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ABSTRACT 

Wastewater is the main source of micropollutants and although treated in urban wastewater 

treatment plants (WWTPs), it can continue to contain recalcitrant substances, potentially 

dangerous for the health of living organisms and for the environment.It is therefore necessary to 

implement appropriate actions to limit its diffusion. Advanced oxidation processes (AOPs), 

which use hydroxyl radicals for the remediation of organic contaminants in wastewater, are 

highly effective innovative methods to accelerate the remediation process. AOPs can amplify 

their action if combined with ozone (O3) and if subjected to mono and polychromatic irradiation. 

The main objective of the PhD thesis was precisely to apply heterogeneous and homogeneous 

photolysis and photocatalysis systems in the liquid phase, for the removal of levofloxacin (LFX), 

a widely used antibiotic belonging to the quinolone family. Comparison of degradation kinetics, 

chromatographic detection of degradation products and evaluation of toxicity were some of the 

steps of the work. In detail, this thesis consists of six chapters. 

Chapter 1 provides an accurate bibliographic analysis, with the aim of giving an overview of the 

numerous fields of investigation connected with the topic of this thesis: a description of 

wastewater characteristics and of the Italian legislative decree 152/06 which regulates discharges 

into the environment, the organization of wastewater treatment plants, the problem of emerging 

contaminants, including antibiotics and in particular the class of fluoroquinolones, taken into 

consideration as case study of this thesis, the advanced oxidation processes (AOPs), and, finally, 

a brief review on the toxicity tests used in this work. 

Chapter 2 contains the first experiment of this thesis, which consists in the degradation of 

levofloxacin in distilled water, through the processes of photolysis and heterogeneous 

photocatalysis with titanium dioxide (TiO2). The first purpose of this chapter was to evaluate the 

efficiency of heterogeneous photocatalysis with TiO2, a process that in the literature is taken as a 

"reference" model, a very effective technique. Experimental results obtained demonstrate that 

this process is effective to remove levofloxacin and its by-products in almost 4 hours, and seems 

to follow a second-order kinetic. However, this process cannot be applied on a large scale due to 

of the high costs of treatment for the recovery and separation of the photocatalyst from the 

solution. 

Chapter 3 provides an evaluation of the efficiency of TiO2 as photocatalyst immobilized on the 

surface of a borosilicate tube for the degradation of levofloxacin through a "continuous" 

irradiation system, different from the "static" system used in chapter 2. In particular, not only a 

kinetic study was carried out, but also some toxicity tests, including the Vibrio fischeri 



 

 

bioluminescence inhibition test and the phytotoxicity tests on Lepidium sativum and Solanum 

lycopersicum, in order to better understand the potential applicability of this system. More 

specifically, in the case of phytotoxicity tests, the last sample of each photodegradation test 

carried out with the "continuous" system (with and without the TiO2-coated tube) was tested; in 

the case of the Vibrio fischeri assays, the most representative samples were tested, i.e. those that 

seemed to present the greatest number of transformation products, on the basis of the 

chromatograms obtained by liquid chromatography analysis. From experimental results, both 

photolysis and photocatalysis follow a very similar trend and degradations seem to be modelled 

with a first-order kinetic. The toxicity tests on Vibrio fischeri showed a low toxicity of the 

starting solution containing only levofloxacin. All the solutions subjected to photolysis were 

found to be toxic, while the solutions subjected to photocatalysis highly toxic. This unexpected 

result has been attributed to the probable detachment of titanium dioxide nanoparticles from the 

surface of the tube, whose toxicity is also being confirmed by the European Food Safety 

Authority (EFSA). Phytotoxicity tests confirmed these results showing an inhibition of seed 

germination, root elongation and growth index in both the plants tested.  

Chapter 4 is reported in this thesis as an under review article submitted to “Environmental 

Science and Pollution Research (ESPR)”. In this scientific work, levofloxacin solution was 

treated using hydrogen peroxide (H2O2), peroxymonosulfate (PMS) and peroxidisulfate (PDS), 

as oxidizing agents, which respectively provide only OH
•
 radicals, both OH

•
/SO4

•–
 radical, and 

SO4
•–

 radicals. The efficiency of the three oxidizing agents was tested in different pH conditions, 

and the most efficient treatment (simulated radiation/PDS) was applied (and optimized) to 

remove levofloxacin from a simulated wastewater (SWW). In this case the main transformation 

products (TPs) were identified by liquid chromatography coupled with mass spectrometry, the 

degradation pathway was suggested and toxicity tests on Escherichia coli (LMG2092), a Gram-

negative bacterium, and Micrococcus flavus (DSM1790), a Gram-positive bacterium, were 

performed. Experimental results demonstrated that simulated irradiation/H2O2 treatment showed 

less impact on LFX reduction than the combined AOPs of simulated irradiation/PMS and 

simulated irradiation/PDS. In contrast, PMS and PDS were able to degrade levofloxacin 

completely. In particular, the PMS resulted the best in phosphate buffer because it has been able 

to completely transform LFX into LFX N-oxide in 30 seconds, through a non-radicals 

mechanism. However, except for phosphate buffer, simulated irradiation/PDS system showed the 

best performance achieving a complete degradation of LFX after 10 minutes of irradiation in all 

mediums investigated. This system was successfully applied in simulated wastewater (SWW) by 

using three different concentrations of PDS to optimize the process, and in all cases the 



 

 

degradation followed a first-order kinetic. Selected samples obtained from the photocatalytic 

treatment of LFX in SWW with the highest concentration tested of PDS were tested on 

Escherichia coli and Micrococcus flavus. Both the cultures of Gram-positive and Gram-negative 

bacteria were not affected after the effective degradation of levofloxacin by the sulphate radical 

based AOP. 

Chapter 5 provides a further insight into the potential eco-friendliness of sulphate radicals 

treatment for the degradation of levofloxacin. In particular, some of the samples obtained from 

the treatment of levofloxacin with peroxidisulfate in distilled water were subjected to the MTT 

(3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium) bioassay on human epithelial-like lung 

cancer cell line A549. These experimental tests were carried out in Greece, at the University of 

Ioannina. Experimental results demonstrated that there was no toxicity effect on the cells 

viability. 

Finally, chapter 6 provides a brief description of the internship period carried out at Hydros 

S.r.l. (Tito, Potenza). During this experience, I participated in the design of fumes and 

wastewater treatment systems, and in the optimization of the parameters of the biological process 

of nitrification/denitrification/oxidation present within a real wastewater treatment plant. 

In conclusion, I can say that this PhD thesis demonstrates that AOPs may be an alternatve eco-

friendly treatment for the removal of contaminants from wastewater effluents. The experimental 

results tends to demonstrate that solar advanced oxidation processes has the potential to open 

new feasible remediation strategies for WWTPs effluent tertiary treatment before wastewater 

reuse in irrigation for instance. However, most investigations are done at lab-scale. For a  

practical view and commercial uses, much more work is necessary to switch from batch work to 

a large scale to find out the efficiency and ecotoxicity of the processes. 



 

 

 

RIASSUNTO 

Le acque reflue sono la principale fonte di microinquinanti e, sebbene siano trattate negli 

impianti di trattamento delle acque reflue (WWTP), esse possono continuare a contenere 

sostanze recalcitranti, potenzialmente pericolose per la salute degli organismi viventi e per 

l'ambiente. Pertanto è necessario mettere in atto opportune azioni per limitarne la diffusione. I 

processi di ossidazione avanzata (AOPs), che utilizzano i radicali idrossilici per la distruzione 

dei contaminanti organici nelle acque reflue, sono metodi innovativi altamente efficaci per 

accelerare il processo di rimozione. Questi processi possono amplificare la loro azione se 

vengono combinati con l'ozono (O3) o se vengono sottoposti ad irraggiamento per mezzo di una 

radiazione mono- e poli- cromatica. L'obiettivo principale di questa tesi di dottorato è stato 

proprio quello di applicare sistemi di fotolisi e fotocatalisi eterogenei ed omogenei in fase 

liquida, per la rimozione del levofloxacin (LFX), un antibiotico ampiamente utilizzato 

appartenente alla famiglia dei chinoloni. Nella diverse fasi del lavoro sono state confrontate le 

cinetiche di degradazione, la separazione cromatografica dei prodotti di degradazione e la 

valutazione della tossicità. In dettaglio, questa tesi consiste di 6 capitoli. 

Il capitolo 1 fornisce un’attenta analisi bibliografica, con l'intento di dare un quadro generale dei 

numerosi campi di indagine connessi con l’argomento di questa tesi: una descrizione delle 

caratteristiche delle acque reflue e del decreto legislativo italiano 152/06 che ne regolamenta gli 

scarichi nell’ambiente, l’organizzazione degli impianti di trattamento delle acque reflue, il 

problema dei contaminanti emergenti, tra cui gli antibiotici ed in particolar modo la classe dei 

fluorochinoloni, presi in considerazione come caso di studio di questa tesi, i processi di 

ossidazione avanzata (AOPs), ed infine una breve rassegna sui test di tossicità utilizzati in questo 

lavoro.  

Il capitolo 2 contiene il primo esperimento di questa tesi, che consiste nella degradazione del 

levofloxacin in acqua ultrapura, tramite i processi di fotolisi e fotocatalisi eterogenea con 

biossido di titanio (TiO2) in polvere. Il primo scopo di questo capitolo è stato quello di valutare 

l'efficienza della fotocatalisi eterogenea con TiO2, un processo che in letteratura viene preso 

come modello di "riferimento",  quindi una tecnica molto efficace che però non può essere 

applicata su larga scala a causa degli alti costi del trattamento dovuti alla necessità di recupero e 

separazione del fotocatalizzatore dalla soluzione. 

Il capitolo 3 fornisce una valutazione sull’efficienza del TiO2 come fotocatalizzatore 

immobilizzato sulla superficie di una tubo di borosilicato per la degradazione del levofloxacin 

attraverso un sistema di irraggiamento “in continuo”, diverso dal sistema “statico” utilizzato nel 



 

 

capitolo 2. In particolare, non è stato effettuato solo uno studio cinetico, ma anche alcuni test di 

tossicità, tra cui il test di inibizione della bioluminescenza di Vibrio fischeri ed il test di 

fitotossicità su Lepidium sativum e Solanum lycopersicum, al fine di comprendere meglio la 

potenziale applicabilità di questo sistema. Più specificamente, nel caso dei saggi di fitotossicità, 

è stato testato l’ultimo campione di ciascuna prova di fotodegradazione effettuata con il sistema 

“in continuo” (con e senza il tubo rivestito di TiO2); nel caso dei saggi su Vibrio fischeri, invece, 

sono stati testati i campioni più rappresentativi, ossia quelli che sembravano presentare il 

maggior numero di prodotti di trasformazione, sulla base dei cromatogrammi ottenuti tramite 

analisi di cromatografia liquida. Dai risultati sperimentali è emerso che sia la fotolisi sia la 

fotocatalisi seguono un andamento molto simile e le degradazioni sembrano seguire una cinetica 

del primo ordine. I test di tossicità su Vibrio fischeri hanno mostrato una bassa tossicità della 

soluzione di partenza contenente solo levofloxacin. Tuttavia, tutte i campioni ottenuti dal 

processo di fotolisi sono risultati tossici, mentre quelli ottenuti dal processo di fotocatalisi con 

TiO2 immobilizzato sono risultati altamente tossici. Questo risultato inaspettato è stato attribuito 

al probabile distacco dalla superficie del tubo di nanoparticelle di biossido di titanio, la cui 

tossicità è stata confermata anche dall'Autorità Europea per la Sicurezza Alimentare (EFSA). I 

test di fitotossicità hanno confermato questi risultati mostrando un'inibizione della germinazione 

dei semi, dell'allungamento delle radici e dell'indice di crescita in entrambe le piante testate. 

Il capitolo 4 è riportato in questa tesi sotto forma di articolo ancora in fase di revisione, 

sottomesso alla rivista “Environmental Science and Pollution Research (ESPR)”. In questo 

lavoro, una soluzione di levofloxacin è stata trattata con agenti ossidanti quali il perossido di 

idrogeno (H2O2), il perossimonosolfato (PMS) ed il perossidisolfato (PDS), i quali forniscono 

rispettivamente solo radicali OH
•
, un radicale OH

• 
ed un radicale SO4

•-
, e radicali SO4

•-
. 

L’efficienza dei tre agenti ossidanti è stata testata in diverse condizioni di pH, ed il trattamento 

risultato più efficiente (radiazione simulata/PDS) è stato successivamente applicato (e 

ottimizzato) per rimuovere il levofloxacin da un’acqua di scarico simulata. In questo caso sono 

stati identificati i principali prodotti di trasformazione (TPs) mediante cromatografia liquida 

accoppiata a spettrometria di massa, è stato suggerito il pathway di degradazione e sono stati 

effettuati test di tossicità su Escherichia coli (LMG2092), un batterio Gram-negativo, e 

Micrococcus flavus (DSM1790), un batterio Gram-positivo. I risultati sperimentali hanno 

dimostrato che il trattamento radiazione/H2O2 aveva un impatto minore sulla degradazione del 

levofloxacin, rispetto ai trattamenti radiazione/PMS e radiazione/PDS. Invece, PMS e PDS sono 

stati in grado di rimuovere completamente il levofloxacin. In particolare, il PMS è risultato 

essere il migliore in tampone fosfato perché, attraverso un meccanismo di tipo non radicalico, ha 



 

 

portato alla completa trasformazione del LFX nel rispettivo LFX N-ossido in 30 secondi. 

Comunque, fatta eccezione per il tampone fosfato, il sistema che ha mostrato la miglior 

performance portando alla completa degradazione del LFX dopo 10 minuti in tutte le matrici 

investigate è stato il sistema radiazione/PDS. Questo sistema è stato applicato con successo in 

acqua reflua simulata (SWW) utilizzando tre diverse concentrazioni di PDS per ottimizzare il 

processo, ed in tutti i casi la degradazione ha seguito una cinetica del primo ordine. Alcuni 

campioni ottenuti durante il trattamento fotocatalitico in SWW con la concentrazione più alta di 

PDS sono stati selezionati per essere testati su Escherichia coli e Micrococcus flavus. Nessuno 

dei campioni testati ha mostrato effetto tossico nei confronti delle due colture batteriche. 

Il capitolo 5 fornisce un ulteriore approfondimento riguardo la potenziale eco-compatibilità del 

trattamento con radicali solfato per la degradazione del levofloxacin. In particolare, alcuni dei 

campioni ottenuti dal trattamento del levofloxacin con perossidisolfato in acqua distillata sono 

stati sottoposti al saggio biologico MTT (3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio) sulla 

linea cellulare di carcinoma polmonare simil-epiteliale A549. Tali prove sperimentali sono state 

effettuate in Grecia, presso l’Università di Ioannina. Dai risultati sperimentali non si è osservato 

alcun effetto negativo sulla vitalità cellulare. 

Infine, il capitolo 6 prevede una breve descrizione del periodo di tirocinio svolto presso 

l’azienda Hydros S.r.l. (Tito, Potenza). Durante queste esperienza ho partecipato alla 

progettazione di impianti per il trattamento di fumi e di acque reflue, ed all’ottimizzazione dei 

parametri del processo biologico di nitrificazione/denitrificazione/ossidazione presenti 

all’interno di un reale impianto di depurazione. 

In conclusione, questa tesi di dottorato dimostra che i processi di ossidazione avanzata possono 

essere un trattamento ecologico alternativo per la rimozione dei contaminanti dagli effluenti 

delle acque reflue. I risultati sperimentali tendono a dimostrare che tali processi hanno il 

potenziale per aprire nuove strategie di bonifica per il trattamento terziario degli effluenti degli 

impianti di depurazione, prima del riutilizzo delle acque, per esempio, nell’irrigazione. Tuttavia 

la maggior parte delle indagini viene eseguita in ambito di laboratorio. Per una visione più 

pratica e per usi commerciali, è necessario molto più lavoro per passare all’applicazione di tali 

processi su larga scala, in modo da capirne l’efficienza e l’ecocompatibilità.  
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CHAPTER 1 

Literature review 

1.1   Water pollution and Legislative Decree 152/06 

Many of humanity’s major problems are water quantity and water quality issues in the twenty-

first century. These problems will be more aggravated in the future by climate change, resulting 

in higher water temperatures, melting of glaciers, and an intensification of the water cycle, with 

potentially more floods and droughts. Concerning human health, the most direct and most severe 

impact is the lack of improved sanitation and related to it is the scarcity of safe drinking water, 

which currently affects more than a third of the people in the world. Additional threats include, 

for example, exposure to pathogens or chemical toxicants via the food chain (e.g., the result of 

irrigating plants with contaminated water and of bioaccumulation of toxic chemicals by aquatic 

organisms, including seafood and fish) or during recreation (e.g., swimming in polluted surface 

water) (Schwarzenbach et al., 2010).  

Indeed, global industrialisation has led to an uncontrolled increase in water pollution due to the 

continuous spillage of harmful substances into water bodies. Water pollution is defined as “any 

direct or indirect alteration of the physical, thermal, chemical, biological, radioactive properties 

of any part of the environment by, discharge, emission or deposit of wastes to affect any 

beneficial use adversely or to cause a condition, which is hazardous to public health, safety or 

welfare of animals, birds, wildlife, aquatic life or to plants of every description” (Balasuriya, 

2018). There are various causes of water pollution: 

1. Industrial waste: industries and industrial sites worldwide significantly contribute to water 

pollution. Many industrial sites produce waste in the form of toxic chemicals and 

pollutants, and though regulated, some still do not have proper waste management systems. 

2. Marine dumping: is exactly what it sounds like, dumping garbage into the waters of the 

ocean. It might seem crazy, but household garbage is still collected and dumped into 

oceans by many countries worldwide. 

3. Sewage and wastewater: harmful chemicals, bacteria and pathogens can be found in 

sewage and wastewater even when it’s been treated. Each household’s sewage and 

wastewater are released into the sea with fresh water. The pathogens and bacteria found in 
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that wastewater breed disease, and therefore are a cause of health-related issues in humans 

and animals alike. 

4. Oil leaks and spills: large oil spills and oil leaks, are a significant cause of water pollution 

while often accidental. Leaks and spills are usually caused by oil drilling operations in the 

ocean or ships transporting oil. 

5. Agriculture: to protect their crops from bacteria and insects, farmers often use chemicals 

and pesticides. When these substances seep into the groundwater, they can harm animals, 

plants and humans. Additionally, when it rains, the chemicals mix with rainwater, which 

then flows into rivers and streams that filter into the ocean, causing further water pollution. 

6. Global warming: rising temperatures due to global warming are a significant concern for 

water pollution. Global warming causes water temperatures to increase, which can kill 

water-dwelling animals. When large die-offs occur, it further pollutes the water supply, 

exacerbating the issue. 

7. Radioactive waste: radioactive waste from facilities that create nuclear energy can be 

highly hazardous to the environment and must be disposed of properly. This is because 

uranium, the element used to develop atomic energy, is highly toxic. 

All our social and productive activities lead to the production of discharges that must necessarily 

be subjected to purification to be returned to the environment. The number of pollutants is 

greater than the self-purifying capacity of the land, seas, lakes and rivers. Several programs are 

planned to mitigate this issue and to protect the good status of water bodies. 

In Italy, water protection and regulation of environmental discharges are currently included in 

Part III of Legislative Decree 152/2006, “Testo Unico ambientale”. This decree defines 

“discharge” as “any introduction of wastewater carried out exclusively through a stable 

collection system that connects the wastewater production cycle with the receiving body (surface 

water, soil, subsoil and sewage system), regardless of their nature pollutant, also subjected to 

preventive purification treatment” (Repubblica Italiana, 2006). 

The regulation of discharges is contained in Art. 101, in which it is reported that all discharges 

are governed according to compliance with the quality objectives of the receiving water bodies 

and must in any case comply with the limit values set out in Annex 5 of Part III of Decree 

152/2006. These acceptability limit values are indicated in a series of different tables, according 

to the type of discharge and the receptor waterbody: 

 Table 1: emission limits for urban wastewater treatment plants; 
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 Table 2: emission limits for urban wastewater treatment plants in sensitive areas; 

 Table 3: emission limits in surface water and sewer; 

 Table 3/A: emission limits per unit of a product referred to specific production cycles; 

 Table 4: emission limits for urban and industrial wastewater discharging on the ground; 

 Table 5: substances for which less restrictive limits than those indicated in table 3 cannot 

be adopted, for discharge into surface water and for release into the sewer system, or in 

table 4 for release to the ground. 

1.2    Wastewater: origin, classification, and characteristics 

1.2.1   Definition of wastewater 

The wastewater is defined as “all those waters whose quality has been compromised by human 

action after their use in domestic, agricultural and industrial activities, thus becoming 

unsuitable for their direct use as they are contaminated by different types of dangerous organic 

and inorganic substances for public health and the natural environment”. According to 

Legislative Decree 152/06 (Art. 74), wastewater is divided into four classes depending on its 

source of origin:  

 Domestic wastewater: wastewater from residential settlements and services and deriving 

mainly from human metabolism and domestic activities; 

 Industrial wastewater: any wastewater discharged from buildings or plants in which 

commercial or production activities take place, other than domestic wastewater and run-off 

rainwater; 

 Urban wastewater: domestic wastewater or the mixture of domestic and industrial 

wastewater or run-off rainwater conveyed into sewer networks and coming from 

agglomerations; 

 Industrial wastewater similar to domestic: wastewater from commercial or production 

installations which, by law or due to particular qualitative and quantitative requirements, 

can be considered domestic wastewater (Art. 101). 
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1.2.2   Wastewater composition: physical, chemical, and biological 

characteristics 

Domestic sewage contains approximately 99.9% water. The remaining part includes organic and 

inorganic, suspended and dissolved solids, together with microorganisms. Because of this 0.1%, 

water pollution occurs and wastewater needs to be treated. The composition of wastewater is a 

function of the uses to which the water was submitted. These uses, and the form with which they 

were exercised, vary with climate, social and economic situation and population habits. 

In designing a wastewater treatment plant (WWTP), there is usually no interest in determining 

various compounds that make up wastewater. This is due to the difficulty in undertaking the 

laboratory tests. The results themselves cannot be directly used as elements in design and 

operation (we will discuss later the organisation of a typical WWTP). Therefore, it is often 

preferable to utilise indirect parameters representing the character or the polluting potential of 

the wastewater in question. These parameters define the quality of the sewage and can be divided 

into three categories: physical, chemical and biological parameters (Von Sperling, 2007) (Fig. 

1.1). 

 

Fig. 1.1: Characteristics of wastewater. 
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1.2.2.1 Physical parameters 

The physical characteristics identify the basic properties of wastewater and represent the first 

approach to characterisation. Some of these measurements must be performed in situ because 

transporting the sample to the laboratory can alter its values. The main physical characteristics 

are: 

 Temperature: depends on the water temperature delivered to the sewer before entering the 

treatment plant. Civil and industrial uses may require hot water, subsequently conveyed to 

the sewer, with temperatures above environmental temperature. The temperature of 

wastewater influences microbial activity, the solubility of gases and viscosity of the liquid; 

 Colour: an abnormal colour of wastewater indicates industrial discharges, and, in some 

cases, it can also persist after the purification treatment. The introduction of coloured water 

into the environment can alter the transparency of the water and the photosynthesis 

reactions. Thus the legislation provides that, when discharged, the wastewater must not be 

coloured. Colour is a parameter of particular interest because its immediate and straight 

forward detectability allows getting information on the nature of the phenomena in 

progress. Usually, a slight grey colouration indicates fresh sewage, while a dark grey or 

black colouration indicates septic sewage; 

 Odour: common odours lingering in and around treatment plants smell like rotten eggs, 

ammonia, or garlic, among other things. Sometimes the scent is described as earthy or 

organic. Generally, foul odours at treatment plants originate from the anaerobic 

decomposition of organic compounds. A natural by-product of anaerobic digestion is 

hydrogen sulphide (H2S), which gives off a strong, disgusting smell. Due to its low 

solubility in wastewater, is released into the atmosphere, producing an offensive odour. 

Amines and mercaptans are two other odour-causing offenders at treatment plants. These 

organic compounds contain sulphur or nitrogen, making odours that are detectable by the 

human nose at deficient concentrations; 

 Turbidity: is an optical property that broadly describes the clarity or cloudiness of water. It 

is related to colour, but has more to do with the loss of transparency due to suspended 

particles and colloidal material. Suspended particles also contribute to the adhesion of 

many heavy metals and other toxic compounds. Turbidity is considered a measure of water 

quality: the more turbid the water, the lower quality. 
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 Total solids (TS): the term "total solids" refers to matter suspended or dissolved in water or 

wastewater and is related to both specific conductance and turbidity. Higher solids 

decrease the passage of light through water, thereby slowing photosynthesis by aquatic 

plants. Water will heat up more rapidly and hold more heat; this, in turn, might adversely 

affect aquatic life that has adapted to a lower temperature regime. Total solids are used for 

material left in a container after evaporation and drying of a water sample. Total 

Solids includes both total suspended solids (TSS), the portion of total solids retained by a 

filter and total dissolved solids (TDS), the amount that passes through a filter.  

1.2.2.2 Chemical parameters 

The chemical characteristics can be divided into organic matter, inorganic matter and gases. 

 Organic matter: represent a heterogeneous mixture of various organic compounds; the 

main components are proteins, carbohydrates and lipids. Along with the proteins, 

carbohydrates, fats and oils, wastewater contains small quantities of many different 

synthetic organic molecules such as pharmaceutical, agricultural pesticides, hormones, and 

other organic pollutants. The most frequent parameters used to measure amounts of 

organic matter in wastewater are Biochemical Oxygen Demand (BOD), Chemical Oxygen 

Demand (COD), Total Organic Carbon (TOC). 

 Biochemical Oxygen Demand (BOD): represents the quantity of oxygen per unit of 

volume (and, therefore, the concentration) required by aerobic microorganisms to 

assimilate and degrade the biodegradable organic matter present in the sewage. In 

this sense, BOD provides an indirect measure of the biodegradable organic matter 

present within the sewage and is typically expressed in mg/L of O2. In general, 

biodegradation is the set of biochemical transformations of organic molecules 

mediated by aerobic microorganisms that need to take in free oxygen from the 

environment to explain their metabolic reactions. The greater the biodegradable 

organic substance, the greater the oxygen required by the aerobic microorganisms to 

assimilate and degrade it. The analysis of the BOD depends on three fundamental 

factors: time, temperature and light radiation. The quantity of oxygen that the 

microorganisms use to assimilate and degrade the biodegradable organic matter 

varies according to the time allowed for the biodegradation process. The longer the 

time, the greater the quantity of organic matter assimilated and degraded and, 
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therefore, the greater the amount of oxygen consumed by the microorganisms 

themselves. A characteristic value of the biochemical oxygen demand is BOD5, i.e. 

the oxygen consumption after five days (biochemical oxygen demand at five days);  

 Chemical Oxygen Demand (COD): represents the quantity of oxygen necessary to 

chemically oxidise the organic and inorganic substances (biodegradable and non-

biodegradable) present in the sewage and is expressed in mg/L of O2. The chemical 

oxygen demand is a critical index proportional to the polluting content present in the 

wastewater. In practice, wastewater treatment plants are often sized based on COD, 

although the literature parameter used for these purposes is commonly BOD5. The 

measurement of COD is essential in industrial wastewater where BOD5 is not easily 

determined or is significantly influenced by the contaminants present. However, for 

urban and domestic sewage, BOD5 is commonly preferred; 

 Total Organic Carbon (TOC): is a test that allows measuring the organic carbon 

directly, and not indirectly, by determining the oxygen consumed, like the two tests 

above. This method measures the organic carbon existing in the wastewater by 

injecting a sample in the particular device in which the carbon is oxidised to carbon 

dioxide. Then carbon dioxide is measured and used to quantify the amount of organic 

matter. To guarantee that the carbon being measured is only the organic carbon, the 

inorganic forms like CO2 and HCO3
–
 already present in the sample must be removed 

before the analysis or be corrected when calculated. 

 Inorganic matter: inorganic load in water results from discharges of treated and untreated 

wastewater, various geologic formations, and inorganic substances left in the water after 

evaporation. Many inorganic constituents found in natural waters are also found in sewage, 

and most of these constituents are added via human use. These inorganic constituents 

include nitrogen, phosphorus, sulphur, chlorides, pH, alkalinity, toxic inorganic 

compounds, and heavy metals. 

 Nitrogen: is present in wastewater in various forms, is an essential nutrient for 

microorganisms growth in biological wastewater treatment, and its determination is 

necessary for the sizing of the biological treatment phases needed for its removal 

(nitrification and denitrification), as well as the equipment that must provide the 

required oxygen for the treatment. Total nitrogen includes organic nitrogen (N-Norg), 

ammonia (N-Namm), nitrites (NO2
-
) and nitrates (NO3

-
). Organic nitrogen and 
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ammonia together are called Total Kjeldahl Nitrogen (TKN). Organic nitrogen is 

bound to proteins and other organic nitrogen compounds, and it is converted into 

ammonia nitrogen as a result of purification treatments. Ammonia nitrogen is the 

main form of nitrogen found in untreated wastewater. It must be nitrified and 

possibly denitrified in wastewater treatment plants to avoid negative impacts on 

aquatic environments. Nitrous nitrogen (N-NO2
-
) is the partially oxidised form of 

nitrogen before converting into nitric nitrogen (N-NO3
-
), a more stable form of 

nitrogen. We will discuss more in detail nitrification/denitrification processes in 

chapter 6. 

 Phosphorus: is an essential nutrient in biological wastewater treatment and exists in 

inorganic and organic forms. Phosphorus reduction is often needed to prevent 

eutrophication before discharging effluent into lakes, reservoirs, and estuaries. 

Phosphorus can be removed biologically in a process called enhanced biological 

phosphorus removal. In this process, specific bacteria, called polyphosphate 

accumulating organisms (PAOs), are selectively enriched and get large quantities of 

phosphorus within their cells (up to 20% of their mass). When the biomass enriched 

in these bacteria is separated from the treated water, these biosolids have a high 

fertiliser value. Phosphorus removal can also be achieved by chemical precipitation 

by adding aluminium sulphate, ferric chloride or lime. This may lead to excessive 

sludge production as hydroxides precipitate, and the added chemicals are expensive. 

 Sulphur: is perhaps the least understood element and one of the most critical factors 

of sewage disposal problems. It is generally the chief odour source, either in the 

sewerage system or the treatment plant. Sulphur in sewage as inorganic sulphate or 

combined in organic matter may be perfectly inodorous, but some time later, during 

treatment or flow through sewers, decomposition may set in and give rise to the 

odours of hydrogen sulphide. Not only are offensive odours given off, but the 

hydrogen sulphide in time attacks the sewers and maintenance holes above the 

waterline, thus causing severe damage to the collection system (Mahlie, 1934). 

 Chlorides: are necessary for water habitats to thrive, yet high chloride levels 

adversely affect an ecosystem. Chloride may impact freshwater organisms and plants 

by altering reproduction rates, increasing species mortality, and changing the 

characteristics of the entire local ecosystem. In addition, as chloride filters down to 

the water table, it can stress plant respiration and change the quality of our drinking 

water (University of Minnesota, 2013);  
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 pH: strong acids and bases can alter the pH of a generic solvent. This, of course, also 

applies to the final receiver of a water discharge (watercourse, lake, sewage, etc.). 

This form of pollution requires careful monitoring, as the alterations that it produces 

can block the purification processes, cause corrosion and promote the toxicity of 

other contaminants. The pH of the environment has a profound effect on the rate of 

microbial growth involved in biological treatments because it affects the function of 

metabolic enzymes. Acidic conditions (low pH) or primary conditions (high pH) 

alter the enzyme’s structure and stop growth. Most microorganisms do well within a 

pH range of 6.5 to 8.5. However, some enzyme systems can tolerate extreme pHs 

and thrive in acidic or basic environments. However, most bacteria and protozoa 

grow best in neutral (pH 7) environments. Abnormal or irregular pH in biological 

treatment processes can result in a significant decrease in the rate of removal of 

organic compounds from the environment, which will affect the biochemical oxygen 

demand (BOD) measurements. 

 Alkalinity: is defined as the ability of water to neutralise acid to absorb hydrogen 

ions. It is the sum of all acid-neutralising bases in the water. In municipal and 

industrial wastewater, many factors contribute to alkalinity. Factors that contribute to 

alkalinity include the type of dissolved inorganic and organic compounds present in 

the water, the amount of suspended organic matter in the water, whether the water is 

strongly or weakly buffered, the presence or absence of free hydroxyl alkalinity, the 

amount of bicarbonate in the water, the bicarbonate to dissolved CO2 ratio and is 

indirectly correlated to the number of dissolved solids in the water. One of the most 

common alkalis used to provide alkalinity in wastewater treatment is caustic soda. 

However, magnesium hydroxide has properties that make it a superior product in 

providing alkalinity to wastewater treatment systems (Martin Marietta Magnesia 

Specialities, 2015); 

 Toxic inorganic compounds: copper, lead, silver, arsenic, boron, and chromium are 

classified as priority pollutants and are harmful to microorganisms. Thus, they must 

be considered in the design and operation of a biological treatment process. When 

introduced into a treatment process, these contaminants can kill off the 

microorganisms needed for treatment and thus stop the treatment process; 

 Heavy metals: are significant toxicants found in industrial wastewater and may 

adversely affect the biological treatment of sewage. Heavy metals of chromium (Cr), 

iron (Fe), selenium (Se), vanadium (V), copper (Cu), cobalt (Co), nickel (Ni), 
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cadmium (Cd), mercury (Hg), arsenic (As), lead (Pb), and zinc (Zn) represent the 

primary toxic, hazardous materials to humans and other forms of life. Any of these 

metals in excessive quantities will interfere with beneficial water uses because of 

their toxicity. The uptake of heavy metals from wastewater is essential to eliminate 

their toxic impact and recover precious materials. Conventional methods for 

removing these pollutants from wastewater include chemical precipitation, ion 

exchangers, chemical oxidation/reduction, reverse osmosis, electrodialysis, and ultra-

filtration (Alalwan et al., 2020). 

 Gases: the most common gases found in untreated wastewater include nitrogen (N2), 

oxygen (O2), carbon dioxide (CO2), hydrogen sulphide (H2S), ammonia (NH3) and 

methane (CH4). The first three are gases of the atmosphere found in all waters exposed to 

air. The latter three are derived from the decomposition of the organic matter present in 

wastewater. Gases like chlorine (Cl2) and ozone (O3) (disinfection and odour control) and 

the oxides of sulphur and nitrogen (combustion processes) can be present in treated 

wastewater. 

1.2.2.3 Biological parameters 

The presence or absence of specific biological organisms - pathogens - is of primary importance 

to the water/wastewater quality. Pathogens are organisms capable of infecting or transmitting 

diseases in humans and animals. It should be pointed out that these organisms are not native to 

aquatic systems and usually require an animal host for growth and reproduction. They can, 

however, be transported by natural water systems. These waterborne pathogens include bacteria, 

viruses, protozoa, and parasitic worms (helminths).  

1.3   Wastewater treatment plants (WWTPs) 

Given the dangerousness of wastewater, they cannot be discharged as such into the environment 

but must necessarily undergo a series of treatments aimed at their purification and clarification. 

Wastewater treatment is defined as “a process used to remove contaminants from wastewater 

and convert it into an effluent that can be returned to the water cycle. Once returned to the water 

cycle, the effluent creates an acceptable impact on the environment or is reused for various 

purposes (called water reclamation)” (Ambulkar and Nathanson, 2021). The treatment process 

takes place in a wastewater treatment plant (WWTP), often referred to as a Water Resource 
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Recovery Facility (WRRF) or a Sewage Treatment Plant (STP) and defined as “a facility in 

which a combination of various processes (e.g., physical, chemical and biological) are used to 

treat wastewater and remove pollutants” (Hreiz et al., 2015). Most traditional WWTPs are 

designed to control various substances, such as particulates, carbonaceous substances, nutrients 

and pathogens. While these substances can be efficiently and consistently eliminated, removing 

micropollutants is often insufficient. Evaluating the fate and removal of micropollutants during 

wastewater treatment is imperative optimisation of treatment to prevent the release of these 

potentially harmful micropollutants. Although there are different wastewater treatment plants, 

most will have the following steps: preliminary (physical and mechanical), primary 

(physicochemical and chemical), secondary (chemical and biological), rarely, tertiary (physical 

and chemical) treatments (Fig. 1.2). Preliminary and primary treatments aim to eliminate above 

all suspended substances and is carried out by mechanical means (screening, homogenisation, 

primary sedimentation, etc.); for the industrial waste, it may also be necessary to use chemical-

physical systems such as chemical coagulation followed by sedimentation. Secondary treatment 

is typically based on biological processes in which microorganisms degrade the organic and 

nitrogenous substances present in the wastewater. The tertiary treatment is generally based on 

sand filtration, activated carbon filtration, and disinfection techniques. Especially in the primary 

and secondary treatments, considerable quantities of sludge are formed, which must be 

eliminated without danger of further pollution; therefore, this sludge is subjected to other 

treatments such as thickening and drying.  

 

Fig. 1.2: Typical composition of a wastewater treatment plant (WWTP). 
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1.3.1  Preliminary treatment 

The purpose of preliminary treatment is to protect plant equipment (e.g. pumps and valves) by 

removing untreatable solids that first enter a wastewater treatment plant from the sewer. Initial 

treatment may include many different processes; each is designed to remove a specific material 

that poses a potential problem for the treatment process. Methods include screening, shredding, 

grit removal, chemical addition and flow equalisation. 

 Screening: removing floatable or suspended coarse solids in raw wastewater, including 

rags, paper, plastic, rubber, and vegetable matter. Bar screens are the most commonly used 

screening devices, which trap debris as wastewater influent passes through. Typically, a 

bar screen consists of parallel, evenly spaced (spacing between 15 to 25 mm) bars or a 

perforated screen placed in a channel. The waste stream passes through the screen, and 

large solids (screenings) are trapped on the bars for removal; 

 Shredding: usually is used as an alternative to screening to reduce solids to a size that can 

enter the plant without causing mechanical problems or clogging. Shredding processes 

include comminution and barminution devices. The comminutor is the most common 

shredding device used in wastewater treatment. All of the wastewater flow passes through 

the grinder assembly in this device. The grinder consists of a screen or slotted basket, a 

rotating or oscillating cutter, and a stationary cutter. Solids pass through the screen and are 

chopped or shredded between the two sedges. The barminutor uses a bar screen to collect 

solids, which are then sliced and passed through the bar screen for removal at a later 

process. The cutter alignment and sharpness of each device are critical factors in practical 

operation.  Solids that are not shredded must be removed daily, stored in closed containers, 

and disposed of by burial or incineration; 

 Grit removal: is used to remove the heavy inorganic solids that could cause excessive 

mechanical wear. Grit is heavier than inorganic solids and includes sand, gravel, clay, 

eggshells, coffee grounds, metal filings, seeds, and similar materials. Several processes or 

devices are used for grit removal. The functions are based on the fact that grit is heavier 

than the organic solids that should be kept in suspension for treatment in the following 

procedures. Grit removal may be accomplished in grit chambers or by the centrifugal 

separation of sludge. Methods use gravity/velocity, aeration, or centrifugal force to 

separate the solids from the wastewater. Gravity/velocity-controlled grit removal is usually 
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accomplished in a channel or tank where the speed or velocity of the wastewater is 

controlled, so the grit will settle while the organic matter remains suspended; 

 Chemical addition: is made to the waste stream to improve settling, reduce odours, 

neutralise acids or bases, reduce corrosion, reduce BOD5, improve solids and grease 

removal, reduce loading on the plant, add or remove nutrients, add organisms, or aid 

subsequent downstream processes. The particular chemical and amount used to depend on 

the desired result. Chemicals must be added at a point where sufficient mixing will occur 

to obtain maximum benefit. Chemicals typically used in wastewater treatment include 

chlorine, peroxide, acids and bases, mineral salts (e.g., ferric chloride, alum), and bio-

additives and enzymes; 

 Flow equalisation: is used to reduce or remove the wide swings in flow rates usually 

associated with wastewater treatment plant loading; it minimises the impact of storm 

flows. Usually, the equalisation basins are designed to prevent discharges above the 

maximum plant design hydraulic capacity, reduce the magnitude of diurnal flow variations, 

and eliminate flow variations. Flow equalisation is accomplished using mixing or aeration 

equipment, pumps, and flow measurement. Equalised flows allow the plant to perform at 

optimum levels by providing stable hydraulic and organic loading.  

1.3.2  Primary treatment  

The purpose of primary treatment (primary sedimentation or primary clarification) is to remove 

settleable organic and floatable solids that pass through screens and grit chambers from the 

sewage in specific tanks called sedimentation tanks. These tanks are large basins where primary 

settling is achieved under relatively quiescent conditions. Within these basins, mechanical 

scrapers collect the primarily settled solids into a hopper, from which they are pumped to a 

sludge processing area. In contrast, suspended solids like oil, grease, and other floating materials 

(scum) are skimmed from the surface. Solids heavier than water settle to the bottom, while solids 

lighter than water float to the top. Settled solids are removed as sludge, and floating solids are 

removed as scum. Wastewater leaves the sedimentation tank over an effluent weir and moves on 

to the next step of the treatment. Factors affecting primary clarifier performance include flow 

rate through the clarifier and wastewater characteristics (strength, temperature, amount and type 

of industrial waste, and the density, size, and shapes of particles). The main features of primary 

treatment are listed below: 
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 Reduction of the organic loading on downstream treatment processes by removing a large 

amount of settleable, suspended, and floatable materials; 

 Reduction of the velocity of the wastewater through a clarifier, so settling and flotation can 

take place. Slowing the flow enhances the removal of suspended solids in wastewater; 

 Elimination of floated grease and scum, as well as the settled sludge solids, and collecting 

them for pumped transfer to disposal or further treatment; 

 Clarifiers may be rectangular or circular. In rectangular clarifiers, wastewater flows from 

one end to the other. The settled sludge is moved to a hopper at the one end, either by 

flights set on parallel chains or by a single bottom scraper set on a travelling bridge. A 

surface skimmer collects floating material (mostly grease and oil). In circular clarifiers, 

the wastewater usually enters the middle and flows outward. Settled sludge is pushed to a 

hopper in the middle of the tank bottom, and a surface skimmer removes floating material. 

Upon completion of screening, de-gritting, and settling in sedimentation basins, large debris, grit, 

and many settleable materials have been removed from the waste stream. What is left is referred 

to as primary effluent. Usually grey, primary effluent still contains large amounts of dissolved 

food and other chemicals (nutrients) treated in the secondary treatment. Two of the essential 

nutrients left to remove are phosphorus and ammonia. Excessive removal of these compounds 

from the waste stream is unnecessary because microorganisms in secondary treatment (biological 

treatment) require phosphorus and ammonia to explain their activities. 

1.3.3  Secondary treatment 

Secondary treatment is designed to substantially degrade the sewage’s biological content 

derived from human waste, food waste, soaps and detergent. These processes use 

microorganisms to remove contaminants from wastewater biologically and can be aerobic or 

anaerobic (each utilises a different bacterial community). However, coupled anaerobic-aerobic 

processes may also be employed under certain circumstances. Most municipal WWTPs use 

aerobic biological processes as a secondary treatment step. To be effective, the biota requires 

both oxygen and nutrients to live. The bacteria and protozoa consume biodegradable soluble 

organic contaminants (e.g. sugars, fats, organic short-chain carbon molecules) and bind much of 

the less soluble fractions into floc. Due to the production of suspended solid material, all 

biological processes must include a step to remove them (e.g., settling tank, filter). Secondary 

treatment processes can be separated into two large categories: fixed-film systems and suspended-
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growth systems. Fixed-film systems are processes that use a biological growth (biomass or slime) 

attached to some form of media (for example, stone, redwood, synthetic materials, any other 

durable substance). Wastewater passes over or around the media and the dirt. When the 

wastewater and dirt are in contact, the organisms remove and oxidise the organic solids. The 

media provides a large area for slime growth that can be an open space for ventilation and is not 

toxic to the organisms in the biomass. Fixed-film devices include trickling filters and rotating 

biological contactors. Suspended-growth systems are processes based on biological growth 

mixed with wastewater. Typical suspended-growth systems consist of various modifications of 

the activated sludge process. The activated sludge process is most commonly used for secondary 

wastewater treatment. As a suspended-growth biological treatment process, activated sludge 

utilises a dense microbial culture in suspension to biodegrade organic material under aerobic 

conditions and form a biological floc for solid separation in the settling units. Diffused or 

mechanical aeration maintains the aerobic environment in the reactor (Stott, 2003). The 

activated sludge process follows primary settling. The essential components of an activated 

sludge sewage treatment system include an aeration tank and a secondary basin, settling basin, 

or clarifier. Primary effluent is mixed with settled solids recycled from the secondary clarifier 

and introduced into the aeration tank. Compressed air is injected continuously into the mixture 

through porous diffusers located at the bottom of the tank, usually along one side. Wastewater is 

constantly fed into an aerated tank, where the microorganisms metabolise and biologically 

flocculate the organics. Microorganisms (activated sludge) are settled from the aerated mixed 

liquor under quiescent conditions in the final clarifier and are returned to the aeration tank. Left 

uncontrolled, the number of organisms would eventually become too great; therefore, some must 

periodically be removed (wasted). A portion of the concentrated solids from the bottom of the 

settling tank must be removed from the process. The clear supernatant from the final settling 

tank is the plant effluent (Spellman, 2013). Several factors affect the performance of an 

activated sludge system. These include temperature, amount of oxygen available, amount of 

organic matter available, pH (ideal in the range 6.0 - 8.0), aeration time and wastewater toxicity. 

To obtain the desired level of performance in an activated sludge system, a proper balance must 

be maintained among the amounts of food (organic matter), organisms (activated sludge), and 

oxygen (dissolved oxygen). 
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1.3.4   Tertiary treatment 

Tertiary treatment is the final cleaning process that improves wastewater quality before it is 

reused, recycled or discharged to the environment. Tertiary treatment of effluent involves 

additional steps after secondary treatment to further reduce organics, turbidity, nitrogen, 

phosphorus, metals, and pathogens. Most processes involve physicochemical treatment such as 

coagulation, filtration, activated carbon adsorption of organics, reverse osmosis, and additional 

disinfection. Tertiary wastewater treatment is practised for additional wildlife protection after 

discharge into rivers or lakes. It may take several different treatments depending on the quality 

of the final effluent required. Even more commonly, it is performed when the wastewater is to be 

reused for irrigation (e.g., food crops, golf courses), for recreational purposes (e.g., lakes, 

estuaries), or drinking water (Gerba and Pepper, 2019). Following processes have been studied 

(Van der Graaf et al., 2005): 

 Media filtration (MedFil): is the process used for removal of particles by filtration through 

media consisting of sand or anthracite; 

 Surface filtration (SurFil): is mainly concerned with retaining particles on the surface. 

The particles had to form a layer of material, commonly called the “cake layer”, to increase 

filtration efficiency. If the rate of filtration initially is around 50-60%, then after the layer 

of cake is formed, it grows to 100%;  

 Membrane filtration (MemFil): is applied to remove particles and other components 

bypassing the liquid through a membrane; pore sizes of the membrane can differ widely, 

giving various results (microfiltration, ultrafiltration, nanofiltration, reverse osmosis); 

 Adsorption: is a surface phenomenon with the standard mechanism for organic and 

inorganic pollutants removal. When a solution containing absorbable solute comes into 

contact with a solid with a highly porous surface structure, liquid-solid intermolecular 

forces of attraction cause some solute molecules from the solution to be concentrated or 

deposited at the solid surface. The solute retained (on the solid surface) in adsorption 

processes is called adsorbate, whereas the solid on which it is contained is called an 

adsorbent. This surface accumulation of adsorbate on adsorbent is called adsorption. This 

creation of an adsorbed phase having a composition different from that of the bulk fluid 

phase forms the basis of separation by adsorption technology (Rashed, 2013); 

 Air stripping: is a process by which wastewater is brought into intimate contact with a gas, 

usually air, so that some undesirable volatile substances present in the liquid phase can be 
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released and carried away by the gas. Processes such as mechanical surface aeration, 

diffused aeration, spray fountains, spray or tray towers, and the term air stripping 

encompasses countercurrent packed towers. These procedures produce a condition in 

which a large surface area of the water to be treated is exposed to air, promoting the 

contaminant’s transfer from the liquid phase to the gaseous phase. This process is mainly 

applied for the removal of ammonia (Srinivasan et al., 2009); 

 Ion exchange: is a process in which ions replace ions of a particular species in solution 

with a similar charge but of different species attached to an insoluble resin. In essence, ion 

exchange is a sorption process and can also be considered a reversible chemical reaction. 

The typical ion exchange applications are water softening (removing "hardness" ions such 

as Ca
2+

 and Mg
2+

) and nitrate removal in advanced wastewater treatment operations. These 

ion exchange resins naturally occur inorganic zeolites or synthetically produced organic 

resins. Synthetic organic resins are the predominant type used today because their 

characteristics can be tailored to specific applications. An organic ion exchange resin 

consists of an organic or inorganic network structure with attached functional groups that 

exchange their mobile ions for ions of similar charge from the surrounding medium. Each 

resin has many mobile ion sites that set the maximum quantity of exchanges per resin unit. 

Ion exchange resins are called cationic if they exchange positive ions and anionic if they 

exchange negative ions (Climate Policy Watcher, 2021); 

 Disinfection: is the primary process used to remove bacteria and viruses by chemical 

oxidation (chloride, ozone), UV or membrane filtration. Undisinfected wastewater 

effluents represent a potentially important source of pathogenic microorganisms in the 

environment and a possible vector for disease transmission among human populations. 

Although bacterial pathogens are present in wastewater effluents, it is generally believed 

that enteric viruses represent the most significant risk to human health of all waterborne 

pathogens. Most wastewater disinfection operations have used chlorine as the disinfectant. 

Chlorine is known to be effective for the inactivation of common bacterial indicator 

organisms; however, several essential drawbacks to chlorine-based disinfection have been 

identified, including its relative ineffectiveness against some microbial pathogens and 

repair or regrowth of pathogens post-disinfection. UV irradiation, a broad-spectrum 

antimicrobial agent, is widely recognised as an alternative to chlorination/dechlorination 

for disinfection of municipal wastewater (Blatchley et al., 2007);  

 Advanced oxidation processes (AOPs): are the technologies that generally use the 

hydroxyl radicals, the ultimate oxidant for the remediation of organic contaminants in 
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wastewater. These are highly effective novel methods speeding up the oxidation process. 

AOP can combine with ozone (O3), catalyst, or ultraviolet (UV) or solar irradiation to offer 

a powerful treatment of wastewater (Ghime and Ghosh, 2020). 

As said above, most of the traditional WWTPs are designed to control a wide range of 

substances, such as particulates, carbonaceous substances, nutrients and pathogens. While these 

substances can be efficiently and consistently eliminated, removing micropollutants is often 

insufficient. Wastewater effluents are the primary source of micropollutants in the environment. 

These recalcitrant compounds escaping from wastewater treatment plants (WWTPs) are called 

emerging contaminants (ECs).  

1.4  Emerging contaminants (ECs) 

Industries, agriculture, and the general population use water daily and release many compounds 

in wastewaters. Indeed, agriculture practices, industrial discharges and human beings play an 

essential role in the issue of pollutants in wastewater. These practices have generated various 

pollutants and altered the water cycle causing a global concern linked to their eventual impact on 

wildlife and human health (Deblonde et al., 2011). For more than 20 years, many articles have 

reported the presence of new compounds, called “emerging contaminants”, in wastewater and 

aquatic environments (Rosal et al., 2010; Vogelsang et al., 2006). Emerging contaminants 

(ECs) are defined as synthetic or naturally occurring chemicals that are not commonly 

monitored in the environment but have the potential to enter the environment and cause known 

or suspected adverse ecological and (or) human health effects. Nowadays, more than 700 

emerging contaminants, their metabolites and transformation products are listed as present in the 

European aquatic environment (www.norman-network.net). ECs are currently not included in 

(inter)national routine monitoring programmes, and their fate, behaviour and ecotoxicological 

effects are often not well understood. They can be released from point pollution sources, e.g. 

wastewater treatment plants from urban or industrial areas, diffuse sources through atmospheric 

deposition, or crop and animal production. ECs are categorised into more than 20 classes related 

to their origin (http://www.norman-network.net). The prominent classes are surfactants, 

antibiotics and other pharmaceuticals, steroid hormones and endocrine-disrupting compounds 

(EDCs), fire retardants, sunscreens, disinfection byproducts, new pesticides and pesticide 

metabolites (Fig. 1.3). In light of the potential impact of these substances on aquatic life and 

human health, the lack of knowledge regarding their behaviour in the environment and the 

http://www.norman-network.net/
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deficiency in analytical and sampling techniques, action is urgently required at multiple levels 

(Geissen et al., 2015). 

Fig. 1.3: Categories of emerging contaminants listed in the NORMAN substance database. 

Current demographic trends, the rise of chronic diseases, the accessibility of inexpensive generic 

treatments, and the emergence of “lifestyle” drugs have been the key to increased pharmaceutical 

medicine use worldwide. These pharmaceuticals are now the group of emerging contaminants 

with rising concern in the scientific world due to their presence in surface water, such as lake and 

river, groundwater, soil, and even drinking water and their associated impact on invertebrates, 

vertebrates, and ecosystem structure and function. The two main routes of their spread in the 

environment are (1) when taken drugs are excreted in faeces and urine and (2) when unused 

drugs are thrown down. Research undertaken has found that 60–80% of these pharmaceutical 

medicines are flushed down the toilet or dumped as regular household waste that ends up in 

sewage treatment plants, which are generally not designed to remove such pollutants from 

wastewater (Chhaya et al., 2020). 
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1.5  Occurrence of pharmaceuticals in wastewater 

In the last decade, traces of pharmaceuticals, typically at range levels of nanograms to 

micrograms per litre have been reported in the water bodies, including surface waters, 

wastewater, groundwater and, to a lesser extent, drinking water.  

Advances in analytical technology have been a key factor driving their increased detection. Even 

at these very low concentrations, scarce water has raised concerns among stakeholders, such as 

drinking water regulators, governments, water suppliers, and the public, regarding the potential 

risks to human health from exposure to traces of pharmaceuticals via drinking-water (World 

Health Organization, 2012). Pharmaceuticals and their metabolites can reach water bodies 

through sewage systems, industrial discharges, effluents from sewage treatment facilities, 

aquaculture and livestock farming (Bottoni and Fidente, 2005). 

Pharmaceuticals include many very different substances regarding their chemical and physical 

properties and environmental behaviour, although they may have potent biochemical activity. 

Nevertheless, their presence in the aquatic environment and their impact on aquatic biota and 

human health have not been adequately studied. There is some experimental evidence that 

pharmaceuticals may cause harmful effects such as morphological and metabolic alterations on 

aquatic species and induction of antibiotic resistance in aquatic pathogenic bacteria (Bottoni et 

al., 2010). 

Pharmaceutical compounds are designed to have a specific mode of action, and many are 

persistent in the body. However, many pharmaceuticals transform in the human body, resulting 

in the release of their metabolites into the aquatic environment. They have been detected in low 

concentrations in many countries in many environmental samples, for example, sewage-

treatment-plant effluents, surface water, seawater, and groundwater (Nikolaou et al., 2007). 

Prolonged exposure over time of these substances, at low concentrations, can cause: 

 Allergies; 

 Development of antibiotic resistance (antibiotics); 

 Effects of the endocrine system (hormone-acting drugs); 

 Cytolytic or cytostatic effects (antitumoral drugs). 

The main categories of human pharmaceuticals and the most commonly used products include 

non-steroidal anti-inflammatory drugs (NSAID), beta-blockers, lipid regulators, steroids and 

related hormones, antibiotics, as shown in Fig. 1.4. 
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 Non-steroidal anti-inflammatory drugs (NSAID): are the most frequently and 

ubiquitously environmentally detected drugs of various chemical structures with anti-

inflammatory, antipyretic and analgesic effects. Pharmaceuticals from the NSAID group 

are of a diverse and complex chemical nature. They include derivatives of indoleacetic 

(indomethacin, sulindac, etodolac), phenylacetic (diclofenac), propionic (ibuprofen, 

naproxen, flurbiprofen, ketoprofen) acids, salicylates (acetylsalicylic acid), pyrazolidines 

(metamizole), oxycames (meloxicam), alkanones (nabumetone), and sulfonamide 

derivatives (nimesulide). NSAID molecules have high reactivity and stability with the 

reactive groups (particularly hydroxyl amide). This determines their resistance to 

biodegradation, ecotoxicity, persistence and therefore threat to the environment (Tyumina 

et al., 2020);  

 Beta-blockers: are a class of medications that are predominantly used to manage abnormal 

heart rhythms and protect the heart from a second heart attack (myocardial infarction) after 

a first heart attack (secondary prevention). They are also widely used to treat high blood 

pressure (hypertension), although they are no longer the first choice for the initial treatment 

of most patients. The most frequently identified in wastewater are atenolol, metoprolol, 

propranolol, sotalol. These compounds were also found in surface waters in ng·L
-1

 to low 

μg·L
-1

 due to the incomplete removal during wastewater treatment (Gros et al., 2010); the 

ecotoxicity of some beta-blockers have been analysed with various phytoplankton, 

zooplankton and fish species. The results obtained indicate the detection of acute toxicity 

towards phytoplankton and zooplankton species (Synechococcus leopolensis and Daphnia 

magna), in particular, due to the activity of propanolol (Huggett et al., 2001; Stanley et 

al., 2006). Sub-chronic effects of propranolol and metoprolol have also been documented 

in the growth, reproduction and physiology of D. magna, showing a higher toxic action in 

the case of propranolol (Hernando et al., 2007); 

 Lipid regulators: are used to treat dyslipidemias, cardiovascular problems, osteoporosis 

and post-menopause complications. This is why these lipid regulators come under the class 

of most prescribed medications. Clofibric acid, due to its environmental persistence and 

refractory, is one of the most widely and routinely reported drug metabolites found in open 

waters (Salgado et al., 2012). Other lipid regulators commonly prescribed and found in 

wastewater are gemfibrozil, bezafibrate and fenofibrate. Rosal et al. (2009) reported the 

ecotoxicity of all lipid regulators on Vibrio fischeri, Daphnia magna, and Anabaena 

CPB4337 as a novel and more sensitive bioassay. The results obtained showed that the 

toxicity of fenofibric acid was exceptionally high for V.fischeri and reclassification of 
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bezafibrate and clofibric acid from “non-toxic” to “harmful to aquatic organisms”, thanks 

to the greater sensitivity of the novel Anabena bioassay; 

 Steroids and related hormones: are a group of hormones derived from cholesterol that act 

as chemical messengers in the body and regulate many physiologic processes, including 

the development and function of the reproductive system (Whirledge and Cidlowski, 

2019). Steroid hormones are ubiquitous in aquatic environments at trace concentrations 

ranging from a few ng·L
−1

 to μg·L
−1 

(Fent, 2015). Several studies have confirmed the 

adverse effects of steroid hormones on aquatic organisms, such as sexual disorders, 

feminisation, masculinisation and infertility (Yarahmadi et al., 2018). 17β-Estradiol and 

17α-Ethinylestradiol are the steroids most frequently identified in the environment due to 

their vast consumption (Vallejo-Rodríguez et al., 2017); 

 Antibiotics: are a type of antimicrobial substance active against bacteria. They are the most 

important antibacterial agents for fighting bacterial infections, and antibiotic medications 

are widely used to treat and prevent such diseases. We will discuss more in detail about 

antibiotics in the next section. 
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Fig. 1.4: Main categories of human pharmaceuticals detected in the environment (Nikolaou et al., 2007). 

1.6  Occurrence of antibacterial compounds in the environment and 

antibacterial resistance 

The category of drugs on which the scientific community’s attention is most focused is that of 

antibiotics present in the aquatic environment and foods, about the possibility of inducing the 

formation of antibiotic-resistant bacteria and the health risks that may arise. In addition, many 

drugs can exert their inhibitory effect against degrading microorganisms present in water 

purification plants (activated sludge), thus compromising the quality of the water product that 

comes out (Nzila et al., 2016).  

In fact, among the most prescribed pharmaceuticals, there are general antimicrobials for systemic 

use (classified according to the anatomical therapeutic and chemical classification system with 

the ATC code J01) which include different classes of compounds: J01A tetracyclines; J01B 
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amphenicols; J01C beta-lactam antibacterials and penicillins; J01D other beta-lactam 

antibacterials; J01E sulfonamides and trimethoprim; J01F macrolides, lincosamides and 

streptogramins; J01G aminoglycoside antibacterials; J01M quinolone antibacterials. 

The generic term “antibiotic” denotes any class of organic molecule that inhibits or kills 

microbes by specific interactions with bacterial targets, without considering the source of the 

particular compound or class (Davies and Davies, 2010). Because of the intensive use of 

antibiotics for human (domestic and hospital use), veterinary and agricultural purposes, these 

compounds are continuously released into the environment from anthropogenic sources, such as 

urban wastewater treatment plants, which are considered as one of the leading “hotspots” of 

potential evolution and spreading of antibiotic resistance into the environment. The presence of 

antibiotics in environmentally relevant concentration levels has been associated with chronic 

toxicity and the prevalence of resistance to antibiotics in bacterial species (Michael et al., 2013). 

Worldwide, antimicrobial resistance is increasing at an alarming rate: in 2019, WHO listed 

antimicrobial resistance as one of the top ten threats to global health (Scheres and Kuszewski, 

2019). A primary driver of antimicrobial resistance is antibiotic overuse and misuse. For 

example, in 2000-2015, global antibiotic use in humans increased by 65% from 21.1 billion 

defined daily doses (DDD) in 2000 to 34.8 billion DDDs in 2015 (Klein et al., 2018). The rate 

of antibiotic consumption also increased during this period, from 11.3 DDDs per 1000 

inhabitants per day to 15.7 DDDs per 1000 inhabitants per day (an increase of 39%). The 

researchers estimated that if all countries continue to increase their antibiotic consumption rates 

at their compounded annual growth rates and do so with no policy changes, the total 

consumption will increase by 202% to 128 billion DDDs by 2030, and the antibiotic 

consumption rate will increase by 161% to 41.1 DDDs per 1000 inhabitants per day. Therefore, 

reducing global consumption and increasing global surveillance is critical to reducing the threat 

of antibiotic resistance (The Pharmaceutical Journal, 2018). 

Moreover, in 2020/2021, the world was faced with a pandemic linked to the spread of the SARS-

COV-2 virus, responsible for the disease that we all know as COVID-19, and in this period, a lot 

of antibiotics have been prescribed. During the first wave, it was observed that most patients 

admitted with COVID-19 had been prescribed antibiotics, including broad-spectrum antibiotics 

in a percentage of cases. The first meta-analyses conducted in China in 2020 (Langford et al., 

2020) showed that despite the prevalence of bacterial co-infections being less than 4%, the 

prescription of antibiotics exceeded 70%, mainly with broad-spectrum molecules, and in 

particular, fluoroquinolones and third-generation cephalosporins. In Europe, the drug 

prescription rises to 78% and focuses on 3rd generation cephalosporins, macrolides and 



Chapter 1 

 25 

penicillins (Moretto et al., 2021). A meta-analysis from 2021 (Langford et al., 2021), in 

addition to confirming the use of antibiotics in 78% of cases (with a prevalence of co-infection at 

9%) on a sample of over 30000 patients, highlighted a considerable heterogeneity in antibiotic 

prescribing, with lower values at European level than in the Asian and American continent and a 

different distribution among the countries of the various classes of antibiotics: in Europe, the use 

of macrolides and beta-lactams (in particular of the cephalosporin subclass) prevails, while in 

China the most used class was that of fluoroquinolones; the United States, on the other hand, has 

a more varied distribution of all types of drugs. The increase in the use of these molecules was 

also highlighted by AIFA in the report released in July 2020, where azithromycin showed a rise 

of almost 200% from the pre-COVID period with considerable variability between regions 

(D’Arienzo and Carmignani, 2021). As said above, one of the most feared secondary effects of 

inappropriate antibiotic use is increased microbial resistance. It is well known that the spread of 

multidrug-resistant bacteria is closely related to antibiotic exposure. Therefore, several groups 

have sounded the alarm and requested the intervention of antibiotic stewardship programs in 

these patients (Calderón-Parra et al., 2021).  

Although the ideal antibiotic is toxic to bacteria without affecting humans/animals, the reality is 

more complicated, and directly toxic side effects are common for several classes of antibiotics at 

doses used for therapy (Larsson, 2014). A few relatively persistent antibiotics have been found 

in drinking water at very low ng·L
-1

 levels (Ye et al., 2007). Near manufacturing discharges, 

ground-water contamination has led to levels up to low µg·L
-1

 in drinking-water wells (Fick et 

al., 2009). The antibiotics most commonly found in the waters belong to tetracyclines, 

sulphonamides, macrolides, lincosamides and quinolones. 

1.6.1  Quinolones: discovery, mechanism of action and global consumption 

A quinolone antibiotic is a member of a large group of broad-spectrum bacteriocidal that share a 

bicyclic core structure related to the substance 4-quinolone. The first quinolone, nalidixic acid, 

was discovered in 1962 as an impurity in the chemical manufacture of a batch of the antimalarial 

agent chloroquine. It demonstrated anti-Gram-negative antibacterial activity, with minor anti-

Gram-positive activity but its potency and antimicrobial spectrum were not significant enough to 

be helpful in therapy. However, building on this lead, subsequently, nalidixic acid was 

commercialised (Mitscher, 2005). Since then, structural modifications have resulted in second-, 

third-, and fourth-generation quinolones, which have improved coverage of Gram-positive 

organisms. Quinolones rapidly inhibit DNA synthesis by promoting cleavage of bacterial DNA 

in the DNA-enzyme complexes of DNA gyrase and type IV topoisomerase, resulting in rapid 
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bacterial death. As a general rule, Gram-negative antibacterial activity correlates with inhibition 

of DNA gyrase, and Gram-positive antibacterial activity corresponds with inhibition of DNA 

type IV topoisomerase (Oliphant and Green, 2002). 

The basic quinolone structure (Fig. 1.5) consists of a bicyclic aromatic core displaying the R1-

substituted nitrogen at the 1 position, the ketone group at the C4 position, and a carboxylic group 

at the C3 position. The atom attached at the 8 position can be carbon, in the case of 

true quinolones, or nitrogen, in which case the structure formed is a naphthyridone. However, 

both structures are considered quinolone agents. The analogues have different substituents at the 

C2, C6, C7, or C8 positions. These structural differences modify their antibacterial activity, half-

life, and toxicity (Doña et al., 2018). 

Quinolones can be classified into four generations based on antimicrobial activity. First-

generation agents used less often today include nalidixic acid and cinoxacin which have 

moderate gram-negative activity and minimal systemic distribution. Second-generation 

quinolones have expanded gram-negative activity and atypical pathogen coverage but limited 

gram-positive activity. These agents are most active against aerobic gram-negative bacilli. 

Ciprofloxacin remains the quinolone most active against Pseudomonas aeruginosa. Third-

generation quinolones retain expanded gram-negative and atypical intracellular activity but have 

improved gram-positive coverage. Finally, fourth-generation agents improve gram-positive 

coverage, maintain gram-negative coverage, and gain anaerobic coverage (Oliphant and Green, 

2002). The most popular quinolones are fluoroquinolones (FQs) (with a fluorine atom on C6)  

which include ciprofloxacin, lomefloxacin, norfloxacin, ofloxacin, moxifloxacin and 

levofloxacin (Fig. 1.5). 

 

 

Fig. 1.5: Chemical structure of the main quinolones. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/quinolone
https://www.sciencedirect.com/topics/medicine-and-dentistry/ketone
https://www.sciencedirect.com/topics/medicine-and-dentistry/quinolone-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/antibacterial-activity
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In 2017, in 28 EU/EEA countries, four substances accounted for 90% of quinolone consumption 

in the community expressed in DDD per 1000 inhabitants per day: ciprofloxacin (48.6% in 2017 

compared with 50.8% in 2009), levofloxacin (28.8% in 2017 compared with 11.8% in 2009), 

norfloxacin (10.4% in 2017 compared with 18.2% in 2009) and moxifloxacin (7.2% in 2017 

compared with 7.4% in 2009). First-generation quinolones (mostly norfloxacin) represented the 

most consumed quinolone subgroup in Croatia and represented >20% of quinolone consumption 

in the community in Estonia, Lithuania, Poland and Romania. Pipemidic acid was used in five 

countries. Among the other first-generation quinolones, nalidixic acid was only reported in 

Romania and flumequine was only used in France. Second-generation quinolones were the most 

widely consumed quinolones in EU/EEA countries. Their consumption exceeded 50% (median 

85%) of quinolone consumption in the community in all countries except Croatia. Ciprofloxacin 

was the most consumed second-generation quinolone in 24 countries; levofloxacin was the most 

consumed in Bulgaria, Cyprus, Hungary and Italy; and ofloxacin was the most consumed in 

France (Adriaenssens et al., 2021). However, ciprofloxacin remained the most consumed 

quinolone in most countries. Yet, an emerging trend to consume more levofloxacin and 

moxifloxacin, mainly in countries with a high quinolone consumption, should be noted. 

Quinolones have attracted particular attention cause of the recent toxicity episodes found in some 

treated patients. Indeed, fluoroquinolone medicines (which contain ciprofloxacin, levofloxacin, 

lomefloxacin, moxifloxacin, norfloxacin, ofloxacin, pefloxacin, prulifloxacin and rufloxacin) can 

cause long-lasting, disabling, and potentially permanent side effects involving tendons, muscles, 

joints and the nervous system. These severe side effects include inflamed or torn tendons, muscle 

pain or weakness, joint pain or swelling, walking difficulty, feeling pins and needles, burning 

pain, tiredness, depression, problems with memory, sleeping, vision and hearing, and altered 

taste and smell. For these reasons, in April 2019, the EMA’s Committee for medicinal products 

for human use (CHMP) endorsed the recommendations of EMA’s safety committee (PRAC). It 

concluded that the marketing authorisation of medicines containing cinoxacin, flumequine, 

nalidixic acid, and pipemidic acid should be suspended. The CHMP confirmed that the use of the 

remaining fluoroquinolone antibiotics should be restricted. In addition, the prescribing 

information for healthcare professionals and information for patients will describe the disabling 

and potentially permanent side effects and advise patients to stop treatment with a 

fluoroquinolone antibiotic at the first sign of a side effect involving muscles, tendons or joints 

and the nervous system (European Medicines Agency, 2018).  

As quinolone consumption should be restricted and mainly reserved for well-defined indications, 

the high consumption and seasonal variation of quinolones in the community observed in some 
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countries probably indicate non-adherence to prescribing guidelines. From a public health 

perspective, this is an important consideration, as excessive and inappropriate use of quinolones 

is associated with the development of quinolone resistance, requires more resources and exposes 

patients to the additional risk of side effects. All quinolones are listed as Watch group antibiotics 

in the 2019 WHO Access, Watch or Reserve (AWaRe) classification list (World Health 

Organization, 2019). The continuous monitoring of quinolone consumption in the community 

can help assess the impact of future interventions promoting better use of these antibiotics. 

Administered fluoroquinolones are primarily excreted as unchanged compounds in urine and 

consequently discharged into hospital or municipal sewage (Fink et al., 2012; Pena et al., 

2007). These fluoroquinolones are not entirely removed at WWTPs, and consequently, their 

continuous introduction into the environment makes fluoroquinolones ‘pseudo-persistent’ 

compounds (Frade et al., 2014). The excellent chemical stability of the heterocyclic ring makes 

these drugs highly persistent (to thermal decomposition, hydrolysis and biodegradation) 

widespread in the environment, with possible insertion into the food chain through plants. 

Biosolids, animal manure, antibiotic manufacturing, and WWTP effluents contaminated with 

fluoroquinolones all constitute potential reservoirs of active fluoroquinolone compounds either as 

residues in the parent form or as metabolites. The flow of fluoroquinolone compounds from these 

sources into surrounding watersheds contributes to increased concentrations present in tested 

water and a negative impact on water quality (Janecko et al., 2016). 

Initially present in water bodies, the fluoroquinolones rapidly transfer into the soil and sediments 

due to strong adsorption on minerals and organic matter (Sturini et al., 2012). Besides their 

potential to promote antibiotic resistance, fluoroquinolones also have an unfavourable 

ecotoxicity profile (Golet et al., 2002a). They may contribute to a significant portion of the 

measured bacterial genotoxicity in hospital effluents (Zhang and Huang, 2005).  

1.6.1.1  Quinolones in the soil environment 

Fluoroquinolones have become one of the major contaminants in wastewater bodies, which are 

not even wholly removed during treatment. Furthermore, their abundance in agricultural 

resources, such as irrigation water, bio-solids and livestock manure, can also affect the soil 

micro-environment. These antibiotics in soil tend to interact in several different ways to affect 

soil flora and fauna (Riaz et al., 2018).  

Although the antibiotics have been detected in soil in relatively low concentrations compared to 

other pollutants, they might have long-lasting effects on plants, animals and humans. A few 

studies have reported the sorption and degradation mechanism of quinolone antibiotics in soil 
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using high concentrations (up to mg·kg
-1 

levels) to gain insight into their behaviour, including 

persistence and mobility in the soil. The presence of fluoroquinolone residues in the food chain, 

even at low concentrations, is a potential risk factor for consumers. Fluoroquinolone antibiotics 

have been reported in concentrations as high as mg·kg
-1 

in soil (Golet et al., 2002b; Prat et al., 

2006; Uslu et al., 2008). They were initially present in wastewater and transported to the soil 

compartment due to irrigation or sorption on minerals and organic matter. Furthermore, the 

manure produced from animal husbandry and biosolids in the wastewater treatment plants serves 

as a source of fertiliser for agricultural soil in many regions which further enhances the 

concentration of these antibiotics in that compartment (Turiel et al., 2007). 

The FQs result in high sorption in the soil micro-environment since a  smaller portion undergoes  

transformation through biodegradation. When they enter the soil environment through irrigation 

of wastewater or biosolids and manure, they can cause toxicity to soil flora and fauna. For 

example, veterinary antibiotics such as enrofloxacin (ENR) pose threats to soil fauna, i.e. 

earthworms, usually used as bio-indicators of chemical contamination in soils. A past study 

showed that the earthworms undergo oxidative stress, reduced burrowing activity and CO2 

production when exposed to ENR concentrations at 10 mg·kg
-1

 soil (Li et al., 2016). For what 

concern the effects on the flora, the toxicity of FQs to plants varies from species to species and 

greatly depends on the sorption of these compounds in soil (Kumar et al., 2012). For example, 

the research evaluated the toxicity of levofloxacin towards seedlings of yellow lupin (L.  luteus 

L. cv. Dukat) by considering the length of roots and shoots, seedling fresh and dry weight as 

morphological parameters, the activity of enzymes (catalase and peroxidase), protein profile and 

location of free radicals as physiological and biochemical parameters. The results showed a wide 

range of changes in protein synthesis in lupin roots. In contrast, on a morphological level, the 

levofloxacin soil contamination resulted in over 50% inhibition of root and shoot growth and a 

similar reduction in seeding fresh mass (Orzoł and Piotrowicz-Cieślak, 2017). Another study 

evaluated the effects of three FQ antibiotics (ofloxacin, ciprofloxacin and levofloxacin) in the 

presence of three organic amendments (rice husk, farmyard manure and poultry litter) with rice 

(Oryza sativa L.) as a model plant. Organic amendments were mixed with soil (5 g·kg
-1

), and 

after three weeks, antibiotics were applied (10 mg·kg
-1

), and plants were allowed to grow for 

four months. After which plants were harvested, physical growth parameters (root/shoot length, 

biomass) and nutritional composition (grain protein content, carbohydrates, phosphorous and 

iron) were monitored. It was observed that germination rate, seedling root/shoot length, seedling 

biomass and vigour index were negatively impacted. Among all antibiotics, the most damaging 

was ofloxacin at the germination stage followed by ciprofloxacin and levofloxacin. Similarly, at 
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the maturity stage, the most harmful drug was ofloxacin then levofloxacin and ciprofloxacin 

(Mukhtar et al., 2020b). 

1.6.1.2  Quinolones in wastewater and surface water 

Until recently, pharmaceutical compounds in the environment have drawn very little attention. 

Although their presence in the effluents of WWTPs had been reported, it was believed these 

compounds were readily biodegradable in the background as most could be metabolised and 

transformed to some extent in humans. However, many recent studies have demonstrated the 

persistence of these pharmaceuticals in the aquatic environment (Frade et al., 2014). Because of 

their extensive usage, the presence and accumulation of fluoroquinolone antibacterial agents in 

aquatic environments have been widely reported. In fact, due to their strong sorption properties 

and a degree of resistance to microbial degradation, fluoroquinolones can persist in 

environmental waters (Ramos Payán et al., 2011; Robinson et al., 2005). Rivers become 

contaminated with fluoroquinolones through the domestic, urban, hospital, and industrial 

wastewaters (Adachi et al., 2013; Van Doorslaer et al., 2014). In addition, the rainfall-runoff 

from agricultural fields fertilised with contaminated manure or sludge can contribute to the 

dispersion of fluoroquinolones into soil and water bodies. Fluoroquinolone residues can 

negatively affect aquatic and terrestrial organisms, such as altering microbial activity and 

community composition in groundwater and causing antibiotic resistance (Ory et al., 2016). 

These chemicals in the environment are alarming because they can appear individually and as a 

complex mixture, leading to unwanted synergistic effects (Liu et al., 2018; Petrie et al., 2015). 

Moreover, contamination of water bodies can result in their bioaccumulation in aquatic 

ecosystems (Zhang et al., 2019; Zhao et al., 2018).  

Researchers have focused on antibiotics with high persistence or high concentrations in aquatic 

environments (Bendz et al., 2005). Contamination with fluoroquinolones has been widely 

reported worldwide in different aquatic matrices at variable concentrations, including surface 

water, groundwater, sewage or sediment samples (Janecko et al., 2016). For example, 249-405 

ng·L
−1

 of ciprofloxacin and 45-120 ng·L
−1

 of norfloxacin were detected in domestic sewage in 

Switzerland (Golet et al., 2002a). Higher concentrations of some fluoroquinolones (0.6-2 

μg·L
−1

) were also detected in wastewaters in the United States. Median concentrations of 0.02 

μg·L
−1

 and 0.12 μg·L
−1

 were reported for ciprofloxacin and norfloxacin, respectively, for 

samples from 139 surface streams across the United States. Additionally, ciprofloxacin in the 

range 0.7-124.5 μg·L
−1

 was found in wastewater of a Swiss hospital (Fink et al., 2012). 

Ciprofloxacin and norfloxacin were also detected in sewage and at WWTPs in Switzerland in the 
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range 45-568 ng·L
−1

 and 36-367 ng·L
−1

, respectively. The removal efficiency of these drugs in 

WWTPs was 79-87% (Kümmerer et al., 2000). In samples obtained from wastewater treatment 

plants in Portugal, ciprofloxacin was measured at 856 ng·L
−1

 in the influent (Maia et al., 2020).  

Jia et al. (2012) developed a method for analysing nineteen quinolone and fluoroquinolone 

antibiotics in sludge samples. They investigated the occurrence and fate of the FQs in a 

municipal sewage treatment plant (STP) with anaerobic, anoxic, and aerobic treatment processes. 

Ten compounds of the 19 target antibiotics, including pipemidic acid, fleroxacin, ofloxacin, 

norfloxacin, ciprofloxacin, enrofloxacin, lomefloxacin, sparfloxacin, gatifloxacin, and 

moxifloxacin, were detected in wastewater samples from Qinghe STP (Beijing, China). 

Ofloxacin (128 ± 97 ng·L
−1

) and norfloxacin (775 ± 87 ng·L
−1

) were the dominant FQs in the 

raw sewage, accounting for 50 ± 1% and 30 ± 0.6% of total concentrations, respectively. 

Relatively low concentrations were detected in the raw sewage for lomefloxacin (162 ± 4 

ng·L
−1

), ciprofloxacin (99 ± 21 ng·L
−1

), pipemidic acid (86 ± 17 ng·L
−1

), moxifloxacin (72 ± 34 

ng·L
−1

), gatifloxacin (66 ± 7 ng·L
−1

), flerox-acin (14 ± 1 ng·L
−1

), enrofloxacin (8.3 ± 3.2 

ng·L
−1

), and sparfloxacin (4.4 ± 0.3 ng·L
−1

). 

Fluoroquinolones were also detected in hospital wastewaters. However, reports focusing on their 

traces in these waters are scarce. Worldwide, some authors (Gros et al., 2013; Lima Gomes et 

al., 2015; Watkinson et al., 2009) reported that the predominant fluoroquinolones present in 

hospital raw wastewater effluents were ciprofloxacin (0.85-101 ng·mL
−1

), ofloxacin (25-35 

ng·mL
−1

) and norfloxacin (0.2-17 ng·mL
−1

). Unexpectedly, enrofloxacin, a veterinary drug, was 

also identified in hospital wastewater (0.1 ng·mL
−1

) (Watkinson et al., 2009). Norfloxacin is 

observed in tap water and effluents from the wastewater treatment plant and surface water 

(Watkinson et al., 2007; Yiruhan et al., 2010). In another study, it was reported that the 

ciprofloxacin concentration in hospital wastewater (8.3-13.8 ng·mL
−1

) was approximately ten 

times higher than in the effluents of a wastewater treatment plant (0.6-1.3 ng·mL
−1

) (Rodriguez-

Mozaz et al., 2015). Rodrigues-Silva et al. (2019) investigated the occurrence of 

fluoroquinolones in hospital raw sewage (HRS). They treated wastewater (TW) using a solid 

online phase extraction-ultra high-performance liquid chromatography-tandem mass 

spectrometry method (SPE-UHPLC-MS/MS). All HRS samples contained ciprofloxacin (1-34 

ng·mL
−1

) and ofloxacin (0.9-27 ng·mL
−1

), while norfloxacin was detected in 17% of the samples 

(0.8-4.4 ng·mL
−1

). Only ciprofloxacin (0.5-5.6 ng·mL
−1

) was detected in TW samples. 

Levofloxacin and Ciprofloxacin were also detected in raw and finished drinking water from Al-

Rasheed and Al-Wihda plants in Baghdad (Iraq). The results showed that all target analytes were 

detected in the drinking water treatments. Ciprofloxacin was detected in 11 out of 36 water 
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samples, with a maximum concentration of 1.270 μg·L
−1

; nine species confirmed the presence of 

levofloxacin, with a maximum concentration of 0.177 μg·L
−1

 (Mahmood et al., 2019). 

Ciprofloxacin and enrofloxacin were also detected in actual water river samples by Alcaraz et 

al. (2016), and their concentrations were found to be 0.4 and 3.6 μg·L
−1

, respectively. Currently, 

the presence of 0.97 μg·L
−1

 of enrofloxacin shows the continuous existence of fluoroquinolones 

in this water source. Many studies have noted the ubiquity of enrofloxacin worldwide. 

Concerning the presence of this fluoroquinolone in river waters, the highest reported 

concentration (due to vast discharges of domestic and industrial wastewaters [123 μg·L
−1

]) was 

found in the Musi River in India (Gothwal and Thatikonda, 2017). Ciprofloxacin was also 

found in marine environments and freshwaters (He et al., 2012; Hughes et al., 2013).  

Next to surface water, groundwater is threatened by FQs pollution due to (i) percolation from 

sludge or manure fertilised acres into the deeper soil layers, (ii) landfill leachate if there are no 

collection barriers, and (iii) via FQs polluted surface waters. Extreme ciprofloxacin (CIP) 

groundwater pollution (0.7–14 μg·L
−1

) is observed in the Pantacheru region in India, where also 

high CIP surface water concentrations are detected (Fick et al., 2009). Densely populated areas 

are also vulnerable to FQs groundwater pollution, as is observed by López-Serna et al. (2013), 

where FQ concentrations up to 0.5 μg·L
−1

 are reported in the region of the metropolis of 

Barcelona.  

As said above, fluoroquinolones in the environment can pose a severe threat to the ecosystem 

and human health due to their high consumption globally. In 1998, around 120 tons were 

produced. The consequences of fluoroquinolones in the environment are not fully understood but 

are toxic to plants and aquatic organisms.  

In mammals, norfloxacin causes neurotoxicity, embryotoxicity and genotoxicity (Yang et al., 

2020). Ciprofloxacin affects the metabolism of the bacteria's carbon source in marine 

environments (Johansson et al., 2014). In addition, ciprofloxacin is toxic to other aquatic 

organisms, such as green algae and cyanobacteria. Moreover, ciprofloxacin (10 μg·L
−1

), 

combined with other pharmaceuticals such as ibuprofen (6 μg·L
−1

) and fluoxetine (10 μg·L
−1

), 

causes death in fish (Richards et al., 2009). 

Although most fluoroquinolones have been observed at concentrations below 1 mg·L
−1

 in 

aquatic environments, the studies of toxic mechanisms at higher concentrations may enable the 

establishment of clear regulatory rules for the use of fluoroquinolone antibiotics. The combined 

exposure of β-diketone antibiotics (DKA), including ciprofloxacin, ofloxacin, norfloxacin, and 

enrofloxacin, significantly reduced the normal formation of zebrafish larvae and hatching rate 

compared to the control at concentrations higher than 37.5 mg·L
−1

 (Wang et al., 2014).  
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Yamashita et al. (2006) evaluated the toxic effects of the antibacterial agent levofloxacin, 

widely used in Japan, on aquatic organisms. In particular, ecotoxicity tests were carried out on a 

marine fluorescent bacterium (Vibrio fischeri), an alga and marine crustacean (Daphnia magna). 

Microtox
®
 bioluminescence test on Vibrio fischeri and Daphnia magna immobilisation test 

showed no acute toxicity of levofloxacin. Meanwhile, an algal growth inhibition test revealed 

that levofloxacin has high microalgae toxicity. However, from the Daphnia reproduction test, 

levofloxacin showed chronic toxicity to the crustacean. 

One year before, Robinson et al. (2005) performed some toxicity tests of seven fluoroquinolone 

antibiotics (ciprofloxacin, lomefloxacin, ofloxacin, levofloxacin, clinafloxacin, enrofloxacin and 

flumequine) on five aquatic organisms. The cyanobacterium Microcystis aeruginosa was the 

most sensitive organism (5-day growth and reproduction, effective concentrations [EC50s] 

ranging from 7.9 to 1.960 μg·L
−1

 and a median of 49 μg·L
−1

), followed by duckweed (Lemna 

minor, 7-day reproduction, EC50 values ranged from 53 to 2.470 μg·L
−1

 with a median of 106 

μg·L
−1

) and the green alga Pseudokirchneriella subcapitata (3-day growth and reproduction, 

EC50 values ranged from 1.100 to 22.700 μg·L
−1

 with a median 7.400 μg·L
−1

). Tests with the 

crustacean Daphnia magna (48h survival) and fathead minnow (Pimephales promelas, 7-day 

early life stage survival and growth) showed limited toxicity with no-observed effect 

concentrations at or near 10 mg·L
−1

. Fish dry weights obtained in the ciprofloxacin, 

levofloxacin, and ofloxacin treatments (10 mg·L
−1

) were significantly higher than in control fish. 

The hazard of adverse effects occurring to the tested organisms in the environment was 

quantified using hazard quotients. An estimated environmental concentration of 1 μg·L
−1

 was 

chosen based on measured ecological concentrations previously reported in surface water; at this 

level, only M. aeruginosa resulted in being at risk in surface water. However, the selective 

toxicity of these compounds may have implications for aquatic community structure, especially 

if they are present in combination in the water environment by acting with a synergistic effect. 

The individual and combined toxicities of levofloxacin and norfloxacin have been examined by 

González-Pleiter et al. (2013) in two organisms representative of the aquatic environment, the 

cyanobacterium Anabaena CPB4337 as a target organism and the green alga 

Pseudokirchneriella subcapitata as a non-target organism, and results were obtained after 72h of 

exposure. The antibiotic concentrations tested ranged from 0.01-200 mg·L
−1

 for levofloxacin and 

0.01-100 mg·L
−1

 for norfloxacin. Levofloxacin and norfloxacin were more toxic to the 

cyanobacterium, most probably due to its higher sensitivity thanks to its prokaryotic nature than 

to the green alga. However, based on EC10 and EC20 values, levofloxacin was more toxic than 
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norfloxacin to the green alga. The two antibiotics were also tested in combination, and the results 

showed that they could be dangerous due to the synergistic interaction found at low-level effects. 

In another study (Ebert et al., 2011), the growth inhibition effect of the fluoroquinolone 

antibiotics enrofloxacin and ciprofloxacin was investigated on four photoautotrophic aquatic 

species: the freshwater microalga Desmodesmus suspicious, the cyanobacterium Anabaena flos-

aquae, the monocotyledonous macrophyte Lemna minor, and the dicotyledonous macrophyte 

Myriophyllum spicatum. Both antibiotics demonstrated high toxicity to A. flos-aquae and L. 

minor and moderate to slight toxicity to D. suspicious and M. spicatum. Also, in this study, the 

cyanobacterium was the most sensitive species with median effective concentration (EC50) 

values of 173 and 10.2 µg·L
−1

 for enrofloxacin and ciprofloxacin, respectively. Lemna minor 

proved to be similarly sensitive, with EC50 values of 107 and 62.5 μg·L
−1

 for enrofloxacin and 

ciprofloxacin, respectively. While enrofloxacin was more toxic to green algae, ciprofloxacin was 

more harmful to cyanobacterium. Calculated EC50s for D. suspicious were 5.568 μg·L
−1

 and 

>8.042 μg·L
−1

 for enrofloxacin and ciprofloxacin, respectively. 

Acute toxicity of 21 quinolone antibiotics (cinoxacin, ciprofloxacin, danofloxacin, difloxacin 

hydrochloride, enoxacin, enrofloxacin, fleroxacin, levofloxacin, lomefloxacin hydrochloride, 

moxifloxacin hydrochloride, norfloxacin, ofloxacin, pazufloxacin, pipemidic acid, sarafloxacin 

hydrochloride, sparfloxacin, balofloxacin, gatifloxacin, nadifloxacin, pefloxacin, rufloaxcin 

hydrochloride) was also assessed from Li et al., (2014) using photobacterium Vibrio fischeri 

assay. The results suggested that difloxacin, moxifloxacin and cinoxacin showed relatively high 

acute toxicity among all tested compounds, with IC20 values of 18.86, 22.85 and 35.02 

μmol·L
−1

, respectively. Additionally, the action mode of quinolones to V. fischeri was 

investigated with the established QSAR (Quantitative Structure-Activity Relationship) model. 

The electronegative atoms in quinolone molecules, such as F, N, and O atoms, donated electrons 

to photobacterium and thus inhibited the luminance emission. Although the quinolones showed 

limited acute toxicity, the coexistence of multiple quinolones in environmental matrices may 

lead to severe overall toxicity. 

High fluoroquinolone compound concentrations were present in urban centres where 

conventional WWTPs processed wastewater influent. The removal fraction accumulated higher 

concentrations of fluoroquinolones in the treated byproduct sludge (biosolids portion) (Janecko 

et al., 2016). As said above, a small % of the fluoroquinolones present in influents can be 

removed by conventional wastewater treatment plants (approximately 85%). Still, the extracted 

fraction is frequently accumulated in the sludge, sometimes used as fertiliser, representing an 

additional input route into the environment. In contrast, the remaining % is founded into 
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WWTPs effluents and surface water. The removal of fluoroquinolones by biological treatment is 

ineffective, and it is believed that only advanced oxidation technologies can destroy these 

emerging contaminants (Frade et al., 2014). 

1.7   Advanced Oxidation Processes (AOPs) 

In the last decades, industrial processes have generated many molecules that polluted air and 

waters due to negative impacts for ecosystems and humans (toxicity, carcinogenic and mutagenic 

properties) (Busca et al., 2008). Organic substances are refracted to biological degradation 

processes, but chemical technologies can remove them in many cases. Different chemical 

oxidation processes can be used. For high concentrations of organic substances, i.e., COD major 

than 20 g/mL, incineration or wet air oxidation processes are the most convenient, even if high 

pressure and high temperature have to be settled. Advanced oxidation processes (AOPs) are 

recommended for low concentrations of organics. These processes can be broadly defined as 

aqueous phase oxidation methods based on the intermediacy of highly reactive species such as 

hydroxyl radicals (HO
•
) or sulphate radicals (SO4

•−
) in the mechanisms leading to the destruction 

of the target pollutant (Comninellis et al., 2008). A chemical wastewater treatment using AOPs 

completely mineralises pollutants to CO2, water, and inorganic compounds, or their 

transformation into more innocuous products (Poyatos et al., 2009). In particular, the 

decomposition of non-biodegradable organic pollutants can lead to biodegradable intermediates. 

Thus it can be recommended in some cases to set AOPs as pre-treatments, followed by 

biological processes.  

The basic principle of advanced oxidation processes entails the generation of hydroxyl free 

radical (HO
•
), a non-selective chemical oxidant, as a strong oxidant for destroying organic 

compounds that conventional oxidants cannot oxidise as ozone, oxygen and chlorine (Munter, 

2001). Hydroxyl radicals effectively destroy organic chemicals because they are reactive 

electrophiles that react rapidly and non-selectively with almost all organic compounds that are 

electron-rich (Glaze et al., 1987). Their oxidation potential is quantified as 2.80V, which makes 

them exhibit faster rates of oxidation reactions than conventional oxidations. Once the hydroxyl 

radicals are generated, they can attack organic chemicals through electron transfer, hydrogen 

abstraction and radical combination (Al Mayyahi and Ali Abed Al-Asadi, 2018). 

Key AOPs include photocatalysis based on near-ultraviolet (UV) or solar visible irradiation, 

electrochemical processes, ultrasound (US), and chemical oxidation using oxidants, especially 

ozone and Fenton’s reagent. These methods produce HO
•-
 radicals. These radicals are very 
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reactive, attack most organic molecules and are not highly selective (Skoumal et al., 2006). 

Furthermore, less conventional but evolving processes exist, including ionising radiation, 

microwaves, pulsed plasma, and ferrate reagent utilisation. Moreover, it has been shown that 

coupled AOPs can lead to higher removal efficiencies. Thus, more AOPs are often used 

simultaneously as UV/O3, UV/H2O2, photo-Fenton, O3/H2O2 and others. Some researchers have 

classified AOPs, both singles and combined, differentiating them as homogeneous or 

heterogeneous. Homogeneous processes have been further subdivided into methods that use 

energy and techniques that don’t use energy, as shown in Fig. 1.6 (Poyatos et al., 2009). 

 

Fig. 1.6: Classification of advanced oxidation processes (Mokhbi et al., 2019). 

Homogeneous AOPs using energy in the form of ultraviolet (UV) radiation, ultrasonic (US) 

energy or electrical energy have been applied to remove several pollutants from wastewater. 

Especially homogeneous treatments employing UV light have generally been used to degrade 

compounds that absorb within the corresponding range of the spectrum. UV radiation has been 

more often applied in the presence of other oxidants such as UV/O3, UV/H2O2, UV/O3/H2O2, 

UV/Fe
2+

/H2O2 (photo-Fenton) etc. (Babuponnusami and Muthukumar, 2014). Ultrasounds 

(US) constitute a particular type of AOPs in which the formation of reactive radicals (HO
•
, HO2

•
, 

O
•
) can proceed either through a primary physical (direct) mechanism, where sonolysis of water 
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molecules takes place or through the chemical (indirect) mechanism, where homolytic 

fragmentation of water and dioxygen molecules occur (Ghatak, 2014; Oturan and Aaron, 

2014). However, ultrasound in AOPs is not very energy efficient because 50% of the input 

energy is lost in thermal dissipation (Zouaghi et al., 2011). For this reason, various 

combinations of ultrasounds with other oxidants, such as H2O2 and O3, as well as with UV 

irradiation and with various AOPs, including the Fenton’s reagent (with different forms of iron: 

Fe
0
, Fe

2+
 and Fe

3+
) and Fenton-type reactions (called sono-Fenton AOPs) have been developed. 

Electrochemical AOPs are a form of degradation treatment based on electrical energy to break 

up organic pollutants contained in wastewater effluents. This group of homogeneous AOPs is 

subdivided into electrochemical oxidation, anodic oxidation and electro-Fenton, which are all 

techniques based on the transfer of electrons. 

Homogeneous AOPs without energy include ozonation in alkaline medium and ozonation with 

hydrogen peroxide. O3, especially in pH>7, is unstable and undergo spontaneous degradation to 

generate hydroxyl radicals, which attack the molecules of organic contaminant. In the presence 

of H2O2, ozonation proceeds through a different set of reactions in which H2O2 is partially 

dissociated to hydroperoxide anion that reacts with the ozone to produce more radicals. 

Heterogeneous AOPs require the addition of catalysts (metal oxides of Ti, Al, Zn, V, Cr, Mn, 

etc., or organometal catalysts) for the degradation reactions. Compared with the homogeneous 

AOPs, the heterogeneous AOPs have the advantage of easier separation from the product 

(meaning the treated effluents). Catalytic ozonation (Fe
2+

/O3, TiO2/O3), photocatalytic ozonation 

(UV/TiO2/O3), and heterogeneous photocatalysis (UV/TiO2) are the most commonly used 

applications (Vagi and Petsas, 2017). 

The AOP variety comes from the fact that there are many ways to hydroxyl radical production; 

this allows to meet the needs of any treatment. The hydroxyl radicals can be generated by 

different oxidation processes, such as ultraviolet (UV) (Mansilla et al., 1997), hydrogen 

peroxide combined with ultraviolet radiation (H2O2/UV), Fenton process (Fe(II)/H2O2) 

(Walling, 1975), photo-Fenton process (Pignatello, 1992), ozone (O3), O3/UV (Baxendale and 

Wilson, 1957) and heterogeneous photocatalysis using semiconductors such as titanium dioxide 

(TiO2)-UV/TiO2 process. 

1.7.1  Photolysis 

Photolysis (also called photochemical reaction or photodissociation) is a chemical process by 

which chemical bonds are broken as the result of the transfer of light energy (direct photolysis) 

or radiant energy (indirect photolysis) to these bonds. The photolysis rate depends upon 
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numerous chemical and environmental factors, including the light adsorption properties and 

reactivity of the chemical and the intensity of solar radiation. In the process, the photochemical 

mechanism of photolysis is divided into three stages: (I) the adsorption of light, which excites 

electrons in the molecule, (II) the primary photochemical processes which transform or de-excite 

the excited molecule, and (III) the secondary (“dark”) thermal reactions which transform the 

intermediates produced in the previous step (Speight, 2017). Solar energy can be used as the 

source of such radiation energy to degrade some compounds. Still, the photons’ energy level that 

composes the solar spectrum is insufficient in many cases. Hence, ordinarily, ultraviolet light 

radiation and, more specifically, UVC correspond to radiation at a very low wavelength. The 

direct photolysis happens thanks to the direct interaction of a photon cross-reactive with a target 

molecule leading to the "photodissociation" or "photodecomposition" of the chemical. Different 

investigations indicate that several organic contaminants can be decomposed partial or totally 

into other substances less toxic and more biodegradable by oxidation based on UV light 

(Mokrini et al., 1997). 

In photochemical reactions, one other possible way to generate the hydroxyl radical is the 

photolysis of the water according to equation 1.1. 

H2O + hν  H + HO
•
  Eq. 1.1 

If this reaction could be considered an essential source of radicals, it would happen at a very low 

rate. To increase the production rate of oxidative species, some additives are added, like adding 

oxidant H2O2 and O3, adding a catalyst (Photo-Fenton) or photocatalysis (TiO2). 

1.7.2  UV/H2O2 processes 

The ultraviolet/H2O2 (UV/H2O2) process involves the photolysis of hydrogen peroxide. The 

most accepted mechanism for this H2O2 photolysis is the cleavage of the O-O bond by the action 

of ultraviolet light forming two hydroxyls radical. This process is effected by irradiating the 

pollutant solution containing H2O2 with UV light having wavelengths smaller than 280 nm. This 

causes the homolytic cleavage of H2O2 (Eq. 1.2) (Beltrán et al., 1997). 

H2O2 + hν → 2 HO
•
  Eq. 1.2 

Since H2O2 itself is attacked by OH radicals: 

H2O2 + HO
•
 → H2O + HO2

•
  Eq. 1.3 

2HO2
•
 → H2O2 + O2  Eq. 1.4 
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When these reactions occur in solutions containing organic contaminants, the reaction begins 

forming different radicals that degrade these contaminants. The hydroxyl radical generated in the 

presence of an organic substrate can react in three different ways: 

1. With hydrogen abstraction: HO
•
 + RH  R 

•
 + H2O 

2. With electrophilic addition: HO
•
 + PhX  HOPhX 

•
 

3. With electron transfer: HO
•
 + RX  RX 

•+
 + HO

–
 

The major drawback of this process is due to the small molar extinction coefficient of H2O2, 

which is only 18.6 M
−1

·cm
−1

 at 254 nm; only a relatively small fraction of incident light is 

therefore exploited, particularly in the cases where organic substrates will act as inner filters. The 

photolysis rate of aqueous H2O2 is pH-dependent and increases when more alkaline conditions 

are used (Legrini et al., 1993). This may be primarily due to the higher molar absorption 

coefficient of the peroxide anion HO2
−
 which at 254 nm is 240 M

−1
·cm

−1
. 

1.7.3 Ozonation 

Ozonation is usually adopted for water disinfection, but it also has a high pretreatment method 

potential. As the most potent oxidising reagent, ozone can degrade several phenolic 

compounds effectively, with the advantage that oxidised products are usually less toxic than the 

parental compounds. In oxidation systems, by using ozone, it is possible: 

 to convert inorganic components into higher oxidation stages; 

 to cleave hardly biodegradable organic compounds; 

 to kill bacteria; 

 to destroy especially odorous, taste-causing and colouring substances. 

The ozonation process involves compressing air from the atmosphere and feeding this air 

through valves into a chamber containing pellets. The valves switch back and forth to vary the 

pressure in the room from alternating vacuum and pressure cycles. The air breaks down to 

separate nitrogen and oxygen, with nitrogen merging with the pellets, leaving free O2 that goes to 

an oxygen tank and is stored there until needed. The free O2 progresses to an ozone generator, 

where the electric current is used to charge the O2 to reform as O3 charged molecules with 

electricity. The O3 is then applied to the wastewater, where it violently disinfects the water and 

dissipates in it. The wastewater is further subjected to traditional water treatment, such as 
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filtration and chlorination, with any excess ozone recycled to the inlet water where it joins the 

water system (Arvanitoyannis and Kassaveti, 2008). 

The ozonation of dissolved compounds in water can constitute an AOP by itself, as hydroxyl 

radicals are generated from the decomposition of ozone, which is catalysed by the hydroxyl ion 

or initiated by traces of other substances, like transition metal cations (Hoigné et al., 1985). As 

the pH increases, so does the ozone decomposition rate in water. Ozone decomposition in 

aqueous solution develops through the formation of OH radicals, and HO
–
 ion has the role of 

initiator in the reaction mechanism: 

HO
–
 + O3  O2 + HO2

–
  Eq. 1.5 

HO2
–
 + O3  HO2

•
 + O3

•–
  Eq. 1.6 

HO2
•
 ⇌ H

+
 + O2

•–
  Eq. 1.7

 

O2
•–

 + O3  O2 + O3
•–

  Eq. 1.8
 

O3
•–

 + H
+ 
 HO3

•
  Eq. 1.9

 

HO3
•
  HO

•
 + O2  Eq. 1.10 

HO
•
 + O3  HO2

•
 + O2  Eq. 1.11 

In an ozonation process, two possible pathways have to be considered: the direct pathway 

through the reactions with molecular ozone and the radical pathway through the reactions of 

hydroxyl radicals generated in the ozone decomposition and the dissolved compounds. The 

molecular ozone reactions commonly occur through ozonolysis of a double bond or attack of 

nucleophilic centres, where aldehydes, ketones or carboxylic acids are obtained from double 

bonds; amides from nitriles; amine oxides from amines, etc. The radical mechanism 

predominates in less reactive molecules, such as aliphatic hydrocarbons, carboxylic acids, 

benzenes or chlorobenzenes (Hoigne and Bader, 1979). An essential factor for this process is 

the pH; usually, the direct pathway dominates under acidic conditions (pH<4); above pH 10, it 

changes to the radical. 

1.7.4 O3/UV process 

O3/UV process is an advanced water treatment method for the effective oxidation and destruction 

of toxic and refractory organics in water. Ozone readily absorbs ultraviolet radiation at 254 nm 

wavelength (the extinction coefficient is 3600 M
−1

·cm
−1

), producing H2O2 as an intermediate 

that decomposes to HO
•
 (Peyton and Glaze, 1988). 
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This system contains three components to produce HO
•
 radicals and oxidises the pollutant for 

subsequent reactions: UV radiation, ozone and hydrogen peroxide. Therefore, the reaction 

mechanism of O3/H2O2 and the combination UV/H2O2 is of great importance.  

However, suppose water solutions contain organic compounds strongly absorbing UV light. In 

that case, UV radiation usually does not give any additional effect to ozone because of the 

screening of ozone from the UV by optically active compounds (Munter, 2001). 

1.7.5 O3/UV/H2O2 process 

When hydrogen peroxide is used in an O3/UV process, it accelerates the decomposition of ozone 

and increases the generation of OH radicals. This process is the result of the combination of two 

binary systems, O3/UV and O3/H2O2, in such a way that the resulting action is the following: 

2O3 + H2O2 + hν  2 HO
•
 + 3O2  Eq. 1.12 

O3/H2O2/UV processes are the most expensive because of the use of two types of reagents 

compared to methods that use only one. In processes involving pollutants that are weak 

absorbers of UV radiation, it is more cost-effective to add hydrogen peroxide externally at a 

reduced UV flux. If direct photolysis of contaminants is not a significant factor, O3/H2O2 should 

be considered an alternative to photooxidation processes. The capital and operating costs for the 

UV/O3 and H2O2 systems vary widely depending on the wastewater flow rate, types and 

concentrations of contaminants present, and the degree of removal required (Munter, 2001). 

1.7.6  Process involving iron catalysts: Fenton process (H2O2/Fe
2+

)  

The Fenton reagent is a homogeneous catalytic oxidation process that combines an oxidising 

agent (hydrogen peroxide) and a catalyst (an oxide or metal salt, usually iron) to produce 

hydroxyl radicals. Fenton H. J. H. Discovered the Fenton reaction in 1894 when intended to 

oxidise polycarboxylic acids (malic acid and tartaric acid) with H2O2 and noted a strong 

promotion in the presence of ferrous ions (Fe
2+

). Forty years later, the Haber-Weiss (1934) 

mechanism was postulated, revealing that the effective oxidative agent in the Fenton reaction 

was the hydroxyl radical (HO
•
). The use of Fenton’s reagent is one of the most effective ways for 

HO
•
 radical generation. In addition, due to the simplicity of equipment and mild operation 

conditions (atmospheric pressure and room temperature), this method has been postulated as the 

most economical oxidation alternative. 
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The mechanism of HO
•
 generation is quite complex. Briefly, H2O2 decomposes catalytically by 

means of Fe
2+

 at acid pH giving rise to hydroxyl radicals (Eq. 1.13): 

Fe
2+

 + H2O2 → Fe
3+

 + HO
−
 + HO

•
  Eq. 1.13 

Fe
3+

 + H2O2 → Fe
2+

 + HO2
•
 + H

+
  Eq. 1.14 

The rate constant for the reaction of a ferrous ion with hydrogen peroxide is high, and Fe(II) 

oxidises to Fe(III) in a few seconds to minutes in the presence of excess amounts of hydrogen 

peroxide. Furthermore, Fe
3+

 can react, at acid pH, with H2O2 regenerating the catalyst and 

producing the HO
•
2 radical, thus sustaining the process (Eq. 1.14). The technique becomes 

operative if the contaminated solution is at the optimum pH of 2.8-3.0, where it can be 

propagated by the catalytic behaviour of the Fe
3+

/Fe
2+

 couple. Interestingly, only a tiny catalytic 

amount of Fe
2+

 is required, whereas this ion is regenerated (see Eq. 1.14) (Brillas et al., 2009).  

This process can lead to the complete mineralisation of the organics and is considered an 

attractive oxidative system for wastewater treatment because iron is a very abundant and non-

toxic element even if usually significant quantities of ferric salts need to be disposed of. 

The Fenton reagent has been successfully used in the degradation of several compounds such as 

chlorophenols (Kwon et al., 1999), surfactants (Lin et al., 1999), the oxidation of the leaching 

of landfill waste (Kang and Hwang, 2000) and the degradation of dyes (Szpyrkowicz et al., 

2001). 

However, technical requirements for optimising or monitoring the Fenton’s reaction efficiency 

are complex and costly (i.e., GC–MS), limiting its common usage. Moreover, it is necessary to 

control pH carefully to prevent iron hydroxide precipitation, which occurs at basic pH. Even 

with optimisation of the reaction efficiency, this treatment technique implies high operative 

costs, significantly limiting treatment choice. 

 

1.7.7 Photo-Fenton process (UV/H2O2/Fe
2+

) 

A combination of hydrogen peroxide and UV radiation with Fe
2+

 or Fe
3+

 ions (photo-Fenton 

process) produces more HO
•
 compared to the conventional Fenton method. Fenton reaction rates 

are enormously increased by irradiation with UV/visible light (Ruppert et al., 1993; Sun and 

Pignatello, 1993). Fe
3+

 ions are accumulated in the system during the reaction, and after Fe
2+

 

ions are consumed, the reaction practically stops. Photochemical regeneration of ferrous ions 

(Fe
2+

) by photoreduction of ferric ions (Fe
3+

) is the proposed mechanism (Eq. 1.15) (Faust and 

Hoigné, 1990). The new generated ferrous ions react with H2O2 generating a second HO
•
 radical 
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and ferric ion, and the cycle continues. In these conditions, iron can be considered a natural 

catalyst. 

Fe
3+

 + hν  Fe
2+

 + HO
•
  Eq. 1.15 

Furthermore, direct photolysis of H2O2 produces HO
•
, which can be used to degrade organic 

compounds, increasing the rate of degradation of organic pollutants. However, photo-Fenton 

gives a better degradation of low concentration organic pollutants. Because the high 

concentration of organic pollutants could reduce the absorb radiation of iron complex, which 

needs a longer radiation time and more H2O2 dosage. Compared with the classic Fenton, photo-

Fenton has many advantages. A photo-induced Fe
3+

/Fe
2+

 redox cycle could decrease the catalyst 

dosage in Fenton, which effectively reduces iron sludge formation. Meanwhile, solar or UV light 

can increase the utilisation of H2O2 and possess photolysis on several small molecule organics. 

However, photo-Fenton has many disadvantages, such as low utilisation of visible light, the 

required UV energy for a long time, high energy consumption, and cost (Bustillo-Lecompte, 

2020). 

1.7.8 Heterogeneous catalysis/photocatalysis 

Many catalytic processes in which the catalyst and the reactants are not present in the same 

phase are heterogeneous catalytic reactions. They include responses of gases (or liquids) at the 

surface of a solid catalyst. The cover is where reactions occur, so the catalysts are generally 

prepared to provide large surface areas per unit. Metals, metals coated onto supporting materials, 

metalloids, metallic films, and doped metals have been used as heterogeneous catalysts. With 

solid catalysts, at least two of the reactants are chemisorbed by the catalyst, and they will react at 

the surface of the catalyst, with which the products are formed as readily as possible. Then, the 

products are released from the catalyst surface. Heterogeneous catalysts can be divided into 

unsupported catalysts (bulk catalysts) and supported catalysts. Unsupported catalysts include 

metal oxide catalysts, such as TiO2, Al2O3, SiO2, and B2O3. Supported catalysts often employ 

porous materials as supporters, and active components, metals or metal oxides, for example, are 

coated on the surface of the supporters to form the catalysts. 

As an efficient green method coping with organic wastewater, the heterogeneous catalytic 

process has attracted considerable attention in the last two decades. The highly reactive and non-

selective hydroxyl radicals can oxidise and mineralise most organic compounds at near 

diffusion-limited rates, mainly unsaturated organic compounds (Bustillo-Lecompte, 2020). 
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Heterogeneous photocatalysis is the process of light-induced redox reactions upon the 

surrounding molecules to produce radical species for the subsequent utilisation in various 

pollutant degradations. Photocatalysis has many advantages: low reaction temperature, high 

oxidizability, complete purification, and solar energy sources. Furthermore, the careful selection 

of materials and structures of photocatalysts for photocatalysis is essential to perform 

photocatalytic reactions efficiently. An ideal photocatalyst is bound to possess good 

performances such as narrow bandgap energy, suitable band edge potential, reduced 

recombination, enhanced charge separation, and improved charge transportations (Reddy et al., 

2019). 

The principle of photocatalysis is based on the theory of a solid energy band. When the energy of 

light irradiation absorbed by the semiconductor catalyst is larger than the photon band gap width, 

the electron-hole pairs are generated due to the transition of electrons. The light irradiation on 

the semiconductor causes the excitation of electrons from the valence band (VB) to the 

conduction band (CB) and the creation of holes in the valence band (VB) (Ibhadon and 

Fitzpatrick, 2013). Electrons and holes stimulated by light radiation will migrate to the surface 

of semiconductor particles after various interactions and react with water or organics adsorbed 

on the surface of semiconductor catalyst particles to produce a photocatalytic effect, as shown in 

Fig. 1.7 for the specific case of TiO2 catalyst. 

 

Fig. 1.7: Representative scheme of TiO2-semiconductor photocatalysis process (Ibhadon and Fitzpatrick, 2013). 

Various materials are candidates to act as photocatalysts such as, for example, TiO2, ZnO, CdS, 

iron oxides, WO3, ZnS, etc. These materials are economically available, and many of them 

participate in chemical processes in nature. Besides, most of these materials can be excited with 

light of a wavelength in the range of the solar spectrum (λ > 310 nm), therefore increasing the 

interest in the possible use of sunlight. So far, the most investigated photocatalysts are metallic 
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oxides, particularly TiO2 in the anatase form seems to possess the most exciting features, such as 

high stability, it can be used in a wide pH range, being able to produce electronic transitions by 

light absorption in the near-ultraviolet range (UV-A) (Fig. 1.7). So, it can have good 

performance and low cost (Andreozzi et al., 1999). Still, the disadvantage of the catalyst 

available in nanoparticles is its recovery and separation from solution and the fouling of the 

catalyst by organic matter. 

1.7.9  Sulphate radicals 

Recently, sulphate radicals (SO4
•−

) based AOPs have been introduced to degrade organic 

pollutants. The most common initiators of sulphate radicals are peroxydisulphate (PDS, S2O8
2−

) 

and peroxymonosulfate (PMS, HSO5
−
), which are two solid oxidising oxidants with a half-life 

span of 3–4 × 10
−5

 s. Instantaneously once activated, they can engender the extremely reactive 

SO4
•−

. Compared with HO
•
, SO4

•−
 has a more significant oxidation potential of 2.5-3.1 V and is 

wide-ranging operative at pH range. SO4
•−

 expresses a superior standard reduction potential than 

HO
•
 at neutral pH and under acidic conditions. Additional SO4

•−
 has a half-life span of 30-40 µs, 

which is comparatively higher than HO
•
 radical with a half-life span of 1 µs, that can oxidise 

micro-pollutants ranging 106-109 M·s
-1

 (Ushani et al., 2020). 

For the past few decades, SO4
•−

 has been widely used to degrade a wide variety of organic 

materials in wastewater (Anipsitakis and Dionysiou, 2003; Rastogi et al., 2009). According to 

the United States Environmental Protection Agency (USEPA), SO4
•− 

is virtually inert and 

regarded as non-pollutant. Taking taste and odour as a keen factor in secondary drinking water 

standards, such radical has been listed underneath the standards with a maximum concentration 

of 250 mg·L
-1

. Thus, instantaneous oxidations of SO4
•−

 occur in the aqueous phase that has been 

utilised in wastewater treatment. 

Through their activation, sulphate radicals can be produced to remove many organic 

contaminants, including pharmaceuticals and pesticides (Kan et al., 2021). The activation of 

PMS and PS can be achieved mainly by acidic conditions (House, 1962), thermal (Liang and 

Bruell, 2008), photolytic, sonolytic (Wei et al., 2017), and the reactions of the oxidants with 

iron oxide magnetic composites, including in situ formed iron hydroxides and quinines 

(Wacławek et al., 2017). 

Under the acid condition, the breakdown of peroxydisulphate into sulphate free radical (House, 

1962) can be further acid-catalyzed through Eqs. 1.16 and 1.17: 

S2O8
2–

 + H
+
  HS2O8

–
  Eq. 1.16

 



Chapter 1 

 46 

HS2O8
–
  H

+
 + SO4

•–
 + SO4

2–
  Eq. 1.17 

Raising temperature is one approach to increasing the decomposition of peroxydisulphate into 

reactive SO4
•−

 (Johnson et al., 2008). At ambient temperatures, sulfate radical’s kinetics become 

slow while reacting with many organics (Saien et al., 2011). S2O8
2–

 decomposition rate increases 

with the temperature and concentration of organic compounds due to the occurrence of radical 

chain reactions that enhance S2O8
2–

 decomposition (Liang and Su, 2009). In heterogeneous 

catalytic reactions, SO4
•− 

reacts freely with the organic pollutants due to its long life span (t1/2 = 

30–40 μs) when compared with OH% (t1/2 = < 1 μs). At constant temperature, numerous features 

affect the production of SO4
•−

 such as pH, catalyst load and dosage of PS oxidant. 

The peroxydisulphates oxidation process can be activated through the homolysis of peroxide 

bond, which can be performed in several ways, such as thermolysis and photolysis. When UV 

light is radiated on the single mole of peroxydisulphate, it generates double moles of SO4
•−

; in 

the case of peroxymonosulfate, it generates one mole of SO4
•−

 and one mole of HO
•
, as reported 

in the Eqs. 1.18 and 1.19: 

HSO5
–
 + hν  HO

•
 + SO4

•−
  Eq. 1.18 

S2O8
2–

 + hν  2SO4
•−

  Eq. 1.19 

Overall, the UV-activated peroxydisulphate oxidation process has better degradation efficiency 

for an organic pollutant, but the enhancement effect in sludge conditioning and anaerobic 

digestion is minimal. In addition, the generation of UV irradiation is usually expensive, thus 

restricting the actual application of UV techniques. 

The peroxydisulphate oxidation process has been successfully activated by numerous transition 

metals such as Cu
2+

, Mn
2+

, Ce
3+

, Ni
2+

, V
3+

, Ru
3+

 and Co
2+

 since these species can act as electron 

donors peroxydisulphate for SO4
•−

 formation (Yin et al., 2018). Grounded on the reduction 

mechanism, the activation of PS and PMS shows a significant relationship with the redox 

potential of metal. Depending upon the present form, i.e. transition metal or metal oxide, they are 

categorised into homogeneous and heterogeneous activators. 

1.8   Toxicity bioassays and their importance: some methods to evaluate 

the dangerousness of organic wastewater contaminants 

Besides controlling the removal efficiency of essential substances, it is crucial to evaluate 

advanced treatments with appropriate toxicity tests to evaluate wastewater effluents globally. 

The ecotoxicological test is a biological experiment designed to verify if a potentially toxic 
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compound, or an environmental sample, causes a relevant biological response in the organisms 

used for the test. Usually, organisms are exposed to different concentrations or doses of a test 

substance or sample (wastewater, sewage sludge, soil, river or marine sediment) diluted in a 

suitable medium. Typically, at least one group of organisms (control group) is not subjected to 

the test substance or sample but is treated similarly to the exposed organisms. The observed and 

measured parameter (endpoint) in the different groups of organisms can be mobility, survival, 

size or growth, or any biochemical or physiological variable that can be quantified. Observations 

can be made after one or more predetermined exposure periods. The aim is to establish the 

relationship between the endpoint and the concentration of the test substance or sample.  

Ecotoxicological tests are generally applied on the following matrices: 

 Surface water; 

 Groundwater; 

 Civil discharges; 

 Industrial waste; 

 Soils of contaminated sites; 

 River sediments. 

In many countries, ecotoxicity tests are already used in wastewater management. This kind of 

test presents a definitive advantage in the impact assessment of complex wastewaters, for which 

a detailed and accurate pollution composition is almost complex. Such tests are helpful, for 

example, to protect biological treatment plants from toxic influents (Hongxia et al., 2004); to 

monitor the effectiveness of wastewater treatment plants (Emmanuel et al., 2005). 

Consequently, a range of acute and chronic toxicity bioassays have been developed to establish 

the toxicity levels of compounds for aquatic organisms. These tests are based on the use of 

micro-organisms (bacteria, algae, protozoa), plants (germinal test, radical elongation), 

invertebrates (shellfish, rotifers) and vertebrates (fish and small mammals). The biological 

response induced in different living organisms challenged by a chemical substance is diverse and 

depends on their sensitivity to toxicants. So, a series of methodologies may be applied to 

evaluate and monitor water quality with an ample variety of bioindicators. Toxicity bioassays 

can be classified according to the test species involved. 
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1.8.1 Bacterial bioassay (Vibrio fischeri, Escherichia coli, Micrococcus 

flavus) 

A range of bacterial methods has been developed for toxicity screening. Studies of the effects of 

microbial metabolic activity on function constitute a direct, rapid, sensitive and cost-effective 

approach to assessing chemical stress. Several bioassays have been described, and different 

methods using microorganisms have been standardised and classified according to the parameter 

measured. The most common toxicity test is based on inhibiting the bioluminescence of 

luminescent bacteria Vibrio fischeri (Fig. 1.8). 

 

Fig. 1.8: Vibrio fischeri bacterium (www.deviantart.com). 

Bioluminescence is a type of chemiluminescence reaction triggered by enzyme catalysis. 

Luminous bacteria are omnipresent and primarily inhabit the marine ecosystem as free-living or 

parasitic organisms (Kaeding et al., 2007). The underlying principle of the bioluminescent assay 

is the correlation of changes in kinetic attributes of bioluminescent reaction with the toxicity of 

test substance (Dunn et al., 2015). Vibrio fischeri is a Gram-negative, rod-shaped, flagellated, 

non-pathogenic bacterium ubiquitously distributed in subtropical and temperate marine 

environments. The biochemical and genetic basis of bacterial bioluminescence and its regulatory 

mechanism has been fully elucidated (Meighen, 1993). Vibrio fischeri possesses two substrates, 
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including a reduced flavin mononucleotide (FMNH2) called luciferin and a long-chain fatty 

aldehyde. Exogenous reducing agents induce the reduction of flavin mononucleotide (FMN) to 

form FMNH2 via the enzymatic action of luciferase (flavin mono-oxygenase oxidoreductase). 

The resultant FMNH2 reacts with O2 to yield an intermediate substance called 4a-peroxy-flavin, 

which oxidises the fatty aldehyde to its corresponding acid and a luciferase-hydroxyflavin 

complex. This stable intermediate slowly decomposes while emitting a blue-green light with its 

highest intensity at 490 nm (Meighen, 1991) (Fig. 1.9).  

 

Fig. 1.9: A simplified schematic of the molecular basis of bioluminescence in Vibrio fischeri (Williams et al., 

2019). 

Bioluminescence is directly linked to respiration through the electron transport chain and thereby 

reflects the cellular metabolic status as a determinant of xenobiotic-mediated toxicity. The 

presence of toxic substances diminishes the resultant luminescence. The inhibition of bacterial 

metabolism is manifested by attenuation of light emittance, which corresponds to the toxicity 

level of the tested substance. As said above, the light emission is directly proportional to the 

metabolic status of the cell, so any inhibition of this activity is reflected in a decrease in 

bioluminescence expressed in percentage (I%). Toxicity is defined as EC50, the effective 

concentration of a toxic substance causing light to be reduced by 50%. This test has the 

advantage of being rapid, sensitive and reproducible. However, it presents also some 

disadvantages. Vibrio fischeri is a marine bacterium, so this test works only in saline solution, 

and filtration is required before every test. Because of the salinity, some organic substances’ 

solubility is enhanced, thus producing turbid solutions (Abbas et al., 2018).  
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Vibrio fischeri bioluminescence inhibition assay (VFBIA) is extensively used to assess 

wastewater toxicity and provides a convenient, rapid, and cost-effective approach to monitor the 

remediation process. The assay has been applied for the toxicity evaluation of effluents derived 

from different sources such as forest products (Svenson et al., 1996), textile (Wang et al., 

2002), paper (Rigol et al., 2004) and pharmaceutical (Maselli et al., 2015) industries. 

Often, other bacterial species (such as Escherichia coli or Micrococcus flavus) can also be used 

as indicators for toxicity tests. In these cases, some plates of the corresponding bacteria species 

are prepared, and the test compound is pipetted in specific places of the plate: if the 

microorganism is susceptible to the action of the compound, an inhibition halo forms around it. 

Then, the toxicity results are expressed by measuring the inhibition halo diameter.  

Monitoring the microbiological quality of water relies largely on examination of indicator 

bacteria. Escherichia coli is a member of the faecal coliform group and is a more specific 

indicator of faecal pollution than other faecal coliforms. Two key factors have led to the trend 

toward the use of  E. coli as the preferred indicator for the detection of faecal contamination, not 

only in drinking water, but also in other matrices as well: first, the finding that some faecal 

coliforms were non faecal in origin, and second, the development of improved testing methods 

for E. coli. At present, E. coli appears to provide the best bacterial indication of faecal 

contamination in drinking water. This is based on the prevalence of thermotolerant (faecal) 

coliforms in temperate environments as compared to the rare incidence of E. coli, the prevalence 

of E. coli in human and animal faeces as compared to other thermotolerant coliforms, and the 

availability of affordable, fast, sensitive, specific and easier to perform detection methods for E. 

coli (Odonkor and Ampofo, 2013). In this thesis we also used Micrococcus flavus as water 

quality bioindicator, a Gram-positive cocci isolated from activated sludge of a wastewater-

treatment bioreactor (Liu et al., 2007). 

1.8.2 Phytotoxicity bioassays (Lepidium sativum and Solanum lycopersicum) 

Plants interact directly with the terrestrial and atmospheric environment, are highly sensitive to 

various contaminants and possess cellular responses similar of animal organisms. Still, from an 

ethical point of view, their use in experimentation is more acceptable and more easily achievable 

(Blinova, 2004). Therefore, the use of plants for toxicity tests has acquired considerable 

importance in recent decades. The seed germination process represents the most critical event in 

forming the future plant (Dash and Panda, 2001).  
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Phytotoxicity is defined as a delay of seed germination, inhibition of plant growth or any adverse 

effect on plants caused by specific substances or growing conditions (Blok et al., 2019). 

Different toxicity bioassays based on plants have been developed. Plant biomarkers offer general 

advantages, such as an extensive array of assessment endpoints (germination rate, biomass 

weight, enzyme activity, etc..), low maintenance cost and rapid test activation. The phytotoxicity 

test represents the most direct experimental approach to evaluate the effect of a potential 

contaminant on seed germination and sprout growth (acute effect) and, in longer times, at the 

level of the plant life cycle (chronic effect). The commonly used plant model species are 

Lepidium sativum L. (Fig. 1.10A), Cucumis sativus L., Lactuca sativa L., and Solanum 

lycopersicum (Fig. 1.10B).  

 
Fig. 1.10: (A) Lepidium sativum and (B) Solanum lycopersicum. 

There are several standard phytotoxicity criteria, such as the frequency (number of plants at 

some stage or which have a visual symptom) or criteria based on measurements (height, length, 

diameter, weight of plants or organs from a sample). Further criteria for the appraisal of 

phytotoxicity refer to visual estimates such as changes of colour, plant deformation etc. In this 

case, the effect is often marked by a standard. Among the most commonly used criteria to 

evaluate phytotoxicity symptoms, the following are mainly applied: changes in root weight, root 

length, root system development; alterations of germination rate, stem length; colour changes; 

plant necrosis, deformation of organs (stem, leaf) (Pavel et al., 2013). 

Phytotoxicity tests present several advantages: (I) these tests are simple, quick and reliable; (II) 

they are inexpensive and do not require significant equipment; (III) plants can be more sensitive 

to environmental stress over other organisms (Valerio et al., 2007). 

Thanks to the importance of plants in ecotoxicology studies, phytotoxicity and genotoxicity tests 

provide immediate and essential information for evaluating the effects of environmental 

contaminants. The multidisciplinary approach makes it possible to assess many biological and 
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ecological parameters, favouring a greater understanding of the cellular mechanisms involved in 

the plant's response to different substances and contaminant-matrix-plant interactions. 

1.8.3 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

bioassay 

The MTT assay is a colorimetric assay for assessing cell metabolic activity. NAD(P)H-

dependent cellular oxidoreductase enzymes may reflect, under defined conditions, the number of 

viable cells present. These enzymes are capable of reducing the tetrazolium dye MTT [3-(4,5-

dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide] to its insoluble formazan, which has a 

purple colour, and this reaction occurs only in living cells (Fig. 1.11). 

Then, a solubilisation solution (usually dimethyl sulfoxide) is added to dissolve the insoluble 

purple formazan product into a coloured solution. The absorbance of this coloured solution can 

be quantified by measuring at a specific wavelength (usually between 500 and 600 nm) by a 

spectrophotometer. The degree of light absorption is dependent on the degree of formazan 

concentration accumulated inside the cell and on the cell surface. The greater the formazan 

concentration, the deeper the purple colour and thus the higher the absorbance.  

 

Fig. 1.11: Conversion reaction of MTT to formazan by mitochondrial reductase. 

Tetrazolium dye reduction is generally assumed to depend on NAD(P)H-dependent 

oxidoreductase enzymes, mainly in the cytosolic compartment of the cell. Therefore, the 

reduction of MTT and other tetrazolium dyes depends on the cellular metabolic activity due to 

NAD(P)H flux (Berridge et al., 2005; Berridge and Tan, 1993). Cells with a low metabolism 

reduce very little MTT. In contrast, rapidly dividing cells exhibit high rates of MTT reduction: 

for this reason, this test is usually carried out on cancer cells. It is essential to remember that 

assay conditions can alter metabolic activity and thus reduce tetrazolium dye without affecting 

cell viability (Ghasemi et al., 2021).  

MTT assays are usually done in the dark since the MTT reagent is sensitive to light. Tetrazolium 

dye assays can be used to measure cytotoxicity (loss of viable cells) or cytostatic activity (shift 

https://en.wikipedia.org/wiki/Colorimetry_(chemical_method)
https://en.wikipedia.org/wiki/Formazan
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from proliferation to quiescence) of potential medicinal agents and toxic materials. A treated cell 

population with tested compounds can show a reduction of absorbance if these molecules have 

cytotoxic or cytostatic activity on living cells concerning an untreated cell population.  

1.9 Aim of thesis 

From the bibliographic part dedicated to the most commonly tested AOPs for removing specific 

compounds and the organic wastewater contamination, representative AOPs have been selected 

to remove levofloxacin (LFX), one of the most used antibiotics, as the main aim of this thesis. 

Considering the different conclusions described and directly coming from state of the art, the 

objectives of the experimental works carried out in this dissertation and presented in the form of 

cases of studies and papers published, accepted and under review are:  

1. Photolysis and heterogeneous photocatalysis with TiO2: the simplest and most basic 

case to evaluate the treatment and compare these two AOPs. This experiment was 

necessary to compare these two processes because it is well known the efficiency of TiO2 

as a heterogeneous photocatalyst in increasing the removal rate of organic compounds, but 

the high costs of the treatment due to the necessity of recovery and separation from 

solution is the main applicative limitation. However, it was not surprising to observe that 

heterogeneous photocatalysis using TiO2 can give satisfactory results in this field; 

2. Heterogeneous photocatalysis with supported TiO2 on borosilicate tube: supported 

catalysts often employ porous materials as supporters, and active components, metals or 

metal oxides, for example, are coated on the surface of the supporters to form the catalysts. 

Titanium dioxide has been already tested as immobilised on borosilicate glass plates for 

the degradation of fenamiphos (an insecticide) in water (El Yadini et al., 2014) and glass 

spheres for the photocatalytic degradation of methylene blue (Cunha et al., 2018). In our 

case study, the efficiency of TiO2 as a supported catalyst on the surface of a borosilicate 

tube was assessed. Finally, the last sample of each photodegradation test (with and without 

TiO2-coated tube) was used for phytotoxicity assays on Lepidium sativum and Solanum 

lycopersicum, while selected samples obtained during the entire process were successively 

used for acute ecotoxicology assay with MicroTox
®
 system on Vibrio fischeri, at Water 

Research Institute (IRSA-CNR) in Taranto (Italy);  

3. Homogeneous photocatalysis with hydrogen peroxide (H2O2), peroxymonosulphate 

(PMS, HSO5
−
) and peroxydisulphate (PDS, S2O8

2−
): for this case of study, the aim was 

to give a comprehensive view of the different aspects linked to the degradation of 
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levofloxacin with sulphate radicals based AOPs (SR-AOPs) and hydroxyl radicals based 

AOPs (HR-AOPs). In the first step, the performance of different AOPs was investigated in 

different pH conditions according to essential kinetic criteria, mainly the comparison 

between apparent first-order kinetic rate constants obtained by different SR-AOPs and HR-

AOPs. Then, in a second step, the more efficient treatment was performed in a complex 

matrix such as simulated wastewater to assess the potential application of SR-AOPs at a 

larger scale, considering the eco-friendly proprieties based on antibacterial activity against 

Escherichia coli and Micrococcus flavus. All these results are reported in this dissertation 

as an under review paper;  

4. Scientific activity in University of Ioannina (Department of Chemistry): the aim was to 

obtain another critical feedback about the potential eco-compatibility of sulphate radicals 

treatment for levofloxacin removal. The toxicity of selected samples obtained during the 

photocatalytic process was assessed by MTT assays, carried out at the University of 

Ioannina (Greece). In particular, we tested the toxicity of the samples obtained from 

levofloxacin treatment with peroxydisulphate in pure water, through MTT bioassay, on 

human epithelial-like lung carcinoma cell line A549. 

5.  Training period at Hydros S.r.l.: the aim of this experience was to participate in 

designing of fumes and wastewater treatment systems, and in the optimization of the 

parameters of the biological process of nitrification/denitrification/oxidation present within 

a real wastewater treatment plant. 
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CHAPTER 2 

Case study #1: photolysis and heterogeneous photocatalysis with 

suspended TiO2 for the degradation of levofloxacin in ultrapure 

water 

2.1  Introduction 

With the development of human society and rampant industrial growth, the consumption of 

fossil fuels is rapidly increasing. As a result, environmental pollution (such as the release of toxic 

agents and industrial waste) and the shortage of resources for renewable energy are two major 

problems that the world is facing. Thus, developing environmentally friendly, clean, safe, and 

sustainable energy technologies is one of the most urgent challenges faced by researchers today 

(Schneider et al., 2014). Solar energy is one of the most importantly clean and renewable 

energy sources on Earth that can be easily converted into electricity and chemical energy. Thus, 

environmentally friendly energy technologies using solar energy should be primarily developed 

and harnessed to solve the world’s environmental and energy problems. Among the various 

technologies, photocatalysis, in which solar energy is used to drive chemical and energy 

processes, is one of the significant advances in this direction. Photocatalysis has been widely 

applied in various areas, such as solar cells, water splitting and pollutant degradation. Therefore, 

the photochemical mechanisms and basic principles of photocatalysis, especially TiO2 

photocatalysis, have been extensively investigated by various surface science methods in the last 

decade, aiming to provide vital information for TiO2 photocatalysis under natural environmental 

conditions (Guo et al., 2019). In addition to TiO2, various new semiconductor materials, such as 

SrTiO3, BiVO4, Ag3PO4, TaON, CdS, MoS2, and their nanoparticles, have been applied to 

exploit solar energy for various photocatalytic reactions directly. Among the various 

photocatalysts, TiO2, the most widely employed “golden” photocatalyst, has mainly been used in 

heterogeneous photocatalysis, due to its chemical stability and low cost (Chen et al., 2011; 

Nakata and Fujishima, 2012; Schneider et al., 2014). In the last two decades, TiO2 

heterogeneous photocatalysis has expanded very quickly. There are enormous fields where the 

photocatalytic activity of TiO2 nanoparticles have been explored, e.g. in photocatalytic water 

splitting for hydrogen production (Ni et al., 2007), photocatalytic self-cleaning (Hashimoto et 

al., 2005), purification of wastewater (Liu et al., 2006; Pekakis et al., 2006), photovoltaics 
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(Umadevi et al., 2013) and antibacterial/antimicrobial activity (Yu et al., 2011). The most 

promising area of TiO2 photocatalysis is the photodegradation of a large variety of 

environmental contaminations such as complex organic compounds and inorganic material turn 

into CO2 and harmless inorganic anions respectively. TiO2, as a photocatalyst, has shown an 

excellent potential for detoxification or remediation of wastewater (Jain and Vaya, 2017).  

We used Aeroxide-TiO2 P25 as a heterogeneous photocatalyst to degrade levofloxacin (LFX) in 

this case study. For the photocatalytic experiment, we used a TiO2 concentration of 200 mg·L
-1

, 

according to Khalaf et al., 2017, and an initial LFX concentration of 10 mg·L
-1

.  

2.2  Experimental section 

2.2.1  Chemicals  

For chemical analysis, acetonitrile (ACN) and formic acid were LC-MS grade from Honeywell 

(Wabash, Indiana, US), and water was ultrapure Milli-Q grade (18.2 MΩ cm
-1

 resistivity at 

25°C, VWR European). Analytical standard of levofloxacin (LFX) (purity 99.4%) was 

purchased from Lab Instruments S.r.l. (Castellana Grotte, Puglia, Italy), Aeroxide-TiO2 P25 from 

Degussa AG (Frankfurt, Germany). Chemicals were used as received without further 

purification.  

2.2.2 Experimental device for photodegradation process (in batch) 

Photodegradation experiments (photolysis and heterogeneous photocatalysis with suspended 

TiO2) were carried out in batch using a cylindrical reactor covered with a quartz cap (Fig. 2.1A). 

All reactions were performed by placing the photochemical reactor in a solar simulator device 

(Heraeus-Atlas Suntest CPS+, Chicago, USA) (Fig. 2.1B). This device is equipped with a Xenon 

Arc lamp (1.8 KW), the irradiation source having a light power of 400 W/m
2
, with a spectral 

wavelength range 290 - 800 nm. The temperature was kept constant (30 ± 0.1°C) using an air 

conditioning system, and the solutions were maintained under continuous stirring, ensuring an 

optimum mixing flow. 
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Fig. 2.1: (A) Photochemical reactor used for direct photolysis and heterogeneous photocatalysis with suspended 

TiO2, and (B) solar simulator device. 

2.2.3   Photolysis and heterogeneous photocatalysis with suspended TiO2 

For photolysis and heterogeneous photocatalysis experiments, a 2000 mg·L
-1

 stock solution of 

levofloxacin in methanol was used to prepare 500 mL of a solution with an initial concentration 

of 10 mg·L
-1

 in ultrapure water. From this solution, 250 mL were used for photolysis 

experiments, and the other 250 mL were used for heterogeneous photocatalysis experiments after 

adding 50 mg of TiO2 powder (CTiO2 = 200 mg·L
-1

); both solutions were stirred throughout the 

experiment. All the analysed samples were taken (1 mL for each sample) at prefixed time 

intervals; moreover, those from the heterogeneous photocatalysis were filtered using PTFE 

(polytetrafluoroethylene) filters 0.2 µm pore size, to remove the suspended catalyst before the 

HPLC-UV analysis. 

2.2.4   HPLC-UV conditions 

LFX concentration was monitored using a high-performance liquid chromatography (HPLC) 

system (Agilent Technologies 1200 series, USA) equipped with a Kinetex C18 100Å column 

(250 x 4.6 mm i.d., 5 µm particle size) and a diode array detector (DAD), set at λ = 295 nm. The 

mobile phase consists of a bifasic gradient, ultrapure water with 0.1% formic acid (solvent A) 

and acetonitrile (solvent B), structured as follows: 0 - 3 min, 0% B; 3 - 5 min, 15% B; 5 - 16 

min, 15% B; 16 -18 min, 100% B; 18 - 22 min, 100% B; 22 - 23 min, 0% B; 23 - 25 min, 0% B. 

The flow rate is 1.0 mL·min
-1

, and the injection volume was 20 µL. 
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2.3 Results and discussion 

The concentration of levofloxacin during photolysis and heterogeneous photocatalysis reactions 

was monitored using High-Performance Liquid Chromatography - Ultra Violet (HPLC-UV). The 

standard solution used showed a peak of levofloxacin at a 12.7 min retention time (Fig. 2.2A). 

Before the photodegradation, the pharmaceutical adsorption on the catalyst surface in TiO2 

powder suspension was assessed. After adding the TiO2 powder, the levofloxacin solution was 

left under stirring in dark conditions for 30 minutes to determine the percentage of TiO2 

particles’ adsorption, and a slight decrease (7.1%) of free LFX concentration in 200 mg·L
-1

 TiO2 

suspension was achieved. Then the solution was placed into the solar simulator and irradiated by 

the Xenon Arc lamp. After 10 minutes of sample irradiation, a marked decrease in the LFX 

concentration was observed (54.7% of the initial concentration) along with the appearance of 

new photoproducts. After 60 min of irradiation, an approximately 87% reduction in LFX initial 

concentration was obtained, while the complete disappearance of LFX and their photoproducts 

was achieved after 240 min. Instead, as for photolysis, after 240 minutes of sample irradiation, 

just a 59% reduction in LFX initial concentration was observed. The degradation test was 

stopped after 420 minutes of irradiation when the LFX concentration was still present at 1.6 

mg·L
-1

. In Fig. 2.2, some chromatograms for photolysis and heterogeneous photocatalysis are 

reported. 
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Fig. 2.2: HPLC-UV separation of photo-degraded solution using direct photolysis and heterogeneous photocatalysis 

with TiO2 powder. (A) Initial solution 10 mg·L
-1

 in ultrapure water before irradiation, (B) photocatalysis after 10 

min, (C) photocatalysis after 60 min, (D) photocatalysis after 120 min, (E) photolysis after 120 min, (F) photolysis 

after 420 min. In all chromatograms the last peak on the right is LFX. 

 

No degradation of LFX was observed in the dark conditions. Direct photolysis under simulated 

sunlight didn’t achieve the desired goal. Accordingly, we can conclude that the direct interaction 

of LFX with sunlight (both via thermal hydrolytic reactions and photolysis) cannot lead to LFX’s 

quick degradation. However, in the presence of TiO2, complete removal of this antibiotic was 

obtained, although a xenon lamp with low UV energy was used for irradiation aiming at the 

simulation of sunlight effect. Fig. 2.3 illustrates the depletion trend of LFX measured as C/C0% 

(where C is the compound concentration at time t, C0 is the initial compound concentration) 

versus irradiation time using the two different photodegradation methods. 

F E 

D C 

B A 
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Fig.2.3: Evaluation of LFX degradation measured as C/C0% versus irradiation time. 

To find the kinetics model, kinetics parameters were calculated using integrated equations 

describing zero-, first-, and second-order (Langmuir-Hinshelwood) equations (Scrano et al., 

1999). According to Snedecor & Cochran, 1989, the least square method should be utilised to 

find the best fit. Table 2.1 summarises the kinetic parameters of LFX degradation under 

photolysis and TiO2 heterogeneous photocatalysis experiments. 

Table 2.1: Kinetic parameters of LFX degradation under photolysis and photocatalysis experiments. 

System 
Reaction 

Order 

Linearised Rate 

Equation 
(Cexp-Ccalc)

2
 R

2
 

t1/2 

(min) 
k 

Photolysis 

Zero–order Ct = C0 - kt 1.0706 0.9843 235.30 0.0218 mg·L
-1

·min
-1

 

First–order Ln Ct = Ln C0 - kt 3.3859 0.9879 155.75 0.0045 min
-1

 

Second–order C0/Ct = 1 + (1/t1/2)t 27.8388 0.8632 80.61 0.0012 L·mg
-1

·min
-1

 

TiO2 

powder 

Zero–order Ct = C0 - kt 28.1803 0.5649 50.37 0.0566 mg·L
-1

·min
-1

 

First–order Ln Ct = Ln C0 - kt 56.0970 0.9182 32.97 0.0210 min
-1

 

Second–order C0/Ct = 1 + (1/t1/2)t 1.9206 0.9696 8.19 0.0123 L·mg
-1

·min
-1

 

Cexp, experimental concentrations; Ccalc, the value of concentrations calculated from rate equations; k, kinetic constant; t1/2, half-
life. 
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The measured reaction rate of LFX under irradiation conditions using TiO2 powder as a catalyst 

was best the fit by a Langmuir-Hinshelwood-type equation: 

Ct = C0 t1/2/(t + t1/2)  Eq. 2.1 

Where C0 is the initial amount (mg) of LFX per litre of solution, Ct is the remaining 

concentration at time t, and t1/2 is the half-life of the reactant. Equation 2.1 describes a second-

order reaction governed by the kinetic law: 

ν = –dCt/dt = kCt
2
  Eq. 2.2 

where ν is the reaction rate, and k is the rate (or kinetic) constant, which in our case can be 

calculated as: 

k = 1/(C0t1/2)  Eq. 2.3 

The half-life value for a second-order reaction, calculated using the linearized form of Equation 

2.1 (Table 2.1), was just 8.19 minutes. The second-order kinetics shown in Fig. 2.4A was 

confirmed by the linear behaviour of (C0/Ct) as a function of irradiation time (Fig. 2.4B). 

 

Fig. 2.4: (A) Photodegradation of levofloxacin catalysed by TiO2 powder; Ct calc, values calculated using 

Equation 2.1; Ct exp, experimental values. (B) The trend of the second-order linearized equation used to estimate 

kinetic parameters reported in Table 2.1. 

The results show that the initial degradation rate was high; however, it decreased rapidly as the 

reaction proceeded. The degradation was fast during the first 30 minutes, and then it gradually 

decreased; this trend is typical of second-order reactions. Several observations can be related to 
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such behaviour: (1) the high concentration of LFX at the beginning of the reaction facilitates the 

practical attack by the hydroxyl radicals, resulting in a high degradation rate; however, when 

LFX concentration gradually decreases, the degradation rate subsequently decelerates due to the 

dilution effect that reduces the possibility of valuable collisions with the hydroxyl radicals; (2) 

the competitive reactions of the hydroxyl radicals with LFX degradation products that are 

produced during the reaction; (3) the recombination reactions of radical–radical. 

2.4  Conclusions 

From the results obtained, we can conclude that photocatalysis by using TiO2 powder removes 

LFX and its by-products in four hours and seems to follow a second-order kinetic. Still, the 

photocatalysis with TiO2 immobilised system could be promising for use in the wastewater 

treatment field since it is totally clean and does not require an additional post-treatment stage to 

recover TiO2, the main disadvantage of heterogeneous photocatalysis process. 
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CHAPTER 3 

Case study #2: heterogeneous photocatalysis with supported TiO2 on 

borosilicate tube for the degradation of levofloxacin in ultrapure 

water 

3.1   Introduction 

Since the past decades, immobilisation of titanium dioxide (TiO2) on different substrates has 

been drawing a lot of attention because it eliminates the need for expensive post-treatment 

separation processes. Considering the various substrates that have been tried for supporting TiO2 

photocatalysts, polymer substrate seems to be very promising due to its several advantages such 

as flexible nature, low-cost, chemical resistance, mechanical stability, low density, high 

durability and ease of availability. Titanium dioxide is conventionally available in the form of 

powder. It can be applied to wastewater either as suspended powder or supported over a suitable 

substrate (Han and Bai, 2009). Although in powder form it shows the greater surface area and 

efficiency, it suffers from the following drawbacks: 

 Low light utilisation efficiency of the suspended photocatalyst. This is attributed to the 

attenuation loss suffered by light rays. It has been reported that less than 1% of UV light or 

about 20% of visible light penetrates at a depth of 0.5m under the water surface (Han and 

Bai, 2010); 

 Post-treatment recovery is both time and money consuming. This is because the catalyst 

requires a long settling time and efficient solid-liquid (phase) separation techniques (Byrne 

et al., 1998; Krýsa et al., 2006). It also leads to loss of catalyst; 

 Unfavourable human health problems are also associated with the mobility of the powder 

form (Sriwong et al., 2008). 

To overcome the drawbacks mentioned above, continuous efforts are being made to coat TiO2 on 

various substrates. Immobilisation of TiO2 has the following advantages: 

 Easy of post-treatment recovery that would reduce the operational cost when used for large 

scale practical applications; 

 Minimizing catalyst loss; 
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 Availability of longer contact time of the photocatalyst with pollutants to be degraded. 

However, also the immobilisation has a series of drawbacks, such as the reduction in the surface 

area available for reaction and the need of various suitable techniques involving well-defined 

procedures and equipment unlike powder form of TiO2, which is available in “ready to be used 

form” (Singh et al., 2013). 

As said above, to date, most investigations and applications on heterogeneous photocatalysis 

(TiO2) have employed the suspension form of semiconducting particles, and the performances of 

such systems were well documented. Fixation or immobilisation of catalyst over a stationary 

substrate would circumvent the need for post-treatment stages to recover the catalyst from the 

reaction mixture. Several research groups have supported TiO2 on glass beads or glass surfaces 

in the past years. Both systems exhibited efficacious and stable catalysts for photodegradation of 

the organic compounds tested (Matthews, 1987; Serpone et al., 1986). In another study, the 

photocatalytic oxidation of an anionic monoazo dye of acid class was performed over an anatase-

TiO2 catalytic bed in a continuous flow photoreactor system (Behnajady et al., 2007). Some 

examples of TiO2 immobilised include immobilisation on alumina, polyvinylidene difluoride, 

cellulose fibres and glass through various immobilisation techniques, such as sol-gel techniques, 

chemical vapour deposition, electrospinning and film casting (Bedford et al., 2012; Liu et al., 

2012; Romanos et al., 2012). Immobilisation of TiO2 on rigid substrates is mainly done on the 

glass due to the system’s transparency obtained after the immobilisation. This can facilitate light 

penetration, resulting in improved photocatalysis (Chen et al., 2008; Khalaf et al., 2019; 

Lelario et al., 2016).  

In this case study, the immobilisation of TiO2 over a borosilicate tube has been investigated to 

assess its potential to remove levofloxacin in the water system. In particular, for photocatalytic 

experiments we used a TiO2-coated borosilicate tube, contained into a photochemical reactor, to 

degrade an initial levofloxacin concentration of 20 mg·L
-1

, using a continuous flow photoreactor 

system. 

3.2   Experimental section 

3.2.1  Chemicals 

For chemical analysis, acetonitrile (ACN) and formic acid were LC-MS grade from Honeywell 

(Wabash, Indiana, US), and water was ultrapure Milli-Q grade (18.2 MΩ cm
-1

 resistivity at 

25°C, VWR European). Analytical standard of levofloxacin (LFX) (purity 99.4%) was 
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purchased from Lab Instruments S.r.l. (Castellana Grotte, Puglia, Italy). Chemicals were used as 

received without further purification. 

3.2.2 Experimental devices for photocatalysis in continuous 

Heterogeneous photocatalysis with immobilised TiO2 on the surface of a borosilicate tube was 

carried out by using the photochemical reactor shown in Fig. 3.1A. The diameter and length of 

the photochemical reactor are 5 and 19 cm, respectively. The diameter and size of the 

borosilicate tube inside the photochemical reactor are 3.3 and 14.9 cm, respectively, and the 

thickness is 3 mm. The photochemical reactor can load up to 420 ml of the treating water. The 

reacting fluid flows continuously into the photochemical reactor, assembled such as the active 

coated borosilicate tube that can be fixed inside it. The flow of liquid through the reactor 

provides both a continuous fresh feed and complete immersion of the TiO2-coated tube inside the 

reactor, and thus, the solution is in contact with both the internal and external surfaces of the 

tube. A peristaltic pump (Autoclude model V, Velp Scientifica Usmate, Milano, Italy) 

recirculates the reactant solution from a storage tank to the photochemical reactor placed in the 

chamber of the solar simulator device (Heraeus-Atlas Suntest CPS+, Chicago, USA) (Fig. 3.1B). 

This device is equipped with a Xenon Arc lamp (1.8 KW), the irradiation source having a light 

power of 400 W/m
2
, with a spectral wavelength range of 290 - 800 nm. All experiments were 

done on solutions of levofloxacin with an initial concentration of 20 mg·L
-1

 in pure water. The 

temperature was kept constant (30.0 ± 0.1°C) using an air conditioning system, and the solutions 

were maintained under continuous flow, thanks to the peristaltic pump. 

 

Fig. 3.1: (A) Photochemical reactor used for direct heterogeneous photocatalysis with immobilised TiO2, and (B) 

schematic diagram of the photodegradation system. 
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3.2.3  Photolysis and heterogeneous photocatalysis with supported TiO2  

For photolysis and heterogeneous photocatalysis experiments, a 2000 mg·L
-1

 stock solution of 

levofloxacin in methanol was used to prepare 2000 mL of a solution with an initial 20 mg·L
-1

 

concentration in ultrapure water. From this solution, 900 mL were used for photolysis 

experiments, and the other 900 mL were used for heterogeneous photocatalysis experiments. 

Both the experiments were carried out using the photochemical reactor shown in Fig. 3.1A. Still, 

in the first case (photolysis), we removed the TiO2-tube from the reactor and used the same 

continuous system described previously. All the samples were taken (1 mL for each sample) at 

determined intervals time and injected into the HPLC-UV system. Finally, selected samples 

obtained during the entire process were used for acute ecotoxicology assay with MicroTox
®
 

system on Vibrio fischeri, at Water Research Institute (IRSA-CNR) in Taranto (Italy). In 

contrast, the last sample of each photodegradation test (with and without TiO2-coated tube) was 

used for phytotoxicity assays on Lepidium sativum and Solanum lycopersicum. 

3.2.4   HPLC-UV conditions 

LFX concentration was monitored using a high-performance liquid chromatography (HPLC) 

system (Agilent Technologies 1200 series, USA) equipped with a Kinetex C18 100Å column 

(250 x 4.6 mm i.d., 5 µm particle size) and a diode array detector (DAD), set at λ = 295 nm. The 

mobile phase consists of a bifasic gradient, ultrapure water with 0.1% formic acid (solvent A) 

and acetonitrile (solvent B), structured as follows: 0 - 3 min, 0% B; 3 - 5 min, 15% B; 5 - 16 

min, 15% B; 16 -18 min, 100% B; 18 - 22 min, 100% B; 22 - 23 min, 0% B; 23 - 25 min, 0% B. 

The flow rate is 1.0 mL·min
-1

, and the injection volume was 20 µL. 

3.2.5 MicroTox
®
 bioluminescence assay on Vibrio fischeri 

Selected samples obtained during photolysis and photocatalysis with TiO2-coated tube were used 

for acute ecotoxicology assay with MicroTox
®
 system (Fig. 3.2) on Vibrio fischeri. In the case of 

the photolysis experiment, we selected the samples obtained after 0, 150, 300, 600, 1140 and 

1560 minutes of irradiation; in the case of the photocatalysis experiment, we set the samples 

obtained after 0, 120, 420, 840, 1320, 1980 and 2340 minutes of irradiation. All the samples 

taken were chosen based on the number of transformation products obtained after the 

correspondent time of irradiation.  
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Fig. 3.2: MictroTox system used for bioluminescence assay on Vibrio fischeri. Water Research Institute (IRSA-

CNR), Taranto (Italy). 

The protocol used for bioluminescent assay includes a series of steps:  

1. Place cuvettes in incubator wells: A1 through A5, B1 through B5, C1 through C5, D1 

through D5, F3 and reagent well; 

2. Add 1000 µL reconstitution solution to reagent well; 

3. Add 1500 µL diluent to F3; 

4. Add 1000 µL diluent to A1 through A5, and C1 through C4 (no diluent in C5); 

5. Add 2500 µL investigated sample and 250 µL osmotic adjustment solution (OAS) to C5, 

and mix; then discard 750 µL to C5 (total volume in C5 = 2000 µL); 

6. Make 1:2 serial dilutions by transferring 1000 µL, mixing after each transfer: C5 to C4, 

C4 to C3, C3 to C2, C2 to C1, C1 to A5, A5 to A4, A4 to A3, A3 to A2 (no sample in 

A1); then discard 1000 µL to A2 and wait 5 minutes (total volume in all wells = 1000 

µL); 

7. Reconstitute a vial of MicrotTox
®
 Acute Toxicity Reagent in the following way: 

 Remove a single vial of reagent from the freezer and open it with the minimum of 

handling, thereby reducing warming of the vial; 

 Shake and tap the vial gently to ensure the pellet of bacteria is seated on the 

bottom of the vial; 
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 Take the precooled cuvette of reconstitution solution from the Reagent well, then 

quickly pour the solution into the opened vial; 

 Swirl the vial 3 or 4 times, then quickly pour the mixture back into the cuvette and 

return it to the Reagent well; 

 Mix the bacteria thoroughly using the pipettor by aspirating and dispensing 0.5 mL 

of solution at least ten times.  

8. Transfer 150 µL reagent (reconstituted bacteria) to F3 and mix; 

9. Add 100 µL diluted reagent (reconstituted bacteria) to B1 through B5 and D1 through 

D5; then wait 15 minutes; 

10. Place B1 cuvette in READ well, then press the SET button; 

11. READ zero time I0 light levels as prompted by the computer monitor: B1, B2, B3, B4, 

B5, D1, D2, D3, D4, D5; 

12. Immediately add 900 µL of diluted samples from lanes A to B and from C to D: A1 to 

B1, A2 to B2, A3 to B3, A4 to B4, A5 to B5, C1 to D1, C2 to D2, C3 to D3, C4 to D4 

and C5 to D5; 

13. Read the light levels of all samples after 5, 15 and 30 minutes of exposure to diluted 

samples. 

3.2.6 Phytotoxicity assays on Lepidium sativum and Solanum lycopersicum 

A standard solution of levofloxacin at concentration 20 mg·L
-1

 and the last sample of each 

photodegradation experiments (with and without TiO2-coated tube) were used for phytotoxicity 

assays on Lepidium sativum and Solanum lycopersicum: the sample obtained after 1560 minutes 

of irradiation in the case of photolysis and the sample obtained after 2340 minutes of irradiation 

in the case of photocatalysis with supported TiO2. The samples were tested as they are and after 

a 1:2 dilution.  

The bioassay was based on seed germination (SG) and roots elongation (RE). It was carried out 

to evaluate the possible phytotoxic effect of levofloxacin and its transformation products on 

Solanum lycopersicum L. (tomatoes) and Lepidium sativum L. (garden cress) seeds (Ceglie et 

al., 2011; Elshafie et al., 2019). Seeds were sterilised in 3% H2O2 solution for 1 min and then 

were rinsed twice with deionised sterile water (dH2O). Seeds were put either in dH2O (control), 

or the solutions collected during the degradation treatments and were shaken gently for 2 hours. 

All seeds were subsequently transferred into 15 mm × 100 mm Petri dishes containing one piece 

of filter paper (Ø 90 mm, Whatman No.1). Ten seeds of each species were evenly spaced on top 

https://en.wikipedia.org/wiki/%C3%98
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of the filter paper in each Petri dish, filled with 2 mL of dH2O or treatment solutions, and sealed 

with parafilm. All Petri dishes were incubated in a growth chamber at 24 ± 2°C with 60% 

relative humidity in dark conditions for four days. The number of germinated seeds was counted, 

and length of the roots was measured in cm. The experiment was conducted in triplicate, and the 

germination index (GI) was calculated using the formula:  

G.I. % = [(SGt X REt)/ (SGc X REc)] x 100 

where: GI: germination index; SGt: average number of germinated treated seeds; REt: average 

root elongation for treated seeds; SGc: average number of germinated seeds for dH2O control; 

REc: average radical elongation for dH2O control. Data are expressed as the mean ± SDs for the 

number of germinated seeds, radicle elongation and germination index. Data were analysed 

using SPSS statistical program with Tukey test at P < 0.05. 

3.3  Results and discussion 

3.3.1 Kinetic study 

Photolysis (without TiO2-coated tube) and heterogeneous photocatalysis (with TiO2-coated tube) 

of a levofloxacin solution with an initial concentration of 20 mg·L
-1

 was carried out under 

artificial irradiation simulating solar light. Before undertaking the LFX photodegradation studies, 

a control experiment was carried out under dark conditions. No degradation was observed. The 

degradation profile of levofloxacin during photolysis and heterogeneous photocatalysis reactions 

was monitored using High-Performance Liquid Chromatography - Ultra Violet (HPLC-UV). 

Fig. 3.3 illustrates the degradation behaviour during the experiments. 
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Fig. 3.3: Evaluation of LFX degradation measured as C/C0% versus irradiation time. 

The direct irradiation of the levofloxacin solution was conducted for almost 40 h with regular 

sampling at determined intervals time. HPLC-UV analysis show a gradual degradation for 

levofloxacin and a steady decrease in the concentrations versus the time of irradiation. Kinetic 

parameters are summarised in Table 3.1.  

Table 3.1: Kinetic parameters of LFX degradation under photolysis and supported-TiO2 photocatalysis experiments. 

System 
Reaction 

Order 

Linearised Rate 

Equation 
(Cexp-Ccalc)

2
 R

2
 

t1/2 

(min) 
k 

Photolysis 

Zero–order Ct = C0 - kt 202.10 0.8499 785.40 0.0131 mg·L
-1

·min
-1

 

First–order Ln Ct = Ln C0 - kt 50.01 0.9417 227.78 0.0030 min
-1

 

Second–order C0/Ct = 1 + (1/t1/2)t 1750.88 0.2359 16.55 0.00294 L·mg
-1

·min
-1

 

TiO2-

coated 

tube 

Zero–order Ct = C0 - kt 179.56 0.8096 574.02 0.0129 mg·L
-1

·min
-1

 

First–order Ln Ct = Ln C0 - kt 90.824 0.9856 314.06 0.0022 min
-1

 

Second–order C0/Ct = 1 + (1/t1/2)t 573.327 0.5898 64.33 0.0007 L·mg
-1

·min
-1

 

Cexp, experimental concentrations; Ccalc, the value of concentrations calculated from rate equations; k, kinetic constant; t1/2, half-

life. 
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Due to their similar degradation trend, both photolysis and photocatalysis degradations seem to 

be modelled with a first-order kinetic as in Eq. 3.1.  

Ln (Ct) = Ln (C0) – k*t  Eq. 3.1 

The plot of Ln(Ct) versus irradiation time (where C is the concentration of the compound at time 

t, C0 is its initial concentration) provides an almost straight line (Fig. 3.4B), which suggests the 

first-order kinetics of the photocatalysis reaction (Fig. 3.4A). The reaction rate constant (k) was 

determined from the slope of the straight line and the reaction half time (t1/2) as in Eq. 3.2.  

t1/2 = (Ln 2) / k  Eq. 3.2 

 

Fig. 3.4: (A) Photodegradation of levofloxacin catalysed by TiO2-coated tube; Ct calc, values calculated using 

Equation 3.1; Ct exp, experimental values. (B) The trend of the first-order linearized equation used to estimate 

kinetic parameters reported in Table 3.1. 

 

In photocatalysis processes, the amount of the catalyst is an essential factor. Kinetic results 

demonstrated that the amount of coated TiO2 was not sufficient to improve the levofloxacin 

degradation in this case. The only action of the solar irradiation gives the half time of 223 

minutes; it means that 50% of the target compound was degraded at this time. Instead, with the 

presence of titanium dioxide, the degradation is slower and the half-life is reached after more 

than 300 minutes of irradiation. Coated catalyst technology is applied to avoid after treatment a 

filtration step and to be able to reuse the catalyst that will reduce the cost of using technologies. 

Several scientific works reported the efficiency of TiO2, coated on ceramic plates by sol-gel 

method for the photocatalytic degradation of atenolol, chlorpromazine and metronidazole 

(Khataee et al., 2013), or on spinning disk reactors for the removal of antipyrine (Expósito et 
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al., 2017). However, sometimes happens that the quantity of catalyst is not sufficient to improve 

the processes. This can be explained by the fact that when catalysts are coated on materials, they 

cannot adequately absorb visible radiation. In addition, this is a fundamental limitation for this 

process because the choice of titanium dioxide is given precisely by its ability to absorb solar 

radiation and make this technology low cost. Moreover, another negative consequence of the 

slow kinetics of degradation is the persistence and co-presence of many degradation products 

that may be more toxic than the parent compound. It was necessary to go deeper on this aspect, 

and phytotoxicity on Lepidium sativum and Solanum lycopersicum and toxicity evaluation on 

Vibrio fischeri were investigated. 

3.3.2 Vibrio fischeri toxicity evaluation 

Toxicological analysis of water solutions is a method of assessing the biological effect of the 

tested samples and leads to an indirect assessment of the formation of oxidation by-products of 

the tested parent compound. Toxicity evaluation about the applied treatment was obtained using 

the MicroTox
®
 acute toxicity test developed by IRSA-CNR (Taranto), based on the inhibition of 

the bioluminescence of the Gram– Vibrio fischeri bacterium. The method involves using a 

bacterial suspension obtained by dispersing a vial of freeze-dried bacteria in 1 mL of an isotonic 

reconstitution solution. Then, 150 µL of reconstituted bacteria were mixed with a diluent 

solution, and, finally, an aliquot (100 µL) was placed in selected MicroTox
®

 wells. 

Simultaneously, serial 1:2 dilutions of each sample tested were prepared to observe a 

concentration-dependent response (these data are available as supplementary material at the end 

of this chapter). Then 900 µL of each dilution were added to the bacteria to test their toxicity 

after 5, 15 and 30 minutes of exposure. Firstly, the influence of the tested antibiotic water 

solutions, before its treatment in selected oxidation processes, on the indicator organisms was 

tested. In the case of the photolysis experiment, the samples tested were obtained after 0, 150, 

300, 600, 1140 and 1560 minutes of irradiation; in the case of the TiO2-coated tube 

photocatalysis experiment, the samples tested were obtained after 0, 120, 420, 840, 1320, 1980 

and 2340 minutes of irradiation. Table 3.2 and Fig. 3.5 present the obtained results of the 

toxicological assessment and the classification of water samples to toxicological classes. 

Santana et al. (2009) proposed four classes of solution toxicity. Water solutions, which incurs 

an inhibition of bacterial bioluminescence of over 75% are classified as highly toxic. The 

levofloxacin water solution was characterised by low toxicity (35%). 
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Table 3.2: Percentage (%) of toxic effect after 30 minutes of exposure to the samples obtained from photolysis and 

TiO2-coated tube photocatalysis experiments and toxicity classification. 

Photolysis 
% Effect (after 30 minutes 

of exposure) 
Toxicity classification 

T0 (CLFX = 20.56 mg·L
-1

) 34.30 % Low toxic 

T150 (CLFX = 13.18 mg·L
-1

) 54.34 % Toxic 

T300 (CLFX = 9.012 mg·L
-1

) 54.64 % Toxic 

T600 (CLFX = 5.36 mg·L
-1

) 60.83 % Toxic 

T1140 (CLFX = 0.81 mg·L
-1

) 62.85 % Toxic 

T1560 (CLFX = 0 mg·L
-1

) 68.66 % Toxic 

  

Photocatalysis with TiO2-coated tube 
% Effect (after 30 minutes 

of exposure) 
 

T0 (CLFX = 22.08 mg·L
-1

) 35.95 % Low toxic 

T120 (CLFX = 13.71 mg·L
-1

) 41.38 % Low toxic 

T420 (CLFX = 7.45 mg·L
-1

) 52.70 % Toxic 

T840 (CLFX = 3.09 mg·L
-1

) 75.84 % Highly toxic 

T1320 (CLFX = 0.76 mg·L
-1

) 86.47 % Highly toxic 

T1980 (CLFX = 0 mg·L
-1

) 97.15 % Highly toxic 

T2340 (CLFX = 0 mg·L
-1

) 98.72 % Highly toxic 

The results reported in Table 3.2. are graphically represented in Fig. 3.5A and Fig. 3.5B. 
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Fig. 3.5: Percentage of toxic effect after 30 minutes of exposure to the samples obtained from (A) photolysis and (B) 

TiO2-coated tube photocatalysis experiments. 

The treatment of levofloxacin water solutions in chosen oxidation processes resulted in an 

increase in their toxicity. Figure 3.5 summarises the toxic effect of the treated water solution 

during photolysis and photocatalysis using coated TiO2. The highest toxicity increase was 

observed for the LFX after the TiO2 process, which incurred an inhibition of bacterial 

bioluminescence of over 99%. 

The significant increase in the toxicity of the levofloxacin solution after the proposed treatments 

may result from the formation of several by-products. A similar trend was observed by (El 

Najjar et al., 2013): although quinolones exhibited limited acute toxicity to V. fischeri, an acute 

toxicity elevation was observed after chlorination treatment on levofloxacin, which was 

attributed to the formation of toxic transformation products. Furthermore, Yamashita et al. 

(2006) already reported in their study that light emission released from luminescent bacterium 

was not reduced, which meant that levofloxacin had a little toxic effect at the highest 

concentration tested (8.2 mg/L), thus confirming that the high increase in the toxicity observed 

from our results may be attributed to the presence toxic by-products. In addition, the slow 

kinetics degradation observed under TiO2-coated tube photocatalytic processes allows the 

coexistence of many of them, increasing the toxicity. 

Calza et al. (2008) and Juretic et al. (2013) reported that dihydroxy-derivatives of some organic 

compounds with their corresponding quinone structure are more toxic than their monohydroxy-
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precursors. Moreover, open ring by-products are generally less toxic than aromatic compounds 

(Milovac et al., 2014). Another possible cause of the increase in toxicity, may be the detachment 

of titanium dioxide nanoparticles from the surface of the TiO2-coated tube. The toxicity of TiO2 

on living organisms and in aquatic environment was confirmed from Hou et al., 2019 and 

Sharma, 2009.  

In general, the oxidation of micropollutants does not lead to complete mineralisation and the 

formed products are still biologically active compounds; for this reason, the toxicity information 

has to be complete also with a phytotoxicity test. 

3.3.3 Phytotoxicity evaluation  

In order to compare the phytotoxicity between untreated and post-treatment, toxicity endpoint 

and global phytotoxicity were determined on Lepidium sativum and Solanum lycopersicum. Data 

of germinated seeds and root elongation for each concentration of untreated (LFX 20 mg·L
-1

) 

and post-treated (after 1560 minutes of treatment for photolysis and 2340 minutes for TiO2-

coated tube photocatalysis) were used to determine three phytotoxicity indexes: seed germination 

(SG), root elongation (RE) and relative growth index (RGI). SG and RE were calculated using 

equations Eq. 3.3 and Eq. 3.4 respectively, according to Bagur-González et al. (2011). Values 

of these indexes were used to classify each concentration as causing low, moderate, high or very 

high toxicity. Currently, there is no unified approach regarding the use of these indexes, as 

different authors select which to use according to the specific aim of each evaluation. 

   
       

  
  Eq. 3.3 

   
       

  
  Eq. 3.4 

The control complied with the established criteria for quality controls, hence the toxicity test was 

deemed valid. In fact, the coefficient of variation of root elongation was 1.0 ± 0.0 cm and the 

percentage of germinated seeds was 100 ± 0.0% using both plants.  

The untreated solution containing 20 mg·L
-1

 of levofloxacin inhibited seed germination at 60 ± 

0.0% and 10 ± 0.0% in L. sativum and S. Lycopersicum, respectively shown in Table 3.3 and 

Fig. 3.6 and Fig. 3.7. The inhibition of seed germination is related to the stress caused by 

pollutants present in a water solution that penetrate the seed and affect its metabolism (Aguiar et 

al., 2016). In addition, the increased seed germination percentage after two proposed treatments, 

indicated that both AOPs could remove or mitigate the number of pollutants harmful to 

germination, especially for S. Lycopersicum. 
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Table 3.3: Results of phytotoxicity assays against Lepidium sativum and Solanum lycopersicum. 

All values are recorded as the average values of three replicates. 

Values followed by the different letters in each vertical column for each tested plant are significantly different 

according to the Tukey B test at P < 0.05. 

 

 

 

 

 

 

 

 

The concentration 

of the sample ( 

mg·L
-1

) 

Seed germination 

(%) 
Radical elongation (cm) 

Growth index 

(%) 

L
. 

sa
ti

vu
m

 

LFX  t0 min 20 60.0 ± 7.5c 9.7 ± 4.1bc 0.19 ± 0.05c 

LFX  t1560 min 

(photolysis) 
Taken as it is 80.0 ± 5.4b 10.4 ± 1.4bc 0.26 ± 0.07c 

LFX  t2340 min 

(TiO2-coated 

photocatalysis) 

Taken as it is 100.0 ± 0.0a 5.1 ± 0.8b 0.22 ± 0.03b 

CONTROL H2O 100.0 ± 0.0a 25.1 ± 1.7a 1.0 ± 0.0a 

S
. 

ly
co

p
er

si
cu

m
 

LFX   t0 min 20 10.0 ± 2.4c 0.42 ± 0.80d 0.0 ± 0.0d 

LFX    t1560 min 

(photolysis) 
Taken as it is 50.0 ± 3.1b 0.74 ± 0.70d 0.03 ± 0.00d 

LFX  t2340 min 

(TiO2-coated 

photocatalysis) 

Taken as it is 50.0 ± 4.2ab 2.0 ± 1.9b 0.09 ± 0.02c 

CONTROL H2O 100.0 ± 0.0a 15.11 ± 1.80a 1.0 ± 0.0a 
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Fig. 3.6: Effect of the tested samples on A) seed germination, B) radical elongation, C) growth index of Lepidium 

sativum. 
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Fig. 3.7: Effect of the tested samples on A) seed germination, B) radical elongation, C) growth index of Solanum 

lycopersicum. 

An increase in the inhibition of root elongation by using coated-TiO2 on L. sativum was observed 

in the present study. This effect is represented by not only RE but also GI phytotoxicity indexes. 

Due to the low inhibition on seed germination (20% under photolysis and 0% using coated 

TiO2), growth index (GI) show inhibition at the same concentrations for both AOP applied. Root 

elongation inhibition turned out to be a more sensitive biological response than seed germination 

inhibition. These results coincide with those reported by Pan & Chu (2016). Seedling growth 

may be affected by reduced adsorption of the compounds necessary for development, caused by 

inhibition of cell division in the root (Pan & Chu, 2016).  

A different response was observed using S. Lycopersicum. The sensitivity of this species is more 

sensitive, but in general, the behaviour is similar, but it is not highly sensitive on root elongation. 
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3.4  Conclusions 

The present study demonstrates that the degradation of levofloxacin using coated TiO2 on the 

surface of a borosilicate tube was not an efficient treatment, as we initially supposed. The kinetic 

results showed that the applied treatment was slower than the natural photolysis under simulated 

solar radiation, giving an half time of 300 minutes and 223 minutes, respectively. Moreover, due 

to their similar degradation trend, both photolysis and photocatalysis degradations seem to be 

modelled with a first-order kinetic. Using a simple tool like the toxicity test using Vibrio fischeri 

and test seed inhibition of germination and root elongation allowed assessing the quality and 

effectiveness of the effluent treatment systems. The results obtained from the ecotoxicity tests on 

Vibrio fischeri demonstrated that the treatment of levofloxacin water solutions in chosen 

oxidation processes resulted in an increase in their toxicity. The highest toxicity increase was 

observed after the treatment with the TiO2-coated tube. In particular, the last two samples 

obtained from photocatalysis experiment after 1980 and 2340 minutes of irradiation showed 

97.15% and 98.72% of bioluminescence inhibition, respectively. This unexpected result has been 

attributed to the probable detachment of titanium dioxide nanoparticles from the surface of the 

tube, whose toxicity is also being confirmed by the European Food Safety Authority (EFSA).  

An increase in the toxicity was also observed with phytotoxicity tests, because the final sample 

obtained from photolysis and TiO2-coated tube photocatalysis treatments showed an inhibition in 

seed germination, roots elongation and growth index in both the plants tested. This suggests that 

effluent toxicity from these processes must be reduced using another potential treatment that 

could also accelerate the kinetic degradation of the process. 

3.5  Supplementary material 

This section reports all concentration-dependent toxicity plots (from Fig. 3.8 to Fig. 3.20) for 

each sample tested, obtained by MicroTox analysis, some chromatograms obtained from HPLC-

UV analysis (Fig 3.21 and Fig 3.22), for photolysis and TiO2-coated tube photocatalysis 

experiments, and the list of transformation products obtained from these two processes, based on 

retention time observed by HPLC-UV analyses (Table 3.4). For the Vibrio fischeri toxicity 

assessment through the MicroTox system, each sample was diluted by 1:2 serial dilutions for the 

analyses. The LFX concentration in the actual sample obtained from photolysis and TiO2-coated 

tube photocatalysis experiments is indicated in all tables as 81.90, followed by all 1:2 dilutions. 
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Fig. 3.8: Toxicity results of the T0 sample (CLFX = 20.56 mg·L
-1

). 

 

Fig. 3.9: Toxicity results of the sample obtained after 150 minutes of irradiation in the photolysis experiment (T150; 

CLFX = 13.18 mg·L
-1

).  
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 Fig. 3.10: Toxicity results of the sample obtained after 300 minutes of irradiation in the photolysis experiment 

(T300; CLFX = 9.012 mg·L
-1

). 

  

Fig. 3.11: Toxicity results of the sample obtained after 600 minutes of irradiation in the photolysis experiment 

(T600; CLFX = 5.36 mg·L
-1

). 
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Fig. 3.12: Toxicity results of the sample obtained after 1140 minutes of irradiation in the photolysis experiment 

(T1140; CLFX = 0.81 mg·L
-1

). 

 

Fig. 3.13: Toxicity results of the sample obtained after 1560 minutes of irradiation in the photolysis experiment 

(T1560; CLFX = 0 mg·L
-1

). 
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Fig. 3.14: Toxicity results of the T0 sample (CLFX =  22.08 mg·L
-1

). 

 

Fig. 3.15: Toxicity results of the sample obtained after 120 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T120; CLFX = 13.71 mg·L
-1

). 
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Fig. 3.16: Toxicity results of the sample obtained after 420 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T420; CLFX = 7.45 mg·L
-1

).  

 

Fig. 3.17: Toxicity results of the sample obtained after 840 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T840; CLFX = 3.09 mg·L
-1

).  
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Fig. 3.18: Toxicity results of the sample obtained after 1320 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T1320; CLFX = 0.76 mg·L
-1

). 

  

Fig. 3.19: Toxicity results of the sample obtained after 1980 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T1980; CLFX = 0 mg·L
-1

). 

 

Fig. 3.20: Toxicity results of the sample obtained after 2340 minutes of irradiation in the TiO2-coated tube 

photocatalysis experiment (T2340; CLFX = 0 mg·L
-1

). 
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Fig. 3.21: Chromatograms of tested samples obtained from photolysis experiment. 
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Fig. 3.22: Chromatograms of tested samples obtained from TiO2-coated tube photocatalysis experiment. 
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Table 3.4: List of transformation products obtained from photolysis and TiO2-coated tube photocatalysis, based on 

retention time observed by HPLC-UV analyses. 
P

h
o
to

ly
si

s 

Time 

(min) 

TPs 1 

(TR= 

5.1) 

TPs 2 

(TR = 

5.7) 

TPs 3 

(TR = 

7.6) 

TPs 4 

(TR = 

7.7) 

TPs 5 

(TR = 

7.8) 

TPs 6 

(TR = 

8.0) 

TPs 7 

(TR = 

10.3) 

TPs 8 

(TR = 

10.9) 

TPs 9 

(TR = 

12.4) 

TPs 

10 

(TR = 

13.1) 

0 / / / / / / / / / / 

150 / X / / / / / X X X 

300 / X / / / / / X X X 

600 X X X / X / / / / X 

1140 X X X X X X X / / X 

1560 / / X X X X X / / X 

            

P
h

o
to

ca
ta

ly
si

s 
w

it
h

 T
iO

2
-

co
a
te

d
 t

u
b

e 

0 / / / / / / / / / / 

120 / X / / / / / X X X 

420 / X / / / / / X X X 

840 / X X / / / / / X X 

1320 / / / / / / / / / X 

1980 / / / / / / / / / / 

2340 / / / / / / / / / / 

TR = retention time expressed in minutes 
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CHAPTER 4 

Case study #3: homogeneous photocatalysis with hydrogen peroxide 

(H2O2), peroxymonosulphate (PMS, HSO5
–
) and peroxydisulphate 

(PS, S2O8
2–

) for the degradation of levofloxacin 

For this case of study, the aim was to give a comprehensive view of the different aspects linked 

to the degradation of levofloxacin with sulphate radicals based AOPs (SR-AOPs) and hydroxyl 

radicals AOPs (HR-AOPs). All experimental conditions and results are reported in this 

dissertation as an under review paper.  

Comparison of sunlight-AOPs for levofloxacin removal: kinetics, 

transformation products and toxicity assay on Escherichia coli and 

Micrococcus flavus (submitted to Environmental Science and Pollution 

Research (ESPR) - under revision) 

4.1   Introduction 

Water pollution is an increasing environmental hot-spot due to the continuous introduction of 

recalcitrant organic compounds into the aquatic ecosystem (Geissen et al., 2015). Antibiotics are 

pharmaceuticals extensively used to treat and prevent bacterial infectious diseases. Despite being 

poorly regulated worldwide, antibiotics continue to be the most detected pharmaceuticals given 

their extensive use in human and veterinary medicine (Boy-Roura et al. 2018; Klein et al. 

2018; Pascale et al. 2020). Effective removal of antibiotic trace levels from the environment is 

urgently required for a reason beyond the environmental impacts, such as toxicity to plants and 

other organisms (Backhaus et al., 2000; Mukhtar et al., 2020a). Trace levels of antibiotics in 

aquatic ecosystems may induce the development of antibiotic resistance genes and bacteria, 

which will decrease or completely inhibit the therapeutic potential of antibiotics against human 

and animal pathogens (Rizzo et al., 2013; Zainab et al., 2020). This is a major risk for human 

health that should be prevented through effective antibiotic removal from the environment. The 

most detected classes of antibiotics in wastewater and surface water are fluoroquinolones (FQs) 

(Gothwal and Shashidhar, 2015; Rizzo et al., 2013) because they are not removed in 

conventional wastewater treatment plants and can cause long-term bioaccumulation and toxicity 



Chapter 4 

 90 

in the environment (Liu et al., 2020). Usually, these fluorinated antibiotics are found at low 

concentrations, ranging from ng L
-1

 to µg L
-1

, but concentrations up to several mg L
-1

 were 

already detected in effluents from pharmaceutical industries (Larsson et al., 2007). 

Fluoroquinolones are highly recalcitrant organic pollutants hardly removed by conventional 

water treatment technologies. The biodegradation of FQs has rarely been reported. To our 

knowledge, only a few bacteria (Pan et al., 2018) and fungi (Manasfi et al., 2020) species have 

been identified as organisms capable of biotransforming these antibiotic traces. However, the 

consequences due to the presence of fluoroquinolones in the environment are not fully 

understood, but they are known to be toxic to plants and aquatic organisms (Backhaus et al., 

2000; Mukhtar et al., 2020a). For this reason, the development of AOPs holds the promise of 

entirely mineralising pharmaceutical footprint in water environments if those are included as 

additional polishing to conventional wastewater treatment plants (Brienza and Katsoyiannis, 

2017). The fundamental principle of AOPs resides in the generation in situ of robust oxidising 

radical species such as hydroxyl radicals (OH
•
), which interact with the molecules of the organic 

pollutants and lead to the progressive degradation of the contaminants (Lelario et al., 2016; 

Vagi and Petsas, 2017). Hydroxyl radicals (HR) can be produced by different systems such as 

UV/H2O2 (Jung et al., 2012), UV/O3 (Šojić et al., 2012), UV/TiO2 (Azzaz et al., 2018; Zuorro 

et al., 2019), Fenton and photo-Fenton technologies (Kamagate et al., 2018; Zhu et al., 2019). 

In the last decade, oxidants like peroxydisulphate (PDS = S2O8
2-

) or peroxymonosulphate (PMS 

= HSO5
–
) have been studied as an alternative to conventional OH

• 
based AOPs (Ahmed et al., 

2014). In fact, through their activation, sulphate radicals (SR)(SO4
•–

) can be produced for the 

removal of an extensive array of organic contaminants, including pharmaceuticals and pesticides 

(Kan et al., 2021). The activation of PMS and PDS can be achieved mainly by thermal, 

photolytic, sonolytic, radiolytic activation, and the reactions of the oxidants with iron oxide 

magnetic composites, including in situ formed iron hydroxides and quinones (Wacławek et al., 

2017). Among the various SR-AOPs, sunlight technologies are desirable because of their low 

operational costs and high organic contaminants removal efficiency (Yang et al., 2019). After 

activation, PDS produces sulphate radicals, while PMS produces both sulphate and hydroxyl 

radicals, as reported in Eq. 4.1 - 4.2: 

    
               

                                                                     Eq. 4.1 

    
            

                                                                               Eq. 4.2 
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Compared to HO
•
, SO4

•–
 radicals have a series of advantages: higher redox potential (E

0
 = 2.65 - 

3.1 V), higher selectivity and efficiency on the oxidation of compounds with unsaturated bonds 

or aromatic ring, higher pH range and higher half-life in some cases (Ahmed et al., 2012; Hayat 

et al., 2020). Therefore, sulphate radicals can remove emerging contaminants more efficiently 

(Wang and Wang, 2018; Yang et al., 2019). 

This work provides a framework to compare the effectiveness of homogeneous AOPs processes 

based on the generation of OH
•
 and SO4

•-
 by solar-driven methods. Levofloxacin (LFX) is used 

as a model compound since it is the widest fluoroquinolone pharmaceutical and has been widely 

prescribed in the period of the Covid-19 pandemic due to its usefulness in the treatment of 

opportunistic bacterial infections that can co-occur during bacterial pathogenesis. In addition, the 

LFX transformation pathway has been investigated upon different oxidative treatments (Epold et 

al., 2015; Yahya et al., 2015) biodegradation (Shu et al., 2021), which might facilitate 

intermediates identification. The oxidants used are H2O2, PMS and PDS, which produce HO
•
, 

HO
• 
and SO4

•–
, SO4

•– 
radicals respectively. In the first step, the performance of different AOPs 

was investigated in other pH conditions according to essential kinetic criteria, mainly the 

comparison between apparent first-order kinetic rate constants obtained by different SR-AOPs 

and HR-AOPs. Then, in a second step, treatment of LFX was conducted in a complex water 

matrix as representative wastewater composition to assess competitive and targeted reduction of 

fluoroquinolone at a realistic concentration level. To demonstrate the hazard of the starting 

molecule and its degradation products, the evaluation of the inactivation of specific bacterial 

strains is beneficial (Cai et al., 2016). For this purpose, the effective inactivation of anti-

bactericidal effects of LFX and by-products was evaluated using the culture of Escherichia coli 

and Micrococcus flavus microorganisms. The bactericidal effect evaluation is essential to define 

the effectiveness of technology to prevent the undesired development of bacteria resistant strains. 

4.2   Material and methods 

4.2.1  Reagents, catalyst and wastewater  

For chemical analysis, acetonitrile (ACN) and formic acid were LC-MS grade from Honeywell 

(Wabash, Indiana, US), and water was ultrapure Milli-Q grade (18.2 MΩ cm
-1

 resistivity at 

25°C). Analytical standard of levofloxacin (LFX) (purity 99.4%) was purchased from Lab 

Instruments S.r.l. (Castellana Grotte, Puglia, Italy). Potassium peroxymonosulphate, with the 

commercial name of Oxone® (PMS, KHSO5·0.5KHSO4·0.5K2SO4), sodium peroxydisulphate 

(PDS, reagent grade, ≥ 98%), hydrogen peroxide (H2O2, 30%), potassium iodide (KI, ≥ 99.5%), 
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sodium acetate trihydrate (CH3COONa·3H2O, ≥ 99%), monobasic potassium phosphate 

(KH2PO4, ≥ 99%), dibasic potassium phosphate (K2HPO4, ≥ 98%), sodium chloride (NaCl, ≥ 

99.5%), calcium sulphate dihydrate (CaSO4·2H2O, ≥ 99%), magnesium sulphate (MgSO4, ≥ 

97%), magnesium sulphate heptahydrate (MgSO4·7H2O, ≥ 98%), potassium chloride (KCl, ≥ 

99%), urea (≥ 99.5%), peptone, yeast extract, agar, tryptone, enzymatic digest of soybean meal 

were purchased from Sigma Aldrich (St. Louis, USA), sodium hydrogen carbonate (NaHCO3, ≥ 

99.5%) from VWR Chemicals (Radnor, Pennsylvania, US), glacial acetic acid (CH3COOH, ≥ 

99.9%) and methanol (CH3OH, LC-MS grade) from Carlo Erba reagents (Milano, Italy), calcium 

chloride dihydrate (CaCl2·2H2O, ≥ 97%), All chemicals were used as received without further 

purification. 

4.2.2  AOPs and experimental conditions 

The photocatalytic experiments were conducted using an amber cylindrical reactor covered with 

a quartz cap. The photochemical reactor was placed in a solar simulator device (Heraeus-Atlas 

Suntest CPS+, Chicago, USA), equipped with a Xenon Arc lamp (1.8 KW) as irradiation source, 

with a light power of 400 W/m
2
 and a spectral wavelength range of 290 - 800 nm. The 

temperature was kept constant (26 ± 0.1°C) through an air conditioning system, and the solutions 

were maintained under continuous stirring to ensure an optimum mixing flow. All 

photodegradation reactions were performed on a solution of LFX with an initial concentration of 

10 mg·L
-1

, obtained from a stock solution of 2000 mg·L
-1 

in methanol and diluted in different 

aqueous media: distilled water pH = 6.3, acetate buffer solution 0.01 M pH = 5, phosphate buffer 

solution 0.05 M pH = 7, simulated wastewater (SWW) pH = 7.8. The initial concentration was 

fixed at 10 mg·L
-1

 because it is suitable for kinetic competition experiments and allows HPLC 

quantification without pre-concentration steps. The efficiency of H2O2, PMS and PDS as 

oxidants at a concentration of 400 µM was assessed for each medium. Simulated wastewater 

(SWW) at pH around eight was employed in this work. The exact composition is as follows 

(Polo-López et al., 2012): NaHCO3 (96 mg·L
-1

), NaCl (7 mg·L
-1

), CaSO4·2H2O (60 mg·L
-1

), 

urea (6 mg·L
-1

), MgSO4 (60 mg·L
-1

), KCl (4 mg·L
-1

), K2HPO4 (0,28 mg·L
-1

), CaCl2·2H2O (4 

mg·L
-1

), peptone (32 mg·L
-1

), MgSO4·7H2O (2 mg·L
-1

).  

 

 

 



Chapter 4 

 93 

4.2.3  Analytical methods 

4.2.3.1  HPLC-UV and MS method  

The time course concentration of LFX was monitored using a high-performance liquid 

chromatography (HPLC) system (Agilent Technologies 1200 series, USA) equipped with a 

Kinetex C18 100Å column (250 x 4.6 mm i.d. and 5 µm particle size) coupled to a diode array 

detector, set at λ = 295 nm. The mobile phase consists of a biphasic gradient, ultrapure water 

with 0.1% formic acid (solvent A) and acetonitrile (solvent B), structured as follows: 0 - 3 min, 

0% B; 3 - 5 min, 15% B; 5 - 16 min, 15% B; 16 -18 min, 100% B; 18 - 22 min, 100% B; 22 - 23 

min, 0% B; 23 - 25 min, 0% B. The flow rate is 1.0 mL·min
-1

, and the injection volume is 20 µL. 

The study of metabolites for LFX degradation in SWW by simulated irradiation/PDS was carried 

out using an LC-ESI(+)-linear trap quadrupole (LTQ) MS (Thermo Fisher Scientific, Bremen, 

Germany). Chromatographic conditions were maintained identical to those described above for 

the HPLC-UV method. The MS optimised experimental conditions for the ESI ion source were: 

ESI needle voltage, +4.5 kV; cone voltage, +3.00 kV; the temperature of the heated capillary, 

350°C; and sheath gas (N2) flow rate of 60 arbitrary units (a.u.). The instrument was externally 

calibrated with appropriate standards, and mass spectrometric data were acquired in the positive 

ion mode while scanning m/z 50–2000.  

4.2.3.2  Spectrophotometric method for PDS quantification 

During degradation, residual PDS concentration in SWW samples was monitored using a 

UV/visible single-ray spectrophotometer Cary 50 at λ = 352 nm and λ = 400 nm. The analysed 

solutions consisted of 1 mL of the selected sample, 1 mL of NaHCO3 5.0 mg·mL
-1

, 1 mL of KI 

0.1 g·mL
-1

. Samples were maintained under dark conditions for 15 minutes and then placed into 

the spectrophotometer for analysis (Liang et al., 2008).  

4.2.4  Antibacterial activity evaluation  

The antibacterial effect of treated solutions was assessed on E. coli (LMG2092) and M. flavus 

(DSM1790). These analyses aimed to quantify the effective inhibition of antibacterial character 

to the effluent to prevent the development of antibiotic-resistant strains. Therefore, studies were 

carried out by testing the samples obtained from photodegradation experiments of LFX in SWW 

with simulated irradiation/PDS. Tryptic Soy Broth (TSB) and Lysogeny Broth (LB) were used as 

agar medium. TSB was prepared to dissolve 15.0 g tryptone, 5.0 g enzymatic digest of soybean 
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meal, 5.0 g sodium chloride, 15.0 g agar in 1 L of distilled water; In comparison, LB medium 

was made up of 10.0 g peptone, 5.0 g yeast extract, 5.0 g sodium chloride and 12.0 g agar in 1 L 

of distilled water. Both the mediums were sterilised in a high-pressure steriliser at 121°C for 15 

minutes and deposited into Petri dishes with a diameter of 60 mm (MacWilliams and Liao, 

2006). The suspensions of E. coli and M. flavus bacteria were prepared to contain approximately 

10
8
 CFU mL

-1
. Each Petri dish was spiked in four different points with 20 µL of four different 

samples, then finally incubated at a temperature of 37 °C for 18 hours. 

4.3  Results and discussion 

4.3.1  Degradation efficiency of levofloxacin by simulated irradiation-drive 

processes 

Before undertaking the LFX photodegradation studies in distilled water, acetate buffer and 

phosphate buffer, a control experiment was carried out under dark conditions with an initial 

concentration of LFX at 10 mg·L
-1

, with and without H2O2, PMS and PDS. In these conditions, 

there was no evidence for LFX degradation in the presence of H2O2. As far as PDS is concerned, 

a decrease in the percentage of degradation is observed with increasing pH, except distilled 

water, which has a zero-degradation rate. Finally, concerning PMS, there is an increase in the 

degradation percentage as the pH increases, except for distilled water again. This anomalous 

behaviour in distilled water could be attributed to the absence of ions in the solution. In 

particular, after 30 seconds adding of PDS, we obtained a decrease of 1%, 17% and 10% in LFX 

concentration, while after adding PMS, we obtained a reduction of 10%, 40% and 100% in 

distilled water, acetate buffer and phosphate buffer, respectively. In the case of PMS in 

phosphate buffer solution, we observe a complete transformation of LFX in just 30 seconds, as 

shown in the chromatogram of Fig. 4.1.  
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Fig. 4.1: Chromatograms of LFX 10 mg·L
-1

 in distilled water and after adding PMS [400 µM] in distilled water, 

acetate buffer solution pH = 5 and phosphate buffer solution pH = 7. 

All the LFX (retention time 13.3 min.) was transformed into another compound with a retention 

time of 18.4 min. This was identified as LFX N-oxide (Merel et al., 2017). Indeed, as reported 

for other fluoroquinolone antibiotics and nitrogenous heterocyclic compounds (Brienza et al., 

2020, 2019; Nihemaiti et al., 2020), especially PMS can degrade organic contaminants without 

radicals involvement through an oxidation process, and it has been demonstrated that the 

piperazine ring is the leading reaction site for quinolone compounds. This mechanism is still 

little studied, but it is closely related to the range of pH used in the experimental setup and seems 

to be improved in alkaline conditions (Wang and Wang, 2018).   

To compare the efficiency of sunlight driven advanced oxidation processes, a kinetic study of 

LFX photodegradation using different oxidant systems such as H2O2, PMS and PDS and 

represented by the following reactions in Eq. 4.3 - 4.5 was carried out, and the results obtained 

were reported in Table 1: 

           H2O2 + hv → OH 
•   

 + SO4 
·- 

  Eq. 4.3 

                   HSO5
-
 + hv → OH 

•   
 + SO4 

·-
  Eq. 4.4 

                  S2O8
2-

 + hv → 2SO4
·-
  Eq. 4.5 
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Table 4.1: Percentage (%) of LFX degraded in acetate buffer solution, distilled water and phosphate buffer solution 

by different simulated irradiation/oxidant systems (t = 10 min). 

 % PHOTODEGRADATION 

 
Acetate buffer solution 

(pH = 5) 

Distilled water 

(pH = 6.3) 

Phosphate buffer 

solution (pH = 7) 

Photolysis 3.0 2.5 13.9 

H2O2 8.0 6.8 17.2 

PMS 52.5 25.0 100.0 

PDS 92.8 100.0 89.2 

 

From the results obtained, minimal degradation is observed during photolysis processes and in 

the presence of H2O2; meanwhile, high percentage degradation in a range of 25 to 100 and 89.2 

to 100% was observed by PMS and PDS, respectively. This result can be explained by the small 

yield of OH
•
 induced by simulated irradiation. It is important to remark that photolysis of H2O2 

from reaction (1) only takes place under UVC wavelengths. The spectrum of solar radiation has 

a small component of UV- light (< 4.0 %), from which UVC represents an almost null 

percentage (Serrà et al., 2021). Therefore, it cannot be expected a high efficiency in the 

photoactivation of H2O2 to produce a high concentration of OH
•
 for LFX degradation.  

In the case of PDS, there is an increase of degradation rate when switching from acetate buffer 

solution pH 5 to distilled water pH 6.3 and a decrease when switching to phosphate buffer pH 7. 

At the same time, for H2O2, there is a continuous increase when changing from acidic to neutral 

pH, in agreement with the results reported by Lau et al. (2007) and Liu et al. (2013). There are 

some main reasons for this observed behaviour: i) the increase of pH in the solution determines a 

different degree of molecule protonation, which will therefore have a distinct affinity for the 

radicals present; moreover, ii) the more or less acidic aqueous environment may determine an 

abundant production of radicals, which results in a different number of degraded molecules 

depending on their total concentration. Furthermore, all the variations occurring in a solution 

determine a different degree of light absorption and, therefore, an extra degradation efficiency 

(Lau et al., 2007; Liu et al., 2013). 

The kinetics of degradation of the various oxidants at different pH under simulated irradiation 

conditions are shown in Fig. 4.2.  
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Fig. 4.2: Photodegradation curve of LFX in A) distilled water, B) acetate buffer solution and C) phosphate buffer 

solution, by different simulated irradiation/oxidant system (t = 10 min; C0 = 10 mg·L
-1

). 

Under photolysis and simulated irradiation/H2O2 system, we have linear one-step degradation 

kinetics in all the solutions tested. In contrast, for simulated irradiation/PDS and affected 

irradiation/PMS systems, we have a first step where there is a rapid decrease in the concentration 

of the LFX due to a possible direct and immediate action of the oxidants adding and depending 

on the pH of the solutions tested, as said above, followed by a second step where we have a 

much slower degradation. However, the effect of pH value in the simulated irradiation/PDS 

process was smaller than that in the simulated irradiation/PMS process. In all cases, the first 

process led to complete degradation of LFX in 10 minutes and 20 minutes for distilled water and 

acetate/phosphate-buffered solutions, respectively.  

Beyond direct comparison between the different reactions of AOPs, the simulated sunlight 

radiation activates the oxidants, resulting in hydroxyl and sulphate radicals forming depending 

on the chemical nature of the oxidants (Eq. 4.3 and Eq. 4.5). However, the results obtained 

indicate that SO4
•- 

radicals are more reactive towards the molecule of LFX concerning OH
•
 

radicals (Brienza et al., 2014). These results also demonstrate that, in this specific case, the 

activation of PDS through the use of only simulated radiation is sufficient to degrade LFX at a 

concentration of 10 mg·L
-1

. However, in literature, most researchers focus on the metal-induced 
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activation of PDS using metal ions such as Cu
2+

, Fe
2+

, Zn
2+

 or Mn
2+

 (Gao and Zou, 2020; Liu 

et al., 2021; Wang et al., 2018).  

4.3.2  Kinetic study of simulated irradiation/PDS system in simulated 

wastewater (SWW), and optimisation of the process 

Wastewater matrices present a complex composition that may affect the overall treatment 

performance of a treatment technology due to the existence of competitive species that may 

consume radicals produced (Garcia-Segura et al., 2020). Although methanol is an excellent 

scavenger for hydroxyl radicals (Bartlett and Cotman, 1949; Jiménez et al., 2003), in our case, 

the small amount of methanol was considered part of the complex and its influence in this 

scenario was not significative. Given the high performance of the simulated irradiation/PDS 

treatment, this process was selected to conduct further studies in a complex wastewater sample. 

Due to the ongoing Covid-19 pandemic, it was impossible to use an accurate wastewater sample 

for safety reasons; therefore, we used simulated wastewater, according to Polo-López et al. 

(2012). It can be observed that, despite the complex composition, the simulated irradiation/PDS 

treatment attains complete degradation of target LFX in 10 min with 400 µM PDS dose. The 

remaining PDS in the solution was quantified through spectrophotometric analyses (Liang et al., 

2008). A remaining concentration of 275 µM PDS was quantified after treatment, suggesting that 

only 125 µM PDS was required to attain complete abatement of LFX. Dose optimisation is 

crucial to minimise capital expenditures and decrease risks associated with unwanted remaining 

concentrations of oxidants in treated water effluents. Additional experiences were conducted 

using lower initial doses of PDS of 100 µM and 200 µM (Fig. 4.3).  
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Fig. 4.3: Kinetics degradation by simulated irradiation/PDS system at different PDS concentrations [400 µM; 200 

µM; 100 µM] in simulated wastewater (pH=7.8; t = 10 min; C0 = 10 mg·L
-1

). 

In Figure 4.3, it can be seen that all three concentrations achieved almost complete degradation 

of LFX. Considering 10 min of residence time, LFX removal reached 86.4%, 93.1% and 100% 

for increasing doses of PDS of 100 µM, 200 µM and 400 µM, respectively. Thus, it can be 

observed that a lower amount of 200 µM can be used to attain one log removal of trace pollutant 

LFX in wastewater samples. All normalised concentration of LFX was fitted according to a 

simple first-order kinetic model (Fig. 4.4) described by Eq. 4.6. The kinetic rate constant (k) 

(min
-1

) and the corresponding half-reaction time (Eq. 4.7) (Table 4.2) were determined to find 

the best fit between the experimental and the calculated concentration of LFX profiles obtained 

with the simulated irradiation/PDS system. 

                    Eq. 4.6 
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Fig. 4.4: Trends of the first-order linearised equation used to calculate kinetic parameters reported in Table 4.2. 

Table 4.2: Kinetic parameters of LFX degradation in synthetic wastewater with three different concentrations of 

PDS. 

System (Cexp-Ccalc)
2
 R

2
 t1/2 (min) k (min

-1
) 

Simulated 

irradiation/PDS_100 
0.1584 0.9975 3.43 0.2019 

Simulated 

irradiation/PDS_200 
0.1125 0.9960 2.54 0.2726 

Simulated 

irradiation/PDS_400 
0.1025 0.9934 1.63 0.4261 

Fig. 4.4 indicates that a decrease in the initial oxidant dose slowed the kinetics of LFX 

abatement. The kinetic analysis shows pseudo-first-order rate constants (k1) of 4.261 x 10
-1

 min
-1 

(R
2 

= 0.993) for 400 µM, 2.726 x 10
-1

 (R
2 

= 0.996) for 200 µM, 2.019 x 10
-1

 min
-1 

(R
2 

= 0.997) 

for 100 µM. The faster decrease observed in the wastewater concerning ultrapure water suggests 

that some components may facilitate the degradation of LFX. The decrease in k1 with decreasing 

dose of PDS can be explained by the lower yield when decreasing the concentration of precursor, 

which would decrease the availability of oxidant to react with the same concentration of target 

pollutant LFX. 
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4.3.3  Antibacterial activity (E. coli and M. flavus) 

The LFX molecule contains several active functional groups that effectively induce toxicity to 

microorganisms in an aqueous ecosystem. Those vibrant centres are responsible for the 

antibacterial activity of LFX that is used to treat both Gram-negative and Gram-positive bacterial 

infections. Trace concentration levels of antibacterial pharmaceuticals in water samples below 

the lethal dose for bacteria (LD50) can cause the proliferation of multi-resistant strains. This 

analysis aims to evaluate the successful inhibition of the antibacterial activity of LFX and by-

products to demonstrate that simulated irradiation/PDS can be an effective treatment technology 

to remove LFX and prevent the development of bacteria strains resistant to antibacterial drugs. 

Therefore, an antibacterial activity test was performed against Gram-negative E. coli 

(LMG2092) in the TSB medium and Gram-positive M. flavus (DSM1790) in the LB medium. 

The toxicity results were expressed by measuring the diameter of the culture inhibition halo. 

Blank experiments were conducted before the antibacterial activity assessment on the samples 

obtained during the simulated irradiation/PDS treatment to evaluate the potential toxicity of 

PDS, methanol and simulated wastewater. The results obtained showed that none of the tested 

concentrations of PDS (50µM ÷ 400µM), methanol and SWW had any inhibition activity on the 

tested bacteria. Based on these results, it was also possible to test the mix of LFX transformation 

products in SWW with PDS. 

The samples tested were the solution containing LFX 10 mg·L
-1

 in SWW (t0) and the solutions 

obtained after 5, 10, 30, 60, and 120 minutes of irradiation in the presence of PDS. The results 

obtained from the first sample (t0) analysis showed a growth inhibition halo with a diameter of 

19 mm and 20 mm for E. coli and M. flavus, respectively, thus demonstrating the toxicity of 

LFX. In subsequent analysis after 5 minutes of treatment, we observed a notorious decrease in 

the inhibition halo on E. coli down to a diameter of 10 mm, almost 50% decrease in diameter. 

Meanwhile, no halo was observed for M. flavus, suggesting that after 5 min of treatment, there is 

no remaining antibacterial activity for Gram-positive microorganisms. Any halo was observed in 

the other samples tested on E. coli and M. flavus. The decrease in the antibacterial activity may 

be attributed to the breaking down of the molecular structure and the elimination of some 

functional groups (quinolonic ring and piperazine ring) responsible for the toxicity of quinolone 

antibiotics thanks to the binding with DNA gyrase enzyme. The DNA gyrase is an essential 

bacterial enzyme that allows the replication of DNA (Chu and Fernandest, 1989). Furthermore, 

it has been reported that some moieties, such as piperazine, carboxylic acid and keto groups in 

quinolones molecules, played essential roles in killing Gram-positive bacteria (Neth et al., 
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2019). The toxicity studies demonstrate the effectiveness of simulated irradiation/PDS treatment 

to completely degrade the functional groups of LFX and its degradation by-products associated 

with the antibacterial character of the pharmaceutical (Li et al., 2015; Zhou et al., 2021). These 

promising results suggest that simulated irradiation/PDS treatment might be a feasible solution to 

prevent the undesired release of trace antibacterial fluoroquinolone pharmaceuticals to the 

environment. 

4.3.4  Elucidation on degradation pathways of levofloxacin 

The toxicity analyses allow inferring the degradation of different functional groups with 

antibacterial effects such as the piperazine ring. To elucidate the possible degradation pathway of 

LFX induced by simulated irradiation/PDS, aliquots were analysed by the HPLC–MS to identify 

intermediates and by-products yielded from the radical-mediated oxidation. Structure analysis of 

the main degradation products was based on literature and fragmentation data obtained by 

positive ion collision dissociation (data not shown). In Fig. 4.5, the structure and the m/z ratio of 

all photo-products detected as [M+H]
+
 ions and the proposed degradation pathway are reported. 

 

Figure 4.5: Possible degradation pathway of LFX in SWW by simulated irradiation/PDS system, after 5 minutes of 

irradiation. 
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The parent compound LFX exhibits as [M+H]
+
 ion a nominal m/z ratio of 362 and, as 

highlighted in Fig. 4.5, undergoes further losses and substitutions forming, directly, eight main 

photoproducts. These primary products were themselves degraded, and we observed a quick 

increase during the first minutes and then a rapid decrease. After 10 minutes, the concentrations 

of LFX and all by-products identified were below the LOD, suggesting the complete 

disappearance of aromatic structures. The breakage of aromatic rings is commonly reported for 

other AOPs resulting in the yield of biodegradable carboxylic acids of low molecular weight 

(e.g., oxalic acid, oxamic acid, formic acid). The classification of identified by-products allows 

depicting different organic events of relevance that justify the loss of the antibiotic character of 

the effluent. As described above, certain functional groups are associated with toxic effects on 

Gram-positive and Gram-negative bacteria. These results agree with the previous discussion and 

suggest the competitive degradation of LFX and effective inactivation of the antibiotic character 

of the effluent. Identifying stable intermediates presents the significant events for LFX 

degradation mediated by sulphate radicals involving hydroxylation reactions. One of the 

degradation pathways is associated with the defluorination of LFX.  

The intermediate at m/z 344 is due to the neutral loss of fluorine atom in the C-5 position, and, at 

the same time, the ion at m/z 360 can be obtained by substituting fluorine with OH (Scrano et 

al., 2020). Previous literature identified the piperazine ring as the most reactive site towards 

sulphate radicals attack (De Witte et al., 2009; Jiang et al., 2016).  

A compound identified at nominal m/z of 348 exhibited a difference of 14 amu concerning the 

m/z ratio of the protonated LFX suggesting the direct formation of de-methylated derivative by 

loss of a methyl group bonded to N-3, according to previous studies (Jiang et al., 2016; Li et al., 

2020). Further neutral loss of CO2 generates the product at m/z 304, agreeing with Li et al. 

(2020). The vulnerability of the piperazine group to sulphate radicals attack was confirmed by 

the other three compounds identified at m/z 378 and 394, and 392. The first two, probably, 

derived from single and double hydroxylation of piperazine ring, respectively; the third, a di-

aldehyde derivative, due to the cleavage of piperazine ring following the formation of peroxyl 

radicals on two N atoms (Jiang et al., 2016). Because hydroxyl radicals are not selective 

towards different functional groups, it is impossible to identify the exact position of 

hydroxylation in the two compounds at m/z 378 and 394. At the same time, based on the 

fragmentation pathway, retention time and comparison with the product formed by the addition 

of PMS, it is possible to attribute the structure of the other compounds identified at m/z 378 to N-

oxide levofloxacin (De Witte et al., 2008; Jiang et al., 2016). The direct oxidation of the 

piperazine side-chain until forming an amino group in position 2 leads to the formation of de-
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piperazinyl LFX at m/z 279. These by-products define sulphate radicals’ selective attack that 

induces the piperazine ring opening. In addition, a product with m/z 366 was identified that was 

associated with the cleavage of the quinolone moieties instead of the piperazine ring.  

 4.4   Conclusions  

Photon-driven advanced oxidation processes can effectively remove recalcitrant antibacterial 

pharmaceuticals such as levofloxacin. This work benchmarked the performance of three different 

precursors of radical oxidant species (H2O2, PMS and PDS) in other pH conditions. 

Experiments demonstrated that simulated irradiation/H2O2 treatment showed less impact on LFX 

reduction than the combined AOPs of simulated irradiation/PMS and simulated irradiation/PDS 

due to the low content of UVC radiation in the solar spectra. In contrast, PMS and PDS were 

able to degrade levofloxacin completely. 

The simulated irradiation/PDS AOP showed the best performance compared to the other 

oxidation processes evaluated in all mediums investigated, except for phosphate buffer, where 

PMS resulted in the best. For this medium, exciting results was the complete removal of LFX in 

30 seconds and the formation through the non-radicals mechanism of LFX N-oxide in the 

presence of PMS. Further studies will focus on product yield quantification to better understand 

these results. 

However, the simulated irradiation/PDS system showed the best performance, achieving a 

complete degradation of LFX after 10 minutes of irradiation in all mediums investigated. In 

simulated wastewater, PDS at different concentrations was tested, and in all cases, the 

degradation followed a first-order kinetic. Mass balance after treatment indicated that only 125 

µM PDS was required to attain complete abatement of levofloxacin. However, decreasing the 

PDS dose may reduce the kinetic rate of levofloxacin abatement.  A concentration of 100 µM of 

PDS resulted in optimal removal of LFX in simulated wastewater. The toxicity test allowed 

inferring that simulated irradiation/PDS can inhibit the antibacterial character of waste effluents, 

which is relevant to preventing multi-resistant strains' development. The culture of Gram-

positive and Gram-negative bacteria was not affected after the effective degradation of 

levofloxacin by the sulphate radical based AOP. Finally, a degradative pathway was suggested 

from the by-products and intermediates identified by LC-MS. Results demonstrate that the 

degradation of specific functional groups (i.e., piperazine ring) is associated with the loss of 

antibacterial character of the molecule. Thus, the mechanism demonstrates the successful 

degradation of levofloxacin and suggests promising niche application opportunities to ensure 

pharmaceutical abatement in wastewater effluents. Aromatic by-products were wholly depleted 
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within 10 min of treatment, highlighting simulated irradiation/PDS as a promising technology to 

mitigate the undesired effects of trace pharmaceuticals pollution in real wastewater effluents. 
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CHAPTER 5 

Scientific activity in University of Ioannina (Department of 

Chemistry)  

5.1  MTT assay for the toxicity evaluation of photocatalytic treatment of 

levofloxacin with PDS 

During my PhD course, despite the restrictions related to the COVID-19 pandemic, I have had 

the opportunity to carry out some analyses at University of Ioannina (Greece), with Mrs Lekka’s 

research group. In particular, we tested the toxicity of the samples obtained from levofloxacin 

treatment (C = 10 mg·L
-1

) with peroxydisulphate (C = 400 µM) in pure water, through MTT 

bioassay. MTT assays assessed the toxicity of selected samples on human epithelial-like lung 

carcinoma cell line A549, to obtain another critical feedback about the potential eco-

compatibility of sulphate radicals treatment for levofloxacin removal. 

5.2 Chemicals 

MTT [3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide], ethanol, dimethylsulfoxide 

(DMSO), ascorbic acid, cholesterol acetate, 25-hydroxycholesterol, methyl-β-cyclodextrin, 

apolipoprotein A-1, and trypan blue were a product of Sigma Chemical. Cholesterol of enhanced 

purity was obtained from Avanti Polar Lipids. The sterile 96-well clear polystyrene-tissue 

culture plates were obtained from Corning Incorporated. Propidium iodide was obtained from 

Molecular Probes. 

5.3  Experimental section 

Selected samples obtained during homogeneous photocatalysis of levofloxacin (C = 10 mg·L
-1

) 

with peroxydisulphate (C = 400 µM) in pure water were used for MTT assay on human 

epithelial-like lung carcinoma cell line A549. All the samples were lyophilised and then re-

suspended in the same F-12K growth medium volume to obtain the same initial concentration. 

We prepared four dilutions for each sample: 

 Standard solution of levofloxacin at several concentrations:  

1. Initial concentration: 10 mg·L
-1
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2. 1
st
 dilution: 7.5 mg·L

-1
 

3. 2
nd

 dilution: 5 mg·L
-1

 

4. 3
rd

 dilution: 2.5 mg·L
-1

 

5. 4
th

 dilution: 1 mg·L
-1

 

 Standard solution of peroxydisulphate at several concentrations:  

1. Initial concentration: 400 µM 

2. 1
st
 dilution: 200 µM 

3. 2
nd

 dilution: 100 µM 

4. 3
rd

 dilution: 50 µM 

5. 4
th

 dilution: 40 µM 

 MIX 1: standard solution of levofloxacin (10 mg·L
-1

) and peroxydisulphate (400 µM) 

before irradiation: four serial 1:2 dilutions; 

 MIX 2: sample obtained after 2 minutes of irradiation of MIX 1  four serial 1:2 

dilutions; 

 MIX 3: sample obtained after 7 minutes of irradiation of MIX 1  four serial 1:2 dilutions. 

The American Type Culture Collection obtained the human epithelial-like lung carcinoma cell 

line A549. Cells were grown in 100-mm polystyrene tissue culture dishes in 10 mL of F-12K 

growth medium containing 10% fetal calf serum, penicillin (100 U/mL), and streptomycin (100 

mg/mL) incubated at 37°C under a humidified atmosphere of air containing 5% CO2. Cells were 

routinely passaged by trypsinisation and subcultured at an initial plating density of 0.5 million 

cells per plate. 

Reduction of water-soluble tetrazolium salt, 3-[4,5-dimethyl-thiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT), to the water-insoluble formazan was measured. Cells were 

plated in 96-well half-area tissue culture plates, and the medium was replaced by 100 μL of the 

samples reported above, in the positions reported in Fig. 5.1.  
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Fig. 5.1: Elisa’s plate positions used for MTT assay of tested samples. 

Then, fifty microliters of MTT (4.0 mg·mL
-1

) was added, and the plate was incubated for 4h at 

37°C. The purple formazan crystals thus formed were dissolved in 100 μL DMSO, and the 

optical densities on the plate were read at 540 nm using a plate reader, as summarised in Fig. 5.2. 

Trypan blue exclusion was performed by adding 25 μl of 0.1% trypan blue solution to 100 μl of 

cells suspended in phosphate-buffered saline (PBS). As described earlier, the cells that excluded 

the dye were counted on a hemocytometer. 

 

Fig. 5.2: Schematic procedure of MTT assay. 
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5.4  Results and discussion 

To evaluate the potential effects of levofloxacin, peroxydisulphate and the samples obtained 

during the photocatalytic process on the viability of tumour cells, the cell viability assay (MTT) 

was performed on human epithelial-like lung carcinoma cell line A549. Through this assay, it 

was possible to compare the effects of the samples tested to see if the presence of levofloxacin 

by-products could be toxic on A549 cells, and it was possible to calculate the cell viability, 

expressed as: 

Cell viability (%) = Ā sample / Ā control  x 100   Eq. 5.1 

where Ā sample is the arithmetical average of the lecture at 540 nm using a plate reader, while Ā 

control is the average of control signal (only cells in F12K medium). Each sample was analysed in 

duplicate. The main results are reported in Table 5.1. 

Table 5.1: Results of MTT assay on A549 cells. 

Sample Cells viability (%) 

Levofloxacin (10 mg·L
-1

) 117.28 

Peroxydisulphate (400 µM) 97.38 

MIX 1 (LFX + PDS) 104.88 

MIX 2 (after 2 minutes of irradiation) 119.36 

MIX 3 (after 7 minutes of irradiation) 107.76 

  MIX 1: residual concentration of levofloxacin = 10 mg·L
-1 

 MIX 2: residual concentration of levofloxacin = 4.75 mg·L
-1 

 MIX 3: residual concentration of levofloxacin = 1 mg·L
-1

 

As can be shown from Table 5.1 none of the tested samples affected significantly the viability of 

the cells.  

5.5  Conclusions  

Experimental results indicate that neither levofloxacin and samples contained the transformation 

products are cytotoxic. This aspect assumes particular importance because it seems to confirm 

the effectiveness of the treatment with sulphate radicals for levofloxacin degradation and also the 

potential application of the this degradation system on a larger scale.   
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CHAPTER 6 

Training period at Hydros S.r.l. 

During my PhD course I have had the opportunity to follow a six months internship period at 

Hydros S.r.l., a company that produces machines, packages and plants for: 

 Water, wastewater and groundwater treatment; 

 Waste treatment, composting and biogas production; 

 Treatment of air and vapours from industrial processes; 

 Special mechanical constructions. 

In particular, I have attended to optimising of process parameters for the correct 

nitrification/denitrification treatment of wastewater. 

Nitrification is a microbial process by which ammonia contained in the wastewater to treat is 

sequentially oxidised to nitrite and then to nitrate. The nitrification process is accomplished 

primarily by two groups of autotrophic nitrifying bacteria that can build organic molecules by 

using energy obtained from inorganic sources (in this case, ammonia or nitrite). In the first step 

of nitrification, ammonia-oxidising bacteria oxidise ammonia to nitrite, according to Eq. 6.1: 

NH3 + O2  NO2
–
 + 3H

+
 + 2e

–
   Eq. 6.1 

Nitrosomonas is the most frequently identified genus associated with this step, although other 

genera may be involved, including Nitrosococcus and Nitrosospira. 

In the second step of the process, nitrite-oxidising bacteria oxidise nitrite to nitrate, according to 

Eq. 6.2: 

NO2
–
 + H2O  NO3

–
 + 2H

+
 + 2e

–
   Eq. 6.2 

Nitrobacter in the genus is most frequently associated with this second step. 

Denitrification is when nitrates are reduced to gaseous nitrogen by facultative anaerobes. 

Facultative anaerobes, such as fungi, can flourish in anoxic conditions because they break down 

oxygen-containing compounds to obtain oxygen. Once introduced into the aquatic environment, 

nitrogen can exist in several forms – dissolved nitrogen gas (N2), ammonia (NH4
+
 and NH3), 

nitrite (NO2
–
), nitrate (NO3

–
), and organic nitrogen as proteinaceous matter or in dissolved or 

particulate phases. The organisms carrying out this process are called denitrifiers. In general, 
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they are heterotrophic bacteria that metabolise readily biodegradable substrate under anoxic 

conditions using nitrate as the electron acceptor. If oxygen is available, these bacteria use it for 

metabolism before nitrate. Therefore, dissolved oxygen concentrations must be minimised for 

the denitrification process to function efficiently. Oxygen is typically minimised avoiding 

aeration of the wastewater and having a high concentration of biochemical oxygen demand 

(BOD) so that the microorganisms use all the oxygen (Environmental Protection Agency, 

2007). 

The nutrients represent another crucial factor for optimising the process for microorganisms. A 

balanced nutrient ratio is a prerequisite for microorganisms to work at maximum efficiency. In 

this case, the essential nutrients are carbon, nitrogen and phosphorus. The content of the 

individual nutrients in the wastewater will have to meet the needs of the activated sludge bacteria 

and have a balanced ratio of C, N and P. This is crucial for the effectiveness of biological 

abatement procedures. In the aerobic purification of wastewater, the C:N:P ratio must be 

between 100:10:1 and 100:5:1. If one of the primary nutrients is missing from the wastewater at 

the entrance to the biological stage, various problems can arise. For effective denitrification, a 

specific part of easily degradable C compounds must be present; usually, molasses is used, a 

brown liquid that separates from sugar by centrifugation. In Fig 6.1 a schematic structure of a 

real wastewater treatment plants located in Giugliano (NA) is reported. 

 

Fig. 6.1: Process flow diagram of Giugliano-Naple’s wastewater treatment plant. 
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General conclusion and perspectives 

The presence of emerging contaminants in water is a worldwide problem. The main input source 

of micropollutants into the environment is wastewater effluents. It is confirmed by numerous 

scientific publications that their presence constitutes a risk for human and environmental health. 

In this scenario, the advanced oxidation processes (AOPs) offer a real opportunity for the 

removal of these pollutants from wastewater. The main objective of this PhD thesis was 

precisely to apply heterogeneous and homogeneous photolysis and photocatalysis systems in the 

liquid phase, for the removal of levofloxacin (LFX), a widely used antibiotic belonging to the 

quinolone family. Photolysis, photocatalysis by using titanium dioxide (TiO2), hydrogen 

peroxide (H2O2), peroxymonosulphate (PMS) and peroxydisulphate (PDS) showed a good way 

to remove this antibiotic from water. Photocatalysis with TiO2 powder is able to remove LFX 

and its by-products in four hours and seems to follow a second-order kinetic, but the necessity of 

an additional post-treatment for catalyst recovery limits its use. For this reason, a different 

system that used TiO2 immobilised on the surface of a borosilicate tube was used as second aim 

of investigation. However, the results obtained from this treatment were not what was hoped for: 

this system follows a too slow kinetic, leading to a complete removal of LFX in almost 26 hours. 

Vibrio fischeri bioluminescence inhibition assay (VFBIA) and phytotoxicity tests revealed a 

toxicity increase during the process, maybe due to the coexistence and/or to a synergistic effect 

of TPs, or due to a possible detachment of TiO2 from the borosilicate tube coating. Further 

investigations will be focused on this field. Another potential treatment used in this thesis for 

levofloxacin removal is represented from sulphate radicals. These reactive species, produced by 

the irradiation of oxidant agents like PMS and PDS, revealed a strong effect for the degradation 

of LFX and its transformation products. In particular, PDS was tested under simulated sunlight 

to remove LFX in distilled water and simulated wastewater (SWW), giving satisfactory results in 

both cases, with a complete degradation of the tested compound in only 10 minutes. In addition, 

toxicity tests conducted on Micrococcus flavus and Escherichia coli, and MTT assay on human 

epithelial-like lung carcinoma cell line A549 did not show any toxic effect. However, a cost-

benefit analysis must be carried out for a potential application of sulphate radicals in real systems 

for decontamination of wastewater. 

The experimental results obtained in this thesis tend to demonstrate that solar advanced oxidation 

processes has the potential to open new feasible remediation strategies for WWTPs effluent 

tertiary treatment before wastewater reuse in irrigation for instance. However, most 

investigations are done at lab-scale. For a  practical view and commercial uses, much more work 
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is necessary to switch from batch work to a large scale to find out the efficiency and ecotoxicity 

of the processes.  
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