industrial soil (I) showed the presence 

of 4 UVFs (BZ, EDP, EMC and OC – total concentration of 29±1 ng g-1 dw). Although the 

industry is not related to the production of these compounds, it is located near the 

beach, which may explain the obtained results. In fact, the total levels found in I and B 

soil are similar. Among agricultural soils, A2 present the higher number of compounds 

and total UVFs and SMCs concentration (20.5±0.4 ng g-1 dw). This soil was collected in 

an agricultural area near a construction site. In addition, a music festival took place near 

the location where the sample A2 was collected, which can also help to explain the high 

levels found. On the other hand, the agricultural soil A1 has been fallow, which also may 

explain the lowest levels found.  

As previously mentioned, soil A2 has the highest percentage of clay (near 5%), with a 

range of particles varying between 0 and 2 µm (Table 5.1). Since one of the properties 

that leads to the compounds’ adsorption to the soil is the amount of clay - smaller 

particles have a larger surface area (Drillia et al., 2005), it is normal that soil A2 may 

present a slightly higher adsorption capacity. Nevertheless, the soil SY has the highest 

percentage of organic carbon available (around 15%), followed by the soil G (around 

8%), which is the main property to the compounds adsorption to soils (Drillia et al., 
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2005). This may explain why these soils present the higher total concentration of the 

contaminants. 

To the authors’ best knowledge, no information regarding the UVFs detection in soils (at 

least the ones under scrutiny) is available in the literature, but only some information 

on SMCs can be found (Domínguez-Morueco et al., 2018). SMCs have been detected in 

industrial soils in concentrations ranging from 0.05 and 5.24 ng g-1 (Muller et al., 2006), 

in urban areas from not detected to 2.87 ng g-1  (Federle et al., 2014) and in agricultural 

soils in concentrations similar to this study ranging from <0.07- 7.22 ng g-1  (Zheng et al., 

2019). The concentrations found in these studies are of the same order of magnitude as 

those found in the present study. Nevertheless in biosolid-amended soils, these 

compounds were found in higher concentrations, ranging from 2.4 to 67.5 ng g-1 and 

from 0.7 to 29.0 ng g-1 (HHCB and AHTN, respectively) (Chen et al., 2014) after repeated 

applications. MK was also detected (6.5 – 7.8 ng g-1) (Aguirre et al., 2014).  

In this study, sewage sludge-based fertilizer was applied to agricultural soil (A2). The 

fertilizer presented levels of the target compounds ranging from 2 to 17,140 ng g-1 dw. 

After analysis of the amended-soil, concentrations between 1 and 341 ng g-1 dw were 

found, which are higher than those found in the initial soil. By analysing the Maximum 

Expected Concentrations calculated by Eq.1, higher concentrations were found for HHCB 

(341 ng g-1), AHTN (88 ng g-1), OC (84 ng g-1) and DTS (56 ng g-1) in the amended-soil. 

However, in general, lower levels (80%) than expected were found. This may indicate 

that part of the target compounds may volatilize or biodegrade. Nevertheless, the 

presence of target compounds increased in the amended-soil for all compounds, 

especially for those whose concentration in the fertilizer was considerably high. 

Therefore, it is possible to confirm an accumulation potential of the target compounds 

in the soil. Accumulation in soils is somewhat expected given their lipophilic nature and 

their high log Koc, which means that they are strongly adsorbed onto soil and organic 

matter.  

The presence of these compounds in the soils (amended or not) may be considered an 

environmental and public health problem. Thus, it is essential to create or update the 

existing regulations, regarding this kind of emerging pollutants and to develop 

alternative management systems. 
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5.4. Conclusions 

A QuEChERS methodology was successfully validated for the extraction of 13 SMCs and 

6 UVFs from soils. The analysis was performed by GC-MS/MS. This methodology 

conducted to good recoveries (81-122%) and precision (RSD<10%) and low detection 

limits (ILOD: 0.01- 5.00 pg; MDL: 0.01-10.0 ng g-1 dw). The analysis of seven soil samples 

confirmed the applicability of this method, showing that soils from different areas 

present distinct levels of UVFs and SMCs. BZ was the compound detected at higher 

concentrations (2.8-158 ng g-1 dw). The study in which sewage sludge-based fertilizer 

was applied to soil (amended-soil) revealed concentrations from 1.04 (AHMI) to 341 ng 

g-1 dw (HHCB), showing that there is an accumulation potential of the target 

contaminants. This study proves that an environmentally friendly methodology as 

QuEChERS can be easily implemented in all laboratories to routinely analyse UVFs and 

SMCs in soils. 
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Abstract 

A Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) methodology followed by 

gas chromatography-tandem mass spectrometry (GC-MS/MS) analysis was developed 

to extract thirteen synthetic musk compounds (SMCs: cashmeran, celestolide, 

phantolide, traseolide, galaxolide, tonalide, musk ambrette, musk xylene, musk ketone, 

musk tibetene, musk moskene, ethylene brassylate and exaltolide) and six ultraviolet-

filters (UVFs: 2-ethylhexyl 4-dimethylaminobenzoate, 3-(40-methylbenzylidene) 

camphor, 2-ethylhexyl 4-methoxycinnamate, 2-ethylhexyl 2-cyano-3,3-

diphenylacrylate, benzophenone and drometrizole trisiloxane) from tomatoes. The 

proposed methodology was optimized: 2 g of freeze-dried tomato was extracted with 4 

mL of water and 10 mL of ethyl acetate, adding 6 g of MgSO4 and 1.5 g of NaCl, then a 

dispersive solid-phase extraction was performed using 3 g of MgSO4, 300 mg of primary-

secondary amino adsorbent (PSA) and 300 mg of octadecyl-silica (C18). Validation 

delivered recoveries between 81 (celestolide) and 119% (musk tibetene), with relative 

standard deviations <10%. The instrumental limit of detection varied from 0.02 (2-

ethylhexyl 4-methoxycinnamate) to 3.00 pg (exaltolide and musk xylene). Regarding the 

method quantification limits, it ranged between 0.4 (celestolide) and 47.9 ng g-1 dw 

(exaltolide). The method was applied to different varieties of tomatoes (Solanum 

lycopersicum), revealing UVFs and SMCs between 1 and 210 ng g-1 dw. Higher 

concentrations were found for benzophenone (29-210 ng g-1 dw) and galaxolide (9-53 

ng g-1 dw). The risk associated to the ingestion of contaminated tomatoes has also been 

estimated, showing that a potential health risk is unlikely. 

 

 

Keywords: UV-Filters; Synthetic musk compounds; Tomatoes; QuEChERS; GC-MS/MS; 

Daily intake. 
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6.1. Introduction 

In recent years, a growing concern has arisen in the scientific community with a new 

class of pollutants, the so-called “emerging pollutants”. They are massively used and the 

wastewater treatment plants (WWTPs) are ineffective in their removal, which leads to 

(bio)accumulation in the environment, with evidence of accumulation in the trophic 

chains in aquatic environments (Ramos et al., 2016; Sauvé and Desrosiers, 2014). 

Regarding emerging pollutants, different classes are considered of concern, such as 

pesticides, pharmaceuticals, personal care products (PCPs), plasticizers, hormones, 

flame retardants, nanoparticles, perfluoroalkyl compounds, chlorinated paraffins and 

various trace elements, including radionuclides, etc. (Caldéron-Preciado et al., 2011; 

Sauvé and Desrosiers, 2014). 

Among PCPs, there are two sub-classes of compounds that have been poorly studied 

but are largely used in several cosmetics, toiletries and household products as key 

ingredients in their formulation - ultraviolet-filters (UVFs) and synthetic musk 

compounds (SMCs). Due to their physicochemical properties, such as Log Kow, they are 

considered lipophilic, (bio)accumulative and not biodegradable (Homem et al., 2015; 

Ramos et al., 2015; Zuloaga et al., 2012). Some of the compounds within these sub-

classes are also known to have carcinogenic and endocrine disrupting activity, are 

human respiratory toxicant and cause dermal irritation (Burnett, 2008; ECHA, 2019). 

These compounds can reach the environment either by direct contact or due to down-

the-drain practices, reaching WWTPs, where they are not completely degraded. Thus, a 

fraction may be discharged into the rivers while another part may accumulate in the 

sludge. The sludge disposal may be another route of contamination due to its application 

in agricultural soils as fertilizers, given their high content of macro and micronutrients, 

such as N and P. However, this practice can introduce these pollutants into the food 

chain if crop uptake occurs. To study this behaviour, it is necessary to carry out plant 

uptake studies and, for this, it is essential to develop simple, expeditious and reliable 

analytical methodologies to determine the target pollutants in the studied matrix. 

Notwithstanding that in recent years the analysis of UFVs and SMCs has gained more 

attention (Homem et al., 2015; Ramos et al., 2015), there is still a gap in the literature, 
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regarding analytical methodologies able to determine them in edible crops. In fact, this 

may be explained by the matrix complexity and the low concentrations expected in 

those samples. In fact, the low water solubility of many UVFs and the volatility of SMCs 

make their uptake via roots less important, which results in lower concentrations in 

plants. To overcome these issues, gas chromatography (GC) or liquid chromatography 

(LC) coupled to mass spectrometry (MS) should be the preferable instrumental 

methodologies used to quantify these compounds (Sabourin et al., 2012; Vallecillos et 

al., 2015). 

As mentioned before, less data is available in the literature, regarding methodologies to 

extract and quantify SMCs in edible crops (vegetables and fruits) and no information is 

available for UVFs. Sample preparation usually consists in chopping the sample and 

mixing with several salts/buffers and sorbents like Na2SO4, NaCl, citrates, Florisil, etc., 

performing a matrix solid-phase dispersion (MSPD) (Calderon-Preciado et al., 2011; 

Hurtado et al., 2016). Samples may also be frozen and sonicated or freeze-dried. 

Regarding extraction and clean-up methodologies, pressurized liquid extraction (PLE), 

either alone (Hurtado et al., 2016) or combined with solid-phase extraction (SPE) 

(Calderón-Preciado et al., 2012, 2009; Calderón-Preciado et al., 2011; Calderón-Preciado 

et al., 2011), was the more frequently used analytical method to determine SMCs in 

crops. Alternative employed methodologies were stir-bar sorptive extraction (SBSE) 

(Aguirre et al., 2014), solid-liquid extraction (SLE) (Litz et al., 2007), a Quick, Easy, Cheap, 

Effective, Rugged, and Safe method (QuEChERS) (Macherius et al., 2012) and sonication 

by ultraturrex followed by ultrasound bath and SPE (Fussell et al., 2013). Of all the 

presented methodologies, the QuEChERS technique seemed to be the most appealing, 

once it is as a rather “green” analytical approach, combining the extraction (using low 

amounts of solvents) with the clean-up step (which also employs low amounts of 

sorbents). Moreover, this procedure is rather quick (hence the name) when compared 

to conventional techniques, such as SPE or Soxhlet, and consequently produces smaller 

amount of waste (Perestrelo et al., 2019). Due to its simplicity and easiness to perform, 

a person with little training or technical skill can perform this method. Moreover, few 

equipment is needed and cost with reagents is low. This methodology has also the 

advantage of potentially high recoveries and low detection limits (Bragança et al., 2012). 
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Although this technique has mainly been used for the analysis of pesticides in vegetables 

and fruits (Li et al., 2014), more recent studies suggest the use of QuEChERS for the 

determination of other environmentally relevant compounds, such as pharmaceuticals 

(Cerqueira et al., 2014; Kim et al., 2019; Zhang et al., 2019) and PCPs (e.g. UVFs and 

SMCs) (Macherius et al., 2012). 

Thus, the purpose of this work was to develop and validate a sensitive, reliable and fast 

multiresidue methodology based on a QuEChERS/GC-MS/MS for the determination of 

six UVFs and thirteen SMCs in tomatoes. Subsequently, the developed methodology was 

used to analyse several tomato samples from supermarkets. Based on the obtained 

results, primary exposure and risk of human consumption was estimated. Tomatoes 

were chosen for this study based on European and national production and 

consumption habits, as well as due to their frequent use in plant uptake trials as they 

may grow all year in agricultural fields or greenhouses. 

 

6.2. Materials and methods 
 

6.2.1. Standards and reagents 

The description of standards preparation has been described in a previous publication 

(Ramos et al., 2019). Briefly, the compounds under study were SMCs, divided in: 

polycyclic musks – cashmeran (DPMI), celestolide (ADBI), phantolide (AHMI), traseolide 

(ATII), tonalide (AHTN) and galaxolide (HHCB) from LGC Standards (Barcelona, Spain); 

nitro musks - tibetene (MT) and moskene (MM), from LGC Standards, ambrette (MA) 

and ketone (MK) from Dr. Ehrenstorfer (Augsburg, Germany) and xylene (MX) from 

Sigma- Aldrich (St. Louis, MO, USA); macrocyclic musks - exaltolide (EXA) and ethylene 

brassylate (EB) from Sigma-Aldrich. Surrogate standards used were musk xylene-d15 

(MX-d15) and tonalide-d3 (AHTN-d3) from Dr. Ehrenstorfer (Augsburg, Germany) and 

(±)-3-(-4-methylbenzylidene-d4) camphor (4MBC-d4) from CDN Isotopes (Pointe-Claire, 

Quebec, Canada). The UVFs in this study were: 2-ethylhexyl 4-dimethylaminobenzoate 

(EDP), 3-(40-methylbenzylidene) camphor (4MBC) from Alfa Aesar (Karlsruhe, 

Germany), 2-ethylhexyl 4-methoxycinnamate (EMC), 2-ethylhexyl 2-cyano-3,3-
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diphenylacrylate (OC), benzophenone (BZ) from Sigma-Aldrich (St. Louis, MO, USA) and 

drometrizole trisiloxane (DTS) from Fluka (Saint Louis, MO, USA). 

To optimize the extraction method, several solvents (all analytical grade) and sorbents 

were used: acetone (Ac), acetonitrile (ACN), hexane (Hex) and ethyl acetate (EA) from 

VWR BDH Prolabo (Fontenay-sous-Bois, France), sodium chloride (NaCl), ultrapure 

water from Merck (Darmstadt, Germany), anhydrous magnesium sulphate (MgSO4), 

dried at 450 oC for 12 h, from Panreac AppliChem (Barcelona, Spain), primary and 

secondary amine exchange bonded silica sorbent (PSA), octadecyl-silica (C18) and 

Supelclean Envicarb from Supelco (Bellefonte, PA, USA). 

Stock solutions of individual compounds were prepared in both Hex and ACN in 

concentrations between 1 and 5 g L-1. Stock solution in ACN were used to prepare spike 

mix solutions in concentrations of 15, 75 and 150 µg L-1 in ACN and the ones in Hex to 

prepare the analytical control and calibration standards (1 - 1000 µg L-1). All standards 

were preserved at -20 oC and protected from the light. 

 

6.2.2. Sample collection and pre-treatment 

Six different varieties of tomato samples were purchased in 2018 at local supermarkets 

(Table S5.1 in Annex 5). Samples were packed in polypropylene bags and washed with 

tap water. Then, samples were cut in small pieces and chopped in a blender (Ergo Mix, 

Bosch, 600 W). After this process, samples were frozen and freeze-dried in a Virtis 

Benchtop K Freeze Dryer (SP Scientific, New York, USA) for 3 days (until constant weight). 

Water content each variety was determined by this procedure. 

 

6.2.3. Sample extraction 

The QuEChERS methodology was chosen to extract the samples, which were analysed 

in triplicate. Briefly, 2 g of freeze-dried sample was placed in a 50 mL Falcon tube 

(polypropylene tube with conical bottom), and 125 ng of surrogate solution (MX-d15, 

AHTN-d3 and 4MBC-d4) was added. Then, 4 mL of ultrapure water was mixed with the 

sample and vortexed for 1 min. Ten mL of EA (chosen solvent) was also added to the 

tube, and vortexed again for 1 min. After this, the mixture was ultrasonicated for 15 min 
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at room temperature in a 420 W ultrasonic bath (J.P. Selecta, Barcelona, Spain). Then, 6 

g of MgSO4 and 1.5 g of NaCl (used to adjust the ionic strength) were added to the 

sample tube. The extract was rapidly vortexed for 1 min and then, the organic phase 

was separated by centrifugation at 2670 x g for 15 min. The organic phase was 

transferred to a conical polypropylene tube containing 3 g of MgSO4, 300 mg of PSA and 

300 mg of C18. The tube was vortexed again for 1 min and centrifuged in the same 

conditions mentioned above. The supernatant was carefully removed to a 12 mL amber 

vial, evaporated to dryness under a gentle N2 stream and solubilized in 500 µL of Hex. In 

the end, the final extract was shifted to an amber vial for instrumental analysis. 

 

6.2.4. GC-MS/MS analysis 

The description of the instrumental analysis is detailed in Ramos et al. (2019). Briefly, 

the analysis was conducted on a gas chromatograph coupled to a triple quadrupole mass 

spectrometer from Bruker (Massachusetts, EUA). Used column was a J&W CP-Sil 8 CB 

capillary column (50m x 0.25mm I.D. x 0.12 µm) from Agilent Technologies (Santa Clara, 

California, EUA). Helium (99.999%) was used as a carrier at a constant flowrate of 1.0 

mL min-1. Injector was set to 280 oC and 2 µL of sample were injected in splitless mode. 

GC oven temperature program started at 70 oC for 1 min, raised to 180 oC at 25 oC min-

1, then 10 oC min-1 until 240 oC and finally 25 oC min-1 until 300 oC (for 5 min). Further 

parameters are listed in Table S5.2 in Annex 5. 

 

6.2.5. Validation procedure 

The analytical method was validated using the procedure suggested by Eurachem 

(Magnusson and Ornemark, 2014). Therefore, linearity, limits of detection and 

quantification, precision, accuracy and the global uncertainty were assessed. 

Linearity was evaluated by the direct injection of calibration standards prepared in Hex, 

containing all target compounds of UVFs and SMCs at different levels (1 - 1000 µg L-1). 

Response factors were calculated (RF=Areacompound/Areasurrogate standard), using 4MBC-d4, 

AHTN-d3 and MX-d15 as surrogate standard (250 µg L-1), and then correlated to 

standards concentrations. 
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Both instrumental and method detection/quantification limits (IDLs/IQLs, MDLs/MQLs) 

were calculated. The IDLs were determined by the injection of calibration standards, 

while MDLs were determined through spiked tomato samples. Both limits were 

calculated based on a signal-to-noise ratio (S/N) of 3 and 10, respectively. Nevertheless, 

the MDLs also consider the standard deviation of the replicates of the spikes and a t-

student factor.  

The method's accuracy was assessed by performing recovery tests, extracting tomato 

samples spiked at three concentrations (4, 19 and 38 ng g-1 dw). The precision was 

assessed both by the repeatability and intermediate precision (intra-day and inter-day 

precision, respectively). The repeatability was evaluated by the relative standard 

deviation (%RSD) of three replicates at different levels of spike (4, 19 and 38 ng g-1 dw), 

while inter-day precision was determined in a similar way, for the same levels of spike, 

but in three different days. 

 

6.2.6. Quality assurance and control (QA/QC) 

UVFs and SMCs are incorporated in almost every personal care and household product. 

Therefore, preventive measures needed to be taken to avoid external sample 

contamination. In the laboratory, no scented products were allowed for cleaning 

purposes. Also, the analysts performing the experiments took extra precautions related 

to the daily routine care products they use. To guarantee proper decontamination of the 

material, calibrated glassware was rinsed with an appropriated solvent, other glassware 

was further subject to 1-h bakeout at 400 oC. Laboratory blanks (where no sample was 

used, but the procedure followed was the same) were performed and analysed in order 

to identify background levels of the target analytes and implement appropriate 

corrections to the results. Chromatographic column blanks were regularly performed, 

but no carry-over or system contamination was detected. 

 

6.2.7. Exposure assessment and risk characterization 

Based on the no observed adverse effect level (NOAEL) values, tolerable weekly intake 

(TWI) was established through application of an uncertainty factor, in this case a factor 

of 100, the most described one (factor used to adjust human variability and different 
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species). In fact, TWI for each compound was calculated, dividing the NOAEL values by 

100 and then multiplying by 7 (to access the weekly intake). TWI is usually expressed in 

mg kg-1 bw week-1, translated in the concentration of the target compound in mg per kg 

of sample multiplied by the body weight (bw) of the consumer (standard of 60 kg) and 

per week (Zarn et al., 2015). Whenever the calculated exposure levels exceed the 

established TWI, risk management mechanisms will have to be triggered (Barlow and 

Schlatter, 2010; Cunha et al., 2015). 

 

6.3. Results and discussion 
 

6.3.1. QuEChERS optimization procedure 

Different parameters that affect QuEChERS extraction, such as extraction solvent, type 

and amount of sorbents were studied. The method was based on a work previously 

described by Macherius et al. (2012) to extract galaxolide, tonalide and triclosan from 

carrot, barley, and meadow fescue plants. 

Preliminary tests were performed using 2 g of freeze-dried sample, which was extracted 

with 10 mL of EA/Ac (1:1, v/v). Resulting extracts were cleaned using 1.8 g of MgSO4, 90 

mg of Supelclean ENVI-Carb (graphitized carbon to remove pigments and nonpolar 

interferences) and 300 mg of PSA (removal of fatty acids, organic acids, and some polar 

pigments and sugars). Obtained results were not satisfactory (Figure 6.1 A), with low 

recoveries for most compounds and a huge matrix effect for 4MBC, OC, DPMI, HHCB 

and EXA (recoveries ≥ 200%). Since tests with Supelclean ENVI-Carb did not provide good 

results, a different procedure was chosen. To improve extraction performance, 4 mL of 

ultrapure water was added to the sample, followed by the addition of 10 mL of EA/Ac 

(1:1, v/v). Then, a drying agent (6 g of MgSO4) and a salt (1.5 g of NaCl) were added. The 

clean-up procedure consisted in the addition of 3 g of MgSO4 (to remove vestigial water) 

and 600 mg of PSA to the extract (Figure 6.1 A). Although a slight improvement was 

observed, a pronounced matrix effect for some compounds was still noticeable (e.g. BZ, 

4MBC, DPMI, HHCB, EXA, EB). Therefore, the addition of a new sorbent in the clean-up 

step was tested. The adopted procedure was similar to that described in the previous 

test, but the dispersive solid-phase (d-SPE) step was performed using 3 g of MgSO4, 300 
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mg of PSA and 300 mg of C18 (to remove lipids and nonpolar interferences). The main 

results are presented in Figure 6.1 B. The results were satisfactory, with recoveries 

varying between 83% (EXA) and 175% (DTS), with an average value of 107% and 

deviations below 10%. 

A new set of experiments was performed to test the effect of the extraction solvent (EA, 

ACN and EA/Ac (1:1, v/v)) and the final reconstitution volume (500 µL and 1000 µL). In 

fact, not only the type of extraction solvent can affect the results, but also the final 

volume of the extract. In a smaller final volume, target compounds will be more 

concentrated, but also interferents that may have not been eliminated. In Figure 6.1 B, 

are presented the results for the previously mentioned experiments. Similar results 

were achieved for the three tested solvents, as well as for the reconstitution volumes. 

Therefore, based on the required time to evaporate with N2, EA was chosen as solvent 

and 500 µL as the final reconstitution volume. The smaller volume was chosen because 

lower detection limits may be reached, with no significant matrix effect. 
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Figure 6.1 Optimization procedure: effect of different sorbents, solvents and final volume of sample reconstitution on 
the recovery and repeatability (error bars) of target compounds from tomato samples spiked at 18.8 ng g−1 (n = 3). 
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6.3.2. Method validation 

As mentioned before, validation of the optimized method was done based on linearity, 

precision, accuracy, detection and quantification limits, matrix effects and global 

uncertainty. 

 

6.3.2.1. Linearity, detection and quantification limits, precision and accuracy 

A good linearity was obtained (1-1000 µg L-1), with correlation coefficients (R2) equal or 

higher than 0.997 for all compounds. Results are presented in Table 6.1. 

IDLs varied between 0.02 pg (EMC) and 3.0 pg (MX and EXA). These values are 

satisfactory since the matrix is very complex. MDLs values ranged between 0.1 (ADBI 

and MK) and 47.89 (EXA) ng g-1 dw. Available information for comparison is scarce, but 

according to the existing studies, it is possible to conclude that the achieved limits in this 

work are lower than those found in the literature (Fussell et al., 2013; Hurtado et al., 

2016). For that reason, this validated methodology is an enhancement in this area, as it 

enables the identification of lower levels of the studied compounds, namely the UVFs 

that were for the first time determined in tomatoes. 

Regarding the method's accuracy, the recovery results obtained were satisfactory, 

ranging between 81 and 115% (Table 6.1). Considering this complex type of matrix and 

intra- and inter-day precision, with RSD values below 10% (average of 5%), this method 

may be considered precise. 
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Table 6.1 Main validation parameters for the QuEChERS-GC–MS/MS methodology. 

Compounds R2 

Interday precision (%RSD) 
Accuracy ± intraday precision (%mean 

recovery ± RSD) IDL  
(pg) 

IQL 
(pg) 

MDL 
 (ng g-1 dw) 

MQL 
 (ng g-1 dw) 4 

ng g-1 dw 
19 

ng g-1 dw 
38 

ng g-1 dw 
4 

ng g-1 dw 
19 

ng g-1 dw 
38 

ng g-1 dw 

BZ 0.998 4 0 8 97 ± 6 96 ± 4 105 ± 6 0.11 0.36 1.12 8.75 

4MBC 0.999 2 2 2 109 ± 8 90 ± 8 87 ± 1 0.22 0.74 0.17 4.78 

EDP 0.999 2 2 0 107 ± 9 103 ± 6 113 ± 4 1.00 3.33 0.47 3.74 

EMC 1.000 4 5 1 106 ± 8 108 ± 9 105 ± 6 0.02 0.07 0.13 1.17 

OC 0.999 7 7 1 106 ± 8 101 ± 8 115 ± 2 0.12 0.39 0.30 2.46 

DTS 0.995 6 5 2 116 ± 6 112 ± 3 97 ± 1 2.00 6.67 0.15 2.86 

DPMI 0.999 4 1 4 111 ± 4 103 ± 6 96 ± 4 0.30 1.00 0.49 2.77 

ADBI 0.999 1 1 4 96 ± 7 81 ± 1 83 ± 3 0.02 0.07 0.06 0.40 

AHMI 1.000 2 1 4 114 ± 2 84 ± 4 84 ± 4 0.11 0.37 0.17 1.22 

ATII 1.000 0 1 2 104 ± 7 90 ± 1 86 ± 5 0.50 1.67 0.05 0.99 

EXA 1.000 2 2 5 101 ± 9 83 ± 5 85 ± 5 3.00 10.00 6.41 47.89 

HHCB 0.999 1 2 1 111 ± 7 106 ± 4 105 ± 4 0.25 0.83 0.40 1.41 

AHTN 1.000 5 2 3 95 ± 6 92 ± 0 86 ± 3 0.30 1.00 0.09 0.87 

EB 0.999 4 8 3 99 ± 7 105 ± 3 90 ± 8 1.00 3.33 0.91 4.21 

MA 0.999 3 2 4 106 ± 3 87 ± 3 92 ± 7 2.00 6.67 0.25 2.22 

MX 0.998 8 1 1 97 ± 2 87 ± 2 85 ± 2 3.00 10.00 0.17 1.97 

MM 0.997 2 2 3 86 ± 4 88 ± 3 91 ± 2 0.15 0.52 0.50 1.70 

MT 0.999 3 2 6 119 ±2 103 ± 6 94 ± 4 2.00 6.67 0.18 1.31 

MK 0.999 4 2 1 89 ± 3 86± 2 83 ± 1 0.04 0.15 0.09 0.65 
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6.3.2.2. Matrix effect 

The utilization of an instrumental technique such as GC-MS/MS is of great help when 

analysing samples with many interferents. Nevertheless, this technique is equally 

vulnerable to matrix effects, able to influence the quantification of compounds. 

Typically, in these cases, matrix-matched calibration is performed. Samples are spiked 

with increasing amounts of the target compounds and the obtained calibration curves 

are used for quantification. However, preparation of this type of calibration curves is 

more labour and time intensive. Therefore, in order to avoid the above mention 

procedure, a matrix effect study was performed. For each compound, the percentage of 

matrix effect (%ME) was calculated accordingly to the following equation: ME (%) ¼ 

[(peak area (spiked extract) - peak area (extract)) - peak area (standard solution)]/peak 

area (standard solution) (Stremel et al., 2018). Results are presented in Figure 6.2, and 

no relevant matrix effects were found, since ME values vary between -20% and 20% 

(Costa et al., 2014; Kaczýnski et al., 2016; Matuszewski et al., 2003; Rutkowska et al., 

2019; Sante, 2015). Therefore, it is not necessary to use matrix-matched calibration and 

quantification of UVFs and SMCs should be performed by direct injection of calibration 

standards in Hex. 

 

Figure 6.2 Matrix effects (%) for each compound analysed in the tomato sample (sample spiked at 5 ng g-1 dw). 

 

6.3.2.3. Global uncertainty 

Global uncertainty evaluated was performed by assessing the main factors of 

uncertainty that affect the whole process. The identification of all sources of error and 
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the estimation and combination of all those factors of uncertainty allow the analysis of 

single contributions and determination of the most meaningful one. Global uncertainty 

arises from four major sources of uncertainty: (U1) the error associated to the 

calibration standards preparation, (U2) the calibration curve, (U3) the precision and (U4) 

the accuracy (Ratola et al., 2006). 

Figure 6.3 A shows the global uncertainty (Uglobal) and how the relative weight of each 

individual source of uncertainty varies for drometrizole trisiloxane (DTS) and Figure 6.3 

B for galaxolide (HHCB), as representative compounds from UVFs and SMCs, 

respectively. 

 

For UVFs (example DTS), the percentage of Uglobal at the high and middle calibration 

levels was 5%; nevertheless, the global uncertainty increases significantly for lower 

concentrations, particularly as they approach the limit of detection. For SMCs (example 

HHCB), the scenario is similar, with percentages of Uglobal being about 10% for the 
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Figure 6.3 Global uncertainty on the left and variation of the relative weight of each individual source of uncertainty on 
the right, for DTS (A) and HHCB (B), as representative compounds from UVFs and SMCs respectively. 
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higher concentration levels, increasing exponentially for lower concentrations, as found 

for UVFs. 

Regarding the variation of the relative weight of each individual source, results are very 

similar. In both cases, the relative contribution of U1 decreases with the decrease of 

concentrations. However, with U2 and U3, results are slightly different. In both cases, 

the weight of U2 increases as concentrations decreases, reaching almost 100% at the 

lowest concentration and the contribution of the U3 decreases as lower concentrations 

are reached. However, U2 has more weight for SMCs, while U3 for UVFs. Regarding U4, 

it does not show a very important input for the Uglobal over all the range of 

concentrations. 

 

6.3.3. Supermarket samples 

Once the proposed methodology has been validated, several samples of tomato were 

analysed in order to assess the fitness of the methodology. The occurrence of the target 

compounds was studied in tomato samples of different varieties purchased at local 

supermarkets. Each sample was processed in triplicate as described above. The 

concentrations of the studied contaminants found in the analysed vegetables are 

summarized in Table 6.2. 

Compounds AHMI, MA, MM, MT and MK were not detected in any sample. Overall, UVFs 

account to maximum levels detected in all samples, with values reaching 210 ng g-1 dw 

for BZ, 45 ng g-1 dw for OC and 22 ng g-1 dw for DTS. Regarding SMCs, maximum levels 

were found in HHCB (53 ng g-1 dw) and MX (15 ng g-1 dw). The levels found for MX are 

concerning, since legislation limits its use in cosmetic products (European Parliament, 

2009). 

Since there are no published studies on the presence of these compounds in tomatoes, 

these values may only be compared with studies in other supermarket fruit/vegetables. 
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Table 6.2 Analytes detected in tomatoes. Results are expressed as ng g−1 dw, mean ± SD (n = 3). 

Compounds P_Pt C_Es C_Pt B_Pt LR_Pt A_N O_Pt B_Sp B_Pt LR_Sp 
U

FV
s 

BZ 66 ± 4 30 ± 3 58 ± 4 49 ± 5 40 ± 5 150 ± 10 76 ± 9 29 ± 2 135 ± 13 210 ± 22 

4MBC nd nd nd nd nd nd nd 6 ± 1 nd <MQL 

EDP nd nd nd nd nd <MQL nd nd nd 5 0 ±1 

EMC 7 ± 1 3.1 ± 0.4 3.9 ± 0.4 6 ± 1 7 ± 1 14 ± 2 13 ± 1 7.0 ± 0.5 6 ± 1 2.3 ± 0.2 

OC 45 ± 5 8 ± 1 10 ± 1 24 ± 2 35 ± 3 11 ± 2 24 ± 1 27 ± 1 19 ± 2 10 ± 1 

DTS 18 ± 3 nd 22 ± 1 9 ± 1 11 ± 1 15 ± 1 nd nd nd nd 

SM
C

s 

DPMI <MQL <MQL <MQL <MQL <MQL 2.5 ± 0.1 2.9 ± 0.1 2.6 ± 0.2 2.6 ± 0.1 3.0 ± 0.2 

ADBI nd Nd nd nd nd 0.72 ± 0.01 nd nd nd nd 

ATII 2.2 ± 0.3 4.5 ± 0.2 2.6 ± 0.1 2.4 ± 0.1 2.2 ± 0.3 2.1 ± 0.2  1.9 ± 0.2 1.9 ± 0.4 1.9 ± 0.2 2.1 ± 0.2 

HHCB 36 ± 1 9 ± 1 31 ± 4 11.1 ± 0.1 17 ± 2 53 ± 4 19 ± 1 12 ± 1 13 ± 1 10 ± 1 

AHTN 3.9 ± 0.1 1.3 ± 0.5 3.4 ± 0.3 1.1 ± 0.1 1.9 ± 0.2 6 ± 1 3.2 ± 0.4 1.4 ± 0.1 1.6 ± 0.1 2.5 ± 0.1 

EXA <MQL <MQL nd nd <MQL <MQL <MQL nd nd nd 

EB <MQL 6 ± 2 8 ± 1 14 ± 3 <MQL 5 ± 1 8 ± 1 9 ± 1 6.3 ± 0.3 11 ± 1 

MX 15 ± 2 nd 13 ± 1 9 ± 1 10 ± 1 nd nd nd nd nd 
OBS.: nd - not detected; Tomato varieties: LR: loose round; B: Bunch; C: Cherry; P: Plum; A: Anairis; O: Oxheart; Countries: Pt- Portugal; Es- Spain; N – Netherlands; <MQL: below method quantification limit. 
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The only available study is from Aguirre et al. (2014), which studied the presence of 

SMCs in lettuce, carrots and pepper. MK (0.03 ng g-1 dw), HHCB (4.6 ng g-1 dw) and AHMI 

(0.0652 ng g-1 dw) were detected in lettuce, ADBI (0.04 ng g-1 dw) in carrots and MA 

(0.07 ng g-1 dw) and AHTN (3.7 ng g-1 dw) in peppers. The results of this study differ 

significantly as Aguirre et al. (2014) detected AHMI, MK and MA. Also, although detected 

levels of ADBI are very similar, higher concentrations of HHCB were found. The great 

variability of these results is not surprising due to the different uptake and translocation 

mechanism among vegetable species. In addition, conditions of agricultural practice 

(e.g. concentration of the components in the irrigation water, fertilizers or sludge e if 

the latter are applied) are unknown when tomatoes are bought in supermarkets. 

However, some authors studied the behaviour of certain vegetables irrigated with 

effluent wastewater or fertilized with sewage sludge, proving the uptake of some 

compounds (Sablayrolles et al., 2006; Shenker et al., 2011; Wu et al., 2012, 2015). For 

instance, in a field study where sewage sludge was applied, HHCB and AHTN were 

detected in lettuce at levels of 198 and 738 ng g-1 dw, respectively. 

 

6.3.4. Exposure and risk assessment 

So far, there are few studies on the determination of the levels of certain contaminants, 

particularly emerging pollutants, to which population is daily exposed through various 

routes. One of these pathways is the consumption of vegetables and fruits. To this day, 

there is no type of guideline that establishes maximum residue levels of the target 

contaminants in these food matrices. Thus, values of NOAEL should be used to estimate 

risk. Though NOAEL are not available for all compounds under study, for most detected 

compounds in the tested samples they could be found in published literature (Burnett, 

2008; Christian et al., 1999; ECHA, 2019; NTP, 2006) and are summarized in Table S5.3 

in Annex 5. 

The possibility of risk to human health due to exposure to UVFs and SMCs through 

ingestion of tomatoes was estimated using wet weight concentrations. Unfortunately, 

some compounds that were detected in the samples (ADBI and ATII) could not be 

included in this analysis due to the lack of NOAEL data. Table 6.3 shows the weekly 
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exposure and the relative contribution of each variety and target compound, for both, 

average concentration and percentile of exposure (P99). Average exposure (mg kg-1 bw 

week-1) were determined in this work and reflect the human consumption of each 

compound per week, due to ingestion of different varieties of tomato (0.5 kg tomato 

per week). The TWI (Tolerable Weekly Intake) was calculated based on the NOAEL 

presented in Table S5.3 (Annex 5), as explained before. 

Table 6.3 Results of the exposure assessment for SMCs and UVFs for different tomato samples. Results of Mean 
exposure (Av. Conc.) are reflected in (µg kg-1 bw week-1) as well as the P99 exposure for each compound and tomato 
variety. 

 TWI_cal 
(µg kg-1 

bw 
week-1) 

Cherry Loose round Bunch Plum Anairis Oxheart 

 

Av. 
Conc. 

P99 
Av. 

Conc. 
P99 

Av. 
Conc. 

P99 
Av. 

Conc. 
P99 

Av. 
Conc. 

P99 
Av. 

Conc. 
P99 

BZ 1,750 193.6 29.8 550.3 107.1 313.6 68.8 292.7 34.1 664.0 77.5 334.3 39.0 
4MBC 1,750   10.7 1.2 25.1 2.9       
EDP 7,000   21.1 2.4     3.8 0.4   
EMC 31,500 15.5 2.0 21.1 3.7 27.7 3.6 29.6 3.4 60.5 7.1 57.6 6.7 
OC 12,250 39.0 5.1 99.4 18.1 103.4 14.1 199.8 23.3 50.4 5.9 104.9 12.2 
DTS 22,223 95.6 11.0 47.3 5.5 41.0 4.7 81.3 9.5 68.3 8.0   

DPMI 700 3.4 0.5 8.1 1.5 9.0 1.4 5.0 0.6 11.1 1.3 12.6 1.5 
HHCB 3,500 89.7 16.0 61.6 9.0 51.7 6.5 159.9 18.7 235.4 27.5 85.5 10.0 
AHTN 350 10.5 1.7 9.8 1.3 6.0 0.8 17.2 2.0 28.2 3.3 14.0 1.6 
EXA 70,000 19.7 2.3 20.3 2.3   20.7 2.4 38.7 4.5 40.7 4.7 
EB 70,000 29.8 3.9 33.0 5.6 44.1 7.3 10.9 1.3 22.0 2.6 34.3 4.0 
MX 1,400 57.3 6.6 45.2 5.2 37.9 4.3 67.0 7.8         

 

According to the performed risk assessment, a potential health risk is not likely, as 

exposure is considerably less than established TWI values. These values are in 

accordance with a study of exposure to SMCs through seafood consumption carried out 

in Catalonia (Spain) (Trabalón et al., 2015) and a study of UVFs and SMCs in seafood 

marketed in Europe (Cunha et al., 2015). 

Regarding risk assessments in tomatoes, only studies with pesticides were found 

(Bhandari et al., 2019; Hlihor et al., 2019; Li et al., 2014; Loughlin et al., 2018; Malhat et 

al., 2017; Yu et al., 2016; Reiler et al., 2015). Pesticides have been studied more often 

than UVFs and SMCs, therefore risk assessment studies have been performed based on 

short-term intake and acute reference doses available in literature. Due to the detected 

levels of pesticides in tomatoes, for some compounds a hazard quotient (HQ) >1 was 

determined, meaning there is risk for some of the studied compounds found in 

tomatoes. In fact, pesticides are commonly applied chemicals in agricultural crops, 

which may explain the risk to human consumption found in some situations. 
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The methodology developed, QuEChERS/GC-MS/MS, has already been described for the 

analysis of environmentally relevant compounds in vegetables and fruits, such as 

pesticides (Li et al., 2014). This methodology, due to its simplicity and easiness to 

perform, is a powerful tool for extracting emerging compounds, such as PCPs. 

In this study, the methodology revealed a good performance, with a high accuracy and 

precision. Detection limits were also a key point of this method, being reliable for the 

quantification of UVFs and SMCs in tomatoes, since they were as low as necessary to 

quantify the target compounds in this matrix (usually lower than 1 ng g-1 dw). The 

method's uncertainty was also appropriate for this kind of analysis. In fact, this 

methodology presented a performance similar to other time-consuming and more 

complex techniques, such as SPE. Therefore, the proposed method presents as mains 

strengths its speed, low waste production and use of solvents (“green” method), low 

cost and high performance when compared to other conventional methodologies. The 

proposed methodology may also be adapted for the determination of the target 

compounds in other crops, which may be considered other main advantage. 

To the authors’ best knowledge, this was the first approach to quantify both UVFs and 

SMCs in market tomatoes and, the first study in which UVFs were quantified in 

fruits/vegetables. Relevant concentrations of UVFs and SMCs could be found in 

fruits/vegetables, when agricultural practices introduce these compounds to their 

growing environment (e.g. irrigation with contaminated waters, addition of sewage 

sludge as fertilizers, etc.). Uptake of these compounds can occur via different pathways 

and move either to the leaves or fruits by translocation mechanisms. There are many 

research publications that prove this uptake of several emerging contaminants by plants 

and indicate that these compounds can be absorbed and introduced into the food chain 

(Karnjanapiboonwong et al., 2011; Sablayrolles et al., 2006; Shenker et al., 2011; Wu et 

al., 2012). Nevertheless, few of these studies analyse market vegetables or fruits, being 

the crops in these studies subjected to specific environmental conditions and 

agricultural practices (e.g. controlled conditions as temperature, humidity and light 

exposure) that may influence their exposure to the target contaminants. 

Therefore, the analysis of market fruit/vegetables is important to understand the levels 

of contamination the population is usually exposed to, while studies in controlled 
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environment may be performed to study the uptake extension and its relationship with 

the levels present in the soil/irrigation waters and the mechanisms involved. 

 

6.4. Conclusions 

In this study, a QuEChERS methodology combined with GC-MS/MS analysis has been 

optimized and validated and proved to be an efficient and reliable method for the 

simultaneous analysis of SMCs (6 polycyclic, 2 macrocyclic and 5 nitro musks) and UVFs 

(6 compounds) from tomatoes. 

The validated method yielded good recoveries for the sample matrix tested (81 - 119%), 

with RSD values typically below 10%. Minor matrix effects were found, which did not 

affect quantification. The developed extraction procedure was successfully applied to 

analyse of different varieties of tomatoes (e.g. cherry, loose round, bunch, plum, Anairis 

and oxheart). Among all analysed samples, concentrations varied between 1 (AHTN) and 

210 (BZ) ng g-1 dw. The most frequently detected compounds were UVFs BZ, EMC and 

OC, whereas for SMCS were ATII, HHCB and AHTN. 

Relevant concentrations of UVFs and SMCs can be found in fruit/vegetables, such as 

tomatoes, when agricultural practices introduce these compounds to their growing 

environment. Therefore, sampling and analysis of market tomatoes is important to 

better understand the levels of contamination to which populations are exposed. 

To the authors’ best knowledge, this is the first attempt focused on the analysis of UVFs 

and SMCs in tomato samples and on the assessment of human populations exposure to 

these compounds through an integrated approach. Although most UVFs and SMCs were 

detected in the analysed samples, human exposure levels estimated based on detected 

concentration levels in raw tomato samples were far below the estimated toxicological 

reference values. These findings and conclusions were based on the available data and 

should be interpreted with attention as variability and restrictions are involved. 

Although this sampling was only restricted to local supermarkets in Portugal, some 

analysed tomato species were imported from other countries, showing that this is not a 

geographically restricted problem. Nevertheless, these results must be considered as a 
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“first screening” of UVFs and SMCs in vegetables. Future research in this specific area is 

recommended to account for multiple exposure routes. 
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In this section, studies of plant uptake and translocation grown in amended soils are presented. 

The analytical methodologies developed in Part III are essential tools to understand the uptake 

mechanism of UVFs and SMCs in a pot system, between amended soil and tomato plants. 
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Abstract 

In the last years, the number of wastewater treatment plants (WWTPs) has increased 

and consequently, the sewage sludge production. This residue is very rich in crop 

nutrients, which make it prone to be used as organic fertilizer/conditioner in agricultural 

fields. However, the presence of numerous emerging pollutants in these fertilizers, such 

as personal care products (PCPs), has raised concern, namely their potential 

accumulation in the soil and then their transference to food crops. Therefore, the main 

goal of this study was to study the potential plant uptake and translocation of 

ultraviolet-filters (UVFs) and synthetic musk compounds (SMCs). A total of 6 UVFs and 

13 SMCs were analysed in the Micro-Tom tomato fruit grown in soil amended with a 

commercial sewage sludge-based organic fertilizer. Most of the studied compounds 

were detected in the tomato fruit, in concentrations ranging from 4.0 to 95.8 ng g-1 dw 

for UVFs, 2.6 to 64.7 ng g-1 dw for polycyclic SMCs, 22.4 to 187.0 ng g-1 dw for macrocyclic 

SMCs and 1.4 ng g-1 dw for nitro SMCs (musk ketone). This indicates a potential uptake 

of these emerging pollutants and a subsequent translocation to the fruits. Nevertheless, 

no risk was observed by the estimation of the weekly exposure dose and hazard 

quotients (HQ < 0.02). 
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7.1  Introduction 

Wastewater treatment has evolved into an important mechanism used to protect public 

health. However, during conventional wastewater treatment, solid residues are 

produced along the process and may accumulate pathogens, micropollutants, heavy 

metals and other hazard substances (Evgenidou et al., 2015). The solids produced are 

typically processed in an anaerobic digester, in which the organic matter suffers 

bacterial breakdown in the absence of oxygen. The resulting solids, commonly known as 

biosolids, may be used in agriculture because they contain high concentrations of 

essential crop nutrients, especially nitrogen (N), phosphorous (P) and potassium (K). The 

nutrients are recycled into crop production and are used instead of inorganic fertilizers 

(Apedaile, 2001). Concerns related to the safety of these biosolids led wastewater 

treatment plants (WWTPs) to sanitize the final product through aerobic/anaerobic 

stabilization and composting, in order to be marketable (composted biosolids). 

Nevertheless, sewage sludge and sewage sludge-based fertilizers are known to contain 

a wide range of different classes of emerging contaminants (Prosser and Sibley, 2015; 

Rodríguez-Rodríguez et al., 2012; Sablayrolles et al., 2006; Sabourin et al., 2009; Sharma 

et al., 2017). Although the use of organic fertilizers is beneficial for soil and crops, it may 

be contributing to increase the amount of emerging contaminants in the receiving soil 

and then, be potentially taken up and translocated to crops, entering into the food chain 

(Qin et al., 2015; Shenker et al., 2011). 

In recent years, a growing concern with personal care products (PCPs) has arisen since 

this class of compounds is continuous and massively used. Among PCPs, there are two 

classes that have been poorly studied, but are extensively used as ingredients in the 

formulation of a wide range of cosmetics, toiletries and household products - the 

ultraviolet-filters (UVFs) and the synthetic musk compounds (SMCs). The UVFs have as 

main function block or absorb ultraviolet radiation, while SMCs are fixative aroma 

compounds. Due to their physicochemical properties, they are considered lipophilic, 

bioaccumulative and are not readily biodegradable. Thus, when they reach WWTPs are 

not effectively removed, accumulating in the sewage sludge.  
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Notwithstanding that in recent years the analysis of UVFs and SMCs has gain more 

attention (Aguirre et al., 2014; Calderón-Preciado et al., 2013, 2012; Diana Calderón-

Preciado et al., 2011; Fussell et al., 2013; Hurtado et al., 2016; Lai et al., 2014; Litz et al., 

2007; Macherius et al., 2012), there is still a gap in the literature regarding their potential 

translocation and partitioning behaviour in the amended-soil-plant system. In fact, few 

uptake experiments were found in the literature and most focused on the study of SMCs, 

namely galaxolide (HHCB) and tonalide (AHTN) (Calderón-Preciado et al., 2012; D. 

Calderón-Preciado et al., 2011; Diana Calderón-Preciado et al., 2011; Hurtado et al., 

2016; Litz et al., 2007; Macherius et al., 2012). From those, some were dedicated to plant 

uptake by irrigation with contaminated water (Calderón-Preciado et al., 2013; D. 

Calderón-Preciado et al., 2011; Diana Calderón-Preciado et al., 2011; Hurtado et al., 

2016) and others to biosolid-amended soil (Litz et al., 2007; Macherius et al., 2012). 

Several empirical and process-based models have been developed to try to predict the 

concentration of compounds in plants. Litz et al. (2007) (Litz et al., 2007) performed in 

vitro and field experiments to determine the uptake of the musk fragrances by lettuce 

and carrots, applying sewage sludge to soils. The authors concluded that considerable 

amounts of HHCB and AHTN were taken up only by the carrot roots and the selected 

polycyclic musk compounds showed high adsorption to soil. Macherius et al. (2012) 

(Macherius et al., 2012) also studied the uptake of HHCB and AHTN by barley, meadow 

fescue, and four carrot cultivars in spiked soils (10 mg kg-1 dw) under greenhouse 

conditions. The authors concluded that different crops can uptake different amounts of 

the target compounds. For example, barley and meadow fescue roots incorporated 

higher amounts of the target substances than carrots, but translocation into the leaves 

was negligible. However, the authors concluded that the introduction of HHCB and 

AHTN into the food chain via edible plants of carrots could be of certain relevance when 

sludge is applied as fertilizer. 

Therefore, the aim of this work was to evaluate the uptake and translocation of six UVFs 

and thirteen SMCs to edible portions of tomato (Solanum lycopersicum L. cv. Micro-Tom) 

grown in composted biosolids-amended soils, using climate chambers (controlled 

conditions of temperature, humidity and light exposure). Tomato was selected because 

it represents an edible fruit crop, being one of the most produced and consumed 
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nationally. In 2018,  Portugal produced 1.2 million tons for the tomato industry and 

tomato for fresh consumption was the largest crop production (104,000 tonnes) (INE, 

2019). Results from this study may be used as a first step in prioritizing emerging 

contaminants for future evaluations and to improve the understanding of human 

exposure to PCPs. To our knowledge, this study is the first to investigate the uptake and 

translocation of UVFs and SMCs in tomato from compost-amended soils. 

 

7.2. Materials and Methods  
 

7.2.1 Chemicals 

Native synthetic musks (cashmeran, celestolide, phantolide, traseolide, galaxolide, 

tonalide, musk ambrette, musk xylene, musks moskene, musk tibetene, musk ketone, 

exaltolide and ethylene brassylate) and UV-filters standards (benzophenone, 3-(4’-

methylbenzylidene) camphor, ethylhexyl dimethyl PABA, 2-ethylhexyl 4-

methoxycinnamate, octocrylene and drometrizole trisiloxane) and isotopes were used 

in this study and prepared as described in Table S6.1 of the Annex 6. Ultrapure water 

used for the extractions was obtained from Merck (Darmstadt, Germany), while all the 

other analytical grade solvents were purchased from VWR BDH Prolabo (Fontenay-sous-

Bois, France). Sodium chloride (NaCl) from Merck, anhydrous magnesium sulphate 

(MgSO4) from Panreac AppliChem (Barcelona, Spain), primary and secondary amine 

exchange bonded silica sorbent (PSA) and octadecyl-silica (C18) from Supelco (Bellefonte, 

PA, USA) were also used in the extraction and clean-up of the samples. To remove 

residual water from the MgSO4, it was baked-out for 12 hours at 450 °C.  

Tomato seeds were provided by the Research Centre in Biodiversity and Genetic 

Resources (CIBIO, Porto, Portugal) seed bank. The commercially available composted 

biosolid was bought in a local agriculture store, as well as the substrate (SIRO Interiors, 

Mira, Portugal), the limestone (UCA Norte, Asturias, Spain) and the superphosphate 26% 

(ADP, Vila Nova de Gaia, Portugal) and the perlite (Flower, Alicante, Spain). 

 

 



Part IV: Plant Uptake of UV-filters and Synthetic Musk Compounds 

250 

7.2.2 Plant uptake study 

The experiments of plant uptake and translocation were performed under controlled 

conditions, in a climatic chamber by Aralab Fitoclima PLH “walk-in” (Rio de Mouro, 

Portugal). Conditions were previously established to be optimal for tomato Micro-Tom 

cultivar growth and resulted in 16 h of photoperiod with 100 µmol m-2 s-1 of light 

intensity, ambient temperature of 22 oC and 65% humidity (Shikata and Ezura, 2016).  

Agricultural soil collected from Vila Real (Portugal) was used for these experiments. 

Initially, it was sieved through a 2 cm opening screen to remove larger stones, roots and 

possible branches. Due to the poor soil quality (cf. Sample characterization, Table 7.1), 

some soil improvements had to be performed. 0.5 kg of soil was added to each pot and 

was mixture with 2 g of limestone, 0.5 g of superphosphate 26% (recommended addition 

of 4 g kg-1 and 30 g m-2, respectively, based on the previous soil analysis) and 100 g of a 

commercially organic substrate. Then, about 3/4 of each pot was filled with perlite to 

increase the drainage and aeration of the soil. In fact, perlite has a very porous surface 

that retains both water and nutrients but allows excess water to drain away. This also 

prevents the soil from becoming clogged by water, providing root aeration (Gürsoy and 

Karaman, 2018).  

The plant uptake experiences were divided into four groups (Figure 7.1): i) control 

(unamended control soil); ii) composted biosolids-amended soil (addition of 30 g of a 

commercially available composted biosolid to the soil mixture indicated above; 

according to the label of the product, 3 L m-2 should be added for tomato growth); iii) 

spike control (unamended soil spiked with 125 ng g-1 dw (S1) or 500 ng g-1 dw (S2) of 

selected target compounds OC, DTS, HHCB and AHTN); iv) spiked composted biosolids-

amended soil (amended-soils to which 125 ng g-1 dw (S1) or 500 ng g-1 dw (S2) of OC, 

DTS, HHCB and AHTN was added). 

Seeds of tomato cultivar Micro-Tom (Solanum lycopersicum L.) were previously grown 

in a substrate free of UVFs and SMCs (around 25 seeds per pot). When plants reached 

3-5 cm, one tomato plant was transplanted for each pot, according to the scheme of 

Figure 7.1. Plants were watered every 2 days and leachates collected during the trial (6 

months). Each uptake experience (Figure 7.1) was performed using six pot replicates. 



Part IV: Plant Uptake of UV-filters and Synthetic Musk Compounds 

251 

Tomato fruits (edible part) from each pot were combined as one replicate and harvested 

at maturation. Soil samples were collected from each pot in the beginning of the 

experiment and in the end. All samples were stored at -20 °C until analysis. 

 

 

Figure 7.1. Plant uptake experiences layout. 

 

•Control (C)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%, perlite

•Number of replicate pots = 6

C

•Control soil with spike (C1)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%, perlite

•Spike: 125 ng g-1 dw of OC, 
DTS, HHCB and AHTN 

•Number of replicate pots = 6

C1

•Control soil with spike at (C2)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%, perlite

•Spike: 500 ng g-1 dw of OC, 
DTS, HHCB and AHTN

•Number of replicate pots = 6

C2

•Amended-soil (A)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%, perlite, commercially 
available composted biosolid 

•Number of replicate pots = 6

A

•Amended-soil with spike 
(A1)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%), perlite, commercially 
available composted biosolid

•Spike: 125 ng g-1 dw of OC, 
DTS, HHCB and AHTN 

•Number of replicate pots = 6

A1

•Amended-soil with spike 
(A2)

•Composition: Soil, substrate, 
limestone, superphosphate 
26%, perlite, commercially 
available composted biosolid 

•Spike: 500 ng g-1 dw of OC, 
DTS, HHCB and AHTN

•Number of replicate pots = 6

A2

•Commercially available 
composted biosolid (B)

•Analysed individually

•Number of replicates = 3

B

•Comercialy available organic 
substrate (OS)

•Analysed individually

•Number of replicates = 3

S

•Leachate water (L)

•Analysed for every pot every 
month

•Number of replicates = 3

L
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7.2.3 Sample extraction and instrumental analysis 

The collected samples (soil, tomato and leachates), as well as the composted biosolid 

and the organic substrate used in these experiments were analysed using 

methodologies described elsewhere (Ramos et al., 2020, 2019a, 2019b). More 

information about the extraction methodologies used could be found in the Annex 6. 

The obtained extracts were analysed using a SCION 436-Gas Chromatograph (GC) 

coupled to an EVOQ Triple Quadrupole Mass Spectrometer from Bruker (Massachusetts, 

EUA), equipped with a J&W CP-Sil 8 CB capillary column (50 m x 0.25 mm I.D. x 0.12 µm) 

from Agilent Technologies (Santa Clara, California, EUA). The column operated in the 

following conditions: helium (99.999%) as carrier gas at 1.0 mL min-1; injection in 

splitless mode (2 µL) at 280 oC; GC oven temperature program - 70 oC for 1 min, raised 

to 180 oC at 25 oC min-1, then raised to 240 oC at 10 oC min-1 and finally raised to 300 oC 

at 25 oC min-1 (hold 5 min); transfer line at 270 oC. The parameters used in the mass 

spectrometer were as follows: electron energy of 70 eV; ion source temperature of 280 

°C; filament current of 40 µA; ultra-pure argon at 2.00 mTorr as collision gas. The MS/MS 

analysis was performed in electron ionization (EI) mode, using the multiple reaction 

monitoring (MRM) method. Two transitions were chosen for each compound 

(quantifier/qualifier ion transitions), except for the nitro musks and surrogates, where 

two qualifiers were used for better identification (Table S6.2, Annex 6). 

 

7.2.4 Quality Assurance and Control (QA/QC) 

As mentioned before, UVFs and SMCs are incorporated in most personal care and 

household products and therefore, precautions were taken to avoid external 

contamination of the samples. No scented products or containing UV-filters were 

allowed in the laboratory. Calibrated glassware was decontaminated by rinsing with 

hexane, while other glassware was further subjected to thermal decontamination (1 h 

at 400 oC). Lab and analytical blanks were performed to identify background levels of 

the target analytes and implement appropriate corrections to the results.  
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In the QA/QC analysis, method quantification limits (MQLs), precision (assessed by 

relative standard deviation, RSD) and accuracy (assessed by recovery tests) were also 

assessed for each matrix studied. For soils, MQLs ranged between 0.03 and 46 ng g-1 dw 

and average recoveries from 81 to 122% (samples fortified at 10, 50 and 200 ng g-1 dw), 

while for biosolids, MQLs varied from 2 and 4648 ng g-1 dw and average recoveries 

between 75 and 122% (samples fortified at 50, 250 and 2500 ng g-1 dw) (Ramos et al., 

2019a). For the tomato, recoveries ranged between 81 and 119%, and the MQLs 

between 0.4 and 47.9 ng g-1 dw (samples fortified at 4, 19 and 38 ng g-1 dw) (Ramos et 

al., 2020). For water samples, the leachates, recoveries ranged between 80 and 120%, 

and the MDLs between 0.1 and 20.0 ng L-1 (samples fortified at 50, 250, 500 and 1500 

ng L-1) (Ramos et al., 2019b) . All samples were analysed in triplicate and the calculated 

relative standard deviation was less than 10%. 

 

7.2.5 Exposure assessment and risk characterization 

Exposure to UVFs and SMCs through the ingestion of the tested tomatoes was assessed 

and risk characterization was estimated based on the no-adverse-effect level (NOAEL) 

values, for each studied compound (Table S6.1, Annex 6). For the compounds where no 

NOAEL value was found, LD50 (lethal dose required to kill 50% of the test population) or 

NOEL (no-observed-effect level) was considered. Then, an acceptable daily intake (ADI) 

was calculated by dividing the NOAEL or LD50 by a safety factor (SF). This SF should 

consider human variability (10x), extrapolation of toxicological data from animals to 

humans (10x) and, if toxicity data used are based on acute tests, an extra factor of 10 

should still be considered (Commission, 2003; EPA, 1993). Then, the tolerable weekly 

intake (TWI) was calculated by multiplying the ADI by 7 (number of days in a week) (Zarn 

et al., 2015). The estimated exposure dose (EED) was determined by multiplying the 

concentration found for each compound in tomato (in wet weight) by its intake (466.2 

g per person per week) (WHO, 2003), assuming 60 kg as the weight of an adult 

consumer.  Whenever calculated exposure levels exceeds the established TWI, it means 

that the compound is present at levels considered hazardous to human health and 

therefore, risk management mechanisms should be triggered (Barlow and Schlatter, 
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2010; Cunha et al., 2015). Therefore, hazard quotients (HQ) were calculated as the ratio 

of the EED and the TWI, and risk is considered if HQ>1 (IGHRC, 2009).  

The UVFs and SMCs accumulation in the tomato fruit was also estimated, using the 

bioconcentration factor (BCF) (Al-Farsi et al., 2017; Trapp and Legind, 2011). The BCF of 

compounds in plant tissues was calculated as the ratio of the chemical concentration in 

the plant tissue (the tomato fruit) by the nominal concentration in the growth medium 

(in this case the soil) at harvest point. 

 

7.3. Results and Discussion 
 

7.3.1 Samples characterization 

The properties of both soil and commercially available fertilizer are described in Table 

7.1. An agricultural soil poor in organic carbon (OC) and classified as silt loam (64.4% of 

silt) was selected to these experiments. Regarding the available nutrients, this soil is also 

poor in phosphorus (P2O5) and nitrogen (N). On the other hand, the fertilizer produced 

from sewage sludge has a considerable amount of OC (42%) and is rich in nutrients, 

being appropriate to correct the nutritional deficiencies of the soil used. 

Table 7.1 Physicochemical properties of the soil and fertilizer used  
Agricultural Soil Fertilizer 

Location Vila Real (Portugal) Porto 

OC 1.5% 42% 

Clay (0-2 µm) 4.8% 

99% of the particles have a 
diameter between 

1 and 10 mm  

Silt (2-63 µm) 64.4% 

Sand (63-2000 µm) 30.7% 

Soil texture Silt loam 

pH H2O 4.9 6.0 

pH KCl 4.3 6.0 

P2O5 (mg kg-1) 5  6897 

K2O (mg kg-1) 83  3448 

Ca (mg kg-1) 174  15,517 

Mg (mg kg-1) 74  1724 

B (mg kg-1) 0.05  8.6 

N (mg kg-1) 980 24,138 
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Prior to soil-amendment, background contamination by UVFs and SMCs was determined 

for control soil (S), the substrate (OS) and commercially available composted biosolid 

(B). The main results are presented in Table 7.2. 

Table 7.2 UVFs and SMCs contamination (n= 6) in agricultural soil (S), substrate (OS) and commercially available 
composted biosolid (B), presented in ng g-1 dw (n.d.- not detected) 

Compounds S OS B 

BZ 2.8±0.3 67±12 205±13 

4MBC 2.4±0.6 n.d. 49±2 

EDP n.d. 6±1 n.d. 

EMC 4.09±0.02 7±2 1.7±0.5 

OC 5.21±0.01 13±4 1519±22 

DTS n.d. n.d. 1629±54 

Total UVFs 14.4±0.9 93±19 3404±92 

DPMI n.d. n.d. 58±6 

ADBI n.d. n.d. 32.9±0.8 

AHMI 0.92±0.01 n.d. 6.8±0.1 

ATII n.d. n.d. 21.3±0.8 

HHCB 5.3±0.2 37±6 17,141±594 

AHTN 2.2±0.1 8±1 4417±198 

Total Polycyclic SMCs 8.4±0.3 46±8 21,676±800 

EXA 6±1 20±18 n.d. 

EB n.d. 76±19 14.5±0.3 

Total Macrocyclic SMCs 6±1 96±36 14.5±0.3 

MA n.d. n.d. n.d. 

MX n.d. n.d. n.d. 

MM n.d. n.d. 17.6±0.1 

MT n.d. n.d. n.d. 

MK n.d. n.d. 15.07±0.04 

Total Nitro SMCs - - 32.7±0.2 

Total per sample 29±2 235±63 25,127±892 

     

The agricultural soil present UVFs, polycyclic and macrocyclic SMCs in concentrations 

ranging from n.d. to 6±1 ng g-1 dw (total concentration of 29±2 ng g-1 dw). The organic 

substrate shows higher amounts of these emerging pollutants (total concentration of 

235±63 ng g-1 dw), being the UVFs and the macrocyclic SMCs the predominant 

compounds. As expected, the commercially available composted biosolid presented 

higher levels of the target compounds, with concentrations varying between n.d. and 

17,141±594 ng g-1 dw (total concentration of 25,127±892 ng g-1 dw). The main 

contributors for this result were the polycyclic SMCs (around 86%). Nevertheless, the 

UVFs were also present at higher concentrations the other matrices. These results are 
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consisted with previously reported levels of these compounds in WWTPs sludge and 

biosolids (Homem et al., 2015; Ramos et al., 2016).   

As mentioned before, Micro-Tom (Solanum lycopersicum L.) plant tomatoes were used 

in this study. This plant is often used in research due to its high growth rate under 

controlled conditions, producing small cherry-like tomatoes in large quantities and very 

quickly (70-90 days from sowing to fruit-ripening) (Gonzalez et al., 2015). The harvested 

tomatoes (about 47±12 g per pot) presented a high water content (91.3±0.8%). 

 

7.3.2 Uptake and translocation of UVFs and SMCs by tomatoes 

The uptake and translocation of UVFs and SMCs were assessed by the determination of 

these compounds in the tomato fruit, after growing plants of Micro-Tom tomatoes in 

pots under different conditions (Figure 7.1) for 6 months. Tomatoes were collected 

whenever considered mature for consume. The interest of this study lies in the 

compounds themselves due to their daily and massive use, which leads to their presence 

in high concentrations in the sewage sludge and, consequently, in commercial sewage 

sludge-based organic fertilizers (Table 7.2) that can be used by any farmer. As explained 

before, the tomato was chosen due to their high consumption rate in Europe and 

particularly in Portugal. Assays in which soils (amended or not) were fortified at different 

concentrations were performed to evaluate the maximum uptake and translocation of 

the target compounds to the tomato fruit. There was no significant difference in the 

biomass of plants grown in amended-soil and controlled soil, neither in the spiked 

experiments, indicating that there was no phytotoxicity or other effects from the added 

compounds (DTS, OC, HHCB and AHTN) at concentrations of 125 and 500 ng g-1. To 

understand the uptake of the target compounds, concentrations of UVFs and SMCs were 

determined in the soil in the beginning of the experiment (t0) and in the end (tf) and in 

the tomato fruits. As explained before, the leachates were also collected along the 

experiments but did not show any of the compounds. In Table 7.3, those results are 

summarized.  
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Table 7.3 Average concentrations for each compound found in soil (t0 and tf) and in tomato fruits (ng g-1 dw), in 
control and amended-soil (n=6). (n.d.- not detected, MQL – method quantification limit) 

DPMI    
Control n.d. n.d. n.d. 
Amended-soil 1.36±0.05 n.d. 5±3 

ADPI    
Control n.d. n.d. n.d. 
Amended-soil 1.62±0.01 0.28±0.02 n.d. 

AHMI   

 

Control n.d. n.d. n.d. 
Amended-soil 1.04±0.01 n.d. n.d. 

ATII    
Control n.d. n.d. 2.4±0.2 
Amended-soil 2.52±0.02 <MQL 2.6±0.2 

HHCB    
Control 2.0±0.6 1.5±0.8 35±11 
Amended-soil 341±5 56±19 65±29 

AHTN    
Control 1.5±0.1 n.d. 2±1 
Amended-soil 88±1 21±3 4±2 

∑Polycyclic SMCs    
Control 3.5±0.7 1.5±0.8 39±12 
Amended-soil 435±6 77±23 76±61 

EXA    
Control n.d. n.d. <MQL 
Amended-soil n.d. n.d. 187±52 

EB    
Control n.d. <MQL n.d. 
Amended-soil n.d. <MQL 22±14 

∑Macrocyclic SMCs    
Control n.d. n.d. n.d. 
Amended-soil n.d. n.d. 209±65 

MX    
Control n.d. n.d. n.d. 
Amended-soil n.d. 23±4 n.d. 

MK    
Control n.d. n.d. n.d. 
Amended-soil n.d. n.d. 1±1 

∑Nitro SMCs    
Control n.d. n.d. n.d. 
Amended-soil n.d. 23±4 1±1 

Compounds Soil t0 Soil tf Tomato 

BZ    
Control 3.8±0.5 1.0±0.4 33±10 
Amended-soil 8.7±0.3 2.6±0.4 52±20 

4MBC    
Control n.d. <MQL 19±5 
Amended-soil 13.8±0.4 <MQL 74±43 

EDP    
Control n.d. n.d. n.d. 
Amended-soil n.d. n.d. 5±3 

EMC    
Control 4.16±0.07 n.d. 10±6 
Amended-soil 4.31±0.01 n.d. 21±18 

OC    
Control 5.0±0.7 8±5 33±5 
Amended-soil 84±2 9±2 158±63 

DTS    
Control n.d. n.d. n.d. 
Amended-soil 56±2 15±2 45±3 

∑UVFs    
Control 13±1 9±7 94±26 
Amended-soil 111±3 26±5 311±148 
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In general, the results show that in soil the concentrations of the target compounds 

decreased throughout the experiments. As expected, due to the previous 

characterization of the fertilizer, amended-soil had higher levels of contaminants. 

Higher concentrations were also found in tomato samples that grew up in amended-soil 

than in the controls. At the beginning of the study, polycyclic musks were the 

predominant pollutants in the amended-soil (total concentration of 435±6 ng g-1 dw), 

but UVFs were the compounds that seem to be more easily uptake and translocated to 

the tomatoes (total concentration of 311±148 ng g-1 dw). 

In this study, nitro musks were not found in any of the controls (soil, substrate or 

fertilizer). However, MX was detected in the amended soil tf, but not in t0 (at the 

beginning) nor in tomatoes. A similar behaviour was found in the spiked amended-soil 

experiments. This may be explained by external contamination, since the camera is a 

walk-in type and the high organic matter content present in amended-soil may favour 

the retention of this contaminant. The macrocyclic musks EB and EXA were both found 

in the tomato fruit in concentrations of 187 and 22 ng g-1 dw, respectively, but could not 

be detected in soil. Nevertheless, both compounds were detected in the substrate (OS) 

and commercially available composted biosolid (B), which could mean that although 

they were not detected in the control and in the amended-soil, they were present in the 

mixture at levels lower than those detected by the method and could somehow 

translocate to the tomato and be detected there due to the pre-concentration during 

extraction.  

To the authors’ best knowledge, there is only one study where UVFs and SMCs were 

determined in different species of tomato. In that study, concentrations ranged from 1 

(AHTN) to 210 (BZ) ng g-1 dw (Ramos et al., 2020), which are slightly higher than those 

found in tomatoes from controls (1.7 - 35.1 ng g-1 dw), but  similar to the concentrations 

found in the tomatoes grown in amended-soil (2-180.0 ng g-1 dw). Different studies have 

also investigated the uptake of some SMCs in other vegetables and fruits, such Litz et al. 

(2007). Experiments were conducted in greenhouses to study the uptake of HHCB and 

AHTN by lettuce and carrots. These compounds were found in carrot leaves in 

concentrations of 107 – 1070 ng g-1 dw and 115 – 902 ng g-1 dw, and in lettuce in 78 – 

110 ng g-1 dw and 209 – 275 ng g-1 dw, respectively. The levels found were much higher 
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than those found in the current study. Another study performed in a field, studied the 

presence of different SMCs in wheat and sugar beet leaves. DPMI (0.26 ng g-1 dw), ADBI 

(0.02 – 0.05 ng g-1 dw), HHCB (3.65 – 4.6 ng g-1 dw), AHTN (0.44 – 0.62 ng g-1 dw) and 

MX (0.09 ng g-1 dw) were detected in wheat, while DPMI (0.16-0.22 ng g-1 dw) in sugar 

beet leaves (Fussell et al., 2013). Also field experiments with alfalfa, HHCB was found at 

16.9 ng g-1 dw (D. Calderón-Preciado et al., 2011) and in concentrations ranging 0.032 

and 67.6 ng g-1 dw (Diana Calderón-Preciado et al., 2011). In literature, most uptake 

studies using tomato plants investigated the presence of pesticides (e.g. (Bidari et al., 

2011), (Martins et al., 2017)). 

The partition of the target compounds was analysed by a mass balance to better 

understand their fate and presence in each matrix. It is important to realize that if the 

target compounds could not be identified either in the soil at the end of the experiment 

(tf) or in the tomato fruit, then they may have accumulated in other parts of the tomato 

plant that were not analysed (e.g. roots, stem, leaf), degraded or even volatilized. Table 

7.4 shows the results of partition in soil-tomato plant system only for OC, DTS, HHCB 

and AHTN (the spiked compounds) in the different experiments. 
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Table 7.4 - Mass balance of the target compounds spiked in the controls (C1 and C2) and amended-soil (A1 and A2). 
  Mass of target compounds (ng) Partition in soil-tomato plant system  

Compounds Exp. Soil t0  Soil tf Tomato fruit % Soil % Tomato %Loss  

OC 

C1 78009 9273 261 12% 0.335% 88%  

A1 127778 27906 61 22% 0.047% 78%  

C2 303009 25092 167 8% 0.055% 92%  

A2 352778 41332 82 12% 0.023% 88%  

   Average OC% 13% 0.115% 86%  

DTS 

C1 75000 14800  20% 0.000% 80%  

A1 110165 41166 80 37% 0.073% 63%  

C2 300000 47279  16% 0.000% 84%  

A2 335165 83915 129 25% 0.038% 75%  

   Average DTS% 24% 0.028% 75%  

HHCB 

C1 76182 7517 131 10% 0.171% 90%  

A1 289630 50331 63 17% 0.022% 83%  

C2 301182 20822 110 7% 0.037% 93%  

A2 514630 53548 91 10% 0.018% 90%  

   AverageHHCB% 11% 0.062% 89%  

AHTN 

C1 75788 10846 6 14% 0.008% 86%  

A1 130489 37853 5 29% 0.004% 71%  

C2 300788 33928 10 11% 0.003% 89%  

A2 355489 63306 18 18% 0.005% 82%  

   Average AHTN% 18% 0.005% 82%  

 

Regarding the mass results for OC, HHCB and AHTN in tomato, uptake and translocation 

was found in every tested condition, but always in percentages lower than 1% 

(determined based on the initial mass of the target compounds available for plant 

uptake in the soil). In average, 17% of the compounds remained in soil. As explained 

before, the mass of compounds not accountable in the soil-plant system is considered 

lost. This loss accounts for about 83% of the total target compounds mass available in 

the beginning of the experiment (leachates were also considered, but as mentioned 

before, the target compounds were not found in the collected water.  

The initial mass of the compounds in the soil t0 is higher in the amended-soil (A1 and A2) 

than in the controls (C1 and C2). However, that trend does not occur in the uptake and 

translocation to the tomato fruit and varies between compounds. In the case of the 

compound DTS, there is no uptake in any control experiment. This compound is the less 

volatile and the one with higher partition to soil, which could be explained by its high 

log Kow (10.8). The partition between soil and fruit is smaller the larger the log Kow. 

Although variations are very small, the compound AHTN appears to be the one with 
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lowest uptake for tomato, when compared to the other target compounds. And, even 

though, differences are not very high, HHCB, shows a higher % of partition from soil to 

the tomato plant system.  

Differences in the target compounds partition between C1-A1 and C2-A2 do not appear 

to be significant. The increased organic matter in the amended-soil (A1, A2) (addition of 

a fertilizer with 42% of OC) when compared with a poor soil such as the control (C1, C2) 

with only 1.5% OC, does not appear to have an effect on the uptake and translocation 

of the compounds to the tomato fruit. 

The bioconcentration factors (BCF) of UVFs and SMCs detected in the tomato were also 

calculated. Results are presented in Table S6.5 in the Annex 6. As mentioned before, for 

most UVFs and SMCs, a decline in concentrations in the soil samples was observed both 

in the controls and the amended-soils, indicating that the plant uptake the target 

compounds or they suffered soil microbial transformation or volatilized. The BCF values 

in this study are in the range of 0.2 to 44.4.  The UVFs show BCFs of 3.1 (DTS) to 44.4 

(BZ) and for SMCs, BCFs could only be calculated for HHCB (24.8 in control and 1.1 in the 

amended-soil), and AHTN (0.2 for the amended-soil). The calculations of BCF take into 

account the concentration of the target compounds in soil in the harvest period (Soil tf), 

which means for most cases that UVFs and SMCs are not detected in the final soil. In 

these cases, it does not mean that the compounds did not bioconcentrate in the tomato 

fruit. In fact, if concentration in soil is tending to 0, the concentration ratio BCF is tending 

to infinite (Cplant/Csoil tf→∞) (Trapp and Legind, 2011). 

 

7.3.3 Human exposure implications 

Due to the demonstrated accumulation of UVFs and SMCs in the tomatoes, a fruit 

commonly incorporated in the Mediterranean diet, an exploratory assessment of the 

potential human risk due to their dietary intake was carried out. Main results are 

presented in Table 7.5. 
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Table 7.5 Results of the exposure assessment for SMCs and UVFs for different experiments, including the tolerable weekly intake (TWI) for each compound (µg kg-1 bw week-1), estimated 
exposure dose (EED) (µg kg-1 bw week-1), adult intake to exceed the TWI (AI) (kg week-1) and hazard quotient (HQ). 

Compounds TWI 
C C1 C2 A A1 A2 

EED AI HQ EED AI HQ EED AI HQ EED AI HQ EED AI HQ EED AI HQ 

BZ 1750 3.0 40 0.002 4.2 27 0.002 4.5 26 0.003 4.6 25 0.003 2.3 51 0.001 2.0 57 0.001 

4MBC 1750 1.7 70 0.001 - - - - - - 6.6 18 0.004 8.8 13 0.005 5.5 21 0.003 

EDP 7000 - - - 0.4 1209 <0.001 0.4 1134 <0.001 0.4 1069 <0.001 0.8 558 <0.001 0.8 567 <0.001 

EMC 31500 0.8 2473 <0.001 1.1 1943 <0.001 0.8 2734 <0.001 1.9 1101 <0.001 1.4 1510 <0.001 0.6 3266 <0.001 

OC 12250 3.0 277 <0.001 8.8 93 <0.001 6.1 134 <0.001 14.1 58 0.001 3.1 266 <0.001 2.4 336 <0.001 

DTS 2222 - - - - - - - - - 4.0 37 0.002 3.6 41 0.002 3.7 40 0.002 

DPMI 700 - - - - - - - - - 0.4 107 <0.001 - - - 0.001 51901 <0.001 

ADBI 35000 - - - - - - - - - - - - - - - - - - 

AHMI 350 - - - - - - - - - - - - - - - - - - 

ATII 12 0.2 4 0.020 0.3 3 0.020 0.3 3 0.02 0.2 3 0.020 0.2 3 0.020 0.2 3 0.020 

HHCB 3500 1.7 139 <0.001 1.7 138 <0.001 0.3 677 <0.001 16.7 14 0.005 10.9 21 0.003 10.1 23 0.003 

AHTN 350 3.1 7 0.010 4.5 5 0.010 3.4 7 0.010 5.8 4 0.020 2.6 9 0.007 2.6 9 0.007 

EXA 70000 0.2 28060 <0.001 0.2 29450 <0.001 0.3 14883 <0.001 0.3 13416 <0.001 0.2 21496 <0.001 0.5 9363 <0.001 

EB 70000 - - - - - - - - - 2.0 2329 <0.001 5.8 800 <0.001 1.7 2743 <0.001 

MX 1400 - - - - - - - - - - - - - - - - - - 

MK 1050 - - - - - - - - - 0.1 576 <0.001 0.04 1653 <0.001 0.04 1637 <0.001 
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Health risks associated to the consumption of biosolid-amended tomato fruits, as well 

as tomato fruits with no treatment or spiked with selected compounds during the period 

of 6 months were estimated by using the HQ approach. The estimated EED values 

demonstrate that the weekly consumption of 0.44 kg of tomatoes per person used in 

this study does not pose a health threat. Only a consumption of tomato ranging from 3 

to 51,901 kg per week (AI, Table 7.5) reach the TWI for an adult. The conclusions 

regarding the risks of the studied compounds are similar to those found in other studies, 

namely a study in seafood with UVFs and SMCs (Cunha et al., 2015) and other only with 

SMCs (Trabalón et al., 2015). The absence of health implications due to the consumption 

of biosolid-amended grew tomatoes is further corroborated by the estimated low values 

(<0.02) of HQ (Table 7.5).  

Although the preliminary results from this work suggest that the consumption of 

tomatoes grown in biosolid-amended soils should be considered safe, further studies 

are needed to reach a definite conclusion that the use of these organic fertilizers is 

considered a safe practice for the human health. Such studies should take into account 

the consumption of different foods (namely fruits and vegetables) that may 

bioaccumulate UVFs and SMCs in similar agricultural practices, the potential additivity 

or synergetic behaviour of the mixture of these and other compounds, potential toxic 

metabolites that may be present in plant tissues, the potential sensitivity of subgroups 

of the population (i.e. pregnant, infants, elderly people, and chronic sufferers) and the 

dietary habits of the population studied.  

 

7.4. Conclusions 
 

The application of biosolids or commercially available fertilizers produced based on 

biosolids to agricultural soils may facilitate the uptake of UVFs and SMCs by plants and 

consequently, their entrance into the food web. This represents an important pathway 

for the human’s exposure to these compounds with potential implications. The present 

work intends to be the beginning of a study of two major classes of emerging 

contaminants. This ‘in chamber’ study yields the first results to understand the process 

of uptake and translocation of these compounds from biosolid-amended soil to the 
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tomato fruit, a widely consumed crop, during the period of six months. The 

concentration of UVFs and SMCs were also determined in soil, substrate, biosolid-

amended commercial fertilizer and leachates. 

Results showed that the concentration of the target compounds in soil decreased along 

the experiments, showing that these compounds accumulate in the tomato fruit. In 

addition, a mass balance to each experiment showed that there was a loss of 

compounds that could not be identified and should be explained by the accumulation 

of the target compounds in other parts of the tomato plant that were not analysed, by 

potential degradation or volatilization.  

Based on the risk assessment performed, a potential health risk it is not likely to exist 

because the EED values are considerably lower than TWI calculated for each compound, 

meaning HQ values lower than 0.02. Nevertheless, further studies need to be performed 

to ensure that these commercially available fertilizers are safe and do not compromise 

public health. 
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Chapter 8. General discussion and conclusions 
 

The work developed during this project aimed to contribute to increase the knowledge 

regarding the potential risk to the soil of using commercially available sewage sludge-based 

fertilizers. It also aimed to study a possible uptake of UVFs and SMCs by the tomato fruit 

(Micro-Tom crop) when grown in amended soil and to assess the human risk based on the 

weekly intake of this crop. 

This work was focused on two classes of PCPs, which are considered emerging pollutants 

due to their massive use, widespread presence in the environment, they are not regulated 

and commonly monitored  and have the potential to cause adverse ecological and/or 

human health effects even at low levels. The classes chosen were the UVFs and SMCs, due 

to their frequent use in daily life products and the recent concerns regarding some of the 

compounds belonging to these classes.  

In order to understand the cycle of these compounds since they reach the WWTPs until 

their potential application in crops, several analytical methodologies were developed and 

validated. The instrumental analysis was performed in a GC-MS/MS system, due to the high 

sensitivity of the electron ionization source, high selectivity and ability to analyse complex 

matrices and work at low levels of quantitation. This is particularly important because of 

the different type and complex matrices used and the need to detect the target compounds 

at trace levels. The disadvantage of using GC when compared to LC, for example, is the 

difficulty in analysing less volatile compounds, like most UVFs. Therefore, several 

compounds with potential interest could not be included in this study. Nevertheless, the 

compounds chosen for this work, are representative of the most used compounds 

incorporated in personal care products, and the fact that we were able to analyse them 

without derivatization, with ‘green methodologies’, and validate the methodologies with 

good accuracy and precision, means that, in the end, the instrumental equipment was well 

chosen.  
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A method was developed for water matrices, consisting on a DLLME technique using 880 µL 

IPA as dispersive solvent and 80 µL TC as extractant solvent to extract 6 mL of water. To the 

authors’ best knowledge, this is the first method based on DLLME and GC–MS/MS for the 

analysis of all compounds without a derivatization process, which allows a faster and more 

reliable methodology. The performance of the method was demonstrated in terms of 

linearity, accuracy and precision (RSD < 10%). Recoveries varied between 83 and 123% for 

different water matrices such as river, lake, sea, tap water and wastewater. Wastewater 

samples showed that UVFs and SMCs were present in the ng to µg L-1 levels. Influent 

wastewater concentrations varied from 2.1 ± 0.8 ng L−1 (EMC) to 5.8 ± 0.2 µg L−1 (HHCB) and 

effluent wastewater from 2.1 ± 0.2 ng L−1 (ADBI) to 3.80 ± 0.05 µg L−1 (HHCB), showing a 

decreasing trend from the influent to the effluent. This methodology was developed with 

the final purpose of leachate analysis in the final experiment, nevertheless, it was found 

that a single method, could be used for more than one water matrix. Samples for each 

matrix were analysed from two different locations and in triplicate. For example, river 1 

showed a total concentration of 86.9±3.5 ng L-1, whereas river 2 has more than double 

(230.9±5.7 ng L-1). No contaminants where detected in tap water, which is a good indicator.  

The method developed for sludge and compost samples was based in a QuEChERS 

methodology followed by GC–MS/MS analysis. It was successfully developed and optimized 

using a design of experiments approach. Firstly, a screening design was used to understand 

which parameters influence the most the extraction, and then a central composite design 

was performed to optimize the selected parameters. The optimal conditions for this 

QuEChERS procedure were: 10 mL ACN, 2.5 min vortex, 15 min ultrasound extraction, 500 

mg MgSO4, 315 mg PSA and 410 mg C18 for the QuEChERS. These conditions lead to 

compound recoveries between 75% (DPMI) and 122% (EMC). The method achieved low 

%RSD in the inter- and intra-day precision (<10%) and low limits of detection. The 

application of the method to real samples showed that the most used UVFs (OC and DTS) 

and SMCs (HHCB and AHTN) presented the higher concentrations. Overall, concentrations 

of polycyclic musks varied from 12.6 (AHMI) to 81,771 ng g-1 dw (HHCB), macro musk from 

1461 to 36,705 ng g-1 dw (EB) and UVFs from 12.5 (EDP) to 115,486 ng g-1 dw (OC). Among 
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nitro musks, only MK was detected in the samples, with concentrations between 25 and 

471 ng g-1 dw. Real sludge samples were analysed from summer and winter sampling 

campaigns, the results showed that SMCs and UVFs end up in sludge at concentrations 

ranging from few ng g-1 dw to hundreds of μg g-1 dw without a significant difference 

between the two seasons. This study was the first to analyse the DTS (drometrizole 

trisiloxane) in sludge, revealing concentrations in the order of the μg g-1 dw. And this UVF is 

especially interesting, since it is only used in products owned by the L'Óreal brand, which 

can indicate a high consume of these products in the region where samples presented the 

highest concentrations. 

The method developed for soils was also based on a QuEChERS approach followed by GC–

MS/MS analysis, which was adapted from a published methodology used for the extraction 

of pesticides. In the developed methodology, the d-SPE only contained 3 g of MgSO4 and 

300 mg of C18. The use of water in the beginning of the procedure was also very important, 

allowing the greatest penetration of the extraction solvent, which was added later. The 

characterization of soils is also very important, namely the organic carbon content, and 

particle size (clay, silt and sand). The method was applied to soils with different % of organic 

carbon and particle sizes. The low % of organic carbon is an important pattern to understand 

the quality of the soil. Accuracy, assessed by recovery tests, ranged from 81% to 122% and 

a good precision was achieved, with RSD<10%. The instrumental limit of detection (ILOD) 

varied from 0.01 pg to 3.75 pg. Regarding the method quantification limits (MQLs), they 

ranged between 0.03 and 46 ng g-1 dw. Both SMCs and UVFs were detected in soils samples 

from different origins (agricultural, industrial, garden, beach and school yard), but higher 

levels were found for BZ (maximum value of 158 ng g-1 dw), OC (137 ng g-1 dw) and ATII (9.0 

ng g-1 dw). Studies where agricultural soil was mixed with sewage sludge-based fertilizer in 

a proportion of 95% soil and 5% fertilizer, showed an increase of the UVFs and SMCs 

concentrations. Overall, concentration ranged between 1.04 (AHMI) and 341 ng g-1 dw 

(HHCB) in the amended soil. The analysis of the amended-soil showed that there was an 

accumulation of the target contaminants. Therefore, in the final study, further experiments 

should be conducted with amended-soils, testing different initial concentrations of some 
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target compounds by spiking the soil at relevant concentrations, and monitoring 

contaminant concentrations over time. This study among others, recognizes the importance 

of including ubiquitous environmental pollutants in sludge disposal regulations. 

After developing analytical methodologies for the determination of the target analytes in 

environmental matrices, the work proceeded to the analysis in plants. The plant chosen for 

this study was the tomato, due to the availability throughout the year, consumption per 

capita and Portugal’s biggest crop production.  

The methodology developed to extract UVFs and SMCs from tomatoes was also based on a 

QuEChERS approach followed by GC–MS/MS analysis. Considering the experience 

optimizing this type of methodology, the easiness to perform it, the low amounts of solvent 

and sorbents required as well as sample needed for the extraction, this was the preferable 

methodology. The validated method yielded good recoveries for the sample matrix tested 

(81 - 119%), with RSD<10%. The developed extraction procedure was also applied to 

different varieties of tomatoes bought in supermarkets (e.g. cherry, loose round, bunch, 

plum, Anairis and oxheart). Concentrations varied between 1 (AHTN) and 210 (BZ) ng g-1 

dw. To the authors’ best knowledge, this was the first attempt focused on the analysis of 

UVFs and SMCs in tomato samples and on the assessment of human populations exposure 

to these compounds through an integrated approach. Although most UVFs and SMCs were 

detected in the analysed samples, human exposure levels estimated based on detected 

concentration levels in raw tomato samples were far below the estimated toxicological 

reference values. This was the first approach to understand the tomato fruit potential to 

uptake UVFs and SMCs, at which levels they could be found and if at these levels 

(‘supermarket levels’) were considered a risk for human consumption.  

A final experiment was performed integrating all the previously studied matrices. The 

uptake and translocation of UVFs and SMCs into edible parts of the tomato fruit grown in 

amended soils was assess by a six month experiment in a ‘walk-in’ chamber with controlled 

conditions of temperature, humidity and light. Micro-Tom cultures of tomato plants were 

grown in pots with different types of soil mixtures. Results showed that the concentration 
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of the studied compounds in soil decreased from the beginning of the experiment to the 

end and that there was an accumulation of UVFs and SMCs in the tomato fruit. A mass 

balance to each experiment showed that there was a loss of the target compounds in the 

soil-tomato plant system that could not be directly quantified. This loss in the system 

analysed means that the target compounds could either be in the parts of the tomato plant 

that were not analysed (roots, leaves or stems), they could be degraded in soil or volatized. 

This volatilization probably happened, since the ‘walk-in’ chamber had a ventilation system 

to maintain the controlled conditions inside the room. This mass balance was performed 

using the experiments with fortification, analysing the behaviour of OC, DTS, HHCB and 

AHTN. It considers the initial amount of these compounds in soil available (t0) to be taken-

up by plants, their partition to the tomato fruit and their remaining amount in soil at the 

end of the experiment (tf). The partition in the soil-tomato plant system was estimated 

based on the ratios between the mass of compounds in the tomato fruit or soil (tf) and the 

initial mass present in the soil available for the uptake. Results showed that less than 1% of 

the available mass in soil (t0) was uptake and translocated into the tomato fruit, either in 

the control and the amended-soil experiments. Although there are some variations 

between compounds, 0.005% (AHTN) to 0.115% (OC), they are not very significative. The 

similarities found in the partitions to the tomato in the control and amended-soil 

experiments were very similar. This may be explained by the maximum capacity of 

accumulation of these compounds in the fruit. Further studies needed to be performed in 

order to prove this conjecture. Also, the log Kow of the target compounds could have some 

role in the ability to uptake and translocate to the tomato fruit, since the higher the value, 

the lower is expected the partition between soil and fruit. 

Based on the risk assessment performed, a potential health risk was not likely to exist 

because the estimated exposure dose (EED) values were considerably lower than the 

tolerable weekly intake (TWI) value calculated for each compound. Also, the hazard 

coefficient (HQ) values were lower than 0.02. Nevertheless, more studies need to be 

performed in order to be perfectly sure that these biosolid commercially available fertilizers 

are safe for soil amendment without endangering public health. 
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Chapter 9. Future work 
 

To improve the knowledge regarding the uptake and translocation of contaminants of 

concern, further studies need to be performed.  

So, some suggestions for future work are:  

▪ To study the PCPs sorption behaviour in soils and mixtures of sludge or compost/soil 

- laboratory studies of adsorption/desorption (evaluation of the effect of some 

parameters like initial pollutants concentration, temperature, pH, etc.; kinetics; 

isotherms); 

▪ To perform dissipation studies (to assess if microbial attack might have any effect in 

PCPs degradation/removal from amended soils) and leaching (to understand if PCPs 

are washed away in soils and how deep they can get); 

▪ To investigate the uptake of PCPs by vegetables after crop fertilization with 

sludge/compost - studies developed in farmlands and greenhouses (evaluation of 

the effect of operating parameters such as humidity, temperature, irrigation level, 

amount of fertilizer;  

▪ To analyse the contamination levels in different parts of the plant - root, leaf, fruit, 

seed) and in different types of crops; 

▪ To develop partitioning and uptake models;  

▪ To develop a risk assessment based on more data; 

▪ To assess the fate of PCPs in amended soils after fertilization during a long period of 

time (6 months, 1 year, 2 year), to understand what happens; 

▪ To identify possible degradation by-products resulting from the degradation of the 

studied compounds either in soil or metabolites in the plant. 
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Annex 1. Supporting Information Chapter 1 
 

1. Toxicity information 

 

Table S1.1 - UV-filters ecotoxicity data and assessment of priority (Brook et al., 2008). 

Compound Organism Endpoint 
Predicted 

value (mg L-1) 
NOEC 

(mg L-1) 
Priority 

CBM 

Neutral Organic 
(SAR) 

14 d LC50 57* 

>>0.01 
Low priority 
for further 

work 

Fish 
96 h LC50 

Chv 
50* 
2.7 

Invertebrate 
48 h LC50 

Chv 
23* 
3.1 

Algae 
96 h EC50 

Chv 
11* 
5.0 

HMS 

Neutral Organic 
(SAR) 

14 d LC50 0.084 

0.005 
High priority 
for further 

work 

Fish 
96 h LC50 

Chv 
0.240 
0.005 

Invertebrate 
48 h LC50 
21 d Chv 

0.034 
- 

Algae 
96 h EC50 

Chv 
0.022 
0.019 

BP3 

Neutral Organic 
(SAR) 

14 d LC50 14.538 

>0.01 
Low priority 
for further 

work 

Fish 

96 h LC50 (L. 
idus) 

96 h LC50 
30 d Chv 

100-220* 
3.80 
0.57 

Invertebrate 
48 h LC50 
21 d Chv 

2.90 
0.42 

Algae 
96 h EC50 
96 h Chv 

5.10 
1.20 

PBSA 

Neutral Organic 
(SAR) 

14 d LC50 28027* 

>> 0.01 
Low priority 
for further 

work 

Fish 
48 h LC50 (L. 

idus) 
96 h LC50 

4250* 
18223* 

Invertebrate 
EC50 (D. magna) 

48 h Chv 
>10000* 

1018* 

Algae 
96 h EC50 
96 h Chv 

911* 
124* 

*above the expected water solubility of the substance; SAR – structure activity relationship; NOEC - No Observed Effect Level; LC50 – 
lethal concentration 50%; EC50 – half maximal effective concentration; Chv – chronic toxicity level (used for NOECs prediction) 
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Table S1.1 - UV-filters ecotoxicity data and assessment of priority (Brook et al., 2008). (cont.). 

Compound Organism Endpoint 
Predicted value 
(mg L-1) 

NOEC 
(mg L-1) 

Priority 

BMDM 

Neutral Organic 
(SAR)  

14 d LC50 2.7* 

>0.01 

Low 
priority for 
further 
work 

Fish  96 h LC50 2.4* 

Invertebrate  
48 h LC50 
21 d Chv  

0.830 
0.030 

Algae Chv  0.067 

BCSA 

Neutral Organic 
(SAR)  

14 d LC50 277* 

>>0.01 

Low 
priority for 
further 
work 
 

Fish  
96 h LC50 
Chv 

1516* 
117 

Invertebrate  
48 h LC50 
Chv  

903* 
112 

Algae 
96 h LC50 
Chv  

446 
157 

BP4 

Neutral Organic 
(SAR)  

14 d LC50 10882 

>>0.01 

Low 
priority for 
further 
work 

Fish  
96 h LC50  
30 d Chv 

4572 
719 

Invertebrate  
48 h LC50 

21 d Chv 
770 
488 

Algae  
96 h EC50 
96 h Chv 

42416 
16554 

OC 

Neutral Organic 
(SAR) 

14 d LC50 0.027 

0.00089 

High 
priority for 
further 
work 

Fish  

96 h LC50 (L. idus) 
96 h LC50 (Acrylates) 
32 d Chv (Acrylates) 
96 h LC50 (Allylic/vinyl 
nitrates) 

>10000* 
0.720* 
0.00089 
0.330* 

Invertebrate 
48 h EC50 D. magna 
48 h LC50 (Acrylates) 

100* 
0.110* 

Algae 96 h EC50 0.015* 

EMC 

Neutral Organic 
(SAR)  

14 d LC50 0.191 

0.003 

High 
priority for 
further 
work 

Fish  
96 h LC50 (B. rerio) 
96 h LC50  
32 d Chv  

>10000* 
0.91 
0.003 

Invertebrate  
48 h EC50 (D. magna) 
48 h LC50 

1 
0.32 

Algae 96 h EC50 0.040 

3BC 

Neutral Organic 
(SAR)  

14 d LC50 0.38 

0.022 

High 
priority for 
further 
work 

Fish  
96 h LC50 

Chv 
1.09* 
0.022 

Invertebrate  
48 h LC50 
Chv  

0.28 
0.041 

Algal  
96 h EC50 
Chv  

0.12 
0.10 

*above the expected water solubility of the substance; SAR – structure activity relationship; NOEC - No Observed Effect Level; LC50 – 
lethal concentration 50%; EC50 – half maximal effective concentration; Chv – chronic toxicity level (used for NOECs prediction) 
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Table S1.1 - UV-filters ecotoxicity data and assessment of priority (Brook et al., 2008). (cont.). 

Compound Organism Endpoint 
Predicted 
value (mg L-1) 

NOEC 
(mg L-1) 

Priority 

IMC 

Neutral Organic 
(SAR)  

14 d LC50 3.1 

0.013 

High 
priority for 
further 
work 

Fish  
96 h LC50 
32 d Chv 

1.4 
0.013 

Invertebrate  48 h LC50 1.5 

Algae 96 h EC50 0.18 

4-MBC 

Neutral Organic 
(SAR)  

14 d LC50 0.13 

0.008 

High 
priority for 
further 
work 

Fish  
96 h LC50 
Chv 

0.510* 
0.008 

Invertebrate  
48 h EC50  
48 h LC50  
Chv  

<0.800* 
0.110 
0.047 

Algae 
96 h EC50 
Chv  

0.048 
0.017 

ES 

Neutral Organic 
(SAR)  

14 d LC50 0.117 

0.008 
High priority for 
further work 

Fish  
LC50 (B. rerio) 
96 h LC50  
Chv 

613* 
0.29a/0.13b 
0.008a/0.018b 

Invertebrate  
EC50 (D. magna) 
48 h LC50  
21 d Chv  

10a* 
0.049a/0.32b 
0.014b 

Algae 
96 h EC50  
Chv  

0.026a/0.038b 
0.022a/0.038b 

EDP 

Neutral Organic 
(SAR)  

14 d LC50 0.190 

0.012 
High priority for 
further work 

Fish  
96 h LC50  
Chv 

0.400* 
0.012 

Invertebrate  48 h LC50 0.082 

Algae 
96 h EC50 

Chv 
0.037 
0.031 

a Estimate based on the substance behaving like an ester; bEstimate based on the substance behaving like a phenol; *above the 
expected water solubility of the substance; SAR – structure activity relationship; NOEC - No Observed Effect Level; LC50 – lethal 
concentration 50%; EC50 – half maximal effective concentration; Chv – chronic toxicity level (used for NOECs prediction) 
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2. Additional information about UV-filters environmental transformation 

products  

Rodil et al. (2009) showed that BP3 has a high photostability, since only 20% degraded 

after 72 h of irradiation in water. In fact, this compound presents a half-life in water in 

the range of weeks to a couple of months (higher in winter months). Its stability, 

however, is compromised when it interacts with other UV-filters, increasing BP3 

degradation percentage (Rodil et al., 2009; Vione et al., 2013). Liu et al. (2014) 

determined 2,4-dimethylanisole as a photoproduct of BP3, produced through the loss 

of hydroxyl and benzoyl functional groups. Also, BP3 under oxic conditions (i.e. media in 

which oxygen is present) was found to produce BP1 as a biodegradation product (Kim 

and Choi, 2014; Liu et al., 2012). BP1 and 4-cresol were detected as transformation 

products under anoxic conditions (Liu et al., 2012) (Figure S1.1). 

O OH

O       

O OH

OH  
  

OH

 

2-Hydroxy-4-methoxy 
benzophenone 

 (BP3) 

  2,4-Dihydroxy benzophenone 
(BP1) 

 4-cresol 

 

       

O

 

     

 2,4-dimethylanisole 

Figure S1.1 - Main BP3 transformation products. 

In addition to direct photolysis, indirect photolysis with hydroxyl radicals (•OH) and 

the photochemically excited triplet of the coloured dissolved organic matter (3CDOM*) 

are an important path in BP3 degradation (Vione et al., 2013). Other benzophenone, 

BP4, is present in surface waters in two prevailing forms, the singly deprotonated (HA-) 

and the doubly deprotonated one (A2-) and like BP3 undergoes degradation by reaction 

with •OH and direct photolysis (De Laurentiis et al., 2013). 

Sakkas et al. (2003) found that the transformation products were strongly dependent 

on the constitution of the media irradiated. However, they determined that sea water 

transformation rate is lower than distilled water because of the dissolved organic matter 

that slows the photodegradation. Also, three transformation products were detected as 

biodegradation 

(oxic/anoxic conditions) 

photolysis 

biodegradation 

(anoxic conditions) 
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a result from dealkylation and hydroxylation reactions of ODP (Figure S1.2) (Rodil et al., 

2009; Sakkas et al., 2003).  

  

OH2N

O

6

 
  Octyl-p-aminobenzoic acid 

ON

O

6

 

 

OHN

O

6

 

Octyldimethyl-p-aminobenzoic acid 
(ODP) 

 Octyl-methyl-p-aminobenzoic acid 

  

ON

O

6

OH

 

  Octyl-dimethyl-p-amino-hydroxy-benzoic acid 

Figure S1.2 - Main ODP phototransformation products in sea water. 

Serpone et al. (2002) showed that the filtering ability of p-aminobenzoic acid EDP as 

reduced by 35% after 60 min of UV exposure in aqueous media. Rodil et al. (2009) also 

found that upon continuous radiation, EDP half-life (t1/2) is about 20 h. They also found 

3 transformation products in water solution as the result of a dealkylation and 

methylation (Figure S1.3) (Rodil et al., 2009). 

  O

H2N

O

 
  4-amino benzoic acid 2-ehtylhexyl ester 

O

N

O

 

 O

HN

O

 
2-ethylhexyl-4-(dimethylamino)benzoate  4-(methylamino)- benzoic acid 2-ethylhexyl ester 

(EDP)  O

N

O
H3C

 
  4-(dimethylamino) methyl benzoic acid 2-ethylhexyl ester 

Figure S1.3 - Main EDP phototransformation products in distilled water. 

The PBSA, benzimidazole derivative, was found to photodegrade upon irradiation and 

particularly fast and extensively in water (Serpone et al., 2002; Zhang et al., 2010). Its 

degradation is associated with the production of free radicals and reactive oxygen 

species (ROS) (Inbaraj et al., 2002). Its photolysis pathways includes desulfonation and 

benzimidazole ring cleavage, which are probably initiated by the excited triplet state 

(3PBSA●) and radical cation (PBSA●+) (Ji et al., 2013).  

photodegradation 

photodegradation 
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The camphor derivative 4-MBC was studied in groundwater under aerobic and 

anaerobic conditions during 77 days and was found more effectively degraded in the 

aquifer materials under the aerobic (half-life of 33 days) than anaerobic (half-life of 75 

days) conditions with a removal of 42 to 69%. Reducing conditions were also under 

scope and 4-MBC showed higher half-life with Fe (III), nitrate and sulphate conditions 

(Liu et al., 2013). In ultrapure water, 4-MBC was exposed to continuous artificial sunlight 

for 72 h but only 20% degradation was obtained (Rodil et al., 2009). Regarding its 

biological degradation was observed in sterile sludge treated with fungus Trametes 

versicolor an 87% reduction in 4-MBC content. The main metabolites identified were 

hydroxylated and pentose-conjugated compounds as degradation was complete in less 

than 24 h (Badia-Fabregat et al., 2012).  

Some cinnamates, salicylates, camphor and dibenzoyl methane derivatives when 

irradiated by UV undergo photoisomerisation that may yield species that absorb less UV 

light than the parent species (Díaz-Cruz et al., 2008). Some of these compounds exist in 

the environment as geometrical isomers (E/Z) due to the presence of an exocyclic C=C 

double bond adjacent to the aromatic ring (Nguyen et al., 2011). Generally, (E)-isomers 

come from commercial substances and isomerise to the (Z)-form under the influence of 

light. Isomerisation rate depends on several factors: the compound, spectrum of light 

source and matrix (solvent) (Li et al., 2007). The compounds, IMC, 4-MBC and EMC 

consist of geometrical (Z)- and (E)-isomers and, HMS, consists of cis- and trans- isomers 

(Rodil and Moeder, 2008). Also, BMDM occurs in the keto and enol form (Cantrell and 

McGarvey, 2001). 

The cinnamate derivative EMC is widely used in sunscreens and its conversion from 

(E)- to (Z)- isomer in water upon irradiation was verified by Huong et al. (2008). Although 

both isomers maximum wavelength are similar (λmax, 310 nm) (Alves et al., 2011), Z-

isomer has a lower molar absorption coefficient, which results in a decrease in the 

efficiency of EMC as a UVB absorber. In fact, this compound is difficult to degrade by 

photolysis. After 24 h of irradiation about 24% of EMC was degraded. Only when the 

right conditions are provided, like addition of an acid (HCl) or an oxidizer (H2O2), a higher 

conversion rate is observed (higher than 50%) (Gackowska et al., 2014). As a result of 

experimental studies, some EMC transformation products were identified: 4-
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methoxycinnamic acid (4-MCA), 4-methoxybenzaldehyde (4-MBA) and 4-

methoxyphenol (4-MP) (Gackowska et al., 2014). These compounds also were proven to 

react with chlorination and oxidant agents, yielding 6 other degradation compounds 

(Gackowska et al., 2014). Also, Rodil et al. (2009) showed that cinnamate EMC and IMC 

can transform in cyclobutane dimeric structures probably via [2+2] cycloaddition 

reaction. The resulting compounds, dEMC and dIMC (Figure S1.4) present higher log Kow 

values than the parent compounds (11.3 and 8.3, respectively), which means that they 

could be easily found in sediments rather than in water. MacManus-Spencer et al. (2011) 

also found that the photolysis of EMC also produces 4-methoxybenzaldehyde and 2-

ethylhexyl alcohol (Figure S1.4). 
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(dIMC) 

Figure S1.4 - Main EMC and IMC phototransformation products. 
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The dibenzoyl methane derivative, BMDM, under irradiation in aqueous solution 

tautomerises from the enol to the keto form. Under laser flash photolysis, BMDM tends also 

to transform into non-chelated forms (Cantrell and McGarvey, 2001). Huong et al. (2008) 

also verified that BMDM in aqueous medium is fully degraded by light and identified several 

photoproducts like substituted benzoic acids, benzyls, dibenzoylmethanes and dibenzoyl 

ethanes (Figure S1.5). 
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(4-tert-butylphenyl)-3-hydroperoxy-3-(4-
methoxyphenyl)-2-propen-1-one 

 (4-tert-butylphenyl)-3-hydroxy-3-(4-
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O

O

O

O  

+ 
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O

O

 
 1,4-bis-(4-methoxyphenyl)-butane-1,4-dione  1-(4-methoxyphenyl)-2-(4-tert-

butylphenyl)-etanedione 

 OOH

O O  
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 3-hydroxy-1,4-bis-4-methoxyphenyl-2,3-
propenone 

 4-tert-butyl-benzoic acid  
(PTBBA) 

 
OH

O

O  

  

 4-methoxybenzoic acid   
Figure S1.5 - Main BMDM phototransformation products. 

UV-filter degradation resulting from chlorine reactions is very common in swimming 

pools. Since aqueous chlorine is not a strong enough oxidant to mineralize anthropogenic 

compounds, numerous transformation products may be formed due to 

oxidation/substitution reactions (Duirk et al., 2013).  Chlorine reacts with the organic matter 

photodegration 

photodegration 
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present in water, producing a variety of chlorinated organic compounds known as 

disinfection by-products. It reacts with compounds containing aromatic rings, mostly by 

electrophilic substitutions mainly in the ortho and para positions to a substituent (Santos et 

al., 2013).  

As an example, Duirk et al. (2013) showed that BP3 and BP8 were rapidly transformed 

by aqueous chlorine resulting in the formation of chloroform as a stable transformation 

product. Liu et al. (2014) also found that 13 of 14 BP-type UV-filters exhibited lower toxicity 

after the chlorination disinfection process (due to the ready cleavage of the aromatic ring), 

while 2-hydroxy-4-methoxy benzophenone-5-sulfonic acid showed a higher toxicity. 

Also, ODP reacted quickly with free chlorine and the rate of chlorine consumption 

increased with the pH decrease. Concerning the photoproduct analysis in swimming pool 

water, five intermediates were detected (Figure S1.6) (Sakkas et al., 2003). Negreira et al. 

(2008) observed the production of EDP by-products and di-halogenated BP3 forms in a 

significant extension in under quasi real-life conditions of chlorinated bath waters, like 

swimming pools (Figure S1.6). 

The UV-filters EMC and BMDM react with chlorine and monochloro and dichloro 

transformation products are formed (Figure S1.6). In the first case, there is a hydrogen 

replacement by chlorine in the benzene ring of EMC; on the other hand, BMDM substitution 

should only occur in the benzene ring containing the methoxy group (Santos et al., 2013). 

In addition to the detection of the main UV-filters, it is important to also consider the 

detection and toxicological effects of their transformation products, which sometimes are 

more toxic and not frequently put under the scope. 
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Figure S1.6 - Main transformation products with chlorine agents in swimming pools. 
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Annex 2. Supporting Information Chapter 2 

 

1. Relevant physicochemical properties for the behaviour of UV-filters in 

WWTPs 

To better understand the fate of organic UV-filters in WWTPs, it is important to know the 

main physicochemical properties of these compounds. Therefore, in Table S1 are presented 

the organic-UV filters currently allowed in Europe (CosmeticsDirective, 2009), USA 

(21CFR352.10, 2014) and Japan (MHW, 2000) to be incorporated in cosmetics. Although 

these compounds may be grouped in different chemical families, they present a common 

feature, i.e. the presence of an aromatic moiety with a side chain, showing different degrees 

of unsaturation (Díaz-Cruz et al., 2008). Some of these compounds are chiral (e.g. EMC, OC 

and 4-MBC), but their enantiomers should present identical physicochemical properties 

(Bester, 2007).  

Organic UV-filters are not considered volatile because boiling points are around 400 oC. 

Their solubility in water varies from 1.45x10-14 mg L-1 for triazine derivative EHT to 2.5x105 

mg L-1 for benzophenone BP4, resulting in a wide spectrum from not soluble to highly 

soluble. Most compounds are considered lipophilic (log Kow >4), which indicates that they 

have higher affinity to sludge rather than dissolve in the aqueous phase. However, 

compounds like benzophenones BP4, BP5, BP9 and benzimidazole PBSA present negative 

log Kow values, which indicates a strong tendency to water rather than sludge. 
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters. 

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water 
at 25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Benzophenone 
derivatives 

2,4-Dihydroxybenzophenone (BP1) 
CAS: 131-56-6 

O

OH

OH

 

X X 374.6 2.19 4.13x103   X 

2,2’,4,4’-Tetrahydroxybenzophenone (BP2) 
CAS: 131-55-5 

O

OH

OHOH

HO  

X X 444.6 2.78 3.99x102   X 

2-Hydroxy-4-methoxybenzophenone (BP3) 
CAS: 131-57-7 

O

O

OH

 

X X 363.4 3.79 6.90x101 X X X 

2-Hydroxy-4-methoxy benzophenone-5-sulfonic acid (BP4) 
CAS: 4065-45-6 

O

O

OH

S

OH

OO

 

X X 497.6 0.37 2.50x105 X X X 

2-Hydroxy-4-methoxy benzophenone-5-sodium sulfonate (BP5) 
CAS: 6628-37-1 

O

O

OH

S

O- Na+

O O

 

X X 698.3 -1.42 5.05x105 X  X 

2,2′-Dihydroxy-4,4′-dimethoxybenzophenone (BP6) 
CAS: 131-54-4 

O

O OH

OH

O  

X X 421.9 3.90 3.10x101   X 

2,2’-Dihydroxy-4-methoxybenzophenone (BP8) 
CAS: 131-53-3 

O

O

OH

OH  

X X 398.2 3.82 5.30x101  X  

2,2′-Dihydroxy-4,4′-dimethoxybenzophenone-5,5′-disulfonic acid 
disodium salt (BP9) 

CAS: 76656-36-5 

O

O

OH

O

S

ONa

OO S

ONa

OO

OH  

X X 852.1 -2.78 8.89x105   X 

4-Hydroxybenzophenone (4HB) 
CAS: 1137-42-4 

O

OH  

X X 339.6 3.07 4.06x102    
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water at 

25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Benzophenone 
derivatives 

4,4’-Dihydroxybenzophenone (4DHB) 
CAS: 611-99-4 

O

OHHO  

X X 374.6 2.19 1.91x103   X 

Diethylamino hydroxybenzoyl hexyl benzoate 
(DHHB) 

CAS: 302776-68-7 

O

N

OO
OH

 

X  504.8 6.54 8.19x10-3 X  X 

2,3,4-Trihydroxybenzophenone 
(234THB) 

CAS: 1143-72-2 

O

OH

OH

OH

 

X X 409.4 2.91 3.811x102    

p-Aminobenzoic 
acids derivatives 

2-Ethylhexyl 4-(dimethylamino)benzoate (EDP) 
CAS: 21245-02-3 

O

N

O

 

 X 344.5 5.77 2.00x10-1 X X X 

Ethyl p-aminobenzoate (Et-PABA) 
CAS: 94-09-7  

O

H2N

O

 

 X 278.9 1.86 1.31x103    

Octyldimethyl-p-aminobenzoic acid  (ODP) 
CAS: 58817-05-3 

O

N

6

O

 

 X 351.6 5.84 1.70x10-1    

p-Aminobenzoic acid (PABA) 
CAS: 150-13-0 

NH2

OHO

 

 X 307.7 0.83 6.11x103  X  

Ethoxylated ethyl-p-aminobenzoate (PEG-25 PABA) 
CAS: 116242-27-4 

O

N

4

O
O

O

O

O

O

O

HO

HO

4

4

 

 X ? ? ? X   

Amyl p-dimethylaminobenzoate (APABA) 
CAS: 14779-78-3 

N

OO

 

 X 314.1 4.37 5.33x100   X 
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water at 

25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

o-Aminobenzoic 
acids derivatives 

Menthyl o-aminobenzoate (MOABA) 
CAS: 134-09-8 

O

O NH2

 

X  374.3 6.28 7.40x10-2  X  

Camphor 
derivatives 

3-(4’-Methylbenzylidene) camphor (4-MBC) 
CAS: 36861-47-9 

O

 

 X 349.4 5.92 2.00 x10-1 X   

Terephthalylidene dicamphor sulfonic acid 
(Ecamsule) (TDSA) 
CAS: 92761-26-7 

S

HO

O

O

O

S
O

O

OH

O

 

X  757.5 3.83 1.50 x10-1 X X X 

Camphor benzalkonium methosulfate (CBM) 
CAS: 52793-97-2 O

S-O

O

O N+ O

 

 X 638.2 3.11 7.34 x100 X   

Benzylidene camphor sulfonic acid (BCSA) 
CAS: 56039-58-8 

O
S

O

O
OH  

 X 472.0 2.22 1.20 x102 X   

Polyacrylamidomethyl benzylidene camphor (PBC) 
CAS: 113783-61-2 

O

N
H

O

 

 X ? ? ? X   

3-Benzylidene-camphor  (3BC) 
CAS: 15087-24-8 

O

H

 

 X 337.6 5.37 6.90 x10-1 X   
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water at 

25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Benzotriazole 
derivatives 

2-(2H-Benzotriazol-2-yl)-4,6-bis(2-phenyl-2-
propanyl)phenol 

(UV-234) 
CAS: 70321-86-7 

N

OHN

N

 

  599.7 7.67 1.65x10-3    

2-(3-tert-butyl-2-hydroxy-5-methylphenyl)-5-
chlorobenzotriazole  (UV 326) 

CAS: 3896-11-5 
N

N

N

HO
Cl

 

X X 450.1 5.55 6.80 x10-1    

2-(5-Chloro-2H-benzotriazol-2-yl)-4,6-bis(2-methyl-
2-propanyl)phenol 

(UV-327) 
CAS: 3864-99-1 

N

OHN

N

Cl

 

  473.3 6.91 2.63x10-2    

2-(2H-Benzotriazol-2-yl)-4,6-bis(2-methyl-2-
butanyl)phenol 

(UV-328) 
CAS: 25973-55-1 

N

OHN

N

 

  477.8 7.25 1.48x10-2    

2-(2’-hydroxy-5’-octylphenyl)-benzotriazole (UV 
329) 

CAS: 3147-75-9 
N

N

N

HO

 

X X 454.6 6.21 1.70 x10-1    
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water at 

25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Benzotriazole 
derivatives 

Methylene bis-benzotriazolyltetramethyl 
butylphenol (MBBT) 

CAS: 103597-45-1 
N

N

N

HO

HO
N

N

N

 

X X 818.5 12.46 4.47x10-10 X  X 

Drometrizole Trisiloxane (DTS) 
CAS: 155633-54-8 

N

N

N

HO

Si
O Si

O

Si

 

X X 528.6 10.82 6.40x10-7 X  X 

Salicylate 
derivatives 

2-Ethylhexyl salicylate (ES) 
CAS: 118-60-5 

O

O

OH  

 X 344.9 5.97 7.20 x10-1 X X X 

3,3,5-trimethylciclohexyl salicylate 
(Homosalate) (HMS) 

CAS: 118-56-9 O

O

OH  

 X 355.9 6.16 4.20 x10-1 X X X 

Benzylsalicylate  (BZS) 
CAS: 118-58-1 

O

O

OH  

 X 354.9 4.31 2.46 x101    

Triethanolaminium salicylate (TAS) 
CAS: 2174-16-5 

OH

O

O

HO

NH

HO

OH

 

 X 460.9 -0.53 4.24x104 X   
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water 
at 25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Triazine 
derivatives 

Diethylhexyl butamido triazone (DBT) 
CAS: 154702-15-5 N

N

N

N
H

N
H

HN

O

O

O

O

N
H

O

 

 X 893.5 14.03 1.33x10-11 X   

Ethylhexyl triazone  (EHT) 
CAS: 88122-99-0 N

N

N

N
H

N
H

HN

O

O

O

O

O

O

 

 X 874.4 17.05 1.45x10-14 X  X 

Bis-ethylhexyloxyphenol 
Methoxyphenyl triazine (BEMT) 

CAS: 187393-00-6 N

N

N

O

O

HO

O

OH

 

X X 786.6 9.29 1.45x10-16 X  X 

Tris-biphenyl triazine (TBPT) 
CAS: 31274-51-8 

N

N

N

 

X X 792.2 10.38 5.56x10-7 X   
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water 
at 25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Cinnamates 
derivatives 

2-Ethylhexyl 4-methoxycinnamate  (EMC) 
CAS: 5466-77-3 

O

O

O  

 X 360.5 5.80 1.50 x10-1 X X X 

Isoamyl 4-methoxycinnamate  (IMC) 
CAS: 71617-10-2 

O

O

O  

 X 324.4 4.33 4.86 x100 X  X 

2-Ethoxyethyl 4-methoxycinnamate (Cinoxate) 
(EOMC) 

CAS: 104-28-9 
O

O

O

O  

 X 185.5 2.65 5.00 x102  X X 

Isopropyl 4-methoxycinnamate (IPMC) 
CAS: 5466-76-2 O

O

O  

 X 296.4 3.35 4.80 x101   X 

4-Hydroxy-3-methoxycinnamic acid (ferulic acid) 
(FA) 

CAS: 1135-24-6 

OH

O

HO

O
 

 X 354.2 1.51 5.97 x103  X  

Dibenzoyl 
methane 
derivative 

4-tert-butil-4’-methoxydibenzoylmethane 
(Avobenzone) (BMDM) 

CAS: 70356-09-1 

O O

O

 

X  409.3 4.51 1.52 x100 X X X 

Benzimidazole 
derivative 

2-Phenyl-5-benzimidazole sulfonic acid (PBSA) 
CAS: 27503-81-7 

N
H

NSHO

O

O

 

 X 566.1 -0.16 2.36x104 X X X 

Disodium phenyl dibenzimidazole tetrasulfonate 
(DPDT) 

CAS: 180898-3-7 N
H

N

N

H
N

S

ONa

OO

S
HO

O

O

S OH

O

O

S

ONa

OO

 

X  ? -2.00 2.00 x101 X   
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Table S2.1 - Structure and some physicochemical properties (boiling point, water solubility and octanol-water partition coefficient) of organic UV-filters (cont.).  

Family 
Compound (Abbreviation) 

CAS number 
Chemical Structure UVA UVB 

Boiling 
Point (oC) 

Log Kow 
Solubility in water 
at 25 oC (mg L-1) 

UV-filters allowed by: 

Europe USA Japan 

Crylene 
derivative 

2-Ethylhexyl 2-cyano-3,3-diphenylacrylate (OC) 
CAS: 6197-30-4 

O

CN

O

 

 X 472.9 6.88 3.81x10-3 X X X 

Benzalmalonate 
derivative 

Dimethicodiethylbenzalmalonate (Polysilicone-
15) 

(BMP) 
CAS: 207574-74-1 

O

O

OO

SiO O Si

5

O

SiOSi

55

 

 X ? ? ? X  X 

Other 
1-(3,4-dimethoxyphenyl)-4,4-dimethyl-1,3-

pentanedione (PD) 
CAS: 135099-97-7 

 

O O

O

O

 

 X 348.8 1.61 8.24 x102   X 
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Annex 3. Supporting Information Chapter 4 

 

1. Abbreviations 

4DHB - 4,4’-Dihydroxybenzophenone; 4HB - 4-Hydroxybenzophenone; 4-MBC - 3-(4’-

Methylbenzylidene) camphor; Ac- Acetone; ADBI – Celestolide; AHMI – Phantolide; 

AHTN – Tonalide; Al2O3 – Aluminium oxide; ASE – Accelerated solvent extraction; ATII – 

Traseolide; BMDM – Avobenzone; BP1 - 2,4-Dihydroxybenzophenone; BP2 - 2,2’,4,4’-

Tetrahydroxybenzophenone; BP3 - 2-Hydroxy-4-methoxybenzophenone; BP4 - 2-

Hydroxy-4-methoxy benzophenone-5-sulfonic acid; CYHex – cyclohexane; DBT: 

Diethylhexyl butamido triazone; DCM – Dichloromethane; DE - Diethyl ether; DPMI – 

Cashmeran; EA – Ethyl Acetate; EDP - 2-Ethylhexyl 4-(dimethylamino)benzoate; EHT – 

Ethylhexyl triazone; EMC - 2-Ethylhexyl 4-methoxycinnamate; ES - 2-Ethylhexyl 

salicylate; GC-MS – gas chromatography – mass spectrometry; GPC – gel permeation 

chromatography; Hex – Hexane; HHCB – galaxolide; HMS -  Homosalate; IMC - Isoamyl 

4-methoxycinnamate; LC-MS – liquid chromatography – mass spectrometry; LLE – liquid 

liquid extraction; LOD – Limit of detection; LOQ - Limit of quantification;  MA – Musk 

Ambrette; MAE - Microwave-assisted extraction; MA-HS-SPME - Microwave-assisted 

headspace solid-phase microextraction; MeOH – Methanol; MK – Musk Ketone; MM – 

Musk Moskene; MT – Musk Tibetene; MX – Musk Xylene; N2 – Nitrogen; Na2SO4 – 

Sodium Sulfate; NaCL – Sodium Chloride; OC – Octocrylene; ODP - Octyldimethyl-p-

aminobenzoic acid; PBSA - 2-Phenyl-5-benzimidazole sulfonic acid; PLE – Pressurize 

liquid extraction; PN – Pentane; RT – Room temperature; SFE -  Supercritical fluid 

extraction; SPE – Solid phase extraction; SPME - Solid Phase Micro Extraction; US – 

Ultrasound; UV-234 - 2-(2H-Benzotriazol-2-yl)-4,6-bis(2-phenyl-2-propanyl)phenol; UV-

326 - 2-(3-tert-butyl-2-hydroxy-5-methylphenyl)-5-chlorobenzotriazole; UV-327 - 2-(5-

Chloro-2H-benzotriazol-2-yl)-4,6-bis(2-methyl-2-propanyl)phenol; UV-328 - 2-(2H-

Benzotriazol-2-yl)-4,6-bis(2-methyl-2-butanyl)phenol; UV-329 - 2-(2’-hydroxy-5’-

octylphenyl)-benzotriazole;  
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2. State of the Art 
Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

MK, MX, 
HHCB, 

AHTN, ADBI, 
AHMI, ATII 

 

China 

0.1 g of freeze-dried sample added 20 µL 
(100 µg/L) IS), 4 g Activated silica and 28 

g Na2SO4. 
PLE: 34 mL Hex/DCM (1:1), 60 oC, 1,500 

psi, 2 cycles, 15 min. 
SPE: 3 g Activated silica gel, 0.5 g Na2SO4, 

8 mL Hex (conditioning); 5 mL Hex + 15 
mL Hex/DCM (2:1) + 15 mL Hex/DCM 
(1:2) + 20 mL Hex/DCM (1:3) elution). 

Concentration to 1 mL. 

GC-MS 55 - 107 - 0.4 – 2.2 

HHCB: <2.2 – 41,400 
AHTN: <1.5 – 22,000 

MX: 382 
MK: 359 

 

(Liu et al., 
2014) 

AHTN, HHCB USA 

1 g wet sample added to 20 mL MeOH, 
vortex 30 min; MeOH is recovered and 

process repeated 2 more times. Samples 
of combined extracts are diluted 10-fold 

with MeOH/H2O (1:1). 

LC-MS/MS 
AHTN: 111 
HHCB: 112 

- 

AHTN: 
0.1 

HHCB: 
0.5 

 

AHTN: 649 – 14,971 
HHCB: 4079 – 91,018 

(Sun et al., 
2014) 

Exaltone, 
Exaltolide, 
Muscone, 

Habanolide, 
Ambrettolide, 

Musk MC4, 
Civetone, 
Musk-NN 

Spain 

0.25 g freeze-dried sample; 
HS-SPME: 0.5 mL H2O, 80 oC, 1 min. 

Introduced a PDMS/DVB 65 µm fiber, 45 
min, stirred at 750 rpm. Desorption at 

250 oC for 3 min. 

GC-MS  

Exaltone, 
Exaltolide, 
Musk-NN: 

0.005 
Muscone, 

Habanolide, 
Musk MC4, 
Civetone: 

0.025 
Ambrettolide: 

0.0075 

- 

Exaltone: 0.05-0.08 
Exaltolide: nd-0.13 
Muscone: nd-2.0 

Habanolide: nd-0.50 
Ambrettolide: 0.025-0.85 

Musk MC4: nd - 0.19 
Civetone: nd - 0.13 

Musk-NN: 0.025 - 1.45 

(Vallecillos et 
al., 2013) 

 

HHCB, AHTN, 
DPMI, 

Ambrettolide 
Denmark 

0.5 g freeze-dried sample added to 5 mL 
Hex, 15 min sonication, 15 min 

centrifugation at 2,000 rpm. Liquid phase 
recovered, process repeated 2 more 

times. Evaporation to 300 µL under N2 
and 186 ng of triphenylamine added as 

IS. 

GC-MS - 2 – 10 3 - 30 

HHCB: 250 – 2,500 
AHTN: 1900 – 5,000 

DPMI: 10 - 50 
Ambrettolide: 10 - 150 

(Matamoros et 
al., 2012) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

AHTN, HHCB, 
ADBI, AHMI, 
ATII, MK, MX 

China 

Freeze-dried sludge. 
ASE: 4 g activated silica and 28 g of 

Na2SO4/0.1 g sludge mixture; 
C6H14:CH2Cl2 (1:1), 60 oC, 1500 psi, static 

mode, 15 min, twice. 
Column clean-up: activated copper and 6 

g Na2SO4; 
SPE: 2 g Al2O3 and 0.5 g Na2SO4, 5 mL Hex 

(conditionate), 5 mL Hex + 20 mL 
Hex/DCM (2:1) + 30 mL Hex/DCM (1:2) + 

20 mL Hex/DCM (1:3) (elution). 
Concentration of the eluates to 1 mL. 

GC-MS 83.6 – 105.1 3.3 - 

HHCB: 260 – 12,590 
AHTN:10 – 2,560 

MK: 130 – 530 
ATII: 15 – 300 

MX: <3.3 
AHMI, ADBI: nd 

(Hu et al., 
2011) 

HHCB, AHTN, 
ADBI, AHMI, 
ATII, DPMI, 

MA, MX, 
MM, MT, MK 

Korea 

Freeze-dried sludge. 
ASE: 1 g sample, Ac/Hex (1:1), 100 oC. 

Pre-heat, heat and static times of 5, 5 and 
10 min; 14.1 MPa, 100% flush volume, 60 
s purge, 2 cycles. Volume reduce to 2 mL 

and dilution to 10 mL with Hex. 
SPE: 2 g Na2SO4, 8 g 5% deactivated silica 

gel, 2 g Na2SO4; 100 mL Hex (washing). 
Sample loading (2 mL extract). Elution: 50 

mL Ac/Hex (1/99) (discarded), 100 mL 
Ac/Hex (5/95) (collected, evaporated, 

exchanged into DCM and adjusted to 200 
µl for analysis). 

GC-MS 

DPMI: 79 
ADBI: 82 
AHMI: 80 
ATII: 71 

HHCB: 85 
AHTN: 82 

MA:77 
MX: 79 
MM: 73 
MT: 71 
MK: 80 

DPMI: 10 
ADBI: 3 
AHMI: 3 
ATII: 10 
HHCB: 7 
AHTN: 7 
MA: 7 
MX: 3 

MM: 10 
MT: 10 
MK: 3 

DPMI: 30 
ADBI: 10 
AHMI: 10 
ATII: 30 

HHCB: 20 
AHTN: 20 

MA: 20 
MX: 10 
MM: 30 
MT: 30 
MK: 10 

ADBI: <3 – 250 
AHMI: <3 – 235 

HHCB: 15,900 – 82,100 
AHTN: 4,480 – 28,800 

MK: <3 – 1,900 

(Guo et al., 
2010) 

HHCB, AHTN, 
MX, MK 

China 

Phase separation: centrifugation at 
10,000 rpm for 5 min. 

Horizontal mechanical shaker extraction: 
solid phase is extracted with Hex, 3 times, 

by vigorous stirring for 2 h (270 rounds 
per min). 

Concentration: extracts evaporation by 
rotary evaporation at 40 oC and 40 Pa to 
dryness and reconstituted to 1 mL with 

Hex. 

GC-MS - - - 

Primary sludge 
HHCB: 2,605.6 – 3,293.3 
AHTN: 676.6 – 1,188.9 

MX: 1.1 - 7.1 
MK: 4.4- 7.1 

Treated dewatered sludge 
HHCB: 3,281.3 – 3,560.2 
AHTN: 793.1 – 1,529.2 

MX: nd 
MK: nd - 28.8 

(Lv et al., 
2010) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

AHTN, HHCB, 
DPMI, ADBI, 
AHDI, ATII 

Austria 

Sample: 1 g of sewage sludge dry matter 
was used. 

Extraction: 20 mL EtOH and 30 mg 
diethylammoniumdiethyldithiocarbamate 
added to sample; 150 min extraction on a 
rotation-shaker, 3 min in ultrasound (US). 

Added 20 mL of sodiumacetate buffer 
(pH = 3.4) and 20 mL Hex; Extration on a 
rotation-shaker for 150 min and 3 min 

US. Centrifugation at 3,000 rpm, to 
separate Hex layer. Extraction repeated 
with 5 mL Hex. Combined Hex extracted 

evaporated under N2 to 5 mL. 
SPE: aluminium oxide column; 35 mL 

Hex/EA (90:10) (elution). 

GC-MS 80 - 105 

AHTN: 5 
HHCB: 25 
DPMI: 5 

ADBI: 7.5 
AHDI: 5 
ATII: 5 

 

AHTN: 10 
HHCB: 50 
DPMI: 10 
ADBI: 15 
AHDI: 10 
ATII: 10 

 

WWTP A 
Excess sludge: 

AHTN: 400 
HHCB: 4,200 

DPMI: 22 
ATII: 290 

ADBI, AHDI: nd 
Digested sludge: 

AHTN: 1,100 
HHCB: 8,500 

DPMI: 79 
ADBI: 23 
AHDI: 10 
ATII: 510 
WWTP B 

Excess sludge: 
AHTN: 910 

HHCB: 11,000 
DPMI: 68 
ADBI: 23 

AHDI: <10 
ATII: 870 

Digested sludge: 
AHTN: 1,800 

HHCB: 14,000 
DPMI: 120 
ADBI: 32 
AHDI: 11 
ATII: 680 

WWTP C and D 
(data not shown) 

(Clara et al., 
2011) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

DPMI, ADBI, 
AHMI, ATII, 

HHCB, AHTN 
 

China 
(Taiwan) 

Samples homogenized by stirring and 
dewatered by filtration through glass 

fiber papers. The filter cake is collected. 
MA-HS-SPME: 5 g sample, 20 mL H2O 3 g 
NaCl (pH=1). Microwave irradiation at 80 

W for 5 min, adsorbed in situ on the 
PDMS-DVB fiber. 

Desorption at 270 oC for 2 min. 

GC-MS 

DPMI: 76-79 
ADBI: 80-89 
AHMI: 68-71 
ATII: 76-80 

HHCB: 83-87 
AHTN: 70-75 

DPMI: 0.1 
ADBI, AHMI, 
ATII, HHCB, 
AHTN: 0.04 

DPMI: 
0.3 ADBI, 

AHMI, 
ATII, 

HHCB, 
AHTN: 

0.1 

DPMI: 1.2 - 2.5 
ADBI, AHMI, ATII: nd 

HHCB: 1.4 - 2.8 
AHTN: 0.5 - 0.7 

(Wu and 
Ding, 2010) 

HHCB, AHTN China 

Sample pre-treatment: filtration through 
a GF/B glass fiber filter. The filter cake 

was collected and freeze-dried, ground in 
a mortar, mixed thoroughly and stored 

until analysis. 
Extraction: 0.02 g sample extracted with 
5 mL MeOH/H2O (5:3), then 3 times with 
5 mL Hex/Ac (85/15). In each extraction, 

sample is ultrasonicated for 10 min. 
Extract filtered through glass fiber filter 

and solvent evaporated to 200 µL. 
Dilution with 500 mL H2O. 

SPE: Oasis HLB cartridge, 2 times 5 mL 
Methyl tert-butyl ether (MTBE), and then 
rinsed three times with 5 mL MeOH and 5 

mL H2O. Elution with 10 mL EA 
SPE: Silica gel cartridge. 

Extract evaporated to near dryness under 
N2 and reconstituted in 100 µl Hex. 

 

GC-MS 
HHCB: 74.8 
AHTN: 60.7 

HHCB: 200 
AHTN: 180 

HHCB: 
670 

AHTN: 
590 

WWTP A 

Anaerobic: 
HHCB: 3,700 
AHTN: 1,100 

Anoxic: 
HHCB: 2,500 
AHTN: 700 

Oxic: 
HHCB: 4,800 
AHTN: 1,000 

WWTP B 
Anoxic: 

HHCB: 5,300 
AHTN: 6,100 

Oxic: 
HHCB: 9,000 

AHTN: 13,100 
WWTP C 

Bioseletion: 
HHCB: 16,800 
AHTN: 2,900 

Oxidized ditch: 
HHCB: 17,000 
AHTN: 6,100 
Anaerobic: 

HHCB: 10,900 
AHTN: 2,100 

(Zhou et al., 
2009) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

DPMI, ADBI, 
AHMI, ATII, 

AHTN, HHCB 
China 

Sample treatment: samples were freeze-
dried, grounded finely into powder and 

thoroughly homogenized. 
Soxhlet: 3 g sample, 2 g activated copper 
(activated with 10% hydrochloric acid), 

extracted for 10 h with 400 ml DCM/Hex 
(3:1). Concentration with a rotary 

evaporator to approximately 1 ml for 
clean-up. 

SPE: 3 g silica gel, 2 g neutral alumina, 0.5 
Na2SO4, 3 g activated copper and 0.5 g 

Na2SO4; 70 ml Hex, 70 ml Hex/DCM (1:1), 
70 ml DCM. Concentration to near-

dryness and reconstituted 1 ml with Hex. 

GC-MS 

DPMI:75 
ADBI: 95 
AHMI:93 
ATII:77 

AHTN:97 
HHCB:101 

ng L-1* 
DPMI:0.15 
ADBI:0.05 
AHMI:0.06 
ATII:0.13 

AHTN:0.14 
HHCB:0.09 

- 

HHCB: 3,580-78,600 
AHTN: 475-13,900 
AHMI: <LOD – 670 
ADBI: <LOD – 351 

(Shek et al., 
2008) 

 

DPMI, ADBI, 
AHMI, ATII, 

AHTN, HHCB 
China 

Soxhlet: extracted for 72 h with DCM 
(with copper). Concentration with a 

rotary evaporator. 
SPE: silica-alumina column (2:1). Elution 

with Hex, Hex/DCM, DCM. 

GC-MS 

DPMI: 57 
ADBI: 62 
AHMI: 68 
ATII: 73 

AHTN: 78 
HHCB: 107 

*µg/mL 
ADBI, AHMI: 

0.06 
DPMI: 0.11 
ATII, HHCB, 
AHTN: 0.12 

- 

Primary sludge 
DPMI: 40,750 – 50,430 

ADBI: 1,460 – 2,590 
AHMI: 1,380 – 2,120 

HHCB: 479,730 – 545,170 
AHTN: 49,690 – 68,130 

ATII: nd 
Secondary sludge 

DPMI: 42,640- 52,380 
ADBI: 2,120- 4,010 
AHMI: 2,130- 3,650 

HHCB: 530,080 – 601,270 
AHTN: 82,870 – 107,610 

ATII: nd 

(Chen et al., 
2007) 

 

HHCB, AHTN, 
HHCB-lactone 

 
USA 

Sample treatment: moisture was 
removed from sludge samples (1-5 g) by 

homogenization of each sample with 
approximately 75 g of Na2SO4. 

Soxhlet: 400 ml Hex/DCM (1:3) for 16 h. 
Concentration to 1 mL. 

 

GC-MS 

HHCB:  87 
AHTN: 85 

HHCB-
lactone: 86 

- 

HHCB:  
20 

AHTN: 20 
HHCB-

lactone: 
50 

WWTP A 
HHCB: 2,000 – 21,000 
AHTN: 1,200 – 6,700 

HHCB-lactone: 5,600 – 
10,000 

WWTP B 
HHCB:<20 

AHTN: <20-21 
HHCB-lactone: <50 

(Horii et al., 
2007) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

HHCB, AHTN, 
HHCB-lactone 

 
USA 

Sample treatment: moisture was 
removed from sludge samples (1-5 g) by 

homogenization of each sample with 
approximately 75 g of Na2SO4. 

Soxhlet: 400 ml Hex/DCM (1:3) for 16 h. 
Concentration to 1 mL. 

 

GC-MS 

HHCB:  87 
AHTN: 85 

HHCB-
lactone: 86 

- 

HHCB:  
20 

AHTN: 20 
HHCB-

lactone: 
50 

WWTP A 
HHCB: 63,400 – 117,000 

AHTN: 10,400- 16,800 
HHCB-lactone: 12,900 – 

22,000 
WWTP B 

HHCB: 7,230 – 46,100 
AHTN: 809 – 3,250 

HHCB-lactone: 3,160 – 
19,400 

(Reiner et 
al., 2007) 

 

DPMI, ADBI, 
AHMI, ATII, 

HHCB, AHTN, 
MA, MX, 

MM, MT, MK 

Canada 

SFE: Not described. Followed by SPE. 
SPE: silica gel column, 10 mL Ac/Hex 

(5:95). 
 

MAE: Ac and Hex. 
 

GC-MS 
89 (MAE) 
88 (SFE) 

DPMI: 27 
ADBI: 36 
AHMI: 27 
ATII: 39 

HHCB: 41 
AHTN: 32 
MA, MX, 

MM, MK: 4 
MT: 3 

- 

DPMI: nd 
ADBI: 173 - 278 
ATII: 416 - 495 

HHCB: 17,500 – 25,600 
AHTN: 4,240 – 7,040 

MX: nd 
MK: 170-196 

(Smyth et 
al., 2007) 

HHCB, AHTN, 
ADBI, AHDI, 
DPMI, ATII 

 

Switzerland 

LLE: 50 g sludge and 2.5 g NaCl, 20 mL 
Hex, shaking for 20 min with a horizontal 

mechanical shaker, 3 times and 
centrifugation thereafter; Hexane phases 
were dried over Na2SO4. Isooctane (0.5 

mL) was added as a keeper. 
Concentration to 0.5 mL by rotary 

evaporation at 40 oC and 33,000 Pa. The 
extracts were diluted with DCM/Hex (1:1) 

up to 5 mL. 
GPC: 100 g of Bio-Beads S-X3, Hex/DCM 

(1:1), flow rate: 5 mL min-1, sampling 
window: 25–45 min. 

Volume reduction by rotary evaporator 
to 0.5 mL. 

GC-MS 

HHCB:92 
AHTN:101 
ADBI:103 
AHDI:95 
ATII:102 
DPMI:84 

HHCB:6 
AHTN:4 
ADBI:1 
AHDI:1 
ATII:1 

DPMI:1 

HHCB:20 
AHTN:13 
ADBI:3 
AHDI:3 
ATII:3 

DPMI:3 

Raw sludge 
HHCB: 9,420 – 11,670 
AHTN: 2,950 – 3,870 

ADBI: 180 - 440 
AHDI: 90 - 260 
ATII: 150 - 210 
DPMI: 10 - 20 

Digested sludge 
HHCB: 9,390 
AHTN: 3,220 

ADBI: 250 
AHDI: 110 
ATII: 180 
DPMI: 30 

(Kupper et 
al., 2006) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

HHCB, AHTN, 
ADBI, AHDI, 
ATII, ATTN 

Germany 

LLE: Dried sludge was extracted with Ac, 
H2O and Hex. Centrifugation for 10–30 

min at 3,500 rpm. 
SPE: Alumina column 

 
 
 

GC-MS/MS 

HHCB: 98.5 
AHTN: 105.3 
ADBI: 102.5 
AHDI:100.7 
ATII: 105.9 
ATTN:111 

25 - 

Activated sludge 
HHCB: 2,700 – 14,400 

AHTN: 800 – 4,700 
ADBI: 30 - 180 
AHDI: 80 - 310 
ATII: 110 - 360 
ATTN: 30 - 460 
Dried sludge 

HHCB: 6,020 – 23,000 
AHTN: 1,970 – 6,940 

ADBI: 80 - 340 
AHDI: 150 - 320 
ATII: 150 - 590 

(Muller et 
al., 2006) 

DPMI, ADBI, 
AHMI, ATII, 

HHCB, AHTN, 
MA, MX, 

MM, MT, MK 
 

Canada 

ASE: 4–6 g sample of centrifuged 
biosolids, 16 g of pre-cleaned Na2SO4, 

three 5 min cycles of Hex/EA (1:1), 1500 
psi, 80 oC. 

Column: Na2SO4 and concentration to 2 
mL. 

GPC: Bio-Beads S-X, Hex/EA (1:1), 3–4 
mLmin-1. Fractions: A (40 mL), B (35 mL) 
and C (75 mL). Fraction C was collected. 
SPE: 5 g silica gel column, 2 g Na2SO4, 60 
mL EA, 50 mL Ac. Volume concentrated 

to 0.25 mL. 

GC-MS 
80 

*DPMI: 70 
*ng L-1 
0.4-4.0 

- 

Raw sludge 
DPMI: 12.8 - 48.4 
ADBI: 16.1 - 29.3 
AHMI: 11.3-30.0 
ATII: 92.8-244.3 

HHCB: 2,482.4 – 4,514.1 
AHTN: 408.6 - 929.4 

MX: nd - 83.7 
MK: nd - 48.1 

MA, MM, MT: nd 
Digested sludge 

DPMI: 38.8 - 68.4 
ADBI: 44.5 - 61.4 
AHMI: 21.2 - 43.0 
ATII: 501.9 - 259.4 

HHCB: 5,772.7 – 7,896.7 
AHTN: 1,040.2 – 1,569.0 

MX: 62.0 - 133.5 
MK: nd - 71.6 

MA, MM, MT: nd 

(Yang and 
Metcalfe, 

2006) 
 

ATTN - versalide 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

AHTN, HHCB Switzerland 

0.2 g of freeze-dried samples 
PLE: 100 oC, 100 bar, 2 x 5 min, MeOH, 

final volume 20 mL 
US: 4 x 5 min; MeOH 4 and 2 mL, Ac 3 x 2 

mL. 
Centrifugation: Supernatants combine 

and evaporate to about 0.2 mL under N2. 
SPE: RP-C18, MeOH; evaporation close to 

dryness and add 200 µL Hex; Clean-up 
with Silica gel, Hex/Ac (85/15). 

Evaporation to 300 µL. 

GC-MS 

Activated 
sludge 

AHTN: 78 
HHCB: 87 
Digested 

sludge 
AHTN: 74 
HHCB:64 

- 

AHTN: 
250 

HHCB: 
250 

Activated sludge 
AHTN: 2,300 – 4,300 
HHCB: 4,500 - 8,500 

Digested sludge 
AHTN: 6,600 
HHCB:15,000 

(Ternes et 
al., 2005) 

AHTN, HHCB Germany 
Activated sludge 

AHTN: 1,400 – 2,600 
HHCB: 5,200 – 6,500 

DPMI, AHDI, 
ATII, AHTN, 

HHCB, 
HHCB-lactone 

Switzerland 

Extraction: 500 ml of homogenized 
sample (dry weight 1–1.5%), 20 g of NaCl, 
200 ml Hex, stirred for 2 h at RT. The Hex 
was decanted, dried over Na2SO4 and 50–

100 ml taken for the final analysis. 
Concentration to 5-10 mL by rotary 

evaporator and further concentration 
under N2. 

GC-MS 

HHCB: 78 
AHTN: 83 
ADBI: 92 
AHDI: 82 
ATII: 87 

DPMI: 79 
HHCB-

lactone: 94 

- 

*ng L-1 
HHCB, 
AHTN, 

ADBI: 20 
AHDI, 

DPMI: 10 
ATII: 15 

HHCB: 3,170 – 5,270 
AHTN: 1,250 – 2,060 

ADBI: 50 - 70 
AHDI: 170 - 240 
ATII: 120 - 210 

DPMI: nd 
HHCB-lactone: 1,280 – 1,570 

(Berset et 
al., 2004) 

 

HHCB, AHTN Germany 

US: dried sludge, 4 x 5 min; 4 and 2 mL 
MeOH, 2 x 2 mL Ac. Supernatants 

combine and evaporate to about 0.2 mL 
under N2. 

SPE: RP-C18 (pH=7) 

GC-MS - - - 

Primary sludge 
HHCB: 187,000 
AHTN: 183,000 

Secondary sludge 
HHCB: 13,100 
AHTN: 10,200 

(Ternes et 
al., 2004) 

AHTN, HHCB, 
HHCB-lactone 

Germany 

Soxhlet: 10 g lyophilized sample, 
extracted for 6 h, 100 ml EA. Extracts 

exchanged into toluene (by rotary 
evaporator). 

SPE: 1 g silica cartridges, 6 mL EA. 
GPC: Biorad SX-3, 2.5 ml min-1, CYHex/EA 
(1:1), collected fraction (21.30–32 min). 

Samples transferred to toluene by rotary 
evaporator. 

GC-MS 
AHTN: 76 

HHCB: 100 
- 

AHTN: 6 
HHCB: 5 

AHTN: 1,343 – 1,746 
HHCB: 2,709 – 3,342 

HHCB-lactone: nd 

(Bester, 
2004) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

DPMI, ADBI, 
AHMI, ATII, 

HHCB, AHTN 
China 

Soxhlet: 1 g sample, extracted for 72 h 
with DCM (with copper). Concentration in 

rotary evaporator to 1 mL, solvent 
changed to Hex and reduced again. 

SPE: 12 cm silica, 6 cm neutral activated 
alumina, 2 cm Na2SO4. Elution with Hex, 

Hex/DCM, DCM. Concentration to 0.5 mL. 
 

GC-MS 

DPMI: 58.13 
ADBI: 63.08 
AHMI:67.35 
ATII:71.96 

HHCB: 108.95 
AHTN:77.73 

*µg/ml 
DPMI, ATII, 

HHCB, 
AHTN:0.1 

ADBI, AHMI: 
0.05 

- 

WWTP A 
DPMI: 599 – 1,004 

ADBI: 192 - 210 
AHMI: <LOD - 227 

ATII: nd 
HHCB: 5656 – 21,214 

AHTN: 768 – 6,195 
WWTP B 

DPMI: 1,004 
ADBI: 207 
AHMI: 112 

ATII: nd 
HHCB: 5,416 
AHTN: 715 
WWTP C, D 

Data not shown 

(Zeng et al., 
2005) 

 

AHTN, HHCB Netherlands SPME GC-MS 85-106 - - 

Primary sludge 
AHTN: 310 – 470 

HHCB: 1,080 – 1,590 
Primary sludge 

AHTN: 15,260 – 92,250 
HHCB: 39,300 – 257,730 

Waste sludge 
AHTN: 380 – 460 
HHCB: nd – 1,800 

(Artola-
Garicano et 

al., 2003) 
 

MA, MX, MM, 
MT, MK, 

DPMI, ADBI, 
AHMI, ATII, 

HHCB, AHTN 
 

UK 

Sample treatment: 2.5 g of centrifuged 
sewage sludge was dried with Na2SO4 

Soxhlet: extracted for 18 h, 280 mL DCM 
(with copper). 

SPE: 5 g alumina, 10 g silica, 1 cm Na2SO4; 
100 mL of DCM/pentane (1:1). 

GPC: Bio-Beads SX-3, 25 cm bed height, 
120 mL Hex/DCM (1:1). 

SPE: 3 g silica gel 60, 2 g neutral alumina, 
0.5 Na2SO4, 20 mL DCM. 

GC-MS - - - 

Digested sludge 
ADBI: 10 - 260 

AHMI: 32 – 1,100 
ATII: 44 – 1,100 

HHCB: 1,900 – 81,000 
AHTN: 120- 16,000 
MA, MX, MM, MT, 

MK, DPMI: nd 

(Stevens et 
al., 2003) 
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Table S3.1 - Overview on analytical methods for determinations of SMCs in sewage sludge. (cont.). 

Compounds Country Extraction/Clean-up method 
Instrumental 

method 
% REC 

LOD 
(ng g-1) 

LOQ 
(ng g-1) 

Concentration 
(ng g-1 dw) 

References 

HHCN, AHTN, 
MX, MK, 
4-AMX, 
2-AMK 

Germany 
GPC 
SPE 

GC-MS - - - 

HHCB: 4,800 
AHTN: 2,000 

MX: <10 
MK: <10 

4-AMX: <10 
2-AMK: nd 

(Gatermann 
et al., 2002) 

 

DPMI, ADBI, 
AHMI, MA, 
MX, HHCB, 
AHTN, MM, 
AMA, MT, 
AMM, MK, 
AMT, AMK, 

AMX 

Switzerland 

Extraction: 1 L of wet sewage sludge 
extracted with 600 ml Hex, RT, 2 h, by 

agitating vigorously. Decantation of the 
organic phase dried over Na2SO4 and 

concentrated at 35 °C under vacuum to 5 
ml. 

GPC: 30 g of Bio-Beads SX3, CYHex/EA 
(1:1), 5 mL min-1. 

SPE: silica cartridge, 8 ml DCM. 

GC-MS/MS 

DPMI: 73 
ADBI: 108 
AHMI: 106 
MA: 112 
MX:118 
MM:102 
MT:89 

MK: 107 

- - 

Wet sludge 
WWTP A 

MA, MX, MM, MT, 
AMA, AMT, AMK: nd 

MK: nd - 6.9 
AMX: nd - 49.1 
AMM: nd - 7.9 

DPMI: 47.2 - 332 
ADBI: 61.6 - 245 
AHMI: 103 - 843 

HHCB: 2,347 – 12,157 
AHTN: 973 – 4,161 

WWTP B 
MA, MM, MT, AMA, 

AMT: nd 
MX: nd - 32.5 
MK: nd - 7.0 

AMX: nd - 31.5 
AMM: nd - 36.2 
DPMI: 38.4 - 147 

ADBI: 41 - 330 
AHMI: 64.9 - 266 

HHCB: 2,293 – 4,074 
AHTN: 741 – 1,418 

(Herren and 
Berset, 2000) 
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Table S3.2 - Overview on analytical methods for determinations of UVFs in sewage sludge. 

Compounds Location Method overview 
Instrumental 

method 
Recovery (%) 

LOD 
 (ng g-1) 

Concentration 
(ng g-1 dw) 

Reference 

BP3 
Xiamen, 

China 

Freeze-dried samples. MSPD (0.1 g sample, 
0.4 g C18), Extraction solvents: 12 mL MeOH, 6 
ml MeOH/Ac (1/1), 10 mL ACN/5% oxalic acid 
(8/2), Elute evaporated to dryness under N2 at 

40 oC; Dissolved in 1 mL ACN/H2O (1/1) and 
filtered through a 0.45 um filter 

LC-QqQ-MS 44 0.2 6.9 (mean) 
(Sun et 

al., 2016) 

BP3, EDP, 
EMC, OC, 
UV-234, 
UV-327, 
UV-328, 
UV-329 

Norway 

Freeze-dried samples 
PLE: 1.0 g PSA, Hex/DCM (1:1) (extraction 

solvent), 100 ◦C, 5 min, 3 cycles. 
GPC: Alliance 2695 system, DCM (mobile 

phase), 12.1 – 20.0 min collected fractions) 
Additional cleaning (100 mg PSA, centrifuge 

21,000 g, 10 min. 

LC-HRMS 
GC-HRMS 

BP3: 72 
EDP: 81 
EMC: 98 
OC: 102 

UV-234: 78 
UV-327: 114 
UV-328: 89 

UV-329: 100 

BP3, UV-234, 
UV-327, UV-
328, UV-329: 

10 
EDP: 4 

EMC, OC: 5 

WWTP1 
EMC: 551 - 793 

OC: 3,449 – 12,661 
UV-327: 30.4 – 77.1 

UV-329: 1,172 – 3,075 
BP3: < 10 
EDP: < 4 

UV-234, UV-328: <11 
WWTP2 

BP3:824-2,116 
EDP: <10 

EMC: 2,501 – 4,689 
OC: 26,823 -41,610 

UV-234: <14 
UV-327: 83.3 – 159.9 

UV-328: <25 
UV-329: 1,493 – 3,303 

(Langford 
et al., 
2015) 

BP1, 4DHB, 
4HB, BP3, 

4-MBC, OC, 
ODP, EMC 

Spain 

 
Freeze-dried and grinded samples 

PLE: 1 g sample, Al2O3, preheating of 5 min, 2 
static cycles of 5 min with MeOH, 2 static 

cycles of 5 min using MeOH/H2O (1:1) at 100 
◦C, 10 000 kPa) 

UPLC–ESI-
MS/MS 

4-MBC: 102 
OC: 70 

EMC: 90  
ODP: 85 
BP3: 70 
BP1: 30 
4HB: 95 

4DHB: 96 

4-MBC: 12 
OC: 18 

EMC: 19 
ODP: 0.2 
BP3: 1.0 
BP1: 60 
4HB: 5.0 

4DHB: 5.0 

Raw sludge 
4DHB: 70  
BP3: 60 

4-MBC: 3,100  
OC: 8,000 

EMC: 2,200 
BP1, 4HB, ODP: n.d. 

Treated sludge 
4-MBC: 250  

OC: 570 
EMC: 100  

BP1, 4DHB, 4HB, BP3, ODP: 
n.d. 

(Badia-
Fabregat 

et al., 
2012) 
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Table S3.2 - Overview on analytical methods for determinations of UVFs in sewage sludge (Cont.) 

Compounds Location Method overview 
Instrumental 

method 
Recovery (%) 

LOD 
 (ng g-1) 

Concentration 
(ng g-1 dw) 

Reference 

BP3, 4-
MBC, EMC, 

UV-326, 
UV-329, OC 

Australia 

1 g sodium azide added  
Freeze-dried samples 

PLE: 1.0 g, Na2SO4, Si, copper 
powder, acid washed sand, 
Hex/DCM (1:1) (extraction 

solvent), 120 ◦C, 5 min, 2 cycles. 
  

GC-MS/MS 

BP3: 94 - 130 
4-MBC: 68 - 81 
EMC: 76 - 90 

UV-326: 81 - 96 
UV-329: 125 - 152 

OC: 82 - 91 

BP3: 7.3 
4-MBC: 2.8 
EMC: 0.7 

UV-326: 0.3 
UV-329: 8.2 

OC: 3.6 

Influent: 
BP3: 104 – 111 

4-MBC: 341 - 403 
EMC: 218 - 229 
UV-326: 81 - 90 
UV-329: 91 - 93 
OC: 303 - 326 

Digested sludge:  
BP3: 149 – 303  

4-MBC: 958 – 2,020  
EMC: 385 – 401  
UV-326: 52 – 60  
UV-329: 64 – 74  

OC: 1,147 – 1,838  
Biosolid: 
BP3: 16 

4-MBC: 962 
EMC: 30 

UV-326: 88 
UV-329: 27 

OC: 465 

(Liu et al., 
2012) 

BP1, 4DHB, 
4HB, BP3, 4-

MBC, OC, 
ODP, EMC 

Spain 

Freeze-dried and grinded 
samples 

PLE: 1 g sample, Al2O3, 
preheating of 5 min, 2 static 

cycles of 5 min with MeOH, 2 
static cycles of 5 min using 
MeOH/H2O (1:1) at 100 ◦C, 

10,000 kPa. 

UPLC–ESI-MS/MS 

4-MBC: 102 
OC: 70 

EMC: 90  
ODP: 85 
BP3: 70 
BP1: 30 
4HB: 95 

4DHB: 96 

4-MBC: 12 
OC: 18 

EMC: 19 
ODP: 0.2 
BP3: 1.0 
BP1: 60 
4HB: 5.0 

4DHB: 5.0 

BP1, 4HB, BP3, ODP, EMC: 
n.d. 

4DHB: <LOQ 
4-MBC: 1,630 

OC: 2,600 

(Gago-
Ferrero et 
al., 2011) 
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Table S3.2 - Overview on analytical methods for determinations of UVFs in sewage sludge (Cont.) 

Compounds Location Method overview 
Instrumental 

method 
Recovery (%) 

LOD 
 (ng g-1) 

Concentration 
(ng g-1 dw) 

Reference 

BP1, 4DHB, 
BP3, 4-

MBC, OC, 
ODP, EMC 

Spain 

Freeze-dried and grinded 
samples 

PLE: 1 g sample, Al2O3 
(purification step); MeOH 

(extraction solvent). 
Filtration 

UPLC-TQD - - 

Raw sludge: 
BP1: 0.08  

4DHB: 0.051  
BP3: 0.034  

4-MBC: 0.520  
OC: 7.71  

ODP: 0.012  
EMC: 1.031 

Treated sludge: 
BP1: n.d.  

4DHB: 0.050 
BP3: 0.019 

4-MBC: 0.205  
OC: 3.214 

ODP: 0.004  
EMC: 0.211 

(Rodríguez-
Rodríguez 

et al., 
2012) 

BP3, 4-
MBC, EMC, 

UV-326, 
UV-329, OC 

Australia 

Freeze-dried samples 
PLE: 1 g sample, Na2SO4, silica, 

copper powder, 120 oC, 
Hex/DCM (1:1) (extraction 

solvent), 2 cycles 5 min. 
Filtration (membrane filter)  

GC-MS/MS 

BP3: 94 - 130 
4-MBC: 68 - 81 
EMC: 76 - 90 

UV-326: 81 - 96 
UV-329: 125 - 152 

OC: 82 – 91 

BP3: 7.3 
4-MBC: 2.8 
EMC: 0.7 

UV-326: 0.3 
UV-329: 8.2 

OC: 3.6 

BP3: 74.0 
4-MBC: 250 
EMC: 31.9 

UV-326: 49.9 
UV-329: 122.9 

OC: 138.4 

(Liu et al., 
2011) 

BP1, BP2, 
BP3, BP4, 

PBSA 
Germany 

Freeze-dried samples 
Centrifugation: 4,000 rpm, 15 

min. 
PLE: 200 mg sample, baked out 

sea sand; H2O/MeOH (1:1), 4 
static cycles, 80 ◦C. 

SPE: 200 mg HLB cartridge; 
MeOH/Ac (3:2) 

LC-MS/MS 

BP1: 74 
BP2: 99 

BP3: 104 
BP4: 114 

PBSA: 118 

BP1, BP2: 2.5 
BP3: 25 

BP4, PBSA: 5 

BP1: 5.1 
BP2: 11 

BP3: 132 
BP4: 29 

PBSA: <LOQ 

(Wick et 
al., 2010) 
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Table S3.2 - Overview on analytical methods for determinations of UVFs in sewage sludge (Cont.) 

Compounds Location Method overview 
Instrumental 

method 
Recovery (%) 

LOD 
 (ng g-1) 

Concentration 
(ng g-1 dw) 

Reference 

ES, HMS, 
BP3,   4-

MBC, EMC, 
OC, IMC, 

ODP 

Spain 

Freeze-dried samples 
PLE: 0.5 g sample, diatomaceous 

earth, graphitized carbon, 
Hex/DCM (80:20)  (extraction 
solvent), 75 ◦C, 1 cycle, 5 min, 

1500 psi. 
SPE: 0.5 g PSA cartridge, Hex/Eth 

(1:1) (elution); isooctane 
(keeper))  

GC-MS 

Primary sludge 
ES: 95 – 101; HMS: 78 - 96 

IMC: 80 – 107; BP3: 89 - 106 
4-MBC: 79 – 86; EDP: 88 - 93 

EMC: 73 – 90;  OC: 84 - 85 
 

Biological sludge 
ES, HMS: 100 - 103 

IMC: 90 – 98; BP3: 112 - 100 
4-MBC, OC: 91 - 112 

EDP: 83 – 104; EMC: 88 - 90 

ES: 17 
HMS: 34 
IMC:34 
BP3: 61 

4-MBC: 26 
EDP:22 

EMC: 24 
 OC: 33 

Primary sludge 
ES, HMS, IMC, BP3, EDP: 

n.d. 
4-MBC: 106 – 1,543 
EMC: 213 – 3,287 
 OC: 1,039 – 2,242 
Biological sludge 

ES: 133 - 270 
HMS: 110 - 207 
IMC, EDP: n.d. 

BP3: 93 
4-MBC: 97 – 1,439 

EMC: 104 - 856 
 OC: 377 – 3,263 

(Negreira 
et al., 
2011) 

BP3, IMC,          
4-MBC, OC, 

BMDM, 
ODP, EMC, 
ES, HMS, 
DBT, EHT 

Belgium 

PLE: 75 g sample, EA LC-MS/MS  

BP3, IMC: 120 
4-MBC: 106 

OC: 108 
BMDM, ODP: 113  

EMC: 105 
ES: 95 

HMS: 96 
DBT: 107 
EHT: 124 

BP3: 8 
IMC, EMC: 12 

4-MBC: 10 
OC: 18 

BMDM: 17 
ODP: 9 

ES, 
HMS:>1000 

DBT: 200 
EHT: 52 

BP3: 6.6  
IMC: 5.0  

4-MBC: 3,893 
OC: 2,479  

BMDM:144 
ODP: 1.4  
EMC: 127  

ES: 49  
HMS: 22  
DBT: 136  
EHT: 928 (Rodil et 

al., 2009) 

Germany 

BP3: 29  
IMC: 20.0 

4-MBC:  73  
OC: 585 

BMDM: 517 
ODP: 1.9  
EMC:  35 
ES: 280 

HMS: 331  
DBT: 54  

EHT: 1,433 
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Table S3.2 - Overview on analytical methods for determinations of UVFs in sewage sludge (Cont.) 

Compounds Location Method overview 
Instrumental 

method 
Recovery (%) 

LOD 
 (ng g-1) 

Concentration 
(ng g-1 dw) 

Reference 

4-MBC, 
EMC, OC, 

EHT 
Switzerland 

LLE: 50 g sample + Na2SO4, Hex, 
DCM/Hex (1:1). 

GPC: 100 g Bio-Beads S-X3, 
Hex/DCM (1:1). 

SPE: 4 g florisil activated at 650 
oC for 2 h, 1 cm Na2SO4, Hex/DE 

(9:1) (elution discarded), DE 
(elution solvent).  

GC-MS (4-MBC, OMC, 
OC) 

HPLC-DAD (EHT) 

4-MBC: 95  
EMC: 101 

OC: 87 
EHT: 75 

4-MBC: 4 
EMC: 3 
OC: 6 

EHT: 57 

Raw sludge: 
4-MBC: 210 – 1,830  
EMC: 920 – 14,450  
OC: 1,200 – 4,680  
EHT: 1,700 – 2,700  

Excess sludge: 
4-MBC: 340 – 500  
EMC: 150 – 440  

OC: 1,010 – 1,320  
EHT: 1,000 – 1,300 
Digestion sludge: 

4-MBC: 1,260 – 2,290   
EMC: 1,020 – 1,500 
OC: 3,040 – 4,950  

EHT: 2,600 – 27,000 
Storage tank sludge: 

4-MBC: 1,900 – 2,970  
EMC: 30 – 370  

OC: 1,980 – 9,520  
EHT: 1,500 – 8,100 

(Kupper 
et al., 
2006) 

4-MBC, 
EMC, OC, 

EHT 
Switzerland 

LLE: 60 g sample, NaCl, PN/Ac 
(1:1), 30 min; PN/DE (1:1) + 

DE/DCM (4:1). 
SPE: 5 g silica gel activated 

during 15 h at 180 oC (H2O added 
to 1.5% by weight), Hex/DE (9:1). 

 
Reconstitution: EA (4-MBC, EMC, 

OC), EtOH (EHT) 

GC-MS (4-MBC, EMC, OC) 
HPLC/DAD, LC-ES-MS-MS  

(EHT) 

4-MBC: 94.6 
OMC: 101.2 

OC: 87.5 
EHT: 75.0 

4-MBC: 4 
OMC: 3 
OC: 6 

EHT: 57 

WWTP A 
4-MBC: 150 – 1,000 

EMC: 30 - 95 
OC: 320 – 2,480 
EHT: 700 – 6,300 

(Plagellat 
et al., 
2006) 

WWTP B 
4-MBC: 250 – 3,340 

EMC: 70 – 390  
OC: 2,580 – 7,860  

EHT: 1,000 – 11,000 

WWTP C 
4-MBC: 610 – 4,980  

EMC: 10 – 295  
OC: 1,600 – 18,740  
EHT: 3,300 – 27,700 
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3. Compound table 
 
Table S3.3 - Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Internal Standards. Quantifier transition presented in bold. 

Class Compound Abbreviation Structure 
Chemical 

name/CAS 
Molecular 

weight 
Retention 
time (min) 

MRM 
transition 

Collision 
Energy 

(eV) 

Internal 
Standard 

U
V

-F
ilt

er
s 

Benzophenone BZ 

 

119-61-9 182.22 7.71 
105>51  
182>105   

(25) 
(10) 

AHTN-d3 

3-(4’-
methylbenzylidene) 
camphor 
 

4-MBC 

 

36861-47-9 254.37 11.23 
128>77  
254>149  

(25) 
(10) 

 
4MBC-d4 

Ethylhexyl dimethyl 
PABA 

EDP 

 

21245-02-3 277.4 12.63 
165>119  
165>149  

(20) 
(10) 

4MBC-d4 

2-ethylhexyl 4 –
methoxycinnamate 

EMC 

 

5466-77-3 290.4 12.91 
178>161  
178>132  

(10) 
(15) 

4MBC-d4 

Octocrylene 
 

OC 

 

6197-30-4 361.48 14.49 
204>176  
360>276  

(25) 
(20) 

4MBC-d4 

Drometrizole 
trisiloxane 
 

DTS 

 

155633-54-
8 

501.85 15.71 
221>73  
221>221  

(15) 
(5) 

4MBC-d4 
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Table S3.3 - Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Internal Standards. Quantifier transition presented in bold. (cont.) 

Class Compound Abbreviation Structure 
Chemical 

name/CAS 
Molecular 

weight 
Retention 
time (min) 

MRM 
transition 

Collision 
Energy 

(eV) 

Internal 
Standard 

Sy
n

th
et

ic
 M

u
sk

s 

Cashmeran DPMI 

 

33704-61-9 206.3 6.77 
191>135  
206>192  

(10) 
(10) 

AHTN-d3 

Celestolide ADBI 

 

13171-00-1 244.3 8.26 
229>173  
244>229  

(5) 
(10) 

AHTN-d3 

Phantolide AHMI 

 

15323-35-0 244.3 8.59 
244>229  
229>187  

(5) 
(5) 

AHTN-d3 

Musk 
ambrette 

MA 

 

83-66-9 268.3 9.18 
253>106  
253>121  
268>253 

(10) 
(5) 
(5) 

MX-d15 

Exaltolide EXA 

 

106-02-5 240.4 9.35 
83>55  
69>68  

(5) 
(5) 

AHTN-d3 

Traseolide ATII 

 

68140-48-7 258.4 9.32 
215>173  
258>215  

(10) 
(5) 

AHTN-d3 
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Table S3.3 - Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Internal Standards. Quantifier transition presented in bold. (cont.) 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Retention time (min) 

MRM 
transition 

Collision 
Energy 

(eV) 

Internal 
Standard 

Sy
n

th
et

ic
 M

u
sk

s 

Galaxolide HHCB 

 

1222-05-5 258.4 9.39 
243>213  
213>171  

(10) 
(5) 

AHTN-d3 

Musk xylene MX 

 

81-15-2 297.2 9.40 
282>119  
282>160 
282>265  

(10) 
(10) 
(5) 

MX-d15 

Tonalide AHTN 

 

1506-02-1 258.4 9.40 
258>243 
243>128  

(10)  
(40) 

AHTN-d3 

Musk 
moskene 

MM 

 

116-66-5 278.3 9.63 
263>156  
263>144 
263>211  

(20) 
(25) 
(5) 

MX-d15 

Musk 
tibetene 

MT 
 

 

145-39-1 266.3 10.04 
266>251  
251>132 
251>160 

(5) 
(10) 
(15) 

MX-d15 
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Table S3.3 - Optimized transitions for the analysis of the target compounds, UV-Filters, Synthetic Musk Compounds and Internal Standards. Quantifier transition presented in bold. (cont.) 

Class Compound Abbreviation Structure CAS 
Molecular 

weight 
Retention time 

(min) 
MRM 

transition 

Collision 
Energy 

(eV) 

Internal 
Standard 

Sy
n

th
et

ic
 M

u
sk

s Musk ketone MK 

 

81-14-1 294.3 10.38 
279>118  
279>191  
294>279 

(20) 
(10) 
(5) 

MX-d15 

Ethylene brassylate EB 

 

105-95-3 270.4 10.83 
98>83  
227>113  

(5) 
(10) 

AHTN-d3 

In
te

rn
al

 S
ta

n
d

ar
d

s 

Xylene-d15 
 

MX-d15 

 

877119-
10-3 

312.36 9.28 
294>294  
294>122 
294>276  

(5) 
(15) 
(10) 

 

Tonalide-d3 AHTN-d3 

 

 261.40 9.42 
246>190  
246>204 
261>246  

(5) 
(10) 
(5) 

 

(±)-3-(4-
Methylbenzylidine-
d4) camphor 

4-MBC-d4 

 

1219806-
41-3 

258.40 10.22 
132>105  
258>150 
258>108  

(15) 
(5) 

(10) 
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4. Chromatogram 
 

 

Figure S3.1 - Total Ion Chromatograms resultant of the extraction of SMCs and UVFs using different solvents: Acetone (dark red), 
Acetonitrile (green), Ethyl Acetate (red) and Hexane (blue). Conditions described in manuscript. 
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5. Conditions for the Screening Design 
 
 

Table S3.4 - Conditions set for the screening design 

Exp # X1 X2 X3 X4 X5 X6 X7 X8 

1 12 0 1 0 0 500 500 Ac 

2 5 0 1 0 500 0 500 ACN 

3 12 0 5 0 500 500 0 Hex/DCM (1:1) 

4 5 0 1 500 0 0 0 Hex/DCM (1:1) 

5 5 15 5 0 0 0 500 Hex/DCM (1:1) 

6 5 15 1 500 500 500 0 ACN 

7 12 15 1 500 0 500 500 EA 

8 12 15 1 0 500 0 0 EA 

9 12 15 5 500 500 0 500 Ac 

10 5 0 5 500 500 500 500 EA 

11 5 15 5 0 0 500 0 Ac 

12 12 0 5 500 0 0 0 ACN 
Obs. X1 - Solvent Volume (mL); X2 - US extraction (min); X3 - Time Vortex (min); X4 - Amount of C18 (mg); X5 - Amount of PSA (mg); X6 - Amount 
of Florisil (mg); X7 - Amount of Alumina (mg); X8 - Type of solvent. 
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Table S3.5 - Conditions set for the CCD 

Exp. # Pattern X1 X2 X3 X4 

1 0000 8.5 2.5 450 450 

2 ++−+ 11.0 3.5 315 585 

3 +−−− 11.0 1.5 315 315 

4 ++++ 11.0 3.5 585 585 

5 ++−− 11.0 3.5 315 315 

6 0000 8.5 2.5 450 450 

7 00A0 8.5 2.5 650 450 

8 +−+− 11.0 1.5 585 315 

9 +−−+ 11.0 1.5 315 585 

10 −+++ 6.0 3.5 585 585 

11 −++− 6.0 3.5 585 315 

12 0A00 8.5 4.0 450 450 

13 0000 8.5 2.5 450 450 

14 0a00 8.5 1.0 450 450 

15 00a0 8.5 2.5 250 450 

16 −−−− 6.0 1.5 315 315 

17 a000 5.0 2.5 450 450 

18 +−++ 11.0 1.5 585 585 

19 0000 8.5 2.5 450 450 

20 +++− 11.0 3.5 585 315 

21 0000 8.5 2.5 450 450 

22 −−++ 6.0 1.5 585 585 

23 −+−+ 6.0 3.5 315 585 

24 000A 8.5 2.5 450 650 

25 −−−+ 6.0 1.5 315 585 

26 −+−− 6.0 3.5 315 315 

27 000a 8.5 2.5 450 250 

28 −−+− 6.0 1.5 585 315 

29 A000 12.0 2.5 450 450 

30 0000 8.5 2.5 450 450 
Obs. X1 - Solvent Volume (mL); X2 - Time Vortex (min); X3 - Amount of C18 (mg); X4 - Amount of PSA (mg). 
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Table S3.6 -  Second-order polynomial equation obtained for each target compound 

Compound Equation 

BZ 𝑦 = 92.51 − 2.73𝑥4 + 6.06𝑥1𝑥2 − 3.69𝑥2𝑥4 − 2.69𝑥1
2 − 7.24𝑥2

2 + 3.91𝑥4
2 

4MBC 𝑦 = 88.56 − 5.5𝑥1𝑥2 − 2.25𝑥1𝑥3 − 4.75𝑥2𝑥3 − 3.84𝑥2
2 

EDP 𝑦 = 75.06 + 3.13𝑥1 − 7.05𝑥3 − 2.52𝑥4 − 6.88𝑥1𝑥3 + 5.62𝑥3𝑥4 − 4.40𝑥1
2 

EHMC 𝑦 = 116.67 + 17.66𝑥1 + 4.80𝑥2 − 9.04𝑥3 + 5.19𝑥1𝑥2 − 8.06𝑥1𝑥3 − 7.06𝑥2𝑥4 + 8.69𝑥3𝑥4 − 8.55𝑥1
2 

OC 𝑦 = 82.86 − 4.26𝑥1 + 7.25𝑥1𝑥2 − 7.62𝑥1𝑥3 + 6.5𝑥2𝑥3 + 6.75𝑥1𝑥4 + 4.5𝑥3𝑥4 + 7.27𝑥3
2 + 7.04𝑥4

2 

DTS 𝑦 = 88.73 + 27.54𝑥1 + 6.62𝑥2 − 7.19𝑥3 − 10.30𝑥4 − 6.81𝑥2𝑥3 − 9.94𝑥1𝑥4 − 8.58𝑥2
2 + 15.08𝑥3

2 

DPMI 𝑦 = 75.37 − 8.62𝑥1 + 3.99𝑥3 − 4.63𝑥1𝑥4 − 5.13𝑥2𝑥4 − 5.88𝑥3𝑥4 − 5.37𝑥1
2 − 7.65𝑥2

2 − 6.06𝑥3
2 

ADBI 𝑦 = 103.15 + 3.88𝑥1𝑥4 − 9.63𝑥2𝑥4 − 9.35𝑥1
2 − 9.81𝑥2

2 − 7.53𝑥3
2 

AHMI 𝑦 = 76.63 + 3.49𝑥2 − 2.96𝑥3 + 3.69𝑥4 + 4.25𝑥1𝑥2 − 4.5𝑥2𝑥3 − 4.63𝑥1𝑥4 − 3.13𝑥2𝑥4 + 3.63𝑥1
2 − 7.97𝑥2

2 − 4.33𝑥3
2 

ATII 𝑦 = 72.55 − 4.28𝑥3 + 7.13𝑥1𝑥2 − 6.58𝑥2𝑥3 + 3.25𝑥3𝑥4 + 4.15𝑥1
2 − 4.94𝑥2

2 + 7.57𝑥4
2 

EXA 𝑦 = 105.72 − 3.26𝑥1 + 6.24𝑥2 + 4.57𝑥4 − 3.25𝑥1𝑥3 + 4.75𝑥1𝑥4 − 3.13𝑥2𝑥4 + 8.75𝑥3𝑥4 − 6.99𝑥2
2 − 15.64𝑥3

2 

HHCB 𝑦 = 108.00 + 4.40𝑥1 − 2.45𝑥2 + 1.96𝑥3 + 3.70𝑥4 − 3.44𝑥1𝑥2 − 5.19𝑥1𝑥3 + 6.31𝑥1𝑥4 − 8.56𝑥2𝑥4 − 3.31𝑥3𝑥4 + 4.10𝑥2
2 − 6.59𝑥4

2 

AHTN 𝑦 = 97.61 − 3.49𝑥1 + 4.01𝑥2 − 4.80𝑥3 + 3.10𝑥4 − 6.25𝑥1𝑥3 + 5.13𝑥3𝑥4 + 9.01𝑥1
2 − 9.87𝑥3

2 

EB 𝑦 = 71.70 − 2.01𝑥3 + 5.46𝑥4 + 3.13𝑥1𝑥2 − 2.25𝑥1𝑥3 − 6𝑥2𝑥3 − 5.63𝑥1𝑥4 + 3.24𝑥1
2 − 9.72𝑥2

2 + 5.06𝑥4
2 

MA 𝑦 = 114.72 − 2.94𝑥1𝑥2 + 2.32𝑥1𝑥3 + 2.81𝑥2𝑥3 + 1.69𝑥1𝑥4 − 2.56𝑥3𝑥4 − 3.45𝑥1
2 + 6.56𝑥2

2 + 1.33𝑥3
2 − 2.99𝑥4

2 

MX 𝑦 = 103.64 + 3.56𝑥1 − 3.53𝑥2 + 4.74𝑥3 − 7.19𝑥1𝑥2 + 5.19𝑥2𝑥3 + 6.56𝑥1𝑥4 − 5.06𝑥2𝑥4 − 5.06𝑥3𝑥4 − 4.92𝑥1
2 

MM 𝑦 = 122.44 + 1.96𝑥3 − 2.05𝑥4 − 2.69𝑥1𝑥2 + 4.69𝑥2𝑥3 + 4.69𝑥1𝑥4 − 4.06𝑥2𝑥4 − 3.94𝑥3𝑥4 − 9.02𝑥1
2 − 3.34𝑥2

2 − 2.66𝑥3
2 

MT 𝑦 = 116.93 − 6.26𝑥1 − 1.37𝑥2 − 1.94𝑥1𝑥2 + 3.31𝑥2𝑥3 − 1.94𝑥1𝑥4 − 4.44𝑥2𝑥4 − 3.19𝑥3𝑥4 − 5.80𝑥1
2 − 1.70𝑥2

2 

MK 𝑦 = 101.56 − 1.71𝑥1 − 4.16𝑥2 + 3.48𝑥3 − 1.46𝑥4 + 4.38𝑥1𝑥3 + 3.5𝑥2𝑥3 − 3.75𝑥2𝑥4 − 8.94𝑥1
2 + 3.34𝑥2

2 
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Table S3.7 - Additional testing to prove the applicability of the proposed empirical model 

 A 
(Pattern: AAAA) 

B 
(Pattern: aaaa) 

C 
(Pattern: aa-a) 

D 
(Pattern: a-+A) 

E 
(Pattern: aAA-) 

 %Rec %Rec Pred. %Rec %Rec Pred. %Rec %Rec Pred. %Rec %Rec Pred. %Rec %Rec Pred. 

BZ 85±5 70±17 89±9 73±17 88±2 76±15 89±3 100±13 82±10 73±15 

4MBC 53±1 41±13 69±3 61±13 94±3 67±11 98±6 95±9 95±2 86±11 

EDP 66±2 52±20 65±3 73±22 66±3 66±18 62±6 68±15 64±2 53±18 

EMC 116±3 105±29 89±8 69±29 93±9 60±25 78±9 96±21 73±6 67±25 

OC 131±4 154±25 127±10 162±25 128±5 151±22 110±3 122±19 149±5 140±22 

DTS 54±8 81±54 47±10 36±54 45±6 16±47 23±3 52±40 27±3 23±47 

DPMI 95±7 47±71 43±6 19±21 46±2 32±19 76±9 83±16 62±3 51±19 

ADBI 69±10 40±31 70±4 40±31 76±8 47±27 69±3 72±23 70±5 45±27 

AHMI 62±10 47±20 50±3 32±20 54±10 39±17 89±9 101±15 42±4 35±17 

ATII 93±5 96±24 87±6 76±24 88±4 79±21 76±2 89±18 33±2 15±21 

EXA 74±10 104±23 93±3 81±23 81±5 88±20 88±2 88±17 85±3 98±20 

HHCB 80±3 91±16 82±2 70±16 88±3 73±14 91±4 102±12 157±3 153±14 

AHTN 93±5 84±26 111±4 87±26 82±3 97±23 116±8 108±20 116±2 93±23 

EB 56±6 40±17 50±2 34±17 42±2 41±15 106±2 115±13 40±1 29±15 

MA 118±6 125±8 120±8 122±8 115±3 119±7 91±5 92±6 132±6 134±7 

MX 87±10 92±25 87±8 80±25 79±3 81±22 83±3 63±19 124±6 137±22 

MM 101±3 85±15 99±5 86±15 100±6 89±13 86±7 74±11 118±9 129±13 

MT 87±4 76±11 101±1 92±11 102±3 92±10 104±2 113±8 114±5 124±10 

MK 98±4 94±10 109±3 105±10 113±6 101±9 99±9 89±8 105±5 102±9 
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Annex 4. Supporting Information Chapter 5 

 

1. Standards and Solutions preparation 

All synthetic musk compounds were obtained from LGC Standards (Barcelona, Spain) with 

99% purity, except galaxolide (HHCB), which contains approximately 25% of diethyl 

phthalate. The polycyclic musks were available as solid standards: cashmeran (DPMI), 

celestolide (ADBI), phantolide (AHMI), traseolide (ATII), tonalide (AHTN) and galaxolide 

(HHCB). The nitro musks tibetene (MT) and moskene (MM) were obtained as a 10 mg L-1 

solution in cyclohexane. Musk ambrette (MA) and musk ketone (MK) were purchased as 

solid standards from Dr. Ehrenstorfer (Augsburg, Germany) with 99% and 98% purity, 

respectively. From Sigma-Aldrich (St. Louis, MO, USA) were obtained musk xylene (MX) as 

a 100 mg L-1 solution in acetonitrile, and solid standards of exaltolide (EXA) and ethylene 

brassylate (EB) with 99% and 95% purity, respectively. The surrogate standards musk 

xylene-d15 (MX-d15) and tonalide-d3 (AHTN-d3) were purchased from Dr. Ehrenstorfer 

(Augsburg, Germany) as 100 mg L-1 solutions in acetone and iso-octane, respectively. UV-

filters 2-ethylhexyl 4-dimethylaminobenzoate (EDP) and 3-(4’-methylbenzylidene) camphor 

(4-MBC) were purchased from Alfa Aesar (Karlsruhe, Germany), both with 99% purity. 2-

ethylhexyl 4–methoxycinnamate (EMC), 2-ethylhexyl 2-cyano-3,3-diphenylacrylate (OC) 

and benzophenone (BZ) were purchased from Sigma-Aldrich (St. Louis, MO, USA) with 98%, 

97% and 99% purity, respectively. Drometrizole trisiloxane (DTS) was purchased from Fluka 

(Saint Louis, MO, USA) with 98% purity. Surrogate (±)-3-(-4-methylbenzylidine-d4) camphor 

(4-MBC-d4) was purchased with 99% purity from CDN Isotopes (Pointe-Claire, Quebec, 

Canada). 

Individual stock solutions of each compound were prepared between 1 and 5 g L-1, both in 

acetonitrile and hexane. Using the individual stock solutions, working solutions were 

prepared in acetonitrile for spiking purposes (50, 250 and 1000 µg L-1). Mix solutions in 

hexane were prepared for the construction of the calibration curves (1-1000 µg L−1). Stock 
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and working solutions were stored and preserved in a freezer at -20 °C, protected from the 

light. 

2. Instrumental Analyses 

Table S4.1 - Optimized transitions for the analysis of the target compounds. Quantifier transition presented in bold. 

Class Compound tR (min) 
MRM  

Transition 
Collision Energy (eV) Internal Standard 

UVFs 

BZ 7.71 105>51; 182>105   (25); (10) AHTN-d3 

4MBC 11.23 128>77; 254>149  (25); (10) 4MBC-d4 

EDP 12.63 165>119; 65>149  (20); (10) 4MBC-d4 

EMC 12.91 178>161; 78>132  (10); (15) 4MBC-d4 

OC 14.49 204>176; 360>276  (25); (20) 4MBC-d4 

DTS 15.71 221>73; 221>221  (15); (5) 4MBC-d4 

SMCs 

DPMI 6.77 191>135; 206>192 (10); (10) AHTN-d3 

ADBI 8.26 229>173; 244>229 (5); (10) AHTN-d3 

AHMI 8.59 244>229; 229>187 (5); (5) AHTN-d3 

MA 9.18 
253>106; 253>121; 
268>253 

(10); (5); (5) MX-d15 

EXA 9.35 83>55; 69>68 (5); (5) AHTN-d3 

ATII 9.32 215>173; 258>215 (10); (5) AHTN-d3 

HHCB 9.39 243>213; 213>171 (10); (5) AHTN-d3 

MX 9.40 
282>119; 282>160; 
282>265 

(10); (10); (5) MX-d15 

AHTN 9.40 258>243; 243>128 (10); (40) AHTN-d3 

MM 9.63 
263>156; 263>144; 
263>211 

(20); (25); (5) MX-d15 

MT 10.04 
266>251; 251>132; 
251>160 

(5); (10); (15) MX-d15 

MK 10.38 
279>118; 279>191;  
294>279 

(20); (10); (5) MX-d15 

EB 10.83 98>83; 227>113  (5); (10) AHTN-d3 

IS 

MX-d15 9.28 
294>294; 294>122; 
294>276  

(5); (15); (10) 

 AHTN-d3 9.42 
246>190; 246>204; 
261>246  

(5); (10); (5) 

4MBC-d4 10.22 
132>105; 258>150; 
258>108  

(15); (5); (10) 
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3. Chromatograms 

 

Figure S4.1 - Chromatogram of a 1000 µg L-1 direct injection standard (red) and a lab blank (green), overlaid. 
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Figure S4.2 - Chromatogram of a soil sample (red) and a soil sample spiked at 1000 µg L-1 (green), overlaid. 
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Annex 5. Supporting Information Chapter 6 

 

1. Supermarket tomatoes information 

Table S5.1 - Supermarket tomatoes (origins, varieties, %H2O, descriptive image for each sample and collection year). 

Code Varieties Origin % H2O Description Collection Year 

LR_Pt Loose round Portugal 94.3 

 

2018 

LR_Sp Loose round Spain 94.4 2018 

B_N Bunch Netherlands 94.5 

 

2018 

B_Pt Bunch Portugal 94.5 2018 

B_Sp Bunch Spain 93.3 2018 

C_Sp Cherry Spain 93.5 

 

2018 

C_Pt Cherry Portugal 93.4 2018 

P_Pt Plum Portugal 94.1 

 

2018 

A_Pt Anairis Portugal 94.8 

 

2018 

O_Pt Oxheart Portugal 95.9 

 

2018 
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2. Compound Table  

Table S5.2 - Optimized transitions for the analysis of the target compounds (UV-Filters, Synthetic Musk Compounds and 
Internal Standards). Quantifier transition presented in bold. 

Class Compound tR (min) MRM transition and collision energy (eV) Internal Standard 

UVFs 

BZ 7.71 105>51 (25); 182>105 (10) AHTN-d3 

4MBC 11.23 128>77 (25); 254>149 (10) 4MBC-d4 

EDP 12.63 165>119 (20); 65>149 (10) 4MBC-d4 

EMC 12.91 178>161 (10); 78>132 (15) 4MBC-d4 

OC 14.49 204>176 (25); 360>276 (20) 4MBC-d4 

DTS 15.71 221>73 (15); 221>221 (5) 4MBC-d4 

SMCs 

DPMI 6.77 191>135 (10); 206>192 (10) AHTN-d3 

ADBI 8.26 229>173 (5); 244>229 (10) AHTN-d3 

AHMI 8.59 244>229 (5); 229>187 (5) AHTN-d3 

MA 9.18 253>106 (10); 253>121 (5); 268>253 (5) MX-d15 

EXA 9.35 83>55 (5); 69>68 (5) AHTN-d3 

ATII 9.32 215>173 (10); 258>215 (5) AHTN-d3 

HHCB 9.39 243>213 (10); 213>171 (5) AHTN-d3 

MX 9.40 282>119 (10); 282>160 (10); 282>265 (5) MX-d15 

AHTN 9.40 258>243 (10); 243>128 (40) AHTN-d3 

MM 9.63 263>156 (20); 263>144 (25); 263>211 (5) MX-d15 

MT 10.04 266>251 (5); 251>132 (10); 251>160 (15) MX-d15 

MK 10.38 279>118 (20); 279>191 (10); 294>279 (5) MX-d15 

EB 10.83 98>83 (5); 227>113 (10)  AHTN-d3 

IS 

MX-d15 9.28 294>294 (5); 294>122 (15); 294>276 (10) 

 AHTN-d3 9.42 246>190 (5); 246>204 (10); 261>246 (5) 

4MBC-d4 10.22 132>105 (15); 258>150 (5); 258>108 (10) 

 

The MS/MS analysis was carried out in electron ionization (EI) mode, using the multiple 

reaction monitoring (MRM) mode. Two specific MRM transitions were chosen per 

compound (one for quantifying and one as qualifier), except for the nitro musks and 

surrogates, where two qualifiers were used for better identification.  The ion source was 

operated at 280 oC with electron energy of 70 eV and filament current of 40 µA. The 

temperature of the transfer line was set at 270 oC. Ultra-pure argon was used as collision 

gas and its pressure was set at 2.00 mTorr.  
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3. Hazard identification and NOAEL values 

Table S5.3 - Hazard identification and NOAEL values for UVFs and SMCs. 

Group Compound Hazard identification 
NOAEL value 

(mg kg-1 bw d-1) 
Ref. 

UVFs 

BZ Carcinogenic activity 25 NTP, 2006 

4MBC Repeated dose toxicity rats (oral), thyroid effects 25 ECHA, 2019 

EDP 
Caused skin irritation including burning, stinging, 
pruritus, and erythema on rare occasions 

100 ECHA, 2019 

EMC 
Sub chronic oral toxicity rat, effects on liver, 
kidney 

450 ECHA, 2019 

OC 

Eyes: May cause irritation, tearing and mild 
temporary pain. 
Inhalation: May cause irritation of the 
respiratory tract. 
Skin: May cause skin irritation 
Ingestion: Not an intended route of exposure. 
May be harmful if swallowed. Symptoms include: 
gastrointestinal tract upset and diarrhoea 

175 ECHA, 2019 

DTS 

Known human respiratory toxicant 
Limited or incomplete evidence of cancer 
according to safety/hazard data 
Dermal irritation. 

32* Burnett, 2008 

SMCs 

DPMI 

Acute toxicity, oral Category 5 
Skin corrosion/irritation Category 2 
Serious eye damage/eye irritation Cat 2A 
Sensitization, skin Cat 1B 
Specific target organ toxicity, repeated exposure 
 Cat 2 

10 ECHA, 2019 

HHCB Developmental toxicity/teratogenicity 50 ECHA, 2019 

AHTN 
Haematological effects (based on 90-day 
repeated dose study with rats) 

5 ECHA, 2019 

EXA 
Skin corrosion/ irritation Cat 3 
Skin sensitization cat 1 

1000 ECHA, 2019 

EB Skin corrosion/irritation Cat 2 1000 ECHA, 2019 

MX Carcinogenic activity 20 Christian et al., 1999 

* For DTS the value is not a NOAEL, but a NOEL. 
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Annex 6. Supporting Information Chapter 7 

 

1. Experimental 
 

1.1 Chemicals 

Cashmeran (DPMI), celestolide (ADBI), phantolide (AHMI), traseolide (ATII) tonalide 

(AHTN) and galaxolide (HHCB),  from LGC Standards (Barcelona, Spain); Nitro musks:  

tibetene (MT) and moskene (MM), from LGC Standards, ambrette (MA) and ketone 

(MK), from Dr. Ehrenstorfer (Augsburg, Germany) and  xylene (MX) from Sigma-Aldrich 

(St. Louis, MO, USA); Macrocyclic musks: exaltolide (EXA) and ethylene brassylate (EB) 

from Sigma-Aldrich. Surrogate standards used were musk xylene-d15 (MX-d15) and 

tonalide-d3 (AHTN-d3) from Dr. Ehrenstorfer (Augsburg, Germany) and (±)-3-(-4-

methylbenzylidene-d4) camphor (4-MBC-d4) from CDN Isotopes (Pointe-Claire, Quebec, 

Canada). The UVFs in this study are: 2-ethylhexyl 4-dimethylaminobenzoate (EDP), 3-(4’-

methylbenzylidene) camphor (4MBC) from Alfa Aesar (Karlsruhe, Germany), 2-

ethylhexyl 4-methoxycinnamate (EMC), 2-ethylhexyl 2-cyano-3,3-diphenylacrylate (OC), 

benzophenone (BZ) from Sigma-Aldrich (St. Louis, MO, USA) and drometrizole 

trisiloxane (DTS) from Fluka (Saint Louis, MO, USA). 
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1.2 Compounds Table 

Table S6.1 - Compounds analysed in this study and organized by class (abbreviation and CAS number), log Kow and 
NOAEL values for risk assessment calculations. 

Class Compounds 
Abbreviation 
CAS number 

log Kow 
NOAEL value 

(mg kg-1, bw day-1) 
Reference 

U
V

Fs
 

Benzophenone 
BZ 

119-61-9 
3.2 25 

(NTP, 
2006) 

3-(4’-Methylbenzylidene) camphor 
4MBC 

36861-47-9 
5.1 25 

(ECHA, 
2019a) 

Ethylhexyl dimethyl PABA 
EDP 

21245-02-3 
6.2 100 

(ECHA, 
2019b) 

2-Ethylhexyl 4-methoxycinnamate 
EMC 

5466-77-3 
5.8 450 (EC, 1991) 

Octocrylene 
OC 

6197-30-4 
6.9 175 

(ECHA, 
2019c) 

Drometrizole trisiloxane 
DTS 

155633-54-8 
10.8 31.75* 

(Burnett, 
2008) 

SM
C

s 

Cashmeran 
DPMI 

33704-61-9 
4.2 10 

(ECHA, 
2019d) 

Celestolide 
ADBI 

13171-00-1 
5.7 5000** 

(ECHA, 
2019e) 

Phantolide 
AHMI 

15323-35-0 
5.59 5 

(ECHA, 
2019f) 

Musk ambrette 
MA 

83-66-9 
5.7 -  

Exaltolide 
EXA 

106-02-5 
6.0 1000 

(ECHA, 
2019g) 

Traseolide 
ATII 

68140-48-7 
8.1 1.68** 

(ECHA, 
2019h) 

Galaxolide 
HHCB 

1222-05-5 
5.3 50 

(ECHA, 
2019i) 

Musk xylene 
MX 

81-15-2 
4.8 20 

(Christian 
et al., 
1999) 

Tonalide 
AHTN 

1506-02-1 
5.7 5 

(ECHA, 
2019j) 

Musk moskene 
MM 

116-66-5 
5.8 -  

Musk tibetene 
MT 

145-39-1 
5.9 -  

Musk ketone 
MK 

81-14-1 
4.3 15 

(Christian 
et al., 
1999) 

Ethylene brassylate 
EB 

105-95-3 
4.7 1000 

(ECHA, 
2019k) 

Obs.: log Kow values obtained from EPI SuiteTM (EPA, 2012); for the compounds were no NOAEL value was available, 
was used the NOEL (*) and the LD50 (**). 
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1.3 Standards Preparation 

Stock solutions of individual compounds were prepared in both hexane and acetonitrile 

in concentrations between 1 and 5 g L-1. Stock solution in acetonitrile were used to 

prepare spike mix solutions and the ones in hexane to prepare the analytical control and 

calibration standards. All standards were preserved by keeping them covered from the 

light and kept at -20 °C. 

 

1.4 Extraction Procedures  

All samples were extracted in triplicate.  

 

1.4.1 Tomatoes extraction 

This methodology was already described elsewhere (Ramos et al., 2020). 2 g of freeze-

dried sample was put in a 50 mL conical polypropylene tube and 125 ng of the surrogate 

solution (MX-d15, AHTN-d3 and 4MBC-d4) was added. 4 mL of ultrapure water was 

mixed with the sample and vortexed for 1 min and then, 10 mL of ethyl acetate was also 

added to the tube, and vortexed again for 1 min. The mixture was ultrasonicated for 15 

min at room temperature in a 420 W ultrasonic bath (J.P. Selecta, Barcelona, Spain). 

Then, 6 g of MgSO4 and 1.5 g of NaCl (used to adjust the ionic strength) was added to 

the sample tube. The extract was rapidly vortexed for 1 min and then, the organic phase 

was separated by centrifugation at 2670 x g for 15 min. The organic phase was 

transferred to a conical polypropylene tube containing 3 g of MgSO4, 300 mg of PSA and 

300 mg of C18 and the tube was vortexed again for 1 min and centrifuged in the same 

conditions mentioned above. The supernatant was evaporated to dryness under a 

gentle N2 stream and reconstituted in 500 µL of hexane before GC-MS/MS analysis.   

 

1.4.2 Soils and organic substrate extraction 

5 g of previously air-dried and sieved soil (d < 2 mm) was put into a 50 mL conical 

polypropylene tube with 0.25 ng of surrogate solution in acetonitrile (MX-d15, AHTN-d3 

and 4MBC-d4). After vortexing, samples were kept at 4 oC overnight. Then, 4 mL of 
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ultrapure water was added and vortexed to completely mix with the soil. After that, 10 

mL of acetone/hexane (1:1, v/v) was added, vortexed for 1 min and then placed in an 

ultrasound bath (420 W) for 15 minutes (J.P. Selecta, Barcelona, Spain). Afterwards, 6 g 

of MgSO4 and 1.5 g of NaCl were added. Samples were vortexed again for 1 min and 

then, the organic supernatant was separated by 15 min of centrifugation at 2670 x g. 

The organic phase was added to a dispersive solid-phase (d-SPE) mixture containing 3 g 

of MgSO4 and 300 mg of C18. It was then vortexed for 1 min and centrifuged once again. 

The supernatant was filtered with a 0.2 µm polytetrafluoroethylene (PTFE) syringe filter 

to a 15 mL amber vial, completely evaporated under a N2 stream and resuspended in 1 

mL of Hex before GC-MS/MS analysis.  

 

1.4.3 Composted biosolids  

500 mg of freeze-dried composted biosolids were weighted into a 15 mL polypropylene 

tube with conical bottom, containing 10 mL of acetonitrile and 125 ng of surrogate 

solution (MX-d15, AHTN-d3 and 4MBC-d4) in acetonitrile. The sample was vortexed for 

2.5 min and then, ultrasonicated for 15 minutes in a 420 W ultrasonic bath (J.P. Selecta, 

Barcelona, Spain). The organic phase was separated by centrifugation at 2,670 x g for 15 

minutes and it was added to a polypropylene tube containing 500 mg MgSO4, 410 mg 

C18 and 315 mg PSA. The extract was then vortexed for 2.5 min and centrifuged for 

another 15 min. The supernatant was transferred to an amber vial, evaporated to 

dryness under a gentle N2 stream and reconstituted in 500 µL of hexane before GC-

MS/MS analysis. This methodology was already described in Ramos et al. (2019) (Ramos 

et al., 2019a).  

 

1.4.4 Soil leachates 

Before the extraction, all samples were centrifuged (Hettich® Rotofix 32A, Tuttlingen, 

Germany) for 15 min at 2670 × g to remove suspended particles. Then, 6 mL of the 

centrifuged aqueous sample was placed into a 15 mL polypropylene tube with conical 

bottom, containing 3.5% wt of NaCl and 50 µL of a 100 µg L-1 surrogate solution (MX-

d15, AHTN-d3 and 4MBC-d4) in acetonitrile. Subsequently, 880 µL of 2-propanol and 80 
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µL of 1,1,2-trichloroethane were mixed and rapidly injected into the sample, forming a 

cloudy solution. The sample was ultrasonicated for 2 min in a 420 W ultrasonic bath (J.P. 

Selecta, Barcelona, Spain) and the organic phase separated by centrifugation at 2670 x 

g for 15 minutes. The sedimented phase was transferred to a vial with insert, dried under 

a gentle stream of N2 and reconstituted with 50 µL of hexane before GC-MS/MS analysis. 

This methodology was described in Ramos et al. (2019) (Ramos et al., 2019b).  



Annex 6 

 

LXXII 

 

1.5 Mass spectrometer parameters 

Table S6.2 - Compounds analysed in this study and organized by class (abbreviation (Abb), CAS number, log Kow and 
chromatographic parameters such as retention time tR, Multiple Reaction Monitoring (MRM) transition and internal 
standard used). 

Class Compounds tR (min) 
MRM transition  

(Collision Energy, eV) 
Internal Standard 

U
V

Fs
 

BZ 7.71 
105>51 (25) 

182>105 (10) 
AHTN-d3 

4MBC 11.23 
128>77 (25) 

254>149 (10) 
4MBC-d4 

EDP 12.63 
165>119 (20) 
65>149 (10) 

4MBC-d4 

EMC 12.91 
178>161 (10) 
78>132 (15) 

4MBC-d4 

OC 14.49 
204>176 (25) 
360>276 (20) 

4MBC-d4 

DTS 15.71 
221>73 (15) 
221>221 (5) 

4MBC-d4 

SM
C

s 

DPMI 6.77 
191>135 (10) 
206>192 (10) 

AHTN-d3 

ADBI 8.26 
229>173 (5) 

244>229 (10) 
AHTN-d3 

AHMI 8.59 
244>229 (5) 
229>187 (5) 

AHTN-d3 

MA 9.18 
253>106 (10) 
253>121 (5) 
268>253 (5) 

MX-d15 

EXA 9.35 
83>55 (5) 
69>68 (5) 

AHTN-d3 

ATII 9.32 
215>173 (10) 
258>215 (5) 

AHTN-d3 

HHCB 9.39 
243>213 (10) 
213>171 (5) 

AHTN-d3 

MX 9.40 
282>119 (10) 
282>160 (10) 
282>265 (5) 

MX-d15 

AHTN 9.40 
258>243 (10) 
243>128 (40) 

AHTN-d3 

MM 9.63 
263>156 (20) 
263>144 (25) 
263>211 (5) 

MX-d15 

MT 10.04 
266>251 (5) 
251>13 (10) 

251>160 (15) 
MX-d15 

MK 10.38 
279>118 (20) 
279>191 (10) 
294>279 (5) 

MX-d15 

EB 10.83 
98>83 (5) 

227>113 (10) 
AHTN-d3 

IS
 

MX-d15 9.28 
294>294 (5) 

294>122 (15) 
294>276 (10) 

 AHTN-d3 9.42 
246>190 (5) 

246>204 (10) 
261>246 (5) 

4MBC-d4 10.22 
132>105 (15) 
258>150 (5) 

258>108 (10) 

Obs.: In bold are presented the transitions used for quantification. Only 3 transitions were used for the IS and the 
nitro musks for better identification. 
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2. Bioconcentration Factors (BCF) 

Table S6.3 - Bioconcentration factors for tomato in the control and amended soil experiments 

Compounds BCF 

Control Amended soil 

BZ 44.4 19.7 

OC 5.2 18.1 

DTS - 3.1 

HHCB 24.8 1.1 

AHTN - 0.2 
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