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Abstract  

The use of wastewater in agricultural sector for irrigation and fertilization purposes is not a 

recent practice. However, until the past couple decades this practice has been of increasing 

interest regarding the global safety, particularly human health. Besides to the useful nutrients 

and organic matter that wastewater introduces to the agricultural lands, pharmaceutical 

active compounds (PhACs) and other organic micropollutants are also co-introduced leading 

to the presence of undesired chemicals in agroecosystems, most remarkably in crops 

intended for human consumption. Incredible effort has been made in last couple decades to 

analyze such contaminants in environmental samples, yet there is still a lack of robust 

analytical methods for the extraction and quantification of a large number of PhACs and other 

wastewater pollutants, and a lack of knowledge regarding their fate and behavior in the entire 

agroecosystem including soil and crops.  

In this context, the first objective of this thesis was to develop robust and sensitive analytical 

methodologies specific to soil and crops matrices (e.g., root and leave) to analyze a large 

number of wastewater organic contaminants mainly PhACs and their metabolites. QuEChERS-

based methods followed by detection and quantification on high-resolution mass 

spectrometry were successfully developed for soil, lettuce/leek root and lettuce/leek leaves. 

Good recoveries were obtained for the 48 studied compounds in all matrices (in general 

between 80 and 120 % for most of the compounds). Detection and quantification of 

compounds was performed on a high-resolution mass spectrometry on quadrupole-time of 

flight (Q-TOF) coupled to liquid chromatography provided from SCIEX technology. Comparing 

the two recently developed acquisition modes high-resolution multiple reaction monitoring 

(MRMHR) and Sequential Window Acquisition of All Theoretical Fragment-Ion Spectra 

(SWATH) gave similar results, though MRMHR gave more consistent results for most of the 

compounds. Finally, satisfying detection and quantification limits were obtained for all 3 

matrices, for instance lettuce leaves matrix in MRMHR acquisition gave detection limits 

ranging from 0.01 to 0.12 ng/g and quantification limits ranging from 0.04 to 0.38 ng/g dry 

weight (d.w).   

Later, the following objective was to apply these methodologies on real agricultural field 

irrigated with local treated domestic wastewater. The second objective allowed us to 

understand the distribution of selected contaminants in soil and crops and calculate their 

bioconcentration factors, to discriminate their degradation in soil and crops, and finally to 
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assess the potential risk for human consumption of wastewater irrigated crops. Two years of 

successive growth cycles of lettuce and leek under greenhouse field conditions were 

successfully implemented. Different kinds of water were used for irrigation mainly domestic 

treated wastewater, following real drip irrigation conditions. Little accumulation in soil and 

crops was found, which was explained by the intensive degradation of contaminants in soil 

and metabolism in crops. A few metabolites were detected in lettuce leaves, particularly 

carbamazepine-epoxide which was produced by the lettuce metabolism. Finally, this study 

revealed a de minimis human health risk related to the consumption of raw vegetable 

irrigated with treated wastewater.  

The last objective was to study the fate of selected contaminants introduced in soil by 

wastewater irrigation, when they are exposed to the ubiquitous filamentous soil fungi 

Trichoderma. Implemented experiments in liquid medium revealed for the first time an 

important ability of Trichoderma species, namely T. harzanium and T. asperellum to degrade 

two fluoroquinolones antibiotics (ciprofloxacin and ofloxacin), and one fungicide (climbazole). 

Equally important, new metabolites of ofloxacin and climbazole were tentatively identified in 

this study for the first time.  

 

Key words: pharmaceuticals, fate in agroecosystems, biodegradation, plant uptake, 

QuEChERS, high resolution mass spectrometry.  
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Résumé 

L'utilisation des eaux usées dans l’agriculture à des fins d'irrigation et de fertilisation n'est pas 

une pratique récente. Cependant, au cours de ces deux dernières décennies, cette pratique a 

suscité un intérêt croissant au regard des risques potentiels qu’elle représente pour la santé 

humaine. Outre les nutriments utiles et la matière organique que ces eaux introduisent dans 

les terres agricoles, des produits pharmaceutiques (PhACs) et d’autres micropolluants 

organiques sont également co-introduits, conduisant à la présence de composés chimiques 

indésirables dans les agroécosystèmes, plus remarquablement dans les cultures destinées à 

la consommation humaine. Des efforts incroyables ont été faits au cours des deux dernières 

décennies pour analyser ces contaminants dans des échantillons environnementaux, mais il 

y a encore un manque de méthodes analytiques robustes pour l'extraction et la quantification 

des multiples micropolluants organiques présents dans des matrices complexes comme les 

sols et les végétaux, et un manque de connaissances concernant leur devenir dans les 

agroécosystèmes. 

Dans ce contexte, le premier objectif de cette thèse est de développer des méthodologies 

analytiques robustes pour analyser de nombreux micropolluants organiques présents dans 

les eaux usées, particulièrement les PhACs et leurs métabolites dans le sol et les 

racines/feuilles de laitue et poireau. Ces méthodes sont basées sur QuEChERS suivies d'une 

détection par LC-HRMS-QTOF. Des bons taux de récupérations ont été obtenus pour les 48 

composés étudiés dans toutes les matrices (en général entre 80 et 120% pour la plupart des 

composés). La comparaison des deux modes d'acquisition récemment développés, high-

resolution multiple reaction monitoring et Sequential Window Acquisition of All Theoretical 

Fragment-Ion Spectra ont donné des résultats similaires, bien que la MRMHR ait donné des 

résultats plus cohérents pour la plupart des composés. Enfin, des limites de détection et de 

quantification satisfaisantes ont été obtenues pour les 3 matrices (par exemple, 0,01 à 0,12 

ng/g et 0,04 à 0,38 ng/g poids sec ont été obtenus par les feuilles de laitue, respectivement) 

L'objectif suivant consiste à appliquer ces méthodologies analytiques pour suivre le 

comportement et devenir de certains micropolluants sur un champ agricole irrigué avec des 

eaux usées domestiques traitées. Le deuxième objectif nous a donc permis de comprendre 

leur distribution dans le sol et les cultures en calculant des facteurs de bioconcentration, en 

discriminant leur dégradation dans le sol à celle dans les plantes, ceci afin d'évaluer le risque 

potentiel pour la consommation humaine de végétaux irrigués avec des eaux usées traitées. 
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Deux années successives de culture de laitue et poireau sous serre ont été mises en œuvre, 

et irrigués goutte à goutte avec différents types d'eau, principalement les eaux usées 

domestiques traitées. Une faible accumulation dans le sol et les végétaux a été constatée, ce 

qui s'explique par leur dégradation intensive dans le sol et la plante. Quelques métabolites 

ont été détectés dans les feuilles de laitue, en particulier la carbamazépine-époxyde issue du 

métabolisme de la carbamazépine par la plante. Enfin, cette étude a révélé un risque minimun 

pour la santé humaine lié à la consommation de légumes crus irrigués avec des eaux usées 

traitées. 

Le dernier objectif est d'étudier le devenir de certains contaminants introduits dans le sol par 

l'irrigation des eaux usées, lorsqu'ils sont exposés aux champignons filamenteux du genre 

Trichoderma omniprésents dans le sol. Des expériences mises en œuvre en milieu liquide ont 

révélé pour la première fois une capacité importante des espèces de Trichoderma (T. 

harzanium et T. asperellum) à dégrader deux antibiotiques (ciprofloxacine et ofloxacine) et 

un fongicide (climazole). Tout aussi important, de nouveaux métabolites de l'ofloxacine et du 

climbazole ont été identifiés pour la première fois. 

Mots clés: produits pharmaceutiques, devenir dans les agroécosystèmes, biodégradation, 
assimilation par les plantes, QuEChERS, spectrométrie de masse haute résolution 
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Chapter 1: 

Introduction and aims 
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Pharmaceutically active compounds (PhACs) are chemicals used in everyday life for their 

biological activity, as they contribute to our health and high standards of living. Thus, it is 

expected that PhACs consumption will increase in the future. However, since the past two 

decades, it has been recognized that PhACs themselves are presenting a new type of 

environmental pollution and potential human and environmental health risks. Thanks to 

analytical field development, and its ability to detected these compounds at very low 

concentration (ng/L to μg/L) in the complex environmental matrices, PhACs have been found 

present in the environment at trace levels (Kümmerer, 2010; Patel et al., 2019; Petrie et al., 

2015). These compounds end up in the environment by several pathways including proper 

and improper use, in addition their load into the environment is expected to increase in the 

coming years (Kümmerer, 2010).   

It is reported that 30 to 70 % of ingested PhACs are excreted unmetabolized via urine and 

feces (Liu et al., 2017; Qin et al., 2016), hence their introduction into domestic waste systems. 

Consequently, domestic wastes are transported to wastewater treatment plants (WWTPs) for 

treatment and disinfection processes. Lately, it has been largely reported that WWTPs are 

not able, or in other words not designed to remove PhACs from wastewater (Tran et al., 2018). 

Thus, the resulted wastewater effluents are constantly contaminated with PhACs. Taking into 

account the worldwide problem of water scarcity and shortage, wastewater effluents are 

considered as important alternative of natural surface and ground water. Furthermore, it was 

incorporated in many practices as a fundamental requirement for water resource 

management, mainly in agricultural sector which accounts about 70% of freshwater 

consumption. However, to date there is a lack of legislation on the minimum requirements 

for water quality and treatment. Besides treated wastewater is rich of nutrient and organic 

matter that can reduce the need of mineral fertilizers application. All in all, the reuse of 

treated wastewater in agriculture lands contributes to the promotion of the circular economy 

by recovering nutrients and saving money.  

In these circumstances, crops irrigation with treated wastewater constitutes one main 

introduction pathway of PhACs to agroecosystems (Li, 2014). PhACs residues and their 

transformation products (TPs) in the agroecosystems have been a topic for several years now 

(Carter et al., 2019; Du and Liu, 2012; Fatta-Kassinos et al., 2011), they can present a potential 

risk not only to soil and groundwater underneath but also to crops and their consumers. Once 

PhACs are introduced to the agroecosystem, they can undergo numerous fate and behavior 
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processes in agricultural soil, besides they are also taken up into the growing irrigated crops, 

hence they enter the food chain leading to undesired exposure of humans and animals to 

these bioactive substances. Thereupon, there are growing concerns about (1) the safety of 

irrigation with treated wastewater as it contains PhACs and other contaminants and their 

metabolites, (2) human health following the consumption of wastewater irrigated crops. 

Finally, studies on the fate of PhAcs in real agroecosystems are very scarce or limited to 

studies under controlled or laboratory conditions, this refers mainly to the lack of 

appropriate, reliable and robust analytical methods for their determination in plant tissues 

and soil.  

 

Given what have been said, this PhD research has been framed in the following form: 

 

Chapter 1 describes the literature current knowledge regarding PhACs introduction 

occurrence and fate in agroecosystems.  

 

Chapter 2 is written as a book chapter “Development of Methods for the Determination of 

PhACs in Soil/ Earthworm/Crop System Irrigated with Reclaimed Water”. It describes all the 

analytical procedures published so far for the extraction and analysis of PhACs and their 

related compounds from plant tissues and soil irrigated with treated wastewater.  

 

Chapter 3 is written as a scientific article “Comparison of MRMHR and SWATH acquisition 

modes for the quantitation of 48 wastewater-borne pollutants (PhACs and metabolites) in 

lettuce leaves using a modified QuEChERS method”. It describes a high-resolution mass 

spectrometry approach for developing quantification methods of 48 different wastewater-

borne contaminants in lettuce leaves by the means of QuEChERS method. Finally, the article 

also reported the application of the developed method to lettuce crops grown under 

controlled conditions and irrigated with fresh local domestic wastewater effluents.  

 

Chapter 4 is written as a scientific article “Evaluation of different QuEChERS-based methods 

for the extraction of 48 wastewater-derivated organic contaminants from soil and lettuce 

root using high resolution LC-QTOF with MRMHR and SWATH acquisition modes”. It describes 

the optimization and development of a common high-resolution analytical method for soil 
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and lettuce root. The method comprises 48 wastewater-borne contaminants (PhACs and 

metabolites), and it follows modified simple steps of QuEChERS method. Finally, the article 

also reported the application of the developed method to soil and lettuce roots irrigated with 

local domestic wastewater effluents.  

 

Chapter 5 is written as a scientific article “Impact of long-term irrigation with municipal 

reclaimed wastewater on the uptake and degradation of organic contaminants in lettuce and 

leek”. It describes the fate/behavior of 14 selected PhACs and other wastewater-borne 

contaminants (PhACs and metabolites) in soil and vegetables under 2 years realistic field 

conditions. It also describes the ability of growing vegetables to uptake contaminants from 

irrigation water, and the related potential risks to human consumption.  

 

Chapter 6 is written as a scientific article “Biodegradation of fluoroquinolone antibiotics and 

the climbazole fungicide by Trichoderma species”. It describes the ability of the filamentous 

fungi Trichoderma to eliminate two antibiotics (ciprofloxacin and ofloxacin) and one personal 

care products (climbazole). The generated TPs were tentatively identified, as well as kinetics 

study was done for parent compounds and their metabolites.  

 

Finally, conclusions and perspectives of this work have been described at the end of the 
thesis.   
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1. Pharmaceuticals 
 

1.1. Classification 
 

Since the industrial revolution we are depending on the use of anthropogenic chemicals in 

our everyday life more than ever. Besides to the classical organic pollutants such as industrial 

chemicals, heavy metals, pesticides, fertilizers, detergents, surfactants, plasticizers and many 

other, a new group of organic pollutants (emerging pollutants including pharmaceutically 

active compounds, PhACs) have reached the focus of interest. Thanks to the technical 

development in the field of environmental analysis during the last couple decades, the 

occurrence of these pollutants in the environment is recognized, and has become a priority 

concern. In 2002, United States Geological Survey (USGS) released the first nationwide study 

of the occurrence of pharmaceuticals, hormones and other organic wastewater contaminants 

(OWCs) in US streams (Kolpin et al., 2002). They have found 82 out of 95 selected OWCs in 

80% of the streams sampled in 30 states during 1999 and 2000. However, the number of 

studies reporting the occurrence of pharmaceuticals and other OWCs in the environment is 

in continuous increase ever since (aus der Beek et al., 2016; Caliman and Gavrilescu, 2009; 

Christian et al., 2003; Gunther et al., 2010; Kümmerer, 2010, 2008; Patel et al., 2019; Petrie 

et al., 2015). In spite of the fact that until now pharmaceuticals are found at low 

concentrations in the environment (aus der Beek et al., 2016), there are some concerns that 

continuous exposure to pharmaceuticals may increase human and ecosystem health risk (Du 

and Liu, 2012).  

As definition, pharmaceuticals or PhACs are a broad range of substances with wide spectrum 

of therapeutic classes. They are used for prevention, diagnosis or treatment of a human or 

animal disease, and for restoring, correcting, or modifying organic functions (Daughton and 

Ternes, 1999). They are classified according to their chemical name, galenic form, therapeutic 

class, etc. Among the classification methodologies there are: the “Amercican Society of 

Health-System” (AHFS), the “European Pharmaceutical Marketing Reseach Association” 

(EphMRA), and the “Anatomical Therapeutic Chemical” (ATC). The latest is establish by the 

World Health Organisation (WHO) (Abou-Atmé et al., 2006; Tollier et al., 2005). The “Hospital 

National Center of Drugs Information” (CNHIM) has given the ATC classification official status 

in France by publishing a French translation in 1996 (BOMAS, 1996). ATC classification consists 
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of 14 principal groups and five levels of hierarchy, in level 1 PhACs are divided according to 

the organ on which they act and depending on their pharmacological and therapeutic 

properties, this level comprises the 14 principal groups (Table 1), later on the other 4 levels 

have been introduced as subdivisions of level 1 (Table 2) (Tollier et al., 2005).  

 

Table 1. The 14 principal groupes of level 1 in ATC classification 

Code Wording  

A digestive tract and metabolism 

B blood and hematopoietic organs 

C cardiovascular system 

D dermatological drugs 

G genitourinary system and sex hormones 

H systemic hormones, sex hormones excluded 

J general anti-infectives for systemic use 

L antineoplastics and immunomodulators 

M muscle and skeleton 

N nervous system 

P pest control, insecticides 

R respiratory system 

S sensory organs 

V diverse 

 

 

Table 2. The 4 levels established by ATC classification 

Level 1 according to the organ on which PhACs act and depending 

on their pharmacological and therapeutic properties 

Level 2 & 3 define therapeutic and/or pharmacological subgroups 

Level 4 defines chemical and/or pharmacological and/or 

therapeutic subgroup 

Level 5 defines the chemical active substance 
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2. Entry of pharmaceuticals to agroecosystem 
 

PhACs can enter the environment via different routes (Figure 1), which have been extensively 

documented. However, the reuse of treated wastewater (effluent) for crops irrigation is a key 

pathway, besides to the application of sludge and animal manure and slurry as natural 

fertilizers onto agricultural fields (Gros et al., 2019; Li, 2014).  

Among the most frequently occurring PhACs classes in treated wastewater and biosolids are 

antibiotics, non- steroidal anti-inflammatories, and anti-convulsants, with concentrations 

between ng/L to low μg/L in treated wastewater (Kim et al., 2007; Sui et al., 2011; Vanderford 

and Snyder, 2006) and μg/kg to low mg/kg (dry weight) in biosolids (Clarke and Smith, 2011; 

McClellan and Halden, 2010). 

 

Figure 1. Sources and fate of PhACs in the environment (Bartha, 2012) 

 

2.1. Reuse of treated wastewater (TWW) 
 

In order for a substance to develop its intended effect in the human body, the intact molecule 

should reach the diseased cell before any degradation occurs by the biochemical processes 

of the body. Therefore, pharmaceuticals are designed for stability. Moreover, they are 

designed to not bioaccumulate and instead be rapidly eliminated from the treated body. 
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Thus, this has 2 consequences: (1) PhACs are excreted via urine and feces not metabolized 

and thus reach the domestic wastewater, (2) the stability of PhACs hinders their degradation 

by wastewater treatment plants (WWTPs). Several pharmaceuticals have shown to be 

partially removed while others not at all. An instance for this, PhACs as carbamazepine, 

diclofenac, propranolol and clofibric acid have shown remediation efficiencies less than 10% 

(Jones et al., 2005; Petrović et al., 2005; Stackelberg et al., 2004; Ternes et al., 2002). It is 

believed that domestic wastewater (human activity) is the main source of the occurrence of 

PhACs in the environment (Roig, 2010).  

30 to 70 % of ingested PhACs are extcreted via urine and feces (Liu et al., 2017; Qin et al., 

2016). Once PhACs are released to the domestic waste system, they will typically be 

transported to a WWTP where wastewater will be treated through several processes. 

Conventional WWTPs are not designed to remove PhACs, thus the final effluent is likely to 

contain PhACs at concentration in the μg/L range (Patel et al., 2019). However, effluents have 

lately been used for fields irrigation, a practice sometimes described as “recycled wastewater 

irrigation” or “reclaimed wastewater irrigation” (Kretschmer et al., 2006). 70 % of all water 

use worldwide, including river and groundwater rivers, goes for irrigation, while 20 %, and 10 

% goes for industry and residences, respectively (Kretschmer et al., 2006). Water supply is 

one of today’s challenges in a world of growing population and industrialization. Thus if the 

world is facing water shortage, it is also facing a food shortage. Which made of this practice 

an attractive option to satisfy the demands for irrigation (Hamilton et al., 2007). Many 

countries have adopted this practice to cope with their water shortage, including United 

States, Australia, Singapore, South Africa, Japan, China, Mexico and New Zealand (Levine and 

Asano, 2004). Moreover, in many low-income countries, even untreated wastewater is used 

for irrigation (Kinney et al., 2006). With the continuous drought, climate change and 

population growth, the future use of treated wastewater is set to increase (Hamilton et al., 

2007), which will result in greater loads of PhACs reaching the agroecosystem.  

 

2.2. Fertilization 
 

Sewage sludge. Sewage sludge is applied to agricultural fields as fertilizers for several reasons. 

It is a cheap way of disposal for sewage treatment plants (STPs), in addition it is an important 

source of nitrogen, phosphorus, organic matter and other nutrients all of which can enhance 
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soil physical properties and crop yield (Chitdeshwari and Savithri, 2007; Joshua et al., 1998; 

Webber et al., 1996). In European countries, an average of 37 % of sewage sludge is applied 

on agriculture soils, equivalent to 2.39 x 106 tons (dry weight) per year (Chang et al., 2002). 

However, land application of sewage sludge on the other side does have its drawbacks, it is 

at the same time a source of many contamination such as heavy metals, pathogens and 

organic compounds (Rogers, 1996). Therefore, the use of sewage sludge as fertilizer is a 

potential introduction pathway of PhACs to the agroecosystem. Recently, several studies 

have detected PhACs in sewage sludge effluents (Ivanová et al., 2018; Kinney et al., 2008; 

Metcalfe et al., 2003; Nieto et al., 2010). Carbamazepine is one of the most frequently 

detected pharmaceuticals in sewage sludge in few to hundred μg/Kg concentration range 

(Díaz-Cruz et al., 2009). Kinney and coworkers have detected carbamazepine in all the nine 

sewage sludge samples studied (Kinney et al., 2006). Also, sulfonamides antibiotics are 

frequently detected in sewage sludge, and recently their metabolites have also been detected 

in sludge samples at concentrations <9.81 ng/g (García Galán et al., 2012). 

 

Biosolids. Biosolid refer to solid, semisolid and liquid residues generated from municipal 

WWTPs. They are applied to cropland as a source of nutrient and organic matter to improve 

crop yield, besides it constitutes a major pathway of nutrient recycling. On the other hand, 

the application of biosolids to agriculture is economically beneficial, for farmers because of 

reduced synthetic nutrient costs, and for municipalities because of reduced disposal costs of 

the generated solid sewage waste. However, since they are originally obtained from WWTPs, 

they have been found to been contaminated with variety of PhACs (Clarke and Smith, 2011; 

Clarke and Cummins, 2015). 

 

Animal slurries and manure. Residual PhACs in medicated animal manure and slurries 

contribute as the major sources of PhACs introduction in agricultural soils via fertilization 

(Carvalho and Santos, 2016; Kumirska et al., 2015; Massé et al., 2014). PhACs and veterinary 

pharmaceuticals are used regularly in the livestock industry and animal production for 

treatment and disease prevention, to improve feed efficiency and as growth promoter. 

Antimicrobials, steroid hormones and beta agonists are the mainly used PhACs in animal 

agriculture. However, up to 90% of PhACs administered to animals are excreted in manures 
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unmetabolized (Joy et al., 2013). PhACs concentration in manure have been reported to range 

from trace level to hundreds of mg/Kg (Sassman and Lee, 2005; Soni et al., 2015). 

 

3. Fate of pharmaceuticals in agroecosystem 

The fate of PhACs in the agroecosystems depends heavily on their physico-chemical properties 

as well as on the properties of the receiving soil matrices. Several reviews have highlighted the 

current knowledge on the fate of PhACs after their introduction into the agroecosystem and 

soil (Du and Liu, 2012; Li, 2014; O’Bannon, 2020; Qin et al., 2015; Wu et al., 2015). Once 

PhACs reach the soil, they can undergo several processes such as biotic/abiotic degradation, 

sorption onto soil, persistence and accumulate, leaching, and they can be uptaken by the 

growing crops or soil living organisms. Sorption and biodegradation are the major processes 

for PhACs removal from agricultural soil, especially for those resistant to abiotic degradation 

such as photodegradation and hydrolysis (Estevez et al., 2014; Fang et al., 2012). 

3.1. Degradation in soil 

3.1.1. Biotic degradation 

 

Bacteria and fungi are the two groups of organisms that are able to degrade PhACs in soil.  

Biodegradation has been reported to play a major role in the fate of PhACs in soil (Xu et al., 

2009b; Yu et al., 2013). For example, after 45 days of incubation, clofibric acid and diclofenac 

showed higher degradation rate in non-sterile soil (88 - 100%) than in sterile soil (33 - 43%), 

indicating the significant role of microorganisms in degrading PhACs in soil  (Xu et al., 2009b).   

However, biodegradation is affected by several factors including PhACs chemical structure 

and physicochemical properties, and soil characteristics. For instance, 4-n-Nonylphenol 

showed higher degradability than 4-tert-Octylphenol due to its straight side chain (Ying and 

Kookana, 2005). Besides weakly acidic PhACs such as diclofenac, ibuprofen, bezafibrate, 

gemfibrozil and naproxen exhibited more rapid degradation than neutral PhACs (Grossberger 

et al., 2014). Soil with higher organic matter content reduce the bioavailability of PhACs due 

to sorption processes, hence inhibit their biodegradation (Das et al., 2004; Xu et al., 2009b). 

Moreover, it was also reported that biodegradation was generally inhibited when biosolids 

are used for soil amendment in agriculture, thus prolonging their persistence is soil (Li et al., 

2014, 2013; Monteiro and Boxall, 2009). This was explained by the addition of organic matter 
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from biosolids, which lead to higher sorption of PhACs hence decreasing their bioavailability. 

Besides, biosolids may serve as readily available nutrient and carbon source over PhACs for 

microorganism, which may contribute to the decrease of PhACs degradation in soil.  

 

3.1.2. Abiotic degradation 

 

Abiotic processes such as photodegradation, hydrolysis and mineralization, may also 

contribute significant degradation to PhACs in soil with low moisture level and suppressed 

microbial activity. However, only few studies to date reported the transformation of PhACs 

via abiotic processes in soil.  

Photodegradation is the direct or indirect chemical transformation of a compound by a light-

induced mechanism (Boreen et al., 2003). It represents an important process in 

environmental fate, Thiele-Bruhn and Peters observed an a significant photodegradation of 

various tetracyclines in soil surfaces (Thiele-Bruhn and Peters, 2007).  For the hydrolysis 

processes of PhACs in field soil. Recently, Jin and colleagues have revealed an important 

hydrolysis decomposition of chloramphenicol antibiotics in field soil, especially in soils with 

low moisture content and suppressed microbial activity (Jin et al., 2019). So far little 

information is available regarding mineralization process of PhACs in soil, because of the 

limited availability of 14C-labeling compounds. 14C-naproxen and 14C-diclofenac were found to 

be 50 to 80% mineralized to 14CO2 in different soils (Dodgen et al., 2014; Topp et al., 2008) 

while only 1.2% of 14C-carbamazepine and 17% of 14C-acetaminophen were mineralized (Li et 

al., 2014, 2013). 

However it is clear that PhACs can be degraded in soil, their continuous input ensures that 

some of them are persistent.  

 

3.2. Sorption on soil 
 

Soil and soil components sorption is the main physiochemical process that prevents PhACs 

from leaching to some extent, as well as it is an important contribution to PhACs 

bioavailability (Carter et al., 2016; Drillia et al., 2005; Wang and Wang, 2015). Sorption is 

related to many factors, such as PhACs properties, soil characteristics including pH and 

organic matter content, as well as external factors such as temperature (Wang and Wang, 
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2015; Xu et al., 2020). As definition, sorption is the partitioning of the compound between 

the water and solid phase (Schwarzenbach et al., 2003). It can be characterized by a soil-water 

partition coefficient (Kd), which is the ratio of the concentration in the solid phase to the 

concentration in the solution phase at equilibrium. Hence higher Kd values allow higher 

sorption, such as bisphenol A, whilst smaller Kd values, such as ibuprofen, allow less PhACs 

sorption and higher leaching possibility into groundwater or nearby streams (Chefetz et al., 

2008; Xu et al., 2009a).  

Physicochemical properties specific to the PhAC including the octanol-water partition (Kow), 

the degree of ionization, the charge of the molecule, the hydrophobicity, and the pKa value, 

are important in determining the sorption of the chemical to soil. For example, depending on 

the pKa values of the PhAC and soil pH, PhAC can be non-ionc, anionic, cationic or zwitterionic 

(Schaffer and Licha, 2015). Briefly, non-ionic PhACs are sorbed to soil organic matter by 

hydrophobic partitioning via weak van der Waals and electron donor-acceptor interactions. 

Ionic compounds are sorbed to soil by electrostatic interactions such as cation exchange, 

cation bridging and complexation. Cationic PhACs are sorbed on the negatively charges clay 

soil content, while anionic PhACs are sorbed on the positive charged soil surface (Call et al., 

2019). Regarding Kow, it insicates the tendency of a chemical to partition between the organic 

and the aqueous phases. Therefore, high Kow indicates high hydrophibicity and lower water 

solubility, hence the compounds should sorb to a greater extent to soil generating high Kd 

values. An instancve for this, triclosan have shown an extremely high Kd (127 L/Kg) and log 

Kow (4.8) (Aranami and Readman, 2007; Barron et al., 2009). However, this positive correlation 

between Kow and Kd cannot be generalized, as other sorption processes might occur. For 

example, tetracyclines have low Kow, yet they bind to soil via complexation with soil’s metal 

ions such as Ca2+ and Mg2+ (Avisar et al., 2010; Bui and Choi, 2010). 

Soil composition is very complex, and can be divided to 3 categories: (1) poor sorption 

capacity (scree and sandy soil), (2) medium sorption capacity (soil containing iron oxide), and 

(3) strong sorption capacity (soil containing humic acids and clay). Ciprofloxacin antibiotic 

showed Kd values range from 726.8 to 1277873 L/Kg across 13 different soil types in Brazil 

(Leal et al., 2013). In general, higher clay and organic matter content and lower sand content 

result in higher sorption capacity contributed to the intense exchange capacity of clay, thus a 

decrease in the mobility of PhACs (Borgman and Chefetz, 2013; Tang et al., 2018). Humic acids 

are negatively charged at environmental pH (Christl et al., 2016), hence PhACs with positively 
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charged moieties, such as tetracyclines and zwitterions, can interact with (Trellu et al., 2016). 

In another example, clofibric acid have showed higher sorption capacity (Kd of 200.73 ± 59.93 

L/Kg in a silt clay soil, while a much lower sorption capacity ( kd of 3.36 ± 1.55 L/Kg) was 

observed in silt loam soil (Xu et al., 2009b).  

It is worthy to mention that PhACs sorption to soil, depending on soil and PhACs properties, 

occurs via several mechanisms, such as electrostatic interactions (cation exchange, 

electrostatic attraction and electrostatic repulsion), cationic bridging, surface complexation, 

π-π interaction and cation-π bonding, hydrogen bonding, hydrophobic interaction and van 

der Waals attractions (Xu et al., 2020). 

 

3.3. Persistence and accumulation in soil 
 

The chemical properties of PhACs, such as high water solubility, high polarity and low volatility 

are largely responsible for their persistence and thus their accumulation in terrestrial 

environments (Kümmerer, 2008). As it is mentioned above, PhACs need to be stable to resist 

metabolism in the human body to ensure an adequate pharmacological effect, and to have a 

useful shelf life (Richman and Castensson, 2008). In addition, PhACS persistence in soil 

depends on their photostability, binding and sorption ability, biodegradation rate and 

leaching potential (Dıáz-Cruz et al., 2003). 

Some PhACs incorporated soil through irrigation and fertilization showed to be persistent and 

accumulative, which results in an increasingly residual concentrations ranged from few μg up 

to g/Kg (Thiele-Bruhn, 2003). Grossberger and colleagues reported that neutral PhACs were 

more persistent in soil irrigated with treated wastewater, while weakly acidic PhACs, namely 

ibuprofen, gemfibrozil, diclofenac, naproxen and bezafibrate, showed more rapid 

degradation explained by the susceptibility of their carboxylic groups to microbial 

transformation (Grossberger et al., 2014). However, the persistence of the same PhACs is 

specific to soil properties as much as to the PhACs properties, and thus can vary across soil 

types and the surrounding environment. For instance, it was reported that tetracycline could 

persist in soil for over 1 year (Zuccato et al., 2000). Later in 2002, Hamscher and colleagues 

reported a moderate degradation of tetracyclines that occurs in 180 days, as it was detected 

at concentrations up to 0.3 g/Kg is farmland soil fertilized with manure (Hamscher et al., 

2002).  
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However, it is pointed out that the routs of entry of PhACs into the environment, through 

irrigation with wastewater or application of fertilizers, may also have an important role on 

their persistence behavior. For instance, Albero and colleagues reported a dissipation half-life 

(t1/2) of antibiotics in the range of 8 to 92 days, except for fluoroquinolones was higher than 

90 days. When soil was amended with composted manure, t1/2 values have increased 

between 6 and 53% (Albero et al., 2018). Persistence of these antibiotics were in the same 

range in other study, although they were very variable because of other factors that affect 

compounds dissipation and persistence (Riaz et al., 2018). Finally, Yang and colleagues 

reported that the dissipation, expressed as t1/2, of sulfonamide could be from 18.6 to 213 days 

for sulfonamides, 1 to 2 months for tetracyclines, and 7 to 8 months for enrofloxacin (Yang et 

al., 2018). 

 

3.4. Leaching  
 

Mobility and leaching of PhACs are important processes involved in their fate in 

agroecosystems. Leaching into deeper soil or into groundwater depend on their sorption 

capacity onto top soil. However, several studies have reported the leaching ability of some 

PhACs. For instance, Paz and colleagues reported the leaching ability of lamotrigine, 

carbamazepine and its metabolites (10,11-epoxycarbamazepine and 10,11-dihydro-10,11-

trans-dihy-droxycarbamazepine) in soil with lesser organic matter content (Paz et al., 2016). 

Similar results were obtained with Leal and colleagues for sulfonamides, whereas 

fluoroquinolones showed high sorption even low organic matter content soil (Leal et al., 

2013). Furthermore, several studies have reported the ability of highly mobile and persistent 

PhACs (such as gemfibrozil, ibuprofen, estriol, carbamazepine and sulfamethoxazole) to be 

transported to surface water through field runoff, or leach to ground water (Avisar et al., 

2010; Bondarenko et al., 2012; Kodešová et al., 2015; Qin et al., 2015; Tolls, 2001) thus 

affecting aquatic organisms and entering human drinking water posing a potential risk to 

human health.  

 

3.5. Uptake by growing crops 
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High level accumulation of PhACs in edible crops may raise potential human health risk 

through food chain. Several studies have reported the ability of growing crops to uptake 

PhACs introduced by wastewater irrigation or by application of contaminated natural 

fertilizers such as sewage sludge, biosolids, animal manure and slurries (Carvalho et al., 2014; 

Picó et al., 2019; Wu et al., 2011, 2011). Generally, the uptake rate depends on many factors 

including PhACs properties, soil properties, plants species and environmental factors (Chuang 

et al., 2019). Besides, sorption and degradation processes in soil can affect the bioavailability 

of PhACs to be uptaken by crops.  

Briefly, crops grown in soil with lower organic matter and clay content are at greater risk for 

uptake and accumulation of PhACs (Goldstein et al., 2014). Regarding PhACs properties, most 

PhACs are ionizable, either acids or bases, which may undergo dissociation in water or soil 

according to their pH. Besides, they can go from extremely hydrophilic (such as 

sulfamethoxazole, log Kow = 0.89) to highly hydrophobic (such as fenofibrate; log Kow = 5.19). 

Malchi and colleagues reported that non-ionic PhACs such as, carbamazepine, caffeine and 

lamotrigine, were detected at significantly higher concentrations than ionic PhACs such as 

metoprolol, bezafibrate, clofibric acid, diclofenac, gemfibrozil, ibuprofen, ketoprofen, 

naproxen, sulfamethoxazole, and sildenafil in root vegetables (carrot and potato) irrigated 

with treated wastewater in field scale (Malchi et al., 2014). In other study, basic PhACs 

(positively charged) were found at comparable levels with neutral PhACs, while acidic PhACs 

(negatively charged) existed at significantly lower levels (Wu et al., 2014). Previously, Wu and 

colleagues have reported that the hydrophobicity of neutral PhACs plays also an important 

role for their uptake via roots, as a positive linear relationship was observed between the root 

uptake and the PhACs hydrophobicity, suggesting that hydrophobicity is a primary factor 

affecting the uptake of neutral compounds by roots (Wu et al., 2013). However this model 

cannot be applied to ionic PhACs, with which additional mechanisms such as electrical 

attraction and repulsion and ion trap may affect the uptake by roots. In general, roots are 

negatively charged thus anions (acidic PhACs) are poorly taken up by plants due to repulsion 

to the negatively charged anion (González García et al., 2019). While for the positively charged 

basic PhACs, Wu and colleagues reported 3 possible processes that may lead to plant uptake: 

(1) electrical attraction of the cation due to the negative charge of roots. (2) accumulation 

into the vacuole by ion trap; and (3) partitioning on to the root solids (Wu et al., 2013). 
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4. Occurrence of pharmaceuticals in agroecosystem 
 

Daughton and Ternes, and Heberer (Daughton and Ternes, 1999; Heberer, 2002) have 

reviewed the occurrence of prescribed and nonprescribed PhACs in the environment. These 

two well-known reviews present evidences that significant quantities of PhACs are potentially 

discharged to the environment. After all, PhACs are designed to be stable for many reasons, 

for instance, stability makes them suitable for longer storage and steady against enzymes and 

acidic pH to allow stomach passage. These properties make such compounds at the same 

time mobile and persistent in the environment and may thus have risk on human and 

environmental health (Du and Liu, 2012; Park et al., 2016), as well as ecotoxicological effects 

on non-target organisms (Biel-Maeso et al., 2017).  

 

4.1. Soil 
 

A range of pharmaceuticals has been detected in agricultural soil with concentrations of anti-

inflammatory drugs, antimicrobial agents and anticoagulants being reported up to μg/kg 

levels (Borgman and Chefetz, 2013; Ho et al., 2014; Kinney et al., 2006; Qin et al., 2015; 

Walters et al., 2010). Other studies reported their presence in agricultural soils at trace levels 

ranging from ng/Kg up to g/Kg (Fang et al., 2012; Karnjanapiboonwong et al., 2011; Kinney et 

al., 2006). The most common pharmaceuticals found in soil are the antibiotics (trimethoprim, 

sulfadiazine and triclosan), analgesics (ibuprofen and diclofenac) and antiepileptic 

(carbamazepine), with carbamazepine the most frequently detected among the studies (Biel-

Maeso et al., 2017; Chen et al., 2011; Gibson et al., 2010; Ho et al., 2012a, 2012b; Kinney et 

al., 2008). Additionally, carbamazepine is known to be resistant to degradation thus it has the 

accumulation potential over time, which verify its frequent occurrence in soil (Gibson et al., 

2010). However, until today, little is known about the concentration of PhACs in soil, because 

of the lack of appropriate instrumentation and methods able to measure their occurrence at 

low concentrations in such complex matrix as soil. Kinney and colleagues (Kinney et al., 2006) 

have detected pharmaceuticals at concentration ranging from 0.02 to 15 μg/kg dry weight in 

soil irrigated with treated wastewater in Colorado city. Additionally, a number of PhACs in 

their study, (such as acetaminophen, caffeine, carbamazepine, erythromycin, sulfamethazole, 

1, 7-dimethylaxanthine and dehydronifedipine) appeared to persist for months after 
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irrigation. Also Biel-Maeso and colleagues (Biel-Maeso et al., 2018) have reported the 

detection of PhACs, at lower concentration range, in surface soil irrigated with treated 

wastewater, 17 out of 45 of their target PhACs were detected, the total concentration 

detected were in the range of 2 and 15 ng/g. 

 

4.2. Crops 
 

The introduction of PhACs to crops via plant uptake by the application of treated wastewater 

and natural fertilizers (such as sewage sludge, biosolids, animal manure and slurries) have 

received a major public concern lately. Contamination of food by these chemicals may pose 

potential risks to humans. To date many laboratory scales studies or greenhouse settings have 

reported the occurrence of PhACs in crops via plant uptake from soil receiving treated 

wastewater irrigation or contaminated fertilizers amendment. Conversely, little information 

is available at realistic field conditions. Carbamazepine was commonly detected in various 

plants after irrigation with treated wastewater (Goldstein et al., 2014; Shenker et al., 2011; 

Wu et al., 2010) and application of biosolids as fertilizer in greenhouse experiments (Holling 

et al., 2012; Wu et al., 2012, 2010). While sulfamethoxazole and trimethoprim were reported 

to have limited uptake in plants grown in biosolids amended soil (Holling et al., 2012). Which 

could be explained by the higher bioavailability of carbamazepine. Bhalsod and colleagues 

reported that concentrations in fresh lettuce shoots varied from 0.05 ± 0.04 μg/kg for 

sulfadiazine to 345 ± 139 μg/kg for carbamazepine, in greenhouse under overhead and soil-

surface irrigations using PhACs contaminated water (Bhalsod et al., 2018). 

Regarding field experiments, few studies have been reported to date, thus we are going to 

report most of them. Gottschall and colleagues did not detected any PhACs in the grain of 

wheat grown for about 1 year following a high single application of municipal biosolids 

(Gottschall et al., 2012). However, Sabourin and colleagues reported the detection of 

atenolol, cocaine, ciprofloxacin, metformin, minocycline, norfloxacin, DEET, naproxen, 

glyburide, sulfamerazine, penicillin G, triamterene, and trimethoprim, with concentrations 

ranging from 0.02 to 14 ng/g (dry weight), in tomato, carrot, potato and sweet corn from field 

soils treated with municipal biosolids (Sabourin et al., 2012). Calderon and colleagues 

reported the occurrence of hydrocinnamic acid, salicylic acid, caffeine and ibuprofen, in apple 

tree leaves and alfalfa irrigated with reclaimed wastewater, with concentrations of 0.016– 
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16.9 ng/g (wet weight) (Calderón-Preciado et al., 2011). Jones-Lepp and colleagues have 

reported the detection of the industrial flavoring agent N,N’-dimethylphenethylamine at 48-

180 ng/g (dry weight) in their 4 studied crops irrigated with the effluent of a local WWTP, 

while the two antibiotics, azithromycin and clarithromycin, were found only in Bermuda grass 

roots at concentrations of 90 and 135 ng/g (dry weight), respectively (Jones-Lepp et al., 2010). 

Wu and colleagues detected 8 PhACs and personal care products (including caffeine, 

meprobamate, primidone, DEET, carbamazepine, dilantin, naproxen, and triclosan) in 8 

vegetables with 64% detection frequency, at concentration range from 0.01 to 3.87 ng/g (dry 

weight) (Wu et al., 2014). Riemenschneider and colleagues reported the detection of 12 

PhACs and micropollutant and 6 carbamazepine metabolites in 10 vegetable species (among 

them carrot, lettuce, potato and zucchini) at concentrations ranging from 1.7 to 216 ng/g (dry 

weight) (Riemenschneider et al., 2016). Martínez-Piernas and colleague revealed the 

presence of 17 OMCs in tomato leaves (0.04 - 32 ng/g), and 8 in the fruits (0.01 - 1.1 ng/g); 5 

of them not reported before in real field samples (Martínez-Piernas et al., 2019). Higher 

concentration levels were detected when untreated wastewater was applied for irrigation. 

Pan and colleagues have studied the uptake of 5 antibiotics by 5 edible crops irrigated with 

largely untreated domestic wastewater or fishpond water. Their results revealed that 

norfloxacin was consistently detected at the highest concentrations (4.6 - 23.6 μg/kg) in crop 

tissues, followed by chloramphenicol (2.6–22.4 μg/kg) and tetracycline (4.0 - 10.1 μg/kg), 

while sulfamethazine and erythromycin were not detected in most of the vegetable crops 

(Pan et al., 2014). 

Based on the research findings reported to date, and referring mainly to field studies, PhACs 

detected in crops grown in natural fertilizers amended or treated wastewater irrigated soil 

were in the ng/g concentration range, which is much smaller than the exposure in a single 

medical dose (typically in the 20 – 200 mg range). A field study showed that carbamazepine 

and caffeine would require an adult to consume hundreds of kilograms of treated wastewater 

irrigated sweet potatoes and carrots daily to reach the threshold of toxicological concern 

(TTC) level (Malchi et al., 2014). Matamoros and colleagues predicted that human 

consumption of vegetable crops irrigated with PhACs contaminated water would cause an 

exposure of 500 ng/day of each compound, a level well below the therapeutic dose for 

individual pharmaceuticals (Matamoros et al., 2012). On the whole, the concentrations of 

PhACs in the edible crops represent a de minimis risk to human health. However, it may be 
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still overearly to draw a concrete conclusion, as the field studies are too limited and they lack 

comprehensive assessment of the human health risk associated with PhACs exposure through 

edible crops. Finally, it is worthy to mention that the maximum residue value for PhACs in 

plant-based products has not been established yet (JECFA, 2006). 

 

5. Aims of the thesis 
 

It is crucial to understand how PhACs behave in agroecosystem after their introduction via 

treated wastewater irrigation, including their distribution between soil and crops, their fate 

in soil and crops, and finally their degradation rate when exposed to soil organisms namely 

the ubiquitous filamentous Trichoderma soil fungi (Figure 2). However, such comprehensive 

study needs robust and sensitive analytical methodologies specific to the agroecosystem 

samples.  

 

The aim of this PhD research was therefore to explore the behavior of PhACs and other 

wastewater contaminants, introduced to a realistic field by irrigation with domestic 

wastewater effluents. The specific objectives were to: 

1) Recapitulate all analytical methodologies reported to date for the extraction and 

analysis of PhACs and related compounds in soil and plants (Chapter 2).  

2) Optimize and develop analytical methodologies suitable for high-resolution mass 

spectrometry detection and quantification for a large number of wastewater-borne 

contaminants mainly PhACs and their TPs, frequently detected in WWTPs effluents 

(including analgesics and anti-inflammatories, anti- hypertensives, antifungal agents, 

lipid regulators, psychiatric drugs and stimulants, β- blockers, antibiotics, 

antimycotics, and sweeteners) by the means of modified QuEChERS (Quick, Easy, 

Cheap, Effective, Rugged and Safe) method in agroecosystem samples including soil, 

lettuce roots and lettuce leaves. In fact, the application of QuEChERS method for soil 

and lettuce root matrices is not very common, yet according to our knowledge, this 

was the first time a study was dedicated for the optimization and development of an 

analytical method specific to lettuce root matrix. Besides, there is a lack of analytical 
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methods for detecting such large number and interfamily wastewater-borne 

pollutants in crops (Chapter 3 and 4).  

3) Investigate the fate and behavior of 14 selected wastewater contaminants including 

PhACs and metabolites in realistic agroecosystem conditions, by the application of the 

previously developed methods. Thus, to assess the human health risks related to 

wastewater irrigated fresh vegetables. It should be noted that very few studies at field 

scale have been reported, even fewer have followed PhACs in the agroecosystem 

allowing fir bioconcentration factor calculations. Hence an important knowledge gap 

regarding their fate in soil and crops, and realistic human health risk assessment 

(Chapter 5).  

4) Investigate the fate of two fluoroquinolone antibiotics (ciprofloxacin and ofloxacin) 

and one personal care product (climbazole) when exposed to the ubiquitous 

filamentous Trichoderma soil fungi in liquid medium. To our knowledge, it is the first 

time that the ability of Trichoderma species in degrading PhACs has been investigated 

(Chapter 6).  

 

 

Figure 2. A conceptual model of the fate of PhACs in agroecosystem emitted by treated 

wastewater irrigation 
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1. Development of Methods for the Determination of PhACs in Soil/ 

Earthworm/Crop System Irrigated with Reclaimed Water  
 

1.1. Context 
 

Treated wastewater is an incredible alternative of natural water, especially for agricultural 

sector. Moreover, wastewater is an important source of nutrient and organic matter, which 

can lead to an increase in crops productions. Thus irrigation of crops with treated wastewater 

constitutes one important solution to cope with water shortages. However, the main 

drawback is that this practice can lead to the introduction of PhACs into agricultural land and 

water since WWTPs are not designed for their elimination during wastewater treatment. 

Hence growing crops can uptake these chemicals from soil and water, leading to their 

accumulation at trace level in fresh vegetables for human consumption. In fact, the potential 

contamination of water, soil and crops is the main disadvantage of wastewater reuse in 

agriculture, as well as the following risk that PhACs pose to environmental and human health. 

However, there is a general lack of knowledge on the effects of PhACs on the environment, 

which is explained in part by the difficulty of extracting and quantifying these compounds at 

trace level from complex matrices such as soil and vegetables. Besides to the high prices of 

the analytical instruments needed either for their extraction or for their detection.  

 

1.2. Objective and main results 
 

The objective of this chapter book is to discuss all the analytical procedures (including 

microwave assisted extraction (MAE), ultrasound solvent extraction (USE), pressurized liquid 

extraction (PLE) and QuEChERS) used for the extraction of PhACs and their related compounds 

from plants tissues and soil irrigated with treated wastewater. As well as it describes all that 

is known to date about the cleaning techniques of the extracts, and separation and detection 

techniques of PhACs by liquid or gas chromatography. From this built review, it is clear that 

today several successful extraction methods have been developed for the extraction, 

detection and quantification of PhACs from soil and vegetables. However, in some cases these 

methods are time consuming, expensive, and require expert analysts. Yet, several studies 

have been published with a significant effort to overcome these obstacles by developing fast, 
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cheap and environmentally friendly methods. It is therefore necessary to carry on the 

research on developing even simpler, robust, time saving and green analytical methods.  
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Chapter 3: 

Optimization and validation of wastewater-borne 

organic pollutants including pharmaceuticals 

extraction from lettuce leaves 
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1. Comparison of MRMHR and SWATH acquisition modes for the 

quantitation of 48 wastewater-borne pollutants in lettuce leaves 

using a modified QuEChERS method 
  

1.1. Context 
 

The development of a method that is able to screen a large number of PhACs is highly 

desirable, especially for the analysis of agroecosystem samples irrigated with treated 

wastewater. The presence of these chemicals in crops for human consumption is an 

important source of concern because of the potential risk that may pose for human health. 

However, there is a lack of analytical methods for detecting PhACs and other wastewater-

borne organic contaminants in crops. Thus, an important effort was dedicated in the past 

decade to develop robust, rapid, fast, simple, sensitive and cheap analytical methods for the 

analysis of these chemicals in plant tissues.  

 

1.2. Objective and main results 
 

The objective of this article was to develop a robust analytical method, for the extraction of 

48 PhACs and other wastewater-borne organic contaminants and their TPs frequently 

detected in wastewater (including analgesics and anti-inflammatories, anti- hypertensives, 

antifungal agents, lipid regulators, psychiatric drugs and stimulants, β- blockers, antibiotics, 

antimycotics, and sweeteners). A QuEChERS-based method followed by detection and 

quantification on a high-resolution mass spectrometry was developed to follow the selected 

compounds in lettuce leaves. The performance of the method was evaluated in terms of 

accuracy, repeatability, sensitivity, linearity and matrix effect. Furthermore, method 

performance was compared using two acquisition modes: high resolution multiple reaction 

monitoring (MRMHR) and Sequential Window Acquisition of All Theoretical Fragment-Ion 

Spectra (SWATH).  Accordingly, the developed method was able to simultaneously extract and 

quantify the 48 selected compounds. Both acquisition modes provided similar recoveries 

between 80 and 120% in lettuce leaves, with few compounds of exception. However, MRMHR 

provided more consistent results for a greater number of compounds. Finally, the method 

was successfully applied to lettuce grown in controlled conditions and irrigated with treated 
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wastewater. 14 out of 48 selected compounds were detected with concentrations ranging 

from 2.9 ng/g (metoprolol) to 196.3 ng/g (citalopram).  
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Chapter 4: 

Optimization and validation of wastewater-borne 

organic pollutants including pharmaceuticals 

extraction from lettuce root and soil 
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1. Evaluation of different QuEChERS-based methods for the extraction 

of 48 wastewater-derivated organic contaminants from soil and 

lettuce root using high resolution LC-QTOF with MRMHR and SWATH 

acquisition modes 
 

1.1. Context 
 

Crops irrigation with treated wastewater is an important source to spread PhACs in the 

agroecosystem. Understanding the accumulation of these chemicals in soil and plant tissues 

such as roots, leaves and fruits is crucial for a better assessment of the risk to human health 

following the consumption of treated wastewater irrigated crops. Therefore, simple, fast, 

cheap yet reliable analytical methods are required depending on the matrix under study. 

However, agricultural matrices are very complex, and each matrix has very different 

components. Therefore, the availability of a common yet rigorous extraction method for 

multiple matrices is very beneficial.  

 

1.2. Objective and main results 
 

The objective of this article was to develop a common and robust extraction method for two 

matrices belonging to agroecosystem: the lettuce root and soil. QuEChERS-based method 

followed by detection and quantification on a high-resolution mass spectrometry was 

successfully developed for 48 PhACs and other wastewater-borne organic contaminants and 

their TPs frequently detected in wastewater (including analgesics and anti-inflammatories, 

anti- hypertensives, antifungal agents, lipid regulators, psychiatric drugs and stimulants, β- 

blockers, antibiotics, antimycotics, and sweeteners). Method performance was compared 

using two acquisition modes, high resolution multiple reaction monitoring (MRMHR) and 

Sequential Window Acquisition of All Theoretical Fragment-Ion Spectra (SWATH), in terms of 

recovery, linearity, intra-day precision, method detection limits (MDLs), method 

quantification limits (MQLs), and matrix effect (ME). Though similar results were obtained 

with both acquisition modes, MRMHR provided more consistent results for most of the 

compounds. Recoveries in MRMHR mode ranged from 63 to 121% and 45 to 104% for lettuce 

root and soil, respectively, for most of compounds. finally, the developed method was 
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successfully applied on real agricultural field samples, irrigated with domestic treated 

wastewater for 2 years under greenhouse conditions. Four and 13 compounds were detected 

in lettuce root and soil, respectively.  
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Chapter 5: 

Application of the previously developed methods 

on realistic field agricultural samples 
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1. Impact of repeated irrigation of lettuce with treated municipal 

wastewater on pharmaceutical plant uptake and degradation 

under field cultivation conditions 
 

1.1. Context 
 

The ability of growing crops to uptake PhACs and wastewater-borne pollutants introduced by 

irrigation with treated wastewater have been largely reported to date. However, most of 

these studies are conducted at laboratory scales and under controlled conditions, hence a 

poor comprehensive and assessment of the real risk posed by human consumption of treated 

wastewater irrigated crops. Besides, very limited data are available to date under real field 

conditions, and for a long term of wastewater irrigation practice. Since plant uptake is related 

to several factors including soil properties, physicochemical properties of contaminants and 

plant physiology, besides to contaminants fate/behavior in soil before they reach the plants, 

it is important today to fill the gaps of knowledge related to plant uptake under field scales, 

their fate/behavior in soil at long term, and their following risk to human consumption.  

 

1.2. Objective and main results 
 

The objective of this article was to follow the uptake of 14 selected PhACs and other 

wastewater-borne pollutants and their TPs by lettuce and leeks irrigated with different kind 

of water, including treated wastewater, under realistic agricultural growing and irrigation 

conditions over successive 2 years’ crop cycles. Furthermore, we have reported the 

concentrations of the studied contaminants in soil and the edible part of the crops, allowing 

for bioconcentration factor calculations, and human health risk assessment. In this context, 

we have applied the analytical methods developed and previously reported in Chapter 3 and 

Chapter 4, to the obtained field agricultural samples.  Results revealed a limited accumulation 

of these contaminants in soil and crops leaves, with concentration ranging from 1 to 30 ng/g 

in soil, and from 1 to 660 ng/g in leaves. This was explained by the intensive degradation of 

contaminants in soil and metabolism in in plants. Carbamazepine-epoxide was detected at 

level 1 of confirmation in lettuce leaves at concentration 6.1 ± 0.7 ng/g, conversely it was not 

detected in soil, thus carbamazepine transformation was exclusively related to lettuce 



 190 

metabolism. Furthermore, two metabolites of metoprolol were confirmed at level 2, another 

two and one for irbesartan were identified at level 4 of confirmation in lettuce leaves. Their 

estimated concentration suggests their presence at low concentrations, even lower than their 

parent compounds. On the whole, this study confirmed a de mimimis human health risk 

related to the consumption of raw vegetable irrigated with treated wastewater.  
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Chapter 6: 

Fate of two selected antibiotics and one personal 

care product by soil microorganisms 
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1. Biodegradation of fluoroquinolone antibiotics and the climbazole 

fungicide by Trichoderma species  

 

1.1. Context 
 

Trichoderma species belong to the most widespread filamentous fungi genus in soil. They are 

able to grow and survive under unfavorable conditions, colonize root and grow in symbiont 

relationship with plants. Therefore, Trichoderma have been used as natural fungicide in 

agriculture sector, regarding their ability to fight against pathogens and enhance crops 

productivity. Many studies have showed the ability of fungi, especially the White-Rot Fungi 

(WRF) such as Tramates versicolor, to degrade PhACs with good removal efficiencies. 

However, the use of filamentous fungi from Trichoderma genus has been poorly investigated 

for PhACs and other organic contaminants elimination. Therefore, it is interesting to 

investigate the ability of Trichoderma in degrading such contaminants. Finally, this research 

will enhance the possibility of treated wastewater reuse in irrigation without any additional 

treatment.  

 

1.2. Objective and main results 
 

The objective of this article was to study for the first time the removal kinetics of the 

filamentous fungi Trichoderma, namely T. harzanium and T. asperellum to degrade two 

fluoroquinolones antibiotics (ciprofloxacin and ofloxacin), and one fungicide (climbazole), as 

well as their transformation mechanisms and products in liquid medium. The obtained results 

revealed good removing efficiencies by both Trichoderma strains. However, contrasting 

results were obtained: T. asperellum removed 81% of ciprofloxacin, while T. harzanium 

removed 91% of climbazole. While ofloxacin was removed with degradation rate around 40% 

with both strains. Biosorption process played a limited role in their elimination. By the means 

of the liquid chromatography coupled to high resolution mass spectrometry, 3 TPs were 

identified for climbazole, 3 for ciprofloxacin and 4 for ofloxacin. Biotransformation included 

hydroxylation, oxidation/reduction, and N- and O-dealkylation reactions. Two metabolites 

from ofloxacin and one from climbazole were tentatively identified for the first time in this 

study. In brief, promising results have been obtained on the ability of Trichoderma species to 
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degrade PhACs and the fungicide. However further experiments at environmental 

concentrations and more realistic conditions such wastewater effluent or agricultural soil 

field are still needed, besides to toxicity assessment of the determined TPs.  
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Conclusions and perspectives 
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The entry of PhACs to agroecosystems are very diverse, though crops irrigation with treated 

wastewater appeared to be the main pathway as a result of water shortages. In Europe, 

around 70 % of water consumption goes to the agricultural sector. Wastewater effluents 

irrigation, besides to natural fertilizers application such as sewage sludge, biosolids, and 

medicated animal manure and slurries are considered valuable resources rather than waste 

products in line with circular economy rules. However, the poor removal ability of PhACs from 

wastewater in conventional WWTPs lead to the continuous introduction of undesired 

compounds to agroecosystems through crops irrigation, and land fertilization.  

Once PhACs attend agricultural soil they undergo diverse processes. For instance, PhACs can 

be sorbed onto soil particles, persist and accumulate in soil, degraded by biotic and abiotic 

processes, leach to ground water and runoff to surface water and surrounding environment, 

and most interestingly taken up by growing crops. PhACs deriving from treated wastewater 

or natural fertilizers enter crops through plant roots and may accumulate in various plant 

parts. Plant uptake depend on various parameters including PhACs physico-chemical 

properties, soil properties, plant physiology and environmental factors. To understand the 

fate of PhACs in the agroecosystem once they have been emitted from treated wastewater 

irrigation, sensitive analytical methodologies are required for their detection and 

quantification at trace levels as well as for the identification of their metabolites in the various 

agroecosystem matrices like soil and different plant parts. Up to the present, numerous 

analytical methods have been reported for the detection and quantification of PhACs and 

their metabolites in wastewater and surface water. On the contrary, the number of robust 

analytical methods for their determination in the agroecosystem matrices is still quite few.  

 

In this context we have settled the first objective in this PhD research, coping with analytical 

methods optimization and development for detecting and quantifying a large number of 

PhACs and other wastewater contaminants and their metabolites in soil, lettuce/leek roots 

and lettuce/leek leaves. The vegetable selection in this PhD research refer to various reasons, 

most importantly they are commonly consumed raw worldwide, lettuce is known to has high 

ability to take up PhACs in its edible tissues, and leeks are slow growing crops allowing for 

likely higher PhACs accumulation. Generally, the roots of plants have no commercial or food 

value, yet it plays an important role for PhACs uptake to leaves and edible tissues. Moreover, 

PhACs that are not able to translocate from roots to shoots, reside in the root’s part. Hence 
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the study of PhACs occurrence in root matrix highly contribute to conduct a comprehensive 

figure of PhACs fate in agroecosystems. To our knowledge, this is the first time a study was 

fully dedicated to develop an analytical method for detecting and quantifying PhACs in root 

matrix. The Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) based methods were 

successfully used for the simultaneous extraction of 48 contaminants from the desired 

matrices. Detection and quantification were accomplished on a high-resolution mass 

spectrometry coupled to liquid chromatography, using the recently developed high-

resolution multiple reaction monitoring (MRMHR) acquisition mode provided from the high-

resolution mass spectrometry on quadrupole-time of flight (Q-TOF) instrument from SCIEX 

technology. Owing to the big differences between matrices components of agroecosystem, 

hence the various cleanup necessity for each matrix, we made our way to develop one 

method specific to lettuce leaves and another common method specific to lettuce root and 

soil. Methods performance was compared with a recently developed acquisition mode 

“SWATH, Sequential Window Acquisition of All Theoretical Fragment-Ion Spectra” in terms of 

accuracy, repeatability, sensitivity, linearity and matrix effect. Satisfactory recoveries were 

obtained for most of the compounds in all 3 matrices (in general from 80 to 120%), with 

relatively low detection and quantification limits with lowest values of 0.01 ng/g and 0.04 

ng/g d.w, respectively. Similar results were obtained from MRMHR and SWATH acquisition 

modes, yet more consistent results for a greater number of compounds were achieved using 

MRMHR acquisition. On the whole, QuEChERS proved to be as good or even better than other 

sophisticated, time consuming and expensive extraction methods (such as ASE, USE and 

MAE), not to forget that QuEChERS is the greenest between them. Few modifications in the 

original methods allowed for higher recoveries of a large number of compounds. Finally, 

SWATH proved to be as good as MRMHR, and could be promising for non-target analysis in 

future work.  

 

The presence of PhACs in edible crops is nowadays an important source of concern to human 

health. Despite the fact of their presence at quit low concentrations, the continuous exposure 

of PhACs may increase human and ecosystem health risk. Moreover, a large number of 

studies has demonstrated the ability of growing crops to uptake PhACs form contaminated 

irrigation water. However, most of those studies have been carried out at laboratory scale, 

under controlled conditions and for short time. Limited data are available as of now under 
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real field growing conditions, which give realistic appropriate risk assessment of human 

health related to wastewater irrigated crops consumption at long term. Under this scenario, 

our second objective of this PhD research was settled: by the means of the previously 

developed analytical methods, we aimed to follow the fate of 14 wastewater-borne 

contaminants including PhACs and their metabolites in realistic growth and irrigation 

conditions. A greenhouse is built in Murviel-Lès Montpellier wastewater treatment plant, 

lettuce and leek were grown in successive crop cycles for 2 years in soil collected from local 

agricultural field, and irrigated with different kind of water, mainly local domestic treated 

wastewater. We have also followed the distribution of contaminants in soil and edible parts 

of lettuce and leek, allowing for bioconcentration factor calculations and assessment of the 

risks related to human consumption. Results revealed limited accumulation of contaminants 

in soil and crops, explained mainly by the degradation processes taking place on surface soil. 

a few metabolites have been found in lettuce leaves with different confirmation levels, 

namely carbamazepine-epoxide detected at level 1 of confirmation thanks to the availability 

of analytical standard, two metabolites of metoprolol were confirmed at level 2, another two 

and one metabolite of irbesartan were confirmed at level 4. Finally, this study confirmed 

earlier reports on the a de minimis human health risk related to the consumption of raw leafy 

green vegetable irrigated with domestic TWW containing organic contaminants residues. 

However, further work is still needed for other kinds of crops and vegetables in order to 

withdraw concrete and wider conclusions on human health risks, especially for long term 

irrigation and chronic exposure.  

 

Agricultural soil accommodates numerous microorganisms. The filamentous Trichoderma 

fungi is ubiquitous in all soil types, they are able to grow and live under severe conditions, 

they colonize plants roots and live in symbiont relationship with plants. many studies were 

focused on the ability of the White-Rot fungi, especially Tramates versicolor, to eliminate 

PhACs. However, and according to our knowledge, no studies up to now are reporting the 

ability of Trichoderma genus in removing PhACs. Granting the fact that they can be beneficial 

in removing the PhACs introduced to agriculture soil by wastewater irrigation. In this context, 

our third objective in this PhD research was to follow the fate of selected contaminants 

following their exposure to Trichoderma fungi, exactly T. harzanium and T. asperellum, in 

liquid medium for the first time. The selected contaminants were two fluoroquinolone 
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antibiotics (ciprofloxacin and ofloxacin) and one personal care product (climbazole). Good 

removal efficiencies were observed with both Trichoderma, yet contrasting results were 

observed between them after 13 days of incubation: T. asperellum removed 81% of 

ciprofloxacin, while T. harzanium removed 91% of climbazole. While ofloxacin was removed 

with degradation rate around 40% with both strains. Many TPs have been detected during 

the time course of the experiment, they were mainly formed by hydroxylation, 

oxidation/reduction, and N- and O-dealkylation reactions. Equally important, two metabolites 

from ofloxacin and one from climbazole were tentatively identified for the first time in this 

study. The analysis of Trichoderma biomass at the end the incubation time revealed that 

biosorption process played a very limited role in their elimination. On the whole, this study 

revealed the ability of Trichoderma to eliminate organic contaminants, however this should 

be taken to an environmental level and real agricultural soil in further studies. Additionally, 

more concern should be focused on the toxicity of the produced TPs.   

 

Taking into account that today’s solutions should be simple, fast and cheap, we mention few 

perspectives and future research and responsibilities: 

1. Till the present there is no regulations about the minimum acceptable concentration 

of PhACs and wastewater-borne contaminates in edible crops. Regarding that water 

scarcity and shortages are kind of making the reuse of treated wastewater for crops 

irrigation an initial solution, it is therefore on the top list of emergencies to establish 

regulations on the acceptable concentrations of PhACs in treated wastewater 

destined for crops irrigation, and their occurrence in the edible crops destined for 

human consumption. 

2. Therefore, more work should be dedicated for the development of green, fast and 

cheap analytical methodologies, for the detection and quantification of a large 

number of PhACs in environmental matrices, most importantly agroecosystems 

including soil and edible crops. In addition, these methodologies should provide high 

accuracy, reliability and robustness allowing for continuous monitoring of PhACs in 

the environment, particularly in crops intended for human consumption, and not to 

forget drinking water. In consequence this will be a key for promoting environmental 

public policies.  
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3. Many research studies have been done to improve wastewater treatment processes, 

recently there is a growing trend focusing on improving sustainability and reducing 

energy demand of wastewater treatment. Our findings regarding Trichoderma fungi 

ability to eliminate PhACs are very promising. The following work should take these 

fungi to another level, such as: (1) investigate its success and incorporate it in 

wastewater treatment processes, (2) investigate if Trichoderma is able to eliminate 

the introduced PhACs through irrigation in soil. Equally important, resulting TPs 

toxicity should be also taken in considerations.  

4. Finally, in view of the incredible effort made by scientists during the last couple 

decades to follow the fate of PhACs in the environment including agroecosystems and 

to assess their potential risks to human health, at the same time efforts should also 

be focused to reduce or prevent their unproper discharge to the environment. For 

instance, to conduct awareness campaigns and educate people on the potential risk 

of these compounds on the environment, coming back to their own health. Prevent 

their overuse and the unproper disposal procedures of unused PhACs in the toilets, 

the drain and into the waste, and instead for example prepare specific disposal trash 

cans for each neighborhood or district.  


