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Summary 

The low efficiency of conventional wastewater treatment plants to achieve the complete removal 

of micropollutants present, including pharmaceuticals, has motivated the development of 

alternative water technologies to improve their efficiency, sustainability, and operational costs. 

However, even when the complete elimination of these emerging contaminants is attained, these 

substances can be transformed into new and unknown intermediates which might be even more 

persistent and toxic than their parent compounds. Up to now, most of the monitoring studies have 

focused on the removal of pharmaceuticals during wastewater treatments. However, less attention 

has been paid to the identification of the transformation products generated, their potential 

environmental effects and their removal. The main inconvenience for their consideration relies on 

the lack of advanced analytical methods and commercial analytical standards for confirmation of 

their presence in treated samples. The use of advanced analytical instrumentation based on high-

resolution mass spectrometry has allowed to cope with this issue providing a simultaneous 

detection of thousands of substances in a single sample analysis. In this doctoral thesis, the 

development of advanced suspect screening methodologies has been applied for automatic 

identification of a wide proportion of the transformation products generated in treated effluents 

along biological and physical and/or chemical treatments. Additionally, in silico methods and in 

vitro bioassays based on quantitative structure-activity relationships models, statistical tools and 

effect-directed analyses were integrated to evaluate the potential environmental effects of 

transformation products in treated effluents. Finally, these methodologies were applied for 

monitoring the removal efficiency of pharmaceuticals and their hazardous transformation products 

in combined treatment technologies. This doctoral thesis demonstrates that target analysis does 

not provide complete information to draw conclusions about the most efficient water treatment 

to be applied. The use of advanced suspect screening methodologies for identification of the 

intermediates generated is highly required. Moreover, this work evidences the high importance of 

considering their environmental effects of the intermediates generated since some of them may 

still remain in treated effluents. In conclusion, multidisciplinary research combining analytical 

chemistry (target and suspect screening analysis), environmental risk assessment and chemical 

engineering is needed to properly evaluate the best treatment technology to be used. 
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Resumen 

La baja eficiencia de las plantas de tratamiento de aguas residuales convencionales para lograr la 

completa eliminación de microcontaminantes, incluidos los fármacos, ha motivado el desarrollo de 

tecnologías alternativas de agua para mejorar su eficiencia, sostenibilidad y costos operativos. Sin 

embargo, incluso cuando la eliminación de estos contaminantes emergentes es completa, estas 

sustancias pueden transformarse en intermediarios nuevos y desconocidos que podrían ser incluso 

más persistentes y tóxicos que sus compuestos parentales. Hasta el momento, la mayoría de los 

estudios de seguimiento se han centrado en la eliminación de fármacos durante los tratamientos 

de aguas residuales, sin embargo, se ha prestado menos atención a la identificación de los 

productos de transformación generados, sus posibles efectos ambientales y su eliminación. El 

principal inconveniente para su consideración se basa en la falta de métodos analíticos avanzados 

y estándares de referencia para confirmar su presencia en las muestras tratadas. El uso de 

instrumentación analítica avanzada basada en espectrometría de masas de alta resolución ha 

permitido hacer frente a este problema proporcionando una detección simultánea de miles de 

sustancias en un único análisis. En esta tesis doctoral se ha aplicado el desarrollo de metodologías 

avanzadas de detección de sospechosos para la identificación automática de una amplia 

proporción de productos de transformación generados en los efluentes tratados a lo largo de 

tratamientos biológicos y físicos y/o químicos. Además, se han integrado métodos in silico y 

bioensayos in vitro basados en modelos cuantitativos entre estructura-actividad, herramientas 

estadísticas y análisis de efectos dirigidos para evaluar sus posibles efectos ambientales en 

efluentes tratados. Finalmente, estas metodologías se han aplicado para monitorear la eficiencia 

de eliminación de productos farmacéuticos y sus peligrosos productos de transformación en 

tecnologías de tratamientos combinados. Esta tesis doctoral demuestra que el análisis de 

compuestos conocidos no proporciona una información completa para extraer conclusiones sobre 

el tratamiento de agua más eficiente a aplicar. El uso de metodologías avanzadas de análisis de 

sospechosos para la evaluación de los intermedios generados es necesario. Además, este trabajo 

demuestra la gran importancia de considerar los efectos ambientales de los productos de 

transformación generados, ya que algunos de ellos todavía pueden permanecer en los efluentes 

tratados. En conclusión, la investigación multidisciplinaria combinando química analítica, 

evaluación de riesgos e ingeniería química es necesaria para evaluar el mejor tratamiento a usar. 
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Resum 

La baixa eficiència de les plantes de tractament d'aigües residuals convencionals per a aconseguir 

la completa eliminació de microcontaminants presents, incloent els fàrmacs, ha motivat el 

desenvolupament de tecnologies alternatives d'aigua per a millorar la seva eficiència, sostenibilitat 

i costos operatius. No obstant, fins i tot quan l'eliminació d'aquests contaminants emergents és 

completa, aquestes substàncies poden transformar-se en intermediaris nous i desconeguts que 

podrien ser fins i tot més persistents i tòxics que els seus compostos parentals. Fins al moment, la 

majoria dels estudis de seguiment s'han centrat en l'eliminació de productes farmacèutics durant 

els tractaments d'aigües residuals, tanmateix, s'ha donat menys atenció a la identificació dels 

productes de transformació generats, els seus possibles efectes ambientals i la seva eliminació. El 

principal inconvenient per a la seva consideració es basa en la falta de mètodes analítics avançats 

i estàndards de referència per a confirmar la seva presència en les mostres tractades. L'ús 

d'instrumentació analítica avançada basada en espectrometria de masses d'alta resolució ha 

permès fer front a aquest problema proporcionant una detecció simultània de milers de 

substàncies en una única anàlisi. En aquesta tesi doctoral s'ha aplicat el desenvolupament de 

metodologies avançades de detecció de sospitosos per a la identificació automàtica d'una àmplia 

proporció de productes de transformació generats en els efluents tractats al llarg de tractaments 

biològics i físics i/o químics. A més, s’han integrat mètodes in silico i bioassaigs in vitro basats en 

models quantitatius d’estructura-activitat, eines estadístiques i anàlisis d’efectes dirigits per a 

avaluar els seus possibles efectes ambientals en efluents tractats. Finalment, aquestes 

metodologies s’han aplicat per a monitorar l'eficiència d'eliminació de productes farmacèutics i els 

seus perillosos productes de transformació en tecnologies de tractaments combinats. Aquesta tesi 

doctoral demostra que l'anàlisi de compostos coneguts no proporciona una informació completa 

per a extreure conclusions sobre el tractament d'aigua més eficient a aplicar. L'ús de metodologies 

avançades d'anàlisis de sospitosos per a l'avaluació dels intermediaris generats és necessari. A més, 

aquest treball posa de manifest la gran importància de considerar els efectes ambientals dels 

productes intermedis generats, ja que alguns d'ells encara poden romandre en efluents tractats. 

En conclusió, la recerca multidisciplinària combinant química analítica, avaluació de riscos 

mediambientals i enginyeria química és necessària per a avaluar el millor tecnologia de tractament 

a utilitzar. 
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General introduction





General introduction 

1.1 Pharmaceuticals in the aquatic environment 

The occurrence of contaminants in the aquatic environment has gained special attention from 

the scientific community in the last two decades. The so-called emerging contaminants (ECs) 

refer to those non-regulated anthropogenic or natural substances not commonly found in the 

environment that may have potential adverse effects on wildlife and human health [1]. They 

consist in a great variety of pollutants such as pharmaceutically active compounds (PhACs), 

personal care products, endocrine disrupting compounds (ECDs), illicit drugs and other 

chemicals such as some pesticides, flame retardants and surfactants. Among the different 

families of micropollutants, PhACs have played an important role in the rapid development of 

therapeutic treatments and the improvement of life quality of society [2–4]. Up to now, more 

than 3000 chemicals have been prescribed in the European Union and their production 

exceeds hundreds of tons per year [5,6]. The overuse and misuse of these substances after the 

medical prescription has promoted their entrance into sewage systems through urban 

wastewater (UWW) and hospital wastewater (HWW) discharges, not only as unchanged 

chemicals but also as transformed human metabolites [7–9]. Likewise, other human activities 

are sources of pharmaceutical contamination into the aquatic environment (Figure 1.1). 

Among them, the most relevant ones are the discharges from pharmaceutical manufacturing 

through industrial wastewater (IWW) as well as landfill, agriculture and livestock activities 

[10,11].  

Conventional activated sludge (CAS), which involves the biological degradation of organic 

pollutants, is usually applied as a secondary treatment in conventional wastewater treatment 

plants (WWTPs). One of the main advantages of this treatment is the ability to fulfill the 

regulatory quality standards for wastewater treatment (Directive 91/271/EEC) at optimal 

operating and maintenance costs in terms of chemical oxygen demand (COD), biological 

oxygen demand (BOD), nitrogen, phosphorus and total suspended solids (TSS) [12]. However, 

these conventional wastewater treatments are not specifically designed for the removal of 

PhACs, and low removal rates are attained [13]. While the presence of PhACs is mentioned as 

a key element for risk assessment, no threshold concentrations have been defined yet [14]. 

Thus, PhACs can pass through wastewater treatment processes as unchanged molecules or 

transformed substances into the receiving aquatic environment [15,16]. As a result, PhACs 

25



General introduction 

have been commonly detected in natural ecosystems at relatively low concentration levels in 

surface water [17–19], marine water [20], groundwater [21] and drinking water [22] ranging 

from few ng L−1 to a hundred µg L−1. Their occurrence in the different environmental 

compartments has been related to negative effects such as short-term and long-term toxicity, 

endocrine-disrupting effects and antibiotic resistance of microorganisms even at low 

concentration levels [23–26]. While the Water Framework Directive (2013/39/EC) has listed a 

list of 45 priority compounds in surface waters including heavy metals, pesticides and industrial 

pollutants [27], PhACs are still classified as non-regulated compounds. Nevertheless, few of 

them are considered in the 3rd Watch List (Decision 2020/1161) as priority substances to be 

monitored for which the information available might indicate potential concerns for the 

aquatic environment, including the following substances: ciprofloxacin, amoxicillin, 

sulfamethoxazole, trimethoprim, and the psychiatric drugs venlafaxine and o-

desmethylvenlafaxine (a venlafaxine major human metabolite) [28]. 

Figure 1.1: Representative sources and input routes of PhACs in the environment (adapted from Yin, L. et al. 

(2017)). Human activities are highlighted in green color whereas environment compartments are highlighted in 

yellow. 

1.2 Degradation of PhACs in wastewater treatments 

The low efficiency of conventional WWTPs for the removal of PhACs in wastewater has 

fostered the implementation of alternative secondary or/and tertiary wastewater treatments 
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treatments are usually classified as eco-friendly water treatments involving low operational 

costs and low energy consumption and include membrane bioreactors (MBRs), fungal 

treatments, microalgae-based systems and artificial wetlands, among others. Otherwise, the 

application of physical and/or chemical treatments is considered a valuable solution for the 

elimination of the biorecalcitrant pollutants not eliminated in biological treatments. These last 

technologies include advanced oxidation processes (AOPs, such as UV/O3, O3/H2O2, UV/H2O2 

and photo-Fenton reactions including UV/H2O2/Fe2+ and Fe3+), chlorination, filtration and 

adsorption technologies. 

1.2.1 Biological treatments 

Membrane bioreactors (MBRs) are the most popular biological treatment for the elimination 

of organic pollutants usually implemented in WWTPs as an alternative to CAS treatment [36]. 

The key mechanisms that control their elimination are biodegradation and biosorption through 

the combination of activated sludge and membrane filtration [37,38]. Although many studies 

have applied MBR technology for the removal of PhACs [36,39,40], these treatments do not 

always provide enhanced removal efficiencies than those attained in conventional CAS 

treatments [41,42]. Only the combination of MBR with reverse osmosis or nanofiltration has 

been reported to be highly efficient, achieving a complete removal efficiency in treated 

effluents for some PhACs [41,43].  

Fungal treatments are classified as a promising treatment strategy for bioremediation of 

organic contaminants mainly due to the potent fungal enzymatic system, able to degrade lignin 

[44,45]. Lignin is a heterogeneous biopolymer very resistant to degradation due to the 

presence of a great number of aromatic rings and a particular branched chemical structure 

[46]. In order to reach lignin decomposition, fungi species have an intracellular but also excrete 

an extracellular enzymatic system which includes laccase, manganese peroxidase and lignin 

peroxidase enzymes [47–49]. The ability of extracellular enzymes for the removal of PhACs has 

been widely reported, especially for white-rot fungus species (WRF) [50–52]. In particular, 

Trametes versicolor has shown the best enzyme production capacity as well as the highest 

enzyme activity (above the 75%), while the production of laccase has been reported to be 

stimulated by the presence of organic contaminants such as PhACs [53,54].  
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Microalgae-based treatments have recently gained scientific attention as they are solar-power 

driven, eco-friendly, and sustainable reclamation strategies. One of the main benefits of these 

technologies is their photosynthetic ability to capture CO2 and grow in a different class of 

domestic and industrial wastewaters [55]. Microalgae can successfully assimilate inorganic 

nitrogen and phosphorus for growth, but also eliminate heavy metals and organic pollutants 

while producing valuable biomass [56]. Among the intracellular enzymes reported in 

microalgae, the most studied ones are those included in the superfamily named cytochrome 

P450 (also present in fungal species) involving Phase I chemical reactions such as oxidation, 

reduction and hydrolysis [57–59]. However, further biological transformations through Phase 

II conjugations can also be performed by transferase enzymes such as glutathione S-

transferases, among others [60,61]. For instance, the reported removal of antibiotics such as 

sulfonamides by Scenedesmus obliquus [62], and the removal of cefradine and amoxicillin by 

Microcystis aeruginosa and Chlorella pyrenoidosa [63] have provided evidence of microalgae-

based technologies as potential wastewater treatment alternatives. 

Artificial wetlands have also been reported as biological treatments with low energy 

requirements for their application and attaining similar removal rates of PhACs comparing to 

conventional WWTPs [64]. The main drawback relies on the land requirements and the high 

hydraulic time investment for their implementation. Therefore, their application in urban areas 

has been widely questioned.  

1.2.2 Physical and/or chemical treatments 

Advanced oxidation processes (AOPs) are designed to remove organic matter and pathogens in 

wastewater by chemical oxidation using highly reactive and non-selective radicals capable to 

degrade a wide range of low biodegradable pollutants [65–70]. Ozonation is an eco-friendly 

treatment technology able to oxidize a broad variety of organic pollutants attaining an 

oxidation potential of 2.07 V by direct reaction [65]. In particular, ozone is an electrophilic 

molecule able to react with high electronic density sites such as unsaturated bonds and 

aromatic rings [29]. This molecule may interact under catalyst conditions with water (an 

indirect mechanism) and lead to the generation of hydroxyl radicals, with stronger oxidation 

capability between 2.80 V (pH 0) and 1.95 V (pH 14) [65]. As an alternative, UV/H2O2 technology 

is based on the direct generation of hydroxyl radicals with stronger oxidation potential than 
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those values obtained by direct ozonation. Both technologies are classified as the most studied 

systems in wastewater attaining very high removal rates for selected PhACs [70–72]. On the 

other hand, Fenton-based technologies are based on the addition of ferrous salt and hydrogen 

peroxide (Fe2+ and H2O2) reactants to generate hydroxyl radicals in wastewater [73–76]. 

Fenton oxidation involves several disadvantages such as the limitation to operational acidic 

conditions and the large quantity of iron-sludge generated usually difficult to be treated [77]. 

Photocatalytic oxidation has been extensively studied for the degradation of organic pollutants 

using semi-conductor materials (e.g. TiO2, ZnS, WO3 and SnO2) with the generation of 

superoxide radicals (• O2
-) or hydroxyl radicals (• OH) [77,78]. Despite the great advantages of 

these techniques, AOPs are defined by their relatively high operating costs (comparing to 

biological processes) treating complex water matrices, since larger energy and chemical 

reagents demand are required to attain total compound removal in treated effluents [79–81]. 

Chlorination is a chemical treatment especially important for conventional water reuse 

activities (besides drinking-water treatment) such as irrigation, food and beverage processing, 

oil well treatment, algae control and wastewater treatment, among others [82,83]. Due to its 

low cost, good disinfection and oxidation capacity, chlorination using Cl2 has been widely 

applied as a final water treatment to sustain residual chlorine in the network distribution 

system and preserve public health from the presence of pathogens [84]. In addition, 

chlorination has also been proved to be able to eliminate PhACs in drinking water treatment 

[85–89], as well as in wastewater treatment [90,91]. Despite this, chlorine can induce the 

generation of halogenated pollutant intermediates and disinfection by-products (DBPs) which 

may also have potentially deleterious effects on the aquatic environment and human health 

[92].  

Filtration is a physical treatment based on membranes able to separate chemical substances 

such as ions and other impurities from wastewater [93]. As in the case of other physical 

treatments such as ultrafiltration and reverse osmosis, these technologies have been widely 

applied for the elimination of PhACs, however, the great majority of micropollutants are not 

degraded and remain in the concentrated waste, which requires further treatment as a 

hazardous waste [93]. 
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Adsorption on activated carbon is the process of binding and removing organic pollutants from 

an aqueous solution through the use of activated carbon as an adsorbent. This technology is 

effective for the adsorption of PhACs but attained low removal efficiencies for the most polar 

compounds present in solution [94,95]. On the other hand, this technology requires a 

continuous regeneration of the activated carbon increasing the total costs of the whole 

treatment. 

1.3 Transformation mechanisms in WWTPs 

Due to the low efficiency of WWTPs to attain complete degradation of PhACs in treated 

effluents, the removal mechanisms involved in this conventional treatment have been largely 

studied [96,97]. The main mechanisms involved are biodegradation, photo-degradation, 

sorption, volatilization and hydrolysis. These mechanisms can take place during the different 

stages of wastewater treatment, which generally consist of a primary, a secondary treatment, 

and optionally, a tertiary treatment [98,99].  

Biodegradation is based on the action of microorganisms for the breakdown of complex 

chemicals into less hazardous pollutants using them as electron donators to produce energy 

[99]. The organic compounds are metabolized through intracellular and extracellular enzymes 

secreted by the microorganisms. The removal of PhACs through biological mechanisms 

depends on the concentration of pollutants but also on the environmental conditions (such as 

the quantity of light for growing microorganisms, temperature, oxygen and CO2 conditions), 

wastewater characteristics (such as pH total dissolved solids (TDS), turbidity, COD, alkalinity 

and dissolved oxygen, among others) and treatment optimization conditions (such as sludge 

retention times (SRT) and hydraulic retention times (HRT)) [37]. Due to the large complexity of 

these biological systems, much information regarding the degradation of PhACs is missing, and 

thus, attaining reproducible results for the biodegradation of these pollutants becomes a very 

challenging task.   

Photo-degradation of PhACs can also be carried out by induction of photolysis reactions either 

by direct or indirect mechanisms after exposure to sunlight or artificial light [72,100–104]. 

Direct photolysis is related to the absorption of light by the organic pollutant and further 

chemical transformation by the influence of the type of radiation and the efficiency of photon 
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emission (wavelength and quantum yield) [105]. Indirect photolysis refers to the degradation 

of pollutants under light radiation through the oxidant species (e.g. hydroxyl radicals) 

generated by photoactive dissolved organic matter and natural photosensitizers in solution 

(e.g. nitrate and humic acids) [106]. However, the efficiency of these mechanisms in 

conventional wastewater treatment for PhACs removal is low due to the irregular light 

exposure of pollutants in full-scale treatment systems and the presence of suspended solids 

blocking the entrance of solar radiation [107].  

Sorption is considered the second key mechanism controlling the removal of organic pollutants 

in conventional wastewater systems based on CAS [108]. This elimination mechanism is also 

essential in water treatments based on e.g. activated carbon, biochar and other carbonaceous 

sorbents [109,110]. Sorption depends on the physicochemical properties of involved chemicals 

and the nature of sludge biomass. In general, pollutants can be removed by sorption depending 

on the degree of partitioning between sludge and aqueous phases as well as the characteristics 

of the sorbent agent in adsorption based wastewater treatment [111]. The term sorption 

comprises absorption and/or adsorption mechanisms [112,113]. Absorption takes place when 

the organic pollutants are transported from the aqueous phase into the lipophilic cell 

membrane of biomass; while adsorption is performed when organic pollutants are retained 

onto the surface of biomass cells [114].  

Volatilization consists of the transfer of a compound from the aqueous phase to the 

atmosphere on the basis of its Henry’s law constant [115,116]. This mechanism is carried out 

under certain environmental conditions of vapor pressure, water solubility and transfer 

velocity, which is in part dependent on the chemical properties of pollutants including their 

molecular mass and their atomic diffusion volume [115]. Considering the standard airflow 

rates applied in conventional CAS treatments (5– 15 m3 air m-3 wastewater [117]) and the 

reported Henry coefficient of PhACs, losses due to stripping can be considered completely 

negligible [118]. 

Hydrolysis is related to the breakdown reaction of chemicals in presence of water molecules in 

solution [119]. The rate of this transformation mechanism may vary depending on the pH and 

temperature of effluents [119]. In this sense, increasing pH and temperature in solution leads 

to an increase in the hydrolysis rate of pollutant transformation [119].  
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1.4 Study of the TPs generated in wastewater treatments 

Even when the elimination of PhACs is completely attained during wastewater treatment, they 

can be transformed into new and unknown degradation intermediates which might be even 

more persistent and toxic than their parent compounds [120–122]. While most of the studies 

have focused on the removal of PhACs after wastewater treatment, less attention has been 

paid to the identification of the transformation products (TPs) generated [99,120,123,124]. 

The main drawback of their study is the lack of commercial reference standards for their 

confirmation and quantification in treated effluents [125]. Hence, advanced analytical 

instrumentation comprising reliable structural identification is highly required. 

1.4.1 Analytical instrumentation 

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) has been widely 

applied for the detection of PhACs in complex aqueous matrices providing high selectivity and 

sensitivity data. This instrumentation combines the comprehensive separation of the 

compounds present in samples through the interaction of the analytes in a polar/non-polar 

stationary phase (in a liquid chromatography system), and further detection of ionized 

molecules for compound identification and quantification (in a tandem mass spectrometer 

system) [126,127]. While conventional tandem mass spectrometers (such as triple quadrupole 

and hybrid triple quadrupole-linear ion trap) exhibit excellent performance for quantitative 

analysis of known compounds, the main drawback relies on the low mass resolution, which 

prevents the accurate identification of unknown compounds unless a standard is available for 

identity confirmation.  

In this context, high-resolution mass spectrometry (HRMS) is considered the most promising 

instrumentation, even when reference standards are not available for confirmation [126]. 

Their high mass resolving power allows the simultaneous detection of thousands of substances 

in a single sample analysis based on the reliable measurement of their accurate masses in 

complex matrices. In addition, the high sensitivity, selectivity and acquisition rates make these 

instruments a valuable tool for qualitative and quantitative analysis [127–131]. Among HRMS 

spectrometers, Orbitrap instruments are based on the orbital motion of the ions around an 

inner electrode that converts the measured frequency into a mass-to-charge (m/z) values using 
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Fourier Transform. The main advantage of the analyzer is the detection of ionized organic 

compounds at very high-resolution power up to > 500,000 full-width at half maximum (FWHM) 

at m/z 200, and providing mass accuracy ≤ 5 ppm in collected data spectra [132]. This 

instrumentation performs full-scan mode analysis of a sample and allows to develop different 

strategies for the identification of compounds such as TPs in the absence of their 

corresponding chemical standards. However, the main drawback is the low scan acquisition 

rate at an increasing mass resolution power (Figure 1.2), which can compromise its capability 

for reliable compound quantification by reducing the number of points per chromatographic 

peak in MS full-scan data collected [130,133]. In this doctoral thesis, a LTQ-OrbitrapVelosTM 

(ThermoFisher Scientific) was used with a maximum resolution capability of 100,000 FWHM at 

m/z 400. Depending on the type of chemicals to be detected in samples (known and/or 

unknown compounds), different analytical approaches can be developed [126,134–138].  

Figure 1.2: Number of acquired points needed to properly perform compound quantification. 

1.4.2 Identification strategies 

Target analysis has been applied for the characterization of known compounds mainly using 

multiple reaction monitoring strategies (MRM), also known as selected reaction monitoring 

(SRM), and analytical reference standards for confirmation purposes [139]. The MRM 
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target precursor ions in a first stage, and the detection of their selected product ions for 

quantification in a secondary stage after precursor ion fragmentation [127]. Only compounds 

that meet the user-defined criteria (the known molecular masses of specific parent ion and 

their fragment ions) are isolated within the mass spectrometer. Ignoring all other ions present 

in samples that flow into the mass spectrometer, the analysis increases in sensitivity whilst 

maintaining high accuracy on detection. Examples of applications for this identification 

strategy have been widely reported for a large quantity of emerging substances (up to 82 

substances in a single analysis) including analgesics/anti-inflammatories [140,141], psychiatric 

drugs [140,141], β-blocking agents [140,142,143] and antibiotics [140,141,144–147], and their 

known TPs  [140,142,148,149], among others. 

Although target analysis has been the analytical methodology of choice in environmental 

analysis in the last two decades, concerns about the large presence of unknown compounds in 

samples began to gain a great relevance among researchers [139,150]. One of the main 

drawbacks of the identification of these unknown pollutants was the absence of analytical 

reference standards for confirmation purposes [150]. In this context, non-target screening 

methodologies were developed for the detection of hundreds or even thousands of unknown 

compounds when prior information of the chemicals was not available for their detection 

[138]. This strategy is based on the combination of full-scan mass spectrometric detection in 

HRMS (of precursor ions and, if required, all their product ions) combined with non-limited ion 

extraction of all substances detected and recorded in raw data. Examples of applications for 

this identification strategy have been widely reported for the characterization of organic 

matter in environmental samples using multivariate analysis and exploring the changes in 

fingerprints [151–154] and for the identification of TPs [148,155–157]. However, this non-

selective methodology presents several important drawbacks since untargeted measurements 

always provide an overwhelming amount of data to be processed, and thus, its application as 

a routine analysis is not feasible [127]. In addition, although the number of ion masses detected 

in data collected increases from target analysis to non-target screening analysis, the 

confidence on compound identification decreases since confirmation and elucidation of all 

features detected is not possible in a rationale time-period (Figure 1.3). 
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Figure 1.3: Target, suspect and non-target methodologies for compound identification. 

Among the so-called non-target methodologies, suspect screening analysis has been recently 

developed as an intermediate approach for the identification of suspected chemicals when 

analytical reference standards are not available for confirmation a priori [127]. This strategy is 

based on the combination of full-scan acquisition in HRMS (with the fragmentation of selected 

ions for MS/MS structural elucidation) combined with non-limited ion extraction of all 

substances detected in raw data. This strategy can alleviate data processing step by 

identification of suspected TPs by comparison with databases [136,158,159], in-house libraries 

[160], literature information [160] and in silico predictions tools [161–163]. Nonetheless, 

tentative information of the suspected compounds to be detected in samples is always 

required.  

Different suspect screening methodologies can be applied for the detection and identification 

of the intermediates generated during conventional and alternative wastewater treatment 

processes such as biological [164–171] and physical and/or chemical [172–181] treatments. 

However, manual data processing and compound elucidation still represent a tedious and 

time-consuming task. The development of automated suspect screening methodologies using 

computational tools can provide a more rapid and user-friendly identification of the TPs 

generated, attaining reliable confidence in their identification, and accounting for a greater 

proportion of the chemical present in mixture samples (in comparison to target analysis). 

Despite this, even with the best non-target screening approaches, those compounds poorly 

ionized or not properly retained in the chromatographic column may remain outside the 

spotlight [127]. In this doctoral thesis, all the analysis performed for the identification of TPs of 

known contaminants were carried out using different suspect screening methodologies and 

approaches.

Chemical 
formula

Chemical 
structure

Reference 
standard

Target analysis

Suspect screening

Non-target screening

35



General introduction 

1.5 Automated suspect screening methodologies for the identification of TPs 

Automated suspect screening methodologies comprise three consecutive steps: i) analysis and 

data acquisition, ii) data reduction and prioritization, and iii) compound identification using on-

line databases/in-house libraries, literature information, in silico prediction tools and reference 

standards if available (Figure 1.4).  

Figure 1.4: Analytical steps comprised in suspect screening methodologies: i) analysis and data acquisition, ii) 

data reduction and prioritization, and iii) compound identification. 

1.5.1 Analysis and data acquisition 

The analysis of the TPs generated in wastewater treatment experiments using suspect 

screening methodologies is usually performed using data-dependent acquisition (DDA) mode 

[182,183] in the HRMS device. Initially, the mass spectrometer selects the ionized compounds 

of interest in a first stage of the tandem mass spectrometry (using narrow isolation widths of 

2 m/z or less) for ion fragmentation. Then, the precursor ions selected are analyzed in the 

second stage of tandem mass spectrometry. The main advantage of this acquisition mode is 

the low interferences present in fragmentation full-scans, which ensure more easy and reliable 

compound identification in comparison to data-independent acquisition (DIA) mode (where a 

wider isolation width, or no isolation width at all, is selected for compound fragmentation) 

[184]. To facilitate the structural elucidation of the TPs identified, the DDA mode was applied 

in this doctoral thesis using three different approaches (Figure 1.5). 
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be further fragmented starting from the most intense ion to the least intense (this process is 

performed every cycle time) [185]. One of the main benefits of this strategy is related to its 

application to real wastewater samples since the ions coming from the matrix interfering 

substances are not fragmented, and thus, the presence of false suspected compounds to be 

further investigated is extensively reduced. However, this strategy is mainly applied when prior 

information of the intermediates to be found in samples is available. This information can be 

generated from in silico software tools or using the information collected from previous 

experiments reported in the literature, which can be used to automatically generate the 

accurate mass inclusion list. Most of the mass spectrometry instrument suppliers offer 

software packages to build specific compound prediction such as MetaboLynx (Waters), 

Compound Discoverer (Thermo Fisher Scientific), Metabolite Pilot (AB Sciex), MassHunter 

(Agilent Technologies), MetaboliteTools (Bruker), MetID Solution (Shimadzu), and among 

others [186,187].   

Intensity-dependent acquisition allows to apply a post-acquisition screening strategy, where 

precursor ions in data scans are selected to be fragmented without previous knowledge of 

suspected intermediates to be detected in samples (no list of suspected ions is required). When 

the ions exceed a specified intensity threshold set by the user, these precursor ions are 

selected for fragmentation starting from the most intense ion to the least intense (this process 

is performed every cycle time) [185]. Even though this acquisition strategy is useful to identify 

unknown TPs in samples, its applicability is restricted by the low concentration of some 

hazardous intermediates and interferences from complex matrices: when the matrix effects 

are more intense than the suspected intermediates to be investigated, their selection for 

fragmentation is not promoted. Otherwise, this tool relies on the hypothesis that the selected 

ions are the most prevalent compounds to be fragmented at a given retention time when those 

present at low concentration levels are also important to be investigated. To increase the 

applicability of intensity-dependent mode to real samples, a dynamic mass exclusion can be 

enabled to avoid continuous re-fragmentation of most intense ions along a selected retention 

time period, and thus, allow fragmentation of co-eluted ions. In particular, ion masses already 

fragmented more than “n” times can be rejected for fragmentation during a selected 

chromatographic time period [188,189].  
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Isotopic-dependent acquisition allows to apply a post-acquisition screening strategy, where the 

ionized compounds containing characteristic isotope patterns (due to the presence of 

halogenated groups in their molecular structures) are selected to be fragmented. When the 

ions meet a specified mass difference and an intensity ratio from their isotopic patterns, these 

precursor ions are selected for fragmentation starting from the most intense ion to the least 

intense (this process is performed every cycle time) [185]. For instance, a molecule with a 

chlorine atom in its chemical structure shows a distinct isotopic pattern with a mass difference 

of 1.99705 Da and an intensity ratio of about 3:1 during total ion scan from the parent 

compound to the isotope 37Cl. On the contrary, a molecule containing a bromine atom on its 

structure shows a wider mass difference of 1.99795 Da and an isotopic ratio of about 1:1. 

Applying isotopic pattern thresholds for ion selection can be effective for the rapid 

fragmentation of the halogenated compounds of interest in treated samples [185]. However, 

it is well known that non-halogenated intermediates can also be generated from halogenated 

molecules during water treatments which should also be considered for treatment evaluation. 

Thus, the main limitation of this strategy is the restricted range of ions selected for 

fragmentation and only those with a specific isotopic pattern previously defined by the user.  
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Figure 1.5: Data-dependent strategies for triggering MS/MS fragmentation of tentative intermediates in LTQ-

OrbitrapVelos: a) List-dependent acquisition, b) Intensity-dependent acquisition and c) Isotopic-dependent 

acquisition. 
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1.5.2 Data reduction and compound prioritization 

The number of compounds detected from the samples analyzed can range from a few hundred 

features to several thousand in real wastewater samples, especially when samples are 

screened using a post-acquisition approach (Figure 1.5). In order to eliminate false-positive and 

facilitate further compound identification in post-acquisition suspect screening approaches, 

data reduction is always required to avoid tedious and time-consuming procedures. Different 

commercial and open-source software programs are available to optimize data processing 

workflows. Among them, MZmine was first introduced in 2005 as open-source software that 

facilitates the implementation of data analysis workflows [190,191]. The development of this 

software was motivated by the need for flexible and modular platforms with great emphasis 

on the application of flexible, extendable, and user-friendly tools to support the data 

processing of LC-HRMS collected data. Up to now, more automatized tools have been 

developed such as XCMS [192], MZmine 2 [193], and Compound Discoverer [159] containing 

more advanced modules as well as compound identification tools and statistical data analysis. 

In this context, the application of automatic software data processing may represent a useful 

tool for the rapid screening of a wide range of suspect compounds reducing the time invested 

in data treatment. In addition, it increases the development of methodologies for routine 

analysis attaining reliable structural information. In this doctoral thesis, Compound Discoverer 

software (ThermoFisher Scientific) was used to apply modular-based suspect screening data 

processing workflows for the detection and structural elucidation of suspected compounds. 

This software allows us to perform simple, flexible and customizable data processing workflows 

without requiring extended knowledge on computational data scripts and ensures confident 

detection of TPs in complex samples. The most common modules applied for detection and 

prioritization of features are described in Table 1.1, which are combined to create customized 

data processing workflows: select the spectrum, align retention times, generate expected 

features, detect unknown features, detect expected features, fragment ion search (FISh) 

scoring, detect unknown features, predict molecular formulas, mark background features, and 

group detected features. These modules are based on the application of exact mass and 

retention time tolerances as well as intensity thresholds and signal-to-noise (S/N) ratios for the 

elimination of false-positives interfering in compound identification.  
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Table 1.1: Common data filtering modules used in Compound Discoverer for data reduction and compound 

prioritization. 

Module (or node) Application 

Input files 
Inclusion of experimental data files collected from LC-MS/MS analysis for data filtering. 

This module is always applied as the first step in any data processing workflow. 

Spectrum selector 

Filters the MS scans in each input file by retention time range, ionization polarity, mass 

range and total intensity threshold. This module is applied to eliminate non-essential 

information from files and facilitate sample data processing.  This module is always 

applied as a second step in any data processing workflow. 

Align retention times 

Chromatographically aligns non-reference samples against a reference sample using user-

specified mass tolerance windows and a maximum time shift. This module is applied to 

avoid variances in retention times generated on the samples analyzed along a sample 

sequence. This module is always applied as a third step in any data processing workflow 

and can be connected to “detect expected features” and “detect unknown features”. 

Generate expected features 

Generates a list of tentative intermediates after applying computational chemical 

transformations to the molecular structure of the parent compound (initially defined by 

the user). This module should always be connected to the “detect expected features” 

module. 

Detect expected features 

Detection of suspect features by matching the generated list of expected features with 

the experimental data collected, based on the user-specified exact mass and retention 

time tolerances. In addition, the identification of isotopes and adducts is also carried out. 

This module can be connected to the “Fragment ion search (FISh) scoring” module. 

Fragment ion search (FISh) 

scoring 

Generates a list of tentative fragmentation ions from the expected features detected and 

searches them in experimental MS/MS data files within a user-specified mass tolerance 

and intensity threshold. This module allows us to generate a FISh scoring percentage 

indicating the matched fragments regarding the total fragments detected in MS/MS 

scans. 

Detect unknown features 

Unknown features present in samples above a selected threshold are reported based on 

the user-specified exact mass and retention time tolerances. In addition, the 

identification of isotopes and adducts is also carried out. This module can be connected 

to the “predict molecular formulas” module. 

Predict molecular formulas 
Predict molecular formulas from detected features on basis of the exact mass tolerances 

of detected features in samples. 

Mark background features 

Extract unknown features detected in blanks from the experimental data collected based 

on user-defined signal-to-noise ratios. This module can be applied to any data processing 

workflow. 

Group detected features 

This module is applied to report a list of the different features detected along the sample 

sequence containing different exact masses and retention times. This module helps to 

group the repeated ions reported when the same compounds are detected in several 

samples along the sequence. This module can be applied to any processing workflow. 
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1.5.3 Compound identification 

After sample filtering and prioritization of candidates, tentative compound identification is 

based on a comparison of detected features with selected compounds extracted from 

literature sources, computational prediction (in silico) tools and in-house/on-line databases 

[160]. The reliability of identification using these information sources is presented in Figure 

1.6, adapted from the previous study by Schymanski et al. (2014) who assigned levels of 

confidence to compound identification [134].  

Literature comparison includes tentative identification of suspected compounds and ion 

fragments by comparison of accurate masses with those of compounds reported in the 

literature. In the case of molecules containing heteroatoms, the identification of isotope 

patterns can help with the identification of suspected chemical formulas [194]. This strategy is 

considered as a low confidence strategy since the fragmentation of the tentative TPs identified 

is not always provided in literature and identification relies solely on the match in the accurate 

mass. In addition, the possibility to detect structural isomeric compounds from those reported 

in the literature is also high (false positives). Thus, further identification strategies to improve 

reliability on compound identification are always required in suspect screening methodologies. 

In silico compound prediction of tentative intermediates and elucidation of fragmentation mass 

spectra has become of great importance to tentatively assign molecular structures to the 

intermediates generated. In this context, elucidation of intermediates can be performed by 

using prediction tools such as PathPred, UM-PPS, CATABOL, Compound Discoverer, and Mass 

Frontier software [159,195]. While PathPred, UM-PPS, and CATABOL are web-servers focused 

on the prediction of enzyme-catalyzed transformation intermediates through 

biotransformation, Mass Frontier allows to elucidate fragmentation spectra collected from 

data files only [196,197]. In Compound Discoverer, both in silico prediction (of TP structures 

and MS/MS fragmentation) can be performed in a single workflow allowing more rapid and 

user-friendly methodologies. The information collected using in silico compound prediction 

can be included in in-house libraries to alleviate the lack of literature information and to be 

used in future experiments [120,198–200].  
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Figure 1.6: Identification strategies for reliable confirmation of the identification of detected TPs by comparison 

with: a) literature, b) in silico prediction tools, c) in-house libraries, and d) analytical reference standards 

(adapted from previous studies by Schymanski et al. (2014)). 
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In-house library comparison for compound identification can improve reliability on 

identification by comparison of acute and exact masses, MS/MS spectra and tentative 

retention times (when applying the same chromatographic gradient in sample analysis). Since 

on-line databases do not always provide information on tentative TPs when reference 

standards are not available for confirmation, the compilation of the information collected from 

previous experiments provides additional reliability on TP identification. Despite this, their final 

confirmation by comparison with reference standards is always required for their unequivocal 

identification [201]. 

Reference standard comparison is classified as the most reliable strategy for compound 

confirmation [138]. However, it is well known that most of the TPs generated in wastewater 

treatment are still unknown. Therefore, this confirmation strategy may represent a very low 

percentage compared to the total number of TPs generated. This strategy is used as a final 

confirmation for those TPs tentatively identified by means of the strategies mentioned above. 

1.6  Integrated suspect methodologies for the identification of hazardous TPs 

The suspected intermediates generated from the incomplete degradation of pollutants in 

treated effluents are of significant concern since they can retain part of the biological activity 

of their parent compounds and, on occasion, be also more persistent and toxic [80]. The 

application of in vitro and in vivo bioassays (in alive organisms such as Vibrio fischeri or 

Salmonella) have been widely applied to understand the relationship between the presence of 

TPs in complex mixtures with the effects measured in those samples [202]. For instance, some 

bioassays have been applied to tentatively identify the environmental effects of TPs after 

biological processes [142,203], and physico-chemical treatments [174,204,205]. However, only 

in a few cases, it was possible to clearly attribute the bioactivity measured in samples to the 

presence of an specific intermediate identified (key-hazard intermediate) [206,207]. The 

application of automated suspect screening methodologies combined with bioanalytical 

approaches can overcome this challenge. The main drawback relies on the lack of reference 

standards for confirmation of the individual hazardous effects of TPs. Despite this, different 

integrated strategies have been suggested based on quantitative structure-activity relationship 

(QSARs) models, bioassays with statistical approaches, and effect-directed analysis (EDA).  
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1.6.1 Quantitative structure-activity relationship models 

The quantitative structure-activity relationship models (QSARs) allow us to estimate the 

hazardous effects of unknown TPs by the correlation of their molecular structures with their 

potential biological effects estimated in silico [208]. For the development of these 

computational models, the effects of a large number of known substances (previously 

measured using in vitro and in vivo bioassays) are computationally assessed to elucidate 

potential relationships between their molecular structures and their measured activity [209]. 

In combination with suspect screening identification approaches, QSARs can represent a useful 

tool for estimating the biological activity and toxicological effects of the intermediate 

generated, even when no reference standards are available for confirmation [150]. Many 

different QSAR models have already been developed for the identification of the hazardous 

intermediates present in wastewater treated samples [209–215]. The EPI Suite and the Toxicity 

Estimation Software Tool (T.E.S.T.) models, both developed by the Environmental Protection 

Agency (EPA), are the most applied ones [209–213]. However, many other computational 

models have been developed to evaluate the impact of TPs in environmental samples such as 

Toxtree [214], CAESAR [214] and CASE Ultra [215] models and considering not only acute 

toxicity but also other the following endpoints: mutagenicity, carcinogenicity, developmental 

toxicity and biodegradability, among others.  

1.6.2 Combination of bioassays with statistical approaches 

The application of statistical approaches, such as principal component analysis (PCA), has been 

also suggested for the identification of hazardous TPs in water treatment processes. This 

statistical approach allows us to computational correlate the toxicity found in treated effluents 

(using in vitro or in vivo bioassays) with the relative presence of each intermediate during 

wastewater treatment processes. This strategy has been applied in a few cases attaining high 

confidence in effect identification [156,216]. For its applicability, the relative areas of identified 

TPs (area of the peaks detected in chromatogram divided by the area of the chromatographic 

peak of the parent compound at the initial time) and the effects measured at each sampling 

point are loaded and treated statistically [156]. In comparison to QSAR models, the 

performance of in vitro and in vivo bioassays of treated samples allows the estimation of key-
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toxicants based on experimental measurements rather than predictions based on tentative 

computational models.  

1.6.3 Effect-directed analysis 

Effect-directed analysis (EDA) can be classified as a promising and more reliable approach for 

hazard identification when reference standards are not available for confirmation. This 

methodology is based on the combination of suspect screening methodologies, bioanalytical 

tools (in vitro and in vivo bioassays) and preparative liquid chromatography instruments for the 

elucidation of the hazardous effects of TPs in bioactive samples [217–226]. When potential 

effects are measured in collected samples, their complexity is gradually reduced using 

fractionation liquid chromatography to further discard those fractions attaining low or absence 

of bioactivity [218]. In most cases, several fractionation steps are required until the isolated 

toxic fractions are ready for toxicant identification [218]. Final analysis of fractions using 

suspect screening approaches and bioassays are required to confirm the potential key-

toxicants identified [222]. In comparison to QSAR models and PCA estimations, higher 

reliability on hazard identification is attained since experimental bioassays are performed with 

the isolated intermediates identified. Despite the more than 4000 publications about EDA 

[218], this approach has been mainly reported using reference standards and/or databases for 

final confirmation. Indeed, only in a few cases, it has been possible to clearly attribute 

bioactivity or ecotoxicity to a generated intermediate using EDA and suspect screening 

approaches [206,207]. This is due to that EDA approaches require advanced analytical 

instrumentation, complex analysis procedures, high sample volume and the optimization of 

high-resolution chemical screening methods, which lead to a costly and laborious effort for the 

identification of few intermediates of concern [227]. 

1.7  Monitoring of PhACs and their TPs in combined treatments 

The presence of a large quantity of TPs with potential hazardous effects on the aquatic 

environment has promoted the development of advanced wastewater treatments to attain 

the highest elimination of pollutants in treated effluents. However, it is already known that 

biological treatments show low capability for the removal of non-biodegradable substances 

present in wastewater [228]. A suggested solution for their elimination is the application of 
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advanced technologies such as UV/H2O2 [229]. However, chemical oxidation to achieve 

complete mineralization is sometimes expensive and its applicability is very restricted [228]. In 

addition, the hazardous intermediates generated during this treatment should be eliminated 

previous to wastewater discharge [230–232]. In this context, some researchers have evaluated 

the application of combined biological and physico-chemical treatments to attain an extended 

removal of PhACs [233–239]. However, most of these studies only assess the removal of the 

parent compound to evaluate the efficiency of wastewater treatments, but no attention has 

been paid to the generation and elimination of those intermediates generated. The 

development of automated suspect screening methodologies can represent a useful tool for 

the rapid monitoring of the removal of the TPs generated and their parent compounds during 

advanced and combined water treatments. Up to now, the suspect screening methodologies 

developed are far from their application in laboratories as routine analysis, and thus, many 

advances in this field are still required.  
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Objectives 

The main goal of this doctoral thesis is the development of suspect screening methodologies 

for the rapid identification of the TPs generated from PhACs in biological and physical and/or 

chemical water treatments. These methodologies were applied for the elucidation of their 

chemical structures, their hazardous environmental effects, and evaluate their 

formation/removal in combined treatment studies. The secondary objectives are thus the 

following:  

i. To rapidly identify the TPs generated from PhACs in biological and physical and/or

chemical water treatments when analytical reference standards are not available for

confirmation.

ii. To study the elimination and transformation of PhACs pollutants, i.e.

biotransformation, photo-transformation, hydrolysis, and sorption occurring in

biological water treatments (fungi and microalgae).

iii. To study the removal and transformation of PhACs pollutants, i.e. photo-

transformation and hydrolysis mechanisms occurring in physical and/or chemical water

treatments (UV/H2O2 and chlorination).

iv. To evaluate the hazardous effects of the TPs generated in physical and/or chemical

water treatments using the combination of automated suspect screening

methodologies with in vitro bioassays and in silico methods (including QSARs, PCA and

EDA approaches).

v. To monitor the removal of the hazardous TPs identified in treated effluents by the

combination of biological (fungi and CAS) with physico-chemical (UV/H2O2) treatments.

51





 Chapter 3 

Automated suspect screening methodologies 
for the identification of pharmaceutical TPs  

in biological treatments 

Jaén-Gil et al., 2019. Water Research, 152: 171 – 180 

Jaén-Gil el al., 2018. Journal of Chromatography A, 1568: 57 – 68 





Fungal treatment of metoprolol and its recalcitrant metabolite
metoprolol acid in hospital wastewater: Biotransformation, sorption
and ecotoxicological impact

Adri�an Ja�en-Gil a, Francesc Castellet-Rovira b, Marta Llorca c, Marta Villagrasa a,
Montserrat Sarr�a b, Sara Rodríguez-Mozaz a, *, Dami�a Barcel�o a, c

a Catalan Institute for Water Research (ICRA), H2O Building, Scientific and Technological Park of the University of Girona, Emili Grahit 101, E-17003, Girona,
Spain
b Chemical, Biological and Environmental Engineering Department, Universitat Aut�onoma de Barcelona (UAB), E-08193, Bellaterra, Spain
c Water and Soil Quality Research Group, Department of Environmental Chemistry, (IDAEA-CSIC), Jordi Girona 18-26, E-08034, Barcelona, Spain

a r t i c l e i n f o

Article history:
Received 1 August 2018
Received in revised form
21 December 2018
Accepted 22 December 2018
Available online 10 January 2019

Keywords:
Metoprolol
Metoprolol acid
Fungal water treatment
Fungal biomass
Suspect screening
Transformation products

a b s t r a c t

Hospital wastewater (HWW) effluents represent an important source of contaminants such as phar-
maceutical compounds and their human metabolites. To better evaluate dedicated treatment of hospital
effluents for pollutant mitigation, not only the parent compounds should be considered but also the
intermediates generated during treatment. The metabolite metoprolol acid (MTPA) has been found in
urban wastewaters at higher concentration than its parent compound metoprolol (MTP), being more
recalcitrant to biodegradation. The aim of this study was to investigate degradation, transformation and
sorption of the b-blocker MTP, and its recalcitrant metabolite MTPA, during water treatment based on the
fungi Ganoderma lucidum, Trametes versicolor and Pleurotus ostreatus. Fourteen intermediates were
identified in MTP biotransformation while five of them also attributed to MTPA biodegradation and two
to MTPA only. Their identification allowed their correlation in separate biotransformation pathways
suggested. The highest degradation rate of metoprolol (up to 51%) and metoprolol acid (almost 77%) was
found after 15-days treatment with Ganoderma lucidum, with an increase in toxicity up to 29% and 4%,
respectively. This fungus was further selected for treating real HWW in a batch fluidized bed bioreactor
(FBB). Treated wastewater and fungal biomass samples were used to evaluate the distribution of the
target compounds and the intermediates identified between solid and liquid phases. While similar
elimination capabilities were observed for the removal of metoprolol, and even higher for its persistent
metabolite metoprolol acid, the extent on compound transformation diminished considerably compared
with the study treating purified water: a high level of the persistent a-HMTP and TP240 were still
present in effluent samples (15% and 6%, respectively), being both TPs present at high proportion (up to
28%) in fungal biomass. This is the first time that pharmaceutical TPs have been investigated in the fungal
biomass.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the presence of pharmaceuticals (PhACs) in the
environment has been recognized as one of the most concerning
environmental issues (Verlicchi et al., 2012). Every day, large

quantities of wastewaters containing a broad variety of chemicals
coming from domestic and industrial uses are discharged into
sewage system. Hospital wastewater (HWW) in particular, have
been recognized as important source of PhACs, where they can be
found at several mg/L (Carraro et al., 2016; Verlicchi et al., 2015,
2010). Since there is not a specific directive or guideline in Europe
for treating HWW before its disposal (Rodriguez-Mozaz et al.,
2018), these effluents are usually released into municipal sewer
system without applying any previous water pretreatment. Their
contribution at municipal wastewater treatment plants (WWTPs)
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range approximately from 0.2% to 2% of total wastewater volume
(Carraro et al., 2016). Considering that conventionalWWTPs are not
designed to completely eliminate these emerging contaminants
(Ratola et al., 2012), they can pass through and find their way into
the environment. Therefore, the use of alternative on-site waste-
water treatments prior to sewer discharge has been highly rec-
ommended (Verlicchi et al., 2015), where a decrease of up to 90% on
total pharmaceutical load can be achieved (Pauwels and Verstraete,
2006).

Among the different wastewater treatments, activated sludge is
currently considered the treatment of choice (Bletsou et al., 2015).
However, alternative treatments based on fungi have been reported
to be effective in the removal of micropollutants, thanks to its un-
specific ligninolytic systems and intracellular enzymatic complexes
(Asgher et al., 2008). Ganoderma lucidum, Trametes versicolor and
Pleurotus ostreatus (part of the Basidiomycota division and the
Agaricomycetes class) have been successfully applied for the
elimination of certain pharmaceuticals (Cruz-Morat�o et al., 2014;
Llorca et al., 2018; Marco-Urrea et al., 2009; Palli et al., 2017) with
the overall load elimination of 83% in optimal conditions (Cruz-
Morat�o et al., 2014). Among the extracellular enzymes respon-
sible of pharmaceutical degradation lignin peroxidase, manganese
peroxidase and laccase are the most important ones (Asgher et al.,
2008). The low specificity of these enzymesmake the selected fungi
suitable for bioremediation processes. However, while some au-
thors have successfully applied this kind of treatment for phar-
maceutical removal (Cruz-Morat�o et al., 2014; Llorca et al., 2018;
Marco-Urrea et al., 2009; Palli et al., 2017), less attention has been
paid to the transformation products (TPs) generated, which may
sometimes be more persistent or toxic than the parent compound
(Escher and Fenner, 2011; Ja�en-Gil et al., 2018). Considering that not
only PhACs are present in HWW effluents but also their human
metabolites, the European Medicines Agency (EMA) has set
guidelines on environmental risk assessment indicating that rele-
vant metabolites are those excreted in �10% of the administered
dose (Wharf and Kingdom, 2010). Even so, unknown intermediates
from these metabolites can also be generated during wastewater
treatment. Therefore, their transformation pathways should also be
investigated to better understand pollutant mitigation and prop-
erly evaluate wastewater treatment processes.

Among the different PhACs therapeutic families of present in
HWWs, b-blockers have beenwidely detected in such effluents due
to the its high consumption for hypertension and cardiovascular
diseases (Hughes et al., 2013). Some of them are included into the
20 most commonly encountered pharmaceuticals in European
waters (Hughes et al., 2013). For instance, metoprolol (MTP) is
largely prescribed in Germany reaching values of almost 100 tons
per year (Scheurer et al., 2010) and has been detected inwastewater
in the range of 160e2000 ng/L (Maurer et al., 2007; Scheurer et al.,
2010), with low elimination rates in conventional WWTPs (usually
between 0% and 36%) (Lacey et al., 2012; Rubirola et al., 2014;
Scheurer et al., 2010). On the other hand, it is well-known that MTP
is mainly eliminated in human body, up to 85% throughout hepatic
oxidative metabolism, and transformed into O-desmethylmeto-
prolol (O-DMTP), a-hydroxymetoprolol (a-HMTP) and metoprolol
acid (MTPA) metabolites. Among them, MTPA is the major com-
pound eliminated via renal excretion around 60e65% (Escher et al.,
2006; Kern et al., 2010), while the other metabolites can also be
present in urine but at much lower concentration (Godbillon and
Duval, 1984). This metabolite has been found ca. one order of
magnitude higher concentrations than MTP in wastewater (Mamo
et al., 2018; Rubirola et al., 2014), and its persistence during bio-
logical treatment has been reported in some studies (Radjenovi�c
et al., 2008; Rubirola et al., 2014), indicating its potential environ-
mental relevance. Although many studies have focused on the

elimination of MTP in wastewater effluents (Benner and Ternes,
2009; Cavalcante et al., 2015; Romero et al., 2016a, 2016b; 2015;
�Soji�c et al., 2012; Wilde et al., 2014), only few data was found
concerning its elimination during HWW treatment (Wilde et al.,
2014), and even less testing its fungal biotransformation by
fungal treatments (Ma et al., 2007). Moreover, none of the studies
exploring the intermediates generated after MTP degradation has
investigated the biotransformation of the main metabolite MTPA
(Benner and Ternes, 2009; Cavalcante et al., 2015; Koba et al., 2016;
Ma et al., 2007; Romero et al., 2016b, 2016a; 2015; Rubirola et al.,
2014; Slegers et al., 2006; �Soji�c et al., 2012; Tay et al., 2013; Wilde
et al., 2014).

In this study, degradation, transformation and sorption of MTP
and its main metabolite MTPA were investigated in batch experi-
ments with three fungi (Ganoderma lucidum, Trametes versicolor
and Pleurotus ostreatus) by using liquid chromatography coupled to
high resolution mass spectrometry (LC-LTQ-Orbitrap-MS/MS)
through a suspect screening methodology. Treated wastewater and
fungal biomass samples were used to evaluate the presence the
target compounds and their TPs in both compartments. To the
authors' knowledge, this is the first time that pharmaceutical TPs
have been investigated in fungal biomass, as well as the first time
that biodegradation and biotransformation of MTPA has been
studied in wastewater treatment.

2. Materials and methods

2.1. Chemicals and fungi

Metoprolol tartrate salt (MTP) (Sigma-Aldrich); O-desme-
thylmetoprolol (O-DMTP), metoprolol acid (MTPA) and a-hydrox-
ymetoprolol (a-HMTP) (Toronto Research Chemicals); and
atenolol-d7 internal standard (CDN isotopes, Quebec, Canada) were
purchased at high purity grade (>98%). Ultra-pure water and
acetonitrile LiChrosolv grade were supplied by Merck (Darmstadt,
Germany).Working standard solutions were prepared inmethanol/
water (10:90, v/v). Solid phase extraction (SPE) cartridges Oasis HLB
(60mg, 3mL) were from Waters Corporation (Milford, MA, USA).

Three different species of fungi from different collections were
used: Ganoderma lucidum (WRF) FP-58537-Sp strain, United States
Department of Agriculture, Madison, Wis. Collection; Trametes
versicolor (WRF) (American Type Culture Collection #42530 strain);
and Pleurotus ostreatus was isolated from a fruiting body collected
from rotting wood, identified through molecular analysis (Palli
et al., 2017). G. lucidum and T. versicolor were subcultured on 2%
malt extract agar petri plates while P. ostreatus was maintained on
malt extract agar (MEA) plates (ATCC medium 325).

Pellet immobilization was achieved for all the fungi following
the same procedure described previously (Bl�anquez et al., 2004).
The pellets obtained by this process were washed with sterile
deionized water and kept (if needed) in a 0.8% NaCl solution at 4 �C.

2.2. Fungal degradation experiments

Experiments for MTP and MTPA elimination were performed in
250mL Erlenmeyer flasks for 15 days with G. lucidum, T. versicolor
and P. ostreatus fungi. For each fungus, experiments were carried
out in triplicate by spiking selected compounds individually at a
concentration of 2.5mg/L in 100mL of a defined medium, which
consists of 8 g/L of glucose, 3.3 g/L of ammonium tartrate, 1.168 g/L
of 2,2-dimethylsuccinate buffer, and 1 and 10mL of a micronutrient
and macronutrient solution from Kirk medium (Kirk et al., 1978).
The pH was adjusted to 4.5 before sterilization at 121 �C for 30min.
Flasks were inoculated with pellets equivalent to 3.5± 0.8 g/L dry
cell weight (DCW). To better assess the different biotransformation
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regarding the parent compounds selected (MTP and MTPA), the
experimental procedure was performed for each compound sepa-
rately. Additionally, abiotic control (same conditions described
above but without biomass), live control (same conditions but
without spiking compounds) and killed control experiments (same
conditions but with heat-killed biomass) were also performed in
triplicate and used to evaluate other potential physicochemical
processes affecting pharmaceutical transformation and sorption.
All experiments were performed under natural light conditions and
temperature maintained at 25 �C. Samples were collected along 15
days and further centrifuged in glass vials to separate fungus from
water phase. Then, 100 mL of internal standard were added to
achieve a final concentration of 100 mg/L. Finally, samples were
directly injected into the LC-LTQ-Orbitrap-MS/MS system (see the
following section 2.4.).

2.3. Fluidized bed bioreactor experiments

Biodegradation, biotransformation and sorption of target pol-
lutants and their TPs were investigated along 7 days in a non-
sterilized 0.5 L air-pulsed fluidized bed bioreactor (FBB) treating
HWW. The HWWwas collected directly from the sewermanifold of
Sant Joan de D�eu Hospital (Barcelona, Catalonia) and pretreated
with coagulation-floculation, which involved the addition of
coagulant HyflocAC50 at 43mg/L during 2min at 200 rpm and
flocculant HimolocDR3000 at 4.8mg/L for 15min at 20 rpm (Der-
ypol, Barcelona, Catalonia). Wastewater characteristics were: pH
range of 7.8e8.7; chemical oxygen demand (COD) of 633e1012mg/
L O2; NeNH4

þ of 9.9e36mg/L and total suspended solids (TSS) of
193e284mg/L. Finally, the pH of wastewater was adjusted to 4.5.
Concerning bioreactor operation, the FBB experiments were inoc-
ulated in duplicate with G. lucidum mycelial pellets equivalent to
2.5± 0.8 g/L dry cell weight. Electrovalve was set to supply 1 s of air
pulse every 2 s and the aeration rate was 0.8 L/min. Glucose and
ammonium chloride were supplied at 7.5 C/N molar ratio from
concentrated stock solutions in fed-batch operation mode at con-
sumption rate (0.8 g C6H12O6 g DCW�1 and 0.19 g NH4Cl g DCW�1).
In an attempt to reproduce more realistic conditions, MTP and
MTPA were spiked simultaneously at a concentration level of
2.0± 0.5 mg/L each. Samples were taken at time 0 and 7 days of
operation and further centrifuged in glass vials to separate fungus
from water phase. To avoid possible experimental changes during
the experiments, G. lucidum biomass samples were taken at final
experimental time of 7 days only. Then, HWW samples were
treated following an SPE methodology described elsewhere (Gros
et al., 2012). On the other hand, fungal biomass samples were
treated following the solid extraction methodology reported pre-
viously (Lucas et al., 2018). Detailed sample preparation procedures
are presented in Supplementary Material, S1. Both, water and
fungal extracts were reconstituted in 100 mL of methanol/water
(10:90, v/v) containing internal standard to a final concentration of
100 mg/L in vial for further injection into LC-LTQ-Orbitrap-MS/MS
(see the following section 2.4.)

2.4. Instrumental analysis

Samples collected from flasks experiments and FBB extracts
(from wastewater and fungal biomass) were analyzed in a liquid-
chromatography system coupled to a hybrid linear ion trap (LTQ)-
Orbitrap mass spectrometer. Detection of MTP and MTPA as well as
their tentative TPs was performed via a suspect screening meth-
odology using a ready-made list of accurate masses selected from
literature, included prior to sample analysis for MS/MS fragmen-
tation (Table S1). Data was acquired in data-dependent acquisition
mode (DDA) using collision-induced dissociation (CID) and higher-

energy collisional dissociation (HCD) fragmentation energies. For
those compounds where reference standards were available (MTP,
MTPA, O-DMTP and a-HMTP), verification was performed by
comparison with retention times and MS/MS ion fragmentation
patterns. When reference standards were not commercially avail-
able, confirmation was performed via structural elucidation of MS/
MS fragmentation patterns using Mass Frontier 7.0 software
(Thermo Scientific). More detailed information of sample analysis is
presented in Supplementary Material, S2. After identification, peak
area measurement of MTP, MTPA and TPs was performed using the
equations presented in Section 2.5. Additionally, accurate quanti-
fication of MTP and MTPA in water and biomass of HWW experi-
ments was also performed (see Table S2 for analytical quality
parameters).

2.5. Data processing

2.5.1. Elimination of MTP and MTPA in fungal flask experiments
The removal efficiency of MTP and MTPA for the three fungus

selected were evaluated along the performed flasks experiments.
The contribution of abiotic processes to elimination was calculated
using Eq. (1), where A0 is the area at initial time and Aac

x is the area
measured at a particular sampling time in the abiotic control
experiments:

Abiotic degradation ð%Þ ¼ A0 � Aac
x

A0
(1)

Elimination by sorption was calculated using Eq. (2), where Akc
x

is the area at the same particular sampling time in killed control
experiments:

Sorption ð%Þ ¼ Aac
x � Akc

x
A0

(2)

Finally, biodegradationwas calculated using Eq. (3), where Ade
x is

the areameasured in fungal degradation experiments at the certain
experimental time:

Biodegradation ð%Þ ¼ Akc
x � Ade

x
A0

(3)

2.5.2. Distribution of pollutants in liquid and biomass solid phases
in the fluidized bed bioreactors

The distribution of spiked pollutants (MTP and MTPA) in HWW
and fungal biomass was calculated using Eq. (4) where AL

x is the
chromatographic area in liquid phase at a specific experimental
time, and AL

0 is the area of MTP orMTPA at initial time (all estimated
for the total FBB volume of 0.5 L) corrected by the corresponding
recovery value in HWW (quality parameters and concentration
values are presented in Table S2):

Presence in liquid phase ð%Þ ¼ AL
x

AL
0

!
(4)

The presence of MTP and MTPA in solid phase was calculated as
it can be seen in Eq. (5), where AS

x is the corresponding area in the
solid phase at a certain experimental time (estimated for the total
biomass of 2.5 g/L dry weight), and AL

0 is again the spiked area in
liquid phase at initial time (estimated for the total FBB volume of
0.5 L). All areas were also corrected by the recovery values calcu-
lated in the corresponding liquid and solid phases (quality pa-
rameters and concentration values are presented in Table S2):
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Presence in solid phase ð%Þ ¼ AS
x

AL
0

!
(5)

Since reference standards for TPs were not available, a proper
quantification was not feasible. However, in order to provide
tentative values of the presence of TPs in HWWand fungal biomass,
Eq. (4) and Eq. (5) were used considering AL

0 as the sum of MTP and
MTPA areas corrected by the mean recovery value of these com-
pounds in liquid (91%) and solid biomass (46%) phases.

2.6. Toxicity evaluation

The ISO 11348-3 protocol (ISO, 1998) for testing bacterial
bioluminescence was applied to evaluate acute toxicity of samples
along the experiments using the Microtox® Model 500 Toxicity
Analyzer (Strategic Diagnostics Inc. Newark, DE, US). For this pur-
pose, all flasks and FBB water samples were centrifuged in glass
vials to remove any biomass fragments or suspended solids inter-
fering. Then, the percentage of decay on emitted light was
measured when samples were in contact with the bioluminescent
bacterium V. fischeri. The 50% effective concentration (EC50) was
measured after 15min (expressed in dilution percentage). Changes
in toxicity (EC50) at a particular experimental time were calculated
in percentage as (EC50(initial)� EC50(x))/EC50(initial) adapted from Font
et al. (2003).

3. Results and discussion

3.1. Elimination processes of MTP and MTPA in fungal flasks
experiments

Elimination processes such as biodegradation, fungal sorption
and other abiotic processes of MTP and its main metabolite MTPA
were evaluated in flasks experiments. Fig. 1 summarizes MTP and
MTPA presence decay in the different experiments performed as
well as the sum of TPs measured for the three-fungal species tested
(whose identity is described in Section 3.2). As expected, MTP,
MTPA and TPs were not detected in live (non-spiked) control
conditions. Abiotic control experiments showed negligibleMTP and
MTPA elimination which evidences their high chemical stability. In
fungal degradation experiments, partial elimination of MTP was
achieved reaching removal values as high as 51%, 49% and 17% in
water treated with G. lucidum, T. versicolor and P. ostreatus respec-
tively, with high contribution of sorption processes (ca. 25± 3% of
initial compound amount) in all species tested. Only in the exper-
iments with G. lucidum, biodegradation is pointed out as the main
removal mechanism reaching values up to 28% (Table 1), whereas it
was lower in the experiments performed with T. versicolor (21%)
and not existing in the case of P. ostreatus. In any case, overall
elimination achieved for MTP by fungi (between 17% and 51%) was
lower than that obtained in former activated sludge flasks experi-
ments where MTPwas spiked at similar concentration (1mg/L) and
biomass (3 gTSS/L), and where total MTP elimination was achieved
after 96 h (Rubirola et al., 2014). Nevertheless, despite from the
removal of target pollutants, the generation and elimination of
their corresponding TPs should also be considered to properly
assess the efficiency of fungal treatment (intermediates are further
discussed in Section 3.2). To this respect, higher generation of TPs
was observed for those experiments exhibiting higher MTP
biodegradation rates (Fig. 1). In general, the highest generation of
TPs was observed after 7 days of treatment and maintained until
the end of the experiments. This fact indicates that, even though
MTP was eliminated during the experiments, the elimination of the
TPs generated was not accomplished in the same manner.

MTPA was more extensively removed than MTP yielding values
up to 77%, 54% and 35% inwater treatedwith G. lucidum, T. versicolor
and P. ostreatus, respectively (Fig. 1). Nonetheless, results reveal
lower contribution to sorption processes compared to those values
obtained in MTP experiments; biomass sorption percentages
ranged from 0% to 11% (Table 1). These levels should be explained
by the different partition coefficients of both compounds. However,
the predicted distribution coefficients logD values for MTP and
MTPA at pH 4.5 were quite similar, indicating their low tendency to
be present in solid phase (�1.48 for MTP and �1.27 for MTPA
calculated with ChemAxon (ChemAxon Chemicalize Calculator,
2018)) and without a direct correlation (logD) with actual sorp-
tion of MTP and MTPA in fungal biomass. Biodegradation was thus
pinpointed as the main removal mechanism for MTPA with the
three fungi tested (Fig. 1). Among them, G. lucidumwas pointed out
as themost effective fungus reaching biodegradation values around
63%, being 11% accounted as sorption contribution to total removal
(Table 1). T. versicolor and P. ostreatus attained lower biodegradation
rates of about 48% and 32% percentages, respectively. In accordance
to this, G. lucidumwas also reported as the most efficient fungus for
biodegradation of venlafaxine and O-desmethylvenlafaxine (spiked
at 5mg/L) with total removal values up to 70% and 100%, respec-
tively (Llorca et al., 2018). The optimal removal of MTPA with these
fungi needs to be highlighted since it was previously reported as a
concerning metabolite, given its high persistence in previous batch
activated sludge experiments, generated from the biodegradation
of MTP spiked at 1mg/L (Rubirola et al., 2014), and from atenolol
spiked at 10mg/L (Radjenovi�c et al., 2008). As in the case of MTP
experiments, the highest concentrations of MTPA TPs were
measured when the highest MTPA biodegradation rates were
registered; i.e. after 9 and 15 days of treatment with all three fungi
tested. Actually, high levels of MTP and MTPA intermediates (be-
tween 7% and 31% for MTP degradation and from 51% to 100% for
MTPA transformation, Fig. 1) were always detected at the end of
corresponding experiments, which underlines the inability of
fungal treatments for total compound mineralization, and the
generation of a large quantity of new chemical structures. Thus,
their identification, toxicity as well as the elucidation of their
transformation pathways are necessary to evaluate the perfor-
mance of a particular water treatment.

3.2. Identification and monitoring of suspected TPs in fungal flasks
experiments

A suspect screening methodology for the detection of tentative
TPs was applied based on the comparison of accurate masses ob-
tained after compound detection with those gathered from litera-
ture. Since multiple peaks can be detected for the same exact mass,
comparison with retention times (when reference standards are
available) and chemical structure elucidation based on the MS/MS
data were performed for confirmation purposes (Supplementary
Material, S5). A summary of accurate masses, elemental composi-
tion and tentative chemical structures of TPs detected are pre-
sented in Table S3. In accordance to the European Commission
Decision 2002/657/EC, measurements were always within mass
error of 5 ppm by means of MSn analysis. This criterion was
considered enough to assign the elemental compositions and
chemical structures of both parent and fragment ions. Firstly,
fragmentation scans were elucidated by using those data acquired
in CID fragmentation energy. However, this approach was consid-
ered insufficient to discern among similar TP structures. Therefore,
HCD fragmentation energy was necessary to obtain complemen-
tary small fragments to finally confirm the tentative chemical
structures. Once the structures were elucidated (Table S3), pro-
posed degradation pathways were tentatively suggested and
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presented in Fig. 2. Those compounds with relative abundances
higher than 1% were chosen for further consideration.

3.2.1. Metoprolol biotransformation
Fourteen major TPs were tentatively identified along fungi ex-

periments from MTP biodegradation (Fig. 2). Relative TP percent-
ages obtained for the three fungi tested are presented in Fig. 3.
Among them, no intermediates were detected in abiotic conditions
indicating the absence of any chemical degradation in further MTP
elimination. Regarding fungal degradation experiments, the high-
est number of intermediates was detected after 15 days of treat-
ment, when MTP had already been eliminated in all fungi tested.
Among them, TP238, a-HMTP, TP282A, TP284, TP300, TP316 and
TP134 were classified as the major compounds detected coming
from biotransformation mechanisms such as hydroxylation,
oxidation and O-dealkylation (Bletsou et al., 2015). Although these
TPs werewidely detected inwater treated with advanced oxidation

processes (AOPs) (Cavalcante et al., 2015; Romero et al., 2016a;
Wilde et al., 2014), the presence of the cytochrome P450 in fungi
species was also suggested to generate them through enzymatic
oxidation (Meunier et al., 2004). Moreover, the enzymes known as
lignin peroxidases (LiP) and manganeseedependent peroxidases
(MnP), also present in these fungal species, allow to carry out
oxidative reactions such as carbonecarbon bond cleavages, deme-
thylations, hydroxylations and benzylic alcohol oxidations (Barr
and Aust, 1994).

In this study, the most significant degradation pathway, with
generation of O-DMTP, TP240, TP238 and TP254 (Fig. 3), was
identified in all fungi experiments, being especially notorious for
those experiments with higher MTP biodegradation rates. Among
them, TP238 was identified as the most persistent compound
generated at 9% in the experiments with G. lucidum, and further
transformed into TP254 (at 1%) after 15 days of treatment. The
formation of TP238 and TP240 were suggested after O-demethy-
lation of MTP and further benzylic hydroxylation through the for-
mation of a radical intermediate (after hydrogen abstraction and
stabilized by resonance) of O-DMTP (also a human metabolite),
detected at low concentration (up to 1% in T. versicolor). The rapid
metabolization/biodegradation of O-DMTP in fungal experiments
was in agreement with the results obtained in MTP degradation
experiments with activated sludge, where the complete elimina-
tion of this TP was achieved after 48 h and a maximum concen-
tration observed at 24 h operation (Rubirola et al., 2014). Further
TP240 was also classified as a non-recalcitrant compound being
detected at < 1%, however, O-DMTP was rapidly transformed into
TP238 and TP254 in purewater. This last compound generated from
the oxidation of the aldehyde intermediate onto a carboxylic acid
(in TP254) could be related to lignin peroxidases (LiP), manganese-

Fig. 1. MTP, MTPA and TP relative presence (A/A0)-(%) in water samples along the time from abiotic control and fungal conditions, both heat-killed control and fungal degradation
experiments with G. lucidum, T. versicolor and P. ostreatus. Colored lines indicate the sum of TPs generated in fungal degradation experiments.

Table 1
Abiotic degradation, sorption and biodegradation percentages of MTP and MTPA
along G. lucidum (GL), T. versicolor (TV) and P. ostreatus (PO) experiments along 15
days of treatment. Calculations were performed using Eqs. (1)e(3).

Degradation mechanism Fungi MTP MTPA

0d 3d 10d 15d 0d 3d 10d 15d

Abiotic degradation (%) e 0 0 0 0 0 1 4 3
Sorption (%) GL 0 9 13 23 0 1 8 11

TV 0 6 29 28 0 0 6 3
PO 0 9 20 25 0 0 0 0

Biodegradation (%) GL 0 6 34 28 0 19 50 63
TV 0 5 11 21 0 9 39 48
PO 0 10 6 0 0 20 21 32
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dependent peroxidases (MnP) and/or cytochrome P450 enzymes
(Barr and Aust, 1994). A secondary degradation pathway was sug-
gested with generation of a-HMTP (another human metabolite
generated after pharmaceutical consumption) followed by TP282A
and TP298. a-HMTP was found up to 5% in the experiments with
G. lucidum and T. versicolor,where higher MTP biodegradation rates
were observed. Further oxidation to TP282A and hydroxylation to
TP298 was found with gradually lower occurrence comparing to a-
HMTP, which indicates the great persistence of a-HMTP in fungal
treatments, as well as in treatments performed with activated
sludge (Rubirola et al., 2014). The last degradation pathway was
characterized by the multiple oxidations of aromatic ring with
formation of the intermediates TP284, TP300 and TP316, especially
notorious throughout T. versicolor biodegradation. As it can be seen,
the TP284 was generated and rapidly transformed to the subse-
quent TP300. The same profile was identified for this last TP being
practically degraded at 15-days treatment to further generate
TP316 up to 6%. These compounds could be generated from the
unspecific and aromatic peroxygenase (UPO) also secreted by fungi,
able to catalyse the hydroxylation of aromatic rings and alkyl chains
(Hofrichter et al., 2010). Finally, other TPs worth to mention are
TP134, formed from the transformation of those TPs with second-
ary amine structure (Fig. 2). Since it can be designed as a residual TP,
its formation might be considered as an indicator to evaluate the

extent of mineralization through O-dealkylation catalysed by cy-
tochrome P450 monooxygenases (Urlacher and Girhard, 2012). In
fact, the presence of TP134 increased at the same time as biodeg-
radation values of the parent compound (Table 1). Another
remarkable aspect to consider in fungal degradation experiments is
that MTPA is not generated from MTP biodegradation whereas in
activated sludge experiments was identified as the major TP, with
levels up to 40% of initial MTP concentration after 96 h treatment
(Rubirola et al., 2014); and when atenolol was spiked at 10mg/L in
26 days of treatment reaching values up to 60% (Radjenovi�c et al.,
2008). Likewise, MTP biotransformation into MTPA metabolite
achieved conversion values of 59% in experiments performed with
fungus Cunninghamella blakesleeana (Ma et al., 2007). Since the
presence of TP226C and TP282B were also negligible in MTP fungal
experiments, it seems that this transformation pathway does not
take place along fungal water treatments with G. lucidum,
T. versicolor and P. ostreatus. In fact, the high relative percentages of
TP238 compared to the other TPs formed denoted a significant
prioritization of its transformation pathway instead of the meta-
bolic pathway that favours the generation of MTPA metabolite.
However, the rapid degradation rate of MTPA intermediates prior to
sampling at 3 days of treatment cannot be discarded. This differ-
ence on metabolite formation depending on the treatment used
was also observed in man, dogs and rats where the same MTP

Fig. 2. Transformation pathways suggested of MTP (dotted orange lines) and its main metabolite MTPA (solid green lines) elucidated from G. lucidum, T. versicolor and P. ostreatus
fungal degradation experiments. MTP, MTPA and all intermediates identified except TP226B and TP226C may generate TP134. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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metabolites were recovered but in different relative proportions
(Borg et al., 1975). Therefore, the presence of such recalcitrant
MTPA in biological based treatment technologies was thus
depending on the organisms used for water treatment.

3.2.2. Metoprolol acid biotransformation
Seven major TPs were tentatively identified during MTPA

biodegradation experiments (Fig. 2). Relative TP percentages ob-
tained for the three fungi tested are presented in Fig. 3. Also in this
case, no intermediates were detected in abiotic conditions indi-
cating the absence of factors involved in MTPA transformation.
Among them TP238, TP240, TP254 and TP134 were classified as the
major compounds detected in fungal degradation experiments. As
expected, the highest presence of TPs was found after 15 days of
treatment when the maximum concentration of MTPA had already
been eliminated. In contrast to MTP biodegradation experiments,
only three biodegradation pathways were suggested. However, the
presence of O-DMTP was not detected while the generation of
TP240 and TP238 were much higher reaching values up to 60%.
Their formation might be also related to a benzylic hydroxylation
through the formation of the radical intermediate after hydrogen
abstraction (Barr and Aust, 1994). Such high levels allowed the
further generation of TP254 up to 15% whereas this compound was
only detected at 1% in MTP degradation experiments. The higher
biodegradation ofMTPA and the reduced number of transformation
pathways compared toMTPmight explain the higher amount of the

TPs detected in MTPA experiments. On the other hand, the gener-
ation of TP282B and TP226Cwas only detectedwhen treatingMTPA
in fungal experiments, but at low concentration levels. This fact
indicates that the transformation pathway involving the generation
of TP238 was also prioritized when treating MTPA in single ex-
periments, as observed in MTP fungal biodegradation. In this case,
the methylation of MTPA to TP282B could be mediated by the
methyltransferases enzymes present in fungi (Wessjohann et al.,
2013) while N-dealkylation of TP226C could be catalysed by cyto-
chrome P450 monooxygenases (Urlacher and Girhard, 2012).
Otherwise, the high levels of TP134 (more than 2.5 times higher
than in MTP experiments), previously suggested as an indicator of
mineralization, pointing out the more extended progress in the
transformation pathway in fungi experiments but still the incom-
plete elimination of MTPA TPs.

3.3. Toxicity tests in flasks experiments

Toxicity was monitored in water samples to detect potential
toxic TPs generated along the fungal flask experiments. A slightly
increase on toxicity values along MTP experiments was observed in
all fungi tested (29% in G. lucidum, 15% in T. versicolor and 24% in
P. ostreatus, Table S4). In the case of MTPA experiments, a slight
increase on toxicity at the end of the experiment was also observed
(4%, 11% and 29% for G. lucidum, T. versicolor and P. ostreatus,
respectively). These results are higher than those reported in batch

Fig. 3. MTP, MTPA and TP relative presence (A/A0)-(%) in abiotic control and fungal degradation experiments with G. lucidum, T. versicolor and P. ostreatus along 15 days of treatment.
TPs are grouped based on their direct connection in degradation pathways.
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experiments using activated sludge at 1mg/L of MTP and 3 gTSS/L
during 72 h, where no significant differences among toxic units
were observed (Rubirola et al., 2014). In the later study, the
metabolite O-DMTP from MTP elimination was reported to be the
most toxic compound detected (EC50 of 18mg/L). However, in the
present study, this TP was always below than 1.5% of the MTP and
MTPA initial concentration (2.5mg/L), probably not enough con-
centration to elicit any toxicity on V. fischeri.

3.4. Monitoring of MTP, MTPA and TPs in HWW treated in a FBB
bioreactor

HWW was spiked with both MTP and MTPA at 2 mg/L each in
order to be able to follow the fate and transformation of both
compounds in a fungal fluidized bed bioreactor using G. lucidum in
realistic conditions (Maurer et al., 2007; Scheurer et al., 2010). This
fungus was selected due to the optimal elimination percentages
observed for MTP and MTPA in the flask experiments compared to
the other fungi tested. Fig. 4 shows the presence of MTP and MTPA
as well as the intermediates present in both liquid and solid phases
at initial time and after 7 days of treatment. In contrast to the
previous batch experiments under sterile conditions, in the biore-
actor the fungus was competing against bacteria for nutrients. In
addition, the presence of other contaminants (including pharma-
ceuticals) in the real HWW could affect fungus metabolism and
growth. However, G. lucidum treatment was successfully imple-
mented with real HWW and the elimination rates of MTP were
rather similar: 33% of MTP elimination in the FBB bioreactor
compared to the 35% obtained in flask experiments for the same
period of time (7 days). Therefore, other factors involved (e.g.
organic matter, bacteria, pollutant concentration among others)
thus seemed not to interfere excessively in MTP elimination. In fact,
MTPA removals in bioreactor were even higher than in batch ex-
periments: 64% of MTPA elimination compared to the 46% obtained
in flasks experiments. Although this extent on degradation of MTP
was less than those values obtained in CAS experiments (Rubirola
et al., 2014), the recalcitrant metabolite MTPA observed was suc-
cessfully eliminated in fungal experiments. Likewise, direct sorp-
tion measures into biomass were also similar to those calculated in

the previous flasks experiments, up to 13% and 4% for MTP and
MTPA, respectively. These values are in accordance with those
measured in the previous study reporting the greater sorption ca-
pabilities of G. lucidum than T. versicolor for pharmaceutical elimi-
nation in spiked synthetic medium (Lucas et al., 2018). In the
present study, and for the first time, not only the target pollutants
were investigated in solid phase biomass, but also the sorption of
the different intermediates generated along FBB batch
experiments.

Eleven out of sixteen intermediates detected in flasks experi-
ments were also found in water and biomass samples from
G. lucidum FBB experiments (Fig. 4). Most of them (O-DMTP, TP238,
TP282A, TP298, TP300, TP316, TP226C, TP282B and TP134) were
detected in water at low percentage values (<5%) comparing to
those values obtained in flasks experiments, except a-HMTP at 15%
from MTP degradation and TP240 at 6% also generated from MTPA
elimination. After 7 days of treatment, most of the TP300 was
detected in the biomass solid phase (11%) while a-HMTP (28%) and
TP240 (25%) were retained in less proportion in comparison to their
presence in HWW liquid phase. These high levels may be related to
the sorption of these TPs from liquid phase, but also to the trans-
formation of MTP and MTPA occurring directly in the biomass
phase. Regarding the transformation pathway, the extent on MTP
and MTPA transformation did not go as far as in flask experiments:
TP240 and a-HMTP were still present at high level in FBB effluents
(at 6% and 15%, respectively), while their further intermediates
(TP254, TP282A and TP298; generated up to 15% in flasks experi-
ments after 7 days of treatment, Fig. 3) were not equally detected in
the same real effluents. Likewise, the relative presence of the re-
sidual TP134 in G. lucidum FBB experiments attained a percentage
<1%, lower than those obtained in pure water flasks experiments
(4% and 7% from MTP and MTPA degradation, respectively). This
lower extent on TP transformation might be related to the presence
of other contaminants competing on fungal degradation capacity,
as well as natural organic matter. Otherwise, a slight increase on
toxicity values about 36% (initial EC50 of 64% and final EC50 of 41%,
expressed in dilution percentage) after wastewater treatment was
also observed. This might be associated to the transformation
products of other contaminants present in HWW.

Fig. 4. MTP, MTPA and TP relative presence in water and biomass at 0 and 7 days treating HWW in a FBB bioreactor. Calculations were performed using Eqs. (4) and (5). TPs are
grouped based on their direct connection in degradation pathways.
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4. Conclusions

Degradation, transformation and sorption capabilities of Gano-
derma lucidum, Trametes versicolor and Pleurotus ostreatus fungi
were investigated to evaluate the elimination of metoprolol and its
recalcitrant metabolite metoprolol acid from water. Fourteen
transformation products were detected as generated from MTP
biodegradation and within them, five were identified as generated
also from MTPA biotransformation. In addition, two TPs were spe-
cifically generated from MTPA biodegradation. Results revealed an
increase on toxic effects along the fungal treatment of both MTP
and MTPA, attributed to the TPs generated from their biodegrada-
tion. The maximum efficiency was achieved through G. lucidum
with removals up to 51% and 77% for MTP and MTPA, respectively
(at 15 days of treatment), and therefore, this fungus was further
selected for treating HWW in an aerobic fluidized bed bioreactor.
Even though degradation rates achieved for MTP were quite similar
to those obtained in Erlenmeyer flasks experiments, MTPA re-
movals obtained were even better (64% at 7 days of treatment).
However, the extent on compound transformation decreased, with
the presence of less transformed and persistent intermediates such
as TP240 and a-HMTP, detected and highly eliminated through
their generation and/or sorption into solid biomass phase. This is
the first time that pharmaceutical TPs have been investigated in the
biomass from fungal treatment. A slight increase on toxicity along
water treatment was also observed in the experiments with real
water, though, in this case, it is not easy to correlate with MTP and
MTPA TPs formation, since many other TPs originated form the
degradation of other contaminants can also be generated.
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a b s t r a c t

The evaluation of wastewater treatment capabilities in terms of removal of water pollutants is crucial
when assessing water mitigation issues. Not only the monitoring of target pollutants becomes a criti-
cal point, but also the transformation products (TPs) generated. Since these TPs are very often unknown
compounds, their study in both wastewater and natural environment is currently recognized as a tedious
task and challenging research field. In this study, a novel automated suspect screening methodology was
developed for a comprehensive assessment of the TPs generated from nine antibiotics during microalgae
water treatment. Three macrolides (azithromycin, erythromycin, clarithromycin), three fluoroquinolones
(ofloxacin, ciprofloxacin, norfloxacin) and three additional antibiotics (trimethoprim, pipemidic acid,
sulfapyridine) were selected as target pollutants. The analysis of samples was carried out by direct
injection in an on-line turbulent flow liquid chromatography-high resolution mass spectrometry (TFC-
LC-LTQ-Orbitrap-MS/MS) system, followed by automatic data processing for compound identification.
The screening methodology allowed the identification of 40 tentative TPs from a list of software pre-
dicted intermediates created automatically. Once known and unknown TPs were identified, degradation
pathways were suggested considering the different mechanisms involved on their formation (biotic and
abiotic). Results reveal microalgae ability for macrolide biotransformation, but not for other antibiotics
such as for fluoroquinolones. Finally, the intermediates detected were included into an in-house library
and applied to the identification of tentative TPs in real toilet wastewater treated in a microalgae based
photobioreactor (PBR). The overall approach allowed a comprehensive overview of the performance of
microalgae water treatment in a fast and reliable manner: it represents a useful tool for the rapid screen-
ing of wide range of compounds, reducing time invested in data analysis and providing reliable structural
identification.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, the overuse and misuse of antibiotics has
promoted the incidence of an ever-growing spectrum of known
and unknown compounds in urban wastewater effluents [1,2]. The

∗ Corresponding autor at: Catalan Institute for Water Research (ICRA), Scientific
and Technologic Park of the University of Girona, Emili Grahit 101, E-17003 Girona,
Spain.

E-mail address: srodriguez@icra.cat (S. Rodríguez-Mozaz).

presence of these pollutants in wastewater effluents may lead to
potential ecological effects and promote bacterial resistance even
at low concentration [3,4]. In fact, antibiotic resistant bacteria have
been classified by the World Health Organization (WHO) as one
of the three biggest threats to public health in the 21st century
[5]. Since conventional wastewater treatment plants (WWTPs) are
not designed to eliminate these emerging contaminants [6,7], the
study of new and alternative wastewater treatment technologies
becomes crucial to attain optimal removal efficiencies and increase
the knowledge about their environmental fate [8].

https://doi.org/10.1016/j.chroma.2018.06.027
0021-9673/© 2018 Elsevier B.V. All rights reserved.
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Bioremediation technologies have been recognized as potential
and alternative systems to provide high-removal rates on treated
effluents [9]. Among the existing bioremediation technologies,
microalgae-based water treatment has been lately suggested as
solar power-driven, ecologically friendly and sustainable reclama-
tion strategies [10,11]. In addition, they exhibit higher tolerance to
antibiotics than bacterial species, as they are not target organisms
for these compounds [12]. Microalgae has been proven to be also
effective for elimination of organic substances [13], which cannot
only attributed to biotransformation but also to photodegrada-
tion and uptake processes [14]. Despite numerous studies have
been focused on pharmaceutical removal in microalgae water treat-
ment [9–11,13–17], few attention has been paid to the study of
transformation products generated from the target pollutants [18].
The presence of these unknown compounds can play an impor-
tant role since they might be more persistent and/or toxic than
the parent compound [19]. The main difficulty to overcome their
identification lies in the lack of pure analytical standards and fast
analytical methods to confirm their presence along water treat-
ment [20]. Hence, new analytical approaches comprising reliable
structural identification are of high interest to easily overcome
this tedious task. To this regard, high resolution mass spectrom-
etry (HRMS) with electrospray ionization (ESI) is considered the
analytical technique most widely used, since it makes possible
to detect hundreds of unknown compounds in a single run [21].
Suspect screening methodologies, where tentative compounds are
suggested by using libraries or prediction tools [20,22–25], are the
most applied analytical strategies for the tentative identification of
compounds in samples. Up to now, this approach has been widely
used by different authors throughout post-acquisition data pro-
cessing [1,26]. However, the reported workflows comprise several
steps such as chromatographic data processing, data reduction,
MS library search and MS/MS spectra elucidation [27]. To greatly
facilitate analyte identification, most of the studies rely on online
databases. However, manual data compiling is always required and
the number of compounds identified are limited to those entities
already known [28]. According to this, automated TP identification
by using prediction tools may represent an important advance to
detect new unknown chemicals [29–31], especially when new and
alternative water treatment technologies are evaluated. Addition-
ally, such automated data treatment tools for suspect screening
analysis would allow the simultaneous evaluation of several tar-
get substances in just one experiment, avoiding the performance of
multiple single experiments for each compound. On the other hand,
although the application of the on-line turbulent flow chromatog-
raphy for the identification of TPs in real wastewater treatment
matrices is not new [15,32,33], this technology permits an on-
line direct clean-up of dirty wastewater samples with less sample
manipulation and better performance to detect TPs at low con-
centration levels [34]. Therefore, the application of this technology
together with automatic software data processing may represent
a useful tool for the rapid screening of wide range of suspect com-
pounds, not only reducing the time invested in sample analysis but
also in data treatment to finally attain reliable structural informa-
tion.

The main objective of this study was to develop an automated
analytical methodology to understand the transformation and fate
of nine antibiotic compounds during microalgae water treatment,
both at batch scale and in a pilot photobioreactor treating toilet
wastewater. The screening methodology was based on the analysis
by an on-line turbulent-flow liquid chromatography coupled with
high resolution mass spectrometry (TFC-HPLC-MS/MS) methodol-
ogy together with an advanced software data processing tool.

This study provided valuable information about transformation
of selected antibiotics to better evaluate the scope of microalgae as
an alternative wastewater treatment. In addition, the study of TPs

allowed to understand the abiotic and biotic processes involved in
pollutant removal.

2. Materials and methods

2.1. Chemicals and reagents

Azithromycin (AZI), erythromycin (ERY), clarithromycin (CTM),
ofloxacin (OFC), ciprofloxacin (CFC), norfloxacin (NFC), sulfapyri-
dine (SPY), trimethoprim (TMP) and pipemidic acid (PMA) were
purchased at high purity grade (>95%) from Sigma-Aldrich (Stein-
heim, Germany). Ultra-pure water, acetonitrile and methanol
LiChrosolv grade were supplied from Merck (Darmstadt, Germany).
Solid phase extraction (SPE) cartridges Oasis HLB (60 mg, 3 mL)
were from Waters Corporation (Milford, MA, USA).

2.2. Microalgal batch experiments

Microalgal batch experiments were performed within 14-day by
testing three different experimental conditions for each microalga
studied: i) light-biomass (selected microalgae with light irradi-
ation) ii) light-abiotic (irradiation of light without algae) and
iii) dark-abiotic (without algae and without light). For microal-
gal live conditions Chlamydomonas reinhardtii (UTEX ID 2243),
Chlorella sorokiniana (UTEX ID 1663), Dunaliella tertiolecta (UTEX
ID LB999) and Pseudokirchneriella subcapitata (UTEX ID 1648)
were selected and grown in their respective synthetic culture
mediums: Tris-Acetate-Phosphate (TAP) for C. reinhardtii and C.
sorokiniana, Artificial Sea Water for D. tertiolecta and in Bold
3 N for P. subcapitata. More detailed information about experi-
mental set-up can be found elsewhere [35]. Light experiments
were carried out under continuous fluorescent lamp irradiation
(172 ± 18 �mol/(m2 s) irradiance level), measured by a light meter
(LI.189, LI-COR Quantum/Radiometer/Photometer, USA) at a con-
trolled temperature (25 ± 1 ◦C) and 120 rpm (orbital shaker Kuhner,
LS-X, Switzerland). All experiments were carried out in triplicate
by spiking the nine antibiotics simultaneously at a final concen-
tration of 100 �g/L each in 250 mL of synthetic medium. 1 mL of
samples were collected in amber glass vials at initial time, and after
7 and 14 days of treatment. Samples were freeze-dried and stored
at −80 ◦C until analysis. Reconstitution was performed in 100 �L
of methanol-water (5:95) before their injection in the TFC-LC-LTQ-
Orbitrap-MS/MS system.

2.3. Microalgal photobioreactor

A microalgal photobioreactor treating the toilet wastewater
was used to evaluate the elimination and transformation of the
9 antibiotics selected. The experimental set-up of this experiment
has been previously described [36] as well as its microbial char-
acterization [37]. Briefly, urban wastewater was collected from
the toilet drainage of the “Chemical, Biological and Environmen-
tal Engineering Department” (Universitat Autònoma de Barcelona,
Barcelona, Spain) and pumped to an enclosed 1200 L multitubu-
lar microalgal photobioreactor (PBR). Three samples from the inlet
wastewater and three samples PBR effluent were taken in three
non-consecutive days after the theoretical hydraulic steady state
of twelve days was reached. To enhance concentration of TPs,
25 mL and 50 mL for influent and effluent respectively were pre-
concentrate up to 1 mL by using the SPE methodology previously
reported [38].

2.4. Analytical methodology and data processing

2.4.1. TFC-LC–MS/MS analysis
Samples were analyzed using an on-line turbulent flow liquid-

chromatography system coupled to a high resolution mass
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spectrometer (HRMS). For sample purification and separation pur-
poses, the Aria TLX-1 chromatographic system (Thermo Fisher
Scientific) was used. The system comprised a PAL auto sampler and
two mixing quaternary pumps (eluting and loading pumps). 20 �L
of samples were directly injected into the chromatographic system.
The clean-up step was performed in a Cyclone (50 × 0.5 mm, 60 �m
particle size, 60 Å pore size; Thermo Fisher Scientific, Franklin, MA)
and the compounds were separated using a ZORBAX Eclipse XD-
C18 (150 × 4.6 mm, 5 �m particle size; Agilent Technologies, Santa
Clara, CA, USA). Detailed information about the solvent gradient
used can be found in Table S1, and an example of total ion chro-
matogram (TIC) in Fig. S1. The total chromatographic run time was
18 min.

The LC system was connected to a LTQ-OrbitrapVelosTM

(Thermo Fisher Scientific Company; Villebon-France) equipped
with a diverter valve and a heated electrospray ionization source
(HESI-II). The analysis was performed in positive and negative
ionization modes. As no results were found for negative mode
experiments, data processing was carried out in positive mode only.
Chromatograms and mass spectra were acquired in Data Dependent
Acquisition (DDA) in two parallel scan events: the first one (1) was
acquired in full-scan mode within a mass-to-charge (m/z) range
of 100–800 m/z at a resolving power of 60,000 FWHM (MS) fol-
lowed by (2) fragmentation of the most intense ion masses detected
(MS/MS) at 30,000 FWHM. These MS/MS experiments were per-
formed applying a dynamic mass exclusion mode to discriminate
co-eluted compounds: ions fragmented more than 3 times during
25 s were further ignored for fragmentation during the following
30 s (corresponding to peak plus tailing). Mass spectrometry con-
ditions were set up as follows: spray voltage, 3500 V; capillary
temperature, 300 ◦C; sheath gas pressure, 40 arb; and aux gas flow
rate, 20 arb; collision energy, 35 eV CID; isolation width, 2 Da. For
some particular TPs, a tougher fragmentation through 55 eV HCD
was used for final identification. The entire system was controlled
via Aria software, version 1.6, under Xcalibur 2.1 software. For
inlet and PBR effluents wastewater samples, the previous analyti-
cal methodology was adapted: the in-house library containing the
information about all tentative TPs identified in the batch exper-
iments was used as a prescreening list to be used as criterion to
trigger MS fragmentation in the second scan event for MS/MS frag-
mentation and confirmation.

2.4.2. Automated data processing
An automated data processing methodology by using Com-

pound Discoverer 1.0 (Thermo Scientific) connected to Mass
Frontier 7.0 software (Thermo Scientific) was applied for the iden-
tification of the TPs generated. The overall workflow describing all
steps involved in data processing is presented in Fig. 1.

Prior to automatic software data processing, computational
data files (chromatograms and mass spectra) were loaded into
the software. Target antibiotic structures (9 antibiotics) were pin-
pointed as parent compounds as well as the potential chemical
transformations to be applied to them by software simula-
tion: methylation, oxidation, reduction, hydroxylation, reductive
defluorination, oxidative defluorination, decarboxylation, oxida-
tive deamination to alcohol, oxidative deamination to ketone,
desaturation, dehydration, hydration, acetylation, carboxylation,
piperazinyl dealkylation, sulfation, sulfonamide alkylation and sul-
fur dioxide reduction. A combination of a maximum number of
two dealkylation steps for a maximum of three consecutive chemi-
cal transformations were selected. Using all this prior information,
a list with predicted TPs was created during the automatic data
processing run.

Automatic data processing starts with MS data filtering in the
m/z range between 100 Da and 800 Da, and by setting a peak inten-
sity threshold at 10 signal-to-noise ratio. To compensate small

differences in retention times, chromatographic alignment was
performed by using a mass tolerance error of 5 ppm and a maxi-
mum retention time shift of 0.5 min. In parallel, the list containing
the 9 parent compounds and their predicted TPs was automatically
generated including the corresponding exact masses and the soft-
ware transformation applied. This list was automatically compared
with experimental data by using an MS mass tolerance of 5 ppm and
a minimum chromatographic peak intensity of 1000 counts. Those
parent and predicted compounds successfully matched in samples
were included into a list of detected compounds. For confirmation
purposes, MS/MS spectra were automatically elucidated by using
predicted fragment structures with a mass tolerance of 5 ppm and a
signal-to-noise ratio of 10. The percentage value obtained for each
detected compound (FISh scoring) indicated the MS/MS reliability
on automatic compound identification.

After software data processing, results were filtered by select-
ing those compounds with FISh values ≥ than 65% [39] with at least
two characteristic fragments matched with predicted fragment
structures. As a final step to avoid false positives, the predicted
TP structures and their elucidated MS/MS spectra were manually
reviewed. Both parent and confirmed TPs were included into an in-
house library and used for the detection of TPs in microalgal-based
photobioreactor samples.

3. Results and discussion

3.1. Software data processing

Four data sets (one for each microalga experimental set) were
automatically processed by the software (each set lasting 13 h
on the software run). Each data set included the experimental
files obtained from light-biomass experiments with a particular
microalga, a light-abiotic and a dark-abiotic experiment. Automatic
processing reduced the number of chromatographic peaks up to
10% without manual refining. In contrast to other methodologies
described, this extent on data reduction was only achieved with a
combination of automatic and manual processing [40–42]. 73 sus-
pected compounds out 12,291 predicted were tentatively detected
in samples after the automatic data processing, including the 9 par-
ent compounds and 64 TPs. After manual review, the confirmed list
was reduced to the 9 parent compounds and 40 TPs: 8 TPs for AZI, 6
for ERY, 2 for CTM, 8 for OFC, 5 for CFC, 5 for NFC, 3 for PMA, 2 for TMP
and 1 for SPY. Among them, 19 TPs were reported as direct matches,
where TP structures were directly proposed by the software from
automatic MS/MS spectra elucidation. On the other hand, 21 TPs
were reported as shifted matches, where TP structures proposed
required additional transformations to define the final chemical
structures. An example of direct and shifted matches is presented in
Fig. S2. Automated MS/MS elucidation with annotation of the corre-
sponding tentative fragments contributed to reduce the processing
time for TPs identification. This workflow allowed the elucidation
of a high number of potential TPs without performing degrada-
tion experiments for each of the compounds separately, saving time
and laboratory resources. Nonetheless, although this methodology
provided a rapid tool for peak filtering with less handling oper-
ation, manual work was necessary in a final step to avoid false
positives and evaluate findings. The final 40 TPs were registered in
an in-house library, which included for each compound, its reten-
tion time, elemental composition, fragmentation ions, mass error,
ring and double bond equivalents (RDB) and the tentative chemi-
cal structure (Table S2). The presence of the 9 parent compounds
and their 40 suspect TPs was monitored along the experiments per-
formed, both in batch and in microalgal photobioreactor treating
toilet wastewater. Their relative concentrations were calculated
and presented in Figs. 2–5.
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Fig. 1. Analytical workflow.

3.2. Evaluation of antibiotic transformations during microalgae
batch experiments

Antibiotic transformation was investigated along microalgae
treatment experiments. While the results about removal of par-
ent compounds are discussed in detail elsewhere [35], in this
work the results about antibiotic transformations are presented
and discussed separately in three different groups: macrolides
(azithromycin, erythromycin, clarithromycin), fluoroquinolones
(ofloxacin, ciprofloxacin, norfloxacin) and other additional and
non-related antibiotics (trimethoprim, pipemidic acid, sulfapyri-
dine). Suggested transformation pathways are presented in Figs.
2a and 4a. Relative percentages (A/A0)-(%) for each TP (area of the
peak detected divided by the area of the chromatographic peak of
the parent compound at initial time) at 7 and 14 days of treatment
were calculated and summarized in Figs. 2b and 4b. The confir-
mation and quantification and of the individual TPs would require

reference standards, though most of them are not commercially
available.

3.2.1. Macrolide transformation
Sixteen major intermediates were tentatively identified coming

from macrolide degradation including 8 TPs from azithromycin, 6
TPs from erythromycin and 2 TPs from clarithromycin (Table S2). A
shared degradation pathway containing all the TPs detected along
the batch experiments are presented in Fig. 2a. Additionally, the
relative percentages of those intermediates with values higher than
3% are shown in Fig. 2b for each experimental condition after 7 and
14 days of treatment.

According to dark-abiotic experiments performed in the corre-
sponding TAP, artificial sea water and bold 3 N mediums, macrolide
elimination achieved a mean percentage of 22 ± 16% for AZI,
29 ± 14% for ERY and 22 ± 32% for CTM suggesting a direct con-
tribution of abiotic factors on macrolide degradation. Among the
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Fig. 2. (a) Tentative degradation pathways proposed for macrolides: green arrows indicate those TPs formed mainly by biotransformation; red arrows indicate those TPs
formed mainly by unknown factors. Below (b) relative percentages of TPs at 7 and 15 days for the 4 algae studied in dark-abiotic, light-abiotic and light-biomass experiments.
The TPs represented were those with values >3%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Tentative degradation pathways proposed for fluoroquinolones: yellow arrows indicate those TPs formed mainly by phototransformation. Below (b) relative
percentages of TPs at 7 and 15 days for the 4 algae studied in dark-abiotic, light-abiotic and light-biomass experiments. The TPs represented were those with values >3%. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Tentative degradation pathways proposed for other antibiotics: green arrows indicate those TPs formed mainly by biotransformation; red arrows indicate those TPs
formed mainly by unknown factors. Below (b) relative percentages of TPs at 7 and 15 days for the 4 algae studied in dark-abiotic, light-abiotic and light-biomass experiments.
The TPs represented were those with values >3%.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Area of the transformation products detected in wastewater at the inlet and outlet of photobioreactor (PBR) at 12 days HRT.

intermediates generated, TP590 (up to 33% of the initial AZI),
TP575A (up to 12% of initial ERY) and TP589 (up to 6% of initial CTM)
were the most common structures identified (Fig. 2b); all formed
by O-dealkylation of L-clandinose moiety (Fig. 2b). On the other
hand, TP717 (also named erythromycin B) was generated through-
out dehydroxylation reaching a ratio formation of about 20% of
initial ERY. Their presence was suggested to come from the insta-
bility of macrolides in aqueous solution [43,44], confirmed by their
presence at initial time at low concentration levels (lower than 3%
of initial presence of the corresponding antibiotic; data not shown).
In light-abiotic experiments, similar removal rates of parent com-
pounds up to 23 ± 12% for AZI, 34 ± 14% for ERY and 21 ± 33%
for CTM were obtained compared to dark-abiotic experiments; as
well as similar TP formation profiles. Even though some authors
reported the major role of light in the generation of O-dealkyled
compounds [45,46], our results cannot confirm a contribution of
this factor to such type of transformation in macrolides.

Concerning the experiments performed with the 4 microal-
gae selected (light-biomass experiments), macrolides treated with
D. tertiolecta presented similar antibiotic degradation rates (ca.
26 ± 6%) and TP formation profile to the previous abiotic conditions
tested. Although some other TPs such as TP766 and TP733 were
generated at a low concentration level (up to 12%), TP590 (AZI) was
still pointed out as the major intermediate detected. This microalga
was thus considered to not contribute extensively on macrolide
elimination through biotransformation. Likewise, degradation and
TP formation in P. subcapitata was much lower than with the other
microalgae studied. In this case, average macrolide elimination was
around 20 ± 9% and TP formation profile was lower comparing to
the abiotic condition tested. On the contrary, C. reinhardtii and
C. sorokiniana showed a decrease on the presence of O-dealkyled
intermediates (related to abiotic transformations), along with the
generation of new TPs such as TP766 (AZI), TP764 (AZI), TP734 (AZI),
TP608 (AZI), TP733 (ERY), TP719 (ERY) and TP763 (CTM). These can
be specifically attributed to microalgae biodegradation rather than
to abiotic transformations. In fact, for these two microalgae, the
elimination of the parent compounds achieved was much higher
than with the other microalgae studied, with average removal val-
ues 57 ± 1%, 33 ± 1% and 16 ± 28 for azithromycin, erythromycin
and clarithromycin respectively.

Among the TPs detected, the opening of the macrocyclic lactone
ring by hydrolysis of the lactone ester group can be appointed as the

most common structural modification. In the case of erythromycin,
hydrolysis was first led by the generation of the intermediate TP751
(ERY) followed by condensation to TP733 (ERY), present at high lev-
els (up to 29%). This mechanism has been widely reported by many
authors [47–50] and detected in secondary effluent during soil
aquifer treatment [51] and in enzymatic degradation experiments
with EreB esterase [32]. In this study, this hydrolysis mecha-
nism was also identified as the major biodegradation pathway
in azithromycin biotransformation, with the generation of TP766
(AZI) up to 34% of the initial AZI (Fig. 2). The opening of lactone
ring was confirmed by the loss of an instauration grade (RDB)
whereas d-desosamine and L-cladinose was maintained (Table S2).
Unlike for erythromycin, no further molecular condensation was
observed probably due to the presence of a methyl-substituted
nitrogen in azithromycin Z-W position, preventing further dehy-
dration step [52]. In the case of clarithromycin, few intermediates
were detected, pointing it out as the most recalcitrant macrolide in
this study. One of the reasons might be attributed to the presence of
a methyl group in R1 position increasing the steric effects in some
TPs to be generated.

In general, the presence of higher amounts of TPs at 14 days
than 7 days of treatment in all experimental conditions indicates
that, even though macrolides were apparently eliminated to cer-
tain extent, they were not mineralized. Nonetheless, they were
transformed into new entities that are not necessarily degraded
fast enough and could potentially keep some of the activity of the
parent compounds. As observed, the use of microalgae for antibi-
otic biodegradation provided a higher number of intermediates
compared to abiotic experiments. Therefore, a careful evaluation
of the risk that these transformation products can pose should
be performed. It would permit to determine the most beneficial
conditions to eliminate macrolide antibiotics.

3.2.2. Fluoroquinolone transformation
Eighteen major intermediates were tentatively identified com-

ing from fluoroquinolone degradation including 8 TPs from
ofloxacin, 5 TPs from ciprofloxacin and 5 TPs from norfloxacin
(Table S2). A shared degradation pathway containing all the TPs
detected along batch experiments are presented in Fig. 3a. Addi-
tionally, relative percentages of those intermediates with values
higher than 3% are shown in Fig. 3b for each experimental condition
at 7 and 14 days of treatment.
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According to dark-abiotic experiments, fluoroquinolone abi-
otic elimination can be considered negligible. These results are in
accordance with the lack of intermediates in these dark-abiotic
experiments. In contrast, 85 ± 18% for OFC, 97 ± 2% for CFC and
95 ± 7% for NFC were eliminated when light was irradiated in light-
abiotic experiments. Several authors have indicated the sensibility
of fluoroquinolone to photodegradation, which is pointed out as
the most significant transformation mechanism in aquatic sys-
tems [53–57]. Amongst the identified TPs via phototransformation
(Fig. 3a), ofloxacin demethylation to TP347 (OFC) and ofloxacin
desethylation of piperazinyl ring to TP335 (OFC) were described
as major intermediates detected up to 55% and 38% respectively
of initial parent compounds (Fig. 3b). Ofloxacin was persistent in
maintaining piperazinyl ring integrity as first-generation TPs. This
might be explained by the further additional stability conferred
by a methyl group in position R1 in ofloxacin structure (Fig. 3a).
On the contrary, complete elimination of the piperazinyl ring in
ciprofloxacin and norfloxacin to TP262 (CFC) and TP250 (NFC)
respectively was occurring more easily. From these last TPs, further
reductive defluorination to TP244 (CFC) and TP232 (NFC) as third-
generation TPs were identified as the major byproducts generated
reaching values about 44% and 47% respectively.

Microalgal live experiments lead to lower removal rates of the
parent compounds (and also a lower amount of TPs generated)
than those obtained in light-abiotic experiments. In fact, fluoro-
quinolones were eliminated to an average value of 36 ± 16% for OFC,
68 ± 14% for CFC and 61 ± 14% for NFC in C. reinhardtii, C. sorokini-
ana and P. subcapitata experiments. This can be explained by the
shielding effect posed by microalgae, partially preventing expo-
sure of pollutants to light. Photodegradation may thus not occur
to the same extent than in light-abiotic experiments. The marine
microalgae D. tertiolecta, was the only one able to achieve fluoro-
quinolones removal rates as good as those obtained in light-abiotic
experiments being almost eliminated at the end of the experiment.
In line with it, concentration of TPs generated after 7 days of treat-
ment was quite high, whereas their presence was almost residual
at day 14. The better performance of the marine alga D. tertiolecta
could be explained by the influence of water matrix rather than
by the impact of the microalga itself. Actually, the best removal
of fluoroquinolones was achieved in the light-abiotic experiments
with artificial sea water whereas light-abiotic controls for the fresh-
water algae C. reinhardtii, C. sorokiniana and P. subcapitata were
performed in less saline media. Matrix composition such as pH,
dissolved organic content, chloride ion concentration has actually
been reported to have an influence in photodegradation processes
[45,54].

3.2.3. Transformation of other antibiotics
Six major intermediates were tentatively identified coming

from other antibiotics including 3 TPs from pipemidic acid, 2
TPs from trimethoprim and 1 TP from sulfapyridine (Table S2).
Degradation pathways containing all the TPs detected along batch
experiments are presented in Fig. 4a. Additionally, relative per-
centages of those intermediates with values higher than 3% are
shown in Fig. 4b for each experimental condition at 7 and 14 days
of treatment.

According to dark-abiotic experiments, the abiotic elimination
of these 3 compounds can be considered negligible although some
residual TPs such as TP259 (PMA), TP274 (TMP) and TP260 (TMP)
were generated. These intermediates were also detected in light-
abiotic experiments with the same profile, despite of the partial
removal of the parent compounds (87 ± 2% for PMA, 14 ± 15% for
TMP and 34 ± 7% for SPY) at 14 days of treatment. In general, a more
limited number of TPs were detected for these compounds since
low mass intermediates might be overlooked by peak interferences
at low m/z values. Different intermediates were further generated

through phototransformation processes (observed in light-abiotic
experiments) such as TP259 (PMA), TP277 (PMA), TP234 (PMA) and
TP185 (SPY), though at low concentration levels.

Slightly higher removals (73 ± 12% for PMA, 23 ± 10% for TMP
and 68 ± 20% for SPY) were achieved after 14 days of treatment
with microalgae in light-biomass experiments. However, levels of
TPs did not increase in the same proportion except in the case of
TP185 (SPY). This TP reached up to 35% of initial SPY concentration
in the experiments with C. reinhardtii after 14 days of treatment,
being SPY removed almost completely at the end of the treat-
ment. Biotransformation would be the main mechanism involved
in its generation, although it was already present in abiotic exper-
iments and also reported along UV/H2O2 experiments, thought at
much lower concentration. Therefore, C. reinhardtii was the only
microalga able to biotransform sulfapyridine although no mineral-
ization was achieved.

3.2.4. Microalgae for pollutant mitigation
Although monitoring of the antibiotics along the experiment

provides information about removal ability of microalgae, a proper
evaluation of microalgae performance can only be done by mea-
suring also the TPs generated. These TPs can retain some of the
biological activity and even elicit higher toxicity than the parent
compound, and therefore their generation might rather intro-
duce additional threats to the environment. Consequently, TP
elimination needs to be guaranteed in order to ensure the opti-
mum treatment efficiency. In this study, macrolides were partially
eliminated during both abiotic and microalgae live experiments.
However, they were transformed into new entities that are not
necessarily degraded at the end of the treatment. It is important
to remark that different TPs were identified for each biotic and
abiotic transformation mechanisms studied. On the other hand, flu-
oroquinolones were eliminated extensively by photodegradation
processes compared to a partial elimination with microalgae live
cultures. However, an important amount of TPs was detected in the
light-abiotic experiments, which might equally pose a risk for the
environment. The characterization of TPs has been pointed out as
essential step to understand the effectivity of antibiotic removal
treatment. Studies about their toxicity are of outmost importance
to finally round up the study treatment assessment.

Concerning removal efficiency of microalgae, P. subcapitata was
clearly not useful for antibiotic removal since no biotransformation
of antibiotics was observed. On the other hand, C. reinhardtii and
C. sorokiniana were especially capable for macrolide biotransfor-
mation but not for total compound mineralization. C. reinhardtii
removed most of the recalcitrant fluoroquinolone TPs (TP244,
TP232 and TP347) while they were present at higher concentrations
in biotic experiments with C. sorokiniana. D. tertiolecta experiments
showed that abiotic factors lead macrolide transformation with
the generation of large amounts of TPs. However, mineralization
of fluoroquinolones was achieved to certain extent. Thus, C. rein-
hardtii and D. tertiolecta were suggested to be the best microalgae
to be used for pollutant removal because of their better antibiotic
elimination together with the low TPs formation (in quantity and
number). However, none of them were successful to eliminate all
type of antibiotics to the same extent.

3.3. Antibiotic transformation products in toilet wastewater
treated in a microalgae photobioreactor (PBR)

The in-house library created containing the compounds eluci-
dated in batch experiments (Table S2) was used for comprehensive
assessment of the occurrence of antibiotics and their TPs in a
microalgae-based photobioreactor treating real toilet wastewa-
ter. Fig. 5 shows mean chromatographic areas of the compounds
detected for the three samples taken in three non-consecutive days
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at inlet wastewater and in PBR effluent. Among target antibiotics
selected erythromycin, ofloxacin and norfloxacin were detected
at inlet WW and removed 85%, 67% and 95% respectively [36].
Concerning their transformation products, the initial presence of
the metabolite TP733 (ERY) at inlet WW was attributed to human
metabolization of ERY [58,59]. TP733 was partially eliminated in
the photobioreactor, although it can also be generated during the
treatment. In fact, PBR was dominated by microalgae from the
genus Chlorella [37] and TP733 was the major ERY metabolite asso-
ciated to Chlorella sorokiniana in the previous batch experiments
(Fig. 2). TP717 (ERY), another erythromycin transformation prod-
uct, increased its concentration after PRB treatment (aligned with
ERY elimination) indicating the apparent transformation of ERY
into this compound. This TP was previously described to be gen-
erated due to the instability of erythromycin in aqueous solution
(Fig. 2 and Section 3.2.1). Other compounds such as TP590 (AZI)
and TP763 (CTM) were detected in inlet WW despite the corre-
sponding parent compounds were not present. While the first one
was detected from abiotic factors, the latest was generated to come
from biotransformation mechanism, also associated to C. sorokini-
ana. Our findings highlight the great importance of monitoring TPs
since they can be present even when the parent compound is not or
they can be present at higher concentrations than the correspond-
ing parent compound, as it is the case of ERY TPs.

In the case of fluoroquinolones, the major intermediates
identified were TP347 (OFC) and TP262 (CFC) and eliminated
in PBR treatment up to 44% and 99% respectively. In accor-
dance with microalgae batch experiments, these two TPs were
reported as some of the most intense intermediates from ofloxacin
and ciprofloxacin generated by phototransformation processes
(Fig. 3). Additionally, they were also minimized in presence of
C. sorokiniana. Finally, most of them were transformed to TP189,
a fourth-generation TP of fluoroquinolones, suggesting a greater
extent of antibiotic total elimination.

The PBR experiment showed an overall decrease of all interme-
diates (though not total removal) in theoretical steady state (HRT 12
days) except for TP717, which increases in concentration. Although
total compound removal was not achieved, microalgae based PBR
wastewater treatment was successfully applied to reduce the con-
centration of antibiotics and their TPs. The high concentrations
of TPs in inlet wastewater demonstrates the great importance of
monitoring these compounds. Thus, the development of advanced
analytical methodologies based on suspect screening becomes of
high interest to properly evaluate water treatment technologies
and consider all potentially relevant chemicals present in water.

4. Conclusions

In this study, a novel automated suspect screening methodol-
ogy using an on-line TFC-LC-LTQ-Orbitrap-MS/MS was developed
for the tentative identification of the major TPs of 9 selected antibi-
otics during microalgae treatment. The positive results indicated
that the automated screening tools are a promising approach able
to provide reliable information in a fast and efficient manner. By
means of the tool developed, the identification of TPs was per-
formed and the corresponding degradation pathways were built
taking into account biotic and abiotic factors involved on experi-
mental design. This permitted the evaluation of several microalgae
as regards to their efficiency for pollutant removal, allowed to
distinguish between removal mechanisms involved, and also to
confirm or deny pollutant mineralization.

The set of TPs identified in the batch microalgae experiments
was further searched (suspect screening) in the water samples
generated during the treatment of toilet wastewater in an algae
photobioreactor. Many TPs were present in both raw and treated
waters even when the parent compound is not detected, which

highlights the relevance of monitoring both parent compounds and
their TPs. Further studies are foreseen to investigate how these TPs
might introduce deleterious effects in aquatic systems and how this
could impact human health.
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Advancements on analytical strategies to determine the chemicals present in treated wastewater are necessary to
clearly link their occurrence with the ecotoxicity of such effluents. This study describes the development of an
integrated screening approach to determine the highest number of pharmaceutical transformation products
(TPs) in a single run. The identification of TPs was based on the comparison of detected features with literature
sources, compound prediction tools, in-house libraries and reference standards using high-resolution mass
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hospital wastewater and industrial wastewater treated by UV/H2O2. Twenty-four TPs with potential ecotox-
icological implications were identified and their presence was pinpointed as a function of the treated waste-
water. An integrated screening approach has been developed using four different screening methodologies in the
same run. Additionally, the metabolite MTPA has been considered as a target pollutant in UV/H2O2 experiments.
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1. Introduction

A large number of pharmaceuticals compounds generated from in-
dustrial and domestic activities are present in wastewater effluents and
released into the natural aquatic environment (Gogoi et al., 2018; Luo
et al., 2014; Verlicchi et al., 2012), where they can pose a long-term risk
for aquatic organisms and human health (Dévier et al., 2011; Celiz
et al., 2009; Hernández et al., 2011). Since conventional wastewater
treatment plants (WWTPs) are not designed to eliminate these con-
taminants completely (Verlicchi et al., 2012), the development of al-
ternative and polishing wastewater treatment processes has become of
high interest in order to attain appropriate quality status on treated
water. Much time and efforts have been invested to monitor the re-
moval efficiencies of selected pharmaceuticals by means of alternative
wastewater treatments (Cruz-Morató et al., 2014; Ferrando-Climent
et al., 2015; Hom-Diaz et al., 2017; Arslan et al., 2014; Ooi et al., 2017).
In this context, advanced oxidation processes (AOPs) are among the
most investigated, and suggested to be included in the wastewater
treatment trains (Verlicchi et al., 2015).

Among the pharmaceuticals present in wastewater, metoprolol
(MTP) is a highly consumed β-blocker (Dong et al., 2013) detected in
wastewater in the range of 160–2000 ng/L (Maurer et al., 2007;
Scheurer et al., 2010), with low removal rates in conventional WWTPs
(usually between 0 and 36%) (Scheurer et al., 2010; Lacey et al., 2012;
Rubirola et al., 2014). After human consumption, 10% of metoprolol is
excreted unchanged in urine (Maurer et al., 2007), whereas up to
60–65% of MTP initial dose is excreted as metoprolol acid (MTPA) as
well as other metabolites (although at much lower concentration) such
as O-desmethylmetorpolol (O-DMTP), α-hydroxymetoprolol (α-HMTP)
and deaminated MTP (Escher and Fenner, 2011; Kern et al., 2010;
Godbillon and Duval, 1984). According to the guidelines on environ-
mental risk assessment of the European Medicines Agency, MTPA
should be considered as a relevant MTP metabolite in monitoring stu-
dies being excreted at ≥ 10% of the administered dose (Wharf and
Kingdom, 2010). Additionally, MTPA is pointed out to be also a
transformation product (TP) of MTP in WWTPs and sometimes more
recalcitrant than MTP itself (Rubirola et al., 2014). The generation of
this metabolite from atenolol biodegradation in activated sludge (CAS)
has also been demonstrated (Radjenović et al., 2008).

Typically, sensitive and selective analytical methods have been
developed for monitoring the elimination of target pollutants, driving
studies to a limited number of chemicals (Daughton, 2004). The use of
this approach becomes incomplete when applying to wastewater ef-
fluents, where the formation on unknown chemicals coming from bio-
logical and physicochemical transformation processes appears to be
extensive (Kern et al., 2010). The presence of TPs are of high concern
since they may be more toxic and/or persistent than the parent com-
pounds (Escher and Fenner, 2011). Therefore, the application of ad-
vanced analytical instrumentation based on high-resolution mass
spectrometry (HRMS) becomes crucial for the detection and identifi-
cation of unknown TPs in treated wastewater effluents. Different ana-
lytical strategies have been successfully applied for the screening of
TPs, considering that the analytical reference standards of such TPs are
not always available for confirmation (Gago-Ferrero et al. (2015);
Moschet et al., 2013; Helbling et al., 2010). Among them, non-target
analysis with the selection of the most intense detected peaks represents
the simplest applied strategy to prioritize compound identification
(Schollée et al., 2015). However, the presence of hundreds of TPs
coming from several contaminants within a single sample points out
post-acquisition data processing as a tedious, time-consuming and
challenging task (Agüera et al., 2013; Chibwe et al., 2017). Suspect
screening approaches have partially overcome this challenge, where the
information on tentative compounds can be collected from software
prediction tools or databases containing a broad number of compounds
to be likely detected (Bletsou et al., 2015; Schymanski et al., 2015,
2014a; Krauss et al., 2010). Therefore, the integration of these

screening strategies in a single step may allow accounting for a greater
proportion of TPs present in samples.

In recent years, hazard-oriented studies have been applied to assess
the risk of compound mixtures of TPs using both in vitro bioassays and
in silico studies (Han et al., 2018; Villaverde et al., 2018; Secrétan et al.,
2018; Toolaram et al., 2017; Menz et al., 2017). So far, the most
common applications for in silico modeling are the quantitative struc-
ture-activity relationships (QSAR) based methodologies. QSAR allows
to estimate the ecotoxicological effects of the selected chemicals by
quantitative association of their structural parameters (or physico-
chemical properties) with their biological activity (Cherkasov et al.,
2014). The combination of these bioanalytical and computational tools
may represent a holistic approach for a comprehensive assessment of
the potential risks in treated wastewater effluents.

The aim of the present study is to develop an integrated screening
methodology for comprehensive detection and identification of ha-
zardous TPs in hospital (HWW) and industrial wastewater (IWW). A
customized overview of MTP and MTPA transformation in the selected
wastewater matrices treated by UV/H2O2 photo-oxidation is provided
as a proof of concept. The ecotoxicity of the samples was determined by
using an in vitro bioassay, as well as theoretically estimated using in
silico QSAR models for all the individual compounds identified. This
study highlights the utmost importance to perform an advanced and
integrated screening approach for proper identification of hazardous
TPs in wastewater effluents.

2. Experimental

2.1. Chemicals and reagents

Metoprolol tartrate salt (MTP) was purchased from Sigma-Aldrich
(Barcelona, Spain); metoprolol acid (MTPA), O-desmethylmetoprolol
(O-DMTP), and α-hydroxymetoprolol (α-HMTP) were supplied by
Toronto Research Chemicals Inc. (North York, Canada) at high purity
grade (> 98%). Ultra-pure water, acetonitrile and methanol LiChrosolv
grade were supplied by Merck (Darmstad, Germany).

2.2. Experimental set-up

UV/H2O2 photo-oxidation experiments were carried out under la-
boratory conditions at 25 °C using a UV Laboratory Reactor System from
UV-Consulting Peschl® with a total working volume of 550 mL, approxi-
mately. The UV lamp consisted in a low-pressure mercury vapor lamp
15 W Heraeus Noblelight TNN 15/32 emitting at 254 nm. Preliminary
experiments were performed in order to optimize the best AOPs condi-
tions. H2O2 consumption was first optimized in pure water fortified at
10 mg/L of MTP and treated with UV, H2O2 and UV+H2O2 at 25, 100,
250 and 1000 mg/L. The optimized H2O2 concentration and the final
experimental time (25 mg/L H2O2 and 10 min of reaction) were selected
to further evaluate the elimination of MTP, MTPA and the generated TPs.
Additionally, sodium thiosulfate was added to interrupt oxidation reac-
tion (with stoichiometric excess of 20%). Then, individual degradation
experiments at the optimized AOP conditions selected (25 mg/L H2O2 and
10 min of reaction) were launched to describe degradation kinetics in
pure water of MTP and MTPA (spiked at 2.5 mg/L each).

Afterwards, three sets of experiments were performed in duplicate
for the determination of TPs in: (a) pure water fortified with 2.5 mg/L
of MTP and MTPA as a reference sample; (b) hospital wastewater
(HWW) from the sewer manifold of Sant Joan de Déu Hospital
(Barcelona, Catalonia) fortified with 2.0 μg/L of MTP and MTPA to
assure the presence of the target pollutants at concentrations commonly
detected in wastewater; and (c) industrial wastewater (IWW) from a
pharmaceutical industry containing MTP at 33.0 mg/L. The samples
were collected in duplicate at initial and final time (10 min) adding
20% in excess of sodium thiosulfate to stop oxidation reaction. Detailed
information is presented in Supplementary Material, S1.
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Fig. 1. Screening workflow containing the four different identification strategies used: identification from literature sources, software compound prediction, in-house
libraries and analytical reference standards (IF = identification factor).
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2.3. Sample analysis and data processing

The samples collected from the three sets of UV/H2O2 experiments
as well as the reference samples (mix of individual standards available
spiked at 2.5 mg/L) were analyzed using a liquid-chromatography
system coupled to a (LTQ)-Orbitrap mass spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA) as described previously (Jaén-Gil et al.,
2019). Detailed information of sample analysis is presented in Supple-
mentary Material, S1.

A comprehensive screening methodology using Compound
Discoverer 2.0 connected to Mass Frontier 7.0 software (Thermo Fisher
Scientific Inc., Waltham, MA) was applied in a single run to the data
collected after MS acquisition from pure water, HWW and IWW sam-
ples. The scheme containing the workflow procedure used for data
treatment is presented in Fig. 1. Prior to automatic software data pro-
cessing, input files (chromatograms and mass spectra files) were loaded
together with two different lists containing suspected compounds to be
present in samples: the 1st list containing compound exact masses from
literature sources and the 2nd list (the in-house library) containing
compound exact masses and retention times (Rt) obtained from pre-
vious experiments (Jaén-Gil et al., 2019). Additionally, MTP and MTPA
chemical structures were pinpointed as well as tentative chemical
transformations to further create the 3rd list of tentative predicted TPs
by the software. Additional information is presented in Table S1.

Automatic data processing starts with MS data filtering between 50
and 400 Da and from 1 to 12 min with a S/N ratio of 3 (Fig. 1, Table
S1). To compensate small differences in retention times, chromato-
graphic alignment was performed by using a mass tolerance error of
5 ppm and a maximum retention time shift of 0.3 min. All those masses
present in non-spiked pure water (control blank sample) were deducted
from all matrix samples, by applying a mass and a retention time tol-
erance of 5 ppm and of 0.3 min, respectively. Immediately after, data
processing was performed in two different steps: a) by detection of
unknown compounds (where features above a S/N of 10 with a
minimum peak intensity of 104 counts were selected) and b) by de-
tection of expected compounds from compound prediction (where more
complete MS full scan data was required without being filtered out).
Then, the three lists of TPs previously indicated (from literature, in-
house library and the one automatically created by the software) were
used to identify the TPs generated from MTP and MTPA, jointly with
the data acquired from the spiked control samples at a mass tolerance
error of 5 ppm. This procedure was performed throughout four identi-
fication strategies, in accordance with the clarification scheme pre-
viously reported by Schymanski et al. (2014b): (1) the list from the
literature (Table S2) was used to identify unequivocal molecular formulas
(identification factor 1, IF = 1) by comparison of compound exact
masses; (2) the list of predicted TPs automatically created from the
software (Table S3) was used to identify tentative structures (identifi-
cation factor 2, IF = 2) by comparison of compound exact masses and
predicted MS/MS scans; (3) the in-house library (Table S4) was used to
identify probable structures (identification factor 3, IF = 3) by compar-
ison of reported TP exact masses, experimental retention times and MS/
MS ion spectra; (4) confirmed structures (identification factor 4, IF = 4)
were identified with reference standards through comparison with MS
exact masses, retention time and MS/MS ion fragmentation pattern
from control files. Since most of the compounds were identified from
more than one identification strategy, the maximum confidence at-
tained for each compound was assigned as follows: unequivocal mole-
cular formulas (IF = 1) < tentative structures (IF = 2) < probable struc-
tures (IF = 3) < confirmed structures (IF = 4).

All information provided by the software was manually checked (to
avoid false positives hits) and the compounds with reasonable con-
fidence (IF ≥ 2) were further included into the existing in-house library
for the detection of MTP and MTPA TPs in future studies. Then,
transformation pathways were suggested and TPs were classified as 1st,
2nd and ≥ 3rd generation regarding the number of chemical

transformations applied to the MTP chemical structure (1, 2 or ≥ 3,
respectively).

2.4. In silico and in vitro toxicological assessment

Since no reference standards are commercially available for most of
the identified TPs, the software EPI Suite™ through ECOSAR™ model was
applied to predict the following acute toxicity endpoints (expressed in
mg/L) for each compound: 48-h Daphnia LC50, 96-h fish LC50 and 96-h
green algae EC50. Acute Toxicity Estimation (ATEmix) was calculated to
evaluate the toxicity contribution of all identified chemicals present in
each mixture sample, in comparison with the estimated toxicity at the
initial time (Eq. (1)) (European Chemicals Agency, 2017). Potential
synergistic and antagonistic effects between the compounds are ex-
cluded in this equation. Ci denotes the presence of a compound present
in a mixture (in %) and ATEi accounts for the acute toxicity estimated
for an ingredient (EC50 or LC50).

=
ATE

C
ATE

100
mix n

i

i (1)

The in silico estimations were tentatively correlated with the in-
dividual ecotoxicological contribution of the parent compounds (MTP
and MTPA) and the TPs identified using in vitro bioassays. The ISO
11348-3 protocol presented in Supplementary Material, S1 (ISO 11348-
3:1998, 1998) for testing bacterial bioluminescence of wastewater
matrices was used to assess toxicity throughout Microtox® Model 500
Toxicity Analyzer (Strategic Diagnostics Inc. Newark, DE, US). The
percentage of decay on emitted light was measured when samples were
in contact 15 min with the bioluminescent bacterium V. fischeri at a
final experimental time of 10 min. The presence of sodium thiosulfate in
bioassay was tested and had no toxic effect on luminescent bacteria at
the added concentration.

Additional parameters were also evaluated in accordance with the
individual structural properties of the detected emerging TPs such as
bioaccumulation factor, mutagenicity and developmental toxicity using
the Toxicity Estimation Software Tool (T.E.S.T.) v. 4.2.1 program
(consensus method). Chemical biodegradability, carcinogenicity and
toxicological hazards according to the Cramer classification scheme
(Cramer et al., 1976) were evaluated using Toxtree (Estimation of Toxic
Hazard – A Decision Tree Approach) v. 3.1.0 (Ideaconsult Ltd, Sofia,
Bulgaria).

3. Results and discussion

3.1. MTP and MTPA degradation kinetics

The preliminary experiments in fortified pure water (MTP at 10 mg/
L) with UV, H2O2 and UV+H2O2 (at 25, 100, 250 and 1000 mg/L)
promoted high removal efficiencies of MTP up to 99% after few minutes
in most of the cases (Fig. S1). While H2O2 alone had no effect on MTP
degradation, UV and UV+H2O2 experiments provided increasing MTP
degradation rates with increasing H2O2 concentration (Fig. S2). Since a
very high removal was already achieved at low H2O2 dosages, further
experiments were performed at 25 mg/L of H2O2 and 10 min of reac-
tion. Afterwards, the removal of MTP and MTPA (at an initial con-
centration of 2.5 mg/L each) was monitored in separated experiments
(Fig. S3). The fast removals of MTP and MTPA fitted quite well
(R2 > 0.98) pseudo first-order kinetics (Fig. S4) with Kobs of 1.95 min−1

and 2.39 min−1 for MTP and MTPA, respectively. Additional informa-
tion is provided in Supplementary Material, S3.

Finally, dissimilar results were obtained regarding MTP and MTPA
removal for the three matrices tested in TP determination experiments.
They were both eliminated almost 100% in pure water (initial con-
centration 2.5 mg/L each), whereas the elimination rates in hospital
wastewater were 71.6 ± 0.8% for MTP and 88.7 ± 1.1% for MTPA
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(initial concentration 2.0 μg/L each). In contrast, only 11.1 ± 1.5% of
MTP (initial concentration 33.0 mg/L) was eliminated in industrial
wastewater. These findings indicate that many other factors are in-
volved (e.g. organic matter, bacteria, pollutant concentration and in
general matrix effect, among others, Table S5) and seemed to interfere
in MTP and MTPA elimination by the AOP technology. Moreover, some
recalcitrant by-products might be formed which could not be com-
pletely degraded under the selected UV/H2O2 conditions. Thus, the
elucidation and identification of their transformation pathways as well
as the evaluation of their toxicity in the different matrices are required
to provide a comprehensive overview of the treatment technology
performance.

3.2. Detection and identification of TPs

Characterization of MTP and MTPA transformation through UV/
H2O2 advanced oxidation processes was performed by applying the
methodology described in Section 2.3 in pure water, HWW and IWW
matrices. Peak filtering resulted in a total of 2194 features of interest to
be further processed through the four identification strategies selected
(Fig. 2). After data processing, 85 candidates were finally pinpointed as
potential TPs from MTP and MTPA (Table S6), which highlights a
dramatic data reduction of 96%.

Among them, 88% (75 features) were detected by automatic com-
parison with the selected compound exact masses, collected from the
literature list in Table S2 (32 exact masses out of 39 compounds were
detected at different retention times, Table S6) and their predicted
isotopic patterns. Since the molecular formula was the only identifi-
cation factor that could be considered for each compound (IF = 1), the
chance of false positives was especially significant for this suspect
screening strategy. For instance, the presence of m/z 284.18563 (α-
HMTP) was found at five different retention times along the same
chromatogram, indicating poor selectivity on peak detection. Among
the 75 compounds detected, 92.9% were detected matching two iso-
topic ions from the predicted pattern, while a 6.7% and a 0.4% were
matched with three and four isotopic ions. These TP candidates were
classified as unequivocal molecular formulas (IF = 1).

Another set of compounds (22 compounds out of the 85 final can-
didates; 26%) (Fig. 2 and Table S6) was detected based on the

comparison of the compound exact masses and fragmentation spectra of
the TPs predicted by the software (Table S3) with the data acquired
(IF = 2). The total number of predicted candidates automatically gen-
erated and included into the prediction list was 357 (264 for MTP and
93 for MTPA, Table S3), meaning that only a small percentage of them
was detected in the samples. Even though this strategy provides valu-
able information to rapidly identify tentative structures, manual inspec-
tion was always required to avoid false positive hits. Chemical struc-
tures were classified as features when the predicted MS/MS spectra
included at least 3 characteristic fragments and/or FISh (Fragment Ion
Search) coverages ≥ 65% (Jaén-Gil et al., 2018).

The identification using in-house libraries (Table S4) allowed the
detection of 15 compounds (18% of the 85 total suspected candidates;
Fig. 2 and Table S6), having the same compound exact masses, ex-
perimental retention times and product fragmentation patterns as in
previous MTP and MTPA degradation studies (Jaén-Gil et al., 2019).
For instance, the fragmentation spectra of TP284, previously reported
in fungal experiments at Rt of 7.31 min (Jaén-Gil et al., 2019), was also
detected in the present study with UV/H2O2 treatment at the same
retention time. These features summed an additional identification
factor (IF = 3) to be classified as probable structures.

Finally, 5% (4 compounds) of the 85 candidates were classified as
confirmed structures after comparison with analytical standards (Fig. 2
and Table S6), being this strategy overly restrictive (IF = 4). Due to the
overall limited availability of chemical standards of contaminant TPs,
the application of other screening strategies based on literature in-
formation, compound prediction and in-house libraries are necessary to
attain an enhanced overview of the TPs generated.

The obtained results highlight the increase in the number of features
with the decrease of identification factors number. The four compounds
confirmed with reference standards were also detected through the
other three strategies (in-house library, compound prediction and lit-
erature information). The use of the in-house library allowed the de-
tection of 11 additional compounds. However, 4 out of the 15 com-
pounds identified using in-house libraries were not detected using
software compound prediction: two of them were not predicted by the
software (e.g. m/z 238.14376 and m/z 240.15940) while the other two
were not intense enough to perform MS/MS ion fragmentation (e.g. m/z
254.13868 and m/z 316.17545). Since no MS/MS confirmation was

Fig. 2. Total ion features [M+H]+ detected in pure water, HWW and IWW after data filtering grouped by molecular weight and retention time (grey dots). Identified
features using the four strategies presented in Fig. 1: literature (green dots), software compound prediction (red dots), in-house libraries (blue dots) and analytical
reference standards (yellow dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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possible, these 4 TPs were classified as tentative structures through TP
exact mass and retention time comparison only (IF = 2). Moreover, 12
out of 37 compounds present in the literature list were not included into
the software predicted list either. On the other hand, the use of com-
pound prediction strategy allowed the inclusion of 345 tentative exact
masses not present into the ready-made literature list. The obtained
results indicate that the combination of different suspect screening
strategies is required to account for the highest number of TPs.

After compound identification (Table S7), MTP and MTPA trans-
formation pathways were suggested taking into account the 26 com-
pounds with IF ≥ 2 from the 85 initial candidates (Fig. 3). Finally, the
new generated information was included into the in-house database to
perform faster and more reliable screening analysis of TPs in future
studies. In comparison with other studies previously reported (Jaén-Gil
et al., 2018; Llorca et al., 2016; Kaserzon et al., 2017), this metho-
dology limited the presence of false positives at a higher extent, redu-
cing time and efforts invested in data processing.

3.3. MTP and MTPA transformation in wastewater effluents

The removal percentages of MTP and MTPA and the relative
abundance of photo-oxidation intermediates were calculated at the
final experimental time of 10 min for each of the considered water
matrices (Fig. 4). Since no references standards were available for all
the intermediates identified (to quantify losses on SPE extraction) and
their chemical structure were similar to the parent compound (MTP),
the same recovery and matrix effect were considered for all TPs iden-
tified in the suggested semi-quantification approach.

The highest removal rates were achieved with MTP and MTPA
spiked in pure water (2.5 mg/L) as indicated in Section 3.1. The absence
of other interfering contaminants and organic matter led to extremely
high elimination rates (≥ 99%). A similar pattern was observed in the

elimination of the generated intermediates, with 82% of them classified
as ≥ 3rd generation TPs (Fig. 4). These compounds are mainly de-
scribed as residual TPs (TP114, TP116, TP121, TP134 and TP150) in-
dicating that the treatment process is close to attain total compound
mineralization. For instance, TP114 (corresponding to the lowest mo-
lecular mass identified in the analyzed samples) was detected at a re-
lative abundance of 72%.

The results of the experiments performed with UV/H2O2 treating
HWW (spiked with MTP and MTPA at the realistic concentration of
2.0 μg/L) were quite different (Fig. 4): 28% of MTP remained in the
samples at the end of the treatment (MTP removal of 72%). Similar re-
moval rates were observed for MTPA (89%). The higher HWW matrix
complexity reduced the efficiency of the UV/H2O2 treatment in com-
parison with pure water experiments. There was, in fact, higher relative
percentage of 1st and 2nd generation TPs (up to 39% and 53%, respec-
tively) and lower percentages of those ≥ 3rd generation, confirming the
delay in terms of global degradation rates. Higher proportion of the re-
calcitrant intermediates α-HMTP and TP240 were also found in com-
parison with pure water experiments, attaining percentage of about 39%
and 47%, respectively. Among them, the α-HMTP was reported as a
persistent TP in activated sludge (Rubirola et al., 2014) while both of
them were also detected in fungi experiments (Jaén-Gil et al., 2019).

Finally, the last experiments in IWW were characterized by a high
content of organic matter (Table S5) and the extremely high MTP
concentration (33.0 mg/L). This source was collected from a pharma-
ceutical industry producing MTP, whereas no MTPA was detected. The
efficiency in terms of MTP elimination was much lower than in previous
cases (only 11%). The degradation pathways of MTP were also affected,
leading to a large increase in terms of number and presence of 1st

generation TPs (64% of the total compounds detected in IWW). This is
for example the case of TP300, a 2nd generation TP found in HWW and
less present in IWW while TP284, 1st generation TP and intermediate in

Fig. 3. TPs identified in pure water, HWW and IWW effluents though UV/H2O2 treatment: tentative structures, IF = 2 (red); probable structures, IF = 3 (blue); and
confirmed structures, IF = 4 (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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the formation of TP300 (Fig. 3), was present at higher concentration in
IWW (Fig. 4). Likewise, TP240 (2nd generation TP) was more present in
HWW than in IWW whereas O-DMTP, 1st generation TP and inter-
mediate in the formation of TP240 (Fig. 3), was present at higher
concentration in IWW (Fig. 4). It is important to mention that O-DMTP
has also been reported as a compound of environmental concern
(Rubirola et al., 2014). These results emphasize the difficulties in
treating this kind of matrices with UV/H2O2, as expected, but inter-
estingly shade lights also on TP generation.

As a conclusion, maintaining the same UV/H2O2 conditions, dif-
ferent removal profile of MTP and MTPA was observed, as a function of
the water matrix and the initial concentration(s) of the parent com-
pound(s). Extremely different scenarios were also observed in terms of
presence of the identified intermediates (Fig. 4), also due to the influ-
ence of the different organic matter content and other interfering
compounds of the water matrix on degradation mechanisms. In contrast
with other reported AOP experiments such as Fenton, photo-Fenton,
ozonation and Fe2+/ozonation (Romero et al., 2016a, b; Wilde et al.,
2014)), it is important to remark that MTPA was highly eliminated by
UV/H2O2 photo-oxidation not only in pure water but also in such a
complex matrix like HWW.

3.4. Ecotoxicological impacts of the generated TPs

The detection and identification of known and unknown inter-
mediates of target compounds provided the possibility to focus on those
compounds of potential concern. While the removal of MTP and MTPA
decreased from pure water to HWW and IWW experiments (Fig. 5a), the
calculated in silico acute toxicity, relative to the toxicity estimated at the
initial time, increased after AOP treatment up to 35% in IWW (Fig. 5b)
and decreased up to 100% and 43% in pure water and HWW, respec-
tively. This fact might be related to the low degradability of MTP in
IWW but also to the TPs generated. The presence of some non-residual
TPs such as TP176, TP218, TP250 (estimated EC50 and LC50 lower than
MTP for some end-points, Table S8) in IWW might be correlated to the
estimated increase in toxicity after UV/H2O2 treatment. Actually, an

increase in toxicity in the V. fischeri bioassay (in vitro toxicity test) was
also observed after AOP treatment of real IWW (data not shown).
However, it cannot only be attributed to the generation of MTP TPs but
also to the generation of intermediates from all the compounds present,

Fig. 4. Presence contribution (Areat
TP/

ΣAreat
TPs)-(%) of the TPs identified in pure

water, HWW and IWW though UV/H2O2

treatment at experimental final time of 10 min.
TPs are classified as 1st generation (dark
brown), 2nd generation (brown), and ≥ 3rd

generation (light brown). Initial concentration,
MTP and MTPA removal and TP presence as
(ΣAreat

TPs/ΣArea0
MTP+MTPA)-(%) is also in-

cluded.

Fig. 5. a) Relative presence of MTP and MTPA in pure water, HWW and IWW
after treatment of UV/H2O2. TP presence is included as (ΣAreat

TPs/
ΣArea0

MTP+MTPA)-(%). b) Predicted in silico fish, Daphnia and green algae toxi-
cities of the treated effluents using Eq. (1). Negative values indicate the de-
crease in toxicity along UV/H2O2 treatment.
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apart from MTP. In the case of pure water, no luminescence inhibition
in V. fischeri bioassays was observed neither before nor after AOP
treatment. The absence of measured toxicity in fortified pure water,
also at the initial time before the treatment, prevents us to validate the
decrease in toxicity observed by the in silico estimations (a reduction of
almost 100%, Fig. 5b). This decrease in in silico toxicity would be ex-
plained by the almost total removal of MTP and MTPA and to the re-
lative low presence of detected intermediates (0.9%).

Additionally, the TPs identified in the three treated matrices were
qualitatively evaluated in terms of structure-activity to predict if they
might be persistent, bioacummulative, carcinogenic, mutagenic or
generate adverse effects on the development of the organism (Fig. 6 and
Table S9). Although the highest degradation of parent compounds and
TPs was achieved treating fortified pure water, the majority of these
TPs belong to ≥ 3rd generation TPs, containing α,β-unsaturated alde-
hydes and carbonyls groups (TP114) as well as aliphatic secondary
amines, likely to increase the hazards of treated water (TP114, TP150
and TP134). The identified compounds in treated fortified pure water
were less persistent (2%) and bioaccumulative (16%) than in HWW and
IWW but more carcinogenic, mutagenic and developmental toxic (up to
81%), being most of them above the Threshold of Toxicological Con-
cern (TTC, Cremer classification class III). This might suggest significant
toxicity with appreciable risk to human health. However, it is important
to mention that these qualitative analyses do not directly consider the
relative presence of TPs (TPs presence in pure water was only 0.9%).
Moreover, the parent compound MTP was, in fact, the most bioaccu-
mulative compound present in the samples (Table S9). Total bioaccu-
mulation and persistence of TPs in HWW and IWW resulted similar but
the number and concentration of TPs were extremely different among
them. Finally, the presence of the carcinogenic TP238 and TP252 (re-
lated to aliphatic and aromatic aldehydes in the molecular structures)
should be considered of high concern in IWW also because of the high
total presence of TPs in this matrix (up to 47.8% of the initial MTP
concentration, 33.0 mg/L).

Although treated IWW was the most toxic matrix with persistent
transformation products, those found in treated pure water were more
degraded (2nd or ≥ 3rd generation) but also more hazardous in terms of
mutagenicity and carcinogenicity. The wide differences in the presence
and distribution of TPs in the tested treated matrices highlight the
importance of performing individual and comprehensive studies to
determine all by-products after water and wastewater treatment.

4. Conclusion

An integrated screening approach was applied as a proof of concept
for the rapid characterization of metoprolol and metoprolol acid

transformation products after UV/H2O2 photo-oxidation in spiked pure
water, hospital wastewater and industrial wastewater. Among the total
features detected, 88% were matched with those extracted from lit-
erature sources, 26% from compound prediction tools, 18% from in-
house libraries and 5% were confirmed with reference standards.
Finally, twenty-six compounds (MTP, MTPA and TPs) were selected for
further discussion of their occurrence in the different matrices tested.
Depending on the treated water matrix, extremely different scenarios
were observed concerning the generation of hazardous TPs (in silico):
while treated industrial wastewater was the most toxic matrix (con-
taining persistent and less degraded TPs), pure water contained more
degraded TPs but also more hazardous in terms of mutagenicity and
carcinogenicity (though present at a lower concentration). However,
further experiments would be required to better evaluate in vitro toxi-
city effects of TPs, e.g. increasing MTP and MTPA concentration and/or
considering more appropriate bioassays.
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ABSTRACT: Antibiotic transformation products (TPs) generated during water treatment can be considered as an environmental
concern, since they can retain part of the bioactivity of the parent compound. Effect-directed analysis (EDA) was applied for the
identification of bioactive intermediates of azithromycin (AZI) and ciprofloxacin (CFC) after water chlorination. Fractionation of
samples allowed the identification of bioactive intermediates by measuring the antibiotic activity and acute toxicity, combined with
an automated suspect screening approach for chemical analysis. While the removal of AZI was in line with the decrease of bioactivity
in chlorinated samples, an increase of bioactivity after complete removal of CFC was observed (at >0.5 mgCl2/L). Principal
component analysis (PCA) revealed that some of the CFC intermediates could contribute to the overall toxicity of the chlorinated
samples. Fractionation of bioactive samples identified that the chlorinated TP296 (generated from the destruction of the CFC
piperazine ring) maintained 41%, 44%, and 30% of the antibiotic activity of the parent compound in chlorinated samples at 2.0, 3.0,
and 4.0 mgCl2/L, respectively. These results indicate the spectrum of antibacterial activity can be altered by controlling the chemical
substituents and configuration of the CFC structure with chlorine. On the other hand, the potential presence of volatile DBPs and
fractionation losses do not allow for tentative confirmation of the main intermediates contributing to the acute toxic effects measured
in chlorinated samples. Our results encourage further development of new and advanced methodologies to study the bioactivity of
isolated unknown TPs to understand their hazardous effects in treated effluents.

1. INTRODUCTION

During the past decades, misuse and overuse of antibiotics
have contributed to continuous discharges of these contam-
inants into the aquatic environment.1 After human con-
sumption, antibiotics are metabolized and excreted into sewage
systems as pharmaceutically active forms.2,3 While their
administration clearly provides benefits for human health, the
overuse of these substances in animal husbandry may also
undergo serious potential risks.4,5 In this sense, these
substances are also widely applied for the treatment,
prevention, and prophylaxis in animals.6 In most cases,
conventional wastewater treatment plants (WWTPs) are not
specifically designed for antibiotic removal, and these
contaminants are released into the receiving aquatic environ-
ment.7,8 The presence of these pollutants in water bodies raises
concern since they are associated with hazardous toxic effects
and antibiotic resistance.1,9,10 This is especially important in
areas where treated effluents are used for water reuse activities
and drinking water production.11 Due to its low cost, good
disinfection, and oxidation capacity, chlorine (Cl2) has been

widely applied as a post-treatment in WWTPs (and/or to
maintain a residual chlorine in the distribution system) to
protect public health by controlling microbial pathogens.12

Even so, the presence of chlorine may lead to the formation of
halogenated anthropogenic compounds and disinfection by-
products (DBPs) which may have potential hazardous effects
on the environment and to humans.
Among the antibiotics found in treated wastewater effluents,

azithromycin (AZI) represented a breakthrough in the
antibiotic era and became one of the best-selling branded
antibiotics worldwide in 1980.13,14 Up to now, AZI was
reported in raw urban wastewater up to 1 μg/L.7 This
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antibiotic is characterized by its bioactivity against Gram-
positive bacteria and greatly increases against Gram-negative
bacteria to treat some respiratory tract and soft-tissue
infections.13 On the other hand, ciprofloxacin (CFC) has
been the center of considerable scientific interest since its
discovery in the early 1980s.15 Up to now, CFC was reported
in raw urban wastewater up to 14 μg/L.7 This pollutant
represents one of the most common drugs in the treatment of
bacterial infections from urinary tract, upper and low
respiratory tract, skin, and bone soft tissue as well as
pneumonia with increased potency against Gram-negative
bacteria.16

Although many efforts have been made to remove these
antibiotic drugs from contaminated water, much less attention
has been paid to the chlorinated and nonchlorinated
intermediates generated after water disinfection. These
unknown chemicals might retain part of the bioactivity of
the parent compound and entail relevant concerns for the
environment and public health even at low concentration
levels.17 In contact with aqueous chlorine, antibiotics may also
undergo oxidation/substitution reactions yielding intermedi-
ates with higher toxicity than their parent compounds.18 Since
reference standards are not commercially available for most of
these unknown transformation products (TPs), the evaluation
of their presence and hazardous effects cannot be performed.
In this sense, effect-directed analysis (EDA) has overcome this
challenge through the identification of bioactive chemicals in
complex mixtures applying bioanalysis, separation, and
chemical analysis.19−22 When potential effects are measured
in collected samples, their complexity is gradually reduced
using fractionation liquid chromatography (LC) to further
discard those fractions attaining low or absence of bioactivity.19

In most of the cases, several fractionation steps are required
until the isolated toxic fractions are ready for toxicant
identification.19 Final confirmation to assign their contribution
effects is required using analytical approaches for structural
identification, effect confirmation of artificial mixtures, and
hazard evaluation at different biological organization levels.23

For compound identification, many nontarget and suspect
screening methodologies have been developed for the
identification of these substances by using databases or spectral
information.24−27 Since a broad variety of compounds (up to
several thousands of features) can share a given molecular
formula, the application of automated suspect screening
methodologies by using prediction tools (such as prediction
of TP exact masses, MS/MS fragmentation and retention
times) may represent an important advance for rapid
prioritization of suspected chemicals present in samples.28,29

Different commercial software and open-source programs are
available to optimize LC-MS data processing workflows for

detection and prioritization of tentative chemical structures
such as XCMS,30 enviMass,31 MZmine 2,32 and Compound
Discoverer.28 Final confirmation of identified structures is
performed using, e.g., reference standards and databases. In
almost all cases, these EDA approaches have been applied to
real polluted waters but not for the assessment of TPs. Only in
a few cases, EDA has been applied to study the bioactivity or
ecotoxicity to unknown TPs generated in treatment processes
when references are not commercially available for con-
firmation.33−35

In this study, an EDA methodology was developed for the
identification and elucidation of the bioactive TPs generated
after AZI and CFC chlorination experiments. The tentative
TPs generated were isolated using a liquid-chromatography
system coupled to an automatic sample collector. The
elucidation of the generated intermediates was performed
using a liquid-chromatography system coupled to high-
resolution mass spectrometry with an advanced and automatic
suspect screening methodology based on literature information
and compound prediction strategies. Antibacterial inhibition
(i.e., antibiotic activity) and acute toxicity tests were employed
to assess the ecotoxicological implications of the isolated
unknown chemicals in chlorinated samples.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. Azithromycin (AZI) and
ciprofloxacin (CFC) were purchased at high purity grade
(>95%) from Sigma-Aldrich (Steinheim, Germany). Ultrapure
water, acetonitrile, and methanol LiChrosolv grade were
supplied from Merck (Darmstadt, Germany). For antibiotic
inhibition tests, Micrococcus luteus ATCC 9341 and Yersinia
ruckeri NCIMB 13282 were used in iso-sensitest agar (Oxid)
and 2/3 Plate Count Agar (Difco) medium, respectively. Vibrio
f ischeri bacteria used for Microtox bioassay was purchased
from Modern Water (Guildford, United Kingdom). A sodium
hypochlorite solution (reagent grade, available chlorine ≥4%,
Sigma-Aldrich) was used for the chlorination experiments. For
all principal component analysis (PCA) calculations, the R
Software version 3.5.3 was used.

2.2. Experimental Setup. Target pollutants (AZI and
CFC) were spiked separately at an initial concentration of 2.0
mg/L in ultrapure water (buffered at pH 7.3 with sodium
phosphate buffer (10 mM)) for a total working volume of 65
mL in triplicate experiments. Then, a proper volume of
chlorine (hypochlorite) was added to achieve the selected
initial concentrations of free available chlorine of 0.0, 0.1, 0.5,
1.0, 2.0, 3.0, 4.0, and 6.0 mgCl2/L. In addition, a control
experiment in ultrapure water without spiking the parent
compounds was also performed. Batch flasks reactors were
sealed avoiding head space and introduced in an incubator at a

Figure 1. Adapted effect-directed analysis workflow used in this study.
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constant temperature of 25 °C. All samples were collected after
24 h of treatment, and the free available chlorine of treated
water was measured using commercial DPD (N,N-diethyl-p-
phenylenediamine) test kits (LCK310, Hach Lange) with a
Hach DR2800 spectrophotometer (Düsseldorf, Germany).
The final experimental time of 24 h was selected to maximize
chlorination byproducts formation while minimizing hydrolysis
of the TPs. Experiments containing a concentration higher
than 0.05 mgCl2/L after 24 h were discarded for further
analysis (actually only those samples with an initial dose of 6.0
mgCl2/L were finally discarded).
2.3. Effect-Directed Analysis Approach. An adapted

effect-directed analysis (EDA) methodology was applied for
the identification of the bioactive intermediates generated after
water chlorination (Figure 1).36 Briefly, samples collected after
24 h of chlorination were biologically (antibiotic activity and
acute toxicity) and chemically (chromatographic and mass
spectrometry analysis) analyzed. Then, computational assess-
ment was performed for identification of the chemicals present
in samples. The bioactivity of each chlorinated sample was
plotted together with the presence of each identified
intermediate (chromatographic area of the TPs identified
divided by the area of the chromatographic peak of the parent
compound at initial time) by principal component analysis
(PCA). With this information, the suspect hazardous
intermediates present in chlorinated samples were tentatively
pointed out, and the most representative bioactive sample was
selected for fractionation and further isolation of the TPs.
Sample fractions were again biologically and chemically
analyzed as well as computationally assessed in duplicate to
unravel their contribution as hazardous chemicals in
chlorinated treated samples.
2.3.1. Biological Analysis. The antibiotic activity and acute

toxicity endpoints were selected to evaluate the hazardous
effects of the antibiotics selected and TPs in chlorinated
samples and fractions. The antibiotic activity was chosen since
it is related to the specific mode of action (MoA) of these
pollutants. In parallel, the acute toxicity was selected since it is
classified as a conventional endpoint measured in the
environment.
To evaluate the antibiotic activity,37 the iso-sensitest agar

(Oxid) medium with an addition of 7.5 μg/L of tylosin
(adjusted to pH 8.0) and inoculated with M. luteus ATCC
9341 bacteria was used for samples collected from AZI
experiments. In the case of CFC experiments, 2/3 Plate Count
Agar (Difco) 5% of 1 M phosphate buffer with an addition of
8,000 μg/L of cloxacilline (adjusted to pH 6.5) and inoculated
with Y. ruckeri NCIMB 13282 bacteria was used. In both cases,
35 mL of the inoculated agar was poured into a 120 × 120 mm
bioassay plate containing 9 holes per plate. A volume of 250 μL
of samples was transferred to individual holes with the addition
of 50 μL of 1 M phosphate buffer. Then, sample plates were
incubated at 30 °C for 16 h. Antibiotic activity of samples was
determined by observing the growth inhibition of the bacterial
culture and measuring the diameter of the nonbacterial cell
density corresponding to the absence of bacterial growth. All
the values were calculated related to the antibiotic activity of
the parent compound before chlorination.
Additionally, the ISO 11348-3 protocol for testing bacterial

bioluminescence of wastewater matrices was used to assess
acute toxicity throughout Microtox Model 500 Toxicity
Analyzer (Strategic Diagnostics Inc., Newark, DE, US).38

Stain of luminescent bacteria Vibrio f ischeri NRRL B-11177

was prepared from commercially available freeze-dried reagents
stored at −20 °C. A volume of 2 mL was required for sample
analysis. Then, the percentage of decay on emitted light was
measured when samples were in contact 15 min with the
bioluminescent bacterium V. f ischeri. The data expressed as
EC50 was transformed into toxicity units (TU = 100/EC50),

39

where a higher TU indicates a greater effect.40

2.3.2. Chemical Analysis. A liquid chromatography system
coupled to a high-resolution mass spectrometer LC-LTQ-
Orbitrap-MS/MS was used as described previously.41 Briefly,
20 μL of samples was injected and separated in a ZORBAX
Eclipse XDB-C18 (150 mm × 4.6 mm, 5 μm; Agilent
Technologies, Santa Clara, CA). The mobile phases were (A)
10 mM ammonium formate in water at pH 3.0 and (B)
acetonitrile. The optimized chromatographic gradient was
performed as follows:41 initial mobile phase composition (95%
A) held for 1 min, followed by a decrease in composition A to
5% within 9 min, then to 0% in 3 min, held for 2 min, up to
95% in 1 min, and held for 1 min.
The high-resolution mass spectrometer LTQ-OrbitrapVelos

(Thermo Fisher Scientific) was equipped with a heated
electrospray ionization source (HESI-II). The analysis was
performed in positive and negative ionization modes. As no
peaks attributed to TPs were found in negative ion mode
chromatograms, further data processing was carried out only
with that acquired in positive ion mode. Samples were acquired
in full scan data acquisition from m/z 100 to 1,000 range at a
resolving power of 60,000 fwhm. For structural elucidation of
TPs, MS/MS fragmentation was performed in a data
dependent acquisition mode (DDA) at 30,000 fwhm from
m/z 100 to 1,000 range, for the three most intense ions from a
selected list of 16 exact masses corresponding to potential AZI
(Table S1) and 13 exact masses for CFC collected from the
literature (Table S2) (preacquisition suspect screening
approach). If selected masses were not found, the three most
intense ions detected in a full-scan MS spectra were
automatically selected for fragmentation. All data were further
processed with a postacquisition suspect screening approach
(Section 2.3.3). Additionally, isotopic data-dependent (IDD)
was performed for the expected isotopic ratios of 0.32 and 0.64
comprising a mass difference of 1.9971 Da. All MS/MS
experiments were performed applying a dynamic mass
exclusion mode to discriminate coeluted compounds: ions
fragmented more than three times during 25 s were further
ignored for fragmentation during the following 30 s
(corresponding to peak plus tailing). Mass spectrometry
conditions were designed as follows: spray voltage, 3.5 kV;
source heated at 300 °C; capillary temperature, 350 °C; sheath
gas flow, 40 (arbitrary units); and auxiliary gas flow, 20
(arbitrary units).41 Fragmentation techniques selected were as
follows: collision-induced dissociation (CID) at a normalized
collision energy of 30 eV (activation Q of 0.250 and an
activation time of 30 ms) and higher-energy collisional
dissociation (HCD) at a normalized collision energy of 55
eV (activation time of 0.100 ms) with an isolation width of 2
Da. The entire system was controlled via Aria software under
Xcalibur 2.1.

2.3.3. Computational Analysis. An advanced postacquisi-
tion suspect screening approach for identification of the TPs
generated in chlorination experiments and collected in the
corresponding fractions was applied using Compound
Discoverer 3.0 (Thermo Fisher Scientific Inc., Waltham,
MA). The adapted methodology is presented in Figure S1
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and Table S3.42 Briefly, input files containing the chromato-
grams and mass spectra files from analyzed samples were
loaded separately into the software. In addition, chemical
structures of AZI and CFC were also loaded to further create a
list of tentative TPs predicted by the software after applying
the following chemical reactions to the parent compound
structures (a maximum combination of three): dehydration,
desaturation, reduction, oxidative deamination to ketone,
oxidative deamination to alcohol, chlorination, hydration,
oxidation, reductive defluorination, and dealkylation. A
number of 1655 and 497 exact masses were predicted from
AZI and CFC chemical structures, respectively. Automatic data
processing starts with filtering MS data between 100 and 1000
Da and from 1 to 12 min with an S/N ratio of 3. To
compensate for small differences in retention times, chromato-
graphic alignment was performed by using a mass tolerance
error of ±5 ppm and a maximum retention time shift of 0.3
min. Immediately after, data processing was performed by
searching the predicted list of TP exact masses in sample files.

Then, the fragments present in collected MS/MS data were
automatically matched with the predicted fragments generated
using in silico fragmentation with a mass tolerance error of ±5
ppm. Those compounds with FISh (Fragment Ion Search)
coverages higher than 65% were selected for data evaluation.42

2.3.4. Statistical Analysis for the Estimation of Hazardous
TPs. Additionally, principal component analysis (PCA) was
used to evaluate the correlations between the bioactivity
measured (antibiotic activity and acute toxicity, separately) and
the TPs identified in chlorinated samples, following the
approach previously reported.43 Relative areas in percentage
values (area of the peaks detected in chromatogram divided by
the area of the chromatographic peak of CFC before the
treatment) were used as input value using the FactoMineR
included in the Rcmdr environment (RcmdrPlugin.FactoMin-
eR interface) for automatic data processing. For all
calculations, the R Software version 3.5.3 was used.

2.3.5. Sample Fractionation. Taking into account the PCA
results of the suspected bioactive intermediates present in

Figure 2.Monitoring of (a) the degradation of spiked antibiotics (azithromycin or ciprofloxacin), (b) antibiotic activity, and (c) acute toxicity after
24 h of treatment in chlorination experiments at different initial chlorine doses. Relative values of the presence and antibiotic activity were
calculated with respect to the values measured at the initial time. In the case of acute toxicity, it is calculated in toxic units (TU). The red rectangle
indicates the sample selected for further sample fractionation.
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chlorinated samples, the most representative bioactive sample

containing all the TPs identified was selected for sample

fractionation (2 mgCl2/L vs 2 mg/L of CFC at an initial time).

To achieve a proper concentration of the isolated TPs in one

fractionation cycle, this experiment was repeated at a higher

concentration adding the corresponding proportion of

reactants (10 mgCl2/L vs 10 mg/L CFC at an initial time).

This is considered a critical step since a minimal concentration

Figure 3. a) Suggested transformation mechanism of azithromycin in chlorination experiments. In green, tentatively identified intermediates
detected in this study. b) The relative presence of the most representative intermediates identified after chlorination experiments at different
chlorine doses.
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of the TPs (normally present at low concentration levels) is
required to further reach detection limits during LC-MS/MS
analysis and the selected bioassays. Then, fractionation was
performed by using a preparative HPLC Agilent 1260 Infinity
high-pressure liquid-chromatography system coupled to a
diode array detector (HPLC-DAD). The fraction collection
was automatically carried out in a 1100/1200 fraction collector
G1364C using a diverter valve to switch from waste to the
collector position. A volume of 100 μL of samples was injected
in a ZORBAX Eclipse XDB-C18 column (150 mm × 4.6 mm,
5 μm; Agilent Technologies, Santa Clara, CA) at a flow rate of
1 mL/min and column temperature of 25 °C. Pure mobile
phases selected were (A) pure water and (B) acetonitrile to
avoid the presence of any residual interference affecting
bioassay measurements. The chromatographic gradient was
carried out as follows: initial mobile phase composition (90%
A) held for 5 min; to 40% in 1 min and held for 7 min; to 30%
in 1 min and held for 6 min; to 20% in 1 min and held for 6
min; to 10% in 1 min and held for 6 min; and to 90% in 1 min
held for 5 min. Detection was monitored at the maximum
absorption wavelength of 271 nm measured in a UV-1800
UV−vis spectrophotometer (Shimadzu Inc., Kyoto, Japan).
The total volume collected for each fraction was approximately
2 mL. Since reference standards of TPs are not available to
quantify recoveries in solid-phase extraction and pharmaceut-
ical TPs are not usually volatile, fractions were collected in
glass collectors, evaporated to dryness with nitrogen, and
reconstituted in 0.5 mL of pure water. Reconstitution in pure
water was carried out to prevent the presence of organic
solvents interfering with bacteria integrity on the bioanalysis of
fractions.44−46 In addition, since pure water was the solvent
used in chlorination experiments, a better comparison with the
fractions collected is assured. All fractions collected were
evaluated using biological (by antibiotic activity and acute
toxicity measurement as explained in biological analysis
section) and chemical (using the LTQ-Orbitrap for MS/MS
compound identification, as explained in the Chemical Analysis
section) analyses. Finally, computational assessment (using
Compound Discoverer, as presented in the Computational
Analysis section) was performed for compound identification.

3. RESULTS AND DISCUSSION
3.1. Biological and Chemical Analyses of Chlorinated

Samples. Chemical analyses revealed an AZI removal up to
88% after 24 h of the addition of the highest chlorine dose (4
mgCl2/L) (Figure 2a). This percentage of elimination is in line
with the decrease in the initial antibiotic activity up to 85%
(Figure 2b). As observed in other oxidation treatment
processes reported in the literature,47 the decrease of the
measured antibiotic activity is due to the elimination of the
parent compound as none of the intermediates generated had
any relevant contribution to the overall antibiotic activity. In
terms of acute toxicity, no effects were observed after any of
the chlorination experiments performed (Figure 2c). These
results are in accordance with those reported in the literature
about oxidation treatment processes, where the absence or
reduction of the toxicity of the intermediates generated after
AZI degradation was observed.48,49

On the other hand, chlorination promoted complete CFC
elimination (ca. 100%) after 24 h of treatment adding an initial
chlorine dose of 0.5 mgCl2/L (Figure 2a). These results are in
line with the negligible antibiotic activity at 0.5 mgCl2/L
(Figure 2b). The antibiotic activity exceeded 41%, 44%, and

30% of the initial effect of the parent compound in the
experiments performed at 2, 3, and 4 mgCl2/L, respectively
(Figure 2b). This fact suggests that some of the CFC
intermediates generated might retain part of the antibiotic
activity of the parent compound. Controversial data about the
antibiotic activity of the intermediates generated during CFC
degradation have been reported in the literature. A reduction
on antibacterial activity regarding the elimination of CFC was
generally observed after photolytic, photocatalytic, electro-
chemical, and Fe(VI) oxidation.50−54 In some cases, a
negligible antibacterial potency of the TPs generated in those
water treatments was reported.54 On the contrary, the
bioactivity of the intermediates generated was sometimes
detected after ozonation treatment,55 in line with the results
obtained in this study in chlorination experiments.
Negligible acute toxicity was measured in the absence of

chlorine in CFC experiments (Figure 2c). The maximum
increase up to 4.1 TU was observed after adding 2 mgCl2/L
(Figure 2c). Also, in this case, controversial data about acute
toxicity of the intermediates generated during CFC degrada-
tion have been reported in the literature. For instance, a
decrease in acute toxicity was observed after sonolysis and UV
treatment experiments spiked at 15 mg/L of CFC.56,57 On the
contrary, an increase in acute toxicity of about 18% was
observed from the TPs generated after 1 h of CFC chlorination
at 10 mol equiv of chlorine dose58 and up to 26% after
radiation-induced experiments at 33 mg/L of CFC.59

As shown in this study, the potential intermediates
generated during chlorination of AZI did not show any effect
in the biological tests applied. The intermediates generated
during CFC experiments were pinpointed as concerning TPs
since acute toxicity and antibiotic activity were measured after
chlorination experiments.

3.2. Computational Analysis of Chlorinated Samples
and Elucidation of Transformation Pathways. Thirteen
TPs were tentatively identified in AZI chlorinated samples
(Table S4), and the transformation pathway and their relative
presence are presented in Figure 3. As previously reported, the
elimination of the parent compound was mainly led by O-
dealkylation of the L-cladinose moiety (TP590) suggested from
the instability of macrolides in aqueous solution42 and
confirmed by its presence at the initial time up to 80%.
However, the increase of initial chlorine concentration led to
its further elimination reaching a presence of 12% in treated
samples when 4 mg Cl2/L was added at the initial time. This
intermediate was mainly transformed into TP576 after
demethylation of the dimethylamine group in the D-desos-
amine moiety.42 As reported previously,60 both hydrolysis of
the D-desosamine moiety and demethylation were also
observed directly from the AZI parent compound being
transformed into TP591 and TP734A (and found in this study
up to 132% and 65% at 4 mgCl2/L, respectively). It is
important to mention that none of the most intense
compounds elucidated contain a chlorine substituent in their
chemical structures after the experiments were performed. As
previously reported,60 the pseudo-first-order kinetic constants
at different pH values showed that the reactivity of AZI with
free available chlorine was favored at higher pH within the
range of 7.5 and 8.5 (optimal pH value was 8.0). Therefore,
the use of a pure water pH at 7.3 may explain the low presence
of halogenated TPs after chlorination experiments. As
explained previously and in Figure 2, none of these elucidated
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intermediate structures from AZI presented hazardous effects
in treated effluents.
Seven TPs were tentatively identified in CFC chlorinated

samples (Table S5). The transformation pathway and their
relative presence are presented in Figure 4. As previously
reported,61 initial chlorination of the CFC structure induced
the destruction of the piperazine ring moiety into TP365 (not
detected in this study). The instability of TP365 probably led
to the opening of the piperazine ring and rapidly transformed
(though imine hydrolysis and the loss of CH2O) into
TP305,61−63 which was detected in this study at high

percentage values (32% relative area to the initial area of
CFC) when 0.5 mgCl2/L of chlorine was added. However, the
increase of initial chlorine concentration led to its further
elimination reaching low levels (4%) at 2 mgCl2/L of chlorine
dose. In fact, TP305 was most likely transformed by N-
chlorination and further elimination of the C2H3NCl2 moiety
generating the compound TP262. In comparison to TP305,
TP262 attained the highest concentration when chlorine was
added at 2.0 mgCl2/L at an initial time (up to 95% from the
initial presence of CFC). These results are in accordance with
the previous data reported in the literature where TP262

Figure 4. a) Suggested transformation mechanism of ciprofloxacin in chlorination experiments. In yellow, tentatively identified intermediates
detected in this study. b) The relative presence of the intermediates identified after chlorination experiments at different chlorine doses. The red
rectangle indicates the sample selected for further sample fractionation.
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formation was observed from 12.4% (after 2 h of chlorination
treatment) to 54.4% (after 50h).61 Additionally, TP262 was
also found as the main intermediate generated in photo-Fenton
degradation experiments after 30 min of treatment, 1.5 times-
fold higher when compared with the other generated TPs.51

Finally, the presence of additional intermediates in samples
with an excess of chlorine indicates that TP305 may generate
further chlorinated compounds in treated samples: the
chlorinated TP296 was observed up to 39% when decreasing
the presence of TP262 to 5% at an initial chlorine
concentration of 4.0 mgCl2/L. This fact indicated that the
highest extent of the transformation pathway was achieved
when increasing the chlorine concentration.62 The most
significant concentration of TP296 was detected at 3.0
mgCl2/L of chlorine up to 44%. Otherwise, other oxidation
intermediates (e.g., TP333) were also identified from CFC61 at
a lower concentration than 10% after chlorination experiments
(Figure 4). As explained previously and in Figure 2, some of
the elucidated intermediate structures for CFC presented
hazardous effects in treated effluents.
3.3. Estimation of the Hazardous TPs Generated in

CFC Chlorinated Samples. Estimation of the tentative
hazardous TPs identified in CFC experiments (in terms of
antibiotic activity and acute toxicity) was evaluated using PCA
plots (Figure 5), which allowed correlating bioactivity
measured with the presence of individual TPs identified in
chlorinated samples (Table S6 and Table S7). Since variables
were measured on different scales (relative percentages and
toxic units), both PCAs were normalized to the specific range
of [−1, + 1]. The direct correlation of an intermediate with a
given effect estimates its tentative hazardous contribution in
chlorinated samples. The first two principal components (PCs)
pointed out the TP296 (Figure 5a) as the key intermediate
contributing to the increase of 41%, 44%, and 30% in the
antibiotic activity in treated samples of the experiments
performed at 2, 3, and 4 mgCl2/L, respectively (Figure 2b).
This may be due to the different chemical substituents of this
intermediate which may govern antibacterial efficacy and
influence the side-effect profile.64 On the contrary, an inverse
correlation was observed for TP339, TP305, and TP333.
Otherwise, PCA loadings pointed out a direct correlation
between acute toxicity of chlorinated samples and the presence

of TP262, TP290, and TP292 (Figure 5b). Since TP262 was
found in chlorinated samples at the major relative presence of
95% at 2.0 mgCl2/L (Figure 4), it might be classified as the key
intermediate contributing to the increase of 4.1 TU in the
acute toxicity in chlorinated samples (Figure 2c). The
contribution of TP290 and TP292 may also exhibit higher
toxicity of these intermediates compared to the rest of TPs,
and therefore, despite their apparently low relative presence
(Figure 4), they may also contribute to the total toxicity of the
samples. In addition, the synergic effects of these compounds
cannot be discarded. Otherwise, an inverse correlation was
observed for TP339 and TP296. These intermediates may
result in lower steric resistance and easier penetration into a
cell of luminescent bacteria,65 which subsequently might lead
to an increase in toxicity. Additionally, as expected, the
electronegative atoms contained in quinolone molecules (such
as F, N, and O atoms) may donate electrons to photo-
bacterium and thus inhibit the luminance emission.58

In both statistical experiments (Figure 5a and Figure 5b),
the generation of low molecular mass DBPs, not considered in
this study, might have also contributed to the hazardous effects
measured in treated samples. In this context, it was previously
reported that monochloroacetic acid was the main DBP
formed during chlorination of CFC and detected at a
concentration around 100 μg/L after 24 h (when CFC was
spiked at 16 mg/L adding a chlorine dose of 1 mM).66 In our
conditions selected, the formation of monochloracetic acid was
expected to be minimal since CFC was spiked at a much lower
concentration of CFC (2 mg/L) and chlorine dose (0.056
mM). Taking into account the PCA results, which tentatively
pointed out TP296 and TP262 as hazardous intermediates,
fractionation and further chemical and biological analyses, as
well as computational assessment, were needed to confirm or
rule out the risk of these intermediates in chlorinated samples.

3.4. Confirmation of the Hazardous TPs Generated in
Chlorinated Samples. Taking into account the PCA results,
the most representative sample containing all the TPs
identified was selected for sample fractionation (2 mg Cl2/L
vs 2 mg/L of CFC at an initial time). To achieve a proper
concentration of the isolated TPs without launching several
sample fractionation cycles, the experiment was repeated at a
higher concentration adding the same proportion of reactants

Figure 5. PCA loadings of the presence of the intermediates identified regarding the a) antibiotic activity and b) acute toxicity tested in
chlorination samples.
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(10 mgCl2/L vs 10 mg/L CFC at initial time). After sample
fractionation (Figure 6a), measurements on antibiotic activity
and acute toxicity indicated no toxic effects (in comparison to
control samples) when no chromatographic peaks were
detected in the fractions collected (every 2 min approximately)
at the beginning and the end of the chromatogram (Figure 6b).
Chromatographic and mass spectra data from the LC-MS/MS
(Orbitrap Velos) system of fractions showed that TP333 was
found in fraction 2 but at low concentration values (Figure 6c).
Two intense peaks in fractions 3 and 4 were assigned to TP262
(generated after the elimination of the piperazine ring moiety)
and TP296 (a further chlorinated intermediate of the

transformation pathway), respectively (Figure 4). Conversely,
no compound assignment was possible for fraction 5 (Figure
6c).
Biological analysis showed a relative antibiotic activity of

around 1% in fraction 2, 4% in fraction 3, 52% in fraction 4,
and 3% in fraction 5 (Figure 6b). The significant presence of
TP296 in fraction 4 was in agreement with the 52% of
antibiotic activity measured in this fraction. For this
intermediate, the fractionation process allowed the recovery
of 78% of the chromatographic area from the initial chlorinated
sample. Therefore, TP296 (the chlorinated molecule generated
from TP305, Figure 4) was tentatively identified to retain the

Figure 6. a) Fractionation of the selected bioactive sample (10 mgCl2/L vs 10 mg/L CFC at the initial time); b) acute toxicity (calculated as EC10
and expressed in TU) and relative antibiotic activity of fractions collected and control samples; and c) chemical analysis (chromatographic area) of
fractions and control samples.
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antibiotic activity of its parent compound CFC in chlorinated
samples. Nonetheless, despite 22% of compound losses being
observed during fractionation, synergistic and antagonistic
effects cannot be discarded. These results are in accordance
with the reported literature indicating that the spectrum of
antibacterial activity can be altered by controlling the
substitution and configuration of position 8 on the CFC
structure with C−F, C−Cl, and N substituents (Figure 6a) and
expanding the antibacterial spectrum against anae-
robes.15,64,67,68 Additionally, these results confirm the suit-
ability of PCA estimations to identify the most hazardous
intermediates generated during water treatment in terms of
antibiotic activity (Figure 5).
On the other hand, while chlorinated samples were toxic at

an initial concentration of 2 mgCl2/L (Figure 2c), no acute
toxicity was observed in any of the fractions collected
exceeding EC50 values. In this context, calculations of EC10
were performed from the slope of the linear regression of
concentration vs % effect and converted in TU values as
reported previously69,70 (Figure S3). In particular, the most
abundant intermediate highlighted by chlorination experiments
TP262 (Figure 4) was found at the highest acute toxic value of
4.6 TU in fractions collected (Figure 6b and Figure 6c). Yet,
the fractionation process allowed the recovery of only 42% of
the TP based on the chromatographic areas before and after
fractionation. Therefore, partial loss of this TP along sample
evaporation and fractionation might also contribute to the
reduction of acute toxicity measured in the fractions. It is
important to mention that other estimated toxic intermediates
(such as TP290 and TP292), present at low concentration
levels, were also affected by fractionation losses since they were
not detected in fractions collected.
The identification of the most relevant intermediates in

terms of antibiotic activity generated from chlorination
experiments with CFC was successfully achieved using an
EDA approach, which includes fractionation of bioactive
samples in combination with biological, chemical, and
computational assessment using an automated suspect screen-
ing methodology. The TP296 (generated from the destruction
of the piperazine ring moiety and its further chlorination) was
identified to maintain 41%, 44%, and 30% of the antibiotic
activity of the parent compound in chlorinated samples at 2.0,
3.0, and 4.0 mgCl2/L, respectively (Figure 2) being classified
as a potentially concerning intermediate after water chlorina-
tion. Therefore, the use of EDA approaches in combination
with PCA evaluation represents a potential approach for the
identification and confirmation of hazardous TPs in treated
samples. Although the complete elimination of antibiotics
should eventually be the objective of water treatment
processes, the elimination of the potential bioactive TPs
generated is also required, even when complete elimination of
the parent compound is attained.
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H I G H L I G H T S

• The transformation of MTP and MTPA
was studied in single and combined
treatments.

• UV/H2O2 single treatments achieved
total compound removal in fortified
pure water.

• The combination of two treatments
was needed to achieve a high removal
in HWW.

• UV/H2O2 + CAS combination at-
tained the highest removal in fortified
HWW.

• The in vitro toxicity assays pointed out
the presence of some hazardous TPs.
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Metoprolol

Metoprolol Acid

-HMTP

TP240

High removal
Metoprolol (86%)

Metoprolol acid (100%)
TPs (85%)

UV/H2O2

CAS

TPs

A R T I C L E I N F O

Keywords:
Metoprolol
Metoprolol acid
Transformation products
Suspect screening
Combined treatments

A B S T R A C T

The transformation products (TPs) of water contaminants generated during wastewater treatment can sometimes
be equally or even more hazardous than the parent compounds. Therefore, for a comprehensive assessment of
removal efficiency of a water treatment technology, it is mandatory to monitor not only the pollutants but also of
their TPs. However, this type of evaluation studies is lacking in the case of water combined treatments. In this
study, the elimination of metoprolol (MTP), metoprolol acid (MTPA) and the TPs generated was evaluated in
pure water and hospital wastewater (HWW) using UV/H2O2 before and after fungal (FG) or conventional ac-
tivated sludge (CAS). The major transformation pathways were suggested in terms of transformation of the
parent compounds through bio-transformation and photo-transformation mechanisms. The results reveal an
extended removal of MTP, MTPA and TPs after UV/H2O2 single experiment treating spiked pure water at
2.5 mg/L, without increasing the treated effluents toxicity. However, combined treatments were required to
achieve similar removal percentages in spiked real HWW at 2.0 µg/L: while AOPs combined with FG exhibited
lower removal efficiencies with generation of persistent intermediates (such as α-HMTP and TP240), AOPs
combined with CAS attained the higher persistent TPs removal. In particular, AOP + CAS was classified as the
most effective combination for HWW with the highest removal of the parent compounds (86% for MTP and
100% for MTPA), of the intermediates generated (up to 85%) and with a low presence of toxic TPs (such as O-
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DMTP). This study demonstrates that comprehensive evaluation of the intermediates generated along water
treatment technologies is highly recommended to successfully evaluate their removal efficiencies.

1. Introduction

The occurrence of pharmaceutical active compounds (PhACs) and
their metabolites in water bodies has become an imperative concern
due to their potential impact on both environment and human health
[1–3]. Every day, large quantities of wastewater are discharged into
municipal sewer system not only from domestic origin but also from
industrial and hospital sources [4]. In particular, hospital wastewater
(HWW) has been identified as responsible for introducing high loads of
contaminants with potentially toxic effects in aquatic ecosystems [5].
The incomplete elimination of the persistent pollutants in centralized
conventional municipal wastewater treatment plants (WWTPs) allows
the release of these contaminants into the environment [1,6]. In this
sense, dedicated on-site wastewater treatment of HWW has been widely
recommended by several authors [5,7]. However, specific directives or
guidelines in Europe for the management of hospital effluents are
missing and the implementation of full-scale HWW treatment has been
introduced only in few cases [5,8]. The use of tailored and dedicated
treatment technologies could stir up HWW decentralized treatment.

The use of biological treatments has been widely suggested as a
more eco-friendly solution for the removal of organic pollutants from
complex wastewater matrices, involving low operational costs and low
energy consumption [9–12]. Conventional activated sludge treatments
(CAS) cannot always provide satisfactory results in terms of PhACs
removal, but they are still the most commonly applied worldwide, and
to be considered as a reference to be compared with [13]. Among the
different biological based solutions, fungal treatments have been
pointed out to provide high removal rates for many PhACs thanks to the
generation of unspecific extracellular enzymes able to degrade persis-
tent organic pollutants [14–16]. However, incomplete elimination of
non-biodegradable pollutants and bio-recalcitrant intermediates gen-
erated in fungal treatments have also been reported [17]. For the re-
mediation of low biodegradable effluents, highly reactive and non-se-
lective advanced oxidation processes (AOPs), such as UV/H2O2, have
been widely suggested as suitable treatment solutions [18–20]. Despite
this, AOPs are characterized by their relatively higher operating costs
(compared to biological treatments) [21–23], especially in complex
matrices [24]. Therefore, they require larger energy and chemical re-
agents demand to attain total compound mineralization [13].

Applying AOPs as pre-treatment steps to biological treatments has
been suggested to convert the contaminants into more readily biode-
gradable intermediates and, hence, reducing the total cost of the
treatment process [18,25,26]. Among them, solar photo-Fenton, ozo-
nation and UV/H2O2 treatments have been applied as tertiary treat-
ments for the remediation of micropollutants present in real municipal
WWTP effluents [27,28]. However, the effectivity of combined treat-
ments will always depend on the type of water effluent to be treated
[24]. In addition, to properly evaluate the most effective combination
for total pollutant mitigation, not only the removal of the parent
compounds should be considered but also the presence of the major
metabolites and the generated transformation products (TPs) [24,29].
Even though many studies have been focused on the applicability of
combined treatments for decontamination of wastewater
[13,19,26,30–35], only few of them are related to combined treatment
of HWW [36]; and none of them have elucidated tentative transfor-
mation pathways of individual PhACs towards a better understanding
of the total extent on pollutant removal.

Among the pollutants present in HWW, metoprolol (MTP) has been
widely detected in wastewater due to its high consumption for hy-
pertension and cardiovascular diseases [37]. In terms of associated

environmental risk, its presence in natural waters has been related to
cardiovascular dysfunctions, such as alteration of the heart rate, in
aquatic organisms (e.g. Daphnia magna) [38]. Likewise, specific effects
on scoliosis and growth retardation were reported in zebrafish embryos
when exposed to MTP above 12.6 mg/L for 72 h [39]. Up to now, MTP
has been pointed out as a compound of high consumption [40], and has
been detected in raw wastewater up to 0.2–2.0 μg/L [41,42]. Removals
percentage reported for these compounds in conventional WWTPs are
usually low, between 0% and 36% [42–44]. After its consumption, the
excretion of MTP as metoprolol acid (MTPA), via renal excretion,
constitutes up to 60–65% of the initial MTP dose [45–47]. Therefore
MTPA, being MTP major human metabolite, is an additional important
pollutant to be studied in wastewater treatment [48]. Up to now, there
are no regulations limiting discharges of these PhACs in WWTP ef-
fluents for those compounds [3]. In 2020, the Council of the European
Union adopted a new regulation for efficient water reuse. The sub-
stances of emerging concern, including pharmaceutical active com-
pounds, are mentioned in the risk assessment section but without any
threshold value yet [49]. Therefore, the evaluation of PhACs presence,
effective removal and potential discharge concentrations into the en-
vironment are extremely valuable to provide information for forth-
coming studies in the field [50]. While some studies reported MTP and
MTPA recalcitrance in conventional activated sludge (CAS) [44,51],
others demonstrated its biodegradability in fungal (FG) treatment [17].
However, the complete elimination of their TPs has never been reported
by any of the studied treatment.

Measuring the unknown intermediates in the evaluation of treat-
ment removal efficiencies is critical due to their potential hazardous
effects. Thus, even when complete elimination of the parent compounds
is attained, the presence of these TPs should be also considered. To the
best of authors’ knowledge, this is the first time that four different
combinations of treatments (UV/H2O2 treatment before/after CAS or
FG) were investigated in terms of presence and removal of MTP, MTPA
and their TPs in real HWW. The generated intermediates were identi-
fied with an automated suspect screening approach which allowed to
comprehensively study their presence and transformation pathways
along the combined treatments. This study demonstrates that combined
treatments are a valuable solution towards a complete removal of MTP,
MTPA and their TPs.

2. Methods and materials

2.1. Chemicals and reagents

Metoprolol tartrate salt (MTP) (Sigma-Aldrich), O-desmethylmeto-
prolol (O-DMTP), metoprolol acid (MTPA) and α-hydroxymetoprolol
(α-HMTP) (Toronto Research Chemicals); and atenolol-d7 internal
standard (CDN isotopes, Quebec, Canada) were purchased at high
purity grade (> 98%). Standard solutions were prepared on a weight
basis in methanol (at a concentration of 1000 mg/L) and stored at −20
˚C. Ultra-pure water and acetonitrile LiChrosolv grade were supplied by
Merck (Darmstadt, Germany). Working standard solutions containing
all pharmaceuticals and labeled internal standard were prepared in
methanol/water (10:90, v/v). All FG nutrients used were selected re-
garding the optimum conditions reported previously [17]. For CAS
experiments, organic solution (sodium acetate, propionate and yeast
extract), phosphate buffer, trace and inorganic solution were added as
described elsewhere [52]. For AOP experiments, the titanium (IV)
oxysulfate reagent used was 1.9–2.1% from Sigma-Aldrich. The H2O2

reagent was 30% w/v 100 vol stabilized PRS from Panreac [53].
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2.2. Experimental set-up

UV/H2O2 oxidation processes were combined in parallel with FG
and CAS treatments as presented in Fig. 1 (each treatment technology is
described in detail below). The experimental scheme was first applied
treating pure water fortified with MTP and MTPA at initial concentra-
tions of 2.5 mg/L each. Samples were collected at initial experimental
time, prior to perform each individual treatment (to ensure reprodu-
cibility of samples between treatments) and after each individual
treatment to evaluate treatment efficiency. Samples collected were di-
rectly injected into the liquid chromatography system coupled to high-
resolution mass spectrometry (LC-HRMS) for monitoring of target
compounds and TPs. Subsequently, the same experiments were per-
formed in fortified HWW at initial concentration of 2.0 µg/L (to ensure
their presence in real wastewater conditions and allow to properly
evaluate their elimination) of MTP and MTPA. Samples preparation and
analysis are presented in section 2.3 and 2.4, respectively.

2.2.1. Fungal treatment (FG)
Trametes versicolor (ATCC#42530) was maintained on 2% malt agar

slants at 25 °C until use. The mycelial suspension of T. versicolor and
pellets were obtained as previously described [54,55]. Air-fluidized bed
bioreactors were operated as a batch per duplicate for 7 days. Fluidized
conditions in the reactors were maintained by using 1 s air pulse every
4 s, resulting in an aeration rate of 0.8 L/min. Nutrients for main-
tenance, namely, glucose and NH4Cl, were added with a molar C/N
ratio of 7.5 at T. versicolor consumption rate to both reactors (1.2 g / (g
DCW·d)). Temperature was maintained at 25 °C and pH was controlled
at 4.5 by HCl 1 M or NaOH 1 M addition. Samples were collected, fil-
tered through 0.45 μm PVDF filters (Millipore, Barcelona, Spain) and
frozen in glass containers for pure water experiments and PET con-
tainers for HWW experiments (for safety handling in case of breakage).
All these parameters were selected based on the optimum conditions
reported previously [17].

2.2.2. Activated sludge treatment (CAS)
Activated sludge batch experiments were performed using a 1 L lab-

scale Applikon stirred tank reactor coupled with a proportional-in-
tegral-derivative (PID) controller for pH, oxygen and temperature.
Bioreactors were operated as a batch for 24 h and each experiment was

conducted in duplicate. The activated sludge originated from Celrà
WWTP (Catalonia, Spain, 20.000 equivalent inhabitants, 2,100 m3/d),
with a hydraulic retention time (HRT) of 48 h and a sludge retention
time (SRT) of 20–22 days. The biomass concentration during the ex-
periments was 3 gTSS/L (0.71 ratio VSS/TSS) and aerobic conditions
(> 2.5 mg O2/L) were achieved with continuous air supply. The pH and
temperature were maintained at 7.5 and 25 °C, respectively. Activated
sludge after treating pure water or HWW was centrifuged 4 min at 8000
RPM (20 °C), prior to perform AOP post-treatment experiments. Mixed
liquor samples were filtered (0.45 µm pore size Millex PVDF) and im-
mediately frozen in glass containers for pure water experiments and
PET containers for HWW experiments (for safety handling in case of
breakage). All these parameters were selected based on the optimum
conditions needed for this treatment [44].

2.2.3. UV/H2O2 treatment (AOP)
Photo-oxidation treatment processes were performed in duplicate

by using an UV Laboratory Reactor System from UV-Consulting Peschl®,
an immersion-type photo-reactor of approximately 550 mL. The UV
lamp consisted in a 15 W Heraeus Noblelight TNN 15/32 low-pressure
mercury vapor lamp emitting at 254 nm. The photo-reactor was mixed
with a magnetic stirrer to assure the homogeneity of the solution.
Moreover, the photo-reactor was covered with aluminum foil in order
to minimize the loss of UV light and avoid any reflections. Potassium
ferrioxalate actinometry [56] was used as in previous work in order to
characterize the intensity of the light of the UV lamp, resulting in an
irradiance of 0.049 W/cm2 [53]. The experiments were carried out with
500 mL of wastewater, 15 mg/L of H2O2 and a reaction time of 10 min
that corresponds to an UV dose or intensity of 29.4 J/cm2. The H2O2

concentration was analyzed by a spectrophotometric method using ti-
tanium (IV) oxysulfate as reported previously [57]. A stoichiometric
excess of 20% of sodium thiosulfate was added to stop the oxidation
reaction in the collected samples [24]. Then, samples were filtered
through 0.45 µm PVDF filters at initial and final time for further sample
treatment and analysis. Samples were collected and frozen in glass
containers for pure water experiments and PET containers for HWW
experiments (for safety handling in case of breakage). All these para-
meters were selected based on the treatment operative conditions ap-
plied previously [24].

AOP

AOP

FG

CAS

FG

CAS

AOP

AOP

Pure water 
HWW

Sample points

Fig. 1. Scheme of the experimental set-up with UV/H2O2 oxidation process (AOP), fungal (FG) and activated sludge (CAS) combined for treating fortified pure water
and HWW.
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2.3. Hospital wastewater and sample treatment

Hospital wastewater (HWW) was collected directly from the sewer
manifold of Sant Joan de Déu Hospital (Barcelona, Catalonia) in the NE
of Spain. Fresh samples were collected and pretreated with a coagula-
tion-flocculation process as described previously [58]. The pretreat-
ment used 43 mg/L of coagulant Hyfloc AC50 and 4.8 mg/L of floc-
culant Himoloc DR3000, both kindly provided by Derypol, S.A.
(Barcelona, Spain). Physicochemical conditions of initial HWW were as
follows: COD, 210.4 mg/L; TOC, 65.9 mg/L; N-NO2, 1.6 mg/L; N-NO3,
5.9 mg/L; P-PO4, 2.0 mg/L; and N-NH4, 25.9 mg/L. A volume of 25 mL
of raw HWW and 50 mL of treated HWW were pre-concentrated
through Solid Phase Extraction in Oasis HLB cartridges (60 mg, 3 mL)
(Waters Corp. Mildford, MA, USA) following the methodology pre-
viously described elsewhere [59]. The extracts were kept in 1 mL of
methanol adding 10 µL of a 1 ng/µL of the isotopically labeled standard.
The extracts were further pre-concentrated to facilitate TPs detection
though evaporation and reconstitution in 150 µL of methanol:water
(10:90, v/v) for LC-LTQ-Orbitrap-MS/MS analysis.

2.4. Instrumental analysis

The detection and identification of the parent compounds and TPs
generated in each treatment step were performed with the suspect
screening methodology previously described [24]. A liquid

chromatography system coupled to a high-resolution mass spectrometer
HPLC-LTQ-Orbitrap VelosTM (Thermo Fisher Scientific) was used for the
analysis of the samples. The chromatographic separation was per-
formed using a ZORBAX Eclipse XDB-C18 (150 mm × 4.6 mm, 5 µm)
for a total run time of 17 min. The instrument was equipped with a
heated electrospray ionization source (HESI-II) and analyses were per-
formed in positive and negative mode. As negative mode showed poor
ionization efficiencies, data processing was performed for positive
mode only. Samples were acquired in Data Dependent Acquisition
mode through full scan from 100 to 1000 mass-to-charge (m/z) range at
a resolving power of 60.000 FWHM. Selection of the most intense ions
(Top 3) for MS/MS full scan fragmentation was performed in a second
event and recorded at 30.000 FWHM from 50 to 500 m/z range. MS/MS
fragmentation modes were investigated by using collision-induced
dissociation at 30 eV CE (Q = 0.250 and an activation time of 30 ms) in
an isolation width of 2 Da. The entire system was controlled via Aria
software, version 1.6, under Xcalibur 2.1 software.

The data acquired were processed by an integrated suspect
screening methodology using Compound Discoverer 3.0 (Thermo Fisher
Scientific). The methodology combines comparison with reference
standards, in-house databases, compound prediction tools and litera-
ture sources for chemical identification. Detailed workflow regarding
the analytical suspect screening strategy applied is presented in Fig. S1.
In addition, specific parameters selected to ensure reliability on che-
mical identification and transformation pathways are presented in

Fig. 2. Suggested transformation pathway of MTP and MTPA in combined treatments treating fortified pure water and HWW. The colored arrows indicate the
removal degree in terms of 1st, 2nd and ≥ 3rd generation of TPs from MTP structure.
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Table S1. The relative presence (%) of the target pollutants MTP and
MTPA was calculated as the area of MTP or MTPA (at a given time),
relative to the area of MTP or MTPA before any treatment (at initial
time):

=MTP A
Area
Area

( )(%) 100MTP A
x

MTP A

( )

( )
0 (1)

The TPs presence was calculated as the sum of the areas of all the
detected TPs generated from MTP and MTPA degradation (at a given
time), relative to the sum of the areas of spiked compounds (MTP and
MTPA) before any treatment (at initial time):

=
∑

+
=TP
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Area Area

(%) 100presence
i
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x

MTP MTPA

1
0 0

i
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Additionally, the relative distribution of the intermediates

generated was calculated (Eq. (3)) as the area of each TP detected re-
lative to the sum of areas of all detected TPs (at a given time). In this
specific case, MTPA was considered as a TP since it can be also gen-
erated from the degradation of the parent compound MTP (as a 2nd
generation TP).

=
∑ =
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(%) 100i distribution

TP
x
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Finally, statistical comparisons between the effluents generated
after the four combinations, tested in pure water and HWW, were
performed to compare the generated TPs and their distribution in
treated samples. In this context, spearman correlations were calculated
through the function “cor” (Package “stats”, [60]) and the function
“cor.mtest” (Package “corrplot”, [61]). Graphics were generated using
the function “corrplot” (Package “corrplot”, [61]).

Fig. 3. Relative presence of MTP, MTPA (Eq. (1)) and TPs (Eq. (2)) in combined experiments treating fortified pure water and HWW: a,c) UV/H2O2 combined with FG
treatment; and b,d) UV/H2O2 combined with CAS treatment.
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2.5. Toxicological assessment

The ISO 11348–3 protocol [62] for testing bacterial biolumines-
cence (Microtox® bioassay) was used to measure the toxicity only in
spiked pure water experiments where MTP, MTPA and their TPs gen-
erated were the only potential toxicants in samples (in vitro toxicity).
This bioassay was not applied to real HWW samples, since other
pharmaceuticals (different from MTP and MTPA) and many other
compounds are present and potentially contributing to toxicity signal.
All the collected samples in pure water experiments were introduced in

glass vials and centrifuged to remove possible interference from bio-
mass fragments or solids in suspension. Then, the decay on emitted light
was recorded after 15 min of samples contact with the bacterium Vibrio
fischeri. The 50% effective concentration (EC50) was expressed in dilu-
tion percentage. TU along the combined treatments was calculated as
(TU = 100/EC50) [63]. The concentration of sodium thiosulfate added
after AOP experiments (to stop the oxidation reaction) was tested and
had no toxic effect on luminescent bacteria [24].

Fig. 4. The circles represent the relative distribution of intermediates in fortified pure water (Eq. (3)), classified regarding their degree on removal (1st, 2nd
and ≥ 3rd generation expressed in percentage values, according to Fig. 2) in: a) UV/H2O2 combined with FG treatment; b) UV/H2O2 combined with CAS treatment.
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3. Results and discussion

3.1. Identification of TPs and elucidation of transformation pathways

MTP and MTPA transformation was evaluated for each individual
treatment in fortified pure water and HWW. Among the detected
compounds, MTP and the human metabolites MTPA, O-DMTP and α-
HMTP were confirmed by means of reference standards, retention time,
compound exact mass and MS/MS fragmentation spectra. Nineteen
intermediates (out of the 29 probable compounds comprised into the in-
house database, Table S2), were detected in the samples by comparison
of retention time, compound exact mass and MS/MS fragmentation
spectra (no reference standard available). No additional TPs were found
neither from the list of 356 compounds predicted (Table S3), generated
using compound prediction tools of the software Compound Discoverer
3.0. (Table S1), nor from list of 39 compounds collected from literature
(Table S4).

The major transformation pathways were suggested from successive
hydroxylation, oxidation and O-dealkylation of MTP and MTPA che-
mical structures (Fig. 2). Among them, the main transformation
pathway detected in this study was related to the formation of the in-
termediates TP238 and TP240 after rapid O-demethylation of MTP
structure and benzylic hydroxylation, through the formation of a ra-
dical intermediate of O-DMTP in biological treatments [64,65]. These
intermediates were also observed in physico-chemical treatments
through oxidative reactions involving the attack of highly reactive ra-
dicals on the ether side chain of the parent compound [66]. TP238 and
TP240 formation was reported not only from the parent compound
MTP but also from its main human metabolite MTPA [17]. In this last
study, TP238 and TP240 were mainly transformed from MTPA fungal
biodegradation into TP254, through the oxidation of the primary al-
cohol and the aldehyde intermediate onto a carboxylic acid, and de-
tected at high concentration [17]. In the case of CAS, MTP biode-
gradation resulted in the generation of MTPA, which was the major
generated intermediate, and in some cases classified as persistent
[44,51]. α-HMTP was both reported as human metabolite, generated
after pharmaceutical consumption, and TP in biological treatments
[44,51]. α-HMTP is usually persistent, it was detected in influent
WWTPs (at 36 ng/L), and consequently it may be classified of important
concern [17,44]. Further oxidation of α-HMTP to TP282A was reported
at much lower concentration. Alternatively, the binding of the hydroxyl
radical in the MTP aromatic ring may lead to the formation of TP284,
which is further oxidized to TP300 and TP316 [66]. These TPs were
especially relevant in treatments with plausible generation of hydroxyl
radicals (e.g. fungi and AOPs, [17,66,67]). It is important to mention
that TP284, TP300 and TP316 were generated only from MTP de-
gradation and not from its main metabolite MTPA [17,66,67]. Finally,
another worth mentioning intermediate is TP134, generated from the
O-dealkylation of the TPs maintaining the secondary amine on their
chemical structure. TP134 is a residual TP and it may be considered as
an indicator of the removal extent of the generated TPs [17,24].

All detected TPs were classified based on the number of transfor-
mations undertaken from the parent compound MTP (1st, 2nd or ≥ 3rd
generation of TPs). Only those TPs with relative distributions ≥ 1%
were further considered for discussion. Detailed information of TPs
distribution percentages is presented in Table S5–S12.

3.2. Combined treatments of fortified pure water

3.2.1. AOP + FG/FG + AOP treatments of fortified pure water
Overall results obtained from the combined experiments in fortified

pure water for AOP + FG and FG + AOP treatments are presented in
Fig. 3a and Fig. 4a. The combination strategy where biological FG
treatment was placed after AOP treatment (AOP + FG) was very ef-
fective for the elimination of the parent compounds (Fig. 3a). Almost
complete elimination (99.9%) of MTP and MTPA was achieved,

although most of the elimination was obtained by AOP alone as a first
step (99.6%). In terms of relative presence of all intermediates gener-
ated, low values were observed, with a percentage of 0.8% and 0.6%
accounted after AOP and AOP + FG, respectively. These results de-
monstrate the high capability of AOP treatment to achieve high MTP
and MTPA removal and almost extended TP removal in pure water
matrix. In fact, a high relative distribution percentage of the ≥ 3rd
generation TPs (Fig. 4a) was observed after both AOP + FG experiment
(80.8%) and AOP single treatment (77.4%). Among them, the most
abundant intermediates (TP150, TP134 and TP116) can be classified as
residual chemical structures, near to total compound removal (Fig. 2).
TP150 was previously classified as a mutagenic compound and TP116
as a persistent compound using in silico estimations (due to the aliphatic
secondary amines in molecular structure), both likely to increase the
hazards on treated water [24]. However, no acute toxicity values were
observed using in vitro experiments after the treatment(s), probably due
to their low TP presence in treated effluents (Fig. 3a).

The combination FG+ AOP was much less effective than AOP+ FG
for MTP removal (from 20.4% with FG alone up to 36.4% with
FG + AOP, Fig. 3a) whereas MTPA was completely removed after FG
treatment alone. In terms of relative presence of TPs, the percentage
value after FG treatment (24.6%) was very similar to the values ob-
tained after FG + AOP (27.6%). Altogether, these values were much
higher than in AOP + FG combination (Fig. 3a). Moreover, there were
less ≥ 3rd generation intermediates (36.7%) and more 1st and 2nd
generation TPs (21.9% and 41.4%, respectively, Fig. 4a). The overall
low efficiency of AOP treatment in the configuration FG + AOP might
be attributed to the polysaccharide mucus secreted by fungi during
fungal treatment, which can affect AOP oxidation afterwards. Con-
sidering the generated intermediates, the high contribution of TP240
(41.6%) and its oxidized compound TP254 (23.0%) in FG experiments
was previously reported in Trametes Versicolor [17]: TP240 was mostly
generated from MTPA biotransformation while α-HMTP from MTP only
[17]. The slight toxicity measured using in vitro experiments, from the
initial time (0.0 TU) to FG treated effluents (3.2 TU) and after
FG + AOP experiments (4.3 TU), might be explained by the presence of
O-DMTP after FG treatment alone (2.8%) and after FG + AOP experi-
ments (3.5%). Actually, O-DMTP was previously described to be 3.6
times more toxic than the parent compound MTP in vibrio fischeri
bioassays [44]. However, the generation of unknown toxic metabolites
from fungi (non-related to MTP and MTPA degradation) cannot be
discarded.

3.2.2. AOP + CAS/CAS + AOP treatments of fortified pure water
Overall results obtained from AOP + CAS and CAS + AOP com-

bined experiments in fortified pure water are presented in Fig. 3b and
Fig. 4b. AOP + CAS allowed complete elimination of MTP and MTPA
(Fig. 3b). In comparison to AOP + FG treatment, this combination
slightly reduced the proportion of intermediates in treated effluents
from 0.8% after AOP to 0.4% after AOP + CAS treatment. In terms of
relative distribution of generated intermediates (Fig. 4b), 2nd genera-
tion of TPs increased from 19.0% after AOP to 31.6% after AOP + CAS
(15.7% more than in AOP + FG), suggesting the generation of some
MTP persistent intermediates after CAS treatment. Indeed, relative
MTPA contribution increased 7.1% moving from AOP to AOP + CAS.
This is in agreement with some authors indicating the recalcitrant
presence of MTPA after CAS experiments along with its generation
during MTP degradation, up to 40% of initial MTP concentration
(1 mg/L) after 48 h [44,51]. It is important to highlight that the pre-
sence of intermediates after AOP + CAS treating fortified pure water
treatment was small (0.4%) compared with the spiked parent com-
pounds at 2.5 mg/L, highlights the effectiveness of AOP + CAS com-
bination. Although almost a complete removal of MTP and MTPA and
TPs was already achieved by only AOP treatment, CAS as a post-
treatment step additionally provided an extended transformation of
TP150 into TP116 through the intermediate TP134 (Fig. 2, Fig. 4b), as
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also observed after AOP + FG combination (Fig. 4a). As in AOP + FG,
no toxic effects were observed after in vitro experiments in AOP + CAS
effluents.

Considering the last coupling CAS + AOP, MTP and MTPA removal
efficiency was high (97.8% and 97.7%, respectively) but not complete
(Fig. 3b). In terms of TP presence, the relative amount after CAS + AOP
treatment (24.3%) was similar to that after FG + AOP treatment
(27.6%), though very different TP distribution was observed (Fig. 4b):
the presence of intermediates from ≥ 3rd generation after CAS + AOP
treatment was higher (79.2%) than after FG + AOP (36.7%). Those
differences between FG + AOP and CAS + AOP might be related to the
minor complexity of the matrix after CAS (no mucus generated like it is

with FG), allowing a better performance of CAS + AOP. It is also im-
portant to highlight how the presence of MTPA even increased after
CAS alone, reaching a relative percentage values of 114.4%. MTPA has
been described as a major 2nd generation TP in CAS treatment in
previous studies [44,51]. However, MTPA was easily removed when
coupling CAS + AOP. In addition, no toxic effects were observed after
CAS + AOP experiments using the in vitro bioassays.

Therefore, UV/H2O2 can be considered as the treatment of choice
when treating simple matrices, such as fortified pure water.
Nevertheless, the implementation of an additional CAS treatment (both
before or after AOP treatment) allowed similar extent of pollutant
elimination (MTP, MTPA and TPs) without adding any toxic effect in

Fig. 5. The circles represent the relative distribution of intermediates in fortified HWW (Eq. (3)), classified regarding their degree on removal (1st, 2nd and ≥ 3rd
generation expressed in percentage values, according to Fig. 2) in: c) UV/H2O2 combined with FG treatment; d) UV/H2O2 combined with CAS treatment.
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treated effluents. However, an increase in the in vitro toxicity was
measured along the FG + AOP experiments due to the tentatively
presence of the O-DMTP intermediate. Moreover, the generation of
unknown toxic metabolites from fungi (non-related to MTP and MTPA
degradation) cannot be discarded.

3.3. Combined treatments of fortified hospital wastewater

The same experimental set-up performed with fortified pure water
(Fig. 1) was applied to a real-case scenario to treat real HWW fortified
with 2.0 µg/L of MTP and MTPA. Their removal as well as the relative
distribution of the generated TPs are presented in Fig. 3c, 3d and Fig. 5.
Since these experiments were performed with real HWW, 26.4% TPs
were already detected without applying any treatment (α-HMTP and
TP240, mainly). Other related pharmaceuticals such as atenolol, pre-
sent in HWW at an initial concentration of 0.5 µg/L, may also have
transformed into MTPA (also named atenolol acid) and generate some
of these intermediates after degradation [44,51]. As previously re-
ported, it is important to mention that MTP and MTPA removal effi-
ciency can be altered by many other factors including the presence of
organic matter, bacteria and pollutant concentration among others
[17,24,44]. Finally, since many more unknown chemicals (different
from MTP and MTPA) may contribute to the overall toxicity on treated
effluent, in vitro measurements were not performed.

3.3.1. AOP + FG/FG + AOP treatments of fortified HWW
Overall results obtained from single and combined treatment ex-

periments in fortified HWW for AOP + FG and FG + AOP are pre-
sented in Fig. 3c and Fig. 5c. High removal of MTP and MTPA were
observed after AOP alone (67.8% and 82.8%, respectively) though still
less effective than in fortified pure water (with removals higher than
99.6% for both MTP and MTPA), due most likely to the matrix com-
plexity. While MTP increased its removal to 88.9% after AOP+ FG, this
combination did not increase MTPA removal (81.2%). The relative
presence of intermediates was higher after AOP (63.2%) than after
AOP + FG (40.6%). In comparison with fortified pure water AOP + FG
experiments, the contribution of ≥ 3rd generation TPs was lower
(10.0%, Fig. 5c) compared with 80.8% observed in pure water (Fig. 4a).
These values indicate the low degradation extent of TPs. Among the
intermediates detected, TP240 (2nd generation) and α-HMTP (1st
generation) were classified as the most persistent compounds, as it was
also observed in previous fungal treatment of MTP and MTPA with
Ganoderma lucidum [17]. These recalcitrant intermediates should be
considered of important concern since they were found at a relative
distribution of 42.5% and 44.1%, respectively (Fig. 5c). Therefore,
further improvements and/or adjustments of the technologies included
in this combination may be required to avoid the discharge of these
compounds into the environment.

The opposite treatment combination FG + AOP was much less ef-
fective for MTP removal (36.1%) than AOP + FG (88.9%). The elim-
ination of MTPA was only slightly lower (80.6%) compared to
AOP + FG (81.2%), (Fig. 3c). Moreover, MTPA removal after
FG + AOP increased only 10.7% compared to FG alone (69.9%) while
no substantial changes were observed on MTP elimination. A similar
pattern was observed in terms of relative presence of all generated in-
termediates (38.2% after FG and 36.2% after FG + AOP). These results
demonstrate that FG + AOP was less effective than AOP + FG treating
complex matrices. As in AOP+ FG treatment, TP240 and α-HMTP were
also classified as the most recalcitrant TPs after FG experiments, unable
to be eliminated with this combined treatment configuration (Fig. 5c).
Altogether, it can be suggested that FG + AOP did not provide any
additional advantage compared with AOP + FG.

3.3.2. AOP + CAS/CAS + AOP treatments of fortified HWW
Overall results obtained from the combined experiments in fortified

HWW for AOP + CAS and CAS + AOP are presented in Fig. 3d and

Fig. 5d. AOP + CAS combination was quite effective in terms of re-
moval of MTP (85.6%) and MTPA (99.5%), as shown in Fig. 3d. The
relative percentage of TPs decreased dramatically from 63.2% after
AOP treatment to 15.4% after AOP + CAS, much lower than in
AOP+ FG (40.6%). Moreover, the distribution of≥ 3rd generation TPs
after AOP + CAS treatment increased considerably up to 65.2% com-
pared to those present after AOP alone (2.4%), Fig. 5d. The recalcitrant
TP240 and α-HMTP generated after AOP were successfully reduced
after CAS post-treatment with the generation of the ≥ 3rd generation
intermediate TP254.

In CAS + AOP similar values were obtained in terms of removal of
MTP (85.7%) and MTPA (98.5%). In contrast to FG + AOP, this com-
bination lead to a decrease in the relative TP presence: from 13.8% after
CAS pre-treatment to 11.0% after CAS + AOP. However, even though
TPs presence was slightly lower, their distribution was very different,
compared to AOP + CAS: ≥ 3rd generation TPs decreased drastically
from CAS (65.2%) to CAS + AOP (21.0%) while 1st and 2nd generation
TPs increased up to 27.8% and 51.3%, respectively (Fig. 5d). This was
attributed to the formation of the characteristic persistent compounds
TP240 and α-HMTP after AOP post-treatment. Otherwise, these per-
sistent compounds were easily eliminated, or not generated extensively,
by applying CAS as a post-treatment in AOP + CAS combination
(Fig. 5d). This fact confirms that the generation and the elimination of
intermediates were dependent also on the chosen sequence of applied
treatments. Additionally, and in contrast with CAS treatment of for-
tified pure water, high reduction of MTPA (93.9%), without any further
generation, was observed in CAS treating HWW (Fig. 3d). This can be
related to the different matrix conditions, affecting MTP and MTPA
degradation pathways. Finally, it is important to remark that the pre-
sence of the identified toxic intermediate O-DMTP was observed at a
very low concentration < 1%. These results confirm that the elim-
ination of the intermediates generated is directly dependent on the
chosen sequence of applied treatments.

3.4. Evaluation of combined treatments and statistical analysis

Different combined treatment strategies were compared in the
present study to achieve not only the highest elimination of the parent
compounds but also of the generated intermediates. Additionally, the
toxicity was evaluated along pure water experiments using in vitro
measurements.

The experiments performed in fortified pure water demonstrated
that the AOP treatment was the most effective treatment, out of the
three single treatments tested (AOP, FG and CAS). AOP allowed the
complete removal of MTP, MTPA and their intermediates without a
toxicity increase. In CAS experiments, MTP was mainly transformed
into the recalcitrant metabolite MTPA up to 114.4% whereas MTP was
only removed 20.4% in FG experiments. In the latest case, acute toxicity
increased from 0.0 TU up to 3.2 TU. The application of an AOP post-
treatment was justified in both cases (FG and CAS) in order to reduce
the presence of the parent compounds, the intermediates generated and
the observed acute toxicity. The CAS + AOP combination, allowed the
elimination of the recalcitrant metabolite MTPA up to almost 100%
with no toxicity measured in effluents. Spearman correlation (Fig. S2)
between AOP + CAS and CAS + AOP combinations, in terms of TP
distribution, was classified as moderate (rs = 0.47). On the other hand,
MTP was only eliminated up to 36.4% after FG + AOP and increased in
vitro toxicity due to the presence of the metabolite O-DMTP up to 4.3
TU. Spearman correlation (Fig. S2) between AOP + FG and FG + AOP
combinations, in terms of TP distribution, was classified as non-sig-
nificant (p > 0.05) but similar to CAS + AOP (rs = 0.65 and 0.52,
respectively). In this context, FG + AOP was considered as the least
effective combination in terms of removal of MTP, MTPA and generated
intermediates in pure water.

The experiments performed with fortified HWW showed that the
complete removal of the parent compounds (MTP and MTPA) and their
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TPs was not fully accomplished by any of the evaluated single treat-
ments studied. The combined treatments based on CAS and UV/H2O2

showed the best efficiency in terms of complete removal. The highest
removal degree of target contaminants was observed in AOP + CAS
with the largest contribution of ≥ 3rd generation TPs. In CAS + AOP
combination, the recalcitrant intermediates α-HMTP and TP240 were
generated after the AOP post-treatment from MTP and MTPA removal.
These two combinations showed a moderate correlation (rs = 0.53)
among them in terms of TP distribution (Fig. S3). However, non-sig-
nificant correlation (p > 0.05) was found between the best treatment
AOP + CAS and the less efficient combinations AOP + FG and
FG + AOP. On the other hand, treated effluents from AOP + FG and
FG + AOP showed a strong correlation among them (rs = 0.68), but
quite similar to the combination CAS + AOP (rs = 0.61 and rs = 0.62,
respectively). As a conclusion, AOP + CAS was significantly the most
successful combined treatment in comparison with the other tested
combinations. Despite this, a detailed evaluation of the combined
technologies would be required (in terms of operating conditions of
each of the technologies involved) before scale-up and full-scale ap-
plication [12,55].

4. Conclusions

A comprehensive overview of MTP and MTPA degradation and
transformation was performed in experiments where fortified pure
water and real HWW was treated with UV/H2O2 combined with FG or
CAS biological processes. Major transformation pathways were sug-
gested regarding the transformation of the parent compounds through
bio-transformation and photo-transformation mechanisms. This com-
prehensive study allowed to characterize MTP and MTPA removal/
transformation and to identify the most persistent and toxic inter-
mediates. While AOP single treatment was enough to achieve almost
total compound removal in spiked pure water experiments, combined
treatments were required for hospital wastewater: among the studied
combinations, AOP + CAS attained the highest removal rates not only
for MTP but also for its recalcitrant metabolite MTPA and the generated
intermediates. This study demonstrates that combined treatments may
represent a solution when applied to complex wastewater matrices for
the extended elimination of the TPs generated. On the other hand, this
study demonstrates that target analysis of parent compounds along the
water treatment does not provide enough information about the treat-
ment performance. Comprehensive studies of the generated TPs com-
bined with toxicity estimation are highly recommended.
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6.1 Occurrence of PhACs and their TPs in treated effluents 

The high excretion of PhACs and metabolites and their presence in wastewater sewage systems 

promote their occurrence in the natural environment since conventional WWTPs are not 

designed to attain their complete removal [240]. These substances are mainly transported as 

unchanged and/or transformed molecules and are widespread in different environmental 

compartments. In some cases, the TPs generated can be more persistent and toxic than their 

related parent compound, and thus, they should be monitored in environmental studies [127]. 

Although the scientific community has been largely focused on the elimination of the parent 

compounds, less attention has been paid to study the presence and environmental effects of 

the intermediates generated from PhACs and metabolite degradation during water treatment. 

Their comprehensive evaluation is limited by the lack of reference standards, and thus tedious 

and time-consuming analytical approaches are necessary [128]. In this context, the 

development of high-resolution analytical instrumentation and methodologies to detect the 

presence of these unknown pollutants are highly required for a better environmental risk 

assessment [4]. In this doctoral thesis, the development of advanced and user-friendly suspect 

screening methodologies has overcome this challenge by considering a large proportion of the 

substances present in samples, while attaining high confidence in their identification. These 

automated tools also allowed to explore the individual environmental effects of TPs in water 

effluents and to monitor their removal.  

6.2 Automated suspect screening methodologies for the identification of pharmaceutical 

TPs in biological treatments 

The development of suspect screening methodologies is based on the optimization of three 

different steps: analysis and data acquisition, data reduction and prioritization, and compound 

identification. These suspect screening methodologies are based on both pre-acquisition and 

post-acquisition approaches, which allow us to prioritize suspected features present in samples 

by precursor ion fragmentation and further identification [187]. A summary of the suspect 

screening methodologies developed during this doctoral thesis is presented in Table 6.1. 
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Table 6.1: Summary of the automated suspect screening approaches combined with environmental effect tools (QSAR, PCA and EDA) applied in this doctoral thesis (AA, 
antibiotic activity).

Article Treatment Analysis Identification Ecotox. test Pros Cons 

I 
MTP and MTPA in 

fungal treatments 
List-DDA 

Literature and 

ref. stand. 
Microtox 

- Applicable to samples with high matrix effects. 

- Software data processing tools are not required. 

- Requires a time-consuming inclusion list of suspects. 

- Not suitable for identification of a wide range of TPs. 

- Non-reported TPs are overlooked for identification. 

II 

Antibiotics (AZI, ERY, 

CTM, OFC, CFC, NFC, 

SPY, TMP and PMA) 

in microalgae 

treatments 

Intensity-DDA 
Software 

prediction 
Not studied 

- More automatic suspect screening methodology. 

- Evaluation of several target substances simultaneously. 

- Suitable for identification of a wide range of TPs. 

- Creates new and non-reported information of TPs 

(These Pros also apply to the following studies). 

- TPs at low-intensity values can be overlooked. 

- Ion fragmentation is susceptible to matrix effects.

- Requires expensive software data processing tools 

(These Cons also apply to the following studies). 

III 
MTP and MTPA in 

UV/H2O2 treatments 
Intensity-DDA 

Combined 

identification 

 Microtox 

+ 

QSAR  

- Estimation of a wide range of hazardous TPs. 

- QSAR models are rapid and economic tools. 

- In vitro or in vivo experiments are not always required. 

- Questionable reliability on hazard identification. 

- Synergisms effects between TPs are not considered. 

IV 

AZI and CFC in 

chlorination 

treatments 

Intensity-, list-, 

 isotopic-DDA 
Combined 

identification 

 Microtox/AA 

+ 

PCA  

- Estimation of a wide range of hazardous TPs. 

- More realistic toxicity estimation than QSAR models. 

- Synergisms and antagonisms effects are implicit. 

- Hazard estimation depends on suspect screening. 

- In vitro or in vivo experiments are always required. 

- Knowledge on statistical tools is required. 

 Microtox/AA 

+ 

EDA  

- High reliability for the identification of hazardous TPs. 

- Expertise in analytical instrumentation is needed. 

- Expensive and time-consuming methodology. 

- Applicable for selective endpoints only. 

V 

MTP and MTPA in 

UV/H2O2 combined 

with CAS and FG 

treatments 

Intensity-DDA 
Combined 

identification 
 Microtox 

- Methodology able to be applied for monitoring studies. 

- Evaluation of several target substances in one analysis. 

- Suitable for identification of a wide range of TPs. 

- Questionable reliability on hazard identification. 

- Synergisms are not included in hazard estimation. 
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A pre-acquisition screening (based on the list-dependent acquisition) was applied for the 

tentative identification of TPs generated from a list of suspected candidates collected from 

literature prior to sample analysis (Article I). This analytical approach allowed us to attain a high 

selectivity for compound detection and prioritization. While only those compounds in the 

inclusion list are selected for ion fragmentation, other ions coming from the matrix (not 

included in the inclusion list) are not prioritized, and thus, false-positives features are avoided 

for identification. Another advantage of pre-acquisition screening approaches is that software 

data processing tools are not always required since structure elucidation is sometimes already 

reported in the literature. Even though this pre-acquisition approach is considered a promising 

solution when information about tentative TPs is available, it also has some drawbacks. First, 

the generation of the mass inclusion list for each parent compound is considered a time-

consuming task, not applicable for high-throughput identification analyses. Second, this 

methodology relies on the hypothesis that the selected TPs reported in the literature (or 

foreseen by prediction tools) are the most important compounds to be found in the samples, 

while some other unknown intermediates might be overlooked (such as those TPs formed via 

uncommon biotransformation pathways or after multiple reaction steps). That was observed 

when applying this strategy to degradation experiments in pure water and HWW fortified with 

MTP and MTPA acid, where the identified TPs from literature did not properly correlate with 

the toxicity increase in the treated samples; namely, some unknown relevant TPs might be 

ignored. In order to consider a greater number of tentative intermediates detected and 

increase the automation of suspect screening methodologies, the development of post-

acquisition approaches (based on intensity-dependent acquisition) combined with automated 

data processing tools were further investigated.  

A post-acquisition screening (based on intensity-dependent acquisition) was applied for the 

identification of the most intense intermediates generated using software prediction tools 

after sample analysis (Article II). This analytical approach provided a less selective and time-

consuming strategy since previous knowledge of the tentative TPs to be found in samples was 

not required for ion fragmentation. In addition, the automatic prediction of tentative TPs 

allowed considering thousands of features for identification in a single analysis (12,291 

predicted TPs from 9 antibiotics). Despite this, some limitations of this methodology were also 

observed. First, this acquisition mode relies on the hypothesis that the most intense ions 
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detected in MS full-scan data are the most important ions for identification. Thus, some 

intermediates present at low concentration values can be overlooked. In addition, the MS/MS 

fragmentation of ions coming from the sample matrix can lead to the detection of false-

positives and involve tedious data filtering procedures after sample analysis. In this context, 

this analytical approach was recommended for the analysis of samples when the parent 

compounds are present at high concentration and the matrix effects are low, for instance, in 

fortified pure water experiments. In order to alleviate the background noise present in samples 

and also reduce ion suppression, the use of on-line turbulent flow, sample filtration and/or 

solid-phase extraction was encouraged prior to sample analysis. Moreover, the application of 

an automatic dynamic mass exclusion in the data acquisition step was also suggested to 

mitigate continuous re-fragmentation of the most intense ion along the chromatographic peak 

and allow fragmentation of less intense ions. In comparison to pre-acquisition approaches 

(where structure elucidation is sometimes already reported in the literature), the structural 

elucidation of the detected features was highly dependent on available post-acquisition 

software tools. In addition, the formation of in-house libraries and on-line databases (such as 

those promoted by NORMAN initiatives [126]) is highly encouraging for the rapid identification 

of TPs. In this context, although Compound Discoverer software allowed the automatic 

identification of a broad variety of intermediates using in silico MS/MS prediction, the 

application of combined identification strategies (based on literature, libraries, databases and 

reference standards when available) is highly recommended. 

6.3 Integrated suspect screening methodologies for the identification of hazardous TPs in 

physical and/or chemical treatments 

Integrated suspect screening approaches based on literature, libraries, prediction and 

reference standards allowed the identification of a great proportion of the intermediates 

generated in water treatments. This information becomes essential to correlate their relative 

presence with the hazardous effects measured in treated effluents [221]. In this doctoral 

thesis, advanced suspect screening methodologies combined with bioanalytical and 

ecotoxicological tools (such as QSAR models, in vitro bioassays with PCA statistical tools and 

EDA approaches) were investigated to point out those key-toxicants increasing the hazardous 

effects in physical and/or chemical treatment effluents (Table 6.1). This is considered one of 
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the most challenging tasks on environmental chemistry since no reference standards are 

usually available for confirmation of the hazardous effects of TPs.  

An integrated suspect screening methodology with QSAR models was applied to evaluate the 

presence of hazardous chemicals in treated effluents by the quantitative association of their 

structural parameters with their biological activity (Article III) [208]. This approach is 

considered a rapid and economic methodology for the estimation of hazardous intermediates 

since in vitro and in vivo biological tests are not required. Therefore, they can be easily applied 

for the high-throughput identification of hazardous TPs in both spiked pure water and real 

wastewater experiments. However, this methodology presents important drawbacks to be also 

considered. First, synergism and antagonism effects among the intermediates identified are 

not considered in QSAR estimations. In most of the cases, their contribution is calculated 

according to the accepted “concentration addition”, where bioactivity of mixture samples is 

estimated regarding the sum of their relative presence for a given mode of action [241,242]. 

Since synergy rarely leads to more than a factor of 10 increase in effect and TPs are normally 

present at low concentration values, this approach has been recently accepted assuming that 

concentration-effect curves become linear when intermediates are generated [241,243,244]. 

Nonetheless, the reliability of the identification of hazardous TPs has been widely questioned 

since the accepted models are specially developed for parent compounds, which do not have 

to behave in the same manner as the TPs generated. Since reference standards are not 

available for their confirmation, complementary methodologies are required to increase the 

reliability of hazard identification.  

An integrated suspect screening methodology with PCA statistical tools was applied to correlate 

the environmental effects measured in treated effluents with the relative presence of each 

intermediate during wastewater treated processes (Article IV). As previously mentioned in the 

application of QSAR models, the use of PCA statistical tools are also considered as a cost-

effective methodology for the identification of a wide range of hazardous TPs in treated 

samples [156]. One of the main advantages of PCA is that synergism and antagonism effects 

between chemical compounds are implicit (since the hazardous effects are directly measured 

using in vitro bioassays from treated effluent containing a mix of the parent compounds and 

TPs). Thus, higher reliability on hazard identification can be attained. However, this 
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methodology presents important drawbacks to be also considered. First, this approach is highly 

dependent on the efficiency of suspect screening methodologies and the total number of TPs 

identified. In other words, if some intermediates are overlooked during chemical identification, 

PCA estimations may be wrongly attributed to the identified TPs only. Second, in vitro and/or 

in vivo experiments are always required to build the PCA statistical plots, and thus, higher time 

and economic investments are needed in comparison with QSAR models. Third, knowledge of 

statistical tools is required to perform the data processing step and the interpretation of results 

obtained. Despite this, PCA tools can represent a reliable solution for the evaluation of the 

hazardous effects of TPs when a large quantity of TPs exhibit a given ecotoxicological endpoint: 

for instance, the acute toxicity, where many TPs present at low concentration levels can 

contribute to the total toxicity of effluent samples, and their isolation using EDA approaches is 

also a difficult task. In addition, PCA tools can represent a reliable solution when TPs are 

difficult to be isolated due to partial losses during sample evaporation and fractionation 

process leading to a reduction on effect measurement in the fractions.  

An integrated suspect screening methodology with an EDA approach was applied to evaluate 

the generation of hazardous TPs after fractionation of samples and direct measurement of 

their effects using in vitro bioanalytical tools (Article IV) [217–226]. Although this methodology 

was suggested as the most reliable approach for hazard identification, it presents important 

drawbacks to be also considered. First, it was classified as a time-consuming approach that 

requires a battery of different analytical instrumentation as well as multidisciplinary expertise. 

Second, the evaluation of synergism and antagonism effects among the intermediates 

identified require additional experiments using different mixes of the fractions collected and 

further assessing their hazardous effects. Third, the total number of hazardous TPs identified 

is always lower than in QSAR models and PCA statistical tools due to the complex analytical 

procedures carried out. Despite this, this strategy represented the most suitable solution for 

the evaluation of the hazardous effects of TPs when high specific endpoints are investigated: 

such as antibiotic activity, where only few TPs can contribute to the total toxicity of samples 

and they are easy to be fractionated.  
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6.4 Monitoring of the removal of PhACs and their hazardous TPs in combined treatments 

In this doctoral thesis, the development of automated suspect screening methodologies using 

advanced computational tools provided user-friendly approaches to monitor the occurrence 

of pollutants, even when reference standards are not available for confirmation. However, to 

properly evaluate the efficiency of the removal in wastewater treatment technologies, not only 

the parent compounds should be considered but also the TPs generated to ensure safety 

discharges [228]. A summary of the removal of the parent compounds in fungal, microalgae, 

UV/H2O2, chlorination single treatments, and the combination of UV/H2O2 with fungi and CAS 

treatments are presented in Table 6.2.  

Among the technologies studied, none of the single treatments achieved the complete 

removal of the parent compounds in real wastewater. Among the treatments selected, the 

removal of MTP and MTPA in UV/H2O2 was higher in absence of organic matter (pure water 

experiments) than in real wastewater samples. However, the UV/H2O2 treatment was more 

effective than fungal treatments for the elimination of the same parent compounds in HWW 

(at their optimized conditions). Similar results were observed for AZI with higher removal rates 

after chlorination (up to 88%) than after microalgae treatments (up to 58%). Indeed, all the 

parent compounds were transformed into a large quantity of hazardous TPs at high relative 

presence which can pose hazardous effects to the receiving aquatic environment. The results 

obtained in this doctoral thesis showed the importance of identifying the hazardous TPs 

generated for the development of wastewater treatment technologies. For instance, the 

TP238 and TP252 where suggested as carcinogenic compounds from metoprolol and 

metoprolol acid after UV/H2O2 treatments (Article III), while the TP296 retained part of the 

antibiotic activity of ciprofloxacin after chlorination (Article IV). These results suggest that 

combined treatment technologies are highly required to attain the complete removal of the 

hazardous TPs generated, and their parent compounds, prior to wastewater discharge.  
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Table 6.2: Main results of the treatment technologies applied in this doctoral thesis in their respective optimum conditions. 

Article Treatment Max. removal in pure water Max. removal in wastewater TPs identified in effluents Main results 

I 

MTP and MTPA  

in fungal treatments  

(after 15 days, after 7 

days in FBB) 

MTP (51%) and MTPA (77%) in 

Erlenmeyer flasks at 2.5 mg/L 

MTP (33%) and MTPA (64%)  

in FBB bioreactor at 2 µg/L in 

HWW 

14 TPs from MTP 

7 TPs from MTPA 

Target analysis allows us to evaluate the percentage of removal 

of the recalcitrant parent compounds in wastewater. Suspect 

screening allowed us to identify a great variety of transformed 

TPs in liquid and solid phases. 

II 

Antibiotics in microalgae 

treatments  

(after 14 days, after 12 

days in PBR) 

AZI (58%), ERY (34%), CTM (36%), 

OFC (88%), CFC (100%), NFC 

(100%), PMA (85%), TMP (34%) 

and SPY (94%) in Erlenmeyer 

flasks at 100 µg/L 

ERY (85%), OFC (67%) and NFC 

(95%) in a PBR bioreactor  

(non-spiked in UWW) 

16 TPs from macrolides 

18 TPs from fluoroquinolones 

6 TPs from other antibiotics 

Target analysis allows detecting a high removal of antibiotics in 

microalgae experiments. Suspect screening confirmed that 

biodegradation was the mechanism involved in its removal of 

some antibiotics such as macrolides. 

III 

MTP and MTPA  

in UV/H2O2 treatments  

(after 10 min) 

MTP (99%) and MTPA (100%) at 

2.5 mg/L 

MTP (72%) and MTPA (89%) in a  
UV/H2O2 reactor at 2 µg/L in 
HWW; MTP (11%) in IWW 

containing 33 mg/L 

24 TPs  

from MTP and MTPA 

Target analysis reveals that the parent compounds were better 

eliminated in the absence of organic matter. Integrated suspect 

screening evidenced that the extent of TP removal was also 

affected by the presence of organic matter providing a different 

distribution of hazardous TPs in treated effluents. 

IV 

AZI and CFC  

in chlorination  

(after 24h)  

AZI (88%) and CFC (100%)  

in glass flasks at 2 mg/L 
Not studied 

13 TPs from AZI 

7 TPs from CFC 

Target analysis shows ca. complete elimination of the parent 

compounds in treated effluents. Integrated suspect screening 

pointed out the most important hazardous TPs in effluents to 

be also considered for removal evaluation. 

V 

MTP and MTPA  

in combined treatments:  

UV/H2O2 (after 10 min) 

CAS (after 24h) 

 FG (after 7 days) 

UV/H2O2 + FG at 2.5 mg/L 

MTP (100%) and MTPA (100%)  

UV/H2O2 + FG at 2 µg/L 

MTP (89%) and MTPA (81%)  

19 TPs  

from MTP and MTPA 

Target analysis allows us to detect the highest removal of the 

parent compounds in UV/H2O2 + CAS and CAS + UV/H2O2 

combinations. Suspect screening allowed to discern between 

them and identify that the combination UV/H2O2 + CAS allowed 

the highest extent of transformation of TPs. 

FG + UV/H2O2 at 2.5 mg/L 

MTP (36%) and MTPA (100%) 

FG + UV/H2O2 at 2 µg/L 

MTP (36%) and MTPA (81%) 

UV/H2O2 + CAS at 2.5 mg/L 

MTP (100%) and MTPA (100%) 

UV/H2O2 + CAS at 2 µg/L 

MTP (86%) and MTPA (100%) 

CAS + UV/H2O2 at 2.5 mg/L 

MTP (98%) and MTPA (98%) 

CAS + UV/H2O2 at 2 µg/L 

MTP (86%) and MTPA (99%) 



General discussion 

In order to attain the greatest extent on parent and intermediate compounds elimination, the 

combination of UV/H2O2 with FG and CAS technologies were evaluated (Article V), using the 

integrated suspect screening approach previously developed (Article III), for the following 

combination of treatments: UV/H2O2 + FG, FG + UV/H2O2, UV/H2O2 + CAS and CAS + UV/H2O2. 

Considering the removal of the parent compounds MTP and MTPA in HWW (Table 6.2), a very 

high and similar elimination was attained for both spiked compounds after UV/H2O2 + CAS and 

CAS + UV/H2O2 (higher than 86% and 99% for MTP and MTPA, respectively). Likewise, the total 

presence of intermediates identified in treated effluents after UV/H2O2 + CAS combination was 

similar (15%) compared to the opposite combination (11%). However, the extent in the 

transformation of the intermediates generated was different between those combined 

treatments. For the combination CAS+UV/H2O2, the recalcitrant intermediates α-HMTP (1st 

generation TP) and TP240 (2nd generation TP) were still present in treated effluents, while the 

3rd generation of TPs represented 21% of the total intermediates detected. Using the opposite 

combination UV/H2O2 + CAS, all the recalcitrant intermediates identified from the 1st and 2nd 

generation were practically transformed and increased the presence of 3rd generation TPs, 

which represented 65% of the total intermediates detected in treated effluents. This last 

configuration attained the highest transformation of TPs detected in real wastewater at the 

lowest treatment time (10 min UV/H2O2 and 24h CAS). Thus, the combination of UV/H2O2 + 

CAS was classified as the most efficient combination tested for the removal of the parent 

compounds MTP, MTPA and the TPs generated in HWW. These results evidenced that target 

analysis does not provide enough information to draw conclusions of the best wastewater 

treatment to be applied, and the additional application of suspect screening methodologies to 

routine analysis is highly necessary. Despite this, it was observed that complete removal of TPs 

was not attained even using the best treatment technology investigated (UV/H2O2 + CAS), 

where a presence of 15% of TPs were still remaining. Since these residual TPs may also be 

transformed into more hazardous TPs in water bodies, the combination of more advanced 

treatment processes should be further investigated to attain their total removal prior to 

wastewater discharge. As a conclusion, multidisciplinary research including analytical 

chemistry, risk assessment and chemical engineering is needed to properly evaluate the best 

treatment technology to eliminate all chemicals present in treated effluents. 
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General conclusions 

i. Comprehensive suspect screening approaches were applied for automated

identification of a wide range of intermediates generated from PhACs during water

treatment including fungi, microalgae, UV/H2O2, chlorination and combined

treatments.

ii. The application of automated suspect screening methodologies allowed to elucidate

the PhACs transformation pathways through biotransformation, photo-transformation

and hydrolysis oxidation occurring during water treatment.

iii. The use of pre-acquisition approaches is suggested when information of the tentative

TPs to be found in samples is available and the water matrix is complex. The application

of post-acquisition screening is recommended when information about the tentative

TPs to be found in samples is not available and the matrix interferences are low.

iv. The continuous generation of new information about unknown TPs and their inclusion

into in-house libraries and on-line databases can alleviate data processing workflow

while assuring enough confidence in TP identification.

v. Integrated strategies for TP identification (combining literature information, prediction

tools, in-house and/or on-line databases, and reference standards) are highly

recommended to cover as many potential TPs as possible.

vi. The integration of suspect screening approaches with ecotoxicological tools based in in

silico, in vitro bioassays and data processing tools (QSAR models, PCA statistics and EDA

methodologies) allowed to correlate the presence of TPs with their hazardous effects:

 The QSAR models are the most recommended tools for fast and cost-effective

assessment and time investment.

 EDA is the most reliable but time-consuming and expensive approach,

recommended in the case of selective endpoints.
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 The combination of toxicity test results with statistical analysis (PCA) is

recommended for less specific endpoints, and for those TPs difficult to be isolated

using EDA approaches.

vii. The application of integrated suspect screening methodologies demonstrates that

hazardous intermediates are generated from the parent compounds. In addition,

complete removal was not attained along the single treatments selected. Thus,

additional water polishing treatments might be required to attain an extended removal

of TPs before a safe wastewater discharge.

viii. Target analysis does not provide complete information to draw conclusions about the

most efficient water treatment. The use of automated suspect screening

methodologies allowed us to select the best water treatment based on the removal of

both the parent compounds and the TPs generated. The combination of UV/H2O2 + CAS

was the most successful treatment among the water treatment chains tested.

ix. The relative presence of the intermediates generated depends on the initial

concentration of the parent compounds and the type of water matrix. Thus, suspect

screening approaches should always be applied as a routine analysis to evaluate all

water treatment conditions.

x. The combination of more advanced treatment processes should be further investigated

to attain the complete removal of the TPs detected in effluents prior to wastewater

discharge.

xi. Multidisciplinary research including analytical chemistry, environmental risk

assessment and chemical engineering is needed to properly evaluate the best

treatment technology to eliminate all pollutants present in treated effluents.
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Future perspectives 

The study of the intermediates generated from PhACs during wastewater treatment requires 

a multidisciplinary approach including analytical chemistry, ecotoxicology and chemical 

engineering. Although many efforts have been carried out in each field individually, further 

research is necessary to fully understand the behavior of these unknown substances in the 

aquatic environment. In this context, in line with several of the aspects addressed in the thesis 

and the conclusions extracted, some future research trends can be foreseen:  

I) In terms of analysis of TPs: The DDA mode demonstrated to be a powerful approach to

automatize suspect screening methodologies and identify a broad variety of intermediates 

reducing data processing from months to a few days. However, limitation in the total number 

of compounds identified in DDA approaches will always be observed since it is based on the 

fragmentation of the most intense ions only. The development of DIA approaches to generate 

MS/MS spectra for all the intermediate features in a single sample analysis can provide more 

information on the total TPs present in samples. As explained in the thesis, one of the main 

limitations of the latest is related to the broad isolation width (approx. 15-25 Da) used for ion 

fragmentation (isolation width in DDA approaches is approx. 1 Da) [245]. Thus, less “clearer” 

MS/MS spectra are provided (with a mixture of ion fragments) and more difficult data 

processing should be performed for intermediates elucidation. The combination of DIA 

approaches with on-line databases would be required to alleviate this issue by comparison of 

data collected with the information collected in those on-line sources. Despite many DIA 

deconvolution algorithms have been developed in the last few years [246–251], further 

developments on HRMS instrumentation and software tools would be required for their direct 

application to real wastewater samples.  

II) In terms of compound identification of TPs: the elucidation of the greatest proportion of the

chemicals present in real wastewater samples is still one of the main limitations to be solved. 

The most promising strategy for their direct application to real wastewater samples is the 

development of on-line databases (or in-house libraries) for reliable identification using 

standardized chromatographic gradients. However, while most of the on-line libraries are 

performed for confirmed structures (with analytical reference standards), the generation of 

their tentative intermediates when reference standards are no available for confirmation is still 

limited. In this sense, the implementation of databases including TPs between research 
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institutions and organizations should be promoted as a collective tool for interdisciplinary 

research. The best example would be the use of initiatives led by NORMAN Suspect List 

Exchange (NORMAN-SLE), established in 2015 as a central access point for NORMAN members 

(and others) to find suspect lists relevant for their environmental monitoring question. 

III) In terms of the environmental effects of TPs: since most of the TPs presents in samples are

still unknown, no legislation exists regarding the maximum residue limits in environmental 

samples. In this doctoral thesis, the elucidation of potential hazardous intermediates 

contributing to the total effects measured in treated effluents was attempted using in silico 

and in vitro methods through EDA, PCA and QSAR approaches. Although QSAR models were 

definitely the less reliable approaches to apply, they are considered the most promising 

strategy for the rapid identification of hazardous TPs in the long-term (due to their low 

economic investments). As explained before, one of the main limitations of QSAR estimations 

is the lack of evaluation of synergism and antagonism effects in the treated effluent samples 

containing the mixture of TPs. Thus, the development of advanced QSAR models, including 

information from the mixture of target pollutants, would be desirable to increase the reliability 

of this in silico predictions and avoid the more tedious and time-consuming procedures such 

as EDA approaches. The identification of TPs of concern using QSAR models can be a successful 

tool to study their effects and put the most hazardous TPs of concern in treated effluents in 

the spotlight and eventually, to consider them for regulation measures. 

IV) In terms of monitoring of TPs: the presence of hazardous TPs in treated effluents has

motivated the scientific community to include them in monitoring studies to evaluate the 

efficiency of wastewater treatments in terms of contaminants removal. To date, most of these 

under-developed treatments have been performed in batch scales such as Erlenmeyer flasks 

and bioreactors. In this doctoral thesis, it was demonstrated that the experimental conditions 

(such as wastewater conditions and treatment parameters) used in wastewater treatments 

can provide completely different results in terms of TP generation, which should be further 

explored. Before the application of the investigated treatments at the full-scale level, the use 

of suspect screening methodologies as monitoring tools should be routinely implemented in 

all the experimental conditions evaluated. In addition, the application of ecotoxicological tools 

to evaluate the environmental effects of effluents should be also considered. In this context, 
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further improvements in analytical workflows are needed for the evaluation and development 

of more advanced combination of treatment technologies. 
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S1. Sample treatment 

Hospital wastewater samples from FBB bioreactors were treated following an SPE methodology 

described elsewhere (Gros et al., 2012). Firstly, samples were filtered through 1 µm glass fiber filters 

followed by 0.45 µm PVDF membrane filters (Millipore; Billerica, MA, USA). Then, 25 and 50 mL of 

sample at initial and final time respectively were used adding the appropriate volume of Na2EDTA. 

Samples were loaded into the SPE cartridges and conditioned with 5 mL of methanol followed by 5 

mL of HPLC grade water. Cartridges were rinsed with 6 mL of HPLC grade water and further dried 

with air for 5 minutes to remove the remaining water. Finally, elution was carried out using 6 mL of 

pure methanol. Extracts were reconstituted in 100 µL of methanol/water (10:90, v/v) containing 

internal standard to a final concentration of 100 µg/L in vial. 

Fungal biomass samples from FBB bioreactors were treated following the solid extraction 

methodology reported previously (Lucas et al., 2018). Firstly, samples were freeze dried and 

homogenized using a mortar. Then, 4 mL of methanol/Na2EDTA (50:1.5, v/v) were added to 1 g of 

biomass and vortexed for 30 s. Samples were sonicated for 3 min and centrifuged at 1500 rpm for 5 

min at 5 °C. The supernatant was decanted and the procedure was repeated twice more with 3 mL 

of methanol/Na2EDTA each time. The total resulting supernatant was centrifuged at 3200 rpm for 20 

min and filtered with PVDF membrane filters. Extracts were evaporated under nitrogen stream using 

a Reacti-Therm 18,824 system (Thermo Scientific) and reconstituted in 100 µL of methanol/water 

(10:90, v/v) containing internal standard to a final concentration of 100 µg/L in vial.  
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S2. Instrumental analysis 

Chromatographic separation was carried out by using an Aria TLX-1 chromatographic system 

(Thermo Fisher Scientific) comprising a PAL auto sampler and two mixing quaternary pumps (eluting 

pump and loading pump). 20 µL of water sample were injected. The chromatographic separation was 

performed in a ZORBAX Eclipse XDB-C18 (150 mm × 4.6 mm, 5 µm; Agilent Technologies, Santa Clara, 

CA). The optimized chromatographic gradient was water with ammonium formate (10 mM, pH 3.0) 

(A) and acetonitrile (B). Solvent gradient was performed as follows: initial mobile phase composition

(95% A) held for 1 min, followed by a decrease in composition A to 5% within 9 min, then to 0% in 3 

min, held for 2 min, and finally up to 95% in 1 min and held for 1 min. The total MS run time was 17 

min.  

The high-resolution mass spectrometer LTQ-OrbitrapVelosTM (Thermo Fisher Scientific) was equipped 

with a heated electrospray ionization source (HESI-II). Analyses were carried out in positive and 

negative ionization mode. As no results were observed in negative mode, data collected was 

processed in positive mode only. Samples were acquired through full scan from m/z 100 to 1000 

range at a resolving power of 60,000 FWHM. MS/MS full scan fragmentation data was acquired in 

Data Dependent Acquisition mode (DDA) at 30,000 FWHM from m/z 50 to 500 range. The compounds 

selected for fragmentation were those most intense included in a ready-made ion list of tentative 

transformation products selected from literature and included prior to analysis (Table S1). The 

conditions for HESI-II were designed as follows: spray voltage at 3.5 kV, source heater temperature 

at 300 ˚C, capillary temperature at 350 ˚C, sheath gas flow at 40 and auxiliary gas flow at 20 (arbitrary 

units). Fragmentation techniques selected were: collision-induced dissociation (CID) at a normalized 

collision energy of 30 eV (activation Q of 0.250 and an activation time of 30 ms) and higher-energy 

collisional dissociation (HCD) at a normalized collision energy of 55 eV (activation time of 0.100 ms) 

in an isolation width of 2 Da. The entire system was controlled via Aria software under Xcalibur 2.1. 
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S3. Pre-acquisition ion list 

Table S1. Pre-acquisition list of tentative transformation products gathered from literature. 

Name 
Molecular 

formula [M+H]+ 

Exact mass 

[M+H]+ 
References 

MTP C15H26NO3 268.19072 (Rubirola et al., 2014) 

MTPA C14H22NO4 268.15433 (Rubirola et al., 2014) 

TP74 C4H12N 74.09643 (Romero et al., 2016b) 

TP102 C5H12NO 102.09134 (Wilde et al., 2014) 

TP112 C6H10NO 112.07569 (Wilde et al., 2014) 

TP114 C6H12NO 114.09134 (Wilde et al., 2014) 

TP116 C6H14NO 116.10699 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP118 C6H16NO 118.12264 (Romero et al., 2016b, 2015) 

TP120 C5H14NO2 120.10191 (Cavalcante et al., 2015) 

TP121 C8H9O 121.06479 (Romero et al., 2016b) 

TP134 C6H16NO2 134.11756 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Šojić et al., 2012) 

TP150 C6H16NO3 150.11247 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP193 C12H17O2 193.12231 (Romero et al., 2016a) 

TP196 C11H18NO2 196.13321 (Wilde et al., 2014) 

TP208 C12H18NO2 208.13321 (Romero et al., 2016a, 2016b, 2015) 

TP216 C10H18NO4 216.12303 (Wilde et al., 2014) 

TP220 C13H18NO2 220.13321 (Romero et al., 2016a) 

TP226 C11H16NO4 226.10738 (Borkar et al., 2016) 

TP226 C12H20NO3 226.14377 
(Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b; Rubirola et al., 

2014; Slegers et al., 2006; Wilde et al., 2014) 

TP232 C10H18NO5 232.11795 (Romero et al., 2016a, 2016b) 

TP236 C13H18NO3 236.12812 (Wilde et al., 2014) 

TP238 C13H20NO3 238.14377 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Slegers et al., 2006; Šojić et 

al., 2012) 

TP240 C13H22NO3 240.15942 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b; Šojić et al., 2012; Wilde et al., 2014) 

TP241 C12H17O5 241.10705 (Ma et al., 2007) 

TP250 C15H24NO2 250.18016 (Romero et al., 2016a) 

TP252 C14H22NO3 252.15942 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b; Šojić et al., 2012) 

TP254 C13H20NO4 254.13868 
(Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b; Rubirola et al., 

2014; Slegers et al., 2006; Šojić et al., 2012) 

TP254 C14H24NO3 254.17507 (Šojić et al., 2012) 

TP256 C13H22NO4 256.15433 (Cavalcante et al., 2015) 

TP270 C14H24NO4 270.16998 (Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b) 

TP282 C15H24NO4 282.16998 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Rubirola et al., 2014; Šojić et 

al., 2012) 

TP284 C15H26NO4 284.18563 
(Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b, 2015; Rubirola et 

al., 2014; Slegers et al., 2006; Šojić et al., 2012) 

TP298 C15H24NO5 298.16490 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP300 C15H26NO5 300.18055 (Cavalcante et al., 2015; Romero et al., 2016a; Wilde et al., 2014) 

TP316 C15H26NO6 316.17546 (Cavalcante et al., 2015; Romero et al., 2016a) 

TP318 C15H28NO6 318.19111 (Cavalcante et al., 2015) 

TP332 C15H26NO7 332.17038 (Romero et al., 2016a) 
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S4. Quality parameters for MTP and MTPA quantification in HWW experiments 

Table S2. Concentration of MTP and MTPA in liquid phase (wastewater) and solid phase (dried weight fungus) in HWW experiments. Analytical quality 

parameters, method detection and quantification limits are presented as MDL and MQL, respectively. 

Concentration Quality Parameters 

MTP MTPA MTP MTPA 

Day 0 Day 7 Day 0 Day 7 MDL MQL Recovery MDL MQL Recovery 

Liquid phase 

(µg/L) 
1.5 ± 0.4 1.0 ± 0.2 2.5 ± 0.3 0.9 ± 0.1 0.01 0.03 88 ± 6% 0.01 0.04 94 ± 14% 

Solid phase 

(µg/kg) 
< MDL 0.2 ± 0.03 < MDL < MQL 0.01 0.04 54 ± 11% 0.02 0.07 38 ± 9% 

S5. MS/MS elucidation of TP structures  

For confirmation of TP structures, fragmentation scans were elucidated by using those data acquired 

in CID fragmentation energy. The fragment m/z 74.0600 was characteristic in all those TP structures 

containing a primary amine generated from the loss of the isopropyl moiety attached to the nitrogen 

atom in MTP structure (TP266B and TP266C). Otherwise, the fragment m/z 116.1070 was 

characteristic for the rest of TPs containing the N-bound isopropyl group. Among them, those 

compounds with the fragment m/z 135.0441 were distinctive for the presence of a carbonyl 

group attached to the aromatic ring in the ether side chain of the MTP structure (TP238, TP282A and 

TP298). The addition of a hydroxyl group into the aromatic ring was detected by the addition of an 

oxygen atom (m/z 15.9944) to the fragment m/z 135.0441, with generation of the m/z 151.0390 in 

TP298 fragmentation spectra (also identified in TP254 as a carboxylic group). On the other hand, m/z 

133.0648 was characteristic for those TPs with a hydroxyl group in α or β position from the aromatic 

ring (TP240, O-DMTP, TP270 and α-HMTP). Likewise, the aromatic hydroxylation generated the 

presence of m/z 149.0597 (+ O) and the m/z 165.0546 (+ 2O) in TP284 and TP300 fragmentation 

spectra, respectively.  

Even though most of the structures were successfully elucidated using CID fragmentation energy, 

HCD fragmentation energy became crucial to obtain characteristic and complementary small 

fragments to finally confirm some tentative chemical structures. Fig. S1 shows an example of TP 

confirmation using CID and HCD mass spectra. As it can be seen TP238 and TP254 structures contain 

an aldehyde and a carboxylic group in the ether side chain of the MTP structure, respectively. 

However, the fragments obtained applying CID fragmentation energy were not enough to predict the 

position of the alcohol group into TP254 structure (as a carboxylic group or as an aromatic 

hydroxylation). Using HCD fragmentation energy, the small fragment m/z 107.0492 in both TP238 

and TP254 confirmed the absence of the hydroxyl group into the aromatic ring.  
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Figure S1. Confirmation of TP structures of TP238 and TP254 by elucidation of product ion scans obtained in CID and HCD fragmentation energies. 
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S6. Home-made library of detected and identified TPs 

Table S3. Home-made library of parent compounds and transformation products suggested in literature and tentatively identified in this work.  

* Unexpected transformation products from the suggested exact masses and chemical structures (isomers) gathered from literature.

Rt 

(min) 
Compo

und 
Ion 

Molecular 
formula 
[M+H]+ 

Theoretical 
exact mass 

[M+H]+ 

Experiment 
exact mass 

[M+H]+ 

Error 
mass 
(ppm) 

RDBE Suggested chemical structure Ref. 

7.64 MTP [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+ 

[M+H–(C3H11NO)]+

[M+H–(C7H18NO2)]+

[M+H–(C9H12O2)]+ 

C15H26NO3 

C15H24NO2 

C12H20NO3 

C12H15O2 

C8H9O 

C6H14NO 

268.19070 

250.18016 

226.14377 

191.10666 

121.06479 

116.10699 

268.19106 

250.18063 

226.14414 

191.10689 

121.06500 

116.10729

1.34 

1.87 

1.63 

1.20 

1.73 

2.58 

3.5 

4.5 

3.5 

5.5 

4.5 

0.5 

Reference 

standard 

6.68 MTPA [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C8H14O3)]+ 

[M+H–(C8H8O3)]+ 

C14H22NO4 

C14H20NO3 

C11H16NO4 

C11H11O3 

C10H9O 

C6H14NO 

268.15432 

250.14377 

226.10738 

191.07027 

145.06479 

116.10699 

268.15534 

250.14463 

226.10813 

191.07084 

145.06527 

116.10748

3.80 

3.43 

3.31 

2.98 

3.30 

4.22 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

Reference 

standard 

2.87 TP134 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H16NO2 

C6H14NO 

C3H10NO2 

134.11754 

116.10699 

92.07061 

134.11742 

116.10746 

92.07097 

-0.89

4.04

3.91

-0.5

0.5

-0.5

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a, 2016b, 

2015; Šojić et 

al., 2012) 

6.21 TP226 

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C6H6O2)]+ 

C12H20NO3 

C12H18NO2 

C9H14NO3 

C9H9O2 

C6H14NO 

226.14376 

208.13321 

184.09682 

149.05971 

116.10699

226.14345 

208.13408 

184.09763 

149.06030 

116.10757

-1.37

4.18

4.39

3.95

4.99

3.5 

4.5 

3.5 

5.5 

0.5 

(Collado et al., 

2014; Ma et al., 

2007; Romero et 

al., 2016a; 

Slegers et al., 

2006; Wilde et 

al., 2014) 

7.07 TP226

B 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(CH2)]+

[M+H–(H2O)–(NH3)]+

[M+H–(C4H11O2)]+ 

[M+H–(C9H12O2)]+ 

C12H20NO3 

C12H18NO2 

C11H16NO2 

C12H15O2 

C8H9O 

C3H8NO 

226.14376 

208.13321 

194.11756 

191.10666 

121.06479 

74.06004 

226.14459 

208.13390 

194.11819 

191.10698 

121.06526 

74.06012 

3.67 

3.31 

3.24 

1.67 

3.88 

1.08 

3.5 

4.5 

4.5 

5.5 

4.5 

0.5 

(Ma et al., 2007) 

6.66 TP226

C 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(CH7O3)]+

[M+H–(C8H8O3)]+

C11H16NO4 

C11H14NO3 

C11H11O3 

C10H9O 

C3H8NO 

226.10738 

208.09682 

191.07027 

145.06479 

74.06004 

226.10701 

208.09669 

191.07025 

145.06467 

74.06006 

-1.63

-0.62

-0.10

-0.82

0.27

4.5 

5.5 

6.5 

6.5 

0.5 

This article* 

6.83 TP238 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C5H13NO)]+ (HCD) 

[M+H–(C7H6O2)]+ 

C13H20NO3 

C13H18NO2 

C10H14NO3 

C10H9O2 

C8H7O2 

C6H14NO 

238.14376 

220.13321 

196.09682 

161.05971 

135.04405 

116.10699 

238.14433 

220.13358 

196.09715 

161.06009 

135.04441 

116.10735

2.39 

1.68 

1.68 

2.35 

2.66 

3.10 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a, 2016b, 

2015; Slegers et 

al., 2006; Šojić 

et al., 2012) 

6.22 TP240 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C4H14NO2)]+ 

[M+H–(C7H8O2)]+ 

C13H22NO3 

C13H20NO2 

C10H16NO3 

C10H11O2 

C9H9O 

C6H14NO 

240.15940 

222.14886 

198.11247 

163.07536 

133.06479 

116.10699 

240.15906 

222.14981 

198.11319 

163.07599 

133.06534 

116.10755

-1.41

4.27

3.63

3.86

4.13

4.82

3.5 

4.5 

3.5 

5.5 

5.5 

0.5 

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a, 2016b; 

Šojić et al., 

2012; Wilde et 

al., 2014) 

6.37 TP254 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H13NO)]+ (HCD)

[M+H–(C7H6O3)]+ 

C13H20NO4 

C13H18NO3 

C10H14NO4 

C10H9O3 

C8H7O3 

C6H14NO 

254.13867 

236.12812 

212.09173 

177.05462 

151.03897 

116.10699 

254.13955 

236.12885 

212.09246 

177.05526 

151.03952 

116.10747

3.46 

3.09 

3.44 

3.61 

3.64 

4.13 

3.5 

5.5 

4.5 

6.5 

5.5 

0.5 

(Koba et al., 

2016) 
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6.63 O-

DMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C8H10O2)]+ 

C14H24NO3 

C14H22NO2 

C11H18NO3 

C11H13O2 

C6H14NO 

254.17505 

236.16451 

212.12812 

177.09101 

116.10699 

254.17555 

236.16520 

212.12865 

177.09146 

116.10736

1.96 

2.92 

2.49 

2.54 

3.18 

4.5 

4.5 

3.5 

5.5 

0.5 

Reference 

standard 

5.75 TP270 [M+H]+ 

[M+H–(H2O)]+

[M+H–2(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(C3H10N)–(H2O)]+ 

[M+H–(C5H16NO3)]+ 

[M+H–(C8H10NO3)]+ 

C14H24NO4 

C14H22NO3 

C14H20NO2 

C11H18NO4 

C11H13O3 

C9H9O 

C6H14NO 

270.16998 

252.15942 

234.14886 

228.12303 

193.08592 

133.06479 

116.10699 

270.17062 

252.15958 

234.14890 

228.12363 

193.08636 

133.06516 

116.10713 

2.36 

0.63 

0.17 

2.63 

2.27 

2.78 

1.20 

3.5 

4.5 

5.5 

3.5 

5.5 

5.5 

0.5 

(Ma et al., 2007) 

6.69 TP282

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C2H5O)–(C5H12NO)]+ (HCD) 

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C8H7O2 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

135.04405 

116.10699 

282.17083 

264.16010 

240.12373 

205.08648 

135.04441 

116.10738 

3.04 

2.57 

2.91 

2.73 

2.66 

3.35 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

(Rubirola et al., 

2014) 

7.48 TP282

B 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H16O3)]+  

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C10H9O 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

145.06479 

116.10699 

282.17132 

264.16019 

240.12384 

205.08661 

145.06523 

116.10744

4.78 

2.91 

3.37 

3.36 

3.03 

3.87 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

This article* 

6.40 α-

HMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(C3H5)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O2)–(C5H12NO)]+

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C12H18NO3 

C12H15O3 

C9H9O 

C6H14NO 

284.18562 

266.17507 

224.12812 

207.10157 

133.06479 

116.10699 

284.18659 

266.17586 

224.12875 

207.10205 

133.06514 

116.10744

3.41 

2.96 

2.81 

2.31 

2.63 

3.87 

3.5 

4.5 

4.5 

5.5 

5.5 

0.5 

Reference 

standard 

7.31 TP284 [M+H]+ 

[M+H–(H2O)]+

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+ 

[M+H–(CH5O)–(C3H3)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C14H22NO3 

C14H20NO2 

C11H14NO2 

C11H11O2 

C9H9O2 

C6H14NO 

284.18562 

266.17507 

252.15942 

234.14886 

192.10191 

175.07536 

149.05971 

116.10699 

284.18530 

266.17577 

252.16009 

234.14940 

192.10233 

175.07580 

149.05998 

116.10735 

-1.12

2.62

2.65

2.30

2.18

2.51

1.81

3.10

3.5 

4.5 

4.5 

5.5 

5.5 

6.5 

5.5 

0.5 

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a, 2016b, 

2015; Slegers et 

al., 2006; Šojić 

et al., 2012) 

6.86 TP298 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(C3H6)–(CH3O)]+  

[M+H–(C2H5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H10O4)]+ 

C15H24NO5 

C15H22NO4 

C14H20NO4 

C11H14NO4 

C8H7O3 

C6H14NO 

298.16488 

280.15433 

266.13868 

224.09173 

151.03897 

116.10699 

298.16470 

280.15537 

266.13944 

224.09234 

151.03937 

116.10741

-0.60

3.71

2.85

2.72

2.64

3.61

4.5 

5.5 

5.5 

5.5 

5.5 

0.5 

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a, 2016b) 

6.72 TP300 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+

[M+H–(CH5O)–(C5H12NO)]+

[M+H–(C6H18NO3)]+

[M+H–(C13H12O4)]+

C15H26NO5 

C15H24NO4 

C14H22NO4 

C14H20NO3 

C9H9O3 

C9H9O2 

C6H14NO 

300.18055 

282.16998 

268.15433 

250.14377 

165.05462 

149.05971 

116.10699 

300.18027 

282.17102 

268.15536 

250.14401 

165.05482 

149.05968 

116.10719 

-0.93

3.68

3.84

0.95

1.21

-0.20

1.72

3.5 

4.5 

4.5 

5.5 

5.5 

5.5 

0.5 

(Cavalcante et 

al., 2015) 

6.50 TP316 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(C3H8O)]+ 

[M+H–(C6H15NO2)]+ 

[M+H–(C9H12O5)]+ 

C15H26NO6 

C15H24NO5 

C12H20NO6 

C12H18NO5 

C9H11O4 

C6H14NO 

316.17545 

298.16490 

274.12851 

256.11795 

183.06519 

116.10699 

316.17703 

298.16590 

274.12985 

256.11917 

183.06601 

116.10752 

4.99 

3.35 

4.88 

4.76 

4.47 

4.56 

3.5 

4.5 

3.5 

4.5 

4.5 

0.5 

(Cavalcante et 

al., 2015; 

Romero et al., 

2016a) 
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S7. Toxicity test 

Table S4. Percentage toxicity values (measured after 15 min of exposure) of samples obtained along fungal treatment of water samples spiked with MTP 

and MTPA (at 2.5 mg/L each in single experiments). Percentages toxicity expressed as (EC50(initial) − EC50 (x))/EC50(initial). EC50 of MTP was 51.5% and 

MTPA was 47.8% (expressed in dilution percentage). 

MTP MTPA 

0d  

(%) 

3d 

(%) 

7d 

(%) 

10d 

(%) 

15d 

(%) 

0d  

(%) 

3d 

(%) 

7d 

(%) 

10d 

(%) 

15d 

(%) 

G. lucidum 0 11 12 11 29 0 16 18 17 4 

T. versicolor 0 28 6 23 15 0 13 8 7 11 

P. ostreatus 0 10 11 11 24 0 1 4 14 29 
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S1. Method development

Table S1 

Chromatographic conditions in on-line turbulent flow chromatography system (TFC-LTQ Orbitrap Velos). Acetonitrile (A), 

acetonitrile:isopropanol:acetone (45:45:10) (B), and water (C) mobile phases were chosen for loading and cleaning TFC column (loading 

pump), and formic acid 0.1% in methanol (A) and formic acid 0.1% in water (B) mobile phases were selected for analytical separation 

(eluting pump). 

Fig. S1. Example of Total Ion Chromatogram (TIC) using the on-line turbulent flow chromatography system (TFC-LTQ Orbitrap Velos).

Start time (min) Time (S) 

Loading (TurboFlow) pump 

Tee 

Eluting (analytical) pump 

Flow 

(mL/min) 
Gradient A% B% C% D % Step 

Flow 

(mL/min) 
A% B% Step 

0.00 15 2.00 Step - - - 100 Loading Out 0.50 5 95 Conditioning 

0.25 30 0.50 Step - 5 95 - Transfer In 0.00 5 95 Loading 

0.75 315 0.50 Ramp - 30 70 - Separation In 0.00 30 70 Separation 

6.00 480 0.50 Ramp - 100 - - Separation In 0.00 100 - Separation

14.00 60 0.50 Step - 100 - - Cleaning Out 0.50 100 - Cleaning

15.00 120 0.50 Step 100 - - - Cleaning Out 0.50 100 - Cleaning

17.00 60 0.50 Step - - - 100 Run to init. cond. Out 0.50 5 95 Run to init. cond. 

172



S2. Software data processing 

Fig. S2. Example of software data processing results for confirmation: a) Direct match when tentative structures are directly proposed, b) 

Shifted match when additional transformation are required to a proposed predicted structure. 
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S3. In-house library 

Table S2 

In-house library of parent compounds and transformation products identified. 

tR 

(min) 
Name Ion 

Elemental 

composition 

Theoretical 

m/z 

Experimen

tal m/z 

Mass 

error 

(ppm) 

RDB 
Type of 

Confirm. 
Suggested chemical structure Ref. 

10.37 AZI [M+H]+

[M+H–(L-cladinose)]+ 

[M+H–[O-(L-cladinose)]]+ 

[M+H–(d-desosamine)-(L-

cladinose)]+ 

C38H73N2O12

C30H59N2O9

C30H57N2O8

C22H44NO7 

749.51580 

591.42151 

573.41094 

434.31123 

749.51752 

591.42334 

573.41266 

434.31281 

2.29 

3.09 

2.99 

3.63 

3.5 

2.5 

3.5 

1.5 

Direct Reference 

standard 

9.47 TP 766 

(AZI) 

[M+H]+

[M+H–(d-desosamine)] 

[M+H–(L-cladinose)]+ 

[M+H–[(d-desosamine)-(L-

cladinose)]]+ 

C38H75N2O13

C30H60NO11

C30H61N2O10

C22H46NO8

767.52637 

610.41609 

609.43207 

452.32179 

767.52570 

610.41754 

609.43317 

452.32254 

-0.87 

2.37 

1.80 

1.65 

2.5 

1.5 

1.5 

0.5 

Direct This article 

10.82 TP 764 

(AZI) 

[M+H]+

[M+H–(C2H7NO)]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–

(C2H7NO)]+

C38H73N2O13

C36H66NO12

C30H59N2O10

C28H52NO9

765.51072 

704.45795 

607.41642 

546.36366 

765.50897 

704.45782 

607.41626 

546.36371 

-2.28 

-0.18 

-0.26 

0.09 

3.5 

4.5 

2.5 

3.5 

Shifted [1,2] 

9.38 TP 752 

(AZI) 

[M+H]+

[M+H–(d-desosamine)] 

C37H73N2O13

C29H57NO11

753.51072 

595.39261 

753.50879 

595.39178 

-2.56 

-1.39 

2.5 

2.0 

Shifted This article 

10.34 TP 734 

(AZI) 

[M+H]+

[M+H–(L-cladinose)]+ 

[M+H–[O-(L-cladinose)]]+ 

[M+H–(d-desosamine)-(L-

cladinose)]+ 

C37H71N2O12

C29H57N2O9

C29H55N2O8

C21H42NO7

735.50015 

577.40586 

559.39529 

420.29558 

735.49744 

577.40497 

559.39447 

420.29467 

-3.68 

-1.54 

-1.46 

-2.16 

3.5 

2.5 

3.5 

1.5 

Direct [1] 

9.55 TP 608 

(AZI) 

[M+H]+

[M+H–(d-desosamine)]+ 

C30H61N2O10

C22H46NO8

609.43207 

452.32179 

609.43280 

452.32303 

1.19 

2.74 

1.5 

0.5 

Direct This article 

10.57 TP 591 

(AZI) 

[M+H]+

[M+H–(L-cladinose)]+ 

C30H58NO10

C22H44NO7 

592.40552 

434.31123 

592.40660 

434.31128 

1.82 

0.11 

2.5 

1.5 

Direct [3] 

10.39 TP 590 

(AZI) 

[M+H]+

[M+H–H2O]+

[M+H-(d-desosamine)]+ 

C30H59N2O9

C30H57N2O8

C22H44NO7 

591.42151 

573.41094 

434.31123 

591.42261 

573.41095 

434.31122 

1.85 

0.01 

-0.02 

2.5 

3.5 

1.5 

Direct [3] 

10.42 TP 576 

(AZI) 

[M+H]+

[M+H–H2O]+

[M+H-(d-desosamine)]+ 

C29H57N2O9

C29H55N2O8

C22H44NO7 

577.40586 

559.39529 

434.31123 

577.40576 

559.39575 

434.31113 

-0.17 

0.82 

-0.23 

2.5 

3.5 

1.5 

Shifted This article 

11.69 ERY [M+H]+

[M+H–H2O]+

[M+H–(L-cladinose)]+ 

[M+H–[O-(L-cladinose)]]+ 

C37H68NO13

C37H66NO12

C29H54NO10

C29H52NO9

734.46852 

716.45795 

576.37422 

558.36366 

734.47070 

716.46039 

576.37628 

558.36578 

2.97 

3.41 

3.57 

3.80 

4.5 

5.5 

3.5 

4.5 

Direct Reference 

standard 

10.52 TP 751 

(ERY) 

[M+H]+

[M+H–(L-cladinose)]+ 

C37H70NO14

C29H56NO11

752.47908 

594.38479 

752.47925 

594.38287 

0.23 

-3.23 

3.5 

2.5 

Direct [4,5] 
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12.13 TP 749 

(ERY) 

[M+H]+

[M+H–H2O]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)- H2O]+ 

C37H68NO14

C37H66NO13

C29H54NO11

C29H52NO10

750.46343 

732.45287 

592.36914 

574.35857 

750.46173 

732.45276 

592.36865 

574.35828 

-2.26 

-0.15 

-0.82 

-0.50 

4.5 

5.5 

3.5 

4.5 

Shifted [6] 

12.38 TP 733 

(ERY) 

[M+H]+

[M+H–(L-cladinose)]+ 

C37H68NO13

C29H54NO10

734.46852 

576.37422 

734.46752 

576.37382 

-1.36 

-0.69 

4.5 

3.5 

Shifted [4,5] 

12.00 TP 719 

(ERY) 

[M+H]+

[M+H–H2O]+

[M+H–(L-desmethyl-

cladinose)]+ 

[M+H–[O-(L-desmethyl-

cladinose)]]+ 

C36H66NO13

C36H64NO12

C29H54NO10

C29H52NO9 

720.45287 

702.44230 

576.37422 

558.36366 

720.45453 

702.44360 

576.37555 

558.36505 

2.30 

1.85 

2.31 

2.49 

4.5 

3.5 

4.5 

4.5 

Direct [4] 

12.12 TP 717 

(ERY) 

[M+H]+

[M+H–(L-cladinose)]+ 

[M+H–[O-(L-cladinose)]]+ 

C37H68NO12

C29H54NO9

C29H52NO8

718.47360 

560.37931 

542.36874 

718.47351 

560.37958 

542.36877 

-0.13 

0.48 

0.06 

4.5 

3.5 

4.5 

Shifted [4] 

11.66 TP 575 

(ERY) 

[M+H]+

[M+H–H2O]+

[M+H–2H2O]+

[M+H–3H2O]+

C29H54NO10

C29H52NO9

C29H50NO8

C29H48NO7

576.37422 

558.36366 

540.35309 

522.34253 

576.37396 

558.36609 

540.35388 

522.34363 

-0.45 

4.35 

1.46 

2.11 

3.5 

4.5 

5.5 

6.5 

Direct [7] 

12.53 CTM [M+H]+

[M+H–(L-cladinose)]+ 

[M+H––(L-cladinose)-

(CH4OH)]+ 

C38H70NO13

C30H56NO10

C29H52NO9 

748.48417 

590.38987 

558.36366 

748.48212 

590.38916 

558.36285 

-2.74 

-1.20 

-1.45 

4.5 

3.5 

4.5 

Direct Reference 

standard 

13.04 TP 763 

(CTM) 

[M+H]+

[M+H–(L-cladinose)]+ 

[M+H––[(L-cladinose)-

(CH4OH)]+ 

C38H70NO14

C30H56NO11

C29H52NO10

764.47908 

606.38479 

574.35857 

764.48193 

606.38776 

574.36115 

3.73 

4.90 

4.49 

4.5 

3.5 

4.5 

Shifted [8] 

12.55 TP 589 

(CTM) 

[M+H]+

[M+H–CH4OH]+

[M+H–CH4OH-H2O]+

[M+H–[O-(L-cladinose)]]+ 

C30H56NO10

C29H52NO9

C29H50NO8

C21H33O5 

590.38987 

558.36366 

540.35309 

365.23225 

590.39136 

558.36566 

540.35510 

365.23373 

2.52 

3.58 

3.72 

4.05 

3.5 

4.5 

5.5 

5.5 

Direct [6] 

9.45 OFC [M+H]+

[M+H-H2O]+

[M+H-CO2]
+

C18H21FN3O4

C18H19FN3O3

C17H21FN3O2 

362.15106 

344.14050 

318.16123 

362.15048 

344.14035 

318.16110 

-1.60 

-0.44 

-0.41 

9.5 

10.5 

8.5 

Direct Reference 

standard 

9.29 TP 347 

(OFC) 

[M+H]+

[M+H-H2O]+

[M+H-CO2]
+

[M+H-C2H2-NH3]
+

C17H19FN3O4

C17H17FN3O3

C16H19FN3O2

C14H14FN2O2 

348.13541 

330.12485 

304.14558 

261.10338 

348.13577 

330.12576 

304.14651 

261.10413 

1.03 

2.76 

3.06 

2.87 

9.5 

10.5 

8.5 

8.5 

Direct [9] 

9.24 TP 335 

(OFC) 

[M+H]+

[M+H-CH4N]+

[M+H-C3H7N]+

[M+H-C3H7N-CO2]
+

C16H19FN3O4

C15H14FN2O4

C13H12FN2O4

C12H12FN2O2

336.13541 

305.09321 

279.07756 

235.08773 

336.13696 

305.09467 

279.07892 

235.08875 

4.61 

4.79 

4.87 

4.34 

8.5 

9.5 

8.5 

7.5 

Direct [9] 

11.07 TP 333 

(OFC) 

[M+H]+

[M+H-H2O]+

[M+H-NH4]
+ 

C16H17FN3O4

C16H15FN3O3

C16H13FN2O4 

334.11976 

316.10920 

316.08539 

334.12079 

316.11026 

316.08658 

3.08 

3.35 

3.76 

9.5 

10.5 

11.0 

Direct This article 
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9.03 TP 321A 

(OFC) 

[M+H]+

[M+H-NH3]
+ 

[M+H-H2O]+

[M+H-C2H2-NH3]
+

C15H17FN3O4

C15H14FN2O4

C15H15FN3O3

C13H12FN2O4

322.11976 

305.09321 

304.10920 

279.07756 

322.11969 

305.09406 

304.11020 

279.07840 

-0.22 

2.79 

3.29 

3.01 

8.5 

9.5 

9.5 

8.5 

Direct This article 

10.91 TP 321B 

(OFC) 

[M+H]+

[M+H-H2O]+

C15H17FN3O4

C15H15FN3O3 

322.11976 

304.10920 

322.11948 

304.10901 

-0.87 

-0.62 

8.5 

9.5 

Direct This article 

8.22 TP 317 

(OFC) 

[M+H]+

[M+H-H2O]+

[M+H-CO2]
+

[M+H-C3H7N]+

C16H20N3O4

C16H18N3O3

C15H20N3O2

C13H13N2O4

318.14483 

300.13427 

274.15500 

261.08698 

318.14496 

300.13431 

274.15506 

261.08710 

0.41 

0.13 

0.22 

0.46 

8.5 

9.5 

7.5 

8.5 

Shifted This article 

9.11 TP 278 

(OFC) 

[M+H]+

[M+H-H2O]+

C13H12FN2O4

C13H10FN2O3 

279.07756 

261.06700 

279.07870 

261.06808 

4.08 

4.14 

8.5 

9.5 

Direct [9] 

7.85 TP 189 

(NFC) 

[M+H]+

[M+H-H2O]+

[M+H-H2O-CO]+

C10H8NO3

C10H6NO2

C9H6NO 

190.04987 

172.03931 

144.04439 

190.05061 

172.03999 

144.04500 

3.89 

3.95 

4.23 

7.5 

8.5 

7.5 

Shifted This article 

9.50 CFC [M+H]+

[M+H-H2O]+

[M+H-CO2]
+

[M+H-H2O-CO-C2H3N]+

C17H19FN3O3

C17H17FN3O2

C16H19FN3O

C14H14FN2O 

332.14050 

314.12993 

288.15067 

245.10847 

332.14136 

314.13089 

288.15149 

245.10902 

2.59 

3.06 

2.85 

2.24 

9.5 

10.5 

8.5 

8.5 

Direct Reference 

standard 

9.10 TP 305 

(CFC) 

[M+H]+

[M+H-H2O]+

[M+H-NH4]
+ 

[M+H-C2H5N]+ 

C15H17FN3O3

C15H15FN3O2

C15H13FN2O3

C13H12FN2O3

306.12485 

288.11428 

288.09047 

263.08265 

306.12619 

288.11563 

288.09177 

263.08374 

4.38 

4.69 

4.51 

4.14 

8.5 

9.5 

6.5 

9.5 

Direct [10] 

8.63 TP 287 

(CFC) 

[M+H]+

[M+H-H2O]+

[M+H-C2H5N]+ 

C15H18N3O3

C15H16N3O2

C13H13N2O3

288.13427 

270.12370 

245.09207 

288.13483 

270.12442 

245.09248 

1.94 

2.67 

1.67 

8.5 

9.5 

8.5 

Shifted [10] 

11.89 TP 262 

(CFC) 

[M+H]+

[M+H-H2O]+

[M+H-H2O-C3H5]
+ (HCD) 

C13H12FN2O3

C13H10FN2O2

C10H5FN2O2 

263.08265 

245.07208 

204.03296 

263.08316 

245.07254 

204.03337 

1.94 

1.88 

2.00 

8.5 

9.5 

9.0 

Direct [10] 

11.16 TP 244 

(CFC) 

[M+H]+

[M+H-H2O]+

[M+H-H2O-C3H5]
+ (HCD) 

C13H13N2O3

C13H11N2O2

C10H6N2O2 

245.09207 

227.08150 

186.04238 

245.09250 

227.08191 

186.04303 

1.75 

1.81 

3.49 

8.5 

9.5 

9.0 

Shifted [11] 

7.85 TP 189 

(CFC) 

[M+H]+

[M+H-H2O]+

[M+H-H2O-CO2]
+

C10H8NO3

C10H6NO2

C9H6NO 

190.04987 

172.03931 

144.04439 

190.05061 

172.03999 

144.04500 

3.89 

3.95 

4.23 

7.5 

8.5 

7.5 

Shifted This article 

9.38 NFC [M+H]+

[M+H-H2O]+

[M+H-H2O-C2H2]
+

C16H19FN3O3

C16H17FN3O2

C14H15FN3O2

320.14050 

302.12993 

276.11428 

320.14014 

302.12961 

276.11490 

-1.12 

-1.06 

2.25 

8.5 

9.5 

8.5 

Direct Reference 

standard 

8.88 TP 293 

(NFC) 

[M+H]+

[M+H-NH3]
+ 

[M+H-H2O]+

[M+H-C2H5N]+

C14H17FN3O3

C14H14FN2O3

C14H15FN3O2

C12H12FN2O3

294.12485 

277.09830 

276.11428 

251.08265 

294.12445 

277.09784 

276.11411 

251.08232 

-1.36 

-1.66 

-0.62 

-1.31 

7.5 

8.5 

8.5 

7.5 

Direct [10] 

8.56 TP 275 

(NFC) 

[M+H]+

[M+H-NH3]
+ 

[M+H-H2O]+

C14H18N3O3

C14H15N2O3

C14H16N3O2

276.13427 

259.10772 

258.12370 

276.13379 

259.10718 

258.12326 

-1.74 

-2.08 

-1.70 

7.5 

8.5 

8.5 

Shifted This article 
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11.61 TP 250 

(NFC) 

[M+H]+

[M+H-H2O]+

[M+H-NH4]
+

[M+H-H2O-C2H4]
+ (HCD) 

C12H12FN2O3

C12H10FN2O2

C12H8FNO3

C10H6FN2O2

251.08265 

233.07208 

233.04827 

205.04078 

251.08211 

233.07155 

233.04715 

205.04118 

-2.15 

-2.27 

-4.81 

1.95 

7.5 

8.5 

9.0 

8.5 

Direct [12] 

10.83 TP 232 

(NFC) 

[M+H]+

[M+H-H2O]+

[M+H-NH4]
+ 

C12H13N2O3

C12H11N2O2

C12H9NO3 

233.09207 

215.08150 

215.05769 

233.09247 

215.08192 

215.05728 

1.72 

1.95 

-1.91 

7.5 

8.5 

9.0 

Shifted This article 

7.85 TP 189 

(NFC) 

[M+H]+

[M+H-H2O]+

[M+H-H2O-CO]+

C10H8NO3

C10H6NO2

C9H6NO 

190.04987 

172.03931 

144.04439 

190.05061 

172.03999 

144.04500 

3.89 

3.95 

4.23 

7.5 

8.5 

7.5 

Shifted This article 

8.82 PMA [M+H]+

[M+H-H2O]+

[M+H-C2H5N]+ 

C14H18N5O3

C14H16N5O2

C12H13N4O3

304.14042 

286.12985 

261.09822 

304.14093 

286.13037 

261.09875 

1.68 

1.82 

2.03 

8.5 

9.5 

8.5 

Direct Reference 

standard 

7.75 TP 277 

(PMA) 

[M+H]+

[M+H-H2O]+

C12H16N5O3

C12H13N4O3

278.12477 

261.09822 

278.12493 

261.09862 

0.58 

1.53 

7.5 

8.5 

Shifted This article 

8.77 TP 259 

(PMA) 

[M+H]+

[M+H-C2H5N]+ 

C13H18N5O

C11H13N4O

260.15059 

217.10839 

260.15140 

217.10892 

3.11 

2.44 

7.5 

7.5 

Shifted This article 

8.19 TP 234 

(PMA) 

[M+H]+

[M+H-H2O]+

C10H11N4O3

C10H9N4O2 

235.08257 

217.07200 

235.08203 

217.07185 

-2.29 

-0.69 

7.5 

8.5 

Shifted This article 

9.34 TMP [M+H]+

[M+H-C2H6]
+

[M+H-CH5]
+

C14H19N4O3

C12H13N4O3

C13H14N4O2

C10H13O3 

291.14517 

261.09822 

258.11113 

181.08592 

291.14593 

261.09912 

258.11194 

181.08656 

2.61 

3.45 

3.14 

3.53 

7.5 

8.5 

9.0 

4.5 

Direct Reference 

standard 

9.37 TP 274 

(TMP) 

[M+H]+

[M+H-H2O]+

[M+H-C4H6N4]
+

C13H15N4O3

C13H13N4O2

C9H9O3

275.11387 

257.10330 

165.05462 

275.11435 

257.10406 

165.05515 

1.74 

2.96 

3.21 

8.5 

9.5 

5.5 

Shifted [13] 

9.37 TP 260 

(TMP) 

[M+H]+

[M+H-NH3]
+

[M+H-C4H6N4]
+

C12H13N4O3

C12H10N3O3

C8H7O3 

261.09822 

244.07167 

151.03897 

261.09869 

244.07278 

151.03946 

1.80 

4.55 

3.24 

8.5 

9.5 

5.5 

Shifted This article 

10.04 SPY [M+H]+

[M+H-H2O]+

[M+H-SO2H2]
+

C11H12N3O2S 

C11H10N3OS 

C11H10N3 

250.06447 

232.05391 

184.08692 

250.06392 

232.05351 

184.08621 

-2.19 

-1.72 

-3.85 

7.5 

8.5 

8.5 

Direct Reference 

standard 

6.63 TP 185 

(SPY) 

[M+H]+

[M+H-NH3]
+

C11H12N3

C11H9N2 

186.10257 

169.07602 

186.10216 

169.07591 

-2.20 

-0.65 

7.5 

8.5 

Shifted [14] 
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S1. Sample preparation, instrumental analysis and Microtox bioassays 

Hospital and industrial wastewater samples were treated following an SPE methodology 

previously described (Gros et al., 2012). Firstly, samples were filtered through 1 µm glass fiber filters 

followed by 0.45 µm PVDF membrane filters (Millipore; Billerica, MA, USA). Then, 50 mL of sample at 

initial and final time respectively were used adding the appropriate volume of Na2EDTA. Samples 

were loaded into the SPE cartridges and conditioned with 5 mL of methanol followed by 5 mL of HPLC 

grade water. Cartridges were rinsed with 6 mL of HPLC grade water and further dried with air for 5 

minutes to remove the remaining water. Finally, elution was carried out using 6 mL of pure methanol 

and extracts were reconstituted in 100 µL of methanol/water (10:90, v/v). In the case of pure water 

samples (a) pretreatment was not necessary before injection in LC-MS/MS system. Using this 

methodology, the recoveries obtained in wastewater effluents for the compounds with reference 

standards were: MTP 83.4 ± 5.2%, MTPA 49.0 ± 8.2%, α-HMTP 63.1 ± 3.9% and O-DMTP 45.9 ± 2.6% 

(Rubirola et al., 2014). 

Chromatographic separation was carried out by using an Aria TLX-1 chromatographic system 

(Thermo Fisher Scientific) comprising a PAL auto sampler and two mixing quaternary pumps (eluting 

pump and loading pump). 20 µL of water sample were injected. The chromatographic separation was 

performed in a ZORBAX Eclipse XDB-C18 (150 mm × 4.6 mm, 5 µm; Agilent Technologies, Santa Clara, 

CA) applying the methodology described elsewhere (Jaén-Gil et al., 2019). The optimized 

chromatographic gradient was water with ammonium formate (10 mM, pH 3.0) (A) and acetonitrile 

(B). Solvent gradient was performed as follows: initial mobile phase composition (95% A) held for 1 

min, followed by a decrease in composition A to 5% within 9 min, then to 0% in 3 min, held for 2 min, 

and finally up to 95% in 1 min and held for 1 min. The total run time was 17 min. The high-resolution 

mass spectrometer LTQ-OrbitrapVelosTM (Thermo Fisher Scientific) was equipped with a heated 

electrospray ionization source (HESI-II). Analyses were carried out in positive and negative ionization 

mode. As no results were obtained for negative mode experiments, data processing was carried out 

in positive mode only. Samples were acquired through full scan from m/z 100 to 1000 range at a 

resolving power of 60,000 FWHM. MS/MS full scan fragmentation data was acquired in data 

dependent acquisition mode (DDA) at 30,000 FWHM from m/z 50 to 500 range. The MS/MS 

experiments were performed applying a dynamic mass exclusion mode to discriminate co-eluted 

compounds: ions fragmented more than 3 times during 25 seconds were further ignored for 

fragmentation during the following 30 seconds (corresponding to peak plus tailing). The conditions 
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for HESI-II were designed as follows: spray voltage at 3.5 kV, source heater temperature at 300 ˚C, 

capillary temperature at 350 ˚C, sheath gas flow at 40 and auxiliary gas flow at 20 (arbitrary units). 

Collision-induced dissociation (CID) was selected at a normalized collision energy of 30 eV (activation 

Q of 0.250 and an activation time of 30 ms) in an isolation width of 2 Da. The entire system was 

controlled via Aria software under Xcalibur 2.1. 

The ISO 11348-3 protocol (ISO, 1998) for testing bacterial bioluminescence of wastewater 

matrices was used to assess toxicity throughout Microtox® Model 500 Toxicity Analyzer (Strategic 

Diagnostics Inc. Newark, DE, US). Briefly, solution for freeze-dried bacteria used was: 20,0 g Sodium 

chloride (NaCl), 2,035 g Magnesium chloride hexahydrate (MgCl2·6H2O), 0,30 g Potassium chloride 

(KCl) and dissolved in water and make up to 1 L with water. The solution was stored in a freezer at —

20 ˚C. Reference substances used were: Zinc sulfate heptahydrate (ZnSO4·7H2O), 3,5-Dichlorophenol 

(C6H4OCl2), Potassium dichromate (K2Cr2O7). Sampling was conducted in chemically inert, clean 

containers in accordance with ISO 5667-16. pH adjustment and salt was added just before testing. 

Stain of luminescent bacteria Vibrio fischeri NRRL B-11177 were prepared from commercially 

available freeze-dried reagents stored at —20 ˚C. For sample preparation, if the pH was between 6 

and 8.5 no adjustment was necessary. A quantity of 20 g of sodium chloride per liter to the water 

samples was added for to adjust the osmolality. When samples were strongly turbid, samples were 

centrifuged 10 min at 5,000 g. Then, the freeze-dried culture was removed from the —20 ˚C freezer 

immediately before reconstitution in water. The dilution series were prepared. For the 

reconstitution, 1 mL of distilled water was cooled in a glass tube to 3 ± 3 ˚C. The volume of cooled 

water was poured at once into the lyophilized bacteria in the vial, thereby minimizing cell damage 

during the rehydration process. This reconstituted luminescent bacteria suspension served as a stock 

suspension. The test suspensions were prepared directly in the test tubes. The presence of sodium 

thiosulfate in bioassay was tested and had no toxic effect on luminescent bacteria at the added 

concentration. 
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S2. Automatic software parameters 

Table S1. Data processing parameters selected to perform and reproduce the integrated suspect screening methodology in Compound 
Discoverer 2.0.  

Peak filtering of candidates 
Select Spectra: 

- Retention time range: 1 to 12 min
- Mass range: 50-400 Da 
- S/N ratio: 3 

Align Retention Times: 
- Alignment Model: Adaptive curve
- Mass tolerance: 5 ppm
- Maximum retention time shift: 0.3 min

Detect Unknown Compounds: 
- Mass tolerance: 5 ppm
- Intensity Tolerance: 30%
- S/N ratio: 10 
- Min. Peak Intensity: 104

- Ions: [M+H]+ 
- Max. Peak Width: 0.8 min 
- Max. #Scan per peak: 5 
- Min. #Isotopes: 2

Group Unknown Compounds: 
- Mass tolerance: 5 ppm

- RT tolerance: 0.3 min

Identification strategies 
Analytical standard comparison (I) 

(MS, MS2 and Rt comparison with spiked control files after data 
alignment) 

In-house library comparison (II) 
Search Mass Lists: 

- Mass tolerance: 5 ppm
- Retention time: Included
- Retention time tolerance: 0.3 min
- Input Files: “MTP/MTPA in-house library”

Software compound prediction (III) 
Generate Expected Compounds: 

- Parent compound: MTP/MTPA 
- Apply Dealkylation: True
- Apply Dearylation: False
- Max. # Dealkylation Steps: 2
- All reaction steps: 3
- Min. mass: 100 Da 
- Ions considered: [M+H]+ 
- Transformations: oxidation, reduction, desaturation, 

oxidative deamination to alcohol, oxidative deamination to
ketone, dehydration, hydration.

- Phase II: (not specified)
- Max. # All Steps: 3 

Find Expected Compounds: 
- Mass tolerance: 5 ppm
- Intensity Tolerance: 30 %
- Intensity Threshold: 0.1 %
- Min. #Isotopes: 2
- Min. peak intensity: 1000 

FISh scoring: 
- Annotate Full Tree: True
- Match Transformations: True
- S/N threshold: 10
- Mass tolerance of fragments: 5 ppm 
- Fragment prediction libraries: True

Group Expected Compounds 
- RT tolerance: 0.3 min 

Literature exact mass list comparison (IV) 
Search Mass List: 

- Mass tolerance: 5 ppm
- Consider Retention time: Not included
- File loaded: “MTP/MTPA literature”
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       Table S2. List of the 39 suspect compounds included in the literature list.

Name 
Molecular 

formula 

Exact mass 

[M+H]+ 
References 

MTP C15H25NO3 268.19072 (Rubirola et al., 2014) 

MTPA C14H21NO4 268.15433 (Rubirola et al., 2014) 

TP74 C4H11N 74.09643 (Romero et al., 2016b) 

TP102 C5H11NO 102.09134 (Wilde et al., 2014) 

TP112 C6H9NO 112.07569 (Wilde et al., 2014) 

TP114 C6H11NO 114.09134 (Wilde et al., 2014) 

TP116 C6H13NO 116.10699 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP118 C6H15NO 118.12264 (Romero et al., 2016b, 2015) 

TP120 C5H13NO2 120.10191 (Cavalcante et al., 2015) 

TP121 C8H8O 121.06479 (Romero et al., 2016b) 

TP134 C6H15NO2 134.11756 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Šojić et al., 

2012) 

TP150 C6H15NO3 150.11247 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP193 C12H16O2 193.12231 (Romero et al., 2016a) 

TP196 C11H17NO2 196.13321 (Wilde et al., 2014) 

TP208 C12H17NO2 208.13321 (Romero et al., 2016a, 2016b, 2015) 

TP216 C10H17NO4 216.12303 (Wilde et al., 2014) 

TP220 C13H17NO2 220.13321 (Romero et al., 2016a) 

TP226A C12H19NO3 226.14377 
(Ma et al., 2007; Romero et al., 2016a; Slegers et al., 2006; Wilde et al., 

2014) 

TP226B C12H19NO3 226.14377 (Ma et al., 2007) 

TP226C C11H15NO4 226.10738 (Jaén-Gil et al., 2019) 

TP232 C10H17NO5 232.11795 (Romero et al., 2016a, 2016b) 

TP236 C13H17NO3 236.12812 (Wilde et al., 2014) 

TP238 C13H19NO3 238.14377 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Slegers et al., 

2006; Šojić et al., 2012) 

TP240 C13H21NO3 240.15942 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b; Šojić et al., 2012; 

Wilde et al., 2014) 

TP241 C12H16O5 241.10705 (Ma et al., 2007) 

TP250 C15H23NO2 250.18016 (Romero et al., 2016a) 

TP252 C14H21NO3 252.15942 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b; Šojić et al., 2012) 

TP254 C13H19NO4 254.13868 (Šojić et al., 2012) 

O-DMTP C14H23NO3 254.17507 
(Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b; 

Rubirola et al., 2014; Slegers et al., 2006; Šojić et al., 2012)  

TP256 C13H21NO4 256.15433 (Cavalcante et al., 2015) 

TP270 C14H23NO4 270.16998 (Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b) 

TP282 C15H23NO4 282.16998 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Rubirola et 

al., 2014; Šojić et al., 2012) 

α-HMTP C15H25NO4 284.18563 
(Cavalcante et al., 2015; Ma et al., 2007; Romero et al., 2016a, 2016b, 

2015; Rubirola et al., 2014; Slegers et al., 2006; Šojić et al., 2012) 

TP284 C15H25NO4 284.18563 
(Cavalcante et al., 2015; Romero et al., 2016a, 2016b, 2015; Slegers et al., 

2006; Šojić et al., 2012) 

TP298 C15H23NO5 298.16490 (Cavalcante et al., 2015; Romero et al., 2016a, 2016b) 

TP300 C15H25NO5 300.18055 (Cavalcante et al., 2015; Romero et al., 2016a; Wilde et al., 2014) 

TP316 C15H25NO6 316.17546 (Cavalcante et al., 2015; Romero et al., 2016a) 

TP318 C15H27NO6 318.19111 (Cavalcante et al., 2015) 

TP332 C15H25NO7 332.17038 (Romero et al., 2016a) 

183



Table S3. List of the 357 compounds present in the prediction list created automatically by Compound Discoverer 2.0. 

Parent Compound 
Molecular 

formula 

Exact mass 

[M+H]+ 
Dealkylated Transformations 

Metoprolol C6H9N 96.0815 x Dehydration, Dehydration 

Metoprolol C8H4 101.0393 x Dehydration, Dehydration 

Metoprolol C8H6 103.05495 x Dehydration, Dehydration 

Metoprolol C6H9NO 112.07641 x Dehydration, Desaturation 

Metoprolol C6H8O2 113.06043 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C6H11NO 114.09206 x Dehydration 

Metoprolol C6H10O2 115.07608 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C6H13NO 116.10771 x Dehydration, Reduction 

Metoprolol Acid C8H4O 117.03421 x Dehydration, Dehydration 

Metoprolol C8H4O 117.03421 x Dehydration, Desaturation 

Metoprolol C9H8 117.0706 x Dehydration, Dehydration 

Metoprolol C8H6O 119.04986 x Dehydration, Desaturation 

Metoprolol C8H6O 119.04986 x Dehydration 

Metoprolol C8H8O 121.06551 x Dehydration 

Metoprolol C8H8O 121.06551 x Dehydration, Reduction 

Metoprolol C8H10O 123.08116 x Dehydration, Reduction 

Metoprolol C6H9NO2 128.07133 x Desaturation, Desaturation 

Metoprolol C6H8O3 129.05534 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C6H11NO2 130.08698 x Desaturation 

Metoprolol C6H10O3 131.07099 x Oxidative Deamination to Ketone 

Metoprolol C6H13NO2 132.10263 x 

Metoprolol C8H4O2 133.02913 x Desaturation, Desaturation 

Metoprolol Acid C8H4O2 133.02913 x Dehydration, Desaturation 

Metoprolol C9H8O 133.06551 x Dehydration, Desaturation 

Metoprolol C6H12O3 133.08664 x Oxidative Deamination to Alcohol 

Metoprolol C6H15NO2 134.11828 x Reduction 

Metoprolol C8H6O2 135.04478 x Desaturation, Desaturation 

Metoprolol Acid C8H6O2 135.04478 x Dehydration 

Metoprolol C8 H6 O2 135.04478 x Desaturation 

Metoprolol C9H10O 135.08116 x Dehydration 

Metoprolol C6H14O3 135.10229 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C8H8O2 137.06043 x 

Metoprolol_Acid C8H8O2 137.06043 x Dehydration, Reduction 

Metoprolol C8H8O2 137.06043 x Desaturation 

Metoprolol C9H12O 137.09681 x Dehydration, Reduction 

Metoprolol C8H10O2 139.07608 x Reduction 

Metoprolol C8H10O2 139.07608 x 

Metoprolol C8H12O2 141.09173 x Reduction 

Metoprolol C6H11NO3 146.08189 x Desaturation, Oxidation 

Metoprolol C6H10O4 147.06591 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C6H13NO3 148.09754 x Oxidation 

Metoprolol Acid C8H4O3 149.02404 x Desaturation, Desaturation 

Metoprolol C9H8O2 149.06043 x Desaturation, Desaturation 

Metoprolol C6H12O4 149.08156 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C6H15NO3 150.11319 x Hydration 

Metoprolol C8H6O3 151.03969 x Desaturation, Oxidation 

Metoprolol Acid C8H6O3 151.03969 x Desaturation 

Metoprolol C9H10O2 151.07608 x Desaturation 

Metoprolol C6H14O4 151.09721 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C6H17NO3 152.12884 x Hydration, Reduction 

Metoprolol C8H8O3 153.05534 x Desaturation, Oxidation 
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Metoprolol Acid C8H8O3 153.05534 x 

Metoprolol C8H8O3 153.05534 x Oxidation 

Metoprolol C9H12O2 153.09173 x 

Metoprolol Acid C8H10O3 155.07099 x Reduction 

Metoprolol C8H10O3 155.07099 x Oxidation 

Metoprolol C8H10O3 155.07099 x Hydration 

Metoprolol C9H14O2 155.10738 x Reduction 

Metoprolol C8H12O3 157.08664 x Hydration 

Metoprolol C8H12O3 157.08664 x Hydration, Reduction 

Metoprolol C8H14O3 159.10229 x Hydration, Reduction 

Metoprolol C6H13NO4 164.09246 x Oxidation, Oxidation 

Metoprolol C6H15NO4 166.10811 x Hydration, Oxidation 

Metoprolol Acid C8H6O4 167.03461 x Desaturation, Oxidation 

Metoprolol C9H10O3 167.07099 x Desaturation, Oxidation 

Metoprolol Acid C8H8O4 169.05026 x Oxidation 

Metoprolol C8H8O4 169.05026 x Oxidation, Oxidation 

Metoprolol C9H12O3 169.08664 x Oxidation 

Metoprolol Acid C8H10O4 171.06591 x Hydration 

Metoprolol C8H10O4 171.06591 x Hydration, Oxidation 

Metoprolol C8H10O4 171.06591 x Oxidation, Oxidation 

Metoprolol C9H14O3 171.10229 x Hydration 

Metoprolol C11H8O2 173.06043 x Dehydration, Dehydration 

Metoprolol C8H12O4 173.08156 x Hydration, Oxidation 

Metoprolol Acid C8H12O4 173.08156 x Hydration, Reduction 

Metoprolol C9H16O3 173.11794 x Hydration, Reduction 

Metoprolol C11H11NO 174.09206 x Dehydration, Dehydration 

Metoprolol C11H10O2 175.07608 x Dehydration, Dehydration 

Metoprolol C11H13NO 176.10771 x Dehydration, Dehydration 

Metoprolol Acid C8H8O5 185.04517 x Oxidation, Oxidation 

Metoprolol C9H12O4 185.08156 x Oxidation, Oxidation 

Metoprolol Acid C8H10O5  187.06082 x Hydration, Oxidation 

Metoprolol C9H14O4 187.09721 x Hydration, Oxidation 

Metoprolol Acid C11H8O3 189.05534 x Dehydration, Dehydration 

Metoprolol C11H8O3 189.05534 x Dehydration, Desaturation 

Metoprolol C12H12O2 189.09173 x Dehydration, Dehydration 

Metoprolol Acid C11H11NO2 190.08698 x Dehydration, Dehydration 

Metoprolol C11H11NO2 190.08698 x Dehydration, Desaturation 

Metoprolol C12H15NO 190.12336 x Dehydration, Dehydration 

Metoprolol C11H10O3 191.07099 x Dehydration, Desaturation 

Metoprolol C11H10O3 191.07099 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11H10O3 191.07099 x Dehydration 

Metoprolol C11H13NO2 192.10263 x Dehydration 

Metoprolol C11H13NO2 192.10263 x Dehydration, Desaturation 

Metoprolol C11H12O3 193.08664 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C11H12O3 193.08664 x Dehydration 

Metoprolol C11H12O3 193.08664 x Dehydration, Reduction 

Metoprolol C11H12O3 193.08664 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11H15NO2 194.11828 x Dehydration, Reduction 

Metoprolol C11H15NO2 194.11828 x Dehydration 

Metoprolol C11H14O3 195.10229 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C11H14O3 195.10229 x Dehydration, Reduction 

Metoprolol C11H17NO2 196.13393 x Dehydration, Reduction 

Metoprolol Acid C11H8O4 205.05026 x Dehydration, Desaturation 

Metoprolol C11H8O4 205.05026 x Desaturation, Desaturation 

Metoprolol C12H12O3 205.08664 x Dehydration, Desaturation 
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Metoprolol Acid C11H11NO3 206.08189 x Dehydration, Desaturation 

Metoprolol C11H11NO3 206.08189 x Desaturation, Desaturation 

Metoprolol C12H15NO2 206.11828 x Dehydration, Desaturation 

Metoprolol C11H10O4 207.06591 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C11H10O4 207.06591 x Desaturation, Desaturation 

Metoprolol C11H10O4 207.06591 x Desaturation 

Metoprolol Acid C11H10O4 207.06591 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol Acid C11H10O4 207.06591 x Dehydration 

Metoprolol C12H14O3 207.10229 x Dehydration 

Metoprolol C12H14O3 207.10229 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11H13NO3 208.09754 x Desaturation 

Metoprolol C11H13NO3 208.09754 x Desaturation, Desaturation 

Metoprolol Acid C11H13NO3 208.09754 x Dehydration 

Metoprolol C12H17NO2 208.13393 x Dehydration 

Metoprolol C11H12O4 209.08156 x 

Metoprolol C11H12O4 209.08156 x Desaturation 

Metoprolol C11H12O4 209.08156 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C11H12O4 209.08156 x Oxidative Deamination to Ketone 

Metoprolol Acid C11H12O4 209.08156 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol Acid C11H12O4 209.08156 x Dehydration, Reduction 

Metoprolol C12H16O3 209.11794 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C12H16O3 209.11794 x Dehydration, Reduction 

Metoprolol Acid C11H15NO3 210.11319 x Dehydration, Reduction 

Metoprolol C11H15NO3 210.11319 x Desaturation 

Metoprolol C11H15NO3 210.11319 x 

Metoprolol C12H19NO2 210.14958 x Dehydration, Reduction 

Metoprolol C11H14O4 211.09721 x Oxidative Deamination to Alcohol 

Metoprolol C11H14O4 211.09721 x Reduction 

Metoprolol C11H14O4 211.09721 x 

Metoprolol C11H14O4 211.09721 x Oxidative Deamination to Ketone 

Metoprolol C11H17NO3 212.12884 x 

Metoprolol C11H17NO3 212.12884 x Reduction 

Metoprolol C11H16O4 213.11286 x Reduction 

Metoprolol C11H16O4 213.11286 x Oxidative Deamination to Alcohol 

Metoprolol C11H16O4 213.11286 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C11H19NO3 214.14449 x Reduction 

Metoprolol C11H18O4 215.12851 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H17NO 216.13901 x Dehydration, Dehydration 

Metoprolol C14H19NO 218.15466 x Dehydration, Dehydration 

Metoprolol Acid C11H8O5 221.04517 x Desaturation, Desaturation 

Metoprolol C12H12O4 221.08156 x Desaturation, Desaturation 

Metoprolol Acid C11H11NO4 222.07681 x Desaturation, Desaturation 

Metoprolol C12H15NO3 222.11319 x Desaturation, Desaturation 

Metoprolol Acid C11H10O5 223.06082 x Desaturation 

Metoprolol C11H10O5 223.06082 x Desaturation, Oxidation 

Metoprolol Acid C11H10O5 223.06082 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C12H14O4 223.09721 x Desaturation 

Metoprolol C12H14O4 223.09721 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol Acid C11H13NO4 224.09246 x Desaturation 

Metoprolol C11H13NO4 224.09246 x Desaturation, Oxidation 

Metoprolol C12H17NO3 224.12884 x Desaturation 

Metoprolol C11H12O5  225.07647 x Oxidation 

Metoprolol Acid C11H12O5 225.07647 x Oxidative Deamination to Ketone 

Metoprolol C11H12O5 225.07647 x Desaturation, Oxidation 

Metoprolol C11H12O5 225.07647 x Oxidation, Oxidative Deamination to Ketone 
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Metoprolol Acid C11H12O5 225.07647 x 

Metoprolol C12H16O4 225.11286 x Oxidative Deamination to Ketone 

Metoprolol C12H16O4 225.11286 x 

Metoprolol Acid C11H15NO4 226.10811 x 

Metoprolol C11H15NO4 226.10811 x Desaturation, Oxidation 

Metoprolol C11H15NO4 226.10811 x Oxidation 

Metoprolol C12H19NO3 226.14449 x 

Metoprolol C11H14O5 227.09212 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C11H14O5 227.09212 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C11H14O5 227.09212 x Oxidation 

Metoprolol Acid C11H14O5 227.09212 x Reduction 

Metoprolol C11H14O5 227.09212 x Hydration 

Metoprolol Acid C11H14O5 227.09212 x Oxidative Deamination to Alcohol 

Metoprolol C12H18O4 227.12851 x Oxidative Deamination to Alcohol 

Metoprolol C12H18O4  227.12851 x Reduction 

Metoprolol C11H17NO4 228.12376 x Hydration 

Metoprolol Acid C11H17NO4 228.12376 x Reduction 

Metoprolol C11H17NO4 228.12376 x Oxidation 

Metoprolol C12H21NO3 228.16014 x Reduction 

Metoprolol C11H16O5 229.10777 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11H16O5 229.10777 x Hydration, Reduction 

Metoprolol C11H16O5 229.10777 x Hydration 

Metoprolol C11H16O5 229.10777 x Hydration, Oxidative Deamination to Ketone 

Metoprolol Acid C11H16O5 229.10777 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C12H20O4 229.14416 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol Acid C14H15NO2 230.11828 Dehydration, Dehydration, Desaturation 

Metoprolol C11H19NO4 230.13941 x Hydration, Reduction 

Metoprolol C11H19NO4 230.13941 x Hydration 

Metoprolol C15H19NO 230.15466 Dehydration, Dehydration, Desaturation 

Metoprolol Acid C14H14O3 231.10229 Dehydration, Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11H18O5 231.12342 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11H18O5 231.12342 x Hydration, Reduction 

Metoprolol C15H18O2 231.13868 Dehydration, Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14H17NO2 232.13393 x Dehydration, Desaturation 

Metoprolol Acid C14H17NO2 232.13393 Dehydration, Dehydration 

Metoprolol C11H21NO4 232.15506 x Hydration, Reduction 

Metoprolol C15H21NO 232.17031 Dehydration, Dehydration 

Metoprolol Acid C14H16O3 233.11794 Dehydration, Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14H16O3 233.11794 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C15H20O2 233.15433 Dehydration, Dehydration, Oxidative Deamination to Alcohol 

Metoprolol Acid C14H19NO2 234.14958 Dehydration, Dehydration, Reduction 

Metoprolol C14H19NO2 234.14958 x Dehydration 

Metoprolol C14H19NO2 234.14958 x Dehydration, Desaturation 

Metoprolol C15H23NO 234.18596 Dehydration, Dehydration, Reduction 

Metoprolol C14H18O3 235.13359 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14H18O3 235.13359 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14H21NO2 236.16523 x Dehydration 

Metoprolol C14H21NO2  236.16523 x Dehydration, Reduction 

Metoprolol C14H20O3 237.14924 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14H23NO2 238.18088 x Dehydration, Reduction 

Metoprolol Acid C11H10O6 239.05574 x Desaturation, Oxidation 

Metoprolol C12H14O5 239.09212 x Desaturation, Oxidation 

Metoprolol Acid C11H13NO5 240.08737 x Desaturation, Oxidation 

Metoprolol C12H17NO4 240.12376 x Desaturation, Oxidation 

Metoprolol Acid C11H12O6 241.07139 x Oxidation, Oxidative Deamination to Ketone 
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Metoprolol C11H12O6 241.07139 x Oxidation, Oxidation 

Metoprolol Acid C11H12O6 241.07139 x Oxidation 

Metoprolol C12H16O5 241.10777 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C12H16O5 241.10777 x Oxidation 

Metoprolol C11H15NO5 242.10302 x Oxidation, Oxidation 

Metoprolol Acid C11H15NO5 242.10302 x Oxidation 

Metoprolol C12H19NO4 242.13941 x Oxidation 

Metoprolol C11H14O6 243.08704 x Hydration, Oxidation 

Metoprolol Acid C11H14O6 243.08704 x Hydration, Oxidative Deamination to Ketone 

Metoprolol Acid C11H14O6 243.08704 x Hydration 

Metoprolol C11H14O6 243.08704 x Oxidation, Oxidation 

Metoprolol C12H18O5 243.12342 x Hydration 

Metoprolol C12H18O5 243.12342 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C11H17NO5 244.11867 x Oxidation, Oxidation 

Metoprolol C11H17NO5 244.11867 x Hydration, Oxidation 

Metoprolol Acid C11H17NO5 244.11867 x Hydration 

Metoprolol C12H21NO4 244.15506 x Hydration 

Metoprolol Acid C11H16O6 245.10269 x Hydration, Reduction 

Metoprolol Acid C11H16O6 245.10269 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11H16O6  245.10269 x Hydration, Oxidation 

Metoprolol C12H20O5 245.13907 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C12H20O5 245.13907 x Hydration, Reduction 

Metoprolol Acid C14H15NO3 246.11319 Dehydration, Desaturation, Desaturation 

Metoprolol C11H19NO5 246.13432 x Hydration, Oxidation 

Metoprolol Acid C11H19NO5 246.13432 x Hydration, Reduction 

Metoprolol C15H19NO2 246.14958 Dehydration, Desaturation, Desaturation 

Metoprolol C12H23NO4 246.17071 x Hydration, Reduction 

Metoprolol Acid C14H14O4 247.09721 Dehydration, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15 H18 O3 247.13359 Dehydration, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C14H17NO3 248.12884 x Desaturation, Desaturation 

Metoprolol Acid C14H17NO3 248.12884 Dehydration, Desaturation 

Metoprolol C15H21NO2 248.16523 Dehydration, Desaturation 

Metoprolol Acid C14H16O4 249.11286 Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14H16O4 249.11286 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15H20O3 249.14924 Dehydration, Oxidative Deamination to Ketone 

Metoprolol Acid C14H19NO3 250.14449 Dehydration 

Metoprolol C14H19NO3 250.14449 x Desaturation, Desaturation 

Metoprolol C14H19NO3 250.14449 x Desaturation 

Metoprolol C15H23NO2 250.18088 Dehydration 

Metoprolol C14H18O4 251.12851 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H18O4 251.12851 Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14H18O4 251.12851 x Oxidative Deamination to Ketone 

Metoprolol C15H22O3 251.16489 Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14H21NO3 252.16014 x Desaturation 

Metoprolol C14H21NO3 252.16014 x 

Metoprolol Acid C14H21NO3 252.16014 Dehydration, Reduction 

Metoprolol C15H25NO2 252.19653 Dehydration, Reduction 

Metoprolol C14H20O4 253.14416 x Oxidative Deamination to Ketone 

Metoprolol Acid C14H20O4 253.14416 Dehydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H20O4 253.14416 x Oxidative Deamination to Alcohol 

Metoprolol C15H24O3  253.18054 Dehydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H23NO3 254.17579 x Reduction 

Metoprolol C14H23NO3 254.17579 x 

Metoprolol C14H22O4 255.15981 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H22O4 255.15981 x Oxidative Deamination to Alcohol 
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Metoprolol C14H25NO3 256.19144 x Reduction 

Metoprolol Acid C11H12O7 257.0663 x Oxidation, Oxidation 

Metoprolol C12H16O6 257.10269 x Oxidation, Oxidation 

Metoprolol C14H24O4 257.17546 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol Acid C11H15NO6 258.09794 x Oxidation, Oxidation 

Metoprolol C12H19NO5 258.13432 x Oxidation, Oxidation 

Metoprolol Acid C11H14O7 259.08195 x Hydration, Oxidation 

Metoprolol C12H18O6 259.11834 x Hydration, Oxidation 

Metoprolol Acid C11H17NO6 260.11359 x Hydration, Oxidation 

Metoprolol C12H21NO5 260.14997 x Hydration, Oxidation 

Metoprolol Acid C14H15NO4 262.10811 Desaturation, Desaturation, Desaturation 

Metoprolol C15H19NO3 262.14449 Desaturation, Desaturation, Desaturation 

Metoprolol Acid C14H14O5 263.09212 Desaturation, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15H18O4 263.12851 Desaturation, Desaturation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H17NO4 264.12376 Desaturation, Desaturation 

Metoprolol C15H21NO3 264.16014 Desaturation, Desaturation 

Metoprolol Acid C14H16O5 265.10777 Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15H20O4 265.14416 Desaturation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H19NO4 266.13941 Desaturation 

Metoprolol C14H19NO4 266.13941 x Desaturation, Oxidation 

Metoprolol C15H23NO3 266.17579 Desaturation 

Metoprolol Acid C14H18O5 267.12342 Oxidative Deamination to Ketone 

Metoprolol C14H18O5 267.12342 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15H22O4 267.15981 Oxidative Deamination to Ketone 

Metoprolol C14H21NO4 268.15506 x Oxidation 

Metoprolol Acid C14H21NO4 268.15506 

Metoprolol C14H21NO4 268.15506 x Desaturation, Oxidation 

Metoprolol C15H25NO3 268.19144 

Metoprolol C14H20O5 269.13907 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H20O5 269.13907 Oxidative Deamination to Alcohol 

Metoprolol C14H20O5 269.13907 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C15H24O4 269.17546 Oxidative Deamination to Alcohol 

Metoprolol Acid C14H23NO4 270.17071 Reduction 

Metoprolol C14H23NO4 270.17071 x Hydration 

Metoprolol C14H23NO4 270.17071 x Oxidation 

Metoprolol C15H27NO3 270.20709 Reduction 

Metoprolol C14H22O5 271.15472 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol Acid C14H22O5 271.15472 Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H22O5 271.15472 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C15H26O4 271.19111 Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14H25NO4 272.18636 x Hydration, Reduction 

Metoprolol C14H25NO4 272.18636 x Hydration 

Metoprolol C14H24O5 273.17037 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C14H27NO4 274.20201 x Hydration, Reduction 

Metoprolol Acid C14H17NO5 280.11867 Desaturation, Desaturation, Oxidation 

Metoprolol C15H21NO4 280.15506 Desaturation, Desaturation, Oxidation 

Metoprolol Acid C14H16O6 281.10269 Desaturation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15H20O5 281.13907 Desaturation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H19NO5 282.13432 Desaturation, Oxidation 

Metoprolol C15H23NO4 282.17071 Desaturation, Oxidation 

Metoprolol Acid C14H18O6 283.11834 Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15H22O5 283.15472 Oxidation, Oxidative Deamination to Ketone 

Metoprolol C14H21NO5 284.14997 x Oxidation, Oxidation 

Metoprolol Acid C14H21NO5 284.14997 Oxidation 

Metoprolol C15H25NO4 284.18636 Oxidation 
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Metoprolol Acid C14H20O6 285.13399 Hydration, Oxidative Deamination to Ketone 

Metoprolol C15H24O5 285.17037 Hydration, Oxidative Deamination to Ketone 

Metoprolol C14H23NO5 286.16562 x Oxidation, Oxidation 

Metoprolol C14H23NO5 286.16562 x Hydration, Oxidation 

Metoprolol Acid C14H23NO5 286.16562 Hydration 

Metoprolol C15H27NO4 286.20201 Hydration 

Metoprolol Acid C14H22O6 287.14964 Hydration, Oxidative Deamination to Alcohol 

Metoprolol C15H26O5 287.18602 Hydration, Oxidative Deamination to Alcohol 

Metoprolol C14H25NO5 288.18127 x Hydration, Oxidation 

Metoprolol Acid C14H25NO5 288.18127 Hydration, Reduction 

Metoprolol C15H29NO4 288.21766 Hydration, Reduction 

Metoprolol Acid C14H24O6 289.16529 Hydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C15H28O5 289.20167 Hydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol Acid C14H19NO6 298.12924 Desaturation, Oxidation, Oxidation 

Metoprolol C15H23NO5 298.16562 Desaturation, Oxidation, Oxidation 

Metoprolol Acid C14H18O7 299.11325 Oxidation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15H22O6 299.14964 Oxidation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H21NO6 300.14489 Oxidation, Oxidation 

Metoprolol C15H25NO5 300.18127 Oxidation, Oxidation 

Metoprolol Acid C14H20O7 301.1289 Hydration, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15H24O6 301.16529 Hydration, Oxidation, Oxidative Deamination to Ketone 

Metoprolol Acid C14H23NO6 302.16054 Hydration, Oxidation 

Metoprolol C15H27NO5 302.19692 Hydration, Oxidation 

Metoprolol Acid C14H22O7 303.14455 Hydration, Oxidation, Oxidative Deamination to Alcohol 

Metoprolol C15H26O6 303.18094 Hydration, Oxidation, Oxidative Deamination to Alcohol 

Metoprolol Acid C14H25NO6 304.17619 Hydration, Oxidation, Reduction 

Metoprolol C15H29NO5 304.21257 Hydration, Oxidation, Reduction 

Metoprolol Acid C14H21NO7 316.1398 Oxidation, Oxidation, Oxidation 

Metoprolol C15H25NO6 316.17619 Oxidation, Oxidation, Oxidation 

Metoprolol Acid C14H23NO7 318.15545 Hydration, Oxidation, Oxidation 

Metoprolol C15H27NO6 318.19184 Hydration, Oxidation, Oxidation 
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Table S4. List of the 18 compounds present in the in-house library (Jaén-Gil et al., 2019). 

Rt 

(min) 
Compo

und 
Ion 

Molecular 
formula 

Theoretical 
exact mass 

RDBE Suggested chemical structure 

7.64 MTP [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+ 

[M+H–(C3H11NO)]+

[M+H–(C7H18NO2)]+

[M+H–(C9H12O2)]+ 

C15H26NO3 

C15H24NO2 

C12H20NO3 

C12H15O2 

C8H9O 

C6H14NO 

268.19070 

250.18016 

226.14377 

191.10666 

121.06479 

116.10699 

3.5 

4.5 

3.5 

5.5 

4.5 

0.5 

6.68 MTPA [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C8H14O3)]+ 

[M+H–(C8H8O3)]+ 

C14H22NO4 

C14H20NO3 

C11H16NO4 

C11H11O3 

C10H9O 

C6H14NO 

268.15432 

250.14377 

226.10738 

191.07027 

145.06479 

116.10699 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

2.87 TP134 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H16NO2 

C6H14NO 

C3H10NO2 

134.11754 

116.10699 

92.07061 

-0.5

0.5

-0.5

6.21 TP226 

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C6H6O2)]+ 

C12H20NO3 

C12H18NO2 

C9H14NO3 

C9H9O2 

C6H14NO 

226.14376 

208.13321 

184.09682 

149.05971 

116.10699

3.5 

4.5 

3.5 

5.5 

0.5 

7.07 TP226

B 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(CH2)]+

[M+H–(H2O)–(NH3)]+

[M+H–(C4H11O2)]+ 

[M+H–(C9H12O2)]+ 

C12H20NO3 

C12H18NO2 

C11H16NO2 

C12H15O2 

C8H9O 

C3H8NO 

226.14376 

208.13321 

194.11756 

191.10666 

121.06479 

74.06004 

3.5 

4.5 

4.5 

5.5 

4.5 

0.5 

6.66 TP226

C 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(CH7O3)]+

[M+H–(C8H8O3)]+

C11H16NO4 

C11H14NO3 

C11H11O3 

C10H9O 

C3H8NO 

226.10738 

208.09682 

191.07027 

145.06479 

74.06004 

4.5 

5.5 

6.5 

6.5 

0.5 

6.83 TP238 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C5H13NO)]+ (HCD) 

[M+H–(C7H6O2)]+ 

C13H20NO3 

C13H18NO2 

C10H14NO3 

C10H9O2 

C8H7O2 

C6H14NO 

238.14376 

220.13321 

196.09682 

161.05971 

135.04405 

116.10699 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

6.22 TP240 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C4H14NO2)]+ 

[M+H–(C7H8O2)]+ 

C13H22NO3 

C13H20NO2 

C10H16NO3 

C10H11O2 

C9H9O 

C6H14NO 

240.15940 

222.14886 

198.11247 

163.07536 

133.06479 

116.10699 

3.5 

4.5 

3.5 

5.5 

5.5 

0.5 

6.37 TP254 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H13NO)]+ (HCD)

[M+H–(C7H6O3)]+ 

C13H20NO4 

C13H18NO3 

C10H14NO4 

C10H9O3 

C8H7O3 

C6H14NO 

254.13867 

236.12812 

212.09173 

177.05462 

151.03897 

116.10699 

3.5 

5.5 

4.5 

6.5 

5.5 

0.5 

191



6.63 O-

DMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C8H10O2)]+ 

C14H24NO3 

C14H22NO2 

C11H18NO3 

C11H13O2 

C6H14NO 

254.17505 

236.16451 

212.12812 

177.09101 

116.10699 

4.5 

4.5 

3.5 

5.5 

0.5 

5.75 TP270 [M+H]+ 

[M+H–(H2O)]+

[M+H–2(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(C3H10N)–(H2O)]+ 

[M+H–(C5H16NO3)]+ 

[M+H–(C8H10NO3)]+ 

C14H24NO4 

C14H22NO3 

C14H20NO2 

C11H18NO4 

C11H13O3 

C9H9O 

C6H14NO 

270.16998 

252.15942 

234.14886 

228.12303 

193.08592 

133.06479 

116.10699 

3.5 

4.5 

5.5 

3.5 

5.5 

5.5 

0.5 

6.69 TP282

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C2H5O)–(C5H12NO)]+ (HCD) 

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C8H7O2 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

135.04405 

116.10699 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

7.48 TP282

B 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H16O3)]+  

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C10H9O 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

145.06479 

116.10699 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

6.40 α-

HMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(C3H5)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O2)–(C5H12NO)]+

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C12H18NO3 

C12H15O3 

C9H9O 

C6H14NO 

284.18562 

266.17507 

224.12812 

207.10157 

133.06479 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

0.5 

7.31 TP284 [M+H]+ 

[M+H–(H2O)]+

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+ 

[M+H–(CH5O)–(C3H3)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C14H22NO3 

C14H20NO2 

C11H14NO2 

C11H11O2 

C9H9O2 

C6H14NO 

284.18562 

266.17507 

252.15942 

234.14886 

192.10191 

175.07536 

149.05971 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

6.5 

5.5 

0.5 

6.86 TP298 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(C3H6)–(CH3O)]+  

[M+H–(C2H5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H10O4)]+ 

C15H24NO5 

C15H22NO4 

C14H20NO4 

C11H14NO4 

C8H7O3 

C6H14NO 

298.16488 

280.15433 

266.13868 

224.09173 

151.03897 

116.10699 

4.5 

5.5 

5.5 

5.5 

5.5 

0.5 

6.72 TP300 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+

[M+H–(CH5O)–(C5H12NO)]+

[M+H–(C6H18NO3)]+

[M+H–(C13H12O4)]+

C15H26NO5 

C15H24NO4 

C14H22NO4 

C14H20NO3 

C9H9O3 

C9H9O2 

C6H14NO 

300.18055 

282.16998 

268.15433 

250.14377 

165.05462 

149.05971 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

5.5 

0.5 

6.50 TP316 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(C3H8O)]+ 

[M+H–(C6H15NO2)]+ 

[M+H–(C9H12O5)]+ 

C15H26NO6 

C15H24NO5 

C12H20NO6 

C12H18NO5 

C9H11O4 

C6H14NO 

316.17545 

298.16490 

274.12851 

256.11795 

183.06519 

116.10699 

3.5 

4.5 

3.5 

4.5 

4.5 

0.5 
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S3. MTP and MTPA degradation kinetics 

UV, H2O2 and UV+H2O2 treatments at 25, 100, 250 and 1000 mg/L were performed in parallel to 

evaluate MTP removal (at initial concentration of 10 mg/L). MTP elimination was complete (>99%) 

after 10 minutes of reaction for all the tested experimental conditions, with the exception of the 

treatment with only H2O2 which was not effective (Fig. S1). On the contrary, the complete elimination 

of MTP was observed in this study using UV only. MTP is sometimes reported in the literature to be 

hardly degraded in photo-oxidation experiments with Xe lamps, emitting light in the 295-400 nm 

range (Filipe et al., 2017; Romero et al., 2015). However, in our study, a Hg lamp was emitting only 

UV-light (at 254 nm), closer to the typical absorption peaks described for MTP (221 and 273 nm). 

Therefore, the photolysis on MTP was more effective and a more complete elimination was observed. 

Actually, other authors have observed partial elimination of MTP, between 40-94%, using the same 

monochromatic UV-C light (254 nm), but with different conditions; namely different initial MTP 

concentration and exposure time (Rivas et al., 2010; Romero et al., 2015). For instance, Rivas et al. 

(2010) observed that increasing experiment initial concentration (from 20 to 150 mg/L) caused a 

decrease in MTP removal efficiency (from 70 to 40%). In another study a 60% of elimination was 

achieved after 256 min of irradiation of MTP at an initial concentration of 400 mg/L with a medium 

pressure lamp (254-579 nm emission light) (Toolaram et al., 2017). All these studies indicate that 

many parameters can influence in MTP removal under UV photolysis experiments. 

Figure S1. MTP removal with UV, H2O2 and UV+H2O2 at 25, 100, 250 and 1000 mg/L treatments (spiked MTP initial concentration of 10 
mg/L). 
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Figure S2. Plot of ln([MTP]/[MTP]0) as a function of the reaction time with UV and UV+H2O2 at 25, 100, 250 and 1000 mg/L treatments 
(spiked MTP initial concentration of 10 mg/L). 

Afterwards, individual degradation experiments at the optimized AOP conditions (25 mg/L H2O2 and 

10 min of reaction) were also launched to describe degradation kinetics of MTP and MTPA (spiked at 

2.5 mg/L each) in pure water. Finally, MTP and MTPA were monitored at an initial concentration of 

2.5 mg/L each (in separated experiments) to describe their degradation kinetics (Fig. S3). In presence 

of a large excess of hydroxyl radicals (i.e. [OH]0 ≥ 10 [C]0), the reactions of MTP and MTPA with H2O2 

exhibit a pseudo-first-order dependence on MTP and MTPA concentration (Fig. S4). The linear time-

course plot between ln([C]/[C]0) and the reaction can be described by equations (Eq. 1, 2 and 3), (Fig. 

S4): 

𝑑[𝐶]

𝑑𝑡
= − 𝑘 ∙ [𝑂𝐻] ∙ [𝐶] 

(Eq. 1) 

𝑑[𝐶]

𝑑𝑡
= − 𝑘𝑜𝑏𝑠 ∙ [𝐶] 

(Eq. 2) 

where 𝑘 represent the second order rate constant for the overall reactions, C the concentration of 

MTP and MTPA and 𝑘𝑜𝑏𝑠 the pseudo-first-order kinetic constant, being 𝑘𝑜𝑏𝑠 = 𝑘 [𝑂𝐻], with [𝑂𝐻] =

[𝑂𝐻]0. Therefore, the equations can be written as follows (Eq. 3): 

𝑙𝑛
[𝐶]𝑡

[𝐶]0
=  −𝑘𝑜𝑏𝑠 · 𝑡 

(Eq. 3) 

Then, the kinetics of MTP and MTPA were confirmed as pseudo first-order with Kobs of 1.95 min-1 and 

2.39 min-1 for MTP and MTPA, respectively. 
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Figure S3. MTP and MTPA removal in pure water at the final selected conditions: initial MTP and MTPA concentrations of 2.5 mg/L 
each, 25 mg/L of H2O2 and 10 min of treatment. 

Figure S4. Plot of ln([C]/[C]0) as a function of the reaction time: C is the concentration of MTP or MTPA at the selected conditions, 
initial MTP and MTPA concentrations of 2.5 mg/L each, 25 mg/L of H2O2, 10 min of treatment. After 4 minutes of reaction, almost total 
removal was observed and removal percentages could not be calculated anymore. 

S4. Wastewaters' characterization 

Table S5. Hospital and industrial wastewater characterization. 

Sample Hospital WW 
(mg/L) 

Industrial WW 
(mg/L) 

COD 210.4 535. 6

N-NO2 1.6 <LOQ 

N-NO3 5.9 <LOQ 

P-PO4 2.0 <LOQ 

N-NH4 25.9 21.45 

TOC 65.9 202.68 

TN 46.8 68.68 

TKN 31.9 65.95 
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S5. Detection of transformation products 

Table S6. List of the total exact masses of the 85 compounds identified in the samples using the four identification strategies: literature list, 

compound prediction, in-house library and reference standards, (IF = identification factor). 

Name Literature 
Compound 

prediction 
In-house library 

Reference 

standards 
Maximum IF 

MTP X X X X 4 

MTPA X X X X 4 

TP74 X 1 

TP114 X1 X 2 

TP116 X1 X 2 

TP120 X 1 

TP121 X1 X 2 

TP134 X X X 3 

TP150 X X 2 

TP176 X 2 

TP192 X 2 

TP194 X 2 

TP196 X1 1 

TP208 X1 1 

TP212 X 2 

TP218 X 2 

TP220 X 1 

TP226B X X X 3 

TP226C X X X 3 

TP232 X1 1 

TP236 X 1 

TP238 X X 2 

TP240 X1 X 2 

TP250 X1 X 2 

TP252 X1 X 2 

TP254 X1 X 2 

O-DMTP X1 X X X 4 

TP256 X1 1 

TP270 X1 X X 3 

TP282A X1 X X 3 

α-HMTP X1 X X X 4 

TP284 X X X 3 

TP298 X1 1 

TP300 X1 X X 3 

TP316 X1 X 2 

TP318 X1 1 

TP332 X1 1 

Total % (85 candidates) 88% 26% 18% 5% 

(1Exact mass detected in more than one retention time. Each retention time counts as a tentative feature).
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S6. Identification of transformation products 

Table S7. List of the 26 compounds identified (IF ≥ 2) in the three matrices (pure water, HWW and IWW) using compound prediction, in-house library 

and reference standards strategies, (IF = identification factor).  

Rt 

(min) 
Name Ion 

Molecular 

formula 

Theor. 

m/z 

Exp. 

m/z 

Mass

error 

(ppm) 

RDBE Suggested chemical structure IF 

7.50 MTP [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+ 

[M+H–(C3H11NO)]+

[M+H–(C9H12O2)]+ 

C15H26NO3 

C15H24NO2 

C12H20NO3 

C12H15O2 

C6H14NO 

268.19070 

250.18016 

226.14377 

191.10666 

116.10699 

268.19031 

250.18059 

226.14406 

191.10687 

116.10731 

-1.45

1.71 

1.28 

1.09 

2.75 

3.5 

4.5 

3.5 

5.5 

0.5 

4 

6.64 MTPA [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C8H14O3)]+ 

C14H22NO4 

C14H20NO3 

C11H16NO4 

C11H11O3 

C10H9O 

268.15432 

250.14377 

226.10738 

191.07027 

145.06479 

268.15436 

250.14455 

226.10796 

191.07077 

145.06522 

0.14 

3.11 

2.56 

2.61 

2.96 

4.5 

5.5 

4.5 

6.5 

6.5 

4 

1.86 TP114 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H12NO 

C6H10N

C3H6NO 

114.09134 

96.08078 

72.04439 

114.09132 

96.08096 

72.04453 

-0.17

1.87 

1.94 

1.5 

2.5 

1.5 

2 

2.96 TP116 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(C2H2O)]+ 

C6H14NO 

C6H12N

C3H8NO 

C4H10N 

116.10699 

98.09643 

74.06004 

72.08078 

116.10701 

98.09673 

74.06029 

72.08102 

0.17 

3.05 

3.37 

3.32 

0.5 

1.5 

0.5 

0.5 

2 

7.76 TP121 [M+H]+

[M+H–(O)]+

[M+H–(C2H2)–(O)]+

C8H9O 

C8H9 

C6H7 

121.06479 

105.06988 

79.05423 

121.06483 

105.07027 

79.05428 

0.33 

3.71 

0.63 

4.5 

4.5 

3.5 

2 

2.88 TP134 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H16NO2 

C6H14NO 

C3H10NO2 

134.11754 

116.10699 

92.07061 

134.11755 

116.10740 

92.07104 

0.07 

3.53 

4.67 

-0.5

0.5

-0.5
3 

2.72 TP150 [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(H2O)]+ 

C6H16NO3 

C6H14NO2 

C6H12NO 

150.11247 

132.10191 

114.09134 

150.11215 

132.10194 

114.09158 

-2.13

0.22 

2.10 

-0.5

0.5

1.5

2 

7.22 TP176 [M+H]+

[M+H–(NH3)]+

[M+H–(NH3)–(C2H2)]+

[M+H–(NH3)–(C3H2)]+

C11H14NO 

C11H11O 

C9H9O 

C8H9O 

176.10699 

159.08044 

133.06479 

121.06479 

176.10732 

159.08076 

133.06497 

121.06512 

1.87 

2.01 

1.35 

2.72 

5.5 

6.5 

5.5 

4.5 

2 

7.04 TP192 [M+H]+ 

[M+H–(NH3)]+

[M+H–(NH3)–(C3H2)]+

[M+H–(NH3)–(C3H2)–(O)]+ 

C11H14NO2 

C11H11O2 

C8H9O2 

C8H9O 

192.10191 

175.07536 

137.05971 

121.06479 

192.10185 

175.07568 

137.05997 

121.06509 

-0.31

1.82 

1.89 

2.47 

5.5 

6.5 

4.5 

4.5 

2 

5.86 TP194 [M+H]+ 

[M+H–(NH3)]+

[M+H–(NH3)–(H2O)]+

[M+H–(NH3)–(H2O)–(C3H2)]+ 

C11H16NO2 

C11H13O2 

C11H11O 

C8H9O 

194.11756 

177.09101 

159.08044 

121.06479 

194.11735 

177.09132 

159.08072 

121.06508 

-1.08

1.75 

1.76 

2.39 

4.5 

5.5 

6.5 

4.5 

2 

6.49 TP212 [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(H2O)–(NH3)–(H2O)]+

C11H18NO3 

C11H16NO2 

C11H13O2 

C11H11O 

212.12812 

194.11756 

177.09101 

159.08044 

212.12770 

194.11806 

177.09149 

159.08087 

-1.97

2.57 

2.71 

2.70 

3.5 

4.5 

5.5 

6.5 

2 

7.35 TP218 [M+H]+ 

[M+H–(C3H6)]+

[M+H–(C3H6)–(NH3)]+

[M+H–(C3H6)–(NH3)–(C2H2)]+

C14H20NO 

C11H14NO 

C11H11O 

C9H9O 

218.15394 

176.10699 

159.08044 

133.06479 

218.15354 

176.10730 

159.08070 

133.06502 

-1.83

1.76 

1.63 

1.72 

5.5 

5.5 

6.5 

5.5 

2 
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7.08 TP226

B 

[M+H]+ 

[M+H–(H2O)–(CH2)]+

[M+H–(H2O)–(NH3)]+

[M+H–(C4H11O2)]+ 

C12H20NO3 

C11H16NO2 

C12H15O2 

C8H9O 

226.14376 

194.11756 

191.10666 

121.06479 

226.14357 

194.11792 

191.10701 

121.06509 

-0.84

1.85 

1.83 

2.47 

3.5 

4.5 

5.5 

4.5 

3 

6.64 TP226

C 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(CH7O3)]+ 

C11H16NO4 

C11H14NO3 

C11H11O3 

C10H9O 

226.10738 

208.09682 

191.07027 

145.06479 

226.10655 

208.09671 

191.07033 

145.06480 

-3.67

-0.52

0.31 

0.06 

4.5 

5.5 

6.5 

6.5 

3 

6.70 TP238 [M+H]+ C13H20NO3 238.14376 238.14439 2.64 4.5 

2 

6.23 TP240 [M+H]+ C13H22NO3 240.15940 240.15898 -1.74 3.5 

2 

7.74 TP250 [M+H]+ 

[M+H–(CH4O)]+

[M+H–(C3H6)–(NH3)]+

[M+H–(CH4O)–(C3H6)]+

[M+H–(C9H12O2)]+ 

C15H24NO2 

C14H20NO 

C12H15O2 

C11H14NO 

C6H12N

250.18016 

218.15394 

191.10666 

176.10699 

98.09643 

250.17982 

218.15431 

191.10698 

176.10725 

98.09664 

-1.35

1.69 

1.67 

1.47 

2.14 

4.5 

5.5 

5.5 

5.5 

1.5 

2 

6.85 TP252 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H6)–(NH3)]+ 

[M+H–(H2O)–(C3H6)–(NH3)–(C3H2)]+

[M+H–(H2O)-(C3H6)-(NH3)-(C2H2)-(O)]+

[M+H–(C8H18O2)]+ 

C14H22NO3 

C14H20NO2 

C11H16NO3 

C11H11O2 

C8H9O2 

C9H9O 

C6H14NO 

252.15942 

234.14886 

210.11247 

175.07536 

137.05971 

133.06479 

116.10699 

252.16016 

234.14830 

210.11299 

175.07582 

137.05994 

133.06512 

116.10740 

2.93 

-2.39

2.47 

2.62 

1.67 

2.47 

3.53 

4.5 

5.5 

4.5 

6.5 

4.5 

5.5 

0.5 

2 

6.37 TP254 [M+H]+ C13H20NO4 254.13867 254.13821 -1.81 3.5 

2 

6.63 O-

DMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C8H10O2)]+ 

C14H24NO3 

C14H22NO2 

C11H18NO3 

C11H13O2 

C6H14NO 

254.17505 

236.16451 

212.12812 

177.09101 

116.10699 

254.17525 

236.16518 

212.12875 

177.09155 

116.10747 

0.78 

2.83 

2.96 

3.04 

4.13 

4.5 

4.5 

3.5 

5.5 

0.5 

4 

5.74 TP270 [M+H]+ 

[M+H–(H2O)]+

[M+H–2(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(C3H10N)–(H2O)]+ 

[M+H–(C5H16NO3)]+ 

C14H24NO4 

C14H22NO3 

C14H20NO2 

C11H18NO4 

C11H13O3 

C9H9O 

270.16998 

252.15942 

234.14886 

228.12303 

193.08592 

133.06479 

270.16995 

252.16023 

234.14932 

228.12354 

193.08635 

133.06512 

-0.11

3.21 

1.96 

2.23 

2.22 

2.47 

3.5 

4.5 

5.5 

3.5 

5.5 

5.5 

3 

6.70 TP282

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

 [M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

116.10699 

282.16916 

264.15924 

240.12285 

205.08566 

116.10703 

-2.87

-0.68

-0.74

-1.26

0.34 

4.5 

5.5 

4.5 

6.5 

0.5 

3 

6.41 α-

HMTP 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(C3H5)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C12H18NO3 

C12H15O3 

C6H14NO 

284.18562 

266.17507 

224.12812 

207.10157 

116.10699 

284.18509 

266.17592 

224.12869 

207.10213 

116.10742 

-1.86

3.19 

2.54 

2.70 

3.70 

3.5 

4.5 

4.5 

5.5 

0.5 

4 
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7.31 TP284 [M+H]+ 

[M+H–(H2O)]+

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+ 

[M+H–(CH5O)–(C3H3)]+ 

[M+H–(H2O)–(C3H9N)]+

 [M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C14H22NO3 

C14H20NO2 

C11H14NO2 

C11H11O2 

C6H14NO 

284.18562 

266.17507 

252.15942 

234.14886 

192.10191 

175.07536 

116.10699 

284.18597 

266.17578 

252.16002 

234.14938 

192.10229 

175.07578 

116.10740 

1.23 

2.66 

2.37 

2.22 

1.97 

2.39 

3.53 

3.5 

4.5 

4.5 

5.5 

5.5 

6.5 

0.5 

3 

6.85 TP300 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+

C15H26NO5 

C15H24NO4 

C14H22NO4 

C14H20NO3 

300.18055 

282.16998 

268.15433 

250.14377 

300.18050 

282.17068 

268.15515 

250.14444 

-0.16

2.48 

3.05 

2.67 

3.5 

4.5 

4.5 

5.5 

3 

6.50 TP316 [M+H]+ C15H26NO6 316.17545 316.17496 -1.54 3.5 

2 

S7. Ecotoxicity of MTP and MTPA transformation products (in silico) 

Table S8. Estimation of acute toxicity of the 26 compounds identified (IF ≥ 2) for the major groups of organisms (fish, Daphnia and green algae) using 

EPI SuiteTM model (na stands for no possible to be estimated).  

Name 

Ecotoxicity (mg/L)-(ECOSAR) 

Fish Daphnia Green algae 

LC50 (96-h) LC50 (48-h) EC50 (96-h) 

MTP 81.6 9.4 8.3 

MTPA na na na 

TP114 >100 41.5 54.1 

TP116 >100 23.6 28.0 

TP121 10.1 3.7 16.2 

TP134 >100 >100 >100

TP150 >100 >100 >100

TP176 22.3 2.7 2.1 

TP192 40.2 >100 >100

TP194 >100 19.2 20.2 

TP212 >100 76.1 98.9 

TP218 3.5 0.5 0.3 

TP226B na >100 na 

TP226C >100 53.9 65.5 

TP238 >100 18.1 18.2 

TP240 >100 25.1 26.6 

TP250 10.3 1.4 0.9 

TP252 >100 24.2 25.3 

TP254 >100 >100 >100

O-DMTP >100 13.4 12.7 

TP270 >100 >100 >100

TP282A >100 65.8 79.6 

α-HMTP >100 48.3 55.5 

TP284 >100 27.8 29.2 

TP300 >100 57.4 67.3 

TP316 >100 >100 >100
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Table S9. Estimation for the 26 compounds identified in terms of bioaccumulation factor, mutagenicity and developmental using Toxicity Estimation 

Software Tool (T.E.S.T.) v. 4.2.1 program. Additionally, the Toxtree (Estimation of Toxic Hazard - A Decision Tree Approach) v. 3.1. was used to estimate 

chemical biodegradability, carcinogenesis and Cramer classification (Class III) according to Cramer rules (na stands for no possible to be estimated).  

Name 

Chemical 

biodegradability 

(Toxtree) 

Bioaccumulatio

n factor 

(T.E.S.T.) 

Carcinogenicity (Toxtree) 

Mutagenicity 

(T.E.S.T) 

Developmenta

l toxicity 

(T.E.S.T.)

Cramer 

classification 

(Toxtree) 

Genotoxic 

carcinogenicity 

Non-genotoxic 

carcinogenicity 

MTP Persistent 56.73 Negative Negative Negative Positive Class I 

MTPA Biodegradable 1.50 Negative Negative Negative Positive Class I 

TP114 Biodegradable na Positive Negative Positive Positive Class III 

TP116 Persistent 2.22 Negative Negative Negative Negative Class III 

TP121 Biodegradable 12.52 Negative Negative Negative Positive Class I 

TP134 Biodegradable 0.76 Negative Negative Negative Positive Class III 

TP150 Biodegradable 0.46 Negative Negative Positive Positive Class III 

TP176 Biodegradable 27.03 Negative Negative Negative Positive Class I 

TP192 Biodegradable na Positive Negative Negative Negative Class I 

TP194 Biodegradable 5.38 Negative Negative Negative Positive Class I 

TP212 Biodegradable 2.52 Negative Negative Negative Positive Class I 

TP218 na 34.88 Negative Negative Negative Positive Class I 

TP226B Biodegradable 0.55 Negative Negative Negative Negative Class I 

TP226C Persistent 6.71 Negative Negative Negative Negative Class I 

TP238 Biodegradable 1.54 Positive Negative Negative Negative Class I 

TP240 Biodegradable 13.52 Negative Negative Negative Negative Class I 

TP250 Biodegradable 23.17 Negative Negative Negative Positive Class I 

TP252 Biodegradable 2.32 Positive Negative Negative Positive Class I 

TP254 Biodegradable 5.96 Negative Negative Negative Positive Class I 

O-DMTP Biodegradable 8.90 Negative Negative Negative Negative Class I 

TP270 Biodegradable 2.28 Negative Negative Negative Positive Class I 

TP282A Persistent 10.20 Negative Negative Negative Positive Class I 

α-HMTP Persistent 7.82 Negative Negative Negative Positive Class I 

TP284 Persistent 14.48 Negative Negative Negative Negative Class I 

TP300 Persistent 11.39 Negative Negative Negative Positive Class I 

TP316 Persistent 3.85 Negative Negative Negative Negative Class I 
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S1. Mass list of transformation products for chemical analysis in LC-LTQ-Orbitrap 

Table S1. Exact mass list of the most common azithromycin TPs found in literature. 

Compound Exact mass 
[M+H]+ 

Chemical structure 
[M+H]+ 

References 

AZI 749.51580 C38H73N2O12 Reference standard 

TP576 577.40590  C29H57N2O9 1

TP590 591.42150  C30H59N2O9 1,2

TP591 592.40550  C30H58NO10 1,3,4

TP608 609.43210 C30H61N2O10 1

TP719 720.45280  C36H66NO13 3

TP720 721.48450  C36H69N2O12 2,3

TP734 735.50020  C37H71N2O12 1,2,3,4

TP748 749.51580 C38H73N2O12 3

TP762 763.45910  C38H71N2O13 3

TP764 765.51070  C38H73N2O13 1

TP766 767.52640  C38H75N2O13 1

TP768 769.46110 C37H70ClN2O12 3

TP769 770.40880  C36H65ClNO14 3

TP788 789.40650  C36H67Cl2N2O12 3

TP803 804.36980 C36H64Cl2NO14 3

Table S2. Exact mass list of the most common ciprofloxacin TPs found in literature. 

Compound Exact mass  
[M+H]+ 

Chemical structure 
[M+H]+ 

References 

CFC 332.14050 C17H19FN3O3 Reference standard 

TP365 366.10152 C17H18ClFN3O3 5,6

TP365 366.14598 C17H21FN3O5 7

TP363 300.07790 C15H11FN3O3 8

TP361 362.11468 C17H17FN3O5 9–11

TP339 340.08587 C15H16ClFN3O3 5,6

TP333 334.11976 C16H17FN3O4 5,8,11

TP305 306.12485 C15H17FN3O3 1,5,7,10,12–15

TP296 297.04367 C13H11ClFN2O3 5,6,8

TP290 291.07709 C14H12FN2O4 11,15,16

TP287 288.13427 C15H18N3O3 1,5,12

TP262 263.08265 C13H12FN2O3 1,5,7,10,12,13,15

TP243 245.09207 C13H13N2O3 1,9,17–19
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S2. Post-acquisition data processing workflow 

Figure S1. Automated suspect screening workflow adapted to Compound Discoverer 3.0 software.
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Table S3. Data processing parameters selected to perform the integrated suspect screening methodology. 

Peak filtering and identification of TP candidates 
Select Spectra: 

- Retention time range: 1 to 12 min 
- Mass range: 100-1000 Da 
- S/N ratio: 3 
- Scan Polarity:  +/-

Align Retention Times: 
- Alignment Model: Adaptive curve
- Mass tolerance: ±5 ppm
- Maximum retention time shift: 0.3 min

Generate Expected Compounds: 
- Parent compound: CFC/AZI 
- Apply Dealkylation: True
- Apply Dearylation: True
- Max. # Dealkylation Steps: 2
- All reaction steps: 3
- Min. mass: 100 Da 
- Ions considered: [M+H]+ /[M-H]-1 
- Transformations: Dehydration (H2 O -> ), Hydration ( -> H2 O), Oxidation ( -> O), Reduction ( -> H2), Desaturation (H2 -> ), Oxidative 

Deamination to Alcohol (H2 N -> H O), Oxidative Deamination to Ketone (H3 N -> O), Chlorination (H -> Cl), Reductive Defluorination (F -> 
H).

- Max. # All Steps: 3 

Find Expected Compounds: 
- Mass tolerance: ±5 ppm
- Intensity Tolerance: 30 %
- Intensity Threshold: 0.1 %
- Min. #Isotopes: 2
- Min. peak intensity: 1000 

FISh scoring: 
- Annotate Full Tree: True
- Match Transformations: True
- S/N threshold: 3
- Mass tolerance of fragments: ±5 ppm 
- Fragment prediction libraries: True

Fragment Prediction Settings: 
- Use General Rules:  True
- Use Libraries:  True
- Max. Depth:  5 
- Aromatic Cleavage:  True 
- Min. Fragment m/z:  50 

Group Expected Compounds: 
- RT Tolerance [min]:  0.3 
- Preferred Ions:  [M+H]+1/[M-H]-1 

Mark Background Compounds: 
- Max. Sample/Blank:  3 
- Hide Background:  True
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S3. Identified AZI TPs in chlorination experiments performed 

Table S4. Azithromycin transformation products tentatively identified in the chlorinated samples. 

Rt 

(min) 
Compo

und 
Ion 

Molecular 
formula [M+H]+ 

Theoretical 
exact mass 

[M+H]+ 

Experiment 
exact mass 

[M+H]+ 

Error 
mass 
(ppm) 

RDBE Suggested chemical structure 

7.42 AZI [M+H]+

[M+H–(L-cladinose)]+ 

[M+H–[O-(L-cladinose)]]+ 

[M+H–(d-desosamine)-(L-cladinose)]+ 

C38H73N2O12

C30H59N2O9

C30H57N2O8

C22H44NO7 

749.51580 

591.42151 

573.41094 

434.31123 

749.51294 

591.42029 

573.40997 

434.31030 

-3.81 

-2.06 

-1.69 

-2.14 

3.5 

2.5 

3.5 

1.5 

7.25 TP433 [M+H]+

[M+H–(H2O)]+

[M+H–(H2O)–(C6H10O2)]
+

C22H44NO7

C22H42NO6

C16H30NO4

434.31123 

416.30066 

300.21693 

434.31010 

416.29987 

300.21640 

-2.60 

-1.89 

-1.76 

1.5 

2.5 

2.5 

7.83 TP576 [M+H]+

[M+H–(H2O)]+

[M+H–(d-desosamine-CH2)]
+ 

[M+H–(d-desosamine-CH2)–(H2O)]+ 

C29H57N2O9

C29H55N2O8

C22H44NO7

C22H42NO6 

577.40586 

559.39529 

434.31123 

416.30066 

577.40448 

559.39490 

434.31110 

416.30054 

-2.39 

-0.69 

-0.29 

-0.28 

2.5 

3.5 

1.5 

2.5 

8.55 TP577

A 

[M+H]+

[M+H–(C6H10O2)]
+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–(H2O)]+ 

C29H56NO10

C24H46NO8

C21H42NO7

C21H40NO6

578.38987 

476.32179 

420.29558 

402.28501 

578.38879 

476.32092 

420.29489 

402.28427 

-1.86 

-1.82 

-1.64 

-1.83 

2.5 

2.5 

1.5 

2.5 

7.83 TP577

B 

[M+H]+

[M+H–(C5H10O2)]
+

[M+H–(L-cladinose–CH2)]
+ 

[M+H–(L-cladinose–CH2)–(H2O)]+ 

C29H56NO10

C24H46NO8

C22H44NO7

C22H42NO6 

578.38987 

476.32179 

434.31123 

416.30066 

578.38843 

476.32056 

434.31021 

416.29965 

-2.48 

-2.58 

-2.34 

-2.42 

2.5 

2.5 

1.5 

2.5 

7.50 TP590 [M+H]+

[M+H–H2O]+

[M+H-(d-desosamine)]+ 

C30H59N2O9

C30H57N2O8

C22H44NO7 

591.42151 

573.41094 

434.31123 

591.41949 

573.40930 

434.30997 

-3.41 

-2.86 

-2.90 

2.5 

3.5 

1.5 
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8.69 TP591 [M+H]+

[M+H–(L-cladinose)]+ 

C30H58NO10

C22H44NO7 

592.40552 

434.31123 

592.40369 

434.31012 

-3.08 

-2.55 

2.5 

1.5 

9.19 TP719 [M+H]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–(H2O)]+ 

C36H66NO13

C28H52NO10

C28H50NO9 

720.45287 

562.35857 

544.34801 

720.45215 

562.35822 

544.34778 

-0.99 

-0.62 

-0.42 

4.5 

3.5 

4.5 

7.28 TP720

A 

[M+H]+

[M+H–(d-desosamine–CH2–CH2)]
+ 

[M+H–(L-cladinose)]+ 

[M+H–(d-desosamine–CH2–CH2)–(L-

cladinose)]+ 

C36H69N2O12

C30H58NO10

C28H55N2O9 

C22H44NO7 

721.48450 

592.40552 

563.38947 

434.31123 

721.48285 

592.40430 

563.38940 

434.31058 

-2.28 

-2.05 

-0.12 

-1.49 

3.5 

2.5 

2.5 

1.5 

7.03 TP720

B 

[M+H]+

[M+H–(L-cladinose–CH2)]
+ 

[M+H–(L-cladinose–CH2)–(H2O)]+ 

[M+H–(L-cladinose–CH2)–(d-

desosamine–CH2)]
+ 

C36H69N2O12

C29H57N2O9

C29H55N2O8

C22H44NO7

721.48450 

577.40586 

559.39529 

434.31123 

721.48297 

577.40503 

559.39459 

434.31064 

-2.12 

-1.46 

-1.25 

-1.35 

3.5 

2.5 

3.5 

1.5 

7.39 TP734

A 

[M+H]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–(H2O)]+ 

[M+H–(L-cladinose)–(d-desosamine–

CH2)]
+ 

C37H71N2O12

C29H57N2O9

C29H55N2O8

C22H44NO7 

735.50015 

577.40586 

559.39529 

434.31123 

735.49786 

577.40601 

559.39392 

434.31146 

-3.11 

0.25 

-2.44 

0.52 

3.5 

2.5 

3.5 

1.5 

7.03 TP734

B 

[M+H]+

[M+H–(L-cladinose–CH2)]
+ 

[M+H–(L-cladinose–CH2)–(H2O)]+ 

[M+H–(L-cladinose–CH2)–(d-

desosamine)]+ 

C37H71N2O12

C30H59N2O9

C30H57N2O8

C22H44NO7 

735.50015 

591.42151 

573.41094 

434.31123 

735.50043 

591.42181 

573.41132 

434.31146 

0.38 

0.50 

0.66 

0.52 

3.5 

2.5 

3.5 

1.5 
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9.94 TP768 [M+H]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–(H2O)]+ 

[M+H–(L-cladinose+Cl-H)–(d-

desosamine)]+ 

C37H70ClN2O12

C29H56ClN2O9

C29H54ClN2O8

C22H44NO7 

769.46118 

611.36689 

593.35632 

434.31123 

769.45966 

611.36572 

593.35535 

434.31030 

-1.97 

-1.91 

-1.63 

-2.14 

3.5 

2.5 

3.5 

1.5 

10.32 TP788 [M+H]+

[M+H–(L-cladinose)]+ 

[M+H–(L-cladinose)–(H2O)]+ 

[M+H–(L-cladinose+2Cl-2H)–(d-

desosamine)]+ 

C36H67Cl2N2O12

C28H53Cl2N2O9

C28H51Cl2N2O8

C22H44NO7 

789.40656 

631.31226 

613.30170 

434.31123 

789.40497 

631.31097 

613.30078 

434.31030 

-2.01 

-2.04 

-1.50 

-2.14 

3.5 

2.5 

3.5 

1.5 
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S4. Identified CFC TPs in chlorination experiments performed 

Table S5. Ciprofloxacin transformation products tentatively identified in the chlorinated samples. 

Rt 

(min) 
Compoun

d 
Ion 

Molecular 
formula [M+H]+ 

Theoretical 
exact mass 

[M+H]+ 

Experiment 
exact mass 

[M+H]+ 

Error 
mass 
(ppm) 

RDBE Suggested chemical structure 

6.95 CFC [M+H]+

[M+H–(H2O)]+

[M+H–(CO2)]+

[M+H–(H2O)–(CO)–(C2H3N)]+

C17H19FN3O3

C17H17FN3O2

C16H19FN3O

C14H14FN2O

332.14050 

314.12993 

288.15067 

245.10847 

332.13959 

314.12894 

288.14984 

245.10771 

-2.73

-3.15

-2.88

-3.10

9.5 

10.5 

8.5 

8.5 

8.56 TP262 [M+H]+

[M+H–(H2O)]+

[M+H–(C3H5)]+ (HCD) 

[M+H–(H2O)–(CO)]+ (HCD)

[M+H–(C3H5)–(H2O)]+ (HCD)

C13H12FN2O3

C13H10FN2O2

C10H7FN2O3

C12H10FN2O 

C10H5FN2O2

263.08265 

245.07208 

222.04352 

217.07717 

204.03296 

263.08173 

245.07124 

222.04411 

217.07776 

204.03357 

-3.49

-3.42

2.65

2.71

2.98

8.5 

9.5 

8.0 

8.5 

9.0 

8.36 TP290 [M+H]+

[M+H–(H2O)]+

[M+H–(H2O)–(CO)]+ (HCD)

C14H12FN2O4

C14H10FN2O3

C13H10FN2O2

291.07756 

273.06700 

245.07208 

291.07709 

273.06656 

245.07155 

-1.61

-1.61

-2.16

9.5 

10.5 

9.5 

7.93 TP292 [M+H]+

[M+H–(H2O)]+

[M+H–(H2O)–(C)]+ (HCD)

[M+H–(H2O)–(C)–(H2O)]+ (HCD)

C14H14FN2O4

C14H12FN2O3

C13H12FN2O3

C14H10FN2O2

293.09321 

275.08265 

263.08265 

257.07208 

293.09308 

275.08246 

263.08337 

257.07272 

-0.44

-0.69

2.73

2.48

8.5 

9.5 

8.5 

10.5 

9.44 TP296 [M+H]+

[M+H–(H2O)]+

[M+H–(C3H5)]+ (HCD)

[M+H–(H2O)–(CO)]+ (HCD)

[M+H–(C3H5)–(H2O)]+ (HCD)

[M+H–(H2O)–(CO)–(Cl)]+ (HCD)

C13H11ClFN2O3

C13H9ClFN2O2 

C10H6ClFN2O3 

C12H9ClFN2O 

C10H4ClFN2O2 

C12H9FN2O

297.04367 

279.03311 

256.00455 

251.03820 

237.99398 

216.06934 

297.04324 

279.03275 

256.00513 

251.03871 

237.99454 

216.06984 

-1.44

-1.29

2.26

2.03

2.35

2.31

8.5 

9.5 

8.0 

8.5 

9.0 

9.0 

6.73 TP305 [M+H]+

[M+H–(NH3)]+ 

[M+H–(H2O)]+

[M+H–(NH3)–(C2H2)]+ 

C15H17FN3O3

C15H14FN2O3

C15H15FN3O2

C13H12FN2O3

306.12485 

289.09830 

288.11428 

263.08265 

306.12418 

289.09760 

288.11371 

263.08206 

-2.18

-2.42

-1.97

-2.24

8.5 

9.5 

9.5 

8.5 

7.88 TP333 [M+H]+

[M+H–(H2O)]+

[M+H–(H2O)–(CO)]+ (HCD)

C16H17FN3O4

C16H15FN3O3

C15H15FN3O2

334.11976 

316.10920 

288.11428 

334.11938 

316.10892 

288.11376 

-1.13

-0.88

-1.80

9.5 

10.5 

9.5 

7.03 TP339 [M+H]+

[M+H–(H2O)]+

[M+H–(C2H5N)]+

[M+H–(CH2NH2)–(Cl)]+ 

C15H16ClFN3O3

C15H14ClFN3O2

C13H11ClFN2O3

C14H12FN2O3

340.08587 

322.07531 

297.04367 

275.08265 

340.08578 

322.07520 

297.04350 

275.08255 

-0.26

-0.34

-0.57

-0.36

8.5 

9.5 

8.5 

9.5 
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S5. UV spectra of CFC and the intermediates identified in HPLC-DAD 

A) Ciprofloxacin

B) TP262 

C) TP296 

D) TP333 

Figure S2. Diode array spectra (271 nm) of ciprofloxacin and the structurally related intermediates TP262, TP296 and TP333 after fractionation and isolation. 
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S6. R-Scripts for PCA estimation 

Data Set antibiotic activity 

Table S6. Data set for antibiotic activity and R-script. 

Concentration TP262 TP290 TP292 TP296 TP305 TP333 TP339 Antibiotic activity 

1 61.77867288 0.15610719 0.20672387 3.953537225 21.40380872 9.91661171 0.04465318 6.62 

2 94.67011208 0.35636040 0.37708936 29.63124793 4.153874119 9.33776629 0.02255637 40.68 

3 28.92713318 0.06593322 0.08164407 44.20554488 1.481034155 4.17793122 0.01976572 44.23 

4 5.492257606 0.00763349 0.00767229 38.58086892 0.418623492 1.38043811 0.03073293 30.10 

R-Script of antibiotic activity using FactoMineR (RcmdrPlugin.FactoMineR interface)

Antibiotic.Activity <- readXL("C:/…. PCA datos AA.xlsx", 

    rownames = FALSE, header = TRUE, na = "", sheet = "Hoja2", stringsAsFactors = TRUE) 

editDataset(Antibiotic.Activity) 

Antibiotic.Activity.PCA <- Antibiotic.Activity[, c("TP262", "TP290", "TP292", "TP296",  

    "TP305", "TP333", "TP339", "Antibiotic.activity")] 

res <- PCA(Antibiotic.Activity.PCA, scale.unit = TRUE, ncp = 5, graph = FALSE) 

print(plot.PCA(res, axes = c(1, 2), choix = "ind", habillage = "none", col.ind = "black", 

    col.ind.sup = "blue", col.quali = "magenta", label = c("ind", "ind.sup", "quali"), 

    new.plot = TRUE)) 

print(plot.PCA(res, axes = c(1, 2), choix = "var", new.plot = TRUE, col.var = "black", 

    col.quanti.sup = "blue", label = c("var", "quanti.sup"), lim.cos2.var = 0)) 

summary(res, nb.dec = 3, nbelements = 10, nbind = 10, ncp = 3, file = "") 

remove(Antibiotic.Activity.PCA) 
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Data Set acute toxicity 

Table S7. Data set for acute toxicity and R-script. 

Concentration TP262 TP290 TP292 TP296 TP305 TP333 TP339 Acute toxicity 

1 61.77867288 0.15610719 0.20672387 3.953537225 21.40380872 9.91661171 0.04465318 2.46730816 

2 94.67011208 0.35636040 0.37708936 29.63124793 4.153874119 9.33776629 0.02255637 4.08830744 

3 28.92713318 0.06593322 0.08164407 44.20554488 1.481034155 4.17793122 0.01976572 2.44100895 

4 5.492257606 0.00763349 0.00767229 38.58086892 0.418623492 1.38043811 0.03073293 2.24534091 

R-Script acute toxicity using FactoMineR (RcmdrPlugin.FactoMineR interface)

Acute.Toxicity <- readXL("C:/….. PCA datos Tox.xlsx", 

    rownames = FALSE, header = TRUE, na = "", sheet = "Hoja2", stringsAsFactors = TRUE) 

editDataset(Acute.Toxicity) 

Acute.Toxicity.PCA <- Acute.Toxicity[, c("TP262", "TP290", "TP292", "TP296", "TP305",  

    "TP333", "TP339", "Acute.toxicity")] 

res <- PCA(Acute.Toxicity.PCA, scale.unit = TRUE, ncp = 5, graph = FALSE) 

print(plot.PCA(res, axes = c(1, 2), choix = "ind", habillage = "none", col.ind = "black", 

    col.ind.sup = "blue", col.quali = "magenta", label = c("ind", "ind.sup", "quali"), 

    new.plot = TRUE)) 

print(plot.PCA(res, axes = c(1, 2), choix = "var", new.plot = TRUE, col.var = "black", 

    col.quanti.sup = "blue", label = c("var", "quanti.sup"), lim.cos2.var = 0)) 

summary(res, nb.dec = 3, nbelements = 10, nbind = 10, ncp = 3, file = "") 

remove(Acute.Toxicity.PCA) 
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S7. Microtox evaluation of chlorinated sample and fractions 

Chlorinated mixture sample Control sample 

(% effect)y = 1.99 x ECy ; EC10 = 5.02 mg/L (% effect)y = 0.15 x ECy ; EC10 = 66.66 mg/L 

Fraction 2 Fraction 3 

(% effect)y = 0.37 x ECy ; EC10 = 27.02 mg/L (% effect)y = 0.46 x ECy ; EC10 = 21.73 mg/L 

Fraction 4 Fraction 5 

(% effect)y = 0.39 x ECy ; EC10 = 25.64 mg/L (% effect)y = 0.35 x ECy ; EC10 = 28.57 mg/L 

Figure S3. Microtox evaluation of chlorinated sample and fractions collected.
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S1. Identification of transformation products 

Data treatment was adapted and it is presented in Fig. S1 [1]. Automatic data processing starts 

with MS data filtering between 100 and 1000 Da and from 1 to 12 min with a S/N ratio of 3. 

To compensate small differences in retention times, chromatographic alignment was 

performed by using a mass tolerance error of ± 5 ppm and a maximum retention time shift of 

0.3 min. Immediately after, data processing was performed in two different steps: a) by 

detection of unknown compounds (where features above a S/N of 10 with a minimum peak 

intensity of 104 counts were selected) and b) by detection of expected compounds from 

compound prediction (where more complete MS full scan data was required without being 

filter out). Then, an in-house library (Table S2), a predicted list automatically created by the 

software applying chemical modifications (dealkylation, oxidation, reduction, desaturation, 

oxidative deamination to alcohol, oxidative deamination to ketone, dehydration, hydration) 

to MTP and MTPA chemical structures (Table S3), and a literature list (Table S4) were used to 

identify the TPs generated. Confirmed structures were identified with reference standards 

through comparison with MS exact masses, retention time and MS/MS ion fragmentation 

pattern from control spiked samples. The in-house library (Table S2) was used to identify 

probable structures by comparison of reported TP exact masses, experimental retention times 

and MS/MS ion spectra. The list of predicted TPs (Table S3) was used to identify tentative 

structures by comparison of compound exact masses and predicted MS/MS scans of potential 

TPs. The list from literature (Table S4) was used to identify unequivocal molecular formulas 

by comparison of compound exact masses.  
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Fig. S1. Screening workflow for the identification of the transformation products generated. This methodology was adapted to 

Compound Discoverer 3.0 [1].
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Table S1. Data processing parameters selected to perform and reproduce the integrated suspect screening methodology in 
Compound Discoverer 3.0 [1]. 

Peak filtering of candidates 
Select Spectra: 

- Retention time range: 1 to 12 min
- Mass range: 100-1000 Da 
- S/N ratio: 3 

Align Retention Times: 
- Alignment Model: Adaptive curve
- Mass tolerance: ± 5 ppm
- Maximum retention time shift: 0.3 min

Detect Unknown Compounds: 
- Mass tolerance: ± 5 ppm
- Intensity Tolerance: 30%
- S/N ratio: 10
- Min. Peak Intensity: 104

- Ions: [M+H]+/[M+H]- 
- Max. Peak Width: 0.8 min
- Max. #Scan per peak: 5
- Min. #Isotopes: 2

Group Unknown Compounds: 
- Mass tolerance: ± 5 ppm

- RT tolerance: 0.3 min
Mark Background Compounds: 

- Max. Sample/Blank:  3 

- Hide Background:  True

Identification strategies 
Analytical standard comparison (I) 

(MS, MS2 and Rt comparison with spiked control files after data 
alignment) 

In-house library comparison (II) 
Search Mass Lists: 

- Mass tolerance: ± 5 ppm
- Retention time: Included
- Retention time tolerance: 0.3 min
- Input Files: “MTP/MTPA in-house library”

Software compound prediction (III) 
Generate Expected Compounds: 

- Parent compound: MTP/MTPA 
- Apply Dealkylation: True
- Max. # Dealkylation Steps: 2
- All reaction steps: 3
- Min. mass: 100 Da 
- Ions considered: [M+H]+/[M+H]- 
- Transformations: oxidation, reduction, desaturation,

oxidative deamination to alcohol, oxidative
deamination to ketone, dehydration, hydration.

- Max. # All Steps: 3 
Find Expected Compounds: 

- Mass tolerance: ± 5 ppm
- Intensity Tolerance: 30 %
- Intensity Threshold: 0.1 %
- Min. #Isotopes: 2
- Min. peak intensity: 104 

FISh scoring: 
- Annotate Full Tree: True
- Match Transformations: True
- S/N threshold: 10
- Mass tolerance of fragments: ± 5 ppm 
- Fragment prediction libraries: True

Group Expected Compounds 
- RT tolerance: 0.3 min 

Literature exact mass list comparison (IV) 
Search Mass List: 

- Mass tolerance: ± 5 ppm
- Consider Retention time: Not included
- File loaded: “MTP/MTPA literature”
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Table S2. List of the 29 compounds present in the in-house library (from information reported in previous scientific manuscripts [1,2]). 

Retentio

n time 

(min) 

Compoun

d 
Ion 

Elemental 

compositio

n 

Theoretica

l m/z 
RDB Suggested chemical structure 

7.64 MTP [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+ 

[M+H–(C3H11NO)]+

[M+H–(C7H18NO2)]+

[M+H–(C9H12O2)]+ 

C15H26NO3 

C15H24NO2 

C12H20NO3 

C12H15O2 

C8H9O 

C6H14NO 

268.19070 

250.18016 

226.14377 

191.10666 

121.06479 

116.10699 

3.5 

4.5 

3.5 

5.5 

4.5 

0.5 

6.68 MTPA [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C8H14O3)]+ 

[M+H–(C8H8O3)]+ 

C14H22NO4 

C14H20NO3 

C11H16NO4 

C11H11O3 

C10H9O 

C6H14NO 

268.15432 

250.14377 

226.10738 

191.07027 

145.06479 

116.10699 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

1.86 TP114 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H12NO

C6H10N

C3H6NO 

114.09134 

96.08078 

72.04439 

1.5 

2.5 

1.5 

2.96 TP116 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(C2H2O)]+ 

C6H14NO

C6H12N

C3H8NO

C4H10N 

116.10699 

98.09643 

74.06004 

72.08078 

0.5 

1.5 

0.5 

0.5 

7.76 TP121 [M+H]+

[M+H–(O)]+

[M+H–(C2H2)–(O)]+

C8H9O 

C8H9 

C6H7 

121.06479 

105.06988 

79.05423 

4.5 

4.5 

3.5 

2.87 TP134 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

C6H16NO2 

C6H14NO 

C3H10NO2 

134.11754 

116.10699 

92.07061 

-0.5

0.5

-0.5

2.72 TP150 [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(H2O)]+ 

C6H16NO3 

C6H14NO2 

C6H12NO 

150.11247 

132.10191 

114.09134 

-0.5

0.5

1.5

7.22 TP176 [M+H]+

[M+H–(NH3)]+

[M+H–(NH3)–(C2H2)]+

[M+H–(NH3)–(C3H2)]+

C11H14NO 

C11H11O 

C9H9O 

C8H9O 

176.10699 

159.08044 

133.06479 

121.06479 

5.5 

6.5 

5.5 

4.5 

7.04 TP192 [M+H]+ 

[M+H–(NH3)]+

[M+H–(NH3)–(C3H2)]+

[M+H–(NH3)–(C3H2)–(O)]+ 

C11H14NO2 

C11H11O2 

C8H9O2 

C8H9O 

192.10191 

175.07536 

137.05971 

121.06479 

5.5 

6.5 

4.5 

4.5 

5.86 TP194 [M+H]+ 

[M+H–(NH3)]+

[M+H–(NH3)–(H2O)]+

[M+H–(NH3)–(H2O)–(C3H2)]+ 

C11H16NO2 

C11H13O2 

C11H11O 

C8H9O 

194.11756 

177.09101 

159.08044 

121.06479 

4.5 

5.5 

6.5 

4.5 

6.49 TP212 [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(H2O)–(NH3)–(H2O)]+

C11H18NO3 

C11H16NO2 

C11H13O2 

C11H11O 

212.12812 

194.11756 

177.09101 

159.08044 

3.5 

4.5 

5.5 

6.5 

7.35 TP218 [M+H]+ 

[M+H–(C3H6)]+

[M+H–(C3H6)–(NH3)]+

[M+H–(C3H6)–(NH3)–(C2H2)]+

C14H20NO 

C11H14NO 

C11H11O 

C9H9O 

218.15394 

176.10699 

159.08044 

133.06479 

5.5 

5.5 

6.5 

5.5 
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6.21 TP226 

A 

[M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C6H6O2)]+ 

C12H20NO3 

C12H18NO2 

C9H14NO3 

C9H9O2 

C6H14NO 

226.14376 

208.13321 

184.09682 

149.05971 

116.10699 

3.5 

4.5 

3.5 

5.5 

0.5 

6.66 TP226B [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(NH3)]+

[M+H–(CH7O3)]+

[M+H–(C8H8O3)]+

C11H16NO4 

C11H14NO3 

C11H11O3 

C10H9O 

C3H8NO

226.10738 

208.09682 

191.07027 

145.06479 

74.06004 

4.5 

5.5 

6.5 

6.5 

0.5 

7.07 TP226C [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(CH2)]+

[M+H–(H2O)–(NH3)]+

[M+H–(C4H11O2)]+ 

[M+H–(C9H12O2)]+ 

C12H20NO3 

C12H18NO2 

C11H16NO2 

C12H15O2 

C8H9O 

C3H8NO

226.14376 

208.13321 

194.11756 

191.10666 

121.06479 

74.06004 

3.5 

4.5 

4.5 

5.5 

4.5 

0.5 

6.83 TP238 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C5H13NO)]+ (HCD) 

[M+H–(C7H6O2)]+ 

C13H20NO3 

C13H18NO2 

C10H14NO3 

C10H9O2 

C8H7O2 

C6H14NO 

238.14376 

220.13321 

196.09682 

161.05971 

135.04405 

116.10699 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

6.22 TP240 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C4H14NO2)]+ 

[M+H–(C7H8O2)]+ 

C13H22NO3 

C13H20NO2 

C10H16NO3 

C10H11O2 

C9H9O 

C6H14NO

240.15940 

222.14886 

198.11247 

163.07536 

133.06479 

116.10699 

3.5 

4.5 

3.5 

5.5 

5.5 

0.5 

7.74 TP250 [M+H]+ 

[M+H–(CH4O)]+

[M+H–(C3H6)–(NH3)]+

[M+H–(CH4O)–(C3H6)]+

[M+H–(C9H12O2)]+ 

C15H24NO2 

C14H20NO 

C12H15O2 

C11H14NO 

C6H12N

250.18016 

218.15394 

191.10666 

176.10699 

98.09643 

4.5 

5.5 

5.5 

5.5 

1.5 

6.85 TP252 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(H2O)–(C3H6)–(NH3)]+ 

[M+H–(H2O)–(C3H6)–(NH3)–(C3H2)]+

[M+H–(H2O)-(C3H6)-(NH3)-(C2H2)-

(O)]+

[M+H–(C8H18O2)]+ 

C14H22NO3 

C14H20NO2 

C11H16NO3 

C11H11O2 

C8H9O2 

C9H9O 

C6H14NO 

252.15942 

234.14886 

210.11247 

175.07536 

137.05971 

133.06479 

116.10699 

4.5 

5.5 

4.5 

6.5 

4.5 

5.5 

0.5 

6.37 TP254 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H13NO)]+ (HCD)

[M+H–(C7H6O3)]+ 

C13H20NO4 

C13H18NO3 

C10H14NO4 

C10H9O3 

C8H7O3 

C6H14NO 

254.13867 

236.12812 

212.09173 

177.05462 

151.03897 

116.10699 

3.5 

5.5 

4.5 

6.5 

5.5 

0.5 

6.63 O-DMTP [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C8H10O2)]+ 

C14H24NO3 

C14H22NO2 

C11H18NO3 

C11H13O2 

C6H14NO 

254.17505 

236.16451 

212.12812 

177.09101 

116.10699 

4.5 

4.5 

3.5 

5.5 

0.5 

5.75 TP270 [M+H]+ 

[M+H–(H2O)]+

[M+H–2(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(C3H10N)–(H2O)]+ 

C14H24NO4 

C14H22NO3 

C14H20NO2 

C11H18NO4 

C11H13O3 

270.16998 

252.15942 

234.14886 

228.12303 

193.08592 

3.5 

4.5 

5.5 

3.5 

5.5 
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[M+H–(C5H16NO3)]+ 

[M+H–(C8H10NO3)]+ 

C9H9O 

C6H14NO 

133.06479 

116.10699 

5.5 

0.5 

6.69 TP282A [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+ 

[M+H–(C2H5O)–(C5H12NO)]+ (HCD) 

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C8H7O2 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

135.04405 

116.10699 

4.5 

5.5 

4.5 

6.5 

5.5 

0.5 

7.48 TP282B [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(C5H16O3)]+  

[M+H–(C9H10O3)]+ 

C15H24NO4 

C15H22NO3 

C12H18NO4 

C12H13O3 

C10H9O 

C6H14NO 

282.16997 

264.15942 

240.12303 

205.08592 

145.06479 

116.10699 

4.5 

5.5 

4.5 

6.5 

6.5 

0.5 

6.40 α-HMTP [M+H]+ 

[M+H–(H2O)]+

[M+H–(H2O)–(C3H5)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O2)–(C5H12NO)]+

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C12H18NO3 

C12H15O3 

C9H9O 

C6H14NO

284.18562 

266.17507 

224.12812 

207.10157 

133.06479 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

0.5 

7.31 TP284 [M+H]+ 

[M+H–(H2O)]+

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+ 

[M+H–(CH5O)–(C3H3)]+ 

[M+H–(H2O)–(C3H9N)]+

[M+H–(CH5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H12O3)]+ 

C15H26NO4 

C15H24NO3 

C14H22NO3 

C14H20NO2 

C11H14NO2 

C11H11O2 

C9H9O2 

C6H14NO 

284.18562 

266.17507 

252.15942 

234.14886 

192.10191 

175.07536 

149.05971 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

6.5 

5.5 

0.5 

6.86 TP298 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(C3H6)–(CH3O)]+  

[M+H–(C2H5O)–(C5H12NO)]+ (HCD)

[M+H–(C9H10O4)]+ 

C15H24NO5 

C15H22NO4 

C14H20NO4 

C11H14NO4 

C8H7O3 

C6H14NO 

298.16488 

280.15433 

266.13868 

224.09173 

151.03897 

116.10699 

4.5 

5.5 

5.5 

5.5 

5.5 

0.5 

6.72 TP300 [M+H]+ 

[M+H–(H2O)]+ 

[M+H–(CH4O)]+ 

[M+H–(H2O)–(CH4O)]+

[M+H–(CH5O)–(C5H12NO)]+

[M+H–(C6H18NO3)]+

[M+H–(C13H12O4)]+

C15H26NO5 

C15H24NO4 

C14H22NO4 

C14H20NO3 

C9H9O3 

C9H9O2 

C6H14NO

300.18055 

282.16998 

268.15433 

250.14377 

165.05462 

149.05971 

116.10699 

3.5 

4.5 

4.5 

5.5 

5.5 

5.5 

0.5 

6.50 TP316 [M+H]+ 

[M+H–(H2O)]+

[M+H–(C3H6)]+

[M+H–(C3H8O)]+ 

[M+H–(C6H15NO2)]+ 

[M+H–(C9H12O5)]+ 

C15H26NO6 

C15H24NO5 

C12H20NO6 

C12H18NO5 

C9H11O4 

C6H14NO 

316.17545 

298.16490 

274.12851 

256.11795 

183.06519 

116.10699 

3.5 

4.5 

3.5 

4.5 

4.5 

0.5 
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Table S3. List of the 356 compounds present in the prediction list created automatically by Compound Discoverer 3.0. 

Parent Compound Formula 
Exact mass 

[M+H]+ 
Dealkylated Transformations 

Metoprolol C8 H4 101.0393 x Dehydration, Dehydration 

Metoprolol C8 H6 103.05495 x Dehydration, Dehydration 

Metoprolol C6 H9 N O 112.07641 x Dehydration, Desaturation 

Metoprolol C6 H8 O2 113.06043 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C6 H11 N O 114.09206 x Dehydration 

Metoprolol C6 H10 O2 115.07608 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C6 H13 N O 116.10771 x Dehydration, Reduction 

Metoprolol_Acid C8 H4 O 117.03421 x Dehydration, Dehydration 

Metoprolol C8 H4 O 117.03421 x Dehydration, Desaturation 

Metoprolol C9 H8 117.0706 x Dehydration, Dehydration 

Metoprolol C8 H6 O 119.04986 x Dehydration, Desaturation 

Metoprolol C8 H6 O 119.04986 x Dehydration 

Metoprolol C8 H8 O 121.06551 x Dehydration 

Metoprolol C8 H8 O 121.06551 x Dehydration, Reduction 

Metoprolol C8 H10 O 123.08116 x Dehydration, Reduction 

Metoprolol C6 H9 N O2 128.07133 x Desaturation, Desaturation 

Metoprolol C6 H8 O3 129.05534 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C6 H11 N O2 130.08698 x Desaturation 

Metoprolol C6 H10 O3 131.07099 x Oxidative Deamination to Ketone 

Metoprolol C6 H13 N O2 132.10263 x 

Metoprolol C8 H4 O2 133.02913 x Desaturation, Desaturation 

Metoprolol_Acid C8 H4 O2 133.02913 x Dehydration, Desaturation 

Metoprolol C9 H8 O 133.06551 x Dehydration, Desaturation 

Metoprolol C6 H12 O3 133.08664 x Oxidative Deamination to Alcohol 

Metoprolol C6 H15 N O2 134.11828 x Reduction 

Metoprolol C8 H6 O2 135.04478 x Desaturation, Desaturation 

Metoprolol_Acid C8 H6 O2 135.04478 x Dehydration 

Metoprolol C8 H6 O2 135.04478 x Desaturation 

Metoprolol C9 H10 O 135.08116 x Dehydration 

Metoprolol C6 H14 O3 135.10229 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C8 H8 O2 137.06043 x 

Metoprolol_Acid C8 H8 O2 137.06043 x Dehydration, Reduction 

Metoprolol C8 H8 O2 137.06043 x Desaturation 

Metoprolol C9 H12 O 137.09681 x Dehydration, Reduction 

Metoprolol C8 H10 O2 139.07608 x Reduction 

Metoprolol C8 H10 O2 139.07608 x 

Metoprolol C8 H12 O2 141.09173 x Reduction 

Metoprolol C6 H11 N O3 146.08189 x Desaturation, Oxidation 

Metoprolol C6 H10 O4 147.06591 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C6 H13 N O3 148.09754 x Oxidation 

Metoprolol_Acid C8 H4 O3 149.02404 x Desaturation, Desaturation 

Metoprolol C9 H8 O2 149.06043 x Desaturation, Desaturation 

Metoprolol C6 H12 O4 149.08156 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C6 H15 N O3 150.11319 x Hydration 

Metoprolol C8 H6 O3 151.03969 x Desaturation, Oxidation 

Metoprolol_Acid C8 H6 O3 151.03969 x Desaturation 

Metoprolol C9 H10 O2 151.07608 x Desaturation 

Metoprolol C6 H14 O4 151.09721 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C6 H17 N O3 152.12884 x Hydration, Reduction 

Metoprolol C8 H8 O3 153.05534 x Desaturation, Oxidation 

Metoprolol_Acid C8 H8 O3 153.05534 x 

Metoprolol C8 H8 O3 153.05534 x Oxidation 

Metoprolol C9 H12 O2 153.09173 x 

Metoprolol_Acid C8 H10 O3 155.07099 x Reduction 

Metoprolol C8 H10 O3 155.07099 x Oxidation 

Metoprolol C8 H10 O3 155.07099 x Hydration 

Metoprolol C9 H14 O2 155.10738 x Reduction 

Metoprolol C8 H12 O3 157.08664 x Hydration 

Metoprolol C8 H12 O3 157.08664 x Hydration, Reduction 

Metoprolol C8 H14 O3 159.10229 x Hydration, Reduction 

Metoprolol C6 H13 N O4 164.09246 x Oxidation, Oxidation 

Metoprolol C6 H15 N O4 166.10811 x Hydration, Oxidation 

Metoprolol_Acid C8 H6 O4 167.03461 x Desaturation, Oxidation 

Metoprolol C9 H10 O3 167.07099 x Desaturation, Oxidation 

Metoprolol_Acid C8 H8 O4 169.05026 x Oxidation 

Metoprolol C8 H8 O4 169.05026 x Oxidation, Oxidation 

Metoprolol C9 H12 O3 169.08664 x Oxidation 
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Metoprolol_Acid C8 H10 O4 171.06591 x Hydration 

Metoprolol C8 H10 O4 171.06591 x Hydration, Oxidation 

Metoprolol C8 H10 O4 171.06591 x Oxidation, Oxidation 

Metoprolol C9 H14 O3 171.10229 x Hydration 

Metoprolol C11 H8 O2 173.06043 x Dehydration, Dehydration 

Metoprolol C8 H12 O4 173.08156 x Hydration, Oxidation 

Metoprolol_Acid C8 H12 O4 173.08156 x Hydration, Reduction 

Metoprolol C9 H16 O3 173.11794 x Hydration, Reduction 

Metoprolol C11 H11 N O 174.09206 x Dehydration, Dehydration 

Metoprolol C11 H10 O2 175.07608 x Dehydration, Dehydration 

Metoprolol C11 H13 N O 176.10771 x Dehydration, Dehydration 

Metoprolol_Acid C8 H8 O5 185.04517 x Oxidation, Oxidation 

Metoprolol C9 H12 O4 185.08156 x Oxidation, Oxidation 

Metoprolol Acid C8 H10 O5 187.06082 x Hydration, Oxidation 

Metoprolol C9 H14 O4 187.09721 x Hydration, Oxidation 

Metoprolol_Acid C11 H8 O3 189.05534 x Dehydration, Dehydration 

Metoprolol C11 H8 O3 189.05534 x Dehydration, Desaturation 

Metoprolol C12 H12 O2 189.09173 x Dehydration, Dehydration 

Metoprolol_Acid C11 H11 N O2 190.08698 x Dehydration, Dehydration 

Metoprolol C11 H11 N O2 190.08698 x Dehydration, Desaturation 

Metoprolol C12 H15 N O 190.12336 x Dehydration, Dehydration 

Metoprolol C11 H10 O3 191.07099 x Dehydration, Desaturation 

Metoprolol C11 H10 O3 191.07099 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11 H10 O3 191.07099 x Dehydration 

Metoprolol C11 H13 N O2 192.10263 x Dehydration 

Metoprolol C11 H13 N O2 192.10263 x Dehydration, Desaturation 

Metoprolol C11 H12 O3 193.08664 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C11 H12 O3 193.08664 x Dehydration 

Metoprolol C11 H12 O3 193.08664 x Dehydration, Reduction 

Metoprolol C11 H12 O3 193.08664 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11 H15 N O2 194.11828 x Dehydration, Reduction 

Metoprolol C11 H15 N O2 194.11828 x Dehydration 

Metoprolol C11 H14 O3 195.10229 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C11 H14 O3 195.10229 x Dehydration, Reduction 

Metoprolol C11 H17 N O2 196.13393 x Dehydration, Reduction 

Metoprolol_Acid C11 H8 O4 205.05026 x Dehydration, Desaturation 

Metoprolol C11 H8 O4 205.05026 x Desaturation, Desaturation 

Metoprolol C12 H12 O3 205.08664 x Dehydration, Desaturation 

Metoprolol_Acid C11 H11 N O3 206.08189 x Dehydration, Desaturation 

Metoprolol C11 H11 N O3 206.08189 x Desaturation, Desaturation 

Metoprolol C12 H15 N O2 206.11828 x Dehydration, Desaturation 

Metoprolol C11 H10 O4 207.06591 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C11 H10 O4 207.06591 x Desaturation, Desaturation 

Metoprolol C11 H10 O4 207.06591 x Desaturation 

Metoprolol_Acid C11 H10 O4 207.06591 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H10 O4 207.06591 x Dehydration 

Metoprolol C12 H14 O3 207.10229 x Dehydration 

Metoprolol C12 H14 O3 207.10229 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11 H13 N O3 208.09754 x Desaturation 

Metoprolol C11 H13 N O3 208.09754 x Desaturation, Desaturation 

Metoprolol_Acid C11 H13 N O3 208.09754 x Dehydration 

Metoprolol C12 H17 N O2 208.13393 x Dehydration 

Metoprolol C11 H12 O4 209.08156 x 

Metoprolol C11 H12 O4 209.08156 x Desaturation 

Metoprolol C11 H12 O4 209.08156 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C11 H12 O4 209.08156 x Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H12 O4 209.08156 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol_Acid C11 H12 O4 209.08156 x Dehydration, Reduction 

Metoprolol C12 H16 O3 209.11794 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C12 H16 O3 209.11794 x Dehydration, Reduction 

Metoprolol_Acid C11 H15 N O3 210.11319 x Dehydration, Reduction 

Metoprolol C11 H15 N O3 210.11319 x Desaturation 

Metoprolol C11 H15 N O3 210.11319 x 

Metoprolol C12 H19 N O2 210.14958 x Dehydration, Reduction 

Metoprolol C11 H14 O4 211.09721 x Oxidative Deamination to Alcohol 

Metoprolol C11 H14 O4 211.09721 x Reduction 

Metoprolol C11 H14 O4 211.09721 x 

Metoprolol C11 H14 O4 211.09721 x Oxidative Deamination to Ketone 

Metoprolol C11 H17 N O3 212.12884 x 

Metoprolol C11 H17 N O3 212.12884 x Reduction 

Metoprolol C11 H16 O4 213.11286 x Reduction 
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Metoprolol C11 H16 O4 213.11286 x Oxidative Deamination to Alcohol 

Metoprolol C11 H16 O4 213.11286 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C11 H19 N O3 214.14449 x Reduction 

Metoprolol C11 H18 O4 215.12851 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H17 N O 216.13901 x Dehydration, Dehydration 

Metoprolol C14 H19 N O 218.15466 x Dehydration, Dehydration 

Metoprolol_Acid C11 H8 O5 221.04517 x Desaturation, Desaturation 

Metoprolol C12 H12 O4 221.08156 x Desaturation, Desaturation 

Metoprolol_Acid C11 H11 N O4 222.07681 x Desaturation, Desaturation 

Metoprolol C12 H15 N O3 222.11319 x Desaturation, Desaturation 

Metoprolol_Acid C11 H10 O5 223.06082 x Desaturation 

Metoprolol C11 H10 O5 223.06082 x Desaturation, Oxidation 

Metoprolol_Acid C11 H10 O5 223.06082 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C12 H14 O4 223.09721 x Desaturation 

Metoprolol C12 H14 O4 223.09721 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H13 N O4 224.09246 x Desaturation 

Metoprolol C11 H13 N O4 224.09246 x Desaturation, Oxidation 

Metoprolol C12 H17 N O3 224.12884 x Desaturation 

Metoprolol C11 H12 O5 225.07647 x Oxidation 

Metoprolol_Acid C11 H12 O5 225.07647 x Oxidative Deamination to Ketone 

Metoprolol C11 H12 O5 225.07647 x Desaturation, Oxidation 

Metoprolol C11 H12 O5 225.07647 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H12 O5 225.07647 x 

Metoprolol C12 H16 O4 225.11286 x Oxidative Deamination to Ketone 

Metoprolol C12 H16 O4 225.11286 x 

Metoprolol_Acid C11 H15 N O4 226.10811 x 

Metoprolol C11 H15 N O4 226.10811 x Desaturation, Oxidation 

Metoprolol C11 H15 N O4 226.10811 x Oxidation 

Metoprolol C12 H19 N O3 226.14449 x 

Metoprolol C11 H14 O5 227.09212 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C11 H14 O5 227.09212 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C11 H14 O5 227.09212 x Oxidation 

Metoprolol_Acid C11 H14 O5 227.09212 x Reduction 

Metoprolol C11 H14 O5 227.09212 x Hydration 

Metoprolol_Acid C11 H14 O5 227.09212 x Oxidative Deamination to Alcohol 

Metoprolol C12 H18 O4 227.12851 x Oxidative Deamination to Alcohol 

Metoprolol C12 H18 O4 227.12851 x Reduction 

Metoprolol C11 H17 N O4 228.12376 x Hydration 

Metoprolol_Acid C11 H17 N O4 228.12376 x Reduction 

Metoprolol C11 H17 N O4 228.12376 x Oxidation 

Metoprolol C12 H21 N O3 228.16014 x Reduction 

Metoprolol C11 H16 O5 229.10777 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11 H16 O5 229.10777 x Hydration, Reduction 

Metoprolol C11 H16 O5 229.10777 x Hydration 

Metoprolol C11 H16 O5 229.10777 x Hydration, Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H16 O5 229.10777 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C12 H20 O4 229.14416 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol_Acid C14 H15 N O2 230.11828 Dehydration, Dehydration, Desaturation 

Metoprolol C11 H19 N O4 230.13941 x Hydration, Reduction 

Metoprolol C11 H19 N O4 230.13941 x Hydration 

Metoprolol C15 H19 N O 230.15466 Dehydration, Dehydration, Desaturation 

Metoprolol_Acid C14 H14 O3 231.10229 Dehydration, Dehydration, Oxidative Deamination to Ketone 

Metoprolol C11 H18 O5 231.12342 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11 H18 O5 231.12342 x Hydration, Reduction 

Metoprolol C15 H18 O2 231.13868 Dehydration, Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14 H17 N O2 232.13393 x Dehydration, Desaturation 

Metoprolol_Acid C14 H17 N O2 232.13393 Dehydration, Dehydration 

Metoprolol C11 H21 N O4 232.15506 x Hydration, Reduction 

Metoprolol C15 H21 N O 232.17031 Dehydration, Dehydration 

Metoprolol_Acid C14 H16 O3 233.11794 Dehydration, Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H16 O3 233.11794 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C15 H20 O2 233.15433 Dehydration, Dehydration, Oxidative Deamination to Alcohol 

Metoprolol_Acid C14 H19 N O2 234.14958 Dehydration, Dehydration, Reduction 

Metoprolol C14 H19 N O2 234.14958 x Dehydration 

Metoprolol C14 H19 N O2 234.14958 x Dehydration, Desaturation 

Metoprolol C15 H23 N O 234.18596 Dehydration, Dehydration, Reduction 

Metoprolol C14 H18 O3 235.13359 x Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H18 O3 235.13359 x Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14 H21 N O2 236.16523 x Dehydration 

Metoprolol C14 H21 N O2 236.16523 x Dehydration, Reduction 

Metoprolol C14 H20 O3 237.14924 x Dehydration, Oxidative Deamination to Alcohol 
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Metoprolol C14 H23 N O2 238.18088 x Dehydration, Reduction 

Metoprolol_Acid C11 H10 O6 239.05574 x Desaturation, Oxidation 

Metoprolol C12 H14 O5 239.09212 x Desaturation, Oxidation 

Metoprolol_Acid C11 H13 N O5 240.08737 x Desaturation, Oxidation 

Metoprolol C12 H17 N O4 240.12376 x Desaturation, Oxidation 

Metoprolol_Acid C11 H12 O6 241.07139 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C11 H12 O6 241.07139 x Oxidation, Oxidation 

Metoprolol_Acid C11 H12 O6 241.07139 x Oxidation 

Metoprolol C12 H16 O5 241.10777 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C12 H16 O5 241.10777 x Oxidation 

Metoprolol C11 H15 N O5 242.10302 x Oxidation, Oxidation 

Metoprolol_Acid C11 H15 N O5 242.10302 x Oxidation 

Metoprolol C12 H19 N O4 242.13941 x Oxidation 

Metoprolol C11 H14 O6 243.08704 x Hydration, Oxidation 

Metoprolol_Acid C11 H14 O6 243.08704 x Hydration, Oxidative Deamination to Ketone 

Metoprolol_Acid C11 H14 O6 243.08704 x Hydration 

Metoprolol C11 H14 O6 243.08704 x Oxidation, Oxidation 

Metoprolol C12 H18 O5 243.12342 x Hydration 

Metoprolol C12 H18 O5 243.12342 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C11 H17 N O5 244.11867 x Oxidation, Oxidation 

Metoprolol C11 H17 N O5 244.11867 x Hydration, Oxidation 

Metoprolol_Acid C11 H17 N O5 244.11867 x Hydration 

Metoprolol C12 H21 N O4 244.15506 x Hydration 

Metoprolol_Acid C11 H16 O6 245.10269 x Hydration, Reduction 

Metoprolol_Acid C11 H16 O6 245.10269 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C11 H16 O6 245.10269 x Hydration, Oxidation 

Metoprolol C12 H20 O5 245.13907 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C12 H20 O5 245.13907 x Hydration, Reduction 

Metoprolol_Acid C14 H15 N O3 246.11319 Dehydration, Desaturation, Desaturation 

Metoprolol C11 H19 N O5 246.13432 x Hydration, Oxidation 

Metoprolol_Acid C11 H19 N O5 246.13432 x Hydration, Reduction 

Metoprolol C15 H19 N O2 246.14958 Dehydration, Desaturation, Desaturation 

Metoprolol C12 H23 N O4 246.17071 x Hydration, Reduction 

Metoprolol_Acid C14 H14 O4 247.09721 Dehydration, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15 H18 O3 247.13359 Dehydration, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C14 H17 N O3 248.12884 x Desaturation, Desaturation 

Metoprolol_Acid C14 H17 N O3 248.12884 Dehydration, Desaturation 

Metoprolol C15 H21 N O2 248.16523 Dehydration, Desaturation 

Metoprolol_Acid C14 H16 O4 249.11286 Dehydration, Oxidative Deamination to Ketone 

Metoprolol C14 H16 O4 249.11286 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15 H20 O3 249.14924 Dehydration, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H19 N O3 250.14449 Dehydration 

Metoprolol C14 H19 N O3 250.14449 x Desaturation, Desaturation 

Metoprolol C14 H19 N O3 250.14449 x Desaturation 

Metoprolol C15 H23 N O2 250.18088 Dehydration 

Metoprolol C14 H18 O4 251.12851 x Desaturation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H18 O4 251.12851 Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H18 O4 251.12851 x Oxidative Deamination to Ketone 

Metoprolol C15 H22 O3 251.16489 Dehydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H21 N O3 252.16014 x Desaturation 

Metoprolol C14 H21 N O3 252.16014 x 

Metoprolol_Acid C14 H21 N O3 252.16014 Dehydration, Reduction 

Metoprolol C15 H25 N O2 252.19653 Dehydration, Reduction 

Metoprolol C14 H20 O4 253.14416 x Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H20 O4 253.14416 Dehydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H20 O4 253.14416 x Oxidative Deamination to Alcohol 

Metoprolol C15 H24 O3 253.18054 Dehydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H23 N O3 254.17579 x Reduction 

Metoprolol C14 H23 N O3 254.17579 x 

Metoprolol C14 H22 O4 255.15981 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H22 O4 255.15981 x Oxidative Deamination to Alcohol 

Metoprolol C14 H25 N O3 256.19144 x Reduction 

Metoprolol_Acid C11 H12 O7 257.0663 x Oxidation, Oxidation 

Metoprolol C12 H16 O6 257.10269 x Oxidation, Oxidation 

Metoprolol C14 H24 O4 257.17546 x Oxidative Deamination to Alcohol, Reduction 

Metoprolol_Acid C11 H15 N O6 258.09794 x Oxidation, Oxidation 

Metoprolol C12 H19 N O5 258.13432 x Oxidation, Oxidation 

Metoprolol_Acid C11 H14 O7 259.08195 x Hydration, Oxidation 

Metoprolol C12 H18 O6 259.11834 x Hydration, Oxidation 

Metoprolol_Acid C11 H17 N O6 260.11359 x Hydration, Oxidation 

Metoprolol C12 H21 N O5 260.14997 x Hydration, Oxidation 
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Metoprolol_Acid C14 H15 N O4 262.10811 Desaturation, Desaturation, Desaturation 

Metoprolol C15 H19 N O3 262.14449 Desaturation, Desaturation, Desaturation 

Metoprolol_Acid C14 H14 O5 263.09212 Desaturation, Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15 H18 O4 263.12851 Desaturation, Desaturation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H17 N O4 264.12376 Desaturation, Desaturation 

Metoprolol C15 H21 N O3 264.16014 Desaturation, Desaturation 

Metoprolol_Acid C14 H16 O5 265.10777 Desaturation, Oxidative Deamination to Ketone 

Metoprolol C15 H20 O4 265.14416 Desaturation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H19 N O4 266.13941 Desaturation 

Metoprolol C14 H19 N O4 266.13941 x Desaturation, Oxidation 

Metoprolol C15 H23 N O3 266.17579 Desaturation 

Metoprolol_Acid C14 H18 O5 267.12342 Oxidative Deamination to Ketone 

Metoprolol C14 H18 O5 267.12342 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15 H22 O4 267.15981 Oxidative Deamination to Ketone 

Metoprolol C14 H21 N O4 268.15506 x Oxidation 

Metoprolol_Acid C14 H21 N O4 268.15506 

Metoprolol C14 H21 N O4 268.15506 x Desaturation, Oxidation 

Metoprolol C15 H25 N O3 268.19144 

Metoprolol C14 H20 O5 269.13907 x Oxidation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H20 O5 269.13907 Oxidative Deamination to Alcohol 

Metoprolol C14 H20 O5 269.13907 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C15 H24 O4 269.17546 Oxidative Deamination to Alcohol 

Metoprolol_Acid C14 H23 N O4 270.17071 Reduction 

Metoprolol C14 H23 N O4 270.17071 x Hydration 

Metoprolol C14 H23 N O4 270.17071 x Oxidation 

Metoprolol C15 H27 N O3 270.20709 Reduction 

Metoprolol C14 H22 O5 271.15472 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol_Acid C14 H22 O5 271.15472 Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H22 O5 271.15472 x Hydration, Oxidative Deamination to Ketone 

Metoprolol C15 H26 O4 271.19111 Oxidative Deamination to Alcohol, Reduction 

Metoprolol C14 H25 N O4 272.18636 x Hydration, Reduction 

Metoprolol C14 H25 N O4 272.18636 x Hydration 

Metoprolol C14 H24 O5 273.17037 x Hydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H27 N O4 274.20201 x Hydration, Reduction 

Metoprolol_Acid C14 H17 N O5 280.11867 Desaturation, Desaturation, Oxidation 

Metoprolol C15 H21 N O4 280.15506 Desaturation, Desaturation, Oxidation 

Metoprolol_Acid C14 H16 O6 281.10269 Desaturation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15 H20 O5 281.13907 Desaturation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H19 N O5 282.13432 Desaturation, Oxidation 

Metoprolol C15 H23 N O4 282.17071 Desaturation, Oxidation 

Metoprolol_Acid C14 H18 O6 283.11834 Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15 H22 O5 283.15472 Oxidation, Oxidative Deamination to Ketone 

Metoprolol C14 H21 N O5 284.14997 x Oxidation, Oxidation 

Metoprolol_Acid C14 H21 N O5 284.14997 Oxidation 

Metoprolol C15 H25 N O4 284.18636 Oxidation 

Metoprolol_Acid C14 H20 O6 285.13399 Hydration, Oxidative Deamination to Ketone 

Metoprolol C15 H24 O5 285.17037 Hydration, Oxidative Deamination to Ketone 

Metoprolol C14 H23 N O5 286.16562 x Oxidation, Oxidation 

Metoprolol C14 H23 N O5 286.16562 x Hydration, Oxidation 

Metoprolol_Acid C14 H23 N O5 286.16562 Hydration 

Metoprolol C15 H27 N O4 286.20201 Hydration 

Metoprolol_Acid C14 H22 O6 287.14964 Hydration, Oxidative Deamination to Alcohol 

Metoprolol C15 H26 O5 287.18602 Hydration, Oxidative Deamination to Alcohol 

Metoprolol C14 H25 N O5 288.18127 x Hydration, Oxidation 

Metoprolol_Acid C14 H25 N O5 288.18127 Hydration, Reduction 

Metoprolol C15 H29 N O4 288.21766 Hydration, Reduction 

Metoprolol_Acid C14 H24 O6 289.16529 Hydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol C15 H28 O5 289.20167 Hydration, Oxidative Deamination to Alcohol, Reduction 

Metoprolol_Acid C14 H19 N O6 298.12924 Desaturation, Oxidation, Oxidation 

Metoprolol C15 H23 N O5 298.16562 Desaturation, Oxidation, Oxidation 

Metoprolol_Acid C14 H18 O7 299.11325 Oxidation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15 H22 O6 299.14964 Oxidation, Oxidation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H21 N O6 300.14489 Oxidation, Oxidation 

Metoprolol C15 H25 N O5 300.18127 Oxidation, Oxidation 

Metoprolol_Acid C14 H20 O7 301.1289 Hydration, Oxidation, Oxidative Deamination to Ketone 

Metoprolol C15 H24 O6 301.16529 Hydration, Oxidation, Oxidative Deamination to Ketone 

Metoprolol_Acid C14 H23 N O6 302.16054 Hydration, Oxidation 

Metoprolol C15 H27 N O5 302.19692 Hydration, Oxidation 

Metoprolol_Acid C14 H22 O7 303.14455 Hydration, Oxidation, Oxidative Deamination to Alcohol 

Metoprolol C15 H26 O6 303.18094 Hydration, Oxidation, Oxidative Deamination to Alcohol 

Metoprolol_Acid C14 H25 N O6 304.17619 Hydration, Oxidation, Reduction 
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Metoprolol C15 H29 N O5 304.21257 Hydration, Oxidation, Reduction 

Metoprolol_Acid C14 H21 N O7 316.1398 Oxidation, Oxidation, Oxidation 

Metoprolol C15 H25 N O6 316.17619 Oxidation, Oxidation, Oxidation 

Metoprolol_Acid C14 H23 N O7 318.15545 Hydration, Oxidation, Oxidation 

Metoprolol C15 H27 N O6 318.19184 Hydration, Oxidation, Oxidation 
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Table S4. List of the 39 suspect compounds included in the literature list.

Name 
Molecular 

formula 

Exact mass 

[M+H]+ 
References 

MTP C15H25NO3 268.19072 [3] 

MTPA C14H21NO4 268.15433 [3] 

TP74 C4H11N 74.09643 [4] 

TP102 C5H11NO 102.09134 [5] 

TP112 C6H9NO 112.07569 [5] 

TP114 C6H11NO 114.09134 [5] 

TP116 C6H13NO 116.10699 [4,6,7] 

TP118 C6H15NO 118.12264 [4,8] 

TP120 C5H13NO2 120.10191 [7] 

TP121 C8H8O 121.06479 [4] 

TP134 C6H15NO2 134.11756 [4,6–9] 

TP150 C6H15NO3 150.11247 [4,6,7] 

TP193 C12H16O2 193.12231 [6] 

TP196 C11H17NO2 196.13321 [5] 

TP208 C12H17NO2 208.13321 [4,6,8] 

TP216 C10H17NO4 216.12303 [5] 

TP220 C13H17NO2 220.13321 [6] 

TP226A C12H19NO3 226.14377 [5,6,10,11] 

TP226B C12H19NO3 226.14377 [11] 

TP226C C11H15NO4 226.10738 [2] 

TP232 C10H17NO5 232.11795 [4,6] 

TP236 C13H17NO3 236.12812 [5] 

TP238 C13H19NO3 238.14377 [4,6–10] 

TP240 C13H21NO3 240.15942 [4–7,9] 

TP241 C12H16O5 241.10705 [11] 

TP250 C15H23NO2 250.18016 [6] 

TP252 C14H21NO3 252.15942 [4,6,7,9] 

TP254 C13H19NO4 254.13868 [9] 

O-DMTP C14H23NO3 254.17507 [3,4,6,7,9–11] 

TP256 C13H21NO4 256.15433 [7] 

TP270 C14H23NO4 270.16998 [4,6,7,11] 

TP282 C15H23NO4 282.16998 [3,4,6–9] 

α-HMTP C15H25NO4 284.18563 [3,4,6–11] 

TP284 C15H25NO4 284.18563 [4,6–10] 

TP298 C15H23NO5 298.16490 [4,6,7] 

TP300 C15H25NO5 300.18055 [5–7] 

TP316 C15H25NO6 316.17546 [6,7] 

TP318 C15H27NO6 318.19111 [7] 

TP332 C15H25NO7 332.17038 [6] 
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S3. TP distribution in UV/H2O2 combined processes treating pure water 

AOP+FG 

Table S5. Individual TPs distribution (Eq.3) and sum of TP individual distributions in AOP and AOP+FG treating pure water. 

FG+AOP 

Table S6. Individual TPs distribution (Eq.3) and sum of TP individual distributions in FG and FG+AOP treating pure water. 

TP 

generation 
Compound 

Individual TPs 

distribution in AOP 

(%) 

Sum of TPs 

individual 

distribution in 

AOP (%) 

Individual TP 

distribution in 

AOP+FG (%) 

Sum of TPs 

individual 

distribution in 

AOP+FG (%) 

1st 

α-HMTP 3.2 ± 1.8% 

3.6% 

1.8 ± 0.7% 

3.2% 
TP284 n.d. n.d.

O-DMTP < 1% < 1% 

TP226C n.d. 1.3 ± 0.1% 

2nd 

TP300 n.d.

19.0% 

1.9 ± 0.1% 

15.9% 

TP282A n.d. < 1% 

TP270 n.d. n.d.

MTPA 8.5 ± 2.4% 2.2 ± 0.1% 

TP240 10.0 ± 3.2% 8.8 ± 0.5% 

TP238 < 1% 2.2 ± 0.1% 

≥3rd 

TP316 n.d.

77.4% 

n.d.

80.8% 

TP282B < 1% n.d.

TP254 n.d. < 1% 

TP252 < 1% n.d.

TP226A n.d. n.d.

TP150 26.7 ± 6.7% 5.3 ± 1.1% 

TP134 42.7 ± 10.6% 52.6 ±5.2% 

TP116 6.3 ± 0.1% 21.1 ±6.2% 

TP114 1.2 ± 1.3% 1.2 ± 1.2% 

TP 

generation 
Compound 

Individual TPs 

distribution in FG 

(%) 

Sum of TPs 

individual 

distribution in 

FG (%) 

Individual TP 

distribution in 

FG+AOP (%) 

Sum of TPs 

individual 

distribution in 

FG+AOP (%) 

1st 

α-HMTP 13.3 ± 0.5% 

16.3% 

11.1 ± 0.1% 

21.9% 
TP284 < 1% 7.2 ± 1.4% 

O-DMTP 2.8 ± 0.1% 3.5 ± 0.3% 

TP226C n.d. < 1% 

2nd 

TP300 n.d.

46.6% 

n.d.

41.4% 

TP282A 2.8 ± 0.1% < 1% 

TP270 < 1% < 1% 

MTPA n.d. n.d.

TP240 41.6 ± 1.5% 29.0 ± 0.2% 

TP238 2.0 ± 0.4% 11.7 ± 1.0% 

≥3rd 

TP316 < 1% 

37.1% 

< 1% 

36.7% 

TP282B 1.6 ± 0.1% 2.2 ± 0.5% 

TP254 23.0 ± 1.2% 2.5 ± 0.5% 

TP252 n.d. 1.2 ± 0.1% 

TP226A n.d. 2.5 ± 0.1% 

TP150 1.0 ± 0.3% 1.5 ± 0.1% 

TP134 7.3 ± 0.2% 22.7 ± 1.3% 

TP116 4.0 ± 0.1% 3.6 ± 0.1% 

TP114 < 1% < 1% 
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AOP+CAS 

Table S7. Individual TPs distribution (Eq.3) and sum of TP individual distributions AOP and AOP+CAS treating pure water. 

CAS+AOP 

Table S8. Individual TPs distribution (Eq.3) and sum of TP individual distributions in CAS and CAS+AOP treating pure water. 

TP 

generation 
Compound 

Individual TPs 

distribution in AOP 

(%) 

Sum of TPs 

individual 

distribution in 

AOP (%) 

Individual TP 

distribution in 

AOP+CAS (%) 

Sum of TPs 

individual 

distribution in 

AOP+CAS (%) 

1st 

α-HMTP 3.2 ± 1.8% 

3.6% 

2.5 ± 0.2% 

3.6% 
TP284 n.d. < 1% 

O-DMTP < 1% < 1% 

TP226C n.d. n.d.

2nd 

TP300 n.d.

19.0% 

n.d.

31.6% 

TP282A n.d. 5.4 ± 0.3% 

TP270 n.d. 1.2 ± 0.6% 

MTPA 8.5 ± 2.4% 15.6 ± 7.9% 

TP240 10.0 ± 3.2% 8.5 ± 1.5% 

TP238 < 1% < 1% 

≥3rd 

TP316 n.d.

77.4% 

n.d.

64.8% 

TP282B < 1% < 1% 

TP254 n.d. < 1% 

TP252 < 1% < 1% 

TP226A n.d. n.d.

TP150 26.7 ± 6.7% n.d.

TP134 42.7 ± 10.6% 41.4 ± 0.7% 

TP116 6.3 ± 0.1% 17.9 ± 0.8% 

TP114 1.2 ± 1.3% 4.0 ± 1.1% 

TP 

generation 
Compound 

Individual TPs 

distribution in CAS 

(%) 

Sum of TPs 

individual 

distribution in 

CAS (%) 

Individual TP 

distribution in 

CAS+AOP (%) 

Sum of TPs 

individual 

distribution in 

CAS+AOP (%) 

1st 

α-HMTP < 1% 

2.0% 

< 1% 

3.6% 
TP284 < 1% < 1% 

O-DMTP < 1% 2.2 ± 0.1% 

TP226C < 1% < 1% 

2nd 

TP300 n.d.

91.2% 

n.d.

17.2% 

TP282A 1.1 ± 0.1% n.d.

TP270 < 1% < 1% 

MTPA 89.3 ± 9.6% 7.6 ± 0.5% 

TP240 < 1% 4.2 ± 0.1% 

TP238 < 1% 5.2 ± 0.1% 

≥3rd 

TP316 n.d.

6.8% 

n.d.

79.2% 

TP282B < 1% 1.5 ± 0.1% 

TP254 2.0 ± 0.1% < 1% 

TP252 n.d. < 1% 

TP226A < 1% < 1% 

TP150 n.d. 6.1 ± 0.1% 

TP134 1.0 ± 0.1% 67.1 ± 1.2% 

TP116 3.2 ± 0.1% 4.0 ± 0.1% 

TP114 < 1% < 1% 
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S4. TP distribution in UV/H2O2 combined processes treating HWW 

AOP+FG 

Table S9. Individual TPs distribution (Eq.3) and sum of TP individual distributions in AOP and AOP+FG treating HWW. 

FG+AOP 

Table S10. Individual TPs distribution (Eq.3) and sum of TP individual distributions in FG and FG+AOP treating HWW. 

TP 

generation 
Compound 

Individual TPs 

distribution in AOP 

(%) 

Sum of TPs 

individual 

distribution in 

AOP (%) 

Individual TP 

distribution in 

AOP+FG (%) 

Sum of TPs 

individual 

distribution in 

AOP+FG (%) 

1st 

α-HMTP 38.8 ± 6.3% 

41.3% 

44.1 ± 7.2% 

45.2% 
TP284 2.1 ± 0.3% < 1% 

O-DMTP < 1% < 1% 

TP226C n.d. < 1% 

2nd 

TP300 n.d.

56.3% 

< 1% 

44.8% 

TP282A 3.0 ± 0.1% < 1% 

TP270 < 1% < 1% 

MTPA 2.6 ± 0.5% 1.5 ± 0.5% 

TP240 49.4 ± 9.4% 42.5 ± 8.1% 

TP238 1.0 ± 0.2% < 1% 

≥3rd 

TP316 < 1% 

2.4% 

< 1% 

10.0% 

TP282B < 1% < 1% 

TP254 < 1% < 1% 

TP252 < 1% 6.1 ± 1.0% 

TP226A n.d. n.d.

TP150 < 1% 2.3 ± 0.6% 

TP134 < 1% < 1% 

TP116 < 1% < 1% 

TP114 n.d. n.d.

TP 

generation 
Compound 

Individual TPs 

distribution in FG (%) 

Sum of TPs 

individual 

distribution in 

FG (%) 

Individual TP 

distribution in 

FG+AOP (%) 

Sum of TPs 

individual 

distribution in 

FG+AOP (%) 

1st 

α-HMTP 37.4 ± 4.1% 

41.8% 

34.8 ± 0.9% 

41.0% 
TP284 < 1% < 1% 

O-DMTP < 1% < 1% 

TP226C 4.1 ± 0.1% 5.6 ± 0.5% 

2nd 

TP300 n.d.

50.2% 

< 1% 

51.4% 

TP282A < 1% 1.2 ± 0.5% 

TP270 n.d. < 1% 

MTPA 14.2 ± 0.2% 8.0 ± 0.2% 

TP240 34.5 ± 1.9% 40.3 ± 0.1% 

TP238 1.4 ± 0.3% 1.8 ± 0.2% 

≥3rd 

TP316 1.7 ± 0.1% 

7.9% 

1.7 ± 0.1% 

7.6% 

TP282B < 1% < 1% 

TP254 < 1% < 1% 

TP252 1.4 ± 0.2% < 1% 

TP226A < 1% < 1% 

TP150 3.2 ± 0.2% 4.0 ± 0.3% 

TP134 < 1% < 1% 

TP116 < 1% < 1% 

TP114 n.d. n.d.
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AOP+CAS 

Table S11. Individual TPs distribution (Eq.3) and sum of TP individual distributions in AOP and AOP+CAS treating HWW. 

CAS+AOP 

Table S12. Individual TPs distribution (Eq.3) and sum of TP individual distributions in CAS and CAS+AOP treating HWW. 

TP 

generation 
Compound 

Individual TPs 

distribution in AOP 

(%) 

Sum of TPs 

individual 

distribution in 

AOP (%) 

Individual TP 

distribution in 

AOP+CAS (%) 

Sum of TPs 

individual 

distribution in 

AOP+CAS (%) 

1st 

α-HMTP 38.8 ± 6.3% 

41.3% 

4.4 ± 0.1% 

12.0% 
TP284 2.1 ± 0.3% 6.0 ± 0.6% 

O-DMTP < 1% < 1% 

TP226C n.d. 1.3 ± 0.1% 

2nd 

TP300 n.d.

56.3% 

< 1% 

22.8% 

TP282A 3.0 ± 0.1% 3.3 ± 0.4% 

TP270 < 1% 7.9 ± 1.2% 

MTPA 2.6 ± 0.5% 5.1 ± 1.5% 

TP240 49.4 ± 9.4% 4.9 ± 1.1% 

TP238 1.0 ± 0.2% 1.1 ± 0.7% 

≥3rd 

TP316 < 1% 

2.4% 

< 1% 

65.2% 

TP282B < 1% 1.3 ± 1.5% 

TP254 < 1% 56.3 ± 3.5% 

TP252 < 1% 1.7 ± 0.2% 

TP226A n.d. 1.5 ± 0.4% 

TP150 < 1% 3.1 ± 0.1% 

TP134 < 1% < 1% 

TP116 < 1% < 1% 

TP114 n.d. n.d.

TP 

generation 
Compound 

Individual TPs 

distribution in CAS 

(%) 

Sum of TPs 

individual 

distribution in 

CAS (%) 

Individual TP 

distribution in 

CAS+AOP (%) 

Sum of TPs 

individual 

distribution in 

CAS+AOP (%) 

1st 

α-HMTP 5.7 ± 0.8% 

10.9% 

19.3 ± 0.4% 

27.8% 
TP284 3.4 ± 0.1% 3.2 ± 0.2% 

O-DMTP < 1% 3.0 ± 0.8% 

TP226C 1.2 ± 0.7% 2.3 ± 0.2% 

2nd 

TP300 < 1% 

23.8% 

< 1% 

51.3% 

TP282A 2.2 ± 0.5% 4.2 ± 0.7% 

TP270 4.2 ± 3.6% 5.7 ± 0.1% 

MTPA 5.4 ± 0.7% 4.4 ± 0.4% 

TP240 10.5 ± 1.5% 35.0 ± 2.0% 

TP238 1.3 ± 0.5% 1.8 ± 0.2% 

≥3rd 

TP316 < 1% 

65.2% 

< 1% 

21.0% 

TP282B 1.7 ± 0.9% 2.0 ± 0.2% 

TP254 33.5 ± 10.8% n.d.

TP252 21.7 ± 7.5% 1% ± 0.1% 

TP226A < 1% < 1% 

TP150 6.7 ± 2.3% 13.9 ± 1.8% 

TP134 < 1% 2.7 ± 0.9% 

TP116 < 1% < 1% 

TP114 n.d. n.d.

236



S4. Spearman correlation 

Fig. S2. Spearman correlations (rs) calculated between the pairs of treatments tested in spiked pure water: 0.00-0.19 “very weak”, 

0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-0.79 “strong”, 0.80-1.0 “very strong”. Non significate values (p > 0.05) are 

represented as (X). 

Fig. S3. Spearman correlations (rs) calculated between the pairs of treatments tested in spiked HWW: 0.00-0.19 “very weak”, 

0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-0.79 “strong”, 0.80-1.0 “very strong”. Non significate values (p > 0.05) are 

represented as (X). 
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