
 

 

 

University of Catania 

Department of Civil Engineering and Architecture (DICAR)  

Doctoral Programme in Evaluation and mitigation  

of urban and territorial risks 

  

Development of innovative systems for the control of 
persistent organic compounds in waters: combining 
advanced treatment processes and online fluorescence 

sensors 

Luigi Marino 

Ph.D. candidate 

 

Supervisor and Tutor: Prof. Paolo Roccaro 

Research Group: Prof. Domenico Santoro, Prof. Erica Gagliano 

Coordinator of the Doctoral Programme: Prof. Antonino Cancelliere 

XXXVII cycle 

Academic year 2024 

 

 



 

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright É 2024 University of Catania ð Piazza Universit¨, 2 ð 95131 Catania (CT), Italy  
web: www.unict.it  
 
All rights reserved. No part of this publication or the information contained herein may 
be reproduced, stored in a retrieval system, or transmitted in any form or by any means, 
electronic, mechanical, by photocopying, recording or otherwise, without written prior 
permission from the publisher.  

Although all care is taken to ensure the integrity and quality of this publication and the 
information herein, no responsibility is assumed by the publishers nor the author for any 
damage to property or persons as a result of operation or use of this publication and/or 
the information contained herein.



Summary 
______________________________________________________________________ 

3 
 

Summary 

In recent years, contaminants of emerging concern (CEC), a wide family of 

compounds that encompasses a lot of substances that can be easily find in 

everyday products and industrial products: pharmaceuticals and personal care 

products (PPCPs), microplastics, bisphenol-A, poly- and perfluoroalkyl 

substances (PFAS) and many others, have been detected and extensively 

investigated in several water matrices, including wastewater, surface water and 

drinking water. The adverse effects that CEC have on ecosystems, wildlife and 

human health (e.g., onset of cancer, endocrine system disruption) have been 

demonstrated by numerous studies, making this an issue that is highly relevant 

today (Chapter 1). However, many CEC still have an unknown impact on health 

and environment and are currently being observed. For this reason, several 

governmental organizations have established CEC monitoring programs, such 

as EU Watch List and the US Contaminant Candidate List (CCL). However, many 

countries still lack regulations to limit the release of CEC in the environment. 

Effluents of wastewater treatments plants (WWTPs) have been considered as one 

of the main sources of CEC into the environment. Indeed, conventional WWTPs 

are ineffective since CEC are highly persistent. Therefore, advanced treatment 

processes must be employed in WWTPs to efficiently remove persistent 

contaminants. Indeed, the implementation of quaternary treatments specifically 

aimed at CEC removal is planned by the European Union for the next years. 

Advanced oxidation processes (AOPs) have been recognized as effective 

technologies for the rapid degradation of CEC. However, despite complete 

mineralization of CEC in H2O2 and CO2 is possible for some compounds, 

persistent CEC, such as PFAS, may resist during AOPs. PFAS removal challenges 

were deeply investigated through several laboratory experiments carried out 

during the research period in Gent University (Belgium), involving the use of a 

wide spectrum of both destruction and separation technologies (Chapter 3). 

Another key issue that needs to be addressed for AOPs implementation at full 

scale WWTPs is linked to the sensing. Indeed, CEC detection with conventional 
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analytical methods is expensive, time-consuming and challenging because CEC 

are typically found at trace levels (Õg/L or ng/L). Real-time monitoring of CEC 

during advanced treatments is getting more urgent to optimize the processes, 

especially in case where prompt action is required to ensure water quality 

standards over time. The potential of fluorescence spectroscopy as a cost-

effective surrogate parameter for the monitoring of (waste)water quality and 

controlling CEC was demonstrated by many studies. Nowadays, improvements 

in technology have led to the development of fluorescence sensors, increasing the 

possibility of real-time monitoring of CEC. The main goal of this research is to 

develop an innovative system that combines advanced water treatments with 

real-time control tools, in order to effectively remove persistent CEC and, at the 

same time, monitor the fate of these compounds and control the processes. To 

address this goal, the application of a customized fluorescence sensor for the 

control of wastewater quality in different wastewater effluents was assessed, 

considering the possible environmental implications for the reduction of the 

carbon footprint (Chapter 4). The use of fluorescence sensors as real-time 

monitoring tool is justified by their sensitivity, easy use and fast response. Thus, 

the use of the fluorescence sensor for in-situ and real-time monitoring of CEC 

during AOPs was deeply investigated (Chapter 5 and Chapter 6). The sensor, 

installed on-line with the plant will provide real-time data that can be used both 

to assess the efficiency of the processes by monitoring the CEC removal, and 

manage the amount of UV irradiation and chemicals needed. Therefore, the 

innovation of this system consists not only in CEC monitoring, but also in the 

real-time control of the main operational parameters involved in quaternary 

treatments. This approach is very challenging especially for advanced 

oxidation/reduction processes involving highly reactive species, which are 

currently difficult to control and quantify due to their short lifetime and fast 

reactions. Therefore, the main results presented in this thesis promote the use of 

fluorescence sensors for the optimization of quaternary treatments and real-time 

control of micropollutants. Furthermore, this study encourages more research in 

order to extend the applicability of this approach to other advanced technologies. 
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Chapter 1: Literature review and research needs 

1. Introduction 

The transition to renewable energy sources, the development of the circular 

economy, and the preservation of natural resources are among the 21st-century 

goals that must be pursued in order to mitigate the effects of climate change and 

promote sustainable development. Indeed, demographic growth, rising 

consumerism, profit-drive logic currently pose a major threat to the natural 

ecosystem. Since the time of the first industrial revolution, human activities ð 

both civil and industrial ð greatly impacted the environment by releasing hazard 

substances in all the environmental matrices.  Nowadays, the increase in average 

global temperatures, droughts, higher hydrological risks, shortage of water 

supplies, increasing demand of water are just few of the negative consequences 

of the climate change that human activities have caused over time. Thus, a 

modern and smart management of the water resources and engineered water 

systems becomes crucial in view of the ecological transition. For instance, an 

increasing use of reclaimed wastewater is highly desirable to reduce the 

exploitation of natural water resources and combat the problem of water stress. 

The adequate management and treatment of wastewater play an important role 

in providing the basis for the development of the wastewater reuse sector. 

Indeed, several governmental authorities have turned their attention to the 

utilization of the secondary or tertiary treated effluent for irrigation in order to 

alleviate water scarcity. Wastewater reclamation and reuse offers numerous 

benefits and positive socioeconomic implications. However, the occurrence of 

persistent chemicals is currently a major concern that discourages the use of 

reclaimed wastewater. Particularly, there is a broad class of substances known as 

contaminants of emerging concern (CEC) that negatively impacts drinking water 

supplies (e.g., surface water, groundwater). The adverse effects that CEC have on 

ecosystems, wildlife and human health have been shown by several studies in 

literature. Most of CEC are persistent compounds that are not effectively 

removed during conventional water treatment processes. Thus, advanced 
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treatments have to be employed. Today, the removal of CEC from water can be 

accomplished with a variety of technologies. The advanced oxidation processes 

(AOPs) are a well-established technology for the removal of CEC. However, the 

major limitations of AOPs, such as high energy consumption, costs of reagents, 

possible formation of by-products, may potentially dissuade the full-scale 

application of this technology. Additionally, assessing how effectively AOPs 

degrade CEC is a challenging task. Indeed, periodic CEC analysis of the effluent 

would require economic and time resources that are incompatible with rigorous 

control. Conversely, though, real-time control of CEC would be ideal in order to 

maintain high standards of quality over time. For instance, in a wastewater reuse 

facility, the real-time control of CEC should be required to guarantee users safety. 

Moreover, it might be challenging to use the proper dosage of chemicals and/or 

UV radiation in AOPs, particularly when the quality of the water to be treated 

and the CEC concentrations fluctuate significantly over time. Therefore, it is 

highly desirable nowadays to develop engineered systems that enable real-time 

and cost-effective monitoring of CEC, easy and fast assessment of process 

efficiency, optimization of chemical and UV dosage utilization. All these aspects 

will be addressed in this thesis, with the aim of developing an innovative system 

that combines the use of advanced CEC removal treatments and a real-time 

monitoring system based on fluorescence sensors. The possible environmental 

implications deriving from the use of fluorescence sensors as a tool for real-time 

monitoring of CEC and AOPs will also be discussed with reference to the 

reduction of the carbon footprint of this approach.  
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2. Contaminants of emerging concern (CEC) 

Contaminants of emerging concern refer to a broad range of synthetic and natural 

chemicals that have drawn attention because of their increasing detection in all 

the environmental matrices and possible implications for human, wildlife and 

ecosystems [1], [2], [3]. Pharmaceuticals and Personal Care Products (PPCPs), 

industrial compounds, flame retardants, surfactants, pesticides, microplastics, 

per- and polyfluoroalkyl substances (PFAS) are a few examples of CEC. These 

pollutants are of high concern for several reasons: CEC have not historically been 

included in environmental routine monitoring programs, our understanding of 

the long-term impacts of CEC is still lacking, their detection is challenging 

because they are usually found at trace levels, and there are unknown 

compounds with unknown impacts that still have to be discovered [4], [5], [6]. 

Nonetheless, our awareness and knowledge of CEC is increasing (Figure 1). 

 

 

Figure 1. More than 2000 documents in Scopus database about òContaminants of 

emerging concernó published in the time interval of 2000-2023 (Scopus.com) 
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Many of these substances have been introduced in the environment as a result of 

human activity, including wastewater discharges, agricultural runoff, industrial 

processes, illicit discharge and disposal of hazardous products. Particularly, 

wastewater effluents are considered as one of the main sources of CEC in the 

environment: WWTPs are primarily designed just to meet regulation 

requirements; moreover, most of CEC are persistent compounds that are not 

efficiently removed during conventional processes [5], [7] (Figure 2).  

 

Figure 2. Potential CEC routes in the water cycle (Barbosa et al., 2016) 

 

After they enter the water cycle, CEC affect the quality of the drinking water 

supplies (i.e., ground water and surface water) [8]. Therefore, there is a concrete 

risk for human health associated with CEC exposure. Indeed, several studies 

demonstrated the adverse effects of CEC on environment and living beings [1], 

[9]. For example, CEC can persist in air, soil and waters and then undergoing 

complex chemical transformation that could increase their toxicity. 

Pharmaceuticals excreted by humans could remain biologically active after 
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wastewater treatment and potentially disrupting aquatic life. Indeed, Diclofenac, 

Bisphenol A, PFAS are considered as endocrine disruption compounds (EDCs) 

for their interference with the hormonal systems of fishes and humans, leading 

to reproductive, developmental and immune system diseases [10], [11], [12]. 

Furthermore, PFAS are known for their high persistence in the environment, 

bioaccumulation in living organisms, biomagnifications in the food chain and 

consequent human exposure [13], [14], [15].  

In the last decades, several governmental organizations have established CEC 

monitoring programs. Therefore, based on the investigations carried out in a 

prefixed time interval, targeted CEC may be candidates for future regulations. 

For instance, the Environmental Protection Agency (EPA) of United States 

drafted the 6th Contaminant Candidate List (CCL) in February 2023. The CCL is 

a list of contaminants that are currently not subject to any proposed or 

promulgated national primary drinking water regulations but are known to be 

detected in aquatic systems. CEC in the CCL may be after regulated under the 

Safe Drinking Water Act. In the 5th CCL are listed a lot of chemicals, including 

PFAS, pesticides, microbes, biological toxins, disinfection by products (DBPs) etc. 

[4]   

In Europe the Water Framework Directive (2000/60/EC) contains two so-called 

daughter directives that includes quality criteria of groundwater and surface 

water. Twenty-five new priority substances were included in the last update 

(October 2022), such as pesticides, PFAS, bisphenol A, and many 

pharmaceuticals. These contaminants have been also introduced in the new EU 

Directive 2020/2184 for drinking water [16]. More recently, European 

Commission released the proposal of the new Directive on wastewater treatment 

(EU COM 541 final) that establishes a minimum percentage of removal (80%) of 

a list of target CEC through quaternary treatments specifically aimed at CEC 

removal [17].  
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3. Advanced treatment technologies for CEC removal 

As mentioned in the last section, most of CEC are persistent compounds that are 

not efficiently removed during conventional treatments employed in common 

WWTPs. Thus, despite several studies reported CEC removal during the 

conventional activated sludge process, a further quaternary treatment stage 

becomes necessary to definitely degrade micropollutants. Nowadays, several 

technologies are available for this purpose. Remediation technologies can be 

divided into two big families: separation/concentration and destruction 

technologies. Separation technologies are based on physical or chemical isolation 

of CEC in another mean.  

Among all of them, it is worth mentioning the membrane filtration processes. 

Nanofiltration (NF) and Reverse Osmosis (RO) are the most effective in reducing 

CEC concentrations [18], [19]. RO (< 1nm) provides higher level of separation by 

removing even smallest molecules and dissolved ions leading to very high CEC 

removal rates. Despite the high performance of this technology, there are some 

drawbacks that cannot be neglected. The organic matter may impact the process 

leading to fouling of the membranes; high energy demand and production of the 

micropollutants-concentrated stream that need to be treated before disposal are 

usually considered as the main limitations of the membrane treatment. 

Furthermore, they usually require a pre-treatment that furtherly rises the costs.  

Adsorption on activated carbon is one of the most investigated technologies for 

CEC removal [20]. It is a well-established technology, and it is frequently adopted 

in full-scale water treatment processes. Many studies in literature have shown 

the feasibility of adsorption process for micropollutants removal from water [21], 

[22]. Particularly the granular activated carbon (GAC) is one the most used 

adsorbents. Removal of CEC occurs through physical and chemical interactions 

between the carbon and the compounds. The pore size, the surface charge of the 

carbon, chemical-physical properties and concentrations of the compounds, 

competition mechanisms with the organic matter, as well as the organoleptic 

characteristics of the water, such as pH, temperature, strongly influence the 
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process [23]. Major limitations of this technology include the saturation of the 

adsorbent and consequent disposal or regeneration (chemically of thermally) 

with related costs. The use of combined technologies, innovative regeneration 

techniques that simultaneously allow the CEC degradation (e.g., microwave 

irradiation), as well as more sustainable adsorbents, such as biochar from plants, 

nano materials, agro-west and clay-based adsorbents may reduce costs, reduce 

environmental impacts and improve the applicability of this technology for CEC 

removal in quaternary treatments [24], [25], [26].  

However, separation techniques concentrate micropollutants in another mean 

that need to be treated/disposed, increasing as a result the costs associated with 

these technologies. Therefore, it would be highly desirable to employ destructive 

technologies capable of breaking down CEC into harmless substances (e.g., H2O 

and CO2). Advanced oxidation processes (AOPs) are recognized as very effective 

technologies due to the production of highly reactive species, such as hydroxyl 

radical (ƍOH), sulfate radical (SO4ƍ-) that oxidize micropollutants and leading ð 

in best cases ð to the complete mineralization [27], [28], [29]. Other Advanced 

reduction processes (ARPs) are analogous to AOPs but focus on the reduction of 

CEC through other reactive species, including hydrated electrons (Å ), sulfite 

radicals (SO32-) hydrogen radical (ƍH), zero-valent Iron (Fe0) [30], [31]. Novel 

CEC degradation technologies have been recently introduced: bioremediation, 

sonolysis, and plasma [32]. These technologies demonstrated high efficiency, but 

more research is needed to overcome the current limitations linked to very high 

costs related to the scale up, and production of toxic by-products. Among the 

destructive treatment methods, UV- and ozone-based AOPs are well established 

technologies and very widespread in full-scale systems [33], [34].  

However, despite all these technologies are truly promising for the removal of 

micropollutants from (waste)water, their efficiency may be site-specific and 

depend on numerous factors, such as climate conditions, changes in water 

quality, properties of CEC, etc. Hence, a hybrid approach that involves both 
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separation and destruction techniques is often needed to address the removal of 

a wide range of micropollutants [20], [35], [36]. 

 

4. Knowledge gaps and research needs 

In view of future CEC regulations, quaternary treatment will be needed in full-

scale WWTPs to meet law requirements. However, there are still several aspects 

that need to be deeply focused.  

First of all, one of the main aspects is the micropollutants sensing. Indeed, 

detection of CEC is challenging since they are usually found at very low 

concentrations (Õg/L or ng/L) in water systems. In the natural environment, 

CEC may also occur in a complex form. Nonetheless, advanced and highly 

sensitive analytical instruments are available today for the accurate 

qualitive/quantitative identification of micropollutants. For instance, triple 

quadrupole liquid (or gas) chromatography-mass spectrometry, nuclear 

magnetic resonance etc. are frequently used for the CEC analysis [37]. However, 

despite their accuracy and high reliability, these methods are often time-

consuming and quite expensive. In general, analytical methods for water quality 

assessment, such as LLE, SPE, GC-MS, and LC-MS/MS, face several limitations. 

Sample preparation is labor-intensive, with LLE consuming large amounts of 

organic solvents and SPE prone to issues like cartridge blockage and channelling 

in complex matrices. Techniques like GC struggle with polar and thermally 

unstable compounds, requiring derivatization and hazardous solvents, while 

advanced methods like LC-MS/MS, although highly selective, are costly and 

resource-intensive. Emerging methods, such as DLLME and dSPE, offer 

advantages but still rely on non-environmentally friendly solvents or require 

extensive optimization. Additionally, environmental and safety concerns, matrix 

interference, and the need for skilled operators further complicate these methods 

[38]. Therefore, these challenges highlight the need for innovative, sustainable, 

and efficient analytical approaches to improve water quality monitoring. In real 
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scenarios real-time control with these methods is hard to achieve: there would be 

too much time between two consecutive analyses, and the costs would not be 

manageable. Nevertheless, the control of micropollutants in real time becomes 

necessary to comply with future legal limits imposed. Therefore, it would be 

ideal to employ technologies that enable the sustainable and cost-effective real-

time monitoring of CEC in engineered water systems. To date, several near real-

time instruments are available for measuring CEC in the field: 

¶ Mass spectrometry-based instruments, including high resolution mass 

spectrometry (HRMS), portable gas chromatography-mass spectrometry 

(GC-MS) [39]; 

¶ Electrochemical sensors, such as innovative lab-on-a-chip devices and 

biosensors [40], [41]; 

¶ Online liquid chromatography systems [42]; 

¶ Specific sensors for target compounds, including PFAS [43], bisphenol-A 

[44], and drugs, using molecularly imprinted polymers (MIPs) [45] and 

polar organic chemical integrative samplers (POCIS) [46]; 

¶ Optical sensors based on UV-VIS absorbance and Fluorescence 

spectroscopy. 

In this research, particular emphasis was placed on the use of fluorescence 

spectroscopy as a surrogate parameter for monitoring CEC. In recent years, 

fluorescence spectroscopy has been emerged as a fast, sensitive and cost-effective 

method to control micropollutants during several advanced treatment processes 

[22], [47], [48]. Compared to high precision analytical methods, fluorescence 

spectroscopy is faster and does not require sample preparation. Fluorescence 

data are commonly obtained with a benchtop spectrofluorometer aimed at 

measuring the intensity and wavelength distribution of fluorescence emitted by 

a sample after its excitation by a light source. Generally, fluorescence data consist 

in an excitation/emission matrix (EEM), where data are arranged in three 
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dimensions. Interpretation of these data can be addressed using well-established 

methods reported in literature, such as peak-picking, fluorescence regional 

integration, deconvolution analyses as PARAFAC. The potential of fluorescence 

spectroscopy as unexpensive and suitable surrogate parameter of 

micropollutants has been highlighted by numerous studies in literature [49], [50], 

[51]. Fluorescence spectroscopy has been applied to monitor the fate of a very 

wide range of CEC during diverse treatment methods, including UV and ozone-

based AOPs, GAC adsorption and membrane filtration processes. Fluorescence 

spectroscopy is usually used to indirectly monitor the removal of the target 

compounds by developing correlation models.  

However, fluorescence spectroscopy comes with several limitations [52], [53]: 

¶ Interference of water matrix background: fluorescence signals can be 

influenced by the presence of other substances in the water matrix, such 

as dissolved organic matter, metals, or other fluorophores, which may 

cause quenching, signal overlap, or enhancement; 

¶ Photobleaching: the finite number of emitted photons limits the temporal 

resolution and duration of measurements. This is because the signal can 

degrade over time due to photobleaching, where the fluorophores lose 

their ability to fluoresce; 

¶ Quenching effect: the intensity of certain compounds can be reduced 

(quenched) due to interactions with other substances; 

¶ Inner filter effect: especially for high concentrated samples, it occurs 

when the excitation or emission light is absorbed by the sample itself, 

leading to distortions in the fluorescence intensity; 

¶ Scattering phenomena: elastic (Rayleigh) or inelastic (Raman) scattering 

when excitation light interacts with particles or molecules in the sample, 

leading to changes in its path and/or energy;  
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¶ Sensitivity to environmental conditions: several factors, such as 

temperature and pH, may influence the signal; 

¶ Limited selectivity: fluorescence spectra can overlap when multiple 

compounds emit fluorescence at similar wavelengths, making it 

challenging to distinguish between different CEC; 

Other limitations involve time for sample collection, transport, space and tools 

for proper storage of samples. Furthermore, the analysis of fluorescence spectra, 

particularly excitation-emission matrices (EEMs), can require advanced 

chemometric tools and expertise to interpret the data accurately, facing high data 

complexity. Parallel Factor Analysis (PARAFAC) is a widely used multivariate 

analysis technique for decomposing complex fluorescence EEMs into individual 

components [54]. While it is powerful, there are several drawbacks and 

limitations associated with its application. PARAFAC assumes that data is well-

structured, noise-free and corrected from non-linear effects (e.g., quenching, 

inner filter), requiring as a result an extensive preprocessing procedure. 

Furthermore, this technique requires a huge amount of data to ensure robust 

results and statistical significance. All these limitations suggest that real-time 

control using this technique is difficult to achieve. On the other hand, in order to 

maintain high level of efficiency and safety, an online, fast and real-time 

monitoring system is preferable to overcome logistics issues (e.g., limited number 

of transportable samples) and long-time elaboration procedures, to gain an 

accurate representation of actual conditions. 

Recently, improvements in technology have led to the development of an 

increasing number of portable sensors, measuring UV absorbance and 

fluorescence. These  sensors can be installed online and collect data very quickly 

compared to a benchtop fluorometer. Usually, the fluorescence sensors are 

designed to measure a single peak that represents a specific region of the 

fluorescence organic matter [55]. From the literature analysis, very few studies 

dealing with the use of fluorescence sensors have been published. Nonetheless, 
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these studies have shown promising results about the application of fluorescence 

sensor in drinking water and wastewater systems to monitor water quality [56], 

[57], [58], [59]. While these studies enhance fluorescence sensors as a promising 

tool for micropollutants monitoring, its applicability in-situ and online to 

monitor CEC at naturally occurring concentrations still remains unexplored. In 

fact, the application of fluorescence sensors in controlled laboratory experiments 

inadequately reflects the real conditions.  

Another key issue strongly linked to the monitoring of CEC is the real-time 

control of the processes [60]. Indeed, in order to achieve high removal rates of 

CEC during the quaternary treatments, the key operational parameters, such as 

chemical dosage, need to be adjusted based on the overall water quality and 

concentration of CEC in the influent. For instance, in order to prevent needless 

expenses, it would be highly desirable to determine the exact dose required to 

effectively degrade CEC while accounting for the scavenging effect of the water 

matrix background. Though, doing this kind of assessment is really challenging. 

On the other hand, in view of the optimization of quaternary treatments the real-

time control of the process would be ideal. Therefore, based on the current gaps 

and research needs highlighted in this section, the objectives of this research are 

outlined (Chapter 2).  
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Chapter 2: Design of the research 

1. Research objectives and thesis layout 

The objectives of this research are based on the gaps and research needs 

discussed extensively in Chapter 1 of this document. Briefly, future CEC 

regulations are imposing the need to employ quaternary advanced treatments in 

full-scale WWTPs for efficient CEC reduction in the final effluent. Moreover, an 

increasing demand of reclaimed wastewater due to the shortage of natural water 

resources is expected. Therefore, there is the urgent need of fast, reliable and cost-

effective monitoring systems that allow the real-time control of CEC removal 

during quaternary treatments. 

Specifically, the main goal of the present research is to develop an innovative 

system working at relevant operational environment that combines the use of 

advanced oxidation processes (AOPs) and, at the same time, the use of online 

innovative monitoring tools in order to control AOPs operational parameters and 

micropollutants in real-time. Given the high potential of fluorescence 

spectroscopy to be an excellent surrogate parameter for CEC control (Chapter 1, 

Section 2), the monitoring tools employed in this research consisted of a 

customized fluorescence sensor suitable for online installation and real-time 

monitoring. Different AOPs have been investigated, involving the use of ozone, 

hydrogen peroxide, UV radiation, taking into account that UV- and O3-based 

AOPs are the most employed AOPs in full-scale systems. The specific goals of 

this research are reported below: 

¶ Objective 1:  investigate and compare technologies ð adsorption on GAC 

and resin, AOP/ARP, electrocoagulation-flotation, combined process 

ARP+GAC ð to remove PFAS from water. Among CEC, PFAS are highly 

recalcitrant and persistent substances that currently represent a hard 

challenge for environmental engineering. Several experimental tests were 

carried out during the research period in the University of Gent (BE).  
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¶ Objective 2: investigating the use of a protein-like fluorescence sensor 

for wastewater quality monitoring. Different wastewater effluents were 

tested. Fluorescence sensor analysis was performed through off-line tests. 

Furthermore, the feasibility of fluorescence sensor in continuous long-

term monitoring and control of CEC removal was assessed in a quaternary 

pilot plant. 

 

¶ Objective 3: investigate the possibility of real-time control of O3-based 

AOPs and CEC removal through a fluorescence sensor in a pilot scale 

plant. Given the need to develop real-time monitoring systems that reflect 

the on-site conditions, the online application of a fluorescence sensor in a 

AOP pilot plant located downstream of two different wastewater reuse 

facilities was widely discussed. In particular, the fluorescence sensor was 

tested for the monitoring of relevant CEC (including PFAS) removal and 

the control of the ozone dose during the O3 and O3/H2O2 processes. 

 

¶ Objective 4: extend the application of fluorescence sensor for CEC 

monitoring and UV-dose control during UV-based AOPs at pilot scale. 

In order to extend the application of real-time fluoresce monitoring as a 

tool for the control of CEC and AOPs, the fluorescence sensor was 

installed in a quaternary pilot plant for the removal of micropollutants by 

UV driven processes. The possibility of real-time control of the UV-dose 

and CEC removal was deeply investigated during UV and UV/H2O2 

processes.  

 

This thesis is presented in a manuscript-based format, where each chapter 

represents an article paper.  
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Chapter 3: Removal of per- and polyfluoroalkyl 

substances (PFAS) from water: a screening of 

remediation technologies 

 

1. Introduction 

1.1 PFAS Classification 

Per- and polyfluoroalkyl substances (PFAS) represents a group of ~5000 highly 

fluorinated aliphatic compounds that have been produced in large amount since 

late 1940s. They were widely used in many consumer and industrial products 

because of their chemical-thermal stability and hydro-oleophobic properties: 

surfactants intermediates (i.e., firefighting foams, hydraulic fluids for aircraft), 

waterproofing treatment for textiles (i.e., clothing, carpets), grease-resistant food 

packaging, cosmetics, household products (i.e., paper and non-stick cookware 

coating) [1], [2], [3], [4]. PFAS includes two primary classes (i.e., polymers and 

nonpolymers) but most of the studies have been focused on nonpolymers PFAS 

[5]. PFAS are characterized by a chain of strong and stable C-F bonds and a 

charged functional group that provides chemical stability. If the fluorine atoms 

are attached to all possible bonding sites, they are perfluorinated. If some of the 

fluorine atoms have been replaced by other atoms (e.g., oxygen, hydrogen), they 

would be polyfluorinated [5]. Perfluoroalkyl acids (PFAAs) represents the most 

significant perfluorinated PFAS family.  

PFAAs are usually classified according to the functional group, PFCAs 

(carboxylic acids) and PFSAs (sulfonic acids) and according to the length of the 

carbon-chain, identified as Cn (where n is the number of carbon atoms). PFCAs 

with Ó C8 and PFSAs with Ó C6 are considered as long-chain PFAS, while short-

chain PFAS are PFCAs with < C8 and PFSAs with < C6 [3]. 
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1.2 PFAS in the environment 

PFAS, usually present at trace levels (from ng/L to Õg/L), are thought to have 

reached virtually every corner of the planet over the years through natural and 

engineering water systems due to their high aqueous solubility [6], [7], [8]. In 

addition, PFAS persist in other matrices including air, sediments, plants and 

biota [4]. PFAS can enter surface water bodies through (industrial) wastewater 

treatment plant (WWTP) effluents and landfill leachate discharges, runoff from 

areas where PFAS-containing products have been used [9], [10], [11], [12]. PFAS 

easily reach the groundwater through the movement of soil water, where they 

can persist for a long time and contaminate the drinking water supplies as 

reported by several studies [7], [13], [14]. Indeed, perfluorinated compounds are 

identified as forever chemicals since their unique properties confer them 

extraordinary stability in the environment and high resistance against natural 

biodegradation mechanisms. Furthermore, polyfluorinated compounds are 

defined as precursors of perfluorinated compounds since the slow biodegradation 

of the non-fluorinated part leads to the formation of perfluorinated compounds 

[15]. The two long-chain PFAAs perfluorooctanoic acid (PFOA, C8) and 

perfluorooctane sulfonate (PFOS, C8) stand out as the most frequently detected 

compounds in the environment despite being phased out in the early 2000s [5], 

[16], [17]. Moreover, PFOA and PFOS were included into the list of persistent 

organic pollutants (POPs) by the Parties of the Stockholm Convention and 

classified as PBT substances (i.e., persistent, bioaccumulative, toxic) according to 

EUõs REACH (Registration, Evaluation, and Authorization of Chemicals) [15], 

[17]. 

The thermal stability, hydrophobic behavior, bioaccumulation and 

biomagnification of PFAS increase with the length of the C-F chain; while, their 

water solubility increases as the length of the chain decreases [3], [18]. This fact 

suggests that short-chain PFAS have higher mobility in the water bodies than 

long-chain ones [18], [19]. Short-chain and ultra-short-chain perfluorinated 

compounds have recently drawn more attention due to their increased use in 
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many applications (e.g., ionic liquids for lithium batteries, water/oil repellent 

coatings) as a substitute for long-chain PFAS. Indeed, [17] highlighted the global 

distribution of short-chain compounds, especially perfluorobutanoic acid (PFBA, 

C4) and perfluorobutane sulfonic acid  (PFBS, C4) both recognized as the most 

detected short-chain compounds. In addition to the direct production, short-

chain compounds can form due to the decomposition of long-chain PFAS, for 

example due to the braking of C-C bond during biological water treatments [3], 

[20]. Thus, the production shift to short-chain PFAS, their wide use and the lack 

of deep knowledge about their effects, suggest that they may pose a significant 

threat to the environment in the immediate future. 

 

1.3 PFAS impact on human health 

The global distribution of PFAS represents a high concern and risk to the health 

of humans and wildlife, having contaminated organisms even in the most remote 

areas of the planet as demonstrated by many studies [12], [21], [22], [23], [24], 

[25]. Human exposure to PFAS primarily occurs through oral ingestion of 

drinking water, but it also occurs through the consumption of food, inhalation of 

indoor dust and skin contact [4], [22], [26], [27]. More than a decade ago, the 

comprehensive review of [24] highlighted the frequent PFAAs presence in blood, 

serum and plasma, breast milk, liver, seminal sperm. In particular, the liver was 

recognized as the PFAS target organ, where higher concentrations were detected. 

Indeed, PFAS are not metabolized and easily enter into the enterohepatic 

circulation, accumulating in the liver [24], [28]. In addition, they can accumulate 

also in the kidneys since they are not effectively removed from the body. In 

general, some studies have linked the liver, kidney, testicular, prostate cancer to 

PFAS exposure [15]. Furthermore, both long and short-chain PFAS are 

considered as immunological suppressors and endocrine-disruptive compounds 

(EDCs) for the observed effects on hormone system of pregnant women, thyroid, 

and for the consequences on organ development and birth outcomes [29]. Most 
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of the studies concerned PFOA and PFOS, but more attention is currently paid to 

(ultra) short-chain compounds and fluorinated-chlorinated PFAS, such as HFPO-

DA (GenX), since their detection is increasing and their effects are poor 

investigated [4], [15].  

 

1.4 PFAS regulation limits 

As drinking water is the main route of PFAS exposure and due to the 

demonstrated adverse health effects, limits and guidelines on PFAS in water 

intended for human consumption have been introduced by governmental 

organizations. Indeed, US EPA recently updated the health advisory levels for 

drinking water [30] of PFOA = 0.004 Õg/L(interim), PFOS = 0.02 Õg/L (interim), 

GenX = 10 Õg/L and PFBS = 2000 Õg/L. The National Health and Medical 

Research Council (NHMRC) of Australia has developed health based guideline 

values on PFAS: sum of PFOS and PFHxS (perfluorohexane sulfonic acid) = 0.07 

ng/L and PFOA = 560 ng/L [31]. Furthermore, by January 2026 Member States 

of European Union will take the measures necessary to ensure that drinking 

water complies with the new limits on òPFAS Totaló (5 ng/L) and òSum of PFASó 

(100 ng/L) according to the EU Directive 2184/2020 [32]. Regarding wastewater, 

recently US EPA announced (January 2023) the opportunity to regulate PFAS in 

the final effluent. Furthermore, threshold values for PFAS have also been 

introduced regarding food intake. For instance, the European Food Safety 

Authority (EFSA) has set a new safety threshold for the tolerable weekly intake 

(TWI) equal to 4.4 nanograms per kilogram of body weight per week for the total 

PFOA, PFOS, PFNA (perfluorononanoic acid) and PFHxS [33].   
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1.5 Challenges and current status of PFAS removal 
technologies 

PFAS originates from sources such as military bases, airports, laundry industry 

etc. and traditional wastewater treatment plants are not designed for PFAS 

removal. Therefore, measurable levels of PFAS are present in the final effluent. 

Removing PFAS from wastewater effluents may be highly significant since they 

represent a primary source of PFAS contamination in drinking water supplies. 

PFAS remediation can be achieved through advanced treatments based on 

separation/concentration and/or destruction technologies.  

Among separation methods, adsorption on activated carbon (AC) and ion 

exchange resins (IERs) are well-established technologies. The main adsorption 

mechanisms involved in the removal of PFAS are hydrophobic and electrostatic 

interactions [3], [34], [35]. Owning to cost efficiency, easy design and operation, 

granular activated carbon (GAC) (with meso- and macroporous structure) is the 

most frequently employed technology in full-scale systems aimed to remove 

PFAS. In addition, the introduction of alternative regeneration and reactivation 

methods of PFAS-laden GAC could make the full-scale application even more 

sustainable in the future [36]. Nonetheless, PFAS molecular structure, properties 

of GAC (e.g., porosity, charge of surface adsorbent) and the water matrix 

background can be considered as the main factors limiting their adsorption 

capacity [3]. Furthermore, short-chain compounds demonstrated to be more 

challenging to be adsorbed due to their high water solubility, making GAC alone 

insufficient in the future as an efficient barrier against the wide spectrum of PFAS 

[37], [38]. On the other hand, anion exchange resins (AERs) have proven to be 

much more effective than GAC in removing both long and short-chain PFAS, 

offering also benefits of regeneration, and reuse capabilities [39], [40]. 

Background water quality and resin property, such as backbone composition, 

porosity, and functional groups, are the main factor that may affect PFAS 

removal [35]. In general, macroporous AERs with polystyrene structure 

demonstrated high sorption capacities compared to gel-based and polyacrylic 
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ones [34], [41], [42]. Despite high costs for toxic solvent regeneration, 

maintenance and operation may represent a limitation for full-scale applications, 

AERs may be preferred for the high performance in meeting short and long-chain 

PFAS treatment goals [43]. In general, adsorbent disposal costs are considered as 

one of the main issues dealing with adsorption systems [44]. 

Among separation/concentration technologies, membrane filtration techniques 

have been widely investigated for PFAS remediation. Since low-pressure 

membranes, such as microfiltration MF (0.1 ð 10 Õm) and ultrafiltration UF (2 ð 

100 nm), have proved to be ineffective for PFAS (ρͯ ÎÍ) removal, they have been 

considered as a pre-treatment step in combined systems with other membranes 

or adsorbents [44]. Whereas several review papers reported high retention 

efficiencies (ωͯπ ωωϷ) of both short/long-chain PFAS and their precursor 

using high-pressure membranes, such as nanofiltration NF (1-10 nm) and reverse 

osmosis RO (< 1 nm) [40], [45], [46]. During high-pressure membrane filtration, 

PFAS chain length and ionic charge in water determine the dominant removal 

mechanism, including size exclusion, electrostatic repulsion and hydrophobic 

interactions. Indeed, increases in ionic strength can contribute to increase 

retention of long-chain PFAS by enhanced size exclusion and decrease the 

removal of short-chain ones by high electrostatic repulsion forces. In addition, 

organic matter can negatively impact the process due the formation of fouling 

[40]. Despite their high performance, NF and RO are challenging to employ in 

real systems due to high energy demand and production of a PFAS-concentrated 

stream that needs to be treated before disposal [44], [47]. 

Research on electrochemical treatment methods including electrocoagulation 

(EC) and electrooxidation (EO) has shown the potential for PFAS removal [48], 

[49]. In particular, EC can be potentially considered both as separation and 

destruction technology since PFAS removal can undergo via sorption to metal 

hydroxide flocs thanks to hydrophobic interactions or via oxidation at the anode 

surface respectively [50]. Furthermore, EC offers a series of advantages, such as 
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no coagulants addition, less sludge and high removal efficiencies compared to 

standard coagulation process, on the other hand EC is limited by electrode 

passivation, salt requirements (to increase solute conductivity), high costs linked 

to sludge management and operations [16], [51]. Although research is still needed 

to define if electrochemical treatments are suitable for PFAS remediation at full-

scale, EC may be promising in the treatment of PFAS-concentrated streams from 

other separation processes (e.g., AERs, RO) [50]. 

Interest in destructive technologies is growing, due to the costs associated to the 

treatment of PFAS-concentrated solid (or liquid) phase and the regeneration (or 

disposal) of the adsorbent (or membrane). Advanced oxidation/reduction 

processes ð AOPs and ARPs respectively ð have been considered as promising 

technologies for the removal of a wide spectrum of micropollutants thanks to the 

action of high reactive species (HRSs) [52], [53]. However, compared to other 

micropollutants, PFAS showed to be more recalcitrant to oxidation by molecular 

ozone and hydroxyl radicals (ƍOH), due to the presence of strong C-F bonds (485 

kJ/mol) and electron withdrawing functional groups [13]. Indeed, despite sulfate 

radical (SO4ƍ-) demonstrated to be much more effective than ƍOH, complete 

mineralization and high defluorination rate cannot be achieved, even leading to 

the production of shorter chain PFAS [2], [16]. Whilst, ARPs based on hydrated 

electrons (Å ) production (e.g., 56Ⱦ3/) showed to be much more effective than 

AOPs in degrading completely PFAS through defluorinated hydrogenation and 

dicarboxylic hydrolysis mechanisms [2]. However, concentration and properties 

of PFAS greatly influence the efficiency of AOPs/ARPs. For instance, PFSAs 

showed higher susceptibility to SO4ƍ- than PFCAs, while fluorotelomer sulfonic 

acids (FTSAs) and shorter PFSAs were more susceptible to Å  compared to long-

chain PFSAs  [54], [55]. Furthermore, background water matrix plays an 

important role since some substances (e.g., nitrites, dissolved oxygen, H+, 

alkalinity) can act as scavengers of HRSs. Challenges dealing with AOPs/ARPs 

usually are high energy demand, that is usually considered prohibitive for scale-
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up applications especially for emerging AOPs/ARPs such as plasma and 

sonochemical technologies [2], [56]. 

 

2. Materials and Methods 

2.1 Water tested 

In this study, secondary effluent wastewater (WW) samples were collected from 

a conventional activated sludge process at the WWTP of Harelbeke, Belgium (116 

100 I.E.) operated by Aquafin NV. The samples were taken inside 100 mL HDPE 

bottles filled to the top, kept in the dark and at 4ÁC to minimize photolysis and 

sample degradation. In order to characterize the wastewater matrix, basic 

parameters were obtained in laboratory (Table 1) on duplicated samples.  

Table 1. Mean values of basic parameters of real wastewater  

Parameter Unit of measure Mean value 

COD ÍÇ,ϳ /  152 

Total Nitrogen ÍÇ,ϳ . 5.55 

Ammonium ÍÇ,ϳ .( . 0.612 

Nitrite ÍÇ,ϳ ./ . 0.244 

Nitrate ÍÇ,ϳ ./ . 1.63 

Total Phosphorus ÍÇ,ϳ 0 1.46 

Chloride ÍÇ,ϳ #Ì 236 

pH - 8.05 

Electrical conductivity Í3ÃÍϳ  2.48 

 

WW samples were sent to an external laboratory in order to quantify the 

occurrence of PFAS in the effluent. Among PFAS detected, the main group 

included both long and short chain perfluoroalkyl carboxylic acids (PFCAs). Two 

frequently detected PFAS belonging to the perfluoroalkyl sulfonic acids (PFSAs) 

group were also found in the water matrix: PFOS and PFBS. In addition, the 

fluorotelomer 6:2 FTS and a new PFAS compound (MePFBSAA) were detected. 
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Main physicochemical properties and concentrations of PFAS detected are listed 

in Table 2. 

 

Table 2. Physicochemical properties and concentration (C0) of PFAS detected in 

wastewater tested 

Compound 
name 

(CAS number) 
Acronym Formula 

MWa 
(g/mol) 

Log 
Kow 

pKa 
Water 
solubility 
(mg/L) 

C0 
( ἯȾἘ) 

Perfluoroalkyl carboxylic acids (PFCAs) 

Perfluorononan
oic acid  
(375-95-1) 

PFNA C8F17COOH 468 5.48b -0.21b n.a.d 
< 

0.0088 

Perfluorooctano
ic acid  
(335-67-1) 

PFOA C7F15COOH 414 4.81b 
-0.5-
4.2b 

2290  
(at 24ÁC)d 

0.073 

Perfluorohepta
noic acid  
(375-85-9) 

PFHpA C6F13COOH 364 4.15b -2.29b 
3.65 

(at 25ÁC)b 
0.017 

Perfluorohexan
oic acid  
(307-24-4) 

PFHxA C5F11COOH 314 3.48b -0.16b 
15700  
(at 25ÁC)b 

0.047 

Perfluoropenta
noic acid (2706-

90-3) 
PFPeA C4F9COOH 264 3.01c 0.34c n.a.d 0.048 

Perfluorobutan
oic acid  
(375-22-4) 

PFBA C3F7COOH 214 2.31c 1.07c 
2.14 ā 105  
(at 25ÁC)d 

/ 

Perfluoroalkyl sulfonic acids (PFSAs) 

Perfluorooctane 
sulfonic acid 
(1763-23-1) 

PFOS C8F17SO3H 500 4.49b < 1.0b 
3.2 ā 10-3 
(at 25ÁC)b 

0.088 

Perfluorobutan
e sulfonic acid 
(375-73-5) 

PFBS C4F9SO3H 301 1.82b -3.31b 
344  

(at 25ÁC)b 
< 

0.0088 

n:2 Fluorotelomer sulfonic acids (FTSAs) 

6:2 
fluorotelomersu
lfonic acid 
(27619-97-2) 

6:2 FTS C8H5F13O3S     0.023 

Polyethers 

N-methyl 
perfluorobutan
e sulfonamido 
acetic acid 
( n.a) 

MePFBSAA      0.015 

a PubChem; b Hazardous Substances Data Bank (HSDB); c Chemicalize; d (Gagliano et al., 2020); n.a.= 
not available; / = interference with water matrix; 
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2.1.1 Preparation of synthetic wastewater 

The synthetic wastewater (SW) was obtained from deionized (DI) water and 

PFAS spiked from two different stock solutions previously prepared in glass 

bottles: one with 7.8 mg/L of PFOA, the other containing 1.7 mg/L of the short-

chain PFBA, PFBS and PFHxA (perfluorohexanoic acid). These four compounds 

were selected as representative target contaminants from the PFAS detected in 

real wastewater due to their environmental relevance (Table 2). 

 

2.2 Electrocoagulation-flotation (ECF) 

The ECF process was applied only on synthetic wastewater through a reactor 

made up of an aluminum anode and a stainless-steel cathode connected in turn 

with a power source for the direct current (3A) supply. In order to increase the 

electrical conductivity, 10.2 g NaCl were added in the electrolytic cell. Therefore, 

pH moved from 5.9 to 9.16 at end of the test. The group of PFAS compounds was 

spiked in order to achieve a concentration of roughly ρ ʈÇȾ, of each compound. 

 

2.3 Adsorption processes 

The adsorption tests were performed in plexiglass columns filled with a packed 

bed of mesoporous GAC CARBOPUR 1240 (BrenntagÈ, Belgium). During the AC 

treatment, it was important that the water level kept being located above the top 

of the AC bed to ensure that all available adsorption sites could be occupied by 

the aqueous solution containing PFAS and in this way prevent any occupation of 

the pores by air. A peristaltic pump (Watson Marlow 300 series) was used to 

provide a constant flowrate, while the bed height was varied to achieve the 

desired empty bed contact time (EBCT). Before the tests started, all PFAS 

compounds were spiked in both waters tested with a concentration of ρͯ ʈÇȾ, 

each. Three GAC column tests were carried out using the same activated carbon 
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and similar EBCT (υͯȡσπ ÍÉÎ): one with synthetic water, the second with real 

wastewater, the other with the effluent of UV/SO3 treatment (Section 2.3). GAC 

effluent samples were periodically collected for PFAS analysis once the 

experiment began. Table 3 shows the main parameters of the column tests. 

Table 3. Main design parameters of GAC tests 

Water matrix 
Bed Volume 
(mL) 

EBCT 
(min:sec) 

Linear 
velocity 
(m/h) 

Bad height 
(cm) 

Synthetic wastewater 166 5:36 4.25 40 

Real wastewater 123 5:32 2.71 25 

Column tests were performed also using the anion exchange resin TULSION 

PFR-630n (BrenntagÈ, Belgium) with gel type and functional group of quaternary 

ammonium. It was selected due to the high selectivity towards PFAS, especially 

short-chain compounds. The resin was tested with both synthetic and real 

wastewater having ρͯ ʈÇȾ, of all PFAS. In this case the resin column tests were 

conducted with a Bed Volume equal to 9 mL and EBCT σͯ min for both waters 

tested. 

 

2.4 Advanced oxidation/reduction processes 

In this study, two destruction technologies were investigated: advanced 

reduction processes (i.e., UV/SO3 and UV/SO3 + I-) and advanced oxidation 

processes (i.e., O3 and O3/H2O2).  

Regarding the advanced reduction processes, UV/SO3 tests were carried out 

using a 5L tank and a UV reactor equipped with an UVC lamp (18 W).  Different 

chemical dosages were used in order to assess their influence on the process, as 

well as different contact times ranged between 6-24 hours. Influence of pH 

adjustment by addition of NaOH was also evaluated. The doses of SO32- (from 

Na2SO3) were 20 mM and 40 mM depending on the test. The dosage of I- (from 

KI) ranged between 0 mM and 10 mM. PFAS were spiked in both waters tested 



Chapter 3: Removal of per- and polyfluoroalkyl substances (PFAS) from water: 
a screening of remediation technologies 

______________________________________________________________________ 

32 
 

with concentrations of ρͯ ʈÇȾ,, except for few tests performed with high PFAS 

concentrations (ρͯ ς ÍÇȾ,). Summary of the reduction processes tests is 

reported in Table 4.  

 

Table 4. Summary of UV/SO32- + I- performed in this study 

ID  
test 

Water matrix 
SO32- 
(mM) 

I- 
(mM) 

Duration 
(h) 

Treated 
volume 
(L) 

Initial PFAS 
concentration 

1 Synthetic WW 20 0 6 5 1ͯ Õg/L  
2 Synthetic WW 20 0 24 5 1ͯ Õg/L  
3 Synthetic WW 20 2 24 5 1ͯ Õg/L  
4 Real WW 20 2 24 5 1ͯ Õg/L 
5 Real WW * 20 2 8 5 1ͯ-2 mg/L 
6 Real WW 40 10 6 3 1ͯ Õg/L 
7 Real WW ** 40 10 6 3 1ͯ Õg/L 
8 Synthetic WW 40 10 6 3 1ͯ-2 mg/L 

* Addition of NaOH (60 mM) to adjust starting pH;  
** Sample decolorized with ozone 

 

O3 and O3/H2O2 processes were investigated only on synthetic wastewater. 

Ozonation was conducted in batch tests using a Schott bottle connected to the 

ozone generator (COMAD-02, Anseros GmbH, Germany) and following the 

procedure reported in previous literature [57]. Concentration of O3 was around 

15 mg/L, the duration of the test 3 hours, and the gas flowrate set to 0.2 L/min. 

The batch tests were carried out with and without pH adjustment by NaOH 

addition. O3/H2O2 experiment was performed in a column type test: ozone 

concentration 15 mg/L, total treated volume 700 mL, H2O2 concentration 1 M, 

duration of the test 6 h. Furthermore, a pH-based protocol was adopted for 

O3/H2O2 experiments: pretreatment of the sample (duration 20 min) in a batch 

reactor (500 mL) at 30 mg/L of ozone and a starting pH = 4.6 (adjusted with HCl); 

then, a column test with the addition of H2O2 (0.04 M), and NaOH for adjusting 
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pH to 10.37. Another PFAS were spiked in order to have ρͯ ʈÇȾ, of each PFAS 

compound considered in this study. 

 

2.5 Combined treatment process 

With the aim of improving the removal efficiency of the targeted PFAS the 

combined treatment process involving the UV/SO3/I- process followed by 

adsorption of GAC was explored. In this case, SO32- (from Na2SO3) concentration 

was around 10 mM, and I- (from KI) concentration was 2 mM. The duration of 

the test was set to 4 h, treating a volume equal to 5 L. In order to improve the 

efficiency of the process, initial pH was adjusted to 11 by adding NaOH. The 

PFAS mixture was spiked in order to achieve ρͯ ʈÇȾ, of each target compound. 

The same activated carbon was used in the combined treatment process (Section 

2.3).  

 

3. Preliminary results: a comparison of the 
investigated technologies 

In this section will be compared the results obtained with all the remediation 

technologies investigated in this study in order to figure out which technique 

may be considered the most appropriate for removing PFAS from wastewater.  

The bar graph in Figure 1 shows that the electrocoagulation-flotation process did 

not have any effect on all the PFAS targeted in this study. Recent studies showed 

promising results on PFOA removal in water using electrocoagulation with an 

Iron electrode [48], [49]. However, in this study, PFOA showed a very small 

degradation (< 10 %). Further experiments are needed to understand if using 

electrodes with different metals could improve the removal rates.  
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Figure 1. Targeted PFAS concentrations before and after electrocoagulation-

flotation process. 

 

Figure 2 shows the breakthrough profiles of PFBA, PFHxA, PFOA and PFBS 

during the column adsorption tests. It could be noted that the influence of the 

water matrix background played a crucial role in the adsorption process. Indeed, 

in synthetic wastewater all targeted PFAS were well adsorbed during the process 

(Figure 2a). It is well known that dissolved ions (e.g., Cl-, SO4-) and organic matter 

establish competition mechanisms for the adsorption sites, reducing as a result 

the performance of the process [3], [58]. In fact, in real wastewater PFAS showed 

a much faster breakthrough profile (Figure 2b). It is interesting to observe that 

PFAS were adsorbed in the order PFBA (C4) < PFHxA (C6) < PFOA (C8) < PFBS 

(C4) (Figure 2b). Hence, it is clear that the chain-length and functional group had 

an impact on the process. Indeed, short-chain carboxylic compounds (i.e., PFBA, 

PFHxA) showed a faster breakthrough than PFOA in accordance with other 

studies in literature [3], [59], [60]. Finally, the sulfonic PFBS was better adsorbed 

than all carboxylic PFAS. This result is in accordance with previous findings in 

literature [3].  
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Figure 2. Breakthrough curves of target PFAS in synthetic wastewater (a) and 

real wastewater (b) during GAC adsorption process 

Resins are known for their remarkable adsorption capacity for both long- and 

short-chain PFAS [38]. The resin (TULSION PFR-630n) used in this study was 

selected for the high selectivity towards PFAS. Indeed, good results were 

obtained during the column tests for all PFAS investigated (Figure 3). However, 

this result was carried out on synthetic wastewater. Therefore, the effect of the 

organic matter on the adsorption of PFAS was not evaluated. Thus, other 

experiments should be conducted using real wastewater in order to effectively 

compare the performance of the resin in presence of other substances that 

compete with PFAS.  
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Figure 3. Breakthrough curves of target PFAS in synthetic wastewater during 

adsorption process on ionic exchange resin. 

Figure 4 reports the results of applying ozone-AOPs for the removal of targeted 

PFAS in synthetic wastewater. Figures 4a and 4b refers to the ozonation process, 

Figure 4c and 4d to the O3/H2O2 process. It is known in literature that oxidation 

through ozone-based treatments is not effective in degrading PFAS from water, 

since the strong C-F bonds resist to the attack of ozone and hydroxyl radical [2]. 

Indeed, both treatments resulted in poor PFAS abatement. Ozonation was 

inefficient, even when initial pH was adjusted (Figure 4b). The O3/H2O2 process 

was slightly more efficient in degrading PFAS compounds but with poor 

performance. Also in this case, the pH adjustment did not influence the 

performance of the process. Therefore, Figure 4 confirms the findings in 

literature, since generated ƍOH during AOPs cannot degrade PFAS.  The effect 

of other reactive species, such as SO4ƍ-, as well as the production of intermediate 

fluorinated compounds, should be more explored.  
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Figure 4. Targeted PFAS concentrations before and after ozone-AOPs. In 

particular: a) ozonation at 15 mg/L (duration 3h); b) ozonation at 15 mg/L and 

pH adjustment (duration 3h); c) O3/H2O2 process (O3 = 15 mg/L, H2O2 = 1M, 

duration 6h); d) O3/H2O2 process with pH adjustment (O3 = 30 mg/L, H2O2 = 

0.04M, duration 4.40h). 

More attention was given to ARPs since several studies have demonstrated their 

effectiveness in PFAS degradation compared to AOPs. Indeed, many UV/SO3/I- 

experiments were carried out on both synthetic and real wastewater to 

investigate the applicability of this technology. Figure 5 illustrates the abatement 

of PFAS compounds in synthetic wastewater (Figures 5a, 5b, 5c) and in real 

wastewater (Figure 5d, 5e, 5f). Firstly, it can be immediately inferred that the 

presence of organic matter highly influenced the processes by acting as a 

scavenger of Å . In fact, all the carboxylic PFAS were completely removed 

during the UV/SO3/I- tests performed on synthetic wastewater, regardless of the 

contact time, and concentration of Iodide. While, in wastewater the same 

compounds (i.e., PFBA, PFHxA and PFOA) with minor removal efficiencies ( ͯ

80%). PFBS resulted the most recalcitrant compound, showing the lowest 
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removal rates in both synthetic and real wastewater. The highest PFBS removal 

occurred in synthetic wastewater (Figure 5c). Probably, in this case the presence 

of the I- had a positive effect, by extending the lifetime of Å  that is scavenged 

by SO32- [2]. Moreover, Figure 5f highlights that decolorizing the sample with 

ozone as a pretreatment had not influence on the PFAS degradation. This fact 

underlines again that ozone is not able to degrade PFAS compounds. 
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Figure 5. Targeted PFAS concentrations before and after UV/SO3 + I- process. In particular: a) synthetic wastewater, 20 mM SO32-, 0 

mM I-, duration 6h; b) synthetic wastewater, 20 mM SO32-, 0 mM I-, duration 24h; c) synthetic wastewater, 20 mM SO32-, 2 mM I-, 

duration 24h; d) real wastewater, 20 mM SO32-, 2 mM I-, duration 24h; e) real wastewater, 40 mM SO32-, 10 mM I-, duration 6h; f) real 

wastewater decolorized by O3, 40 mM SO32-, 10 mM I-, duration 6h; 
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UV/SO3/I- process showed promising results in accordance with the literature. 

However, the performance of this process strongly decreased on real wastewater. 

For this reason, a combined approach UV/SO3/I- + GAC adsorption was 

proposed to increase the removal of targeted PFAS. Figure 6 shows the PFAS 

concentrations at the inlet, after reduction by UV/SO3/I-, and after the 

adsorption process on GAC. Indeed, removal rates increased compared to the 

UV/SO3/I- standalone process. For instance, PFOA showed a removal > 60 % in 

the combined process, and  ͯ20% during the UV/SO3/I- standalone process in 

real wastewater. However, the main contribution to the PFAS removal is to be 

ascribed to the adsorption on GAC since no PFAS abatement was noted after the 

ARP.  

 

 

Figure 6. Targeted PFAS concentrations before and after the combined process: 

UV/SO3/I- + GAC. 
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4. Conclusion 

In this study different technologies aimed at PFAS removal based both on 

separation and destruction methods were investigated. The following conclusion 

can be withdrawn based on the findings of this research: 

¶ The ECF process was definitely not efficient in removing PFAS 

compounds in synthetic water, showing 0% of removal efficiency.  

 

¶ The adsorption process on GAC and Resin was able to remove all the 

targeted PFAS compounds during the experiments performed on 

synthetic wastewater. However, the performance of the GAC adsorption 

process on real wastewater was much lower than the synthetic wastewater 

showing a very fast breakthrough of all PFAS.  

 

¶ O3 and O3/H2O2 processes were not able to degrade PFAS even using high 

concentrations of ozone in synthetic wastewater. PFOA was removed at 

40% during the O3/H2O2 process with 15 mg/L of O3 and 1M of H2O2.  

 

¶ UV/SO3/I- showed good performance in removing all the carboxylic 

PFAS (i.e., PFBA, PFHxA, PFOA) in synthetic wastewater. PFBS resulted 

recalcitrant to the reduction process in both synthetic and real wastewater. 

The performance of the UV/SO3/I- process decreased on real wastewater 

for carboxylic PFAS too, with removal rates about 20%. 

 

¶ A combined approach UV/SO3/I- + GAC was proposed in this study to 

increase the removal rate of PFAS targeted in this study. However, the 

hybrid process was not enough to effectively degrade PFAS compounds 

since all the contribution to removal was ascribed to the GAC adsorption. 

From a qualitative comparison of the technologies investigated in this study, 

emerged that adsorption on Resin and GAC, and the UV/SO3/I- processes were 
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the most promising technologies for PFAS remediation. However, much more 

research is needed to better understand the applicability of these technologies on 

real wastewater, thus considering the effect of other substances. Furthermore, a 

treatment train approach is suggested for an efficient removal of PFAS that 

showed very high resistance to all technologies. For instance, a combined 

treatment that involves a separation technology (e.g., GAC, membranes) 

followed by a destruction technology, such as ARPs may be an effective solution 

for the removal of both short- and long-chain PFAS. 
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Chapter 4: Real-time wastewater quality monitoring 

by fluorescence sensors: validation for COD and 

CEC monitoring and implication for carbon 

footprint reduction 

Abstract 

This study investigated the applicability of a protein-like fluorescence sensor for 

wastewater quality monitoring. Several wastewater matrices, including raw, 

primary, secondary and tertiary effluents from three different wastewater 

treatment plants were used. Furthermore, the sensor was tested for the 

monitoring of quaternary effluent in a pilot scale plant installed downstream of 

a water reuse facility. The pilot plant involved advanced oxidation processes 

(AOPs) and granular activated carbon (GAC) adsorption. Corrections on 

excitation/emission matrices (EEMs), including Inner Filter Effect (IFE) and 

scattering, showed no effect on linear correlation (2 πȢωω) between sensor 

measurement and either raw or corrected benchtop protein-like fluorescence 

data, suggesting that for this application the signal from the sensor might be 

interpreted without the need for further adjustments. Furthermore, the use of 

quenched, diluted and filtered samples did not affect such correlations. Overall, 

the fluorescence sensor showed a very high capability to monitor a wide range 

of wastewater matrices, including raw, primary, secondary, tertiary, and 

quaternary effluents, providing fast information on the efficiency of the 

processes. The protein-like fluorescence monitoring by the real-time sensor was 

validated online through 9 days of 24-hour continuous monitoring of tertiary 

wastewater effluents. The employed fluorescence sensor demonstrated to be an 

excellent tool for monitoring the removal of contaminants of emerging concern 

(CEC), including a wide range of pharmaceuticals, in different AOP systems 

(ozone and UV based). In view of the results reported in this study, possible 

environmental implications for the reduction of the carbon footprint have 
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emerged: the use of fluorescence sensors may contribute to the optimization of 

processes and the reduction of secondary pollution. 

Graphical Abstract 

 

Keywords: secondary treatments; quaternary treatments; AOPs; adsorption; 

micropollutants; water reuse. 
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1. Introduction 

The release of wastewater effluents represent a high risk to human health and 

environment. High contents of nutrients may negatively impact the quality of 

receiving water body by causing algal blooms and consequent decrease in 

dissolved oxygen (DO) [1], [2]. Moreover, treated and illicit wastewater from a 

variety of human activities, such as mining, industry and agriculture, may 

introduce high amounts of heavy metals (e.g. Pb, Fe, Cu) in natural water systems 

raising concern to human health and aquatic life [3], [4]. The experience gained 

during the COVID-19 pandemic, as well as the new challenges dealing with the 

occurrence of emerging pathogens, such as antibiotic resistant bacteria (ARB) and 

antibiotic resistance genes (ARG), highlights the role of wastewater as a vector of 

pathogens and infectious diseases [1], [5], [6]. Several physico-chemical and 

biological characteristics ð some of which mandated by regulations ð including 

turbidity, flowrate, pH, conductivity, total suspended solids (TSS), total nitrogen 

(TN), total phosphorus (TP), chemical oxygen demand (COD), biochemical 

oxygen demand (BOD), total organic carbon (TOC), UV absorbance at 254 nm are 

typically used for wastewater quality monitoring and process control. In-situ 

monitoring at full-scale wastewater treatment plants (WWTPs) through sensors 

measuring process parameters, including flowrate, ammonium NH4-N, DO, is 

well-established. However, the reference parameters for determining the organic 

load (BOD, COD, TOC) are still mainly obtained through traditional laboratory-

based methods, since online analyzers (e.g., for TOC measure) may result 

expensive and need regular maintenance. Laboratory methods involves 

hazardous chemicals, with related high costs for disposal, and time-consuming 

procedures that inevitably leads to delayed results making real-time control 

difficult to achieve [7]. In the comprehensive review of Bourgeois et al., 2001 was 

already highlighted the urgent need for real-time monitoring systems of BOD, 

COD and TOC to improve the control of the final effluent and to accomplish with 

law requirements. Many years later, technology advances have introduced 
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innovative systems for BOD and COD monitoring in-situ through the use of 

sensors based on optical and electrochemical technologies [9], [10], [11]. 

However, nowadays, new challenges have to be addressed. A growing number 

of xenobiotic compounds are being introduced in the market in order to satisfy 

users raising needs, effectively endangering water supplies. Indeed, the 

occurrence of harmful contaminants of emerging concern (CEC) in the receiving 

water body due to wastewater effluents discharge is currently of high attention 

due to adverse effects on ecosystems, humans and wildlife [1], [12], [13], [14], 

[15], [16], [17]. Treatments employed in conventional WWTPs are not able to 

efficiently remove persistent compounds, such as pesticides, poly- and 

perfluoroalkyl substances (PFAS), plasticizers, pharmaceuticals and personal 

care products (PPCPs), releasing these compounds in receiving water body [16], 

[18], [19]. Guidelines and directives recently released by several country 

organizations are imposing stringent CEC requirements on the final wastewater 

effluent quality. For instance, the EU COM (2022) n. 541 proposes to employ in 

WWTPs a òquaternaryó treatment stage consisting in advanced treatment 

processes specifically aimed at CEC removal [20]. Several advanced treatments 

can be deployed for CEC removal in full-scale facilities. Based on the use of 

several oxidants  and/or UV radiation for activation, advanced oxidation 

processes (AOPs) and adsorption have been demonstrated over the years to be 

suitable for fast CEC degradation in full-scale water treatment plants [21], [22], 

[23], [24], [25], [26]. However, since CEC occurrence in natural and engineered 

water systems remains a major issue that must be addressed to ensure high 

sanitary standards, it becomes necessary to implement CEC monitoring systems 

at WWTPs. Nonetheless, detection of CEC (or micropollutants) in water is 

challenging because they are usually found in trace levels (Õg/L or ng/L). Hence, 

high precision analytical methods are needed for CEC quantification, such as 

liquid chromatography and mass spectroscopy, that actually are expensive and 

time-consuming. Therefore, the use of fast and low-cost CEC detection methods 

becomes highly desirable. Developed for dissolved organic matter (DOM) 
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characterization, fluorescence spectroscopy has emerged as a powerful tool to 

monitor water quality in natural and engineered systems [27], [28]. Several 

studies demonstrated that fluorescence spectroscopy can monitor the removal of 

micropollutants during advanced treatments as well [29], [30], [31], [32], [33], 

[34], [35], [36]. Nevertheless, a not-negligible time is required for the fluorescence 

analysis, that involves the acquisition of 3-dimensional excitation/emission 

matrices (EEMs) through benchtop fluorometer, acquisition of UV absorbance 

spectra and consequent correction of the inner filter effect (IFE) (especially in high 

concentrations samples) and removal of Raman/Rayleigh scatterings. 

Nowadays, many fluorescence-based sensors have been introduced as suitable 

tools for fast response of water quality in wastewater treatment, despite some 

challenges emerged during in-situ applications, such as bio-fouling, changes in 

turbidity, calibration issues that requires ongoing maintenance and site-specific 

algorithms for several parameters corrections [8], [37], [38], [39], [40], [41], [42]. 

On the one hand, several authors have reported encouraging applications of 

fluorescence sensors for monitoring of wastewater quality. For example, Carstea 

et al., 2018 reported the in-situ and online monitoring of wastewater at the final 

point of a large WWTP using fluorescence sensors ð both humic and protein-like 

fluorescence ð for 1-month continuously; promising applications with 

fluorescence sensors where reported by Mladenov et al., 2018 and Khamis et al., 

2021 for COD and BOD5 monitoring, respectively. On the other hand, the use of 

real-time CEC removal monitoring systems based on fluorescence sensor is not 

sufficiently documented. Indeed, few studies have been found in literature: Li et 

al., 2016 reported the use of a LED sensor, working in the range of humic and 

tryptophan-like fluorescence, to predict the removal of trace organic 

contaminants during ozonation in bench-scale experiments; Wasswa et al., 2019 

showed promising results on the use of tryptophan-like fluorescence sensor to 

track several contaminants in tertiary wastewater samples.  
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In view of the highlighted significant gap, the goal of this work is to provide an 

innovative and sustainable investigate the use of a protein-like fluorescence 

sensor to monitor wastewater quality in different wastewater effluents, 

discussing the comparison with benchtop fluorescence indexes. Furthermore, 

issues related to fluorescence measurements (i.e., IFE, suspended solids, matrix 

effect) were explored trying to understand their influence on the obtained data. 

Lastly, the feasibility of fluorescence sensor in continuous long-term monitoring 

and control of CEC removal was tested in a quaternary pilot plant treating 

tertiary wastewater effluent. 

 

2. Materials and Methods 

2.1 Wastewater tested and wastewater treatment 
plants investigated 

Several wastewater samples were collected along different treatment stages at 

three different water facilities:  WWTP#1 and WWTP#2 are two municipal 

wastewater treatment plants located in Sicily (Italy) and based on standard 

primary and secondary (activated sludge) treatments followed by conventional 

disinfection with sodium hypochlorite; WWTP#3 is a water reuse facility located 

in Apulia (Italy) involving primary, secondary and a tertiary treatment stage 

designed for agricultural reuse purposes. The tertiary treatment consisted of 

disinfection and coagulation stages by sodium hypochlorite and aluminum 

polychloride respectively, sedimentation in lamella clarifiers and stabilization in 

a storage lagoon. Wastewater samples were also collected in a pilot plant for 

quaternary treatment installed downstream of WWTP#3 involving ozone, or UV-

based AOPs followed by GAC adsorption for investigating potable wastewater 

reuse. In WWTP#2 two distinct sampling campaign were performed: 

WWTP#2(a) and WWTP#2(b) in Summer and Winter respectively. Also, in 

WWTP#3 and pilot plant two distinct sampling campaign were performed: 
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WWTP#3(a) and WWTP#3(b) in Summer and Autumn respectively. Table S1 

and Table S2 show the complete list of the samples collected in this study with 

related description of collection point and sampling campaign during offline and 

online sampling tests. As shown in Table S1 the samples represent a wide range 

of wastewater quality, including different raw, primary, secondary and tertiary 

effluents, AOPs that combined ozone, hydrogen peroxide and UV at varying 

doses, and 5 GAC filters in series. All samples were taken in 250 mL dark glass 

bottles at 4 ÁC, then stored in a cooler with ice packs and immediately brought to 

the laboratory for analysis. Some samples were quenched with sodium 

thiosulfate for evaluating the influence of the quencher on spectroscopic analysis. 

Filtration on selected samples was accomplished by a vacuum pump and 

WhatmanTM 0.45 Õm membrane filters having a diameter of 47 mm. The average 

values of the main water quality parameters of the raw wastewater influents of 

WWTP#1 and WWTP#2 and the tertiary wastewater WWTP#3 are reported in 

Table 1.  

 

Table 1. Average values of water quality parameters of wastewater tested in this 

study. 

Water 

Matrix  

Sample 

description  

UVT 

(%) 

UVA 254 

(cm-1) 
pH  

Cond. 

(µS/cm) 

COD 

(mg/L)  

NO 3
- 

(mg/L)  

NO 2
- 

(mg/L)  

NH 4+ 

(mg/L)  

WWTP 
#1 

Raw influent 
(filtered)  

n.a. 0.277 n.a. n. i. 73 1.6 0.6 13.8 

WWTP 
#2 (a) 

Raw influent 
(filtered)  

n.a. 0.181 n.a. n. i. 132 6.4 0.3 8.6 

WWTP 
#2 (b) 

Raw influent 
(filtered)  

n.a. 0.122 n.a. n. i. 79 6.5 1.1 18.0 

WWTP 
#3 (a) 

Tertiary 
effluent (i.e., 
influent of 
quaternary 
pilot plant)  

68 0.203 7.2 3507 33 2.56 0.3 5.5 
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2.2 Fluorescence sensor analysis 

 The fluorescence sensor employed in the present study functioned in tandem 

with a photometric transmitter through a fiber cable. The transmitter is equipped 

with optical filters adjusted to a specific excitation/emission pair ‗ ‗ϳ

ςψπȾστπ related to the protein-like fluorescence region. Fluorophores that 

contribute at this region are associated to cellular material and their exudates, 

microbial activity and material derived from anthropogenic activities [37], [40], 

[46]. Decision of monitoring the protein-like fluorescence as surrogate for 

synthetic organic compounds is supported by recent studies [40], [44], [45], [47], 

[48]. Once connected to the computer, the sensor can be managed through an 

easy graphical user interface (GUI) included in the specific software provided by 

the manufacturer that allowed several options configuration, among which the 

calibration (or òautotuneó) procedure. Indeed, the sensor needs to be calibrated 

before analyzing the samples. Therefore, the sensor was submerged in opaque 

amber brown HDPE bottles with a capacity of 125 mL (Nalgene, USA) in order 

to protect samples from UV/VIS light transmission. The calibration procedure 

involves the measurement of several diluted samples of the most fluorescing 

sample taken as reference. Dilution of reference wastewater samples were 

performed with pure DI water, with an increasing concentration of 25% v/v. 

Therefore, 5 samples (0%, 25%, 50%, 75%, 100%) were considered to build the 

calibration line for each reference wastewater, where 0% and 100% represented 

pure DI water and raw reference wastewater samples, respectively. Through the 

GUI the data logging options have been set both for off-line and on-line 

applications, specifically adjusting two main parameters: the measurement 

WWTP 
#3 (b) 

Tertiary 
effluent (i.e., 
influent  of 
quaternary  
pilot plant)  

67 0.178 7.6 2860 33 2.61 0.3 36.45 

n.a. = not available; 
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interval (MI), consisting in the time of the single test, and the logging interval (LI) 

that represents the frequency of data saving in the log file during MI. The LI was 

set to 10s for all the fluorescence sensor applications investigated in this work, 

while MI was set to 1ͯ min in off-line.  

Semi-batch experiments were performed on samples of known water quality by 

placing the fluorescence sensor in a recirculation system, in order to investigate 

the applicability for on-line monitoring. Particularly, the tests were carried out 

on five diluted samples (5 L each) of the AOP plant influent. Dilutions were 

performed blending the AOP influent with increasing volumes of treated water 

by reverse osmosis filtration. The samples were sequentially introduced into the 

recirculation system in increasing order of AOP influent concentration, at an MI 

of ~10 min to enable the draining of the pipes and the introduction of the next 

sample. Finally, the test was repeated twice in a row with the same samples and 

operating conditions. The fluorescence sensor was also employed for long-term 

monitoring of the AOP influent in order to investigate eventual errors, need for 

cleanings, failures and/or anomaly that could cause signal interruptions. 

Therefore, 9 days of non-stop 24h monitoring were performed, in which the 

quaternary pilot plant was continuously in operation, keeping the flow rate 

constant (5ͯ00 L/h). 

 

2.3 Analytical methods 

2.3.1 Spectroscopic analyses 

The acquisition of absorbance spectra was carried out with a Shimadzu UV-1800 

spectrophotometer (Kyoto, Japan), producing 600 scans spanning from 800 nm 

to 200 nm with a 1 nm resolution. 3-dimensional excitation/emission matrices 

were obtained using a Shimadzu RF-5301 fluorescence spectrophotometer 

(Kyoto, Japan), setting excitation readings from 220 nm to 450 nm with 5 nm 
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resolution, and emission scans from 250 nm to 580 nm with 1 nm resolution. Inner 

filter effect (IFE) was corrected following the method proposed by [49]. Raman 

scatters (first and second order) were compensated by EEM subtraction of a blank 

sample (pure DI water); any negative values in the EEMs were set equal to zero 

[50]. Since fluorophores lay away from Rayleigh scatters (first and second order), 

they were simply omitted and cut for improving EEMs visualization [51]. Raman 

Units (RU) were obtained normalizing emission intensities by the Raman peak 

area of an emission scan of DI water associated to an excitation wavelength of 

350 nm. Fluorescence EEMs were interpretated using the peak-picking method 

[52], [53]. More information about the procedure for spectroscopic analysis are 

detailed in previous works [48], [54].  

  

2.3.2 Other analyses 

COD, ammonium (NH4-N), nitrite (NO2-N), nitrate (NO3-N), total nitrogen 

(TN) were obtained using standard kits coupled with a SpectroquantÈ Nova 60 

photometer (Merck KGaA, Darmstadt, Germany) for colorimetric analyses. pH, 

temperature and electrical conductivity were measured in-situ with a multi-

parameter sensor (EdgeÊ, Hanna instruments Inc., Woonsocket, Rhode Island, 

USA). UV transmittance was also measured in-situ with a portable 

spectrophotometer (Real Tech Inc., Whitby, Ontario, Canada).  

The identification and quantification of CEC was obtained by using an advanced 

Orbitrap mass spectrometer in conjunction with high-resolution liquid 

chromatography (LC-HRMS) analysis for medium-polar molecules involving a 

reverse phase approach in both positive and negative ionization modes (log P 

range: -1 to 6) as reported in prior publication [25]. Table S3 shows the list of 

detected CEC and related average concentration referred to the offline and online 

datasets. However, only the sum of CEC (for each dataset) will be considered as 
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target parameter in this study. In the next elaborations, the relative concentration 

of the sum of all CEC will be considered for easier understanding: 

ВὅὉὅВὅὉὅϳ , where ВὅὉὅ is the sum of the concentration of all CEC 

found in treated wastewater, and ВὅὉὅ is the sum of all CEC found in 

untreated wastewater.  

 

3. Results and discussion 

3.1 Validation of sensor data by correlations with 
benchtop fluorescence: influence of EEM corrections 

Protein-like fluorescence data obtained with the sensor in off-line tests were 

compared with related fluorescence signal (i.e., peak I4 275/345) acquired with 

benchtop fluorometer in order to investigate the reliability of the sensor. 

Furthermore, the effect of EEMs corrections, including the blank sample 

subtraction for scattering compensation, the IFE correction and Raman 

normalization, were evaluated. Therefore, fluorescence sensor data from 

WWTP#1 and WWTP#2 samples ð both obtained with the same autotune ð were 

correlated with either raw (Arbitrary Units) or corrected (Raman Units) peak I4 

(Figure 1). A very strong relationship emerged in both cases, suggesting that 

EEMs corrections does not affect the linear correlation between sensor and 

benchtop fluorometer data. For this reason, the next plots involving the 

fluorescence peak I4 will be shown in raw Arbitrary Units. This finding highlights 

the reliability and feasibility of the sensor that can be used for fluorescence 

monitoring without the need for correcting the signal from IFE and scattering, 

allowing a rapid assessment of water quality. 
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Figure 1. Linear correlation between fluorescence signal by sensor in Arbitrary 

Units (AU) and benchtop peak I4 obtained from WWTP#1 and WWTP#2 filtrated 

samples.  In (a) peak I4 is raw (AU); in (b) I4 is corrected (RU). Sensor was 

calibrated with WWTP#2 raw influent. 

3.2 Influence of sensor calibration on fluorescence 
data 

In this section, the influence of sensor calibration procedure was assessed by 

measuring fluorescence data of the same dataset using different autotunes. The 

dataset consisted of WWTP#3 and AOP water samples, while sensor 

measurements were performed using autotune calibrated on raw WWTP#2 and 

tertiary effluent WWTP#3 (Figure S1). On one hand, very high correlations (2

πȢωυ and 2 πȢωχ for WWTP#2 and WWTP#3 calibrations, respectively) were 

observed by correlating sensor and benchtop fluorescence data, highlighting 

again high reliability of sensor data in both cases. On the other hand, it could be 

noted that fluorescence sensor calibration strongly affects the correlation 

between sensor and benchtop fluorescence data. Indeed, datapoints lie on two 

distinct regression lines having different slopes (Figure S1).  
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3.3 Effect of wastewater filtration, and wastewater 
matrix 

Feasibility of the fluorescence sensor was investigated by several tests evaluating 

the effect of filtration, wastewater matrix and quenching agent. Filtration tests 

were performed on a sub-dataset of quaternary treated samples, including 

tertiary effluent WWTP#3 and UV/H2O2 treated water at several UV doses 

(samples from 47 to 56, Table S1) and WWTP#2 samples, including raw 

wastewater, primary and secondary effluents, outlet (samples from 18 to 21 and 

from 22 to 26, Table S1) respectively. Linear correlation between the sensor signal 

and benchtop fluorescence data are shown in Figure 2a and Figure 2b for 

WWTP#3 and WWTP#2 samples, respectively. In general, filtered and unfiltered 

samples lay down on the same regression line showing very high correlations for 

quaternary treated samples (2 πȢωχ) and WWTP#2 samples (2 ρȢππ). 

Furthermore, it can be noted that filtered samples showed smaller changes in 

fluorescence intensities compared to unfiltered samples, confirming the results 

reported in [54]. Hereby, the sensor showed the ability to detect and monitor both 

high concentrated samples, such as raw wastewater, and low concentrated 

samples, such as AOP treated effluents, highlighting the high feasibility of the 

sensor for in-situ monitoring of distinct wastewaters treated in different 

treatment plants. 
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Figure 2. Effect of filtration on linear correlations between sensor and benchtop 

fluorescence measured on AOP (a) and WWTP#2 (b) samples. Sensor calibrated 

on WWTP#3 (a) and WWTP#2 (b). 

 

This study evaluated the sensorõs capability to monitor protein-like fluorescence 

signals across the tested wastewaters by correlating fluorescence sensor 

measurements from WWTP#1, WWTP#2, WWTP#3, and quaternary-treated 

samples with corresponding benchtop fluorescence data. (Figure 3). All the data 

lie on the same regression line, despite the wide range of wastewater matrices 

considered in this model, suggesting the necessity of using the same sensor 

calibration if different wastewaters are compared. Few quenched samples of O3 

and UV/O3 samples were added to this model to evaluate if the used quencher 

(sodium thiosulfate) could impact the fluorescence signal. Indeed, fluorescence 

intensity of quenched samples was slightly higher than not quenched ones. 

Nonetheless, quenched samples followed the same regression lines of related 

not-quenched samples, suggesting that sodium thiosulfate did not impact the 

correlation. Globally, the comparison between sensor and benchtop fluorescence 

data led to a very strong linear correlation (2 πȢωχ), pointing out the sensor's 

ability to detect and monitor the quality of many different wastewater qualities. 

Fluorescence sensor data showed to be in accordance with the wastewater quality 

of the samples, allowing to easily distinguish the employed treatment processes. 

For instance, among the advanced treatments investigated in this study, GAC 

and ozone-based AOPs led to lower fluorescence intensities compared to UV-

based AOPs, thus underlining the capability of the sensor to provide fast 

qualitative information about the efficiency of the process. These findings 

suggest that protein-like monitoring performed in situ with online sensors could 

represent an innovative tool for real-time assessment of water quality and 

process efficiencies in full-scale engineered systems. 
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Figure 3. Linear correlation between sensor signal and raw benchtop 

fluorescence I4, considering different wastewater samples from all the sampling 

campaigns (n = 61) carried out in this study. (* quenched samples with sodium 

thiosulfate). 

 

3.4 Development of correlation models with standard 
water quality parameters (UVA254, COD) 

To improve the assessment of the capability of the protein-like fluorescence 

sensor to act as a monitoring tool it is important to develop correlations with 

wastewater quality parameters, such as UV absorbance at 254 nm (UVA254) and 

COD. UVA254 gives insightful information on the natural organic matter, 

especially the aromatic organics having double-ring carbon. UVA254 and 

fluorescence are complementary spectroscopic parameters. COD is another 

important organic matter indicator, typically used to assess if wastewater 

discharge complies with criteria set by regulators. Figure 4 shows the linear 
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regression models between fluorescence by sensor and UVA254 (Figure 4a) and 

COD (Figure 4b) related to samples from all sampling campaigns carried out in 

WWTP#1, WWTP#2, WWTP#3 and quaternary pilot plant. Correlation between 

fluorescence and both UVA254 and COD resulted dependent on the sampling 

campaign. For instance, data from WWTP#2 samples lie on two distinct 

regression lines depending on the sampling campaign WWTP#2 (a) and 

WWTP#2 (b) respectively. Therefore, single correlation models were developed 

with a unique set of regression parameters (i.e., slope and y-intercept). Globally, 

good correlations were found between fluorescence sensor signals and either 

UVA254 or COD, especially for samples from WWTP#1 and WWTP#2. It is 

interesting to note that correlation with COD resulted stronger for WWTP#1 and 

WWTP#2, which involve samples of conventional wastewater treatments aimed 

at COD removal. Indeed, as expected, changes in COD during quaternary 

treatments were negligible, as shown by the almost horizontal trend (Figure 4b). 

 

 

Figure 4. Linear correlation between sensor fluorescence signals and UV 

absorbance at 254 nm (a) and COD (b). Samples are from WWTP#1 (n = 3), 

WWTP#2(a) (n = 6), WWTP#2(b) (n = 13), Quaternary(a) (n = 20), Quaternary(b) 
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(n = 16) of all sampling campaigns. The same sensor calibration (WWTP#2) was 

used for all samples. 

 

3.5 Investigating the potential for online and real-
time monitoring of wastewater and CEC removal by 
AOP through fluorescence sensor 

The suitability of the fluorescence sensor for online applications has been 

preliminary investigated in semi-batch experiments by monitoring fluorescence 

signal in a continuous-flow system. Figure S2 shows the fluorescence signal trend 

during an overall operating time of 90 minutes. As mentioned in the materials 

and methods section, these experiments were performed on samples made by a 

mixture of untreated AOP influent (WWTP#3) and a reverse osmosis effluent, 

with different relative concentrations. Therefore, the percentages reported in 

Figure S2 represent the amount of untreated AOP influent compared to the whole 

mixture for each sample. The sensor recorded a characteristic step pattern, as a 

function of the increasing concentration of fluorophores in the samples. The test 

was duplicated for validation and another similar step trend was recorded. 

Indeed, ensuring that real-time fluorescence measurements remained nearly 

constant under the same operating conditions and water quality was an 

important achievement in validating the use of the sensor online. The 

fluorescence sensor was also tested for long-term monitoring of the WWTP#3 

AOP influent in real-time. This test aimed to study the changes in water quality 

entering the AOP pilot plant; secondly, there was the need to test the operation 

of the sensor over a long period of time to detect eventual errors, failures and/or 

any anomaly that could cause signal interruptions. Moreover, long-term 

monitoring offered the possibility to determine whether the calibration of the 

sensor was adequate for controlling the fluctuations in the fluorescence signal 

produced by the variation in water quality by reading the signal over an 
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extended period. Therefore, 9 days of non-stop 24-hour monitoring were 

performed, in which the AOP pilot plant was continuously in operation, keeping 

the flow rate constant. 

 

The fluorescence sensor was also tested for long-term monitoring of the 

WWTP#3 AOP influent in real-time. This test aimed to study the changes in 

water quality entering the AOP pilot plant; secondly, there was the need to test 

the operation of the sensor over a long period of time to detect eventual errors, 

failures and/or any anomaly that could cause signal interruptions.  Moreover, 

long-term monitoring offered the possibility to determine whether the calibration 

of the sensor was adequate for controlling the fluctuations in the fluorescence 

signal produced by the variation in water quality by reading the signal over an 

extended period. Therefore, 9 days of non-stop 24-hour monitoring were 

performed, in which the AOP pilot plant was continuously in operation, keeping 

the flow rate constant.  

 

Figure 5. Real-time fluorescence trends recorded by the fluorescence sensor 

during 24h monitoring of WWTP#3 for 9 consecutive days. 
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The sensor was able to monitor WWTP#3 AOP influent with no failures and no 

signal interruptions, except for the maintenance day when the power generator 

was off (Figure 5). The fluorescence signal was subjected to huge variations, 

suggesting that the incoming WWTP#3 had a discontinuous quality over time. 

Indeed, fluorescence intensity gradually passed from 50% to values over 90% 

between day 1 and 6. In particular, on day 4, a series of distinct peaks followed 

by a plateau around 95% can be observed. This likely results from the WWTP#3 

influent containing a higher concentration of organic matter than the reference 

wastewater used for sensor calibration, causing as a result a saturation effect in 

the fluorescence signal. Afterwards, on days 8 and 9 fluorescence intensity 

returned around values of 50-60%. At the end of this test, no visible fouling was 

found on the optical surface of the sensor, although no cleaning operation has 

been performed.  

Lastly, the protein-like fluorescence sensor was tested for the control of CEC 

removal during several AOPs employed at the pilot-scale plant. Table S4 and 

Table S5 report the removal efficiencies of all detected CEC during AOP tests for 

both offline and online applications, respectively. Nonetheless, as mentioned in 

Section 2.3.2 only the В#%# will be considered. Assuming that the oxidation of 

effluent organic matter (EfOM) during AOPs occurs together with the oxidation 

of organic compounds, a linear correlation model was developed between 

fluorescence by sensor and В#%# (Figure 6). Both fluorescence and В#%# are 

reported in normalized values. This model showed a high correlation (2 πȢωρ), 

regardless of the sampling day and AOPs involving different combinations of 

UV, ozone and hydrogen peroxide. Furthermore, to corroborate and strengthen 

the model, both off-line and on-line fluorescence data were included in the 

dataset (Figure 6). Offline dataset refers to samples 57-72 reported in Table S1, 

while the online dataset refers to samples of Table S2. All the data lied on the 

same regression line regardless of the applied AOP and of the off-line/on-line 

fluorescence measurement. Similarly to Figure 3, also in this case the fluorescence 
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sensor provides useful information on the AOP efficiency. For instance, H2O2 

samples showed highest fluorescence intensities and negligible CEC removal, 

since H2O2 is ineffective as a standalone process. Furthermore, relative 

fluorescence sensor intensity (FS/FS0) related to UV/O3 and UV/O3/H2O2 

processes were in the range πͯȢς πȢτ. Indeed, these processes were the most 

efficient AOPs in terms of В#%# removal. It is important to underline that despite 

AOPs involves fast reactions due to the action of highly reactive species, the 

fluorescence sensor was able to detect CEC removal in real-time during many 

different AOPs at several operating conditions, UV, H2O2 and O3 doses.    

 

Figure 6. Linear correlation between fluorescence sensor signals (FS), normalized 

by the value in the AOP influent (FS0), and the sum of all CEC (В#%#), 

normalized by the value in the AOP influent (В#%#0). Sensor signals obtained in 

off-line (OFF) and on-line (ON) mode and from samples collected during three 

different days of the Winter sampling campaign. 
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3.6 Perspectives of wastewater quality monitoring by 
fluorescence based sensors for carbon footprint 
reduction 

WWTPs have a significant impact on the environment and demands a high 

amount of energy. A recent study reported that wastewater collection and 

treatment in Europe may constitute nearly 1% of the world's electrical energy use 

and more than 20% of the electrical consumption at local-scale  [55]. Furthermore, 

direct emission of greenhouse gases (GHGs) of methane and nitrous oxide, 

indirect GHG emissions due to high energy demand, transport of materials, 

discharge of wastewater, large chemicals consumption, are still one of the main 

issues to be addressed in view of a sustainable management of WWTPs [56], [57]. 

Therefore, optimizing the processes by minimizing the use of chemicals, 

improving the process efficiency and maintenance of WWTPs to reduce costs and 

increase environmental sustainability is high desirable.  

Introducing online monitoring systems for wastewater in full-scale plants, 

particularly through the implementation of fluorescence sensors, can enhance the 

environmental performance of WWTPs, supporting the transition toward a 

carbon-neutral and sustainable water cycle while addressing emerging 

challenges. Indeed, since the analysis of CEC is very expensive, time consuming, 

and requires the use of chemicals, the proposed approach could result in lower 

carbon footprint related to the wastewater analysis. Additionally, significant 

reductions in carbon footprint could be achieved through optimization of the 

treatment process.. Indeed, the removal of CEC requires energy-intensive 

quaternary treatments. Scaling-up the AOPs for quaternary treatment stage can 

lead to high operational costs. Nonetheless, the use of the appropriate AOP 

technology can help to drive this technology for a sustainable application. For 

instance, Sgroi et al., 2021b reported the UV/O3/H2O2 process as a promising 

AOP for micropollutants removal with a good compromise in terms of energy 

costs. Alternatively, CEC removal can be successfully achieved by adsorption on 
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activated carbon, whose main costs are associated with the thermal regeneration 

of the adsorbent [59]. In view of future CEC regulations, quaternary treatments 

will be increasingly employed. Therefore, the optimization of such processes is 

of great interest to lower the energy demand and GHG emissions. Fluorescence 

sensors can play a crucial role in optimizing quaternary treatments. Indeed, this 

study showed that CEC removal can be indirectly controlled by protein-like 

fluorescence monitoring, providing important information on the efficiency of 

the process. Thus, fluorescence sensors offer a rapid, non-invasive, and cost-

effective approach to real-time process optimization, as well as potential 

improvement in environmental protection. The implementation of fluorescence 

sensors may lower operational costs and contribute to minimize the 

environmental impact of quaternary treatments. For instance, the amount of 

oxidants required in AOPs could be managed in real time based on influent 

quality and treatment goals by monitoring protein-like fluorescence with online 

sensors. An additional way to reduce the environmental impact of WWTPs is by 

partially substituting internal COD analysis with real-time estimates obtained 

through fluorescence sensors. Indeed, COD needs to be assessed frequently for 

wastewater control, but it is typically obtained using hazardous chemicals. 

Moreover, COD has a significant influence on the operational costs and GHG 

emissions in WWTPs [55]. Therefore, controlling the COD in WWTPs in real time 

may be crucial. This study showed that COD can be indirectly assessed by 

protein-like fluorescence sensor. By increasing the process control and reducing 

the need for frequent analysis, fluorescence sensors can lower operational costs 

and contribute to decrease GHG emissions by reducing the chemical production, 

transportation and disposal. Furthermore, the in-situ and real-time monitoring 

of wastewater quality by fluorescence signals could be used as warning system 

to get samples for laboratory analysis when the fluorescence signals are not as 

expected. Additionally, the continuous data flow through fluorescence sensors 

enables early detection of unusual pollution events, allowing for faster responses 

to prevent environmental contamination. 



Chapter 4: Real-time wastewater quality monitoring by fluorescence sensors: 
validation for COD and CEC monitoring and implication for carbon footprint 

reduction 
______________________________________________________________________ 

70 
 

4. Conclusions 

This study demonstrated that the protein-like fluorescence sensor represents an 

innovative tool for real-time monitoring of wastewater quality, and CEC removal 

in advanced quaternary treatment processes. Based on the results obtained in this 

study, the following conclusions can be drawn: 

¶ Fluorescence sensor data were validated through high correlations (2

πȢωω) with the associated protein-like fluorescence (peak I4) obtained with 

laboratory spectrofluorometer. EEMs elaborations did not affect the 

correlation suggesting that the signal from the sensor might be directly 

interpreted without the need for further adjustments; 

¶ The calibration procedure influenced fluorescence sensor data leading to 

different regression lines in correlation models with benchtop 

fluorescence, highlighting the necessity of using the same calibration if 

different wastewaters are compared; 

¶ The effect of filtration on fluorescence sensor data seemed to be negligible. 

Indeed, fluorescence intensities of both unfiltered and filtered samples 

laid on the same regression line, showing strong linear correlations (2

ρ and 2 πȢωχ for WWTP#2 and AOP respectively) with related 

benchtop fluorescence peak I4;  

¶ Fluorescence sensor provided fast and intuitive information on the 

efficiency of quaternary processes, showing high capability to monitor a 

wide range of wastewater matrices, leading to very high correlation with 

related benchtop peak I4 (2 πȢωχ, Î φρ); 

¶ High correlations were found between fluorescence by sensor and both 

COD and UVA254, suggesting fluorescence sensor a promising tool for 

fast assessment of wastewater quality; 
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¶ Real-time control of tertiary wastewater was achieved through 9 days of 

24h non-stop monitoring. No failures and no signal interruptions, except 

for the maintenance day, were experienced. However, when the 

concentration of organic matter is  higher than the reference wastewater 

used for calibration, a saturation effect may occur. 

¶ Fluorescence sensor showed high capability to monitor micropollutants 

during several quaternary treatment processes employed at pilot-scale. 

Indeed, control of the sum of CEC was achieved in both off-line and on-

line tests carried out in chronologically separated sampling campaigns;  

Very high correlations resulted from the comparison with lab-fluorometer data, 

suggesting the high reliability of the sensor to obtain robust data that can be used 

for developing accurate predictive models. The results of this study strongly 

supports the use of fluorescence sensors to realize real-time monitoring of CEC 

removal, wastewater quality and process efficiency in full-scale WWTPs, 

including tertiary and quaternary treatment processes employed in water reuse 

facilities. Furthermore, fluorescence sensors may have a positive impact on the 

sustainable management of WWTPs, bringing several environmental benefits 

and lowering as a result the carbon footprint of wastewater treatment sector. 

These benefits may motivate WWTP managers to implement fluorescence 

sensors in full-scale systems as a means to enhance process control, achieve 

treatment objectives, and address emerging challenges related to 

micropollutants. Further research is highly recommended to shed light on the 

application of sensors for real-time control and to reinforce the potential 

environmental impacts that may result. 
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Supporting Material 

Table S1. Description of samples collected in WWTP#1, WWTP#2, WWTP#3 and 

AOP pilot plant during different sampling campaigns. Data are referred to offline 

tests. 

ID WWTP 
Sampling 

campaign 
Description 

1 WWTP#1 Summer Raw influent (filtered) 

2 WWTP#1 Summer Primary effluent (filtered) 

3 WWTP#1 Summer Secondary effluent (filtered) 

4 WWTP#1 Summer Raw influent (filtered) 

5 WWTP#1 Summer Primary effluent (filtered) 

6 WWTP#1 Summer Secondary effluent (filtered) 

7 WWTP#2 Summer (a) Raw influent (filtered) 

8 WWTP#2 Summer (a) Raw influent (filtered) 

9 WWTP#2 Summer (a) Raw influent (filtered) 

10 WWTP#2 Summer (a) Raw influent (filtered) diluted 75% 

11 WWTP#2 Summer (a) Raw influent (filtered) diluted 50% 

12 WWTP#2 Summer (a) Raw influent (filtered) diluted 25% 

13 WWTP#2 Winter (b)  Raw influent 

14 WWTP#2 Winter (b)  Primary effluent 

15 WWTP#2 Winter (b)  Aeration tank effluent 

16 WWTP#2 Winter (b)  Secondary effluent 

17 WWTP#2 Winter (b)  Outlet 

18 WWTP#2 Winter (b)  Raw influent 

19 WWTP#2 Winter (b)  Primary effluent 

20 WWTP#2 Winter (b)  Secondary effluent 

21 WWTP#2 Winter (b)  Outlet 

22 WWTP#2 Winter (b)  Raw influent (filtered) 

23 WWTP#2 Winter (b)  Primary effluent (filtered) 

24 WWTP#2 Winter (b)  Aeration tank effluent (filtered) 

25 WWTP#2 Winter (b)  Secondary effluent (filtered) 

26 WWTP#2 Winter (b)  Outlet (filtered) 

27 WWTP#3 Summer (a) Tertiary effluent (AOP pilot plant influent) 

28 WWTP#3 Summer (a) Tertiary effluent (AOP pilot plant influent) 

29 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

30 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 4 

mg/L) effluent 
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31 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

32 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 4 

mg/L) effluent 

33 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 668 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

34 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 668 mJ/cm2 - H2O2 = 4 

mg/L) effluent 

35 Quaternary pilot plant Summer (a) 
UV/ H2O2 (UV = 668 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

36 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 668 mJ/cm2 - H2O2 = 4 

mg/L) effluent 

37 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

38 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 4 

mg/L) effluent 

39 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

40 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 4 

mg/L) effluent 

41 Quaternary pilot plant Summer (a) 1Á GAC effluent 

42 Quaternary pilot plant Summer (a) 3Á GAC effluent 

43 Quaternary pilot plant Summer (a) 5ÁGAC effluent 

44 Quaternary pilot plant Summer (a) 1Á GAC effluent 

45 Quaternary pilot plant Summer (a) 3Á GAC effluent 

46 Quaternary pilot plant Summer (a) 5Á GAC effluent 

47 Quaternary pilot plant Summer (a) Tertiary effluent (AOP pilot plant influent) 

48 Quaternary pilot plant Summer (a) Tertiary effluent (AOP pilot plant influent) 

49 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

50 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 668 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

51 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 12 

mg/L) effluent 

52 Quaternary pilot plant Summer (a) 
Tertiary effluent (AOP pilot plant influent) ï 

(filtered) 

53 Quaternary pilot plant Summer (a) 
Tertiary effluent (AOP pilot plant influent) ï 

(filtered) 

54 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 1337 mJ/cm2 - H2O2 = 12 

mg/L) effluent (filtered) 

55 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 668 mJ/cm2 - H2O2 = 12 

mg/L) effluent (filtered) 

56 Quaternary pilot plant Summer (a) 
UV/H2O2 (UV = 325 mJ/cm2 - H2O2 = 12 

mg/L) effluent (filtered) 

57 WWTP#3 Autumn (b) Tertiary effluent (AOP pilot plant influent) 

58 Quaternary pilot plant Autumn (b) H2O2 (9 mg/L) effluent 

59 Quaternary pilot plant Autumn (b) 
UV/H2O2 (UV = 570 mJ/cm2 - H2O2 = 9 

mg/L) effluent 
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60 Quaternary pilot plant Autumn (b) 
UV/O3/H2O2 (UV = 570 mJ/cm2 - O3 = 9 

mg/L - H2O2 = 9 mg/L) effluent 

61 Quaternary pilot plant Autumn (b) 
O3/H2O2 (O3 = 9 mg/L - H2O2 = 9 mg/L) 

effluent 

62 Quaternary pilot plant Autumn (b) O3 (9 mg/L) effluent 

63 Quaternary pilot plant Autumn (b) 
UV/O3 (UV = 570 mJ/cm2 - O3 = 9 mg/L) 

effluent 

64 WWTP#3 Autumn (b) Tertiary effluent (AOP pilot plant influent) 

65 WWTP#3 Autumn (b) Tertiary effluent (AOP pilot plant influent) 

66 Quaternary pilot plant Autumn (b) H2O2 (9 mg/L) effluent 

67 Quaternary pilot plant Autumn (b) 
UV/H2O2 (UV = 114 mJ/cm2 - H2O2 = 9 

mg/L) effluent 

68 Quaternary pilot plant Autumn (b) 
UV/O3/H2O2 (UV = 114 mJ/cm2 - O3 = 9 

mg/L - H2O2 = 9 mg/L) effluent 

69 Quaternary pilot plant Autumn (b) 
O3/H2O2 (O3 = 9 mg/L - H2O2 = 9 mg/L) 

effluent 

70 Quaternary pilot plant Autumn (b) O3 (9 mg/L) effluent 

71 Quaternary pilot plant Autumn (b) 
UV/O3 (UV = 114 mJ/cm2 - O3 = 9 mg/L) 

effluent 

72 WWTP#3 Autumn (b) Tertiary effluent (AOP pilot plant influent) 

73 Quaternary pilot plant Autumn (b) O3 (9 mg/L) effluent (quenched sample) 

74 Quaternary pilot plant Autumn (b) 
UV/O3 (UV = 570 mJ/cm2 - O3 = 9 mg/L) 

effluent (quenched sample) 

75 Quaternary pilot plant Autumn (b) O3 (9 mg/L) effluent (quenched sample) 

76 Quaternary pilot plant Autumn (b) 
UV/O3 (UV = 114 mJ/cm2 - O3 = 9 mg/L) 

effluent (quenched sample) 

 

 

Table S2. Description of samples collected in WWTP#3 and AOP pilot plant 

during different sampling campaigns. Data are referred to online tests. 

 

ID WWTP 
Sampling 

campaign 
Description 

1 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

2 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

3 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

4 Quaternary pilot plant Summer H2O2 (9 mg/L) effluent 

5 Quaternary pilot plant Summer 
UV/H2O2 (UV = 152 mJ/cm2 - H2O2 = 9 

mg/L) effluent 

6 Quaternary pilot plant Summer 
UV/H2O2 (UV = 495 mJ/cm2 - H2O2 = 9 

mg/L) effluent 
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7 Quaternary pilot plant Summer 
UV/H2O2 (UV = 662 mJ/cm2 - H2O2 = 9 

mg/L) effluent 

8 Quaternary pilot plant Summer 
UV/H2O2 (UV = 773 mJ/cm2 - H2O2 = 9 

mg/L) effluent 

9 Quaternary pilot plant Summer 
UV/H2O2 (UV = 1620 mJ/cm2 - H2O2 = 9 

mg/L) effluent 

10 Quaternary pilot plant Summer 
UV/O3 (UV = 179 mJ/cm2 - O3 = 9 mg/L) 

effluent 

11 Quaternary pilot plant Summer 
UV/O3 (UV = 815 mJ/cm2 - O3 = 9 mg/L) 

effluent 

12 Quaternary pilot plant Summer 
UV/O3/H2O2 (UV = 173 mJ/cm2 - O3 = 9 

mg/L - H2O2 = 9 mg/L) effluent 

13 Quaternary pilot plant Summer 
UV/O3/H2O2 (UV = 807 mJ/cm2 - O3 = 9 

mg/L - H2O2 = 9 mg/L) effluent 

14 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

15 Quaternary pilot plant Summer O3 (3 mg/L) effluent 

16 Quaternary pilot plant Summer O3 (5 mg/L) effluent 

17 Quaternary pilot plant Summer O3 (6 mg/L) effluent 

18 Quaternary pilot plant Summer O3 (8 mg/L) effluent 

19 Quaternary pilot plant Summer O3 (9 mg/L) effluent 

20 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

21 Quaternary pilot plant Summer 
O3/H2O2 (O3 = 3 mg/L - H2O2 = 9 mg/L) 

effluent 

22 Quaternary pilot plant Summer 
O3/H2O2 (O3 = 5 mg/L - H2O2 = 9 mg/L) 

effluent 

23 Quaternary pilot plant Summer 
O3/H2O2 (O3 = 6 mg/L - H2O2 = 9 mg/L) 

effluent 

24 Quaternary pilot plant Summer 
O3/H2O2 (O3 = 8 mg/L - H2O2 = 9 mg/L) 

effluent 

25 Quaternary pilot plant Summer 
O3/H2O2 (O3 = 9 mg/L - H2O2 = 9 mg/L) 

effluent 

26 WWTP#3 Summer Tertiary effluent (AOP pilot plant influent) 

 

Table S3. Average real concentrations of CEC found in the AOP influent (i.e., 

tertiary effluent WWTP#3) referred to offline (samples 57-72 of Table S1) and 

online (samples of Table S2) datasets. 

Compound 

Offline Online 

Concentration 

(ng/L) 

Concentration 

(ng/L) 

1,7 Dimethylxanthine 1513 20690 

Amisulpride 185 462 

Atenolol 223 1870 

Atorvastatin 15 102 
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Benzotriazole ï 1,2,3 253 1263 

Bisoprolol 113 280 

Caffeine 265 27247 

Carbamazepine 740 2721 

Carbamazepine 10,11 epoxide 105 163 

Cetirizine 108 157 

Citalopram 118 30 

Clarithromycin  93 119 

Climbazole 103 177 

Clopidogrel 15 46 

Diclofenac 2590 5175 

EDDP 85 154 

Fenofibric Acid 295 634 

Flecainide 1200 7059 

Fluconazole 145 260 

Gabapentin 1808 4646 

Iopromide 288 1812 

Irbesartan 1580 2712 

Ketoprofen 305 729 

Lamotrigine  980 699 

Lidocaine 80 175 

Losartan 210 534 

Metoprolol 115 5141 

Metoprolol Acid 955 2015 

Niflumic acid 518 325 

Olmesartan 1025 6136 

Sitagliptin 250 1345 

Sotalol 450 1325 

Sulpride 120 761 

Telmisartan 1933 2470 

Trimethoprim n.a. 162 

Venlafaxine 200 312 

Ɇ CEC 18975 фффлф 

n.a. = not available   
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Table S4. Removal efficiencies (%), calculated as ρ ##ϳ Ͻρππ,  of detected CEC during several AOPs. Data are referred to the 

offline tests. 

AOP  H2O2 UV/H2O2 UV/O3/H2O2 O3/H2O2 O3 UV/O3 H2O2 UV/H2O2 UV/O3/H2O2 O3/H2O2 O3 UV/O3 

UV (mJ/cm2) - 570 570 - - 570 - 114 114 - - 114 

H2O2 (mg/L) 9 9 9 9 - - 9 9 9 9 - 9 

O3 (mg/L) - - 9 9 9 9 - - 9 9 9 - 

Ɇ CEC 4 47 92 81 79 80 0 23 90 81 71 81 

AMISULPRIDE 0 62 100 100 100 100 0 14 100 100 100 100 

ATENOLOL n.a. 28 96 82 96 100 10 1 100 87 82 96 

ATORVASTATIN 33 100 100 100 100 100 0 0 100 100 100 100 

BENZOTRIAZOLE-1,2,3 17 52 100 76 80 88 5 13 92 68 52 76 

BISOPROLOL n.a. 47 91 73 91 91 0 11 91 82 82 82 

CAFFEINE n.a. 36 100 74 85 100 21 13 100 85 74 85 

CARBAMAZEPINE 9 57 100 100 100 100 0 14 100 100 100 100 

CARB 10,11 EPOXIDE 24 100 100 81 81 100 14 14 100 71 71 81 

CETIRIZINE 100 100 100 100 100 100 0 44 100 100 100 100 

CITALOPRAM 15 49 100 100 100 100 6 6 100 100 100 100 

CLARITHROMYCIN 24 57 100 100 100 100 0 14 100 100 100 100 
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CLIMBAZOL 32 71 100 100 100 100 0 12 100 100 100 100 

CLOPIDOGREL 33 100 100 100 100 100 0 33 100 100 100 100 

DICLOFENAC 24 100 100 100 100 100 0 80 100 100 100 100 

EDDP 18 29 76 65 53 53 0 0 65 65 29 41 

1,7 DIMETHYLXANTINE n.a. 11 92 100 99 91 20 3 97 98 97 95 

FENOFIBRIC ACID 29 100 100 73 42 100 0 66 93 56 22 73 

FLECAINIDE n.a. 42 96 87 98 98 0 5 98 90 93 96 

FLUCONAZOLE 3 0 52 38 24 n.a. 0 10 52 38 10 31 

GABAPENTIN 0 16 68 42 30 21 0 0 59 36 13 29 

IOPROMIDE 41 100 100 62 44 100 0 55 86 55 27 62 

KETOPROFEN 48 100 100 77 48 100 8 100 100 70 31 100 

IRBESARTAN 16 49 92 72 53 62 0 5 82 66 38 51 

LAMOTRIGINE 0 0 49 31 29 0 0 1 58 32 11 48 

LIDOCAINE 13 25 100 100 100 100 0 0 100 100 100 100 

LOSARTAN 24 71 100 100 100 100 0 38 100 100 100 100 

METOPROLOL n.a. 30 100 83 100 100 0 13 100 83 91 100 

METOPROLOL ACID n.a. 26 96 75 90 95 0 8 96 81 76 91 

NIFLUMIC ACID 15 61 100 98 98 100 0 0 100 100 98 100 

OLMESARTAN 2 84 100 100 100 100 2 24 100 100 100 100 



Chapter 4: Real-time wastewater quality monitoring by fluorescence sensors: validation for COD and CEC monitoring and 
implication for carbon footprint reduction 

______________________________________________________________________ 

86 
 

SITAGLIPTIN 20 52 84 64 52 84 0 28 80 56 28 56 

SOTALOL 7 89 100 100 100 100 9 38 100 100 100 100 

SULPRIDE 8 33 100 100 100 100 8 25 100 100 100 100 

TELMISARTAN 6 49 98 89 86 90 0 25 97 92 80 91 

VENLAFAXINE 0 45 100 90 100 100 0 10 100 100 100 100 

n.a. = not available 

 

Table S5. Removal efficiencies (%), calculated as ρ ##ϳ Ͻρππ,  of detected CEC during several AOPs. Data are referred to the 

online tests. 

AOP  H2O2 UV/H2O2 UV/H2O2 UV/H2O2 UV/H2O2 UV/H2O2 UV/O3 UV/O3 UV/O3/H2O2 UV/O3/H2O2 

UV (mJ/cm2) - 152 495 622 773 1620 179 815 173 807 

H2O2 (mg/L) 9 9 9 9 9 9 - - 9 9 

O3 (mg/L) - - - - - - 9 9 9 9 

Ɇ CEC 5 33 39 48 64 77 74 87 72 91 

AMISULPRIDE 0 17 51 69 76 96 81 100 77 100 

ATENOLOL 0 23 57 71 80 94 68 84 76 94 

ATORVASTATIN 0 21 70 83 80 100 98 99 99 99 

BENZOTRIAZOLE-1,2,3 90 94 44 57 93 100 90 98 90 99 
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BISOPROLOL 0 4 48 57 73 92 68 90 54 92 

CAFFEINE 0 0 21 38 39 66 54 73 44 79 

CARBAMAZEPINE 87 85 31 38 80 83 91 100 96 100 

CARB 10,11 EPOXIDE 56 73 82 100 98 100 100 100 100 100 

CETIRIZINE 7 36 75 84 93 100 95 100 91 99 

CITALOPRAM 22 36 33 37 55 60 49 89 51 86 

CLARITHROMYCIN 0 22 14 n.a. 56 60 74 100 72 100 

CLIMBAZOL 0 36 63 72 87 96 81 99 76 100 

CLOPIDOGREL 0 4 51 69 81 99 91 98 86 99 

DICLOFENAC 52 92 100 100 100 100 100 100 100 100 

EDDP 0 9 17 19 41 59 70 47 53 78 

1,7 DIMETHYLXANTINE 0 3 27 29 42 69 93 99 89 99 

FENOFIBRIC ACID 0 67 100 99 100 100 92 85 93 89 

FLECAINIDE 0 8 29 33 46 72 60 95 60 91 

FLUCONAZOLE 0 41 63 76 60 75 66 49 39 66 

GABAPENTIN 0 0 15 35 50 70 60 40 45 69 

IOPROMIDE 10 43 95 100 100 100 100 100 100 100 

KETOPROFEN 0 100 100 100 100 100 98 100 97 100 

IRBESARTAN 0 6 33 39 53 79 52 60 65 76 
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LAMOTRIGINE 0 0 17 35 22 57 40 13 39 48 

LIDOCAINE 0 n.a. 14 50 48 81 83 100 52 100 

LOSARTAN 0 0 60 74 79 99 84 99 83 99 

METOPROLOL 90 90 30 55 88 93 83 100 92 100 

METOPROLOL ACID 0 5 43 52 62 89 67 83 66 87 

NIFLUMIC ACID 0 n.a. 31 43 56 87 64 99 70 98 

OLMESARTAN 1 32 78 87 91 99 92 100 92 100 

SITAGLIPTIN 0 31 74 80 84 93 83 79 75 84 

SOTALOL 0 32 71 87 92 100 97 100 99 100 

SULPRIDE 16 3 7 26 67 73 69 100 75 100 

TELMISARTAN 0 20 48 58 74 95 60 91 75 95 

VENLAFAXINE 0 0 36 37 50 65 69 100 72 100 
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Figure S1. Effect of sensor calibration on linear correlation models between 

sensor and benchtop fluorescence measured on tertiary (WWTP#3) and 

quaternary treated wastewater samples: in yellow, data calibrated on WWTP#2 

raw influent; in purple data calibrated on tertiary water WWTP#3. 
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Figure S2. Online fluorescence trends recorded by the fluorescence sensor during 

semi-batch tests of diluted samples of WWTP#3 (sample n. 27, Table S1). The 

percentages represent the amount of WWTP#3 with respect to the whole mixture. 
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Chapter 5: Fluorescence Sensor Enabled Control of 

Contaminants of Emerging Concern in Reclaimed 

Wastewater Using Ozone-Based Treatment Processes 

Abstract 

Contaminants of emerging concern (CEC) pose significant challenges to 

environmental and human health. The development of the wastewater reuse sector, 

coupled with progressively stringent regulations, needs innovative systems that 

integrate advanced treatment processes with in-situ and real-time monitoring of CEC. 

This study investigates the use of a tryptophan-like fluorescence sensor for real-time 

and online monitoring of CEC within a pilot plant employing O3-based advanced 

oxidation processes (AOPs). Two tertiary wastewater effluents (WW-1 and WW-2) 

were tested, placing the pilot system downstream of two different wastewater 

treatment plants (WWTPs). Priority substances and micropollutants detected in the 

investigated water matrixes such as pharmaceuticals, per- and polyfluoroalkyl 

substances (PFAS) were selected as targeted compounds in this study. Fluorescence 

degradation was detected in real-time by the sensor, showing a high capability to 

detect fast changes in water quality induced by oxidation. Furthermore, the real-time 

fluorescence showed better sensitivity than lab-scale fluorescence in detecting the fast 

action of hydroxyl radicals (ÅOH) during the O3/H2O2 process, highlighting the 

importance of online monitoring. Selected CEC were degraded by AOPs with different 

percentages of removal efficiency (RE) (πϷ 2% ρππϷ in WW-1 and ρυϷ 2%

ωπϷ in WW-2) depending on oxidant doses and the reactivity of compounds with O3 

and ÅOH. Fluorescence data by online sensor enabled accurate prediction of the 

removal of a wide spectrum of CEC during O3 and O3/H2O2 processes (2 πȢωσ). 

Furthermore, real-time fluorescence data were successfully used to predict observed 

pseudo-first-order rate constants of CEC with O3 or O3/H2O2. Obtained results suggest 

that real-time fluorescence monitoring is an excellent tool to control CEC removal 

during O3-based AOPs and monitor the transferred ozone in wastewater (2 πȢωτ), 

contributing to the optimization of reagent dose, energy and costs. 
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Graphical Abstract 
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1. Introduction 

The rise in quality of life and production rates inevitably led to increasing hazards for 

the environment [1], [2]. Furthermore, trace organic contaminants (TrOCs), poly- and 

perfluoroalkyl substances (PFAS), pharmaceuticals and personal care products 

(PPCPs) are frequently detected in natural and engineered water systems at 

concentrations ranging from ng/L to Õg/L due to their high persistence and mobility, 

threatening to undermine the water resources [3], [4]. These substances belong to a 

wide class of substances defined as contaminants of emerging concern (CEC) whose 

adverse effects on humans, wildlife, including onset of cancer, feminization of male 

fishes, DNA and immunity alterations, were demonstrated over the years [5], [6], [7], 

[8], [9]. The release of CEC in the environment may occur via multiple pathways, 

including effluent wastewaters from hospitals, urban and industrial sectors, illicit 

discharges, leachate from landfills and agricultural activities, surface runoff, and 

sewer leakage. Nevertheless, wastewater treatment plants (WWTPs) effluents remain 

the main sources of CEC in the environment [10], [11]. Indeed, the conventional WWTP 

treatments are ineffective in reducing most CEC due to their bio-recalcitrant nature [4], 

[12]. Several governmental organizations have established CEC monitoring programs, 

such as EU Watch List and the US Contaminant Candidate List (CCL) [13], [14]. Limits 

on CEC (e.g., Bisphenol-A, PFAS) have been introduced according to the new EU 

Directive 2020/2184 [15] for drinking water. Switzerland has imposed WWTPs limits 

on 12 indicators CEC [16], [17]. Nonetheless, many countries still lack regulations to 

limit CEC in final effluent wastewater. However, CEC removal by quaternary 

treatment processes at WWTPs is planned by the European Union [18]. The 

effectiveness of quaternary treatments, such as advanced oxidation processes (AOPs), 

adsorption and membrane filtration, applied for the degradation of persistent CEC in 

WWTPs has been investigated by numerous studies [19], [20], [21]. AOPs are effective 

technologies for the rapid degradation of CEC from water due to the production of 

highly reactive species [12], [22]. In particular, technologies based on the use of ozone 

have been widely applied due to their disinfectant and oxidative potential [23], [24], 

[25]. Furthermore, O3-based AOPs can be more affordable than AOPs based on other 
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technologies, like UV radiation [26], [27]. However, one of the main challenges 

currently remains the lack of real-time monitoring systems of CEC and process 

parameters at water treatments plants. Real-time monitoring becomes crucial to 

optimize and control AOPs, especially in direct potable reuse systems, where prompt 

action is required to ensure water quality standards [28], [29]. Detecting CEC at trace 

levels is challenging and requires expensive, time-consuming methods. Thus, 

surrogate parameters are valuable as a fast and reliable indicators of CEC degradation. 

Spectroscopic measures based on UV absorbance and fluorescence spectroscopy are 

excellent surrogate parameters for monitoring water quality and micropollutants 

removal during advanced treatments [28], [30], [31]. In particular, the use of 

fluorescence has grown since it is fast and easy to measure, cost-effective, suitable to 

real-time monitoring and more sensitive than UV-VIS absorbance [32], [33]. Indeed, 

several studies reported the use of fluorescence spectroscopy to successfully predict 

CEC removal [34], [35], [36], [37]. However, these studies relied on samples collection, 

transport, and analysis in laboratory.  PARAFAC analysis has been used to assess 

changes in excitation/emission matrices (EEMs) in terms of componential structures 

of organic matter [38], [39]. However, the acquisition and elaboration of EEMs with 

PARAFAC may be time-consuming and challenging because there are no fluorescence 

sensors that can detect enough signals to produce an EEM, making real-time control 

unfeasible. Therefore, online and real-time monitoring is preferable to gain an accurate 

representation of actual conditions, optimization of process control, to overcome 

logistic issues with the limited number of transportable samples and the need of 

sample preparation [40], [41]. Improvements in technology have led to the 

development of an increasing number of spectroscopic sensors. Fluorescence sensors 

commonly work in the region of peak T (tryptophan-like) and peak C (humic-like) 

[40]. Several authors reported promising results on the use of a LED sensor detecting 

fluorescence peaks C and T in drinking water for real-time monitoring of dissolved 

organic matter (DOM) and disinfection by-products (DBPs) [42], [43], [44]. [45] showed 

the first in-situ real-time monitoring of effluent wastewater using online peak T and C 

sensors for one month continuously. Although the aforementioned experimental 
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studies highlighted the potentiality of fluorescence spectroscopy, there are few studies 

dealing with the application of fluorescence sensors for online and real-time 

monitoring of CEC in wastewater effluents. [46] used a portable fluorometer to 

monitor tryptophan-like fluorescence, during contamination experiments on collected 

samples. They found that fluorescence was strongly correlated with concentrations of 

spiked contaminants. [47] reported the monitoring of 14 spiked CEC removal during 

bench-scale ozonation tests in three different waters by a LED sensor capable of 

simultaneously detecting UV280, fluorescence peaks C and T. They found robust 

correlations between CEC and spectral indices reduction. While these studies 

highlight fluorescence as a promising method for online CEC monitoring, its 

workability at naturally occurring CEC concentrations still remains unexplored. 

Indeed, the application of fluorescence sensors in controlled laboratory experiments 

inadequately reflects the on-site conditions.  

The main goal of the present study was to employ a tryptophan-like fluorescence 

sensor for real-time monitoring of i) CEC removal and ii) ozone dose during O3 and 

O3/H2O2 AOPs in a pilot plant. The pilot plant was installed downstream of two 

different WWTPs to explore the feasibility of real-time monitoring using the 

fluorescence sensor in two distinct tertiary wastewater. The study focused on CEC 

degradation, considering their reactivity with ozone and hydroxyl radicals, as well as 

the wastewater background.  

 

2. Materials and Methods 

2.1 Water matrices and AOP pilot plant 

One of the main goals of this study is proving the validity of the proposed approach 

regardless of the wastewater quality, and testing the sensor in different field situations. 

Therefore, the experimental study was carried out on two tertiary wastewater effluents 

(WW-1 and WW-2) from two different WWTPs (WWTP-1 and WWTP-2) located in 

Italy. Specifically, WWTP-1 encompassed a conventional activated sludge system, 
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followed by a tertiary treatment stage for agricultural purposes [48]. This stage 

consisted of disinfection and coagulation units by sodium hypochlorite and aluminum 

polychloride respectively, and sedimentation in lamella clarifiers. After the tertiary 

treatment stage, an aliquot of the effluent was directed to the pilot plant installed on-

site downstream of WWTP-1. WWTP-2 is an advanced activated sludge system with 

nitrification and denitrification, followed by a GAC filtration. The water quality 

parameters of the two effluent wastewater (WW-1 and WW-2) influent to the pilot 

plant are reported in Table 1. The AOP pilot plant, installed in both sites using the 

same configuration, materials, pipes, and pumps operated downstream of both 

WWTPs to investigate the potential potable reuse. Detailed information about the AOP 

pilot plant are available in Text SI1. Figure SI1 and Figure SI2 respectively reports a 

schematic diagram and a picture of the AOP pilot plant in operation. 

Table 1. Average values of water quality parameters of tested AOP wastewater 

influents. 

AOP  

influents 
pH 

T          

(°C) 

UVA254 

(1/cm) 

Conductivity 

(µS/cm) 

UVT 

(%) 

COD 

(mg/L) 

N-NH4 

(mg/L) 

N-NO2 

(mg/L) 

N-NO3 

(mg/L) 

TN 

(mg/L) 

TC 

(mg/L) 

IC 

(mg/L) 

WW-1 7.3 26 0.21 2940 64.27 46.95 27.60 1.06 5.26 65.40 84.60 59.96 

WW-2 7.7 16 0.15 1233 69.00 30.07 0.80 0.19 5.97 9.17 n.a. n.a. 

 

2.2 Operating conditions and sample collection 

In this study, O3 and O3/H2O2 processes were investigated. The pilot plant was 

operated at variable flow rate, ranging from 0.6 to 6 m3 h-1. O3/H2O2 tests were 

conducted by applying a theoretical H2O2 dose of 9 and 4 mg L-1 in WW-1 and WW-2, 

respectively, setting the peristaltic pump according to the hydraulic flowrate. The 

gaseous ozone doses (ODs) applied to WW-1 ranged from 3 to 9 mg L-1, while ODs 

applied to WW-2 ranged from 2 to 6 mg L-1. The different ODs were obtained by 

adjusting the generator set-point, ranging from 20% (min production) to 100% (max 

production) in order to obtain the right gas flow that corresponded to the desired OD, 
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as a function of the flowrate and the O3 concentration in the gas flow. Two sampling 

points (SP) have been supplied to collect untreated and treated wastewater, as shown 

in Figure SI1. To account for changes in the operating setting and prevent a memory 

effect on the following test, a time interval of roughly 5ð6 minutes has been set between 

each sampling. Samples were taken in 250 mL dark glass bottles containing an excess 

of sodium thiosulfate for quenching the residual oxidant potentially present in the 

sample at the time of sampling, while aliquots of the same sample were kept in 

separate vials without sodium thiosulfate for benchtop fluorescence/absorbance 

analyses.  

 

2.3 Analytical methods 

A UHPLC UltiMate 3000 (Thermo Fisher Scientific) coupled to Q Exactive Plus 

(Thermo Scientific) mass spectrometer was used for detection of CEC [48]. Electrical 

conductivity (EC), pH and Temperature (T) were obtained in situ with a multi-

parameter sensor (EdgeÊ, Hanna instruments Inc.). Chemical Oxygen Demand 

(COD), ammonium (N-NH4+), nitrites (N-NO2-), nitrates (N-NO3-) and total nitrogen 

(TN) were determined in situ colorimetrically using dedicated kits and a 

SpectroquantÈ Nova 60 photometer (Merck KGaA, Darmstadt, Germany). UV 

transmittance (UVT) was measured also in situ with a portable spectrophotometer 

(Real Tech Inc., Whitby, Ontario, Canada). A Shimadzu UV-1800 spectrophotometer 

(Kyoto, Japan) was used to obtain ultraviolet light absorbance. Fluorescence data were 

obtained using a Shimadzu RF-5301PC fluorescence spectrophotometer (Kyoto, 

Japan). Both UV and fluorescence data were obtained following the standardized and 

well-established procedure reported in previous works [49], [50]. In this study, no 

filtration was needed since all collected samples were treated tertiary water. 

Fluorescence EEMs were interpretated through the peak-picking method [51], [52]. 

Lab-scale fluorescence measures were produced in Raman Units (RU), normalizing 

emission intensities to the Raman peak area of an emission wavelength scan of DI 

water related to an excitation wavelength of 350 nm. Furthermore, the fluorescence 
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intensity related to treated water (I) was normalized by the intensity of the same peak 

related to the AOP influent (I0). 

 

2.4 Fluorescence sensor analysis 

The fluorescence sensor was installed to detect the fluorescence of both AOP influent 

and effluent water, respectively before and after the dosing of reagents (Figure SI1). A 

customized fluorescence sensor (Custom Sensors & Technology) that worked in 

conjunction with a Photometric Transmitter (PT) through a fiber optic cable was used. 

The sensor was connected to a computer for real-time data transfer. PT was equipped 

with optical filters to provide a specific excitation/emission wavelength pair. For this 

study, the excitation/emission pair 280/340 nm was set. This fluorescence peak, close 

to I4 (275/345 nm) ð also identified as peak T ð have been associated with microbial 

activity, material derived from anthropogenic activity, proteins (tryptophan-like) and 

peptides [53]. The 280/340 nm wavelength pair was selected in accordance with prior 

studies [45], [46], [47]. In particular, [54] have found that PARAFAC component C4, 

corresponding to the tryptophan-like fluorescence, was the most suitable surrogate 

parameter among the other spectroscopic indices to monitor pharmaceuticals during 

UV and O3-based AOPs. 

Before starting the measurement campaign an offline calibration of the sensor, 

achieved through dedicated software tool, was required. The calibration was 

performed on five linearly diluted representative samples of each influent reference 

wastewater. Therefore, two separate calibrations have been conducted on WW-1 and 

WW-2 AOP influents, converting data from arbitrary units to fluorescence intensity 

(%). In this way, fluorescence intensity data ranged between 0-100%, where 0% ideally 

refers to pure water (DI water) and 100% represents the fluorescence intensity of the 

reference WW sample. The data logging settings were regulated by two main 

parameters: measurement interval, that is the time window in which data fluorescence 

is to be obtained; logging interval, which represents how often data will be saved to 
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the log file during the measurement interval. AOP tests were performed continuously 

in order to monitor real-time changes in water quality between oxidation tests. 

Therefore, the measurement interval coincided with the time required for the 

execution of the entire campaign. Whilst, the logging interval was set to 10 s, with a 

saving frequency of 6 data per minute. The entire real-time dataset of fluorescence 

intensity was automatically saved in a log file together with other process parameters, 

such as the internal temperature of the sensor. The removal efficiency of real-time 

fluorescence was obtained with Eq. (1) 

2ÅÍÏÖÁÌ %ÆПÉÃÉÅÎÃÙ Ϸ  ρ
&3

&3
Ͻρππ (1) 

where FS is the fluorescence intensity (%) of the sample after AOP and FS0 represents 

the fluorescence intensity (%)in the influent of AOPs plant (WW-1 or WW-2).  

 

2.5 Selection of CEC 

Among all the targeted contaminants, about thirty CEC were found both in WW-1 and 

WW-2. Table SI1 illustrates abbreviations used in this document and concentrations of 

all CEC detected in WW-1 and WW-2, respectively. In order to evaluate the most 

general scenario possible, nine CEC were selected for each AOP influent, considering 

their occurrence, different reactivity with ozone (O3) and hydroxyl radical (ÅOH), and 

environmental relevance. For WW-1, the following pharmaceutical compounds were 

selected: Citalopram (CIT), Flecainide (FLE), Niflumic Acid (NAC), Irbesartan (IRB), 

Sitagliptin (SIT), Sulpride (SUL), Telmisartan (TEL), Trimethoprim (TRM) and 

Venlafaxine (VEN).  

Whereas, in WW-2 a heterogeneous group of compounds was selected, including 

pharmaceuticals, such as Estrone (EST), Fluconazole (FLU), Ibuprofen (IBU), VEN, 

industrial compounds, such as Octylphenol (OCT), the pesticide Trifluralin (TRF). 

Furthermore, three compounds belonging to PFAS were included among the selected 
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CEC, particularly two long-chain PFAS, perfluorooctanoic acid (PFOA) and 

perfluorohexanoic acid (PFHxA), and a short-chain PFAS named as N-[3-

(dimethylamino)propyl] perfluorobutane sulfonamide, belonging to the sub-class of 

perfluoroalkane sulfonamides (FASAs), molecular formula C9H13F9N2O2S. The 

acronym òFASAó was used to label that compound in this study. 

Most of selected CEC are of international interest and well-known by the scientific 

community. For instance, TRM, VEN and FLU have been included in the second 

update of the 4th EU Watch List [14] by decision [55], and FLU is also included in the 

draft of 5th US Contaminant Candidate List [13]. Furthermore, OCT and TRF are 

considered Priority Substances by the European [56], while CIT and NAC are highly 

prescribed drugs considered new emerging contaminants since they are frequently 

detected in the aquatic environment [57], [58]. CIT, IRB and VEN are included in a list 

containing 12 indicator compounds established by the Swiss Federal Office for the 

Environment (FOEN) in the frame of a water protection act [16]. NAC is enlisted 

within the substances of possible concern in Oslo and Paris Commission for the 

protection of the Marine Environment of the North East Atlantic [59]. Lastly, PFAS are 

known for their environmental persistence, health impacts, resistance to the most 

advanced treatment processes [60], [61], [62], [63]. Table SI2 reports the physico-

chemical characteristics of the selected CEC in WW-1 and WW-2. Removal efficiency 

(RE) was calculated for all CEC with Eq. (1) using the notation C/C0 instead of FS/FS0, 

where C0 and C are the concentrations (ng L-1) of CEC in the AOPs influent and 

effluent, respectively. 

 

2.6 Calculation of pseudo-observed first order 
degradation rate constants 

The pseudo-first order kinetic equation was used to calculate the observed 

degradation rate constants for CEC (kobs) and real-time fluorescence (kFS) in each water 

matrix during O3-based AOPs [64], [65]: 
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ÌÎ
#

#
Ë Ͻ4/ (2) 

ÌÎ
&3

&3
Ë Ͻ4/ (3) 

where TO represents the estimated transferred ozone in (mg L-1), calculated as the 

applied theoretical ozone dose (mg L-1) subtracted by the residual ozone (mg L-1). kobs 

and kFS represent the slope of regression lines obtained by plotting TO versus -ln(C/C0) 

and -ln(FS/FS0) respectively. Thus, the following equation can be defined by 

combining Eqs. (2) and (3): 

ÌÎ
#

#
ËᶻϽÌÎ

&3

&3
 (4) 

where Ëᶻ represents the ratio Ë Ëϳ . Similarly to Eq. (2) and (3), kobs was predicted 

plotting ln(C/C0) versus ln(FS/FS0). 

 

3. Results and Discussion 

3.1 EEM analysis 

3.1.1 DOM characterization of AOP influents by EEMs 

interpretations 

Fluorescence EEMs provided useful information to understand the differences 

between two tested water matrices in terms of fluorescence intensities and relative 

abundance of fluorophores. As discussed in paragraph 2.3, the traditional peak-

picking method was used to interpret the EEMs. Figure SI3 shows the fluorescence 

intensities in RU of the five peaks detected in WW-1 and WW-2. WW-1 showed higher 

fluorescence intensities for all peaks compared to WW-2, in accordance with the values 

of physicochemical parameters reported in Table 1. Furthermore, WW-1 had a 

prevalence of protein-like fluorescence components, which are typical of wastewaters, 
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while WW-2 had a relative abundance of fulvic/humic-like fluorescence, similar to 

surface waters [53], [66]. 

3.1.2 Effect of AOPs on fluorescence EEMs 

The preliminary assessment of EEMs provides crucial insights into AOPs treatment 

efficiencies. Figure 1 presents a comparative analysis of the EEMs obtained from AOP 

pilot influents and treated water in both WWs. The reference scale for the EEMs ranged 

from 0 to 3 RU and from 0 to 1.5 RU for WW-1 and WW-2, respectively. As can be 

observed looking at Figure 1, the application of AOPs resulted in a decrease in the 

fluorescence intensity with the increase in ODs, due to the action of both ozone and 

hydroxyl radicals. Indeed, ozone in water is partially decomposed into hydroxyl 

radicals, due to its electrophilic nature, rapidly reacting with the electron-rich aromatic 

fractions of DOM (kDOM ranging σ τϽρπ (mgC/L)-1 s-1) [65]. Removal of 

fluorescence peaks followed in average the order of Ὅ Ὅ Ὅ Ὅ Ὅ in WW-1 and 

WW-2 during AOPs, highlighting the sensitivity of tryptophan-like fluorophores with 

ozone. An ozone dose of 9 mg L-1 was needed to effectively remove the fluorescent 

fraction of DOM in WW-1. While in WW-2 fluorescence intensity decreased 

significantly at ozone dose Ó 4 mg L-1. This finding may be related to the differences in 

the water matrix's background. Indeed, the substantial differences between the two 

WW are pointed out by the chemical-physical parameters reported in Table 1 and they 

were also confirmed by the fluorescence peaks analysis (Figure SI3). It is important to 

underline that the O3/H2O2 process did not lead to a higher fluorescence reduction 

than ozonation as a stand-alone process in both wastewaters (Figure 1). The addition 

of hydrogen peroxide caused an increase in the production of ÅOH; on the other hand, 

the ozone directly available for the selective decomposition of that fractions of DOM 

decreased due to reaction with H2O2. Thus, with the addition of hydrogen peroxide, 

treatment efficiency for target parameters susceptible to ozone alone, such as UV 

absorbance and fluorescence, may be slightly reduced [67]. Figure SI4 shows the 

reduction of the UVA254 and the five fluorescence peaks during O3-based AOPs in both 

wastewaters tested.  
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It could be noted from Figure SI4d that the attenuation of the microbial tryptophan-

like fluorescence peak I4 was higher in WW-2, reaching )) πȢρϳ  at OD equal to 6 mg 

L-1, while in WW-1 an OD of 9 mg L-1 was needed to obtain )) πȢςϳ . The degradation 

of I4 in WW-1 exhibited similar efficiencies among O3 and O3/H2O2 processes at each 

ozone dosage. In the case of WW-2, the O3/H2O2 process demonstrated a slightly 

higher effectiveness compared to the O3 process up to an OD of 4 mg L-1; then, the 

abatement of I4 occurred with similar efficiencies between AOPs. This observation 

highlights that, under those circumstances, the process was primarily governed by the 

ozone. 

Figure 1. Fluorescence EEMs of samples collected before and after O3-based AOPs at 

different ozone doses in WW-1 (a) and WW-2 (b). 

 

a)                                                                                                   WW-1 

                                                                O3 process 

 

 

     
       

                                                   O3/H2O2 process, H2O2 = 9 mg/L  

 

 

     
       

       

WW 1 influent  3 mg/L 5 mg/L 6 mg/L 8 mg/L 9 mg/L 
       

                                              Theoretical applied ozone dose 

b)                                                                                                   WW-2 

                                                                O3 process  

 

 

     
       

                                                  O3/H2O2 process, H2O2 = 4 mg/L   

 

 

     
       

       

WW 2 influent  2 mg/L 3 mg/L 4 mg/L 5 mg/L 6 mg/L 
       

                                             Theoretical applied ozone dose  
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3.2 Real-time fluorescence vs lab-scale fluorescence data 

The real-time fluorescence data obtained with the online sensor were compared to lab-

scale fluorescence measurements related to the same excitation/emission pair 

(280/340 nm). Previous studies suggest the need for correcting some external factors, 

including temperature, particles, pH, as they could impact the in-situ fluorescence 

signal [40], [68], [69]. However, in this study no adjustments for these factors were 

performed. Consequently, the raw real-time fluorescence data (%) were compared 

with the raw lab-scale fluorescence (Arbitrary Units, AU) at the same 

excitation/emission pair (280/340 nm), without blank and inner filter effect (IFE) 

corrections. Figure 2 shows the linear correlation existing between real-time and lab-

scale tryptophan-like fluorescence measures in WW-1 and WW-2 samples. The 

reliability of the online sensor was successfully validated by the strong correlation 

between lab-scale and real-time fluorescence data in both AOP influents tested (Figure 

2). Similar strong correlations were also observed using the corrected fluorescence pair 

(280/340 nm) expressed in RU for both wastewaters, as shown in Figure SI5. It should 

be noted that lab-scale fluorescence of treated samples ranged from 0 to 200 AU and 

from 0 to 60 AU in WW-1 and WW-2, respectively. While in WW-1 the regression lines 

are nearly parallel (Figure 2a), fluorescence measurements in WW-2 appeared more 

process-dependent, as demonstrated by the noticeable differences in terms of slope 

and y-intercept of the regression lines. Furthermore, real-time fluorescence in WW-2 

seemed more sensitive than lab-scale fluorescence. For instance, at the highest OD (6 

mg L-1) the sensor recorded two significantly different values of fluorescence intensity 

(1.5% and 10.3% for O3/H2O2 and O3 process respectively). Contrarily, the lab-scale 

fluorescence values referred to the same samples were 18.18 AU and 15.49 AU, 

respectively. Thus, the online sensor was able to distinguish between the two AOPs in 

WW-2, recording significantly lower fluorescence values during the O3/H2O2 process, 

and with a sensitivity higher than laboratory measurements. 
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a)                                 WW 1 b)                                WW 2 

  

Figure 2. Linear correlation existing between raw lab-scale and real-time fluorescence 

data for WW-1 (a) and WW-2 (b). Model equations and R2 values for each AOP (O3 

and O3/H2O2) are also reported for WW-1 and WW-2. 

 

3.3 Real-time monitoring of O3-based AOPs 

The degradation effect due to the action of AOPs on tested wastewaters was detected 

in real-time by the online tryptophan-like fluorescence sensor. The trends in 

fluorescence intensity (%) as a function of operating time (min), recorded are reported 

in Figure 3 for both WW-1 and WW-2. The fluorescence intensity of raw WW-1 ranged 

between 40-50% of the reference value already observed during sensor calibration 

(100%), while WW-2 influent had a fluorescence intensity ~80%, very close to the 

reference value due to almost constant influent wastewater quality over time. The 

sensor demonstrated its capability to promptly detect changes in fluorescence 

intensity. As shown in Figure 3, the dosage of chemicals led to a rapid and significant 

decrease in fluorescence intensity due to the fast degradation of fluorophores 

belonging to the tryptophan-like region. An opposite step trend was recorded in both 

wastewaters since the ozone dosage was decreasing in WW-1 and increasing in WW-

2, while the trend was quite horizontal as expected when the ozone dose was zero. As 
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it can observed from Figure 3a, OD at 9 mg L-1 led to a strong reduction of fluorescence 

intensity in WW-1 compared to other applied doses. 

            a)                                                   WW 1 

 
 
 
            b)                                                   WW 2 
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Figure 3. Real-time fluorescence trends recorded by the online tryptophan-like 

fluorescence sensor during O3 and O3/H2O2 AOPs in WW-1 (a) and WW-2 (b). 

(Numbers in the squares are the ozone dose applied).  

 

Compared to ozonation, the O3/H2O2 process strongly improves the production of 

ÅOH, leading to an enhanced oxidation of CEC and organic matter. Indeed, Figure 3b 

shows that fluorescence sensor during O3/H2O2 process detected lower fluorescence 

intensities than those observed during O3 process, as evidence of higher oxidation of 

the tryptophan-like fluorescence. This is an important result because it monitored in 

real-time the effect of increasing ÅOH production during the O3/H2O2 process. Figure 

4 highlights this result, especially for WW-2.  

 

Figure 4. Reduction of real-time fluorescence, expressed as FS/FS0, during O3-based 

AOPs in both wastewaters as a function of ozone dose (mg/L). 
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The fact that the reduction of real-time fluorescence is quite distinct in the two 

processes confirms, on the one hand, that the online sensor was able to detect the 

higher oxidative activity of the O3/H2O2 process due to the increased production of 

hydroxyl radicals. On the other hand, comparing Figure 4 with Figure SI4d, it can be 

inferred that online fluorescence data obtained in real-time resulted in more sensitivity 

than lab-scale fluorescence, at least in detecting the reactivity of ÅOH. Consequently, 

these findings suggest that the use of fluorescence sensors employed in engineered 

water systems involving AOPs is highly recommended for monitoring in real-time the 

efficiency of the processes and for detecting fast changes in water quality due to 

oxidation by ÅOH. Indeed, as previously pointed out, the free radicals released during 

AOP make the process difficult to monitor because of their high reactivity and short 

lifetime [70]. 

 

3.4 CEC occurrence and evaluation of targeted CEC 
removal efficiencies 

A total of 35 CEC was detected in WW-1. The main group consisted of a broad 

spectrum of pharmaceuticals, including analgesics (e.g., diclofenac, ketoprofen), 

anticonvulsants (e.g., carbamazepine, gabapentin, lamotrigine), antidepressants 

(citalopram, venlafaxine), antibiotics and antifungals (clarithromycin, fluconazole, 

trimethoprim), angiotensin II antagonists (e.g., irbesartan, losartan, olmesartan, 

telmisartan), antipsychotics (amisulpride, sulpride), ȁ-blockers (e.g., atenolol, 

bisoprolol, metoprolol, sotalol), antidiabetic (sitagliptin).  

In WW-2 samples, a total of 32 CEC was detected, including a wide variety of 

chemicals: industrial compounds, such as benzotriazoles (4 and 5-methyl-1H-

benzotriazole), phenols (4-nonylphenol, octylphenol), plasticizers (bisphenol-A, di-n-

butyl phthalate); herbicides (e.g., ametryn, prometryn, terbutryn); pharmaceuticals, 

such as analgesics (naproxen, ibuprofen), ȁ-blocker metoprolol and antidepressant 

venlafaxine; estrogens and derivates (estriol, estrone, 17Ȁ-17ȁ estradiol), poly-
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perfluoroalkyl substances such as perfluorooctanoic acid (PFOA) and 

perfluorohexanoic acid (PFHxA). As mentioned in Section 2.5, 9 CEC per each AOP 

influent were selected as targeted contaminants. Figures SI6a and SI6b show removal 

efficiencies of selected CEC in WW-1 and WW-2 respectively, during O3 and O3/H2O2 

processes.  

In WW-1, the RE in ozonation process is a function of OD and reactivity with O3 of 

selected CEC, and the following results were obtained: πϷ 2% σπϷ at 3 mg L-1, 

υϷ 2% σπϷ at 5 mg L-1, ςπϷ 2% τπϷ at 6 mg L-1, 3πϷ 2% υυϷ at 8 mg 

L-1, φυϷ 2% ρππϷ at 9 mg L-1. Up to the OD of 8 mgL-1 SUL, TEL, TRM, NAC and 

VEN were most effectively removed (2%Ó τυυυϷ), according to their high 

reactivity with ozone, followed by CIT and SIT. FLE achieved 2% ͯσπϷ, despite 

having a high rate constant with O3. At the highest OD (9 mg L-1) highly reactive CEC 

(FLE, VEN, NAC, TEL, TRM, SUL) were totally removed (2% ωυϷ), followed by CIT 

(2% ͯωπϷ), SIT (2% ͯψπϷ) and IRB (2% ͯφυϷ). Therefore, IRB resulted the most 

recalcitrant CEC to ozone oxidation, in accordance with its low second order reaction 

constant with O3 (Table SI2). However, the obtained 2% ͯφυϷ  may have been due to 

the action of the ÅOH, since IRB has high reactivity with ÅOH. Overall, the application 

of O3/H2O2 process to WW-1 did not result in remarkable increases in CEC removal 

efficiency. For instance, although IRB, TRM and VEN are highly reactive with ÅOH, 

their REs were almost equal to REs (or even lower) ascribed to O3 process, at the same 

ozone doses. Furthermore, the reaction rate constants of the antidepressant CIT with 

O3 and ÅOH are still under investigation, although based on the obtained findings it 

may be asserted that CIT has a higher affinity with O3 and ÅOH. 

Contrary to WW-1, ozonation applied at WW-2 resulted in better REs of selected CEC 

also at low ODs (Figure SI6b). In fact, removal intervals were observed in the range of 

ρυϷ 2% φπϷ at 2 mg L-1, ρυϷ 2% χπϷ at 3 mg L-1, 1πϷ 2% χπϷ at 4 mg 

L-1, ςυϷ 2% χυϷ at 5 mg L-1, ςπϷ 2% ψπϷ at 6 mg L-1, depending on the 

reactivity of CEC with ozone and tested doses. According to the KO3 found in the 

literature, FLU and IBU are strongly recalcitrant to ozone oxidation. Indeed, FLU 
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showed the lowest removal efficiency at all ODs tested compared to the other selected 

CEC, achieving 2% ͯσπϷ at the highest dose (6 mg L-1). IBU also had a moderate 

removal (2% υπϷ), although it was better removed than TRF which has two orders 

of magnitude higher KO3. EST and VEN were removed better than the other selected 

CEC, reaching 2% ͯχπϷ and 2% ͯψπϷ respectively at the highest OD, in agreement 

with their second-order rate constants with O3 (Table SI2). OCT, like all phenols, also 

has a high reactivity with ozone, but its RE never exceeded 60%. All PFAS targeted in 

this study exhibited resistance to ozone treatment. In particular, long-chain 

compounds (i.e., PFHxA and PFOA) resulted more recalcitrant, achieving 2%Ó ςυϷ, 

while the short-chain one (i.e., FASA-C9H13F9N2O2S) showed 2% ͯσυϷ at the highest 

OD (6 mg L-1). These findings are in accordance with many previous studies that have 

documented the low effect of ozone alone on PFAS degradation due to the strong C-F 

bonds [71], [72], [73]. For WW-2, the increase in the production of ÅOH radicals during 

the O3/H2O2 process determined an appreciable increase in terms of REs for all 

targeted CEC (Figure SI6b). Despite the persistence of PFAS, during treatment with 

the highest OD, PFHxA was totally removed, followed by FASA-C9H13F9N2O2S 

(2% ͯχπϷ) and PFOA (2% ͯτυϷ), suggesting that highly reactive species released 

during AOPs may play an important role in PFAS removal. The comparison of the O3-

based AOPs efficiency in the two water matrixes investigated is challenging due to 

different operating conditions (temperature, ozone and hydrogen peroxide doses), 

water backgrounds (organic and nitrogen concentrations), and variability of the CEC 

detected.  

 

3.5 Monitoring targeted CEC removal through real-time 
fluorescence data 

Considering that CEC oxidation occurs simultaneously with the EfOM moieties 

belonging to the tryptophan-like region, CEC removal efficiencies at O3-based AOPs 

were correlated with real-time fluorescence removal data through the development of 

correlation models. Overall, it was found that the relationship between surrogate 
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parameter (i.e., real-time fluorescence) and contaminant removal depends on the type 

of process: ozonation, which is dominated by direct reactions with O3, and peroxone 

process, dominated by reactions with ÅOH. Therefore, for each CEC, a unique set of 

regression parameters (i.e., slope and y-intercept) (Table SI3a and SI3b) were identified 

as a function of AOP type and wastewater, in compliance with previous findings 

reported in the literature [31], [74]. Deeply, looking at Figure 5, the curves related to 

SUL and VEN are close and almost parallel (i.e., similar y-intercept and slope), and 

REs were comparable between the two AOPs. Contrary, the distance between the 

curves related to O3 and O3/H2O2 processes was remarkable when one of the AOP 

resulted more effective than the other (e.g., CIT, better removed by O3/H2O2; SIT better 

removed by O3, Figure 5a). It is noteworthy to observe that in WW-2 the regression 

curves of FASA, PFOA, EST and FLU related to the two AOPs resulted partially 

overlapped (Figure 5b). This fact demonstrates the potential of the O3/H2O2 process 

for these O3-resistant CEC since lower ODs are required for the same REs compared 

to the ozonation process due to the higher production of ÅOH promoted by H2O2. In 

addition, this result shows that real-time fluorescence was very accurate and sensitive 

to monitor processes involving hydroxyl radicals that lead to fast and unselective 

degradation of organic moieties. In WW-1 the relationship between the removals of 

selected CEC and real-time fluorescence was very robust, as demonstrated by 2

πȢωυ  regardless of the compound selected and the type of AOPs; strong correlations 

were obtained also in WW-2 although with lower values of R2 (Figure 5a and 5b). It 

should be noted that the relationship between the removal efficiencies of CEC and real-

time fluorescence during the O3 process was always linear in WW-1 and WW-2. 

Conversely, in the O3/H2O2 process, the relationship was found to be both exponential 

and linear for some CEC in WW-1, while exponential correlations were obtained for 

all the CEC in WW-2 (Table SI3a and SI3b). The exponential trend observed in WW-2 

during O3/H2O2 process may be ascribed to the increased ÅOH production that led to 

a faster removal of CEC than fluorescence. This finding is in agreement with previous 

studies reported in the literature which highlighted that the correlation between the 

attenuation of micropollutants and spectroscopic parameters in O3-based AOP applied 
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to WW may have a non-linear dependency [17]. Furthermore, [35] found that removal 

of primidone and acesulfame (CEC with low KO3) during ozonation had an 

exponential relation with the attenuation of UVA254 and total fluorescence (TF). 

Moreover, Liu et al., 2016 reported exponential relationship between removal of 

fluorescence surrogate ǤF/F0max and a group of low ozone-reactive compounds. 

Similarly, [76] found exponential curves between removals of true color and 

meprobamate in pilot-scale ozonation experiments. [77] pointed out that the 

exponential trends with fluorescence were related to CEC with high reactivity with 

ozone. However, in the present study, the non-linear dependency between CEC and 

real-time fluorescence removal in the O3/H2O2 process was found in two different 

WW for different CEC having variable reactivities with ozone. More research is 

needed to understand the different findings of the aforementioned studies and gain 

more knowledge about the relationship existing between micropollutants and real-

time fluorescence measurements. 
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a)                                                                          WW-1 
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b)                                                                          WW-2 
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Figure 5. Correlation models between real-time fluorescence and selected CEC removals (%) in WW-1 (a) and WW-2 (b). 

Determination coefficients (R2) of fitting curves are also reported. 
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3.6 Development of predictive models through real-time 
fluorescence data 

3.6.1 Prediction of CEC removal 

Using the regression parameters found by correlating the removals of real-time 

fluorescence and CEC, the predictive models of RE were developed for the entire 

spectrum of CEC detected in WW-1 and WW-2. Figure 6 shows measured CEC 

removals versus CEC removals predicted through real-time fluorescence in WW-1 and 

WW-2. The root-mean-square error (RMSE) was calculated to quantify the differences 

between predicted and observed removals. The goodness of fit related to the 

correlation of each CEC with real-time fluorescence is provided by R2 as shown in 

Figure 6. Looking at Figures 6a and 6b, it could be assessed that the online fluorescence 

models successfully predicted the CEC removal efficiencies in WW-1, with an overall 

2 πȢωσ and 2-3%ρπϷ for both AOPs.  

In WW-2, the fluorescence model was more accurate in predicting CEC removals 

during ozonation (2 πȢωψ and 2-3%ςȢυωϷ) (Figure 6c). However, in O3/H2O2 

process the correlation slightly decreased (2 πȢψσ. Indeed, the prediction of CEC 

removals during O3/H2O2 in WW-2 could have been more challenging due to 

enhanced ÅOH exposure leading to a fast removal of target compounds compared to 

the fluorescent organic matter. 

All data were included in the predictive models, containing CEC not well correlated 

with fluorescence removal (e.g., ANA, BPA, BHA, SBU in WW-2 during O3/H2O2 

process). Nevertheless, the fluorescence measurements obtained on-site and in real 

time with the sensor have proved to be an excellent surrogate parameter to monitor 

the removal of CEC having different reactivities towards ozone and hydroxyl radical 

in wastewaters with different characteristics. 
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                                                                                                    WW 1 
a)                                        O3 b)                                        O3/H2O2 
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                                                                                                    WW 2 
c)                                        O3 d)                                        O3/H2O2 

  

Figure 6. Measured CEC removals versus predicted ones through the real-time fluorescence during O3 and O3/H2O2 processes in 

WW-1 (a, b) and WW-2 (c, d), respectively. The overall statistics of the predictive model are also reported: n = dataset size, R2 = 

coefficient of determination, RMSE = root-mean-square error. R2 values of individual correlations are also listed. 
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3.6.2 Prediction of ozone doses and ozone transferred during O3-

based AOPs 

Implementing a control procedure of the ozone dose (OD, mg L-1) and consequently 

of the effectively transferred ozone (TO, mg L-1) is of keen interest for the successful 

application of O3-based systems.  

In this study, the fluorescence intensities obtained by the online sensor during O3-

based AOPs were plotted versus theoretical applied OD, while the removal of real-

time fluorescence was plotted against estimated TO concentrations (Figure 7), to 

obtain predictive models of OD and TO.  

As depicted in Figure 7a, the correlation between OD and real-time fluorescence was 

found to be non-linear for both WW-1 and WW-2, except for O3 process during WW-

1, which exhibited a linear correlation. The obtained findings pointed out the 

remarkable predictive capacity of real-time fluorescence in estimating ODs in both 

wastewaters and AOPs investigated, as illustrated in Figure 7b. Similarly, TO models 

exhibited non-linear behavior, except for the O3 process in WW-1 (Figure 7c). Also, in 

this case, models based on the removal of real-time fluorescence showed high accuracy 

in predicting TO values in WW-1 and WW-2. Hence, real-time fluorescence data could 

serve as a robust indicator of ozone levels, easing the accurate dosage of ozone, as well 

as the control of ozone concentration in the effluent post-treatment. These findings 

promote the relevance of fluorescence sensor application for effective ozone-based 

AOPs management and costs optimization. As reported in a recent review paper by 

[17], several studies dealing with ozone dose control strategies were based on 

differential control by monitoring spectroscopic parameters, such as UV absorbance 

and fluorescence. However, in differential control, there is a need to monitor the 

surrogate parameter before and after the AOP using two sensors. Conversely, the 

results obtained in this study showed that a single sensor installed downstream of the 

treatment provides an accurate monitoring of the ozone dose in O3-based AOPs. 
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Indeed, the calibration procedure of the sensor through untreated water ensured that 

the fluorescence data were intrinsically related to the water subject to monitor. 

          a)                                                                      b) 

  
 

          c)                                                                      d) 

  

Figure 7. Correlation models between real-time fluorescence intensity and OD (a), and 

between real-time fluorescence removal and TO (c). Predicted vs measured values of 

OD (b) and TO (d). 
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3.6.3 Prediction of pseudo-observed first-order degradation rate 

constants (kobs) 

To enhance the assessment of the oxidation efficiency of several compounds via O3-

based AOPs in two distinct wastewaters, pseudo-observed degradation rate constants 

(Ë ) were calculated for all detected CEC according to Eq. (2). The goodness of the 

correlations for each CEC was assessed using the corresponding R2 values, which are 

reported in Table SI4. Through Eq. (3), the observed degradation rate constants of real-

time fluorescence with TO (Ë ) were calculated for WW-1 and WW-2. In WW-1 Ë

πȢπχ L mg-1 and Ë πȢρσ L mg-1 were determined for the O3 and O3/H2O2 processes 

respectively; while, in WW-2, the values were Ë πȢτπ L mg-1 and Ë πȢχφ L mg-

1 for the same processes. The interquartile range of Ë  related to ozonation in WW-1 

is greater than O3/H2O2 process, indicating higher data dispersion around the median 

and higher values of Ë  (Figure 8). Dots beyond the whiskers of the boxes could 

potentially represent outliers, such as Ë πȢσσ L mg-1 observed for the 

degradation of metoprolol during the O3/H2O2 process in WW-1.  

 

Figure 8. Boxplot depicting the statistical distribution of degradation rate constants 

with ozone (Ë ) of all detected CEC in WW-1 and WW-2 observed during the O3 and 

O3/H2O2 processes. 
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However, the other dots correspond to particularly high degradation rate constants 

observed for highly reactive compounds with O3 and ÅOH during both AOPs, 

including sotalol (Ë πȢψψ L mg-1 and Ë πȢυπ L mg-1, O3 and O3/H2O2 

processes respectively), lidocaine (Ë πȢχρ L mg-1 and Ë πȢσω L mg-1, O3 and 

O3/H2O2 processes respectively), diclofenac (Ë πȢτυ L mg-1 and Ë πȢστ L mg-

1, O3 and O3/H2O2 processes respectively). Whereas, for WW-2, where most of the data 

are inside the interquartile range, the observed Ë  for the O3/H2O2 process were 

much higher than the estimated Ë  for the O3 process as expected (Figure 8).  

Observed reaction rate constants (Ë ) were predicted using real-time fluorescence 

data through Eq. (4). As a whole, very high correlations between observed and 

predicted reaction rate constants of all CEC in WW-1 (Figure 9a and 9b) and in WW-2 

(Figure 9c and 9d) during both AOPs were found. This result highlights that the real-

time monitoring of tryptophan-like fluorescence is mechanistically linked to the 

removal of CEC during ozone-based AOPs and is an outstanding tool to control the 

fate of a wide spectrum of CEC with different reaction kinetics in distinct wastewaters. 

Indeed, the potential of fluorescence surrogate parameters in predicting CEC 

degradation rate constants during AOPs is also confirmed by a recent study [78]. 
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Figure 9. Observed versus predicted first order degradation rate constants through 

real-time fluorescence data related to O3 and O3/H2O2 processes in WW-1 (a, b 

respectively) and WW-2 (c, d respectively). 
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4. Conclusions 

A novel real-time monitoring system for controlling CEC in an AOP pilot scale plant 

involving O3 and O3/H2O2 processes was developed using an online tryptophan-like 

fluorescence sensor. The real-time fluorescence data were strongly correlated with 

CEC removal and transferred ozone dose. 

The fluorescence signals were also successfully used to predict the first-order rate 

constants of CEC (2 πȢωω), highlighting the mechanistic relationship between the 

fluorescence measurements and the removal of CEC during ozone and peroxone 

processes. The CEC degradation due to O3 and/or ÅOH on tested wastewaters was 

detected in real-time by the sensor, showing a decreasing stepwise trend with the 

increase in reagent dosages. Correlation models of CEC removal, developed using 

real-time fluorescence data, were very accurate (2 πȢωσ) and dependent on the type 

of process. The removal of real-time fluorescence was used as a surrogate parameter 

of transferred ozone during the AOPs (2 πȢωτ).  

Overall, the observed data demonstrated that the fluorescence online signals from the 

sensors are correlated with the CEC removal and with the ozone dose. Thus, the sensor 

can be used to control both CEC and ozone-based AOPs online and in real-time. As a 

result, the removal of target CEC can be achieved by adjusting the ozone dose thanks 

to fluorescence measurements obtained in real-time. Therefore, the in-situ application 

of fluorescence sensors has the potential to significantly optimize quaternary 

treatments, in terms of efficiency, costs and resources. Other experimental studies 

dealing with UV-based AOP are currently being investigated in our laboratories and 

will be communicated in future publications.  
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Supplementary material 

Text SI1: Description of the AOP pilot plant  

The treatment line consisted of an oxidation stage with hydrogen peroxide (H2O2) and 

in-situ produced ozone (O3). Gaseous ozone was generated by a plasma-based ozone 

generator (PrimozoneÈ Lºddekºpinge, Sweden) fed with pure oxygen; hydrogen 

peroxide was dosed from a 35% (w/w) stock solution through peristaltic pumps. 

Reagents were dosed in line using an innovative patented multifunctional reactor 

MITO3XÈ, a technology that allows the simultaneous dosage of liquid and gaseous 

reagents under high-mixing (G > 100,000 s-1) and optimal mass-transfer conditions 

[79]. The pilot plant had a maximum capacity of 6 m3 h-1; the flow rate could be 

adjusted and controlled through a gate valve and a flowmeter.  

 

Table SI1: CEC (and related abbreviations) found in WW-1(a) and WW-2(b) at 

naturally occurring concentrations. 

a)  

Compound  Abbreviation  
Concentratio

n (ng/L)  

Amisulpride  AMI  462 

Atenolol  ATE 1870 

Benzotriazole-1,2,3 BEN 1263 

Bisoprolol  BIS 280 

Caffeine CAF 27247 

Carbamazepine CAR 2721 

Carbamazepine 10,11 epoxide CAR-EP 163 

Cetirizine  CET 157 

Citalopram  CIT 30 

Clarithromycin  CLA  119 

Climbazol  CLI  177 

Clopidogrel  CLO 46 

Diclofenac DIC 5175 

EDDP EDDP 154 
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1,7-Dimethylxantine  1,7-D 20690 

Fenofibric acid FAC 634 

Flecainide FLE 7059 

Fluconazole FLU 260 

Gabapentin GAB 4646 

Iopromide  IOP 1812 

Ketoprofen KET 729 

Irbesartan IRB 2712 

Lamotrigine  LAM  699 

Lidocaine LID  175 

Losartan LOS 534 

Metoprolol  MET 5141 

Metoprolol acid  MAC  2015 

Niflumic acid  NAC  325 

Olmesartan OLM  6136 

Sitagliptin  SIT 1345 

Sotalol SOT 1325 

Sulpride  SUL 761 

Telmisartan TEL 2470 

Trimethoprim  TRM 162 

Venlafaxine VEN 312 

 

b)  

Compound  Abbreviation  
Concentration 

(ng/L)  

17alpha-estradiol 17Ȁ-E2 169 

3-Hydroxycarbofuran  3-HFC 27 

4-(1,1',3,3'-tetrametilbutil) -phenol 4-T-OCT 127 

4-Methyl -1H-benzotriazole 4-MeBT 44 

4-nonilphenol  4-NP 127 

5-Methyl -1H-benzotriazole 5-MeBT 44 

Acetochlor oxanilic acid  AC-OA 24 

Perfluorohexanoic Acid (PFHxA)  PFHxA 28 

Perfluorooctanoic Acid (PFOA)  PFOA 24 

Alachlor oxanilic acid  AL -OA 24 

Ametryn  AME  73 

Anatoxin -a(S) ANA  40 

Bisphenol A BPA 166 

Butylated hydroxyanisole  BHA  156 

Di -n-butyl phthalate  DBP 189 

Estradiol (17-beta estradiol) 17ȁ-E2 69 

Estriol  E3 360 
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Estrone E1 102 

Fluconazole FLU 98 

Ibuprofen  IBU 695 

Metoprolol  MET 67 

Naproxen NAP  49 

O-Desmethylvenlafaxine  O-VEN 114 

Ottilphenol  OCT 127 

Perfluorobutane-N-(3-
(dimethylamino)propyl) -1-
sulfonamide sulfonamido amine  

FASA 126 

Prometryn  PRO 404 

RDX (Hexahydro -1,3,5-trinitro -
1,3,5-triazine)  

RDX 47 

sec-Butylbenzene SBU 35 

Sucralose SUC 390 

Terbutryn  TER 404 

Trifluralin  TRF 64 

Venlafaxine VEN 57 
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Table SI2: Summary of target CEC with information related to acronym, CAS number, 

molecular weight (MW), acid dissociation constant (pKa), octanol-water partition 

coefficient (Log Kow), and second-order rate constants with ozone (KO3) and hydroxyl 

radical (KÅOH) and their average concentrations (ng L-1) in WW-1 and WW-2 before 

AOPs. 

Compound  
MW a 

(g mol -1) 
pK a Log K ow 

KO3 
(M -1 s-1) 

Reference 
KO3 

KÅOH 
(M -1 s-1) 

Reference 
KÅOH 

WW-1 
(ng L -1) 

CIT 
59729-33-8 

324.4 9.78 c 3.76 c Low  [80] n/a  - 30 

FLE 
54143-55-4 

414.3 9.30 c 3.78 c 1.30 ā 105 [81] n/a  - 7059 

NAC  
4394-00-7 

282.2 9.78 c 5.30 c High  [58] n/a  - 325 

IRB 
138402-11-6 

428.5 4.12 c 4.50 c 2.30 ā 101 [16] 1.00 ā 1010 [82] 2712 

SIT 
486460-32-6  

407.3 8.78 c 1.26 c 6.70 ā 102 [83] n/a  - 1345 

SUL 
15676-16-1 

341.4 9.12 c 0.57 c 3.18 ā 105 [82] n/a  - 761 

TEL 
144701-48-4 

514.6 5.86 c 7.70 c 1.20 ā 105 [82] n/a  - 2470 

TRM 
738-70-5 

290.3 7.12 c 0.91 c 2.70 ā 105 [24] 6.90 ā 109 [24] 162 

VEN 
93413-69-5 

277.4 8.91 c 2.74 c 1.30 ā 103 [80] 8.80 ā 109 [84] 312 

Compound  
MW a 

(g mol -1) 
pK a Log K ow 

KO3 
(M -1 s-1) 

Reference 
KO3 

KÅOH 
(M -1 s-1) 

Reference 
KÅOH 

WW-2 
(ng L -1) 

EST 
53-16-7 

270.4 10.33 c 2.60 c 1.50 ā 105 [24] 1.10 ā 109 [24] 102 

FLU 
86386-73-4 

306.3 1.76 c 0.50 c < 1 [85] 4.60 ā 109 [85] 98 

IBU 
15687-27-1 

206.3 5.30 c 3.97 c 9.6 [86] 7.40 ā 109 [86] 695 

VEN 
93413-69-5 

277.4 8.91 c 2.74 c 1.30 ā 103 [80] 8.80 ā 109 [84] 57 

OCT 
1806-26-4 

206.3 10.31 e 5.30 e 1.23 ā 105 [87] 1.60 ā 1010 [88] 127 

TRF 
1582-09-8 

335.3 -1.00 e 4.60 e 3.70 ā 102 [89] 7.54 ā 109 [89] 64 

PFOA 
335-67-1 

414.1 -0.5-4.2 d 4.81 d n/a  - n/a  - 24 

PFHxA 
307-24-4 

314.0 -0.16 d 3.48 d n/a  - n/a  - 28 

FASA-C9H13F9N2O2S 
68555-77-1 

384.3 n/a  n/a  n/a  - n/a  - 126 

a Molecular weight computed by PubChem  
b SciFinder Scholar, data calculated at 20 °C and 760 torr using Advanced Chemistry Development (ACD/Labs) 
Software V11.02 (©1994ð2016 ACD/Labs).  

c DrugBank database 

d Hazardous Substances Data Bank (HSDB) 
e ContaminantDB.ca   

n/a = not available  
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Table SI3: Regression parameters of correlation models developed between the 

removal of surrogate parameter (i.e., real-time fluorescence) and the removal of CEC 

during O3-based AOPs in WW-1 (a) and WW-2 (b).  

a)     

O3 process   O3/H2O2 process 

Compound function a b R2   function a b R2 

Ɇ CEC ώ ὥὼ ὦ 1.30 -34.61 0.99   ώ ὥὼ ὦ 0.86 0.03 0.94 

Amisulpride ώ ὥὼ ὦ 1.64 -57.64 0.92   ώ ὥὼ ὦ 1.68 -63.45 0.91 

Atenolol ώ ὥὼ ὦ 1.57 -56.24 0.94   ώ ὥὼ ὦ 1.27 -54.81 0.72 

Benzotriazole ώ ὥὼ ὦ 2.34 -141.9 0.68   ώ ὥὼ ὦ 0.03 89.83 0.01 

Bisoprolol ώ ὥὼ ὦ 1.69 -66.28 0.99   ώ ὥὼ ὦ 1.60 -83.58 0.70 

Caffeine ώ ὥὼ ὦ 1.77 -86.92 0.94   ώ ὥϽὩϽ 3.01 0.03 0.94 

Carbamazepine ώ ὥὼ ὦ 0.88 19.94 0.61   ώ ὥὼ ὦ 0.16 84.73 0.99 

Carbamazepine 

10,11 epoxide ώ ὥὼ ὦ 0.50 50.35 0.71   ώ ὥὼ ὦ 0.13 88.56 0.21 

Cetirizine ώ ὥὼ ὦ 1.11 -5.41 0.87   ώ ὥὼ ὦ 1.57 -52.47 0.95 

Citalopram ώ ὥὼ ὦ 1.51 -59.74 0.99   ώ ὥϽὩϽ 18.06 0.02 0.98 

Clarithromycin ώ ὥὼ ὦ 2.21 -113.3 0.65   ώ ὥϽὩϽ 16.75 0.02 0.86 

Climbazol ώ ὥὼ ὦ 1.83 -77.42 0.96   ώ ὥϽὩϽ 0.17 0.07 0.91 

Clopidogrel ώ ὥὼ ὦ 1.39 -34.04 0.78   ώ ὥὼ ὦ 1.92 -82.21 0.88 

Diclofenac ώ ὥὼ ὦ 0.72 34.01 0.61   ώ ὥὼ ὦ 0.43 60.53 0.76 

EDDP ώ ὥὼ ὦ 1.70 -92.82 0.88   ώ ὥϽὩϽ 3.42 0.03 0.66 

Fenofibric acid ώ ὥὼ ὦ 1.37 -77.81 0.89   ώ ὥὼ ὦ 1.69 -95.38 0.94 

Flecainide ώ ὥὼ ὦ 1.83 -83.24 0.97   ώ ὥὼ ὦ 1.66 -86.43 0.93 

Fluconazole ώ ὥὼ ὦ 0.04 47.23 0.02   ώ ὥὼ ὦ 0.79 -38.88 0.19 

Gabapentin ώ ὥὼ ὦ 1.22 -66.62 0.99   ώ ὥὼ ὦ 0.91 -41.43 0.78 

Iopromide ώ ὥὼ ὦ 1.40 -98.58 0.79   ώ ὥὼ ὦ 3.05 -206.2 0.90 

Ketoprofen ώ ὥὼ ὦ 1.17 -66.34 0.70   ώ ὥὼ ὦ 1.33 -68.74 0.71 

Irbesartan ώ ὥὼ ὦ 1.14 -47.28 0.99   ώ ὥὼ ὦ 1.05 0.04 0.98 

Lidocaine ώ ὥὼ ὦ 0.85 22.87 0.57   ώ ὥὼ ὦ 1.84 -66.80 0.73 

Losartan ώ ὥὼ ὦ 1.35 -29.43 0.90   ώ ὥὼ ὦ 1.67 62.42 0.98 

Metoprolol ώ ὥὼ ὦ 2.05 -100.2 0.97   ώ ὥὼ ὦ 0.08 86.27 0.03 

Metoprolol acid ώ ὥὼ ὦ 2.00 -99.79 0.98   ώ ὥὼ ὦ 1.75 -103.4 0.96 

Niflumic acid ώ ὥὼ ὦ 1.63 -63.49 0.98   ώ ὥὼ ὦ 1.96 -97.76 0.95 

Olmesartan ώ ὥὼ ὦ 1.11 -3.22 0.73   ώ ὥὼ ὦ 1.64 -54.36 0.94 

Sitagliptin ώ ὥὼ ὦ 1.24 -44.74 0.95   ώ ὥϽὩϽ 0.33 0.05 0.98 

Sotalol ώ ὥὼ ὦ 0.39 65.19 0.55   ώ ὥὼ ὦ 0.93 16.72 0.50 

Sulpride ώ ὥὼ ὦ 2.01 -94.02 0.91   ώ ὥὼ ὦ 1.91 -86.57 0.99 

Telmisartan ώ ὥὼ ὦ 1.61 -61.18 0.93   ώ ὥὼ ὦ 0.62 0.05 0.97 

Trimethoprim ώ ὥὼ ὦ 1.67 -63.02 0.97   ώ ὥὼ ὦ 1.42 -62.58 0.97 

Venlafaxine ώ ὥὼ ὦ 1.96 -90.06 0.95   ώ ὥὼ ὦ 1.99 -101.3 0.98 
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b)     

O3 process   O3/H 2O2 process 

Compound  function  a b R2   function  a b R2 

ǲ CEC ώ ὥὼ ὦ 0.55 -2.78 0.78   ώ ὥϽὩϽ 11.37 0.02 0.74 

17Ȁ - Estradiol  ώ ὥὼ ὦ 0.75 -4.27 0.97   ώ ὥϽὩϽ 9.28 0.02 0.63 

17ȁ - Estradiol  ώ ὥὼ ὦ 0.34 18.52 0.38   ώ ὥϽὩϽ 14.27 0.02 0.79 

Estriol  ώ ὥὼ ὦ 1.27 -46.37 0.97   ώ ὥϽὩϽ 2.75 0.03 0.49 

Estrone ώ ὥὼ ὦ 0.40 33.40 0.77   ώ ὥϽὩϽ 27.59 0.01 0.81 

3-
Hydroxycarbof
uran 

ώ ὥὼ ὦ 0.51 3.33 0.61   ώ ὥϽὩϽ 7.73 0.03 0.74 

4-(1,1',3,3'-
tetramethylbut
yl) -phenol 

ώ ὥὼ ὦ 1.11 -40.68 0.93   ώ ὥϽὩϽ 11.86 0.02 0.84 

4-Methyl -1H-
benzotriazole 

ώ ὥὼ ὦ 0.88 -27.20 0.92   ώ ὥϽὩϽ 3.76 0.03 0.71 

5-Methyl -1H-
benzotriazole 

ώ ὥὼ ὦ 0.88 -27.20 0.92   ώ ὥϽὩϽ 3.76 0.03 0.71 

4-Nonylphenol  ώ ὥὼ ὦ 0.20 67.77 0.59   ώ ὥϽὩϽ 11.86 0.02 0.84 

Acetochlor 
oxanilic acid  

ώ ὥὼ ὦ 0.49 -11.76 0.65   ώ ὥϽὩϽ 3.34 0.03 0.51 

Alachlor 
oxanilic acid  

ώ ὥὼ ὦ 0.49 -11.76 0.65   ώ ὥϽὩϽ 3.34 0.03 0.51 

Ametrina  ώ ὥὼ ὦ -0.04 38.31 0.01   ώ ὥϽὩϽ 14.44 0.01 0.46 

Anatoxin -a(S) ώ ὥὼ ὦ 0.18 -0.07 0.11   ώ ὥϽὩϽ 24.31 0.01 0.18 

Bisphenol A  ώ ὥὼ ὦ 0.05 18.92 0.03   ώ ὥϽὩϽ 21.50 0.01 0.32 

Butylated 
hydroxyanisole  

ώ ὥὼ ὦ 0.46 -20.34 0.66   ώ ὥϽὩϽ 61.21 0.002 0.16 

Di -n-butyl 
phthalate 
(DBP) 

ώ ὥὼ ὦ -0.24 16.21 0.15   ώ ὥϽὩϽ 4.06 0.02 0.81 

Fluconazole ώ ὥὼ ὦ 0.66 -28.63 0.65   ώ ὥϽὩϽ 0.28 0.05 0.89 

Ibuprofen  ώ ὥὼ ὦ 0.69 -15.45 0.85   ώ ὥϽὩϽ 19.22 0.01 0.76 

Metoprolol        ώ ὥϽὩϽ 19.27 0.01 0.42 

Naproxen  ώ ὥὼ ὦ 0.29 39.44 0.42   ώ ὥϽὩϽ 51.83 0.004 0.58 

O-
Desmethylvenl
afaxine 

ώ ὥὼ ὦ 0.66 37.11 0.64   ώ ὥϽὩϽ 39.72 0.01 0.84 

Octylphenol  ώ ὥὼ ὦ 1.11 -40.68 0.93   ώ ὥϽὩϽ 11.86 0.02 0.84 

PFHxA  ώ ὥὼ ὦ 0.51 -19.49 0.50   ώ ὥϽὩϽ 18.42 0.01 0.38 

PFOA ώ ὥὼ ὦ 0.38 -12.69 0.26   ώ ὥϽὩϽ 0.67 0.04 0.88 

FASA-
C9H 13F9N 2O2S 

ώ ὥὼ ὦ 0.60 -19.18 0.68   ώ ὥϽὩϽ 1.51 0.04 0.85 

Prometrina  ώ ὥὼ ὦ 0.26 20.20 0.38   ώ ὥϽὩϽ 16.74 0.01 0.63 

RDX 
(Hexahydro -
1,3,5-trinitro -
1,3,5-triazine)  

ώ ὥὼ ὦ 1.00 -30.13 0.82   ώ ὥϽὩϽ 21.05 0.02 0.77 

sec-
Butylbenzene 

ώ ὥὼ ὦ -0.08 44.14 0.01   ώ ὥϽὩϽ 29.29 0.01 0.16 

Sucralose ώ ὥὼ ὦ 0.54 -16.33 0.70   ώ ὥϽὩϽ 0.13 0.06 0.81 

Terbutrina  ώ ὥὼ ὦ 0.26 20.20 0.38   ώ ὥϽὩϽ 16.74 0.01 0.63 



Chapter 5: Fluorescence Sensor Enabled Control of Contaminants of Emerging 
Concern in Reclaimed Wastewater Using Ozone-Based Treatment Processes 
______________________________________________________________________ 

140 
 

Trifluralin  ώ ὥὼ ὦ 0.83 -32.28 0.91   ώ ὥϽὩϽ 5.87 0.02 0.68 

Venlafaxine ώ ὥὼ ὦ 0.92 -3.39 0.94   ώ ὥϽὩϽ 0.27 0.06 0.95 

 

Table SI4: First order reaction rate constants with ozone Ë  for CEC in WW-1 (a) and 

WW-2 (b). R2 of models are also reported. 

a)       

 O3   O3/H 2O2 

Compound  
ἳἷἪἻ  

(L mg -

1) 
R2  

 
ἳἷἪἻ  

(L mg -1) 
R2 

ǲ CEC 0.06 0.99   0.07 0.91 

Amisulpride  0.17 0.74   0.11 0.43 

Atenolol  0.05 0.33   0.10 0.61 

Benzotriazole n/a  n/a    n/a  n/a  

Bisoprolol  0.10 0.88   0.01 0.02 

Caffeine 0.01 0.77   0.01 0.29 

Carbamazepine 0.51 0.90   0.13 0.76 

Carbamazepine 10,11 epoxide 0.06 0.09   n/a  n/a  

Cetirizine  0.23 0.90   0.14 0.98 

Citalopram  0.07 0.71   0.06 0.57 

Clarithromycin  0.14 0.27   0.14 0.84 

Climbazol  0.12 0.75   0.11 0.89 

Clopidogrel  0.22 0.99   0.25 0.98 

Diclofenac 0.45 0.94   0.34 0.99 

EDDP 0.02 0.10   0.05 0.16 

Fenofibric acid 0.03 0.30   0.13 0.97 

Flecainide 0.05 0.82   0.07 0.93 

Fluconazole 0.02 0.10   -0.04 0.06 

Gabapentin 0.03 0.81   0.02 0.08 

Iopromide  n/a  n/a    n/a  n/a  

Ketoprofen -0.04 0.73   0.09 0.45 

Irbesartan 0.05 0.85   0.04 0.78 

Lidocaine 0.71 0.84   0.39 0.99 

Losartan 0.19 0.85   0.15 0.93 

Metoprolol  0.10 0.81   -0.33 0.76 

Metoprolol acid  0.04 0.95   0.05 0.52 

Niflumic acid  0.09 0.98   0.12 0.92 

Olmesartan 0.38 0.81   0.23 0.94 

Sitagliptin  0.05 0.72   0.04 0.83 

Sotalol 0.88 0.81   0.50 0.99 
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Sulpride  0.18 0.93   0.12 0.84 

Telmisartan 0.07 0.41   0.06 0.82 

Trimethoprim  0.10 0.67   0.07 0.55 

Venlafaxine 0.12 0.72   0.09 0.67 

 

b)     

 O3   O3/H 2O2 

Compound  
ἳἷἪἻ  

(L mg -1) 
R2  

 ἳἷἪἻ  
(L mg -1) 

R2 

ǲ CEC 0.08 0.84   0.22 0.87 

17alpha-estradiol 0.14 0.96   0.37 0.82 

3-Hydroxycarbofuran  0.08 0.71   n/a  n/a  

4-(1,1',3,3'-tetrametilbutil) -
phenol 

0.18 0.97   0.34 0.89 

4-Methyl -1H-benzotriazole 0.12 0.89   n/a  n/a  

4-nonilphenol  0.09 0.50   0.34 0.89 

5-Methyl -1H-benzotriazole 0.12 0.89   n/a  n/a  

Acetochlor oxanilic acid  0.06 0.82   n/a  n/a  

PFHxA 0.06 0.69   n/a  n/a  

PFOA 0.04 0.32   0.13 0.89 

Alachlor oxanilic acid  0.06 0.82   n/a  n/a  

Ametryn  0.00 0.00   0.11 0.67 

Anatoxin -a(S) 0.02 0.14   0.04 0.25 

Bisphenol A 0.01 0.06   0.09 0.59 

Butylated hydroxyanisole  0.05 0.71   0.07 0.44 

Di -n-butyl phthalate (DBP)  -0.02 0.10   0.08 0.94 

Estradiol (17-beta estradiol) 0.06 0.52   0.27 0.88 

Estriol  0.23 0.98   0.41 0.75 

Estrone 0.09 0.68   0.32 0.88 

Fluconazole 0.08 0.76   0.23 0.91 

Ibuprofen  0.10 0.91   0.21 0.74 

Metoprolol  -0.02 0.09   0.07 0.63 

Naproxen 0.07 0.42   0.10 0.83 

O-Desmethylvenlafaxine  n/a  n/a    n/a  n/a  

Ottilphenol  0.18 0.97   0.34 0.89 

Perfluorobutane-N-(3-
(dimethylamino)propyl) -1-
sulfonamide sulfonamido amine  

0.07 0.77   0.23 0.90 

Prometryn  0.04 0.49   0.19 0.78 

RDX (Hexahydro -1,3,5-trinitro -
1,3,5-triazine)  

0.18 0.91   n/a  n/a  

sec-Butylbenzene 0.00 0.00   0.05 0.38 



Chapter 5: Fluorescence Sensor Enabled Control of Contaminants of Emerging 
Concern in Reclaimed Wastewater Using Ozone-Based Treatment Processes 
______________________________________________________________________ 

142 
 

Sucralose 0.06 0.66   0.16 0.87 

Terbutryn  0.04 0.49   0.19 0.78 

Trifluralin  0.10 0.92   0.25 0.80 

Venlafaxine 0.27 0.97   0.44 0.89 

n/a = not available 

 

Figure SI1: Schematic view of the AOP pilot system. 
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Figure SI2: Picture of the AOP pilot system in operation. It can be seen the MITOXÈ 

reactor (1), the photometric transmitter (2) connected to the fluorescence sensor (3) in 

its stainless-steel reading cell, the computer (4) recording data in real-time through 

specific software and USB cable connected to the photometric transmitter.  

 

Figure SI3: EEMs fluorescence peaks of the five regions for WW-1 and WW-2 influents. 
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Figure SI4: Reduction of the five fluorescence peaks (a, b, c, d, e), (expressed as I/I0), 

and UVA254 (expressed as UVA254/ UVA254,0) (f) during O3-based AOPs as a function 

of ozone dose (mg/L) in WW-1 and WW-2 
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              a)                 WW-1               b)                 WW-2 

  

Figure SI5: Linear correlation between lab-scale data (IFE corrected) and real-time 

fluorescence data for WW-1 (a) and WW-2 (b). Model equations and R2 values for each 

AOP (O3 and O3/H2O2) are also reported for WW-1 and WW-2. 

a)                                                     WW-1 

 
b)                                                    WW-2 
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Figure SI6: Selected CEC removal efficiencies (%) during O3-based AOPs at different 

applied ozone and H2O2 doses in WW-1 (a) and WW-2 (b).  
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Chapter 6: Online control of UV and UV/H2O2 processes 

targeted for the removal of contaminants of emerging 

concern (CEC) by a fluorescence sensor 

 

Abstract 

This study assessed the online and real-time monitoring of contaminants of emerging 

concern (CEC) using a microbial/tryptophan-like fluorescence sensor in a quaternary 

AOP (advanced oxidation process) pilot plant installed downstream of a tertiary 

municipal wastewater treatment plant (WWTP). Real-time fluorescence 

measurements were validated with lab-scale tryptophan-like fluorescence. Changes in 

water quality induced by different UV or UV/H2O2 doses were detected by the 

fluorescence sensor allowing real-time control of processes. The removal of CEC was 

discussed considering their photo-susceptibility and reactivity with ÅOH and then 

classified into three groups based on their reactivity and removal efficiency (RE). 

Linear models of CEC removal developed using real-time fluorescence removal as a 

surrogate parameter resulted very accurate (overall 2 πȢωπ) for most of CEC. 

Furthermore, real-time fluorescence data were successfully used to predict i) pseudo-

observed first-order degradation rate constants of CEC (2 πȢωω), and ii) UV doses 

during both UV and UV/H2O2 processes (2 πȢωπ). The findings of this study 

demonstrated that fluorescence sensors can be employed in operational relevant 

environment to monitor a broad range of CEC and control UV doses during UV-AOPs. 

Therefore, the implementation of fluorescence sensors is expected for optimizing costs, 

energy consumption and efficiency of quaternary wastewater treatments. 
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Graphical Abstract 

 

Keywords: micropollutants; persistent organic pollutants; advanced oxidation process 

(AOP); real-time monitoring; online fluorescence sensor; quaternary treatments. 
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