University of Catania
Department of Civil Engineering and Architecture
(DICAR)

Doctoral Programme in Evaluation and mitigation
of urban and territorial risks

An innovative approach based on artificial
neural networks (ANN) and fluorescence
spectroscopy to monitor the fate of
contaminants of emerging concern (CEC)
during AOPs in wastewaters

Ruggero Todesco

Supervisor: Prof. Paolo Roccaro

Tutor: Prof. Domenico Santoro

Research group: Prof. Erica Gagliano

Coordinator of the Doctoral Programme: Prof. Antonino Cancelliere

36" cycle






[...Tutto e conoscenza, fatica, pazienza
E cid che scaturisce in un istante
ha impiegato anni a crescere]

-Fernand Pouillon, Il canto delle pietre












TABLE OF CONTENTS

11
1.2
1.3
14

2.1
2.2
2.3
23.1
2.3.2
2.3.3
234
2.3.5

2.4

INTRODUCTION AND RESEARCH NEEDS

Introduction

Knowledge gaps and research needs

Research objectives

Organization of the work

w w NP

BACKGROUND INFORMATION

~

Regulations on water reclamation and reuse

Contaminants of emerging concern (CEC)

Advanced treatments

Adsorption

lon Exchange

Distillation

Membrane processes

Advanced Oxidation Processes (AOPS)

2.3.5.10zonation and ozone-based AOPs

2.3.5.2UV-Based AOPs

2.3.5.3Peracetic-based AOPs

2.3.5.4Photocatalysis

2.3.5.5Fenton and Fenton-like processes

2.3.5.6 Electrochemical Advanced Oxidation Processes (EAOPS)

2.3.5.7Sonolysis

2.3.5.8Wet Air Oxidation

2.3.5.9Comparison between efficiencies of AOPs

16
18
19
19
19
19

21
22
24
26
26
28
29
29
30
31

Spectroscopic measurements as surrogate parameters for water quality _36

3 MATERIALS AND METHODS

3.1
3.2
3.3
3.3.1
3.3.2

42

Description of waters tested and water treatment plants investigated 42

Sampling campaigns

Analytical methods

Spectroscopic analysis

Other water quality analyses

44
44
44
46



34 Fluorescence sensor 47
3.4.1 Offline application 47
3.4.2  Online monitoring 49
35 Statistical methods 49
3.5.1 Statistical analyses 49
3.5.2 Principal Component Analysis 49
3.5.3 Ordinary least squares simple and multiple linear regression 50
3.5.4 Stepwise regression 51
3.6 Avrtificial Neural Networks 51
3.6.1 Fluorescence-CEC ANN model predictions in different AOP treatments 52
3.6.2 Predictive CEC fate model accuracy for different water qualities 53
3.6.3  Multiple ANN model 53
4 RESULTS AND DISCUSSION 55
4.1  Statistical modelling of CEC removal 55
4.1.1 CEC and fluorescence removals at varying experimental conditions
through AOP pilot plant 55
4.1.2 Principal Component Analysis (PCA) 57
4.1.3 Simple OLS linear regression 59
4.1.4 Stepwise regression 67
4.1.5 Multiple linear regression 69
4.2 Avrtificial Neural Networks 74
4.2.1 Fluorescence removal during UV/H20; and O3/H,O, AOP treatments 74
4.2.2 Selection of predictors for Fluorescence-CEC ANN model 76
4.2.3 Fluorescence-CEC ANN model predictions in different AOP treatments
78
4.2.4 Predictive CEC measurements model accuracy for different water
qualities 79
4.2.5 Inverse ANN model for fluorescence intensity prediction using CEC
normalized concentrations 81
4.2.6  ANN model assessment of AOPs doses 83
4.3 Fluorescence sensor analysis for CEC prediction and processes monitoring
85
4.3.1 Off-line application of fluorescence sensor: correlation with lab-scale
measurements and effects of potential interferences on recorded data 85



4.3.1.1 Fluorescence data recorded with FL sensor vs. data collected with
benchtop spectrofluorometer 85

4.3.1.2 Effects of potential interferences on recorded data: light, position, and
suspended solids 88

4.3.1.3 Measurements through fluorescence sensor of different water matrixes _89

4.3.1.4 Correlation of fluorescence data obtained with FL sensor with COD and
UV2s4 Absorbance 90

4.3.2 Real-time monitoring of fluorescence intensity at AOPs pilot plant through
online sensor94

4.3.2.1 Semi-batch tests of inlet monitoring 94

4.3.2.2 Long-term AOP influent monitoring through real-time fluorescence 95

4.3.3 CEC monitoring through fluorescence sensor and comparison between
online and offline configuration 95

5 CONCLUSIONS AND PERSPECTIVES 100

References 103



LIST OF FIGURES

Figure 1 — Scheme of classification of filtration treatments based on the dimension of

porosities (Selatile et al., 2018) ..o 20
Figure 2 - Corona discharge scheme for ozone generation (Rekhate & Srivastava, 2020)
........................................................................................................................................ 22
Figure 3 — Scheme of the UV — Visible section of the electromagnetic spectrum........... 24
Figure 4 — Mechanism of deactivation of pathogen DNA as a result of photolesions
caused by UV radiation and subsequent thymine dimers formation ..........c..ccccceeeiennne 25
Figure 5 - Reaction scheme of the removal of organic pollutants by photocatalytic
oxidation process (Xiao et al.,2015) ......cccccurirriririiireese e 27
Figure 6 - Scheme of functioning of a spectrophotometer for the measurement of UV-
VIS @DSOIDANCE. ...t bbbt e 37
Figure 7 - Characterization of Excitation-Emission Matrix and origin of the peaks found
for wastewater (Rodriguez-Vidal et al., 2020) .........cccccevviieeieiieicie e 38
Figure 8 - Comparison in the EEMs of an inlet, on the left and an effluent, on the right,
of a WWTP. Photo in (Sgroi, Roccaro, Korshin, Greco, et al., 2017)........cccccevvrernnnnne 38
Figure 9 - Regions of the EEM with the position of each substance-related peak as
found from the literature review. Image from (Chen et al., 2003).........cccccevvevvevrrinenen. 41
Figure 10 - Scheme of the WWTP treatment and the AOP pilot plant employed........... 42
Figure 11 - Layout of the multiple ANN models architecture............ccccovevviiniininenns 54
Figure 11— Selected CEC and fluorescence peaks removal for samples collected at
different stages of the AOP treatment (datasets A and B)..........cccocvevvevieevicveicieiieniens 55
Figure 12 - Fluorescence peak removal and correspondent CEC removal in Dataset C
and D at varying doses of ozone/hydrogen peroxide and UV/hydrogen peroxide ......... 56
Figure 13 - Biplot of principal component analysis representing the first two PCs
regarding the four datasets which are labeled according to the names of datasets.......... 58
Figure 14 - OLS simple linear regression of each normalized fluorescence peak intensity
with the SOT normalized CONCENTIAtION .........c..couiiiiiiie i 60
Figure 15 OLS simple linear regression of each normalized fluorescence peak intensity
with the ATE normalized CONCENLIatioN.........ccoevveiiieierieecee e 61
Figure 16 - OLS simple linear regression of each normalized fluorescence peak intensity
with the TMP normalized CONCENEIAtIoN ...........coviiiiiiiiieiiceeee e e 62
Figure 17 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CAF normalized CONCENEIAtiON.........cvevveiiiieiirireeee e 63
Figure 18 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CBZ normalized CONCENLIatioN.......c.ccvevveviireierisecieee e 64
Figure 19 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CLA normalized CONCENTIratioN...........couiiiiiieiiiesieeee e e 65
Figure 20 - OLS simple linear regression of each normalized fluorescence peak intensity
with the BTA normalized CONCeNtration..........c.covevireresineeieieese e 66

VI



Figure 21 - OLS simple linear regression of each normalized fluorescence peak intensity
with the DIU normalized CONCENIAtioN ...........oooieiiiiieeieiee e 67
Figure 23 - Comparison of multiple regression analysis of the combination of

fluorescence peaks R% on ATE, TMP, and CBZ on datasets A+B, C+D, and A+B+C+D.

Figure 24 - Fluorescence intensity EEM of influents and effluents referred to each
sampling campaign. Each EEM is labelled according to their originating dataset......... 75
Figure 24 - Comparison of the results of one test run on dataset A+B+C+D using as
initial predictors peaks combination 13 14 and 15 (a), 14 peak (b), UV254 (c) and doses
of 03, H202 and UV and their corresponding residuals (d) .........ccooeovvirerniinciniinennas 77
Figure 25 — Assessment of the ANN prediction of the average CEC normalized
concentrations with the actual measured values of the four datasets using as predictors
the three fluorescence peaks Is, 1, aNd Is.......ccocveieiiiiiiiiiieeee e 78
Figure 26 - ANN model prediction accuracies for combinations of fluorescence peaks
on tertiary waters treated with O3/H,0, and UV/H,O, AOPs (Datasets D and C,

TESPECTIVEIY) .ttt bbbttt b e ettt b e 79
Figure 27 - ANN model prediction of CEC concentrations on O3/H20, AOP treated
WW of different influent QUAIILY. .........cooiviiieii e 80
Figure 28 - ANN model prediction on fluorescence intensities normalized to the
INFlUENTS OF WW SAMPIES ...t 82
Figure 29 - Comparison of the ANN prediction and experimental values of fluorescence
intensities of each predictive model investigated ... 83
Figure 30 - ANN predictive model of AOP doses and fluences using normalized
fluorescence intensities on datasets A+B+CHD ..o 84

Figure 31 -Linear correlations between fluorescence measurements obtained from
fluorescence sensor and benchtop 14 peak (a, b, and ¢ show FL sensor vs. 14 peak with
IFE correction in RU, 14 without IFE correction, and 14 raw in AU, respectively). ...... 87
Figure 32 - Linear regression analysis performed on treated WW originating from
WWTP#1 and WWTP#3 prior to and after filtration. ...........ccccoovvninininiiiiee 89
Figure 34 - Linear correlations between the COD content (mg/L) of the analyzed WW
and the fluorescence intensities measured by the real-time sensor (left) and the EEM
Ko Lo I (1o 21 PP 92
Figure 35 - Linear correlations between the UV absorbance at 254 nm registered for the
analyzed WW and the fluorescence intensities measured by the real-time sensor (left)
and the EEM sCan (Fght)........ccoiieiiiice e 93
Figure 36 - Real-time fluorescence trends recorded by the online fluorescence sensor
during semi-batch tests of diluted samples of WWTP#3 influent. The percentages
reported are expressed in relation to the raw WW#3 concentration as 100%. ............... 94
Figure 37 -Real-time fluorescence trends recorded by the online tryptophan-like
fluorescence sensor during 24h non-stop monitoring of WW-1 for 9 consecutive days.

........................................................................................................................................ 95
Figure 38 - Fluorescence sensor normalized response in offline and online applications
in relation to normalized concentrations of the sum of CEC...........ccccociiiiiiinncieen, 96

VII


https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156428989
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156428989
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156428989
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156428990
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156428990
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429004
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429004

Figure 39 -Correlation between normalized concentration of the sum of CEC detected in
the three WWTPs and the five benchtop fluorescence | peaks extracted from the EEM
and normalized in regards to their influent (a,b,c,d, and e) and with continuous

NOrMAlIZEA FIUOTESCENCE ......evivviiree ittt 98
Figure 40 - OLS regression analysis of CEC normalized concentration and fluorescence
sensor signal obtained at different sSampling days. ........c.ccovereiiineniie e 99

VIl


https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429005
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429005
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429005
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429005

LIST OF TABLES

Table 1 - Evolution of wastewater reuse regulations in USA, Jordan, Israel, Tunisia, and

Australia and W.H.O. GUIAEIINES.........c.ccoriiiiiiiiiiresee e 6
Table 2 - Comparison between the maximum acceptable levels of pollutants set by
Italian (D.M. 185/2003) and EU (741/2020/EEC) legislation...........cccccovvverievreriernsennans 8
Table 3 - Evolution of European policies on wastewater reuse in the Mediterranean

R L PP P TSSO PR 11
Table 4 - Categories of admissible uses of treated wastewaters based on their quality
CONEAINEA 1N ANNEX ...ttt ettt sttt sttt e e b ettt eereeneeseenbe st e 13
Table 5 - Minimum reclaimed waters quality class for each crop category and irrigation
method contained in Annex | of 741/2020/EEC ........c.ccocviiiiiiineie it 14
Table 6 - Reclaimed water quality requirements for agricultural irrigation contained in
Annex | of 741/2020/EEC and monitoring freqUENCY .........ceevrereneienenccseec e 15
Table 7 - Minimum water testing frequency for water classes contained in EU 741/2020
........................................................................................................................................ 16
Table 8- AOP treatment efficiencies, removal range and types of pollutants removed
AN CNAACTEIISTICS ...ttt bbbt naesre s 34
Table 9 - Comparison of advanced treatment efficiencies, characteristics and typology
OF POIIULANES TEMOVEX ...t 35
Table 10 - Requirements from EEC directives prescribed in 741/2020/EEC for each
actor of the WW reclamation CYCIE .......ccvovviii e 43
Table 11 - Design of sampling campaigns and information on type and doses of AOPs
PEITOIMEA ..ottt bbbt bbb ettt be e 45
Table 12 - Mean values of conventional water quality parameters of tested WW ......... 46
TADIE L3 - bbbttt r et nre s 48

Table 13 - Summary of the simple OLS linear regression analyses performed between
CEC normalized concentrations (C/Cop) and normalized fluorescence peak intensities

(1/1p) for the matrix encompassing all datasets. ........cccccevveevieereere i 59
Table 14 - Selected predictors of the stepwise regression model for CEC normalized
concentration prediction, for each of the tested INPUL...........ccoeviiiiiiiienci e 68
Table 15 - Determination coefficients of stepwise regression models for each of the
selected inputs of independent variables (R? > 0.8 are featured in a bold type)............. 69
Table 16 - Multiple regression analysis on dataset (A+B+C+D) of the five selected
contaminants (R? > 0.8 are featured in @ DOl tyPe) .........cceevevereeeieeeieeee e 70

Table 18 - Outline of the determination coefficients of the iterative analyses on datasets
A+B+C+D using ANN to predict 6 selected CEC (R? >0.8 are featured in bold)......... 76


https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429016
https://studentiunict-my.sharepoint.com/personal/paolo_roccaro_unict_it/Documents/Desktop/Tesi_13_Gennaio_24_Todesco%20PR2.docx#_Toc156429016

Ringraziamenti

Ritengo doveroso ed opportuno alla fine di questo percorso ringraziare tutti quanti.
Sarebbe per0 riduttivo -e scontato- ringraziare soltanto il mio il mio tutor, la mia famiglia,
la mia ragazza o i miei amici. Ometterei troppo, quindi desidero ringraziare tutti.
Letteralmente. Sono convinto che tutto cid che facciamo, i traguardi che raggiungiamo, i
sogni che realizziamo -ma anche i nostri fallimenti- non dipendano esclusivamente da noi
stessi. Essi sono il frutto di tutte le esperienze accumulate nell’arco della nostra vita. Ogni
persona € la somma di tutte le esperienze fatte, di tutti i libri letti, degli errori compiuti e
di tutte le interazioni avute, nel corso della vita. Ringraziare soltanto chi mi ¢ stato piu
vicino, puo essere istintivo, ma mi porterebbe ad omettere 1’apporto — seppur minimo —
di chiunque, nel corso della mia vita, mi abbia avvicinato a qualunque titolo: offrendomi
un caffé, o intavolando una chiacchierata cortese o facendomi riflettere e valutare le cose
da una diversa prospettiva. Ognuna di quelle esperienze ha lasciato una traccia: quella
minima del passante a cui mi sono rivolto per strada e I’apporto, ugualmente importante
sotto il profilo della comprensione dell’animo umano, di chi in me o non ha creduto o si
é disinteressato o addirittura mi ha attivamente osteggiato nel perseguimento dei miei
obiettivi. Ringrazio il pastore analfabeta incontrato in montagna che mi racconto la sua
storia e le sue idee, cosi come ringrazio il piu grande scrittore di fantascienza (a mio
avviso) mai vissuto. Curiosamente entrambi condividevano la stessa idea sul non dover
fare troppo affidamento sulla tecnologia. Non potrei non ringraziare entrambi. Voglio
anche ringraziare chi mi ha insegnato qualunque cosa, dalla scienza delle costruzioni al
Judo, alle parole di Mr. Tambourine man. Ciascuno di voi, cosi come tutti quelli che non
ho nominato in queste poche righe, mi ha donato una minuscola tessera di un
intricatissimo gigantesco mosaico, io ho solo messo queste tessere al loro posto come
meglio ho ritenuto. Spero che stia venendo fuori un bel disegno. Grazie a tutti.



ABSTRACT

The progressive deterioration of the water resource available for different uses,
including human consumption, has led the scientific community in recent years to
investigate the occurrence, the fate and the hazards posed to both human health and the
environment by human-made chemicals. These substances, created for industrial and
pharmaceutical purposes constitute a serious threat to the environment also because the
conventional technologies to treat wastewater had not been designed to remove this broad
category of pollutants that occurs in water bodies at trace concentrations. This has led, in
many countries, to the decision of adopting measures to tackle the problem of these
substances' occurrence in waters, which are collectively labelled as “Contaminants of
Emerging Concern” (CEC). On a technical level, this has led many wastewaters treatment
plants to comply with the water quality safety standard via the implementation of
advanced tertiary treatments resulting in a reclaimed wastewater resource having a high
resulting quality level both for agricultural and human consumption standards and on the
legislative level this has led many countries to identify a list of hazardous CECs and to
set restrictive limits on the occurrence of these compounds in the reclaimed resource. The
legislative apparatuses of many national and international entities are currently directed
towards the definition of the acceptable levels of these substances and their almost
complete removal or reduction to safely reuse the reclaimed resource both for agricultural
and human consumption purposes. There are many advanced treatment technologies,
which can be used to achieve this goal and, among them, a class of treatments, known as
Advanced Oxidation Processes (AOPs) seem the most suitable for addressing CEC
occurrence in wastewater treatment plants (WWTPs). The AOPs are treatments that use
the synergic reactions of reagents and/or UV radiation to create highly reactive radical
species that strongly oxidize many CEC, thus resulting in their mineralization or
conversion into less harmful substances. The present work aims to accurately monitor the
fate of CEC during AOPs using spectroscopic measures, particularly fluorescence.
Fluorescence is a propriety exhibited by certain substances that have absorbed light or re-
emitting a light with a longer wavelength. It can be useful for the determination of the
good quality of the water matrix since it gives information about the content of
fluorescing organic matter inside the water sample. WW samples exhibit the presence of
characteristic peaks in the Excitation-Emission Matrix, five of which have been selected
in the present work to be used to monitor CEC occurrence. The present work has
investigated water samples originating in two WWTPs and one WW reuse facility
(WWREF) that employs UV/hydrogen peroxide and ozone/hydrogen peroxide AOPs to
achieve water reuse for agricultural purposes. Using techniques of statistical analysis,
artificial neural networks and a real-time fluorescence sensor the present work has
successfully predicted the fate of 8 benchmark CEC. The statistical approach has
employed techniques such as PCA, OLS simple, stepwise, and multiple linear
regressions, successfully predicting the fate of CEC. However, the results were affected
by the water matrix effect and exhibited strong prediction accuracy only when analyzing
waters with the same initial characteristics. To generalize the results on waters of different
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initial quality three linked artificial neural network (ANN) models were created. The first
model successfully predicted CEC removal during AOPs using input data on a
combination of five, three, and one fluorescence peaks. The most suitable indicator of
CEC removal was identified in the Is peak (275/345). A second inverse model was then
created that successfully predicted the fluorescence intensities of the five peaks associated
with the benchmark CEC concentrations measured. A third model was created, which has
successfully predicted the ozone, hydrogen peroxide and UV radiation to be dosed using
as predictors as few as three peaks (I, Is, Is). This multiple ANN model can be reliably
employed to assess CEC occurrence and monitor AOPs efficiencies, estimate the
fluorescence intensities associated with the monitored CEC thresholds prescribed by the
national regulations, and optimize AOPs by estimating the least required doses to achieve
a certain level of fluorescence reduction. Finally, the present work has successfully tested
a real-time 1. peak fluorescence sensor, both in a lab environment and at a pilot scale
during AOP treatments, and has highlighted its potential for continuous monitoring.
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CHAPTER 1 LITERATURE REVIEW AND RESEARCH NEEDS

1. INTRODUCTION AND RESEARCH NEEDS

11 Introduction

On Earth only <1% of the total amount of waters is usable for agricultural and
potable purposes. Moreover, this resource is also not evenly distributed across all
countries or easily accessible by anyone, so as of today many countries are labelled as
water-scarce or are facing severe water stress, hindering their ability to achieve fair
development. It is estimated that by 2050 54 countries will be water-stressed, with as
much as 40% of the world’s population being affected by it (World Health Organization.,
2006). With the current demographic increase and the changing socioeconomic
conditions all over the world, specifically in countries with emerging economies, the
problem is destined to harshen adding even more stress to the already fragile territories.
In this fickle context, the scientific field of water management has been increasingly
interested in the discipline of wastewater reclamation and reuse for various purposes
(Shannon et al., 2008). Unfortunately, the increasing urban pressure due to the
demographic increase and the push towards the settlement of large quantities of people
inside a few huge urban centers is resulting in the depletion of safely consumable water
and the overall decrease of the resource quality (World Health Organization, 2017)

The aim of providing clean and safe access to waters for everyone on the planet is
hindered by the aforementioned problems of water scarcity and a decrease in its quality,
so the achievement of this objective is strictly linked to the possibility of reuse of waters
for various purposes, spanning from the recycle for industrial processes to the direct
potable reuse (EPA, 2012)

One of the many faces of water pollution, which has gained increasing popularity among
scientific researchers, has been the presence in waters of emerging pollutants (Montes-
Grajales et al., 2017), which have an anthropic origin and that are commonly referred to
as Contaminants of Emerging Concern (CEC). They are multiple classes of substances
each having a specific origin, which can be either from domestic households or from use
in any industrial process, purpose, and occurrence in waters. Although numerous
chemicals fall under this definition, there is a lack of clarity regarding the extent of their
threat to the aquatic environment in which they are present, as well as a lack of clear
vision on which of them should be classified as emerging pollutants. As a result, the list
of CEC continues to expand progressively. Unfortunately, many of our current methods
for managing industrial and household wastewater do not address the issue of CEC
diffusion in the aquatic environment. These approaches were designed decades ago,
before the discovery of CECs in water and wastewater. As a result, older WWTPs lack
the necessary technology to effectively eliminate CECs from water (Metcalf & Eddy,
2006),

Advanced oxidation processes (AOPSs) represent a promising suite of technologies
for improving water quality to safe levels for reuse and consumption. These processes
utilize in situ creation of highly reactive free radical species to facilitate oxidation
reactions (Chen et al., 2021 Liu et al., 2019) .
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Although AOPs have been successful in achieving water quality suitable for reuse,
there are limitations to the methods used to control process parameters and optimize
performance while minimizing energy consumption. This is a critical challenge in the
operational practice of AOPs, particularly for processes that require significant energy
input to purify water to meet regulatory standards (Sgroi et al., 2021).

To ensure the optimal efficiencies of various AOPs in managing emerging
contaminants, consistent monitoring is essential. Unfortunately, this often involves the
use of specialized laboratory equipment and skilled personnel to perform mass
spectrometry analyses and adhere to regulatory requirements, which are gradually being
introduced in the legal frameworks of many countries to address the issue of CEC
occurrence in water bodies and wastewaters. However, spectroscopic analyses of
absorbance and fluorescence show promise as effective tools for gathering information
on water quality and the fate of CECs.

The use of absorbance, which measures the capacity of a substance to absorb light
of a specified wavelength, has been previously used to obtain information about water
quality parameters such as natural organic matter (NOM) and has been proven to be
correlated to the formation of disinfection by-products — a class of CEC — in wastewaters
(Roccaro & Vagliasindi, 2009). Although effective in assessing certain quality parameters
of waters and wastewaters, there is a more precise way to characterize them using an
alternative spectroscopic inspection technique. By measuring fluorescence, data about the
presence of fluorophores in waters can be gathered. These substances reemit photons at a
lower energy wavelength when excited by light. Each fluorophore exhibits a unique signal
in the excitation-emission couplet of fluorescence, enabling the creation of a 3-
dimensional data matrix called an Excitation-Emission Matrix (EEM). The EEM gathers
the intensity of fluorescence for a given interval of both excitation and emission,
providing valuable information about both the DOM and micropollutants present in
waters (W. T. Li et al., 2013; Sgroi, Roccaro, Korshin, Greco, et al., 2017).

1.2 Knowledge gaps and research needs

The treatment of WW must adhere to rigorous guidelines to ensure its quality.
However, traditional monitoring techniques of micropollutants can be expensive, require
specialized equipment and staff, and take several minutes to complete. As a result, these
methods are not always practical for large-scale wastewater treatment plants. Limited
monitoring strategies also hinder timely responses in these facilities. What emerges from
the current scientific literature is the need to define a reliable methodology to monitor
both the fate of micropollutants and the effectiveness of the processes, such as AOPs able
to remove them. The use of spectroscopy techniques such as fluorescence has been
progressively studied for its ability to indirectly monitor both processes and pollutants
removal. However, traditional methods of acquiring data on fluorescence intensities still
need time between measurement and response in the case of adverse events.
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1.3

Research objectives

The research aim of this study is to develop an innovative approach for real-time
and in situ control CEC in AOPs using models based on fluorescence measurements and
artificial intelligence. The specific objectives are:

1.4

Development of a statistical model based on fluorescence indexes obtained
offline, which could describe the removal of selected emerging
contaminants during Os/H.O. and UV/H»0, processes employed in the
Fasano wastewater reuse facility. The following tools will be used:

Principal Component Analysis to cluster process parameters (UV dose,
UV transmittance, ozone dose, hydrogen peroxide dose, and residuals),
target CECs, fluorescence indexes, and water quality parameters
highlighting common dependencies among some of such parameters.
Stepwise linear regression analysis to determine which independent
variables of a model are the most significant in explaining the input
dataset.

Regression learner that is a Matlab algorithm to perform and compare
a variety of statistical techniques.

Artificial Neural Networks (ANN) to define a predictive model of the
behaviour of CEC removals during the studied processes and validate
the obtained results.

Development of a model based on online and real-time fluorescence sensors
to predict the efficiencies of AOPs in CEC removal and optimize their
efficiency.

Organization of the work

The present thesis is articulated in 5 Chapters, including this introduction, which
outlines a summary of the conducted research, the highlighted knowledge gaps, and the
needs and objectives of the work. Chapter 2 reports an overview of the theoretical
background from which this research is developed, describing the state of the art on the
advanced oxidation processes (AOPs), the occurrence of Contaminants of Emerging
Concern (CEC) in water as well as, the use of spectroscopic measures such as
fluorescence, and its data manipulation techniques as a means of investigating water
quality, and the use of real-time sensors. Chapter 3 outlines all the materials and methods
for conducting the research. The achieved results and their discussion are contained in
Chapter 4. Lastly, the conclusions and future perspectives constitute Chapter 5.
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2. BACKGROUND INFORMATION
2.1  Regulations on water reclamation and reuse

The depletion of water resources has brought about a realization among various
States of the importance of regulating the presence of harmful substances. Consequently,
many countries have established criteria and parameters to mitigate the risk of water
stress. Furthermore, several countries have introduced additional parameters in their
regulatory frameworks for the safe reuse of treated water for human consumption. The
first steps directed towards water reuse in modern times had been taken by Israel and two
other arid states inside U.S.A. (Texas and California), although the latter’s regulation of
1918 “California State Board of Public Health” mentions a practice of reuse, forbidding
the use of sludges, contaminated surface waters or septic system effluents for the
irrigation of crops intended for crude consumption, allowing however the reuse of
wastewater up to a month before vyield collection for crops consumed after
cooking(Catalano & Lonigro, 2015). The first regulations that were enacted often
presented standard limits only on the most common pollutants and pathogens such as
fecal coliforms, E. coli and TSS. While containing insufficient prescription if intended
for present day regulations on wastewater reuse, the feature of distinction between the
various uses and method of consumption of crops is historically important for it survives
to the present day, because has been taken as model for successive implementation of
national regulatory systems by many countries throughout the world, also because the
distinction was prescribed in the World Health Organization’s “Health Guidelines for the
Use of Wastewater in Agriculture and Aquaculture”, published in 1989; in the same year
Tunisia passed the “Standard for the use of wastewater in Agriculture” (NT 106-109)
attaining to the aforementioned Californian Standard, introducing the multi-barrier
approach, which consist in a multitude of systems that prevent and reduce the risk of
contamination, to achieve water purity through the combined action of all the procedures
overlapping effect, thus upgrading its previously enticed law n.75-16 on Water, which
dates back to 1975 (Angelakis et al., 2018). Also, in 1975 Israel's Regulatory system
adapted the prescription of California Regulation, forbidding the use of reclaimed
wastewater for the direct irrigation of a specified list of crops such as strawberries,
cabbages, and all the crops whose crude consumption is contemplated. The regulations
issued in 2005, which are still used today prescribe the classification of five distinct
qualities of treated wastewater based on the degree of morbidity agents’ destruction
achieved and ranging from the “poor quality wastewater” not suitable for irrigation and
“very high quality” intended for crude consumption fruits, and a system of multiple
barriers between the use of the treated water resource and the fruit or crop to be irrigated
and consumed. The barriers issued are various in nature and range from the method of
irrigation (i.e. subsurface, drip irrigation, sprinkled) to many fruit and crop-specific
precautions to be taken during the production chain.

Regulations concerning the reuse of wastewater are often included in national
legislative codes, particularly in areas prone to droughts and arid or desertic climates that
put significant strain on water resources. As a result, many countries in the arid regions
of the Middle East, such as Yemen, Jordan, Israel, and Egypt, have already implemented
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wastewater reuse for agricultural purposes. However, numerous other states in regions
with ample freshwater have yet to adopt the practice of wastewater reuse on a large scale
or integrate it into their national regulations.

For instance, in Texas, the practice of reuse has been common, although not
regulated, since the XI1X Century, and starting from the 1968 Texas Water Plan, the
directives for the criteria and limitations of wastewater reuse have been implemented and
revised roughly every five years, while the Environmental Protection Agency (EPA) of
the United States published its first guidelines in 1992 (EPA, 2012). draws an overview
of the evolution of the regulatory frameworks on WW reuse of some supranational
organizations and nations around the world, highlighting the increasing attention posed
to the problem of water scarcity.

Following, the “Guidelines for Water Reuse” were revised and implemented in 2004
and again in 2012, while in 2017 the EPA published its compendium on potable reuse”,
providing the recommendation, action to implement, and criteria for the safe reuse of
water intended for human consumption.

Today the Use of reclaimed water is comprised in Title 30 of Texas Administrative
Code, Chapter 210. It issues provisions on the admissible water quality for both human
consumption and non-potable reuse. There are two categories of non-potable reclaimed
water based on whether the water is appropriate for public contact. The Texas
Administrative Code also includes regulations for the use of greywater and some
alternative sources in onsite or decentralized reuse systems.

In Italy, the legislation efforts directed towards the protection of water resources
started long before many other European states and the European Community regulation
itself.

The regulatory evolution on the protection and reuse of water in Italy moves its steps
from the Royal Decree No. 1775/ 1933, which allows the use and exploitation of natural
waters, both surface and groundwater without making any distinction, for those who
already have - or obtain - a regular permit, without placing limitations of any kind on
water budgets.

In 1976, the "Merli Law" came into force, regulating for the first time the subject of
wastewater discharges, requiring compliance with fixed limits for particular substances
and subjecting the discipline of discharges to authorization.

In 1977 the CITAI (Intra-ministerial Committee for the Protection of Waters from
Pollution) introduced the "General Criteria for the Proper and Rational Use of Water"
prescribing to provide "the indication of general criteria for a proper and rational use of
water for productive, irrigation, industrial and civil purposes also through the
identification of standards of consumption, to promote maximum savings in the use of
water and promoting, among other things, recycling processes and recovery of disperse
substances. The resolution also defines the types of "water bodies" that it intends to
regulate as well as a list - not exclusive - of uses provided for water.

1) use for drinking purposes

2) use for agricultural purposes

3) use for industrial purposes

4) maintenance of aquatic life

5) recreation
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6) navigation.

Table 1 - Evolution of wastewater reuse regulations in USA, Jordan, Israel, Tunisia and
Australia and W.H.O. Guidelines

California Texas E.P.A./Federa Jordan Israel Australia Tunisia W.H.O.
|
<1970 California State 1968 Texas
Board of Health Water Plan
- Agricultural
Reuse (1918)
1970- Clean Water Act Reuse of
1975 (1972) effluents:
methods of
wastewater
treatment and
health
safeguards
(1973)
1975- Strategies Water
1980 towards the law
use of n° 75-16
reclaimed (1975)
water in
Australia
(GHD
1977)
1980- 1984 Texas
1985 Water Plan
1985- NT 106- Health
1990 109 Guidelines
(1989) for the
Use of
Wastewater
for
Agriculture
and
Aquaculture
(1989)
1990- Administrati Guidelines for NSW
1995 ve Water Reuse Guidelines
Code (1992) for the
Chapter 310 Urban and
(1990) Residential
Use of
Reclaimed
Water
(1993)
1995- Administrati JS893/1995 -1999
2000 ve Code
Chap. 210
(1997)
Chap.
297.49
(1999)
2000- Administrati Guidelines for Guidelines
2005 ve Code Water Reuse on
Chap. 210 (2004) Drinking
(2002) Water
Quality
2005- Administrati Standard Regulation Guidelines
2010 ve Code JS893/2006 of Ministry NRMMC- Guidelines
Chap. 328 - of Health EPHC- on Treated
Sub P (2005) AHMC Wastewater
(2008) in
Agriculture
Guidelines
on
Wastewater
excreta and
Greywater
2010- Titles 17 and 22 Guidelines for Guidelines
2015 of California Water Reuse on
Code and (2012) Drinking
Regulations Water
(2011 -2014) Quality
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In 1994 the regulation called "Galli Law" - L.36/1994 - gives centrality to the
concepts of multiple use of water resources, reuse of wastewater, and water saving. Apart
from Art. 6, which defines the charges, this law was fully repealed by Art. 175 of the
subsequent Legislative Decree 152/2006.

In 1999, implementing the directive of the European Community, Legislative
Decree 152/1999 "Legislative Decree laying down provisions on the protection of waters
from pollution and implementation of Directive 91/271/EEC concerning urban
wastewater treatment and Directive 91/676/EEC on the protection of waters against
pollution caused by nitrates from agricultural sources” regulates the qualitative and
quantitative protection of water resources, the reuse of the same, as well as summarizes
and integrates the rules on the regulation of discharges and chemical and biological
parameters set as limit values. In addition, this law provides the principle of payment of
incentives for companies that adopt recycling or reuse plants. This law discerns three
possible uses of the water resource recovered through wastewater treatment”. Article 26,
now repealed and replaced by the regulations contained in Legislative Decree 185/2003,
contains the requirements for the reuse of wastewater.

The next step towards a more sustainable water management policy aimed at the
reuse of reclaimed resources in the Italian regulation has been the Legislative Decree
185/2003 "Regulations containing technical standards for the reutilization of wastewater
in implementation of article 26, paragraph 2, of Legislative Decree no. 152 of May 11,
1999" which establishes the technical standards for the reutilization of wastewater, and
its enforcing regulatory instrument “Ministerial Decree 2 May 2006”. It is outlined as
follows:

In its first article, it describes the principles and aims of the decree, stating that
through regulations about the types of fruition allowed and the minimum qualitative
requisites it will be aimed at the preservation — both by qualitative and quantitative means
— of hydric resources, limiting the intakes from natural reserves and the impact of
wastewaters on hydric receptors bodies.

After outlining the definitions crucial for the field of application of the decree, the
L.D. 185/2003 establishes three possible uses for the reclaimed water resource:

e Irrigation: for the irrigation of crops intended both with the aim of the
production of food for human and animal consumption and for non-agricultural
purposes, as well as for the irrigation of areas intended for greenery or
recreational or sports activities

e  Civil: for street washing in urban centers; for the supply of heating or cooling
systems; for the supply of dual adduction networks, separate from those of
drinking water, with the exclusion of the direct use of such water in buildings
for civil use, except for drainage systems in toilets

e Industrial: as firefighting water, process water, washing water, and for the
thermal cycles of industrial processes, with the exclusion of uses involving
contact between recovered wastewater and food or pharmaceutical and
cosmetic products.

It also regulates the methods and monitoring of reuse activities and sets the chemical

and physical parameters for the definition of the permissible use of the treated wastewater
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resource. Table 2 shows some of the maximum limits in comparison with the European
directive.

Table 2 - Comparison between the maximum acceptable levels of pollutants set by
Italian (D.M. 185/2003) and EU (741/2020/EEC) legislation

‘Agricultural Reuse
[ 1tal European Union
DM 185/2003 EEC/741/2020
Unit of Unit of
Measurement Value Measurement A B ¢ P
pH - 6-95 -
SAR 10
Coarse materials Absent
Turbidity
35 35 35
60 under art. 4 60 under art. 4 60 under art. 4
" 90% reduction 90% reduction (90% reduction
Total Suspended Solids mg/L 0 mo/L <10 f(or > 10000 p.e. f(or > 10000 p.e. f(or > 10000 p.e.
70 for 2000 - 70 for 2000 - 70 for 2000 -
10000 p.e.; 10000 p.e., 10000 p.e.
25 (70 - 90% 25 (70 - 90% 25 (70 - 90%
BODs mg/L 20 <10 reduction) reduction) reduction)
40% under art. 4 | 40% under art. 4 | 40% under art. 4
CcoD 100
Phosphorus 2
Total Nitrogen 15
NH3 2
Nitrite (NO2)
Nitrate(NO3)
ElectroConductivity uS/cm 3000
Chemical/Physical parameters
Aluminum mg/L 1
Arsenic mg/L
Berillium mg/L
Barium mg/L.
Boron mg/L 1
Cadmium mg/L 0,005
Cobalt mg/L 0,05
Total Chrome mg/L 0,
Chrome VI mg/L 0,005
[_Iron mg/L 2
Manganese mg/L 0.2
| Mercury mg/L 0,001
|_Nichel mg/L 02
[ Lead mg/L 0,1
Copper mg/L 1
Selenium mg/L 0,01
Tin mg/L 3
Tallium mg/L 0,001
Vanadium mg/L 0,
Zinc mg/L 0,
Total Cyanides (as CN) mg/L 0,005
Sulphures mg H2S/L )
Sulphites mg SO3/L. !
Sulphates mg SO4/L. 0l
Active Chlorine .2
Clorurates mg Cl/L 250
Fluorates mg F/L 15
Animallvegetable oils and fats 10
Mineral oils 0,05
Total Phenols 0.1
Pentachlorophenols 0,003
Total Aldehydes 05
Tetrachloroetilene, trichloroetilene (sum of conc.) 0,01
Total Chlorinated solvents 0,04
Trihalomethanes
(Total) 0.03
Total aromatic organic solvents 0,01
Benzene 0,001
Benzo(a)pirene 0,00001
Total N organic solvents 0,01
Total tensioactives 05
Chlorinated pesticides (each 0,0001
Phosphorous pesticides (each 0,0001
Other total pesticides 0,05
Microbiological parameters
10
UFC/100 mL. (80% of UFC/100 mL <10 <100 <1000 <10000
- L samples)
Escherichia coli 100
UFC/100 mL. (max point
value)
Salmonella Absent
Legionella spp. UFC/100 mL <1000 <1000 <1000 <1000
Intestinal nematodes n° of eggs/L <1 <1 <1 <1
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Specifically, it defines the recovery of wastewater as “Requalification of a
wastewater, through appropriate purification treatment, to render it suitable for
distribution for specific reuses” and the reuse of water as “Use of reclaimed wastewater
of designated quality for each defined use, through a distribution system, in partial or total
replacement of surface water or groundwater”.

The Decree proceeds confirming the existing regulation (D.Lgs 152/1999) about the
prescription to guarantee the compliance of the wastewater treatment plants' disposal and
discharge. The discipline discerns between discharges having reuse purposes and
alternative discharge in a water body, as previously outlined in the D.Lgs 152/99. It is
important to note that the decree also states, among the specific regulations aimed at the
modalities of reuse and the relationships between the WWTP owners and the distribution
supply, that, if at a local scale, the regions have adopted less restrictive parameters than
those which have been set by the national regulation standard, the adoption of the former
must be subject to the motivated approval of the relevant authority.

Moreover, the aforementioned enforcing decree enlarges the field of application of
articles 1 and 2 of the previous regulation: it extends the tasks of monitoring the regions
on the urban wastewater treatments. In its appendix it establishes that, for each
homogeneous zone identified the regions ought, if needed, to add further limitations of
the qualitative parameters of reclaimed wastewaters, standing still the compliance with
the limits imposed by the national regulation.

With the D.Lgs. 152/2006 "Environmental Regulations™ Italy acknowledges the
European Directive 2000/60/CE and encloses in a Single Text all the mandatory
prescriptions, the definitions of waters with specific destinations, the regulations on
discharges, and the qualitative and quantitative protection of the resource, the rules for
the protection of water bodies.

Italian regulation differs significantly from many other European and Mediterranean
EU States regulatory systems because, although being partly based on Californian criteria
for wastewater reuse it abandons the system which discerns the use for irrigation based
on the kind of food processing and cooking of the crops. It is possible to do so because
the limits that have been set for many of the parameters are quite stringent and prescribe
a high-purity water quality for most of the admissible uses of the reclaimed resource.

The first action taken into the European context in this direction was the "Water
Framework Directive - 2000/60/EC", voted by the European Parliament and Council on
the 23rd of October 2000. With its enactment, the first definition of a common strategy
to pursue a higher purity level of all European waters was set up, constituting a set of
shared principles that all the Member States were required to acknowledge and update
their respective legislation. The aim was to ensure a shared effort directed towards the
global resolution of all the collective problems affecting waters availability and quality
standards in all the member States territories, setting as the expected achievement the aim
of providing a good quantitative and chemical status for all the EU groundwaters and
surface waters within 2015. The expected result was not achieved and, as of 2012, the
WFD was yet to be integrated — totally or partially — by four member states: Belgium,
Greece, Spain, and Portugal (Ollivier, 2004). One important new aspect which is
introduced by the directive is the definition of the base unit for water ecological
protection, which is the River Basin District, with each of them being assigned a univocal
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“Water Framework Directive ID” for which the objectives and actions to preserve its
water qualities had to be drawn and implemented by a tool called “Water River Basin
Management Plan”. The action plans are expected to be revised every six years.

The Water Framework Directive is a turning point for the regulation concerning
water management, being the culmination point of the third wave of legislation acts in
the European context, being the first two waves focused on admissible water quality
standards for each type of use of the resource and on the measures for the prevention of
the emissions responsible for the decrease in the resource quality, respectively. The
integrated approach that has been promoted by this third wave is also important because
it establishes the prominence in the environmental context of the EU regulatory apparatus
over the legislations of each of its member States (Kaika, 2003), as well as determining a
legislative standard which ensures the effective layout to apply the previous already
existing European directives focused on water management. (Giupponi et al., 2002)

The directive defines water as part of an integrated set of ecosystems interdependent
all from one another, identifying and classifying them into aquatic and “terrestrial and
wetlands ecosystems” depending on them. It de facto requires every European State to
act for the sake of the protection of the whole river basin system, considering any
anthropic action’s effect on the whole habitat.

The directive proceeds hierarchically classifying the water bodies, defined in Article
2 as “discrete and significant elements of surface water” into five categories: rivers, lakes,
groundwaters, coastal waters, and transitional waters.

Wastewater reuse was regulated for the first time in the European Union in 1991
with the directives 91/271/EEC and 91/676/EE with their respective successive
integrations and modifications. The former defines urban wastewater as “domestic
wastewater or the mixture of domestic wastewater with industrial wastewater and/or run-
off rainwater”. The regulation was aimed at reducing the risk connected to the discharges
in water bodies of wastewaters, thus reducing the adverse effect of urban settlements on
the environment, and was successively amended in 1998 with the directive 98/83/EEC.
With the successive amendment, the directive 2015/1787 establishes the minimum
quality requirements for the safe use of reclaimed water for agricultural irrigation and
aquifer recharge within a risk management framework that ensures that the regulation fits
for every possible WWTP size and starting quality of wastewaters.

The directives enacted impose the adoption of risk mitigation and prevention
through the implementation of barriers designed to reduce the threat of fruition of unsafe
waters. They also discern four different qualities of the reclaimed water resource which
are hierarchically ordered, based on the presence of E. coli (cfu/100 ml), BODs (mg/l),
TSS (mg/l), Turbidity (NTU) labelled with letters from A to D, and identify the
permissible use of each category according to the barrier considered (JRC, 2017).

They aimed to provide a framework at the supranational level which could be taken as
an example in order, for each member State, to converge their regulatory system on a
common wastewater reuse and recycle practice, both in the agricultural and industrial
fields of application. (Catalano & Lonigro, 2015) Table 3.
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Table 3 - Evolution of European policies on wastewater reuse in the Mediterranean
States

EU Italy Spain Portugal France Greece Cyprus
<1970
1970-1975
1975-1980 CITAL
"Criteri
generali
sull'uso
razionale
delle
acque”
1980-1985
1985-1990
1990-1995 91/271/EEC: L.36/199 DGS/SD1.D./91
Urban 4 /n°51
Wastewater Art. 24 décret
91/676/EEC 94/469 3 1994
Circulaire

1995-2000 98/83/EEC D.Lgs

152/99
2000-2005 2000/60/EE D.M. Law 106/2002
C 185/2003 KDP 772/2003
Water
Framework
Directive
2005-2010 2008/105/EE D.M 2 RD 1620/2007 NP OJFR, 2010 - KDP 296/2005
C Maggio Reuse of 4434/2005 - Water reuse
2006; treated Reuse of criteria
D.Lgs. Wastewater Treated
152/2006 Framework Urban
Wastewater
for irrigation
2010-2015 JORF n. CMD
0153/2014 (2011) -
Reuse of treated Water
Wastewater for Reuse
green areas and Regulations
crops Irrigation
2015-2020 Directive DL Decret 336/2022
2015/1787 119/2019
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Recently a new regulator policy has been enacted covering major aspects on minimum
requirements for water reuse. Directive 2020/741/EEC, which has been ratified on March
25th of 2020 and will come into effect starting from 2023.

It applies whenever the urban wastewater is treated and reused for agricultural
purposes, according to Article 12 of Directive 91/271/EEC. The regulation defines the
minimum requirements for water quality based on the final use of reclaimed water in the
agricultural practice, discerning into the following:

e food crops consumed raw, meaning crops that are intended for human
consumption in a raw or unprocessed state

e processed food crops, meaning crops that are intended for human consumption
after a treatment process (i.e. cooked or industrially processed)

e non-food crops, meaning crops that are not intended for human consumption
(e.g. pastures and forage, fibre, ornamental, seed, energy, and turf crops)

The following two admissible uses not related to agriculture:
e industrial water reuse
e amenity-related and environmental purposes

The principles from which Directive 2020/741/EEC is inspired are the “fit for
purpose” use of reclaimed wastewater and its complementary risk management approach.
This signs a shift away from the precedent principle of maximum precaution from which
all the past regulatory apparatuses were inspired and, by doing so, it effectively ensures
that there will not be any overtreatment of the reclaimed resources which would yield
only significantly higher cost for treatment. The strict regulations that were present until
the enaction of the 2020/741/EEC were hindering the development on a wide scale of the
practice of wastewater reclamation and reuse since the management cost was driven too
high for the reclaimed resource to be competitive on real markets environment. The
regulation also provides standards, divided by categories of use of the resource, for the
monitoring frequency for the compliance of the law of six distinct parameters: three
physiochemical: BODs Total Suspended Solids (TSS) and turbidity, and three
microbiological: E.coli, Legionella spp., and intestinal nematodes. While the
differentiation of crops into the 4 categories, labelled hierarchically with the letters A, B,
C, and D, and the proposition of different frequencies of monitoring and quality
characteristics allows for a reduction of the operational costs and an adequate matching
between purpose and quality of the water, the risk management which the regulatory
system advocates for is conducted with an apparatus of specific preventive measures
which can be discretionally implemented. The WWTP manager is responsible for the risk
management strategy laid out until the point of compliance (POC) and needs to provide
an evaluation plan of the possible risks expected to be encountered for the site-specific
context. When there are sufficient supporting data the analysis to be carried out ought to
be quantitative instead of qualitative, as well as the analysis of sensible projects for which
there is present a significant risk of public health hazard on a large scale. Eight strategies
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to minimize the associated risk are suggested by annex n° 2 of the regulation
741/2020/EEC, and are outlaid as follows:

(a) access control;

(b) additional disinfection or pollutant removal measures;

O] specific irrigation technology mitigating the risk of aerosol formation (e.g.
drip irrigation);

(d) specific requirements for sprinkler irrigation (e.g. maximum wind speed,
distances between sprinkler and sensitive areas);

(e) specific requirements for agricultural fields (e.g. slope inclination, field
water saturation, and karstic areas);

()] pathogen die-off support before harvest;

9) establishment of minimum safety distances (e.g. from surface water,
including sources for livestock, or activities such as aquaculture, fish farming,
shellfish aquaculture, swimming, and other aquatic activities);

(h) signage at irrigation sites, indicating that reclaimed water is being used and
is not suitable for drinking.

Those measures aim to minimize the risk associated with agricultural reuse of reclaimed
WW by increasing controls (a and h), minimizing possible exposure routes to pathogens
;g“cé and,f) and establishin [Ie_zgtt)urements on |rr|9at|on procedures (d, e, and_g). The

following " Table 4, Table 5 le 6, and Table 7 contain the minimum requirements
imposed by the EEC on minimum WW quality to achieve for agricultural reuse purposes.

Table 4 - Categories of admissible uses of treated wastewaters based on their quality
contained in the annex

Crop Category Water Irrigation Method
Class Allowed
All food crops, including root crops consumed raw and food crops where A All irrigation

the edible portion is in direct contact with reclaimed water

Food crops consumed raw where the edible portion is produced above B All irrigation
ground and is not in direct contact with reclaimed water

Drip only

Processed food crops B All irrigation
C Drip only

Non-food crops including crops to feed milk- or meat-producing animals B All irrigation

13



CHAPTER 2

BACKGROUND INFORMATION

Cc Drip only

Industrial, energy, and seeded crops

D All irrigation

Table 5 - Minimum reclaimed waters quality class for each crop category and irrigation
method contained in Annex | of 741/2020/EEC

Minimum
reclaimed
water
quality
class

Crop category(*1)

Irrigation method

A

All food crops consumed raw where the
edible part is in direct contact with
reclaimed water and root crops
consumed raw

Al irrigation methods

B Food crops consumed raw where the IAll irrigation methods
edible part is produced above ground
and is not in direct contact with
reclaimed water, processed food crops,
and non-food crops including crops used
to feed milk- or meat-producing animals

C Food crops consumed raw where the Drip irrigation (*2) or other
edible part is produced above ground  [irrigation method that avoids
and is not in direct contact with direct contact with the edible
reclaimed water, processed food crops, |part of the crop
and non-food crops including crops used
to feed milk- or meat-producing animals

D Industrial, energy, and seeded crops All irrigation methods (*3)

("1 If the same type of irrigated crop falls under multiple categories of Table 4, the
requirements of the most stringent category shall apply.

(") Dripirrigation (also called trickle irrigation) is a micro-irrigation system capable
of delivering water drops or tiny streams to the plants and involves dripping water
onto the soil or directly under its surface at very low rates (2—20 litres/hour) from a
system of small-diameter plastic pipes fitted with outlets called emitters or drippers.

(") Inthe case of irrigation methods that imitate rain, special attention should be paid
to the protection of the health of workers or bystanders. For this purpose, appropriate

preventive

measures shall be applied.
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Table 6 - Reclaimed water quality requirements for agricultural irrigation contained in
Annex | of 741/2020/EEC and monitoring frequency

Reclaimed Quality requirements
eclaime Indicative
water technolo
quality 9y
target i
class E. coli Turbidity
(number/100 BODs(mg/l) TSS(ma/l) Other
mi) (NTU)
Secondary
treatment,
A filtration, <10 <10 <10 <5
and
disinfection
Legionella spp.:
Secondary
B trestment, <100 - < 1 000 cfull
and . where there is a
disinfection risk of
aerosolization
Secondary
c treatment, <1000 In accordance In accordance | _ Intestinal
apq . with Directive W!th . nematpdes .
disinfection 91/271/EEC Directive (helminth eggs):
91/271/EEC
< 1 eggl for
.(l_AaEr:B L (Annex 1, irrigation of
Table 1) pastures or forage
Secondary
D treatment, <10 000 .
and
disinfection
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Table 7 - Minimum water testing frequency for water classes contained in EU 741/2020

Minimum monitoring frequencies

Reclaimed | E. coli BOD:s Legi?nﬁlla spp. Intestinal
water - when nematodes
quality TSS Turbidity applicable) (when

class applicable)
Once )
A a Once aweek | Once aweek [ Continuous Twice a
week month or as
determined
Once by the
B a } reclamation
week In In facility
. operator
accordance accordance Twice a month a(F;)cor ding to
Twice [ with with the number of
C a Directive Directive - eggs in
month | 91/271/EEC | 91/271/EEC wastewater
(A”’?ex . (Anr_1ex . entering the
Twice | Section D) Section D) reclamation
D a facility
month

Except for water turbidity, whose compliance to an admissible level is not
implemented into Italian legislation, all of the admissible pollutants' values are stricter
than those set by the European legislation counterparts: moreover, in most of the cases
for specific pollutants, EU 741/2020 does not ever prescribe the compliance to an
admissible level and gives the WWTP facility operator the responsibility to identify from
case to case which pollutant levels are to be integrated, based on the assessment of the
possible risk exposure which is site dependant.

2.2 Contaminants of emerging concern (CEC)

Over time, anthropogenic factors have led to a noticeable rise in the presence of
emerging contaminants (CECs) in water. The acronym "CEC", from the English
"Contaminants of Emerging Concern", is an umbrella term, with a definition so broad as
to include under itself entire classes of substances, with heterogeneous effects, used to
describe in a general way the phenomenon of deterioration of water quality due to
anthropogenic activity, both for human use and necessary for the proper functioning of
the ecosystem (Richardson & Ternes, 2018). Those are chemicals that are known or
believed to cause harm to human health and the aquatic environment (Stefanakis &
Becker, 2019b). Moreover, this broad categorization covers substances having different
chemical properties and ranging from additive to industrial processes, human and
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veterinary pharmaceuticals, personal care products, sanitizers, and many others (Suérez
et al., 2008). Moreover, many of the CEC were found in water two decades ago
(Stefanakis & Becker, 2019a).

CEC are closely tied to human activity and pose a significant challenge to traditional
water treatment methods. In the early 1990s, the U.S. Environmental Protection Agency
established a definition for CEC while compiling a list of hazardous substances. This list
continues to evolve as new substances are identified as potential risks to aquatic
ecosystems, including threats to biodiversity, antibiotic resistance, and even cancer. This
list, which is constantly updated as scientific knowledge advances to identify a new
potential risk to aquatic habitats, lists all potentially hazardous substances that are already
known to be present in U.S. national water bodies, but for which no national legislation
establishing criteria and regulatory procedures has yet been enacted. (Environmental
Protection Agency, 2016).

Even small concentrations of CEC can pose a threat to the environment, including
plants, animals, and soil. These substances can also build up in water bodies and create
additional hazards. Unfortunately, traditional water treatment plants struggle to
effectively eliminate these CECs, resulting in high levels of these pollutants in the water
(Michael et al., 2013). This challenge can be attributed to the fact that wastewater
treatment technologies and plants were designed before most of these pollutants were
discovered. The processes used by these plants were not designed to effectively remove
micropollutants present in such small amounts, often measured in micrograms or even
nanograms per liter, but rather to address the removal of pollutants that are found in
concentrations several orders of magnitude higher, like organic matter (Sgroi et al., 2017).

CEC are distinguished into several classes determined by the need to focus on a
particular aspect of such water impairment; in fact, pharmaceuticals and personal care
products ("PPCPs": Pharmaceuticals and Personal Care Products") are part of this
classification, encompassed in a coherent class united by the specific design of molecules
capable of causing sensitive effects on organisms (Ebele et al, 2017), endocrine disruptors
("EDC": Endocrine disruptive chemicals), such as synthetic hormones, which are often
part of the category mentioned above, which exert their harmful action on ecosystems
because of the damage they cause to the endocrine systems of animal species with which
they come into contact. The serious risk that these substances pose to the ecosystem does
not only derive from how EDCs act on endocrine regulation, but also from the fact that
these substances often enter the food chain of microscopic aquatic organisms and,
therefore, can persist in the aquatic environment for several generations, causing a
progressive bioaccumulation that exponentially increases the damage caused to the
ecosystem (Pastorino & Ginebreda, 2021).

Contaminants with persistence capacity within aquatic ecosystems are also defined
as "POPs" (Persistent organic pollutants): they are recalcitrant compounds that show a
low reactivity with many chemical species and for this reason, they are not sufficiently
removed by most advanced processes. An example of a persistent contaminant are
microplastics, whose entry into aquatic ecosystems - and into the food chain of
ichthyofauna - leads to a considerable loss of biodiversity because they are substances
devoid of any nutritional value, which have been artificially created precisely because of
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their marked resistance to degradation by a ‘'wide range of chemical agents, and because
at the microscopic level microplastic surfaces become the ideal environment for the
proliferation and dispersal of bacterial species (Syberg et al., 2015).

While conventional wastewater treatments are not able to remove substances present
at concentrations as low as that of emerging contaminants, there are a series of advanced
treatments, such as ultrafiltration membranes and advanced oxidation processes (AOPS)
which have proven useful to achieve the desirable purification levels (Ferreiro et al.,
2020). AOPs are advanced treatments that result in a high degree of removal of pollutants
for their ability to produce highly reactive radical species having a strong oxidizing
power, which cleaves the chemicals present in waters (Chen et al., 2021; Liu et al., 2019).

2.3 Advanced treatments

The traditional processes for the treatment of wastewater include (Metcalf & Eddy,
2006):

e A preliminary treatment aimed at removing those impurities that would
impact subsequent treatments in the treatment chain, such as oils, sand, or
debris;

e A primary treatment, which removes mainly suspended solids removable
by sedimentation within a short time, i.e. two hours of static test;

e A subsequent secondary treatment, which removes the biodegradable
organic matter.

e A final disinfection process.

Traditional methods of treating wastewater primarily focus on reducing the
ecological risk. These methods are costly in terms of both manpower and economic
resources, including the management of treatment plants and the use of reagents. As a
result, significant investments are required to produce high-quality water that can be fully
disposed of. To address the decreasing availability and overall quality of water resources,
these conventional purification methods are increasingly being supplemented with
tertiary treatment, which targets the removal of substances like phosphorus and nitrogen.
Nitrogen is the primary cause of eutrophication in water bodies and the resulting
environmental damage, as well as specific organic or inorganic pollutants such as NDMA
or heavy metals (Roccaro, 2018; Sgroi et al., 2018).

The advanced treatment processes for wastewater reclamation can be classified as
follows (Metcalf & Eddy, 2006):

Adsorption;

lon Exchange;

Distillation;

Filtration;

Advanced Oxidation Processes.
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2.3.1 Adsorption

Adsorption process is among the advanced water purification treatment techniques
most commonly used to achieve high removal of trace pollutants. This type of treatment
demonstrates a fair ability to remove various emerging contaminants from the water
matrix. The term adsorption indicates a physical phenomenon that occurs between the
interfaces of two different layer phases, but the common treatment applied to remove
substances in water treatments refers to the interface between the liquid wastewater and
the solid interface of a packed column through which the wastewater to be treated flows.
When the column is crossed by the water flow, inside the reactor are distinguishable four
phases (Metcalf & Eddy, 2006):

Transfer inside the solution;

Diffusion through the liquid film;

Mass transfer inside the porous structures of solid interface;
Adsorption.

Adsorption is a highly effective technique that can efficiently eliminate a diverse
array of pollutants, including heavy metals, ions, and CEC. The process is simple to
operate and design, making it a popular choice for treatment applications. Activated
carbon, when integrated into a treatment train, can synergize with advanced treatments
like after AOPs to enhance the overall efficacy of the process. In this case, activated
carbon is utilized to remove oxidation by-products.

2.3.2  lon Exchange

The ion exchange process involves the use of substances like zeolites, resins, or clay
materials to exchange ions on their surface with those dissolved in wastewater. These
substances, which are composed of anionic or cationic moieties depending on the charge
of the coating molecules, can facilitate the transfer of both cations and anions, exhibiting
an amphoteric behaviour. Additionally, these materials often feature a porous structure.

2.3.3 Distillation

The process of distillation is a highly advanced method of purifying water, which
involves evaporating the aqueous solution in a reactor tank and then condensing it to
separate it from unwanted dissolved substances. This results in the separation of non-
volatile compounds, which must be disposed of properly. Various experimental setups
have been used on a large scale, including flash evaporation, multiple-step evaporation,
and pressurized steam distillation. However, these techniques may present operational
challenges due to the corrosion of the tanks used for distillation, as well as the inability
to separate volatile chemicals with similar boiling points as the aqueous medium itself.
(Metcalf & Eddy, 2006)

2.3.4  Membrane processes

Filtration through membranes is one of the most widely used treatments on a global
scale to reach an advanced level of wastewater treatment. The operating principle is based
on the permeability of a membrane, which can be either plastic (polysulfone,
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polypropylene, cellulose acetate, polylactic acid) or ceramic material to the passage of
the wastewater pushed under pressure by a hydraulic pump. The membrane is equipped
with pores whose function is to retain impurities on one side of it (Metcalf & Eddy, 2006).
Depending on the size of the pores we distinguish membrane processes in (Figure 1):

- Microfiltration, pore diameter of 0.1 - 10 um and operating pressure of 1-3 bar;
- Ultrafiltration, pore diameter of 10 nm -0.1 pm and operating pressure of 1-10 bar;

- Nanofiltration, pore diameter in the range of 1-10 nm, and operating pressure of
approx. 5-10 bar;

- Reverse osmosis, pore diameter in the range of tenths of nm, and very high
operating pressure (10 - 150 bar).

10~0.1 0.1~0.01 0.01 ~ 0.001 0.001 ~ 0.0001

micron micron micron micron
Retentate
'~ c
ne pressure. 0.2~ S bar 1~ 10 bar 5~ 10 bar 10~ 150 bar
@  Suspended paniches I Macromolecules
¥  Oil e;mulsions % Protem
W Baciena, cells Sub-molecular organic groups
© Colloidal haze N Monovalent jons
@ Viuses ] Divalent jons

Figure 1 — Scheme of classification of filtration treatments based on the dimension of
porosities (Selatile et al., 2018)
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2.3.5  Advanced Oxidation Processes (AOPs)

AOPs are defined as all those chemical treatments that base their effectiveness on
mechanisms that exploit both the oxidative power of individual reagents and the creation,
due to their interaction, of radical species with a high reactivity with the pollutants present
in the water. The most commonly used AOPs for wastewater treatment therefore exploit
the in-situ formation of various radical species, the most common of which is the hydroxyl
radical (Sgroi et al., 2021). Their in-situ generation of highly reactive free radical species
is the feature that has captured the attention of the scientific community since they are an
effective technology capable of removing recalcitrant chemical pollutants difficult to treat
with other conventional advanced techniques by either completely mineralizing or
transforming them into less harmful substances (Ray et al., 2020).

AOPs can be classified into the following:

Ozonation and ozone-based AOPs;

UV-based AOPs;

Peracetic-based AOPs;

Photocatalysis;

Fenton and Fenton-like processes;

Electrochemical Advanced Oxidation Processes (EAOPS);
Sonolysis;

e Wet air oxidation.

The technologies using these processes to carry out the removal of pollutants from
waters show promising results since they often require little to no consumption of
chemicals and result in no sludge production to achieve pollutants removal in comparison
with other advanced treatment techniques. They often have also rather fast reaction
mechanism that can quickly bring water quality to satisfactory levels.

AOPs are also highly effective to destroy or inactivate the pathogens. There are two
main ways in which AOPs can damage the pathogen agents:

e Damage to DNA/RNA: Damage is caused by the unwanted reaction that the
photon energy of UV light causes when the four bases of DNA are hit. In
its molecular structure, the four bases (Adenine, Guanine, Cytosine, and
Thymine — which is substituted by Uracil in RNA molecules — are
responsible for the transmission of the information encoded into DNA, thus
when many of the bases are damaged in the transcription mechanism that
decodifies the sequence of bases to produce proteins and enzymes will
transcribe along the errors, strongly impairing the overall process or even
making it impossible (Kalisvaart, 2004);

e Damage to cell membranes: All bacteria are divided into two subcategories:
Gram-positive and Gram-negative, with the first ones having a cell
membrane with a thickness of 20 to 80 nm, while the second category has a
much thinner and susceptible to oxidation envelope. The bacterial cell
envelope damage is caused by the reaction of the radical species with the
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peptidoglycan, lipopolysaccharide, and phospholipid bilayers of the cell
membrane which are highly susceptible to peroxidation reaction, which
then form lipid-peroxide radicals. There is a decrease in the damage
efficiency proportional to the increase in the complexity of the cell envelope
(Y. di Chen et al., 2021).

2.3.5.1 Ozonation and ozone-based AOPs

Ozone is a molecule formed by three oxygen atoms bonded together which reacts
as a strong oxidant and is therefore commonly used in water purification processes, with
its first use for such a purpose at a commercial scale attested in 1893 in the Netherlands
(Remondino & Valdenassi, 2018). At room temperature it is a pale blue gas with a distinct
smell — which is the characteristic responsible for its name, coming from the ancient
Greek “6Cewv”: “to smell” - which is extremely unstable, at the point that stocking it is not
a viable option and its generation must be carried out in situ (Rekhate & Srivastava, 2020).

It is generally produced commercially by corona discharge process, letting gaseous
0O; flow in the gap between two electrodes, a negatively charged ground and a positively
charged with high voltage alternating current electrode, and therefore resulting in the
ionization of the air between the gap and the creation of plasma which then forms the O3
molecule. The high voltage achieved ranges typically from 10 kV to 30 kV. After the
production ozone is transferred to wastewater by letting the gaseous ozone bubble through
the water to maximize the time of contact and ensuring that an adequate amount of ozone
reacts with the pollutants present in waters (Figure 2).
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Figure 2 - Corona discharge scheme for ozone generation (Rekhate & Srivastava, 2020)

Due to its remarkably high electrochemical oxidation potential (E° = 2.07 V), ozone
is extensively used as an oxidating agent in many advanced oxidation processes. Besides
its use to remove pollutants from wastewater, ozone is often used for various purposes
and applications in the field of water treatments. Its uses range from the control of
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membrane fouling (van Geluwe et al., 2011) to its capacity to achieve suitable taste, smell,
and colour in drinking water (Andreadakis et al., 2010; Whelton et al., 2007).

There are three advanced 0zone-based oxidation processes that exploit the formation
of the hydroxyl radical (Sonntag & Gunten, 2012):

e Ozone photochemical degradation by UV light: The process begins with
ultraviolet radiation splitting the ozone molecule resulting in the production
of OH- hydroxyl radical species that are highly reactive with dissolved
substances within the water. The synergistic action of the species is carried
out according to the following reactions:

O3+UV - 02+ 0O
O-+H;0O — 20H-
20-+ H; —» OH- + OH- — H,0;

o Ozone/H,0;: The reaction also known as peroxone is a dark AOP that uses
the integrated reaction of hydrogen peroxide and ozone within a water
matrix to form hydroxyl radicals, which then, along with the parent
oxidizers, destroy pollutants in aqueous solutions. The addition of excess
hydrogen peroxide or ozone can act as a scavenger of the hydroxyl radical,
thus selectively acting with the radical and making it unavailable for the
oxidation reaction, resulting in a lower overall efficiency of the process.

o Ozone/Active Carbon: the AOPs that exploit the synergistic action between
the oxidative power of ozone and the combined action of activated carbons,
are divided into two categories, depending on whether they achieve the
reduction of pollutants in water through adsorption processes, through the
use of (GAC) or through biological degradation (BAC). These treatments
are particularly efficient in guaranteeing, in addition to disinfection, the
abatement of odours, water turbidity, and adequate colour for domestic
consumption. The advanced oxidation occurs because the ozone molecules
react with the surface of the activated carbons, altering them both at the
atomic level, and the external composition, resulting in a partial
regeneration of the same, and at the superficial level, changing the external
texture. Prolonged exposure to ozone radically changes the pH near the
surface of activated carbons and thus results in greater reactivity of the
same with the chemical species dissolved in water (Valdés et al., 2002).

They prove to be particularly suitable, moreover, to keep under control the levels of DBP
that come naturally to form when natural organic matter reacts with chlorine from
advanced oxidation processes (Chuang et al., 2019).

Processes using ozone are also prone to the formation of bromates and nitrosamines
such as NDMA, a class of particularly harmful substances at very low concentrations that
can be adequately removed through the use of activated carbon (Sgroi et al., 2021), while
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(Paraskeva & Graham, 2003) reports the formation of aldehydes, short chain fatty acids
and ketones after ozonation treatments of secondary municipal wastewater effluent.

2.3.5.2 UV-Based AOPs

The electromagnetic spectrum can be subdivided into different intervals based on
the ranges of wavelength at which the photons travel. Each wavelength has an energy
level associated which increases as the wavelength diminishes. While visible light is the
portion of the spectrum comprised between the red — 700 nm — and the violet — 400 nm -
UV radiation is the interval of the electromagnetic spectrum which has a wavelength
inferior to 400 nm thus resulting invisible to the human eye. It can be further subdivided
into three sections, namely UV-A (range 400 — 320 nm), UV-B (320 — 290 nm) and UV-
C (290 — 200 nm) (Figure 3).

Visible light Ultraviolet Light
UVA uvB uvC
700-400 nm 400-320 nm 320-290 nm . 290-200 nm

i nm = nanometer or bilionths of a meter ' '

'
'
'
'
'
'
'
'
'
'

it lncféasing Wavelength 3
Figure 3 — Scheme of the UV — Visible section of the electromagnetic spectrum

Advanced oxidation processes based on the action of ultraviolet radiation take
advantage of photolysis generated by the energy of UV radiation on dosed reagent
molecules, typically hydrogen peroxide, to generate a wide variety of radicals, such as
the hydroxy! radical, superoxide, carbonate radical, nitric oxide, or nitrogen dioxide, by
which to achieve removal of CECs and pathogens (Wols et al., 2015).

The typical wavelength of UV lamps for disinfection causes extensive damage to a
wide range of pathogens, resulting in effective disinfection (Metcalf & Eddy, 2006)
yielding the best ratio of inactivated pathogens over the former total at the UV-C
wavelength of 253.7 nm (EPA, 2012).

The UV radiation, which is typically produced by the ionization of gaseous mercury
in an airtight-sealed low-pressure lamp encapsulated into a quartz sleeve to diffuse the
light while preventing its fouling and the consequent decrease in efficiency and results in
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the emission of electromagnetic radiation, thus resulting in a lesser amount of light energy
dosed per unit of time.

Before

incoming
UV Photon

Figure 4 — Mechanism of deactivation of pathogen DNA as a result of photolesions
caused by UV radiation and subsequent thymine dimers formation

However, AOPs based on ultraviolet radiation are subject to significant variations
in their performance depending on two water quality parameters: UV transmittance and
the presence of particulate matter. The robust disinfecting action of ultraviolet radiation,
achieved by damage to the DNA of pathogenic microorganisms (Figure 4), can be
significantly reduced by the presence of suspended solids larger than 10 microns; in this
case, the particulate present in the water shields the pathogenic microorganisms and
prevent the necessary amount of radiation from being dosed to inactivate the
microorganisms (EPA, 2004).

In confronting 15 recalcitrant trace organic contaminants (TrOCs), the adequate
removal of micropollutants with a pilot-scale setup was verified by (Miklos et al., 2018),
highlighting promising possibilities for implementation of the experiment in a fully
operational environment. The need for nitrite control was also highlighted as the oxidation
of chemical species was found to be highly dependent on the concentration of this
hydroxyl radical scavenger in the water matrix (Wols et al., 2015).
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UV-peroxidation reaction produces hydroxyl radicals and can efficiently remove via
oxidation the water pollutants present in the water matrix according to the following
reaction mechanism (Elfiana & Fuadi, 2019):

Initiation Phase: H,0, ——hv— 2 HOe + HOe

Propagation Phase: H,O2/H,0 e + HOe ——hv— H,O/OH- + HO, e
H20,/H,0 ¢ /02 ——hv— HOe + H,0/OH- + O

Termination Phase HOe + HOe ——hv— H,0;

HOe + H,0 e /O ——hv— H,0/ HOe + O;

H20 e + H,0 ¢ /O, ——hv— H;0, /HO, - + O,

2353 Peracetic-based AOPs

AOPs using peracetic acid to obtain the generation of radicals have been recently
investigated as a feasible alternative to the better-established pathways for the generation
of OH radicals for their capacity to generate both hydroxyl radical and acetyloxyl radical.
The radical generation reaction can be activated by a wide range of routes, such as UV
radiation, solar irradiation, the presence of a catalyst, or sonolytic shockwaves. The use
of peracetic acid has been reported since the early 20" century, however only in recent
times it has sparked new interest on its applicability as a disinfectant. This is due to its
well-known antimicrobial and fungicidal properties which are similar to those of chlorine.
There are also no known DBPs formed as a result of PAA interaction with the pollutants
commonly dissolved in wastewater. While the process seems to be promising in its
possible future applications some drawbacks of the aforementioned technique of AOP
include is inability to deal properly with the removal of some recalcitrant CEC and the
potential for microbial reactivation caused by high dosages of PAA and the subsequent
higher concentration of organic compounds inside the treated wastewater (Ao et al.,
2021).

2354 Photocatalysis

A catalyst is a substance whose presence inside a reaction significantly increases the
rate at which the reaction occurs without being consumed in the process. It is, in this way,
a facilitator that works as a triggering mechanism allowing often slow reactions to take
place by lowering the amount of energy required for a reaction to start. Catalysts can be
subdivided into homogeneous and heterogeneous, meaning that they exist in the same
phase as the reactant or in a different one. In the field of wastewater treatment and
remediation the use of catalytic materials of various origins and compositions, which are
triggered by an energy input from light, is gaining popularity for the sustainability of the
process as a whole and for the possibility of applicability to remediate those waters which
are contaminated by recalcitrant micropollutants. Catalysts that trigger reactions in the
presence of photons are called photocatalysts and their mechanism of action is now here
discussed.
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In the field of semiconductors, there exists a band gap that separates the valence
band and the conduction band. These bands are also known as HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), respectively.
When a photon's energy is introduced externally, an electron from the valence band can
be elevated to a higher energy state, leaving behind a positively charged hole. This results
in the flow of electric current. This mechanism creates two reactions due to the imbalance
of charges. On one hand, the positively charged hole reacts with an aqueous solution and
OH ions to form hydroxyl radical species. This is crucial for oxidation processes that
remove organic pollutants. On the other hand, the negatively charged conduction band
triggers a reaction that produces superoxide radical species. This, in turn, leads to the
removal of organic pollutants (Figure 5).
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Figure 5 - Reaction scheme of the removal of organic pollutants by photocatalytic
oxidation process (Xiao et al.,2015)

A wide range of heterogeneous photocatalysts are used to remove pollutants from
wastewaters and impacted waters, ranging from metal oxides such as TiO,, MnO,, and
Al,O3 to zeolites, to activated carbons (Nawrocki & Kasprzyk-Hordern, 2010).
Furthermore, scientific efforts are often directed towards finding cheaper and more
efficient materials which act as catalysts (A. Wang et al., n.d.). Aside from this branch
of the research, currently, the efforts in the transfer of photocatalysis-based technologies
towards their commercial applications are aimed at the development of higher efficiency
UV lamps, the study on the nature of the process parameters that are the most suitable to
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operate on each specific substrate, as well as the development of techniques which could
use direct sunlight as a source of UV light for the photocatalytic process (J. Xiao et al.,
2015).

While photocatalysts application has been proven useful in achieving purification
of wastewater, the low reaction rates and the necessity to have a certain degree of dilution
to carry out the catalytic reaction efficiently constitute a major setback to its applicability
in standalone processes. For that reason, this process is often coupled with ozonation,
yielding more than satisfactory results which open many possibilities of application at the
commercial level; specifically, the ozonation treatment has the effect of increasing water
UV transmittance and lowers the amount of UV dose required to achieve the same
efficiency and thus, the operational costs needed (J. Xiao et al., 2015).

2355 Fenton and Fenton-like processes

Fenton and Fenton-like processes have been discovered more than a century ago by
H.J.Fenton, and involve the production of the hydroxyl free radical species from the
cleavage of H.O, operated by different metal-based catalysts. The reaction was
discovered by observing the production of hydroxyl radical by the dosage of Fe(ll) under
acidic conditions. The Fe(ll) is a salt of Iron in its +2 oxidation state which, when it is
dissolved into a hydrogen peroxide solution, is known as Fenton’s reagent.

The reaction that takes place is:

Fe?* + H,0, »: Fe3* + OH™ + OH®

While Fenton oxidation processes have been discovered to be quite effective in the
treatments trained for the removal of pharmaceuticals and personal care products (PPCPSs)
it is attested the production of toxic by-products from Fenton and Fenton-like reactions
and there seems to be little information about the environmental destiny with further
research needed on the argument (J. Wang & Wang, 2016).

Moreover, all Fenton processes need an acid environment to be conducted, so the
resulting by-product has a pH level that needs to be brought back to natural and neutral
level to consent to a safe disposal, which then costs further added efforts to the treatment
train (M. hui Zhang et al., 2019). The primary limitations of the conventional Fenton
process is related to the expenses and potential hazards related to the use of H,O; and the
utilization of significant quantities of iron. Furthermore, the classical Fenton method may
result in the accumulation of substantial sludge due to the precipitation of iron hydroxide,
necessitating subsequent treatment.

In contrast, the electro-Fenton (EF) technique mitigates several of these
shortcomings by electrochemically generating H.O; on-site, thus obviating the
requirement for external H,O, addition. This approach diminishes both the financial
outlay and safety concerns associated with H»O, handling and transportation.
Furthermore, the EF process facilitates the restoration of Fes+ to Fe,+ via cathodic
reduction, thereby enabling continuous hydroxyl radical (*OH) generation from Fenton's
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reaction. This rejuvenation mechanism enhances iron utilization efficiency and curtails
sludge formation, rendering the EF process more ecologically sustainable and
economically viable in comparison to the conventional Fenton process.

2.35.6 Electrochemical Advanced Oxidation Processes (EAOPS)

Electrochemical Oxidation can remove harmful substances from wastewater to be
reclaimed. It involves the application of an electric current to generate radicals with high
oxidative potential that react with pollutants to create less harmful substances. This term
includes various processes that utilize electric currents, such as Anodic Oxidation (AO),
a process that involves joint action of the direct oxidation of organic pollutants present
inside waters that occurs at the interface anode-water as well as the oxidation due to the
production of hydroxyl radical, and the hybrid use of Fenton or Photo-Fenton reactions
enhanced with electrical current, known as Electro-Fenton (EF) and Photo Electro Fenton
(PEF). In the case of AO, pollutants are removed by direct oxidation along the anode
surface through electron transfer or the indirect formation of hydroxyl radicals by
electrolyzing the aqueous solution. This, however, implicates that the efficiency of the
treatment is strongly affected by the vicinity of the pollutant dissolved in water to the
surface of the anode (Moreira et al., 2017). The process can be further enhanced by the
electrogeneration of hydrogen peroxide, which significantly increase the oxidative power
of the process. This class of E-AOPs is simple and economically feasible, but less
efficient than Fenton-based EOs. The efficiency and selectivity of AO depend on the
anode composition, and researchers have shown interest in anode configuration and
materials over the last two decades, ranging from reactive and prone to corrosion anodes
to inert anodes like boron-diamond-doped and ceramics. Other parameters that affect the
efficiency are the stirring rate of the WW sample, since turbulent flow prevents any
sedimentation phenomenon, and temperature, despite the limited positive effect that high
temperature generates in the increase of the reaction rates when compared to other
parameters variation. Moreover, the production inside the aqueous solution of reactive
species such as chlorine, hydrogen peroxide, persulphate, perphosphate, and percarbonate
significantly increases the efficiency of the AO process. Efficiencies of the process are
also directly affected by the initial concentrations of the pollutants: lower concentrations
result in a decreased efficiency, while heavy CEC concentrations in the influent waters,
despite requiring s longer time of treatment, result in an increased efficiency. This is due
to the nature of the process, that produces significant amounts of hydroxyl radicals, which
are strongly reactive. The presence of higher CEC concentrations results in the increased
reaction between the radical specieand the CEC, thus preventing the initialization of
parasitic reaction that hinder the efficiency of the process (Moreira et al., 2017).

2.35.7 Sonolysis

The sonolytic technique is an advanced oxidation process that aims to produce
radical species generating shockwaves at ultrasound wavelengths thus resulting in the
formation of cavitation bubbles. The bubbles thus formed produce physical effects of
turbulence, micro-streaming and micro-jetting due to the acoustic pressure generated. In
summary, the degradation of organic pollutants is achieved by two different routes:
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e Degradation operated by the hydroxyl radical formed from the cavitation
bubble shockwave;

e Direct destruction of the thermal energy contained by the bubbles. (Ray et
al., 2020).

When high-power ultrasounds are produced at a frequency of 20 to 100 kHz an
alternating pattern of high-pressure waves and rarefaction produce a shearing effect and
subsequent pyrolysis on the nearby water molecules (Rekhate & Srivastava, 2020). The
bubbles formed by the high pressure tend to increase in size from a germinating seed
bubble and, when they reach a threshold size, the continuous oscillations cause the sudden
burst which produce the high temperature, in the range of 520-1900 K, and pressure of
500 atm that achieve cleavage of the surrounding water molecules, thus resulting in the
formation of the hydroxyl radical species.

The main downsides of these processes are related to the noise generated by the
conduction of the treatment which often requires the whole setup to be encased with
acoustic protection to prevent the diffusion of the acoustic sound waves to the
surroundings and the high operational costs to be sustained to bring to complexion the
process. Sonolysis processes have been successfully employed to treat industrial
wastewaters, especially dyes, which are extremely toxic pollution source for the
environment (Ray et al., 2020).

Sonolytic treatments are often coupled with other treatments, such as ozonation or
Fenton and Fenton-like processes (sono-Fenton processes), to maximise the resulting
degradation of pollutants, since their action seems to be selective towards certain classes
of pollutants and have limited mineralization efficiencies. (Ray et al., 2020). The coupling
of sonolysis with Ozone is another viable alternative to maximize the efficiency of the
treatment because, in addition to the oxidative power of ozonation process, it increases
the production of hydroxyl radical generated through the increased pressure and
temperature. Numerous studies have investigated and successfully demonstrated the
complete mineralization of some CEC, such as the pharmaceuticals ibuprofen and
paracetamol, often present in many domestic wastewaters, at acid pH or with the addition
of Al,O3 catalyst (Rekhate & Srivastava, 2020).

2.35.8 Wet Air Oxidation

Wet air oxidation is an advanced treatment process that involves subjecting an
aqueous solution containing pollutants to high pressure and temperature to destroy the
harmful compounds, using an oxygen containing gas, usually air. The process typically
operates at pressures between 0.5 to 20 MPa and temperatures ranging from 400-573 K°.
Wet air oxidation is commonly used to treat industrial wastewaters and sludge, and can
also be employed for domestic effluents. Although the process is cost-effective and
generates minimal air pollution, its use is limited by safety concerns that arise from the
need to use gaseous oxygen at high temperatures to efficiently remove pollutants. Due to
the potential risk of ignition and subsequent explosion, the optimization of wet air
oxidation processes has focused on balancing removal yields, equipment costs, and safety
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requirements. The process can be improved by enhancing the reaction kinetics and
oxygen mass transfer by adding a catalyst (CWAO), both homogeneous and
heterogeneous or hydrogen peroxide (WPO) to increase the reaction rate and removal
efficiencies. Various commercial and emerging technologies have been developed to
address these challenges while maintaining acceptable reaction rates. These
advancements aim to make WAO economically feasible for treating a wide range of
wastewaters, including sewage sludge, industrial effluents, and activated carbon residues,
as well as specific chemical compounds. However, limitations such as temperature-
dependent efficiency and the negligible mineralization of specific pollutants, like acetic
acid, often relegate wet air oxidation and similar processes to a pre-treatment step to be
subsequently combined with more established advanced oxidation techniques. Moreover,
while this method is advantageous due to its relatively low operating costs and minimal
emissions of air pollutants, its implementation is hindered by the substantial initial
investment required for infrastructure and the safety risks posed by the extreme operating
conditions. Different technologies, that have been developed, offer unique designs and
operational parameters, each with its advantages and limitations. The economic viability
of WAO hinges on factors such as the selection of construction materials capable of
withstanding harsh operating conditions and corrosion resulting from the waste.

2359 Comparison between efficiencies of AOPs

To evaluate the efficiency of an AOP, thus being able to choose the right technology
to achieve the desired water purity, it is possible to compare two processes after the
acquisition of information about the Kinetics of the reaction of the micropollutants found
for a specific water with the reagents used in the selected advanced oxidation processes.
It is possible to classify AOPs into known broad categories of high, medium, and low
affinity as speed of reaction.

The analysis of the literature made it possible to differentiate based on the reaction
rate, whose units of measurement is M~1s~1, and to classify them into coherent groups;
(Mathon et al., 2020) proposes a classification of CEC, which divides the selected
contaminants into three categories:

e low oxidizable groups = kO3 between 1.50 and 4.47 102 M~1s~1
e medium oxidizable = kO3 between 1.31 x 103 and 4.92 x 103 M~1s~1
e high oxidizable groups = kO3 between 9.44 x 10*and 8.18 x 106 M~1s™1

Recently, the scientific literature has differentiated and classified CEC in groups
based on their reaction rate constants with hydroxyl radicals (Pisarenko et al., 2012) and
based on the removal percentages of the selected CEC.

It is worth noting that in (Yu et al., 2015) is present a method of classification based
on the analysis of the speed of reaction which compares two AOPs, UV/H,O; and
0s3/H,0,, defining the ratio of kuvw/kon as a parameter by which categorizing the
compounds in three main groups: those more suitable for UV-based AOPs, those which
show comparable speeds of reaction and those which are removed the best by Ozone-
based AOPs, thus allowing to compare between AOPs which use two different
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mechanisms to achieve the advanced treatment of water. While further considerations can
be made applying this “hybrid” categorization it has been deemed a better-suited grouping
system than the one proposed by (Miklos et al., 2018), which analyses only the
photosensitivity of the Trace Organic Compounds (TOrCs). The main parameters which
have to be taken into account while comparing the speed of reaction by UV-based AOPs,
and the consequent efficiency of removal, are the Quantum yield of a specific compound
at 254 nm, ® measured in 102 x molE and its Absorbance coefficient (¢) at the same
wavelength, which is measured in 10 2 x M~cm™1. The product of the two values, K is
a rather reliable method to represent the photodegradability of a compound. It is measured
in ® [102x mol/E] x ¢ [10 3 x 1/(M x cm)], which equals to [L/(E x cm)].

The comparison of many various techniques, which rely on radically different
pathways of action to achieve the removal of undesired substances and pollutants from
water, is a difficult task because the many methods proposed are not always entirely
suitable and often do not consider some crucial aspects of the removal process
conduction.

To assess and compare the efficiency of AOPs, in 2001 the Electrical Energy per
order was defined as units of measurement as the electrical energy input to an AOP which
results in a decrease of one order of magnitude in the concentration of a benchmark
micropollutant. Sucralose has been proposed as a standard benchmark to use when
comparing the efficiency of two advanced oxidation processes (Keen et al., 2018). Itis a
useful tool because it allows to compare between different setups.

The formula describing the electrical energy per order is equal to:

Pxt*1000

EEo = —————
V * 60 * log(E)

Where P is the power expressed in kW of the AOP, t is the irradiation time in
minutes, V is the volume in litres of the water inside the reactor and C; and Cs are the
initial and final concentrations of the selected pollutant to remove. The natural logarithm
of the latter two values equals to:

Ci
10g(C—f) =k xt

Where ki is the pseudo-first-order reaction rate constant, expressed in min-.,

In the following Table 8 and Table 9 an overview of all the AOPs and advanced processes
are presented, along with the main advantages and disadvantages of the technologies.
From an economical perspective, among advanced treatments, adsorption, and membrane
processes are the most cost-effective, while distillation and ion exchange are expensive
in terms of energy requirements and operational costs, respectively, and AOPs are
required for both high costs and high energy expenditure. The presence of suspended
solids may hinder most of those processes, and most of them are prone to fouling, which
significantly reduces performance, or may cause the creation of waste that needs proper
disposal. AOPs, instead, do not result in the formation of waste and, among all the
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advanced processes, are those that exhibit the highest removal ranges of pollutants. Each
AOP is best suited to remove specific classes of pollutants, so it is of paramount
importance to preventively assess what polluting sources affect the WW to treat. AOPs,
such as sonolysis or peracetic-based processes, are still not fully employed at full scale
and find limited applications for the difficulty of achieving complete removals of
pollutants. High performances are achieved through the use of ozone-based AOPs and
UV-based AOPs. However, better removals are achieved using O3-based processes.
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Table 8- AOP treatment efficiencies, removal range and types of pollutants removed,
and characteristics

Advantages Disadvantages Types of Removal References
removed range
pollutants

Ozonation/ Excellent High costs of TOC 50-97% (Rekhate &

Catalytic removal operation and COD 46-75% Srivastava,

Ozonation efficiencies energy demand Pharmaceuticals 60-96% 2020)

Pesticides 75%

UV-based AOPs  High yields of Limited Antibiotics (Miklos etal.,
disinfection and  effectiveness in  TrOCs 10-95% 2018)
pathogen treating a wide
deactivation range of CECs

Negatively
affected by the
presence of SST
in influent

Photocatalysis Environmentally Efficiencies are  Organic 65% (Ahmed &
friendly linked to the pollutants Mohamed,
Catalyst can be choice of  Antibiotics 2023)
used multiple  catalyst and may
times be lower than
Can be coupled those of other
with many other ~ AOPs
AOPs

Fenton The most cost- Requires highly Antibiotics 80-100% (Khan et al.,

processes effective  AOP; acidic conditions Pharmaceuticals 2023;
Useful in  to be carried out; Rekhate &
industrial  WW Iron sludge Srivastava,
treatment, such  generation needs 2020)
as dye  proper disposal
industries

Electrochemical ~ Safe, does not  Athighvolumes  Antibiotics (G. Chen,

Oxidation (EO) involve the use of ~ of treated WW,  Industrial CEC 30-95% 2004;
chemicals, the energy  Landfill leachate 80-95% Wiodarczyk-
environmentally expenditure Makuta et al.,
friendly becomes costly 2023)

Peracetic-based Excellent No full-scale Pharmaceuticals 45-95% (Ao et al,

AOPs disinfectant application; EDCs 100% 2021)
action Limited
Formation of efficiency when
non-toxic targeting some
carboxylic CECs
reaction Energy cost is
byproducts dependent  on

initial water
quality

Sonolysis Does not involve  No  full-scale ~ PFAS time- (Ahmed &
the use of application; pharmaceuticals dependent Mohamed,
chemicals Limited industrial (dyes) 2023; P. Liu

efficiency Antibiotics 10-100% et al., 2021;
Sidnell et al.,
2022)

Wet air Does not involve  Does not always  high organic 85-95% (Tungler et

oxidation the use of achieve content PWW al., 2015)
chemicals complete pharmaceuticals

mineralization
of pollutant
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Table 9 - Comparison of advanced treatment efficiencies, characteristics, and typology
of pollutants removed

Fast treatment time

Advantages Disadvantages Types of Removal
removed range
pollutants
Adsorption | Adsorptive bed may be Creation of waste; CECs, Low/High
regenerated prolonging its When saturated the DOM,; High
overall lifespan; adsorptive bed releases Bacteria Low
High efficiency; abruptly the waste;
Low operational and setup Weakly selective
costs removals
Filtration/ Highly efficient; Prone to fouling: Suspended High
Membrane | Cost-effective requires high-quality solids, Negligible
processes influent; CECs Low/Medium
RO membranes have Bacteria Negligible
high production costs lons
and require highly
skilled manufacturing
processes
lon Can target selectively High operational costs; Dissolved High
Exchange unwanted substances; Formation of waste that lons; Medium/High
Resin exchangers can be requires disposal; DOM,;
regenerated May be clogged by the
presence of SST in the
influent
Distillation | Highly efficient in removing | High energy demand Nonvolatile | High
nonvolatile compounds required to carry out the | compounds
process;
Residual concentrated
sludge requires proper
disposal;
Setup equipment subject
to corrosion and fouling
Wide range of treatments High operational costs; DOM, Medium/High
Advanced suitable for many purposes; Highly energy CECs; High
Oxidation Effective disinfection and consuming; Viruses and | Medium/High
Processes CEC removal; Some may result in Bacteria;
No sludge creation; DBPs formation Odours and | High
Highly efficient; Flavours
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2.4 Spectroscopic measurements as surrogate parameters for water quality

Typically, traditional methods of assessing wastewater quality involve using tests to
investigate the presence of various compounds in the water. These tests can be of a
biological nature, such as total organic carbon (TOC), chemical oxygen demand (COD),
biochemical oxygen demand (BODS5), or the population of coliforms. Alternatively, they
can be chemical in nature, such as the analysis of nitrites, nitrates, or other ions dissolved
in the water, or physical parameters such as pH. Unfortunately, these parameters cannot
always be measured in real time, and there are currently no commercially available tools
to analyze CEC online. The analysis of CEC requires significant time and resources.
(Carstea et al., 2016). For this reason, spectroscopic investigation techniques are widely
used by the scientific community to obtain salient information about pollutants in
wastewater (Karlsson et al., 1995).

Spectroscopic analysis is a valuable method for obtaining essential information
about the substances present in water by measuring the electromagnetic spectrum. When
exposed to a light beam, each substance absorbs specific bands of the light spectrum that
are unique to them. This absorption provides valuable insight into the composition of the
sample being analyzed. By utilizing this technique, it is possible to measure the difference
between the recorded absorbance of the sample being analyzed and that of a sample of
deionized water when given a known amount of monochromatic light emitted at a specific
wavelength. (Lakowicz, 2006).

The absorbance spectrum that is obtained from a spectroscopic measurement is
particularly useful because at specific wavelengths absorbance is strongly correlated with
water quality parameters. For example, the absorbance at a wavelength of 254 nm can
track the concentration of natural organic matter (NOM) in the water and is also able to
record the presence of many pollutants such as wastewater and pesticides. In addition,
dissolved organic matter correlates with water quality parameters such as BODs, and TOC
(Carstea et al., 2016). Absorbance measured at a wavelength A = 272 nanometers is a
parameter that demonstrates strong correlations with the formation of DBPs, specifically
total trihalomethanes (TTHMSs) and total haloacetic acids (THAAS), even in chlorinated
water that contains only small residual traces of these disinfection by-products. This
indicates that the absorbance parameter at 272 nm is an excellent indicator of DBPs
formation in chlorinated water (Roccaro & Vagliasindi, 2009).

Depending on the range of the electromagnetic spectrum in which the energy is
radiated and read, spectroscopy [Figure 6] is distinguished into:

X-ray spectroscopy
UV-Visible Spectroscopy
Infrared Spectroscopy
Raman spectroscopy
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Figure 6 - Scheme of functioning of a spectrophotometer for the measurement of UV -
VIS absorbance

Fluorescence measurements, obtained through spectroscopic techniques, have
proven to be a valuable tool in assessing the quality of wastewater. This method offers an
indirect characterization of the pollutants present, making it an efficient means of
analysis. To measure fluorescence, a spectrofluorophotometer is utilized to emit beams
of light radiation in the UV-visible range and measure the energy re-emitted by the
dissolved fluorescent substances, known as fluorophores. The resulting data generates a
three-dimensional map, which associates the measured fluorescence intensity on the Z-
axis with the emitted and measured brightness wavelengths represented on a Cartesian
plane (E. M. Carstea et al., 2010; Z. Wang et al., 2015).

The region of the Excitation-Emission Matrix associated with wastewater is divided
into two broad categories: the space of proteinaceous substances and the space of humic
substances. Within the subregion of proteinaceous substances, the following peaks are
found (Figure 7):

e Peaks: T1 (275-285/ 320-350), T2 (215-237/ 340-381), caused by the presence
of tryptophan substances, one of the essential amino acids responsible, in living beings,
for protein synthesis),

e Peaks: B1 (275-310/ 305-320), B2 (220-237/ 305-320) caused by the presence
of substances based on tyrosine, a non-essential amino acid used by many biological
processes.

The contiguous subregion is associated with the presence of humic substances, acids
that are formed naturally as a result of the degradation of organic matter caused by
microorganisms. The region is characterized, by the presence of three peaks:

e A peak (230-260/ 400-480, caused by fulvic acid and humic acid substances
e C peak (320-360/ 420-460, caused by humic acid substances
o M peak (290-310/370-420), originally defined as marine humic-like.
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= - — — — -9 F|

Figure 7 - Characterization of Excitation-Emission Matrix and origin of the peaks
found for wastewater (Rodriguez-Vidal et al., 2020)

The dissolved organic matter protein-like and humic-like substances also exhibit
interaction and overlapping in the regions of peaks A and C. A major consequence of this
interaction is the change in the rate at which photodegradation and biodegradation of
DOM. Moreover, the conduction of experiments on protein-like substances such as
polyphenols has been shown to result in a quenching effect on the real intensity of the
measured fluorescence. These findings suggest that it is still not possible to assess clearly
the right abundance of protein-like substances in water based only on the analysis of
fluorescent components in dissolved organic matter (FDOM) (Z. Wang et al., 2015).
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Figure 8 - Comparison in the EEMs of an inlet, on the left and an effluent, on the right,
of a WWTP. Photo in (Sgroi, Roccaro, Korshin, Greco, et al., 2017)
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It is possible to obtain indirect information about water quality from the analysis of
the Excitation-Emission matrix (Figure 8). The "height map" of domestic wastewater
typically shows the presence of 5 characteristic "peaks" identified in the same areas of
the EEM Cartesian plane, which are due to the presence of dissolved organic matter
(DOM) in the wastewater. It therefore constitutes a specific footprint of the wastewater
providing useful information to characterize both the type of pollutant present within the
water matrix and, therefore, its possible origin (Rodriguez-Vidal et al., 2020).

The five fluorescence peaks associated with the presence of organic matter in
domestic wastewater are located at the emission excitation points (A.,/A.,) that
condense the most of the information present in the entire EEM matrix. The emission
excitation pair that corresponds to each of the peaks although the most commonly found
classification in the literature is as follows:

e 11(225/290 nm) — Aromatic protein region related peak;

e 12(225/340 nm) — Aromatic protein region related peak;

e 13(245/440 nm) — Fulvic acid-like region related peak;

o 14(275/345 nm) — Soluble microbial by-product like region related and
tryptophan-like peak;

e 15(345/440 nm) — Humic acid-like region related peak.

Currently, micropollutant analytical techniques involve the use of a mass
spectrometer to determine the concentrations and types of CEC present in water. To
achieve timely monitoring of the trend of CEC, EEM analysis techniques seem to be a
good surrogate (Sgroi et al., 2021). Total fluorescence is often used as an alternative
parameter, measured as the sum of the integration of the fluorescence intensity of each of
the 5 regions of the EEM matrix. This method has been shown to predict with good
accuracy the abatement of total CECs in the matrix of waters subjected to ozone-based
advanced oxidation processes and adsorption processes on GAC. Handling of treated
effluent samples was investigated by (Park & Snyder, 2018) defining a protocol for
handling samples and calculations to be applied to EEM data output from
spectrofluorophotometers. Calculations of the correction of the Inner Filter Effect, i.e.,
the phenomenon whereby there is an apparent nonlinear decrease in the fluorescence
intensity recorded in the EEM, were developed by (Lakowicz, 2006). It is possible to
distinguish between two different causes for the phenomenon of self-quenching, which
are called primary and secondary IFE: the former being caused by the passage of light
through absorbing media, and the latter which is due to reabsorption by the fluorophores
of an aliquot of the initially emitted radiation. The correction of the Inner Filter Effect
and the proposed correction methods were verified with various laboratory tests by (Sgroi
etal., 2020c), for wastewater and wastewater-contaminated surface water and the formula
adopted to correct the decrease of measured fluorescence is:

Fcorr — Fobs 10(AbsEx+AbSem)/2
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In the formula F,,,- is the corrected value of fluorescence while the fluorescence
value observed is F,,; , Abs,,and Abs,,, are respectively the absorbance at the excitation
and the emission wavelengths.

When data is collected from a spectrofluorophotometer it is scaled in arbitrary units
(AU). This is a significant issue when it is necessary to compare data that originated from
two distinct instrumentations since many factors could affect the measurement, which is
rather sensible to slight variations of initial conditions, thus resulting in a loss of accuracy.
To overcome this problem and allow the comparability of samples the common procedure
involves the normalization to Raman Units (RU). It is achieved by dividing all the
fluorescence intensities measured in arbitrary units by the area of the Raman Peak
measured by a blank deionized water sample and eventually interpolating any missing
wavelength value.

Peak Picking is a spectroscopic processing technique used to locate and extract the
frequency of the peaks from a region of the electromagnetic spectrum to obtain a less
dense data set that could be managed more easily for statistical analysis. The peak-
picking problem consists in the identification of the exact couple of coordinates that
correspond to the true peak of the highest intensity. From a purely statistical perspective,
this means the development of an algorithmic technique that can differentiate between
the slope of “shoulders” and “false peaks” identifying them and allowing for noise
removal and the development of linear regressions to correlate together intensities and
concentrations. Wavelength variations can also give useful insight about the
characterization of organic matter present inside the sample.

Regional Integration is a quantitative technique of analysis of the fluorescence
excitation-emission matrix described in (W. Chen et al., 2003) which can be used to
obtain information about DOM using the overall fluorescence intensities measured for all
the excitation-emission peaks at once. The technique splits the entirety of the EEM into
five subregions, which are labelled with numbers from one to five and the volume
comprised under each of the EEM regions (Figure 9) has been evaluated.
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Figure 9 - Regions of the EEM with the position of each substance-related peak as
found from literature review. Image from (Chen et al., 2003)

The formula of regional fluorescence intensity is described as it follows:
Aex,i,upper lem,iupper

¢, = Z Z Frinai(Aex, lem) Adex Adem

Aex,i,lower Aem,ilower

While the sum of all the regional integrated fluorescence equals the total
fluorescence (Park & Snyder, 2018).

PARAFAC is a statistical analysis technique based on the tensor rank decomposition
of an n-dimensional tensor, which for the spectroscopic analysis purpose is an array of a
3-dimensional matrix of the fluorescence intensity values measured for each excitation-
emission couplets in a set interval, that generalizes the principal component analysis
(PCA) approach for higher dimensional contexts. The PARAFAC analysis is used, among
many different statistical purposes, to decompose the 3-dimensional excitation-emission
matrix into a variable array of components that have each an independent significance.

It is important to underscore that PARAFAC analysis is based on the theoretical
multilinearity of fluorescence intensity, which means that could not be applied in presence
of Rayleigh and Raman scattering data, which should be previously excised from the
matrix filling the consequent gap by interpolation.

41



CHAPTER 3 MATERIALS AND METHODS

3 MATERIALS AND METHODS
3.1 Description of waters tested and water treatment plants investigated

Three WWTP facilities have been selected to conduct the sampling campaigns; two
located in Sicily, which are labelled as WWTP#1 and WWTP#2, and one located in
Apulia, labelled as WWTP#3. While the Sicilian WWTPs are equipped with primary and
conventional secondary treatments, WWTP#3 is a tertiary treatment for agriculture reuse
that also employs pilot-scale AOPs (Figure 10). The WWTP#3 facility is situated adjacent
to the municipal WWTP, with the latter effluent serving as the influent for the former.
The objective of WWTP#3 is to ensure that the quality of the produced water fulfills the
standard for agricultural irrigation purposes. To achieve this, the facility employs a
patented system called MITOX, which involves the injection of coagulant and
disinfectant reagents - poly-aluminum chloride and sodium hypochlorite, respectively -
into the secondary effluent under pressure. This ensures proper mixing and contact times,
thanks to the high mixing gradient generated by the MITOX pumps. The treated water
then goes through four parallel lamellar pack settlers, followed by additional stabilization
ponds in a lake that also serves as an equalization basin before aquifer recharge. As a
result, some of the water is utilized for seasonal agricultural irrigation, while the surplus
is used for aquifer recharge. Furthermore, WWTP#3 facility is working to fulfill the
standards set by Directive 741/2020/EEC on water reuse for agriculture (Table 10).

Untreated Effluent
municipal waters
‘wastewaters

. Secondary stage
Primary stage areated activated
clarifier sludge

Untreated Effluent
municipal Peadl waters
wastewaters

Secondary stage Chlorine
areated activated disinfection
sludge

NaClos =
ARIOHICE 03/H202 AOP
Secondary stage Potable reuse

Primary stage
clarifier

treated municipal

wastewaters MitOx technology advanced Artificial Basins.
tertiary treatment

clariflocculation disinfection Uw/H202 AOP
lamella pack sedimentation

GACfiltration  Final disinfection
through UV lamps

To agricultural

Figure 10 - Scheme of the WWTP treatment and the AOP pilot plant employed

The WWTP#3 chosen for investigation in the present work constitutes an important
example of good policy implementation to achieve circular reuse of WW through waste
valorisation and sustainable development. Its decades-long experience in the field of WW
treatment finalized to reuse. In the Italian context, it constitutes an unicum for its high
standard of advanced treatment performed.
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3.2 Sampling campaigns

Ten sampling campaigns have been conducted over a three-year timespan, one in
WWTP#1, two in WWTP#2, and seven in WWTP#3, respectively. The campaigns
conducted in WWTP#1 and #2 were aimed only at assessing the feasibility of
fluorescence monitoring using a novel sensor. During the seven campaigns conducted in
WWTP#3, which have been named with letters from “A” to “G”, the acquired water
quality parameters included UV absorbance and fluorescence intensities. In particular,
samples of datasets A, B, C, and D have been investigated using only benchtop
fluorescence measurements, while datasets E, F, and G were investigated through the use
of the offline fluorescence sensor. Finally, dataset G includes the online monitoring of
fluorescence intensity through the use of the sensor. Table 11 shows the specifications of
each of the sampling campaigns conducted. The samples A, B, C, and D have been
generated through two distinct campaigns. During the first campaign, waters were
sampled from the tertiary effluent waters stored into the artificial lakes (Dataset A) and
from the secondary effluent of the municipal WWTP (Dataset B). Each of the matrices
has been subsequently subjected to an O3/H,0, treatment in which the doses of ozone and
hydrogen peroxide have been maintained to a 1:1 ratio, followed by a UV treatment. Four
flowrates have been tested (from 2 to 8 m%/h) resulting in 4 UV fluences ranging from
53.52 to 384.24 mJ/cm?. The samples generated on the second campaign (datasets C and
D) are 52, divided into four subsets of four untreated samples and 12 treated samples
obtained by linearly varying the doses of O3z, H.O,, and UV. 15 CEC were analysed in A
and B matrices, while 35 CEC were analysed in C and D matrices. Spectroscopic
characteristics as fluorescence peaks (l4, I2, I3, l4, I5) intensity, total fluorescence, and UV
absorbance at 254 nm, were collected for all datasets as well as other wastewater quality
characteristics (UV transmittance, pH, T, TOC, NOz, NOs', NH4* and total alkalinity).
Table 11 shows the specifications and characteristics of all the samples investigated. The
variability of UV transmittance, pH, temperature and TOC content is negligible among
all samples pertaining to the same sampling campaigns, and the AOPs employed seems
to have no effect on the aforementioned parameters. All the main average wastewater
quality parameters tested are reported in Table 12.

3.3 Analytical methods

3.3.1  Spectroscopic analysis

The analysis of ultraviolet light absorbance of water samples has been performed
using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan), producing 600 scans
spanning from 800 nm to 200 nm obtained varying stepwise by 1 nm the wavelength at
which the UV light absorbance is measured. Measurements of the EEM have been carried
out using a Shimadzu RF — 5301 Spectrofluorophotometer (Kyoto, Japan) setting the
instrument to a maximum intensity displayable of 1000 units and setting the slits to vary
stepwise by 5 nm, ranging from 220 nm to 450 nm wavelength for excitation and varying
stepwise by 5 nm the emission slits, spanning from 250 nm to 580 nm. Fluorescence peaks
selected were chosen following the peak picking method and the excitation/emission
couplets presenting the maximum value of fluorescence intensity measurement in each of
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the five sub-regions of the EEM, which are labeled: 14, I, I3, 14, and Is (Sgroi et al., 2017a;

2017b).
Table 11 - Design of sampling campaigns and information on type and doses of
AOPs performed
N of Inlet AOP Doses Data
Samples
. 03=12; 6; 4; 3 mg/l 5
Tertiary _ Water quality, Reagents
Dataset | ;¢ treated waters | O¥H202 UV= 305, 156’2 106, dosed, Fluorescence peaks
A (lakes) followed by UV 76 mJ/cm (EEM), CEC
H,0.=12; 6; 4; 3 !
mg/L
03=12; 6; 4; 3 mg/l R
Dataset Secondary 04/H02, UV=212:107:71;54 | Water - quality, Reagents
16 2 o dosed, Fluorescence peaks
B treated waters followed by UV mJ/cm?H20.= 12; 6;
. (EEM), CEC
4; 3 mg/L
16  (inlet) . UV= 806; 398; 267; Water quality, Reagents
Eataset +16 ;I;ee:;ttI:gNaters UV/H202 200 md/cm? dosed, Fluorescence peaks
Treated* H20.= 4;8;12 mg/L (EEM), CEC
16  (inlet) . 03-13; 6.5; 4.33; Water quality, Reagents
gataset +16 ;I;ee:;ttI:gNaters 03/H202 3.25 mg/L dosed, Fluorescence peaks
Treated* H20,= 4,8;12 mg/L (EEM), CEC
. . UV= 1941, 910, 447 Water quality, Reagents
Eataset is(mlet) + :;:z:ttz(?:/vaters UV/H20: mJ/cm? dosed, Fluorescence peaks
H202= 4;12 mg/L (EEM), 14 sensor offline
O3 =9mg/l
03/H20z, _ .
Dataset | 4 (inlet) + | Tertiary UV/H20, uv= 10817’;363’ 2L, L/Vat%r Fc||uallty, Reagenlzs
F 12 treated treated waters Ozonation 8 0S€0, - PILOTESCENCe peaks
! H202=9mg/I (EEM), 14 sensor offline
UV/O3
O3 and H20=9mg/I
UV=1620; 770; 622,
0O3/H20z, Hfgf:;risg/l Water quality, Reagents
Dataset | 3 (inlet) + | Tertiary UV/H20, 0:=8;6:5:3; mg/l dosed, Fluorescence peaks
G 25 treated treated waters | Ozonation, e (EEM), 14 sensor offline and
UV/Os online

* note: 16 inlet points of dataset C and D of the #2 sampling campaign are the same shared inlet

Aliquots of all samples analyzed have been subjected to correction of the Inner Filter
Effect (IFE) following the methodology found in (Sgroi et al., 2020). The Raman
scattering effect was accounted for and minimized using the procedure as described in
(Sgroi et al., 2017)), by algebraically subtracting the EEM of pure distilled MilliQ water
from the EEM of the analyzed sample and converting to zero all negative values.
Conversion of the fluorescence intensity from arbitrary unit to Raman Unit (RU) was
obtained by normalizing the fluorescence emission intensity of the sample to the Raman
peak area of the distilled water at an excitation of 350 nm. Rayleigh scattering was excised
from the matrix (Murphy et al., 2011), interpolating the values from the remaining
liminary sides of the EEM band. The correlations between benchtop fluorescence and
real-time monitoring of fluorescence peak have been investigated both with and without
employing the aforementioned techniques of data correction, both for the couple of Ex-
Em corresponding to the 14 peak (275/345 nm) and with the fluorescence signal measured
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by the real-time probe (280/340 nm). Filtration was accomplished by a laboratory
filtration apparatus using 0.45 pm polyvinylidene fluoride (PVDF) membrane filters
(diameter 47 mm) (EMD Millipore), selected based on previous experimental study
(Sgroi et al., 2020a).

Table 12 - Mean values of conventional water quality parameters of tested WW

Sampling UVT Cond. o COD TOC NOs NO> NHs+  Tot. AlK
WWTP  campaign @) PP (msiem) TCO) (mg/l) (mg/l) (mg/l) (mg/l) (mg/L) meqgl
1 n. i n i n. i n i 72.7 n. i 1.6 <0.6 13.8 n. i
1
n. i n i n. i n i 43 n i 6.4 0.3 8.6 n. i
2 1
n.i ni n.i ni 30.8 n i 6.5 11 18 n.i
2
75.95 < 7.78 432 12.5 58.4 8.79 2.56 0.33 546 437
1
5412 749 2.9 16.0 77.2 18.36 0.25 2.61 36.45 5.65
2
64.08 7.3 6.07 13.5 46.6 11.10 17.89 4.53 2244 568
3
3 65.44 7.325 6.07 135 45.9 11.38 21.94 1.99 21.72 560
4
75.10 7.44 289 ni. 26.8 n.i. 0.8 3.2 15 n.i.
5
71.69 7.68 3.56 n i 47 n i 5.3 11 27.6 n. i
6
63.84 7.49 2.93 26.6 435 n i n i n i n i n. i
7

n.i. = not investigated; WWTP#1 presented values on nitrites below the threshold of
measurement of the instrument

3.3.2  Other water quality analyses

Waters samples were generated and analyzed for pH, electric conductibility, COD,
total Kjeldahl nitrogen, nitrites, and nitrates following APAT, IRSA-CNR, and ISPRA
methods (APAT CNR IRSA 1030 Man 29 2003, APAT IRSA CNR 29/2003 2060 -
STANDARD METHODS 4500-H+ (20th ed.), APAT IRSA CNR 29/2003 2030 -
STANDARD METHODS 4500-H+ (20th ed.), method 5135 ISPRA — cuvette test, LCK
238 LATON, EPA 354.1, APHA 4500-NO2- B, DIN EN 26777 and ISO 6777, DIN

46



CHAPTER 3 MATERIALS AND METHODS

38405-9). The identification and quantification of organic micropollutants involved a
comprehensive approach, employing both a non-targeted and semi-quantitative targeted
suspect screening methodology (Piras et al., 2020). Targeted suspect screening has been
performed by selecting CEC, which are most commonly found in domestic WWTP,
according to scientific literature. An advanced Orbitrap mass spectrometer was employed
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). Data processing included qualitative
Non-Targeted Screening, excluding unanalyzable parts in terms of retention time (RT)
like solvent front and gradient column wash. Verification ensured the significance of
information, identifying the actual presence of a signal significantly different from the
background. Of all the CEC detected through the use of mass spectrometry, eight have
been chosen as benchmarks (Table 13) based on their properties, the variety of
commercial uses, and the removal efficiencies through the use of the AOPs investigated
for the present study. Six contaminants have been selected because they are found at least
in three out of four datasets considered. Table 13 describes the selected benchmark CEC,
their chemical brute formula, the commercial uses, mean concentrations, and literature
references on their relative reactivity with hydroxyl radical, ozone, and quantum yield.

3.4 Fluorescence sensor

The fluorescence sensor employed is composed of an optic cable, which utilizes a
flash lamp light source providing the excitation energy, and two photomultiplier tube
measure and reference detectors, which measure the emission intensity originating from
the irradiated sample and the intensity of the light source, respectively. Two lenses acting
as filters are inserted between the light source and measure detector to absorb unwanted
wavelengths, thus measuring only the target excitation and emission wavelength. The
sensor is operated through a 24 V electric current-powered hardware and the excitation
and emission wavelengths are 280/340 nm which are close to the 14 peak.

34.1 Offline application

To perform fluorescence measurements, the sensor has been submerged inside an
opaque Nalgene flask with a 125 ml capacity containing the water sample to analyze. A
modified flask with a hole on the lid allows the sensor to be fastened with the sensor
inside the recipient. The instrument needs to be tuned before analyzing the samples. The
autotuning procedure involves the measurement of a sample diluted at known
concentrations, repeated a set number of times for a maximum of five, for which 100%,
75%, 50%, 25%, and 0% (distilled water) have been selected to perform the tuning
procedure. Data acquired is logged through a software interface, with the possibility of
selecting the desired logging interval. Offline application of the sensor has been
investigated in relation to the accuracy of the instrument by logging the measured
fluorescence value at a frequency of 10 seconds to acquire single measurements of
fluorescence intensity for each sample over a period of 60 seconds. The median value of
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Table 13 -Classification, typical use, and properties of CEC chosen as benchmarks in this

the resulting 7 points has been calculated and selected as the final fluorescence value to
study along with the mean concentrations

be correlated with data obtained from the EEM spectra of each sample.
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34.2 Online monitoring

To assess the feasibility of online and real-time monitoring, the functionality of the
sensor has been investigated for prolonged periods in two different tests. One with a
duration of 90 minutes and the other over 9 days. Before the AOP tests, preliminary semi-
batch experiments were performed by a recirculation system with water samples of
known quality, to investigate the fluorescence sensor response against a known water
quality variation.

3.5 Statistical methods
3.5.1 Statistical analyses

Statistical analysis has been conducted through the use of Matlab software and its
toolboxes regarding Principal Component Analysis (PCA), simple linear regression,
Stepwise Regression, Multiple Linear Regression, and through the use of Excel
spreadsheets. Data has been expressed both in terms of removal percentage calculated as
(1- C/Cp) * 100 and as normalized concentrations calculated as C/Co, where C is the
concentration of a CEC or fluorescence signal after treatment and Cy is the concentration
before the treatment.

3.5.2 Principal Component Analysis

PCA is a widely used multivariate statistical technique in the field of chemometrics.
Its purpose is to reduce the dimensionality of a dataset that contains a large number of
independent and dependent variables, while also extracting relevant information. By
breaking down a matrix M of (n x m) objects into x variables, PCA enables us to express
correlated (i.e. interdependent) variables using a smaller set of artificial variables known
as "principal components”. (Gamble & Babbar-Sebens, 2012). It decomposes a matrix
into two smaller ones: a matrix of the outer product of scores and loadings, respectively t
X p, plus a residual matrix E while ensuring minimum redundancy and maximum
retention of the former information carried by the principal components (Jollife &
Cadima, 2016). The main idea behind principal components is to create linear
combinations of the original variables that capture the largest variance in the data. This
approach is commonly used in statistical analysis workflows to identify which parameters
are related to one another. It's a useful tool for identifying dependencies between
fluorescence peaks removal and specific CEC removal, as well as highlighting
operational parameters that are dependent on one another. We used Matlab software
(Matlab R2022b, MathWorks, USA) to perform principal component analysis on all four
campaigns and a subset of data from the first two campaigns. This helped to reduce the
dimensionality of the data and search for degrees of dependencies among the measured
variables.
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3.5.3 Ordinary least squares simple and multiple linear regression
Linear regression is a technique used to determine the dependence of a variable

response y to one or more independent variables x;, which are called predictors. The
equation for a simple linear regression is:

5}[' =a+ bxi
While its generalization for models with many independent variables is:
Vi =bo +bix1; + byxy; + -+ bpxy

Where:

¥; is the result predicted by the model
b, is the intercept.

b, is the coefficient of xy;;

b, is the coefficient of x,; ;

b,, is the coefficient of x,; ;
X1, X2i, -, Xn; are the independent variables

For both the techniques the determination coefficient R?was calculated to assess the
accuracy and reliability of the model, using the equation:

, . X0i- )
=l S0— 5
Where:

¥; is the data provided by the model;
¥ the average value of the measured data;

y; is the observed data.

The mean square error MSE, was calculated as well, using the equation:

1o,
MSE = N Z(yi -y
i=1
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Where:

N is the number of experimental data

¥;: is the data provided by the model

y: is the average value of the measured data

354 Stepwise regression

A stepwise linear model regression analysis is a modelling technique used in
statistics, which performs a forward selection or backward elimination of selected
independent variables and then calculates the fitting line until it achieves optimization of
data. It starts from a constant model and then, adding stepwise each of the independent
variables, optimizes the fit. Alternatively, begins from the maximum complexity dataset
model and then removing stepwise each independent variable achieves the optimization
of the fit (Desboulets, 2018). The choice of which term is to be added or removed in each
step is based on the improvement of the fit. If the p-value of the F-statistic is less than
PEnter (p-value to enter), it adds the term to the model. If the p-value of the F-statistic is
greater than PRemove (p-value to remove), it removes the term from the model. For
stepwise regression analysis, as a means of evaluating the performance of the technique
both the normal and adjusted determination coefficients. The latter is calculated as:

(1-RH*(n-1)

R%adj =1-—
ad n—-p—1

is preferred when evaluating models that have a different number of independent
variables.

In the aforementioned formula:
e RZ?is the ordinary coefficient of determination.
e nis the sample size (number of observations).

e pis the number of predictors (independent variables) in the model.

The adjusted R-squared value is derived by adjusting the R-squared value based on
the sample size (n) and the number of predictors (p) in the model. It penalizes the addition
of predictors and accounts for the degrees of freedom, providing a more conservative
estimate of the model's explanatory power.

3.6 Artificial Neural Networks

ANN calculations have been performed using Matlab R2022b software with a Deep
learning toolbox running on a personal computer (Intel(R) Core(TM) i7-8550U CPU
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@1.80GHz 1.99 GHz). A feed-forward three-layer network consisting of input, hidden,
and output layers with a sigmoidal transfer function (trainscg) with a backpropagation
algorithm was designed for the present study and has been trained using the Levenberg-
Marquardt algorithm. The neural network model is created and trained using the fitnet
function in MATLAB. The number of neurons in the hidden layer is determined
iteratively varying the number of neurons from 1 to 10.

To evaluate the networks' performances, the datasets are divided into training,
validation, and testing sets using a random division method. The division ratios are set as
follows: 50% for training, 25% for validation, and 25% for testing. The mean squared
error (MSE) is selected as the performance function for the network.

The transfer functions used in the network are a logarithmic-sigmoid function for
the first layer and pure linear for the second layer, for each of the created models. The
maximum number of training failures allowed is set to 10000, and the maximum number
of training epochs is set to 10000.

The networks are trained using the training set, and their performances are evaluated
using the validation set. After training, the network is tested using the entire dataset. The
predicted outputs, as well as the errors between the predicted and target values, are
calculated. The MSE is computed to assess the overall performance of the network.

Additionally, to minimize the stochastic variability of the R-squared values resulting
from the neural network, the initialization phase has been tested with 10, 20, and 50 runs.
It was found that the best fit is achieved with 20 runs, providing a balance between
computational efficiency and stability of the results. Furthermore, regression analysis is
conducted to determine the correlation between the real and artificial indices. The
determination coefficient (R-squared value) is calculated using the regress function,
providing a measure of the model's goodness of fit.

The entire process described above is repeated for a total of 20 runs to assess the
consistency and reliability of the network. The R-squared values obtained from each run
are stored, and the mean R-squared value is calculated as the average of these values.

The mean R-squared value serves as an indicator of the network's predictive
accuracy and overall performance.

3.6.1  Fluorescence-CEC ANN model predictions in different AOP
treatments

Two sampling campaigns of WW performed in WWTP#3 (dataset C and D) have
been selected to perform pilot-scale Os/H.0, and UV/H,O, processes, which employed
linearly increasing doses of reagents and fluences. To assess which combination of peaks
maximizes the accuracy of prediction on CEC removals, three analyses have been
replicated selecting as initial inputs i) all the five fluorescence peaks, ii) Is-ls-15 peaks,
and iii) only the I, peak. Since the two sampling campaigns occurred in the same period
and all the CEC were detected in both matrices no data was excluded from the output
selection. The comparative analysis has been then replicated also selecting the combined
AOP datasets (Os/H20, and UV/H>05).
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3.6.2 Predictive CEC fate model accuracy for different water qualities

To assess the accuracy of the fluorescence-CEC ANN model six CEC have been
selected as the output of the ANN model for the study. The six outputs to the ANN model
were: Sotalol (SOT), Atenolol (ATE), Trimethoprim (TMP), Caffeine (CAF),
Carbamazepine (CBZ), and Clarithromycin (CLA). The choice has been made by
selecting, among all the detected CEC only those which were common to all water
matrices. They have been selected also based on their variability in their relative initial
concentrations: CEC such as CBZ and CAF, respectively an anticonvulsant
pharmaceutical and a stimulant alkaloid, are present in concentrations 3 to 6 times higher
than those of SOT and ATE. CLA is present in concentrations of an order of magnitude
lower than the latter, and the concentrations of TMP significantly vary through the
sampling campaigns. This selection offers a variability of the investigated CEC, both in
terms of occurrence and reactivity with the radical species created by the AOPs employed
in this study.

As for the prior analysis, the ANN model was tested three times selecting as inputs
all the five fluorescence peaks, Is-1s-1s peaks, and only the 14 peak, so to assess which
combination of peaks maximizes the accuracy of prediction on CEC removals.

3.6.3 Multiple ANN model

The objective of the research is to create multiple ANN (artificial neural network)
models that can assess the doses of input reagents required to minimize the concentration
of CEC below the target levels as stipulated by legislation. To achieve this, three ANN
models are designed. The first model uses fluorescence peaks extracted from EEM
(excitation-emission matrix) measurements of analyzed samples as input and CEC
removal efficiency as output. This model can predict CEC levels based on fluorescence
measurements that are suitable for online monitoring. The second model predicts the
fluorescence peak intensities Is, ls, and Is using the selected CEC normalized
concentrations as inputs. Therefore, the second model can generate fluorescence
modelled data from target CEC concentrations. For instance, if the concentration of CEC
needs to be reduced or could be higher than the measured concentration, the dose of the
AOPs needs to be optimized. The modelled fluorescence data are used in the third model,
which provides the required reagents concentrations and process parameters to be
employed at WWRF to achieve the desired CEC removal. The layout of the multiple
ANN model is reported in Figure 11. An iteration analysis has been performed with 10
runs for each ANN model, increasing the number of neurons of the hidden layer stepwise
to select the layer configuration that minimizes the MSE (Mean Squared Error) between
prediction and effective value of the output.
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4 RESULTS AND DISCUSSION

4.1 Statistical modelling of CEC removal

4.1.1 CEC and fluorescence removals at varying experimental conditions

through AOP pilot plant

Figure 12 shows the removal of CEC and of selected fluorescence indexes at varying
03/H20; and UV doses for the dataset A and B. The obtained results highlight that the
removal efficiency of either CEC or fluorescence indexes decreases with decreasing
0s3/H,0, and UV doses. Furthermore, it is noteworthy to observe a matrix effect because
different removal of either CEC or fluorescence is observed for dataset B (tertiary
wastewater) than for dataset A (tertiary wastewater followed by the lake).
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different stages of the AOP treatment (datasets A and B)
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In addition, the reactivity of the target CEC with ozone or OH radical is also clear
from the data. For instance, CBZ and TMP exhibit the highest removal rates due to their
higher reactivity with ozone which is the driving process of the investigated AOPs (Table
13). Indeed, CBZ and TMP have reaction rate constants with ozone of 3 x 10% and 2.7 x
105, respectively, and about 10° with the hydroxyl radical (Gerrity et al., 2012; Yu et al.,
2015).

Comparing datasets C and D it is possible to highlight a difference in performance
between UV and ozone-based AOPs. The former shows a generally lower removal than
ozonation. Furthermore, the efficiency of the UV-based AOPs depends on the UV
fluence. For instance, at UV doses lower than 398 mJ/cm? fluorescence removal appears
to be negligible, while it is still low also when employing doses of 816 mJ/cm?. Removals
of fluorescence in Dataset D, during AOPs at variable doses of ozone and hydrogen
peroxide are usually higher than those observed during UV/H20.. Furthermore, even at
the lowest doses of O3, the removal of fluorescence is comparable to that obtained at the
maximum values of doses tested in UV/H.0;, confirming that UV-based AOPs need
higher doses to reach the removal observed by ozonation, as expected from prior research
(Sgroi et al, 2015). Finally, the highest removal rate is observed at a dose of O3 =13 mg/L
(Figure 13).

4.1.2  Principal Component Analysis (PCA)

Figure 14 shows the results of the PCA and highlights that about 78% of the information
of the initial datasets is explained by PC1 and PC2 (Figure 14). In all four datasets, it is
possible to highlight the clustering of data points related to fluorescence peaks and most
of the CEC. This result means that fluorescence is able to track the fate of most CEC
better than other indicators investigated. Doses of O3 and H,O; are anti-correlated with
the CEC-fluorescence cluster in datasets A, B, and D since increasing the doses of
reagents causes a higher removal of both fluorescence and CEC. Notably, in Dataset D
anticorrelation is reported only for ozone dose and not for H,O,. This implies that the
contribution of hydrogen peroxide to the removals of CEC and fluorescence is not
significant compared to that of ozone.
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Figure 14 - Biplot of principal component analysis representing the first two
regarding the four datasets which are labelled according to the names of datasets
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4.1.3  Simple OLS linear regression

Linear regressions between the removal of contaminants and each fluorescence
peaks intensity were developed to create a predictive model capable of assessing their
relationships during AOPs under various operative conditions. Fluorescence peak
intensities, expressed in normalized value in relation to their influent value I/1o, constitute
the predictors of the model and their normalized concentrations of the selected CEC are
the predicted variables. Modelling was performed on each of the constituent dataset and
on the matrix comprised of all individual datasets. A summary of the simple linear
regression analyses performed between fluorescence peaks and CEC is reported in Table
14 and OLS linear regressions between each fluorescence peak and each CEC are
represented in Figures 15 to 22.

Table 14 - Summary of the simple OLS linear regression analyses performed
between CEC normalized concentrations (C/Co) and normalized fluorescence peak
intensities (1/1o) for the matrix encompassing all datasets.

R? SOT ATE TMP BTA CBz CAF CLA DIU
11 0.25 0.71 0.18 0.70 0.25 0.73 0.11 0.68
12 0.74 0.64 0.34 0.57 0.56 0.60 0.63 0.57
13 0.59 0.68 0.33 0.75 0.52 0.55 0.39 0.73
14 0.79 0.59 0.45 0.60 0.58 0.51 0.56 0.60
15 0.58 0.56 0.44 0.55 0.63 0.44 0.31 0.55

As shown in Table 14, 15 and |4 fluorescence peaks often exhibit the highest
determination coefficients, although the model to predict CEC concentrations using
fluorescence is not always good. This regression model, however, presents some
limitations. The predictive response can only be linear and it uses as predictors only one
independent variable at a time, in this case, each of the fluorescence peak intensity
measured. To model their fate through the use of fluorescence further analyses are
conducted through stepwise linear regression and multiple linear regression models. The
former is used to fit linear models using multiple variables which are progressively
eliminated by selecting those with higher statistical significance; the latter models a
linear predictive response of one dependent variable using more than one independent
variables at the same time. The following Figure 15, Figure 16, Figure 17, Figure 18,
Figure 19, Figure 20, Figure 21, and Figure 22 depict the overall regressions of each of
the selected CEC with each of the fluorescence peaks.
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Figure 15 - OLS simple linear regression of each normalized fluorescence peak intensity
with the SOT normalized concentration
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Atenolol (ATE)
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Figure 16 OLS simple linear regression of each normalized fluorescence peak intensity
with the ATE normalized concentration
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Trimethoprim (TMP)

15

Figure 17 - OLS simple linear regression of each normalized fluorescence peak intensity
with the TMP normalized concentration
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Caffeine (CAF)
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Figure 18 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CAF normalized concentration
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Carbamazepine (CBZ)
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5

Figure 19 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CBZ normalized concentration
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Clarythromycin (CLA)
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Figure 20 - OLS simple linear regression of each normalized fluorescence peak intensity
with the CLA normalized concentration
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Benzotriazole (BTA)
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Figure 21 - OLS simple linear regression of each normalized fluorescence peak intensity
with the BTA normalized concentration
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Diuron (DIU)

15

Figure 22 - OLS simple linear regression of each normalized fluorescence peak intensity
with the DIU normalized concentration

4.1.4  Stepwise regression

A predictive model was developed to determine CEC normalized concentrations
based on independent variables such as fluorescence peaks, oxidizing agents, residuals,
and water quality parameters, using Matlab Software. The algorithmic procedure used
forward selection of independent variables with corresponding p-values below 0.05 as a
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threshold of statistical significance. Variables with p-values above 0.1 were removed
from the model. Potential predictors were selected based on their dependent relationship
with CEC normalized concentrations from principal component analysis, as outlined in
Table 14.

Table 15 - Selected predictors of the stepwise regression model for CEC normalized
concentration prediction, for each of the tested input

x1 X2 x3 x4 x5 X6 X7 x8 X9 x10  x11 x12  x13

oty Do Real Rl oo wor U7 e omow s
Inputs
Input 1 X X X X X X X X X X X X X
Input 2 X X X X X X X X X X
Input 3 X X X X X X X
Input 4 X X X X X
Input 5 X X X
Input 6 X X X

One of the main drawbacks of the stepwise regression technique is its tendency to
result in overfitting, especially when including too many independent variables in relation
to the initial dataset: the model fits the training data too closely and is not able to
generalize well to new data. For this reason, stepwise regression was performed with the
scope of finding the combination of least independent variables which resulted in a high
statistical significance (R? > 0.8) while explaining the normalized concentrations of CEC
observed in water samples. As

Table 15 summarizes the number of independent variables selected has been
progressively decreased until only three of them were left. The statistical significance,
expressed in terms of R? and adjusted R? values is outlaid in Table 16 for each of the
contaminants. While overall the highest results in terms of determination coefficients are
achieved when considering all of the inputs selected as independent variables, these
results may be overfitted on the dataset employed and the results may not be extendable
to new sets of data. Therefore, the fitted model that best represents CEC variations during
AOPs is obtained by selecting as independent variables the UV and ozone doses given
during the oxidation processes, respectively in md/cm? and mg/L units, and the
fluorescence peak I4 (275/345 nm). For ATE, BTA, and DIU the R? is >0.95, CBZ
achieves a R? value of 0.8 and only TMP scores lower at RZ=0.72 (Table 16).
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Table 16 - Determination coefficients of stepwise regression models for each of the
selected inputs of independent variables (R2 > 0.8 are featured in a bold type)

ATE TMP BTA CBz DIU
R? R? R? R? R? R? R? R? R? R?
Adjusted Adjusted Adjusted Adjusted Adjusted

Input 0.98 0.97 0.86 0.84 0.97 0.97 0.89 0.87 0.99 0.99
1

Iznput 0.98 0.97 0.86 0.84 0.98 0.98 0.88 0.85 0.98 0.98
;nput 091 091 073 0.72 0.98 098 091 0.88 097 097
anut 091 091 072 071 0.99 0.98 0.67  0.66 0.99  0.99
Input  0.84 0.83 072 071 0.85 0.83 0.67  0.66 078  0.77
5

Input 097 0.96 072 071 097 097 0.80 0.78 098 097

4.1.5  Multiple linear regression

The implementation of a multiple linear regression model enables the quantification of the
correlation between the dependent variable, in this case, the normalized concentrations of each
selected CEC, and a set of explanatory variables. Incorporating multiple predictor variables
becomes crucial as a solitary fluorescence measurement might not suffice for constructing an
accurate prediction model. In this scenario, the independent variables are derived from
combining fluorescence indices. The analysis aims to predict the values of a dependent variable
based on the knowledge of observed values from an independent variable and determine whether
multiple fluorescence indices enhance the model's performance compared to simple linear
regression. The combinations of fluorescence indices utilized are as follows: 14-1s, l5-14, I5-Is, 13-
ls-1s, and 11-15-14, because, based on previous analyses, those permutations of fluorescence peaks
have exhibited a higher degree of correlation with CEC removal than other combination of
parameters. The latter combination was selected due to the presence of 11, I, and 1 indices,
characteristic of proteinaceous substances in water, while 13 and Is pertain to humic substances.
Moreover, the combinations Is-14-1s and 1s-15 were chosen because previous studies have proven
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their potential for further online monitoring applications since humic-like regions are the least
affected by IFE and variation due to the presence of TSS or nitrite scavengers (Sgroi et al., 2020).
Similar to linear regression, the modeling was conducted considering seven cases: prediction of
CEC as ¢ / c0 using the data matrix A; B; A+B; C; D; C+D and the matrix including all data
together A+ B+C+D (Table 17).

Table 17 - Multiple regression analysis on the dataset (A+B+C+D) of the five selected
contaminants (R? > 0.8 are featured in a bold type)

ATE TMP BTA cBz DIU

R? R? R? R? R?

I3-14 0.59 0.41 0.75 0.67 0.77
Is-1s 0.49 0.86 0.51 0.73 0.51
I3-1s5 0.70 0.64 0.75 0.82 0.74
I3-14-15 0.72 0.89 0.76 0.83 0.75
li-12-14 0.66 0.55 0.68 0.86 0.69

For the selected CEC, the combination of peaks of fluorescence which exhibits the
highest degree of correlation overall is Is-ls-ls. However, for Atenolol and
Carbamazepine, utilizing I3 and Is the determination coefficients exhibit satisfactory
results. Furthermore, for Carbamazepine the combination I1-I»-14 is the best fit. The same
conclusion can be applied to TMP when selecting as independent variables for the
multivariate analysis the combination of Is-1s-Is. Figure 23 shows good performance
obtained by the multiple linear regression analysis for the target CEC
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Figure 23 - Comparison of multiple regression analysis of the combination of
fluorescence peaks R? on ATE, TMP and CBZ on datasets A+B, C+D and A+B+C+D.
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Implementing multiple regression analysis, the models obtained achieve a sensible
increment in correlations for all the contaminants. However, it is important to note how
the multiple regression model tends to achieve a more accurate prediction when analyzing
stand-alone datasets and does not yield satisfactory results when different qualities of
waters are processed together, implying that multiple linear regression profoundly
influences the water matrix effect. This finding, while offering a valuable tool to assess
indirectly the fate of CEC during AOPs when the influent is not susceptible to initial
quality variations, hinders its applicability in an operative WWRF environment. To
feasibly employ fluorescence monitoring on a full-scale and broad WWRF layout,
artificial neural networks are investigated because can model complex phenomena when
processing conspicuous and variable amounts of input data.

4.2 Artificial Neural Networks

The objective of the research is to create a multiple ANN model architecture to adjust the
doses of reagents at the AOP required to obtain a reduction of CEC concentration within
the levels prescribed by the current legislation. For this scope, the three ANNSs are outlaid
as such: a first model is fed with EEM measurements of the analyzed samples and a
predictive model of CEC removal efficiency is proposed. Then, a second model is created
to predict the fluorescence peak intensity of the indexes Is, l4, and Is, by using the CEC
concentration as input. The output of the second model will constitute the threshold levels
of fluorescence indexes statistically linked to the abatement within legislative standards
of CEC concentrations to feed to the last model, which provides the required reagents
concentrations to be dosed to achieve the desired water quality.

4.2.1  Fluorescence removal during UV/H202 and Os/H202 AOP
treatments

The efficacy of the performed AOP processes can be seen through the qualitative analysis
of the EEM scans. In Figure 26 the initial and final qualities of treated wastewaters exhibit
a significant reduction of fluorescence intensities for all the WW samples. Notably,
influent waters report a rather significant presence of all the five characteristic peaks of
domestic WW, which result in being appreciably diminished after AOP treatments are
performed, except for dataset C which shows only a slight overall decrease in
fluorescence intensities registered. All peaks show a significant reduction in fluorescence
intensities when ozone-based AOP is employed, although the I, peak seems to be the most
refractory to treatments. The I, peak shows an appreciable reduction for all datasets;
notably, it is the only peak that exhibits a sensible diminution for UV/H,0, treatments
and, even for datasets A and B, which exhibit weak levels of 14 fluorescence intensities
prior to AOP treatments.
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Figure 24 - Fluorescence intensity EEM of influents and
effluents referred to each sampling campaign. Each EEM is
labelled accordingly to their originating dataset

75



CHAPTER 4 RESULTS AND DISCUSSION

4.2.2  Selection of predictors for Fluorescence-CEC ANN model

The architecture of the network is the primary element that affects its capability to
perform regression analysis. Since it is a shallow neural network consisting of only three
layers of neurons, before performing the regression task it is necessary to assess the
optimal number of nodes in the hidden layer. The initial input and final output layer
consist of one neuron per each of the independent variables, i.e. the fluorescence peaks
and spectroscopic parameters, and one neuron per each of the results, i.e. the predicted
normalized concentrations of the selected contaminants, respectively. To assess the
optimal numbers of neurons to set for the neural network an iterative analysis on the
dataset is initialized several times to minimize the variability in response due to the
stochastic nature of the neural network analysis. A feed-forward network is created and
initialized in a loop that tests the number of neurons increasing stepwise their number
from 1 to 10. As a measure of the fitness of the model, the minimization of the mean
square error is chosen.

The iterative analysis converged on eight neurons in the hidden layer as the result
which preserves the most accuracy for the neural network, so the dataset comprised of
the four sampling campaigns is imported and a neural network consisting of a topology
of 3-input layer, 8-hidden layer and 6-output layer is trained on that data. The dataset was
split into training (50%), validation (25%) and test (25%) subsets. The validation and test
sets, for evaluation of the validation and modelling power of the model, were randomly
selected from the experimental data. Therefore, the early stopping technique was used to
further avoid overfitting and improve generalization. Analysis was initialized using 10,
20, and 50 runs. Table 18 outlines the results in terms of R? of each model, which have
been stored and the average value was calculated.

Table 18 - Outline of the determination coefficients of the iterative analyses on datasets
A+B+C+D using ANN to predict 6 selected CEC (R? >0.8 are featured in bold)

UV, 03, H;0: doses,

Output Input l-ls-Is ls UVasy 03, H20; residuals

SOT, ATE, CBZ, Number
TMP, CAF, CLA  of runs

SOT, ATE, CBZ, R?

TMP, CAF,CLA  Mean 0.92 0.93 0.92 091  0.90 0.90 0.68 0.69 0.69 0.89 0.89 0.89

SOT, ATE, CBZ,

TMP, CAF, CLA R* Max 0.95 0.95 0.95 091 092 0.92 0.80 0.82 0.82 0.92 0.96 0.94
SOT, ATE, CBZ, 2 nps
TMP, CAF, CLA R* Min 0.85 0.63 0.63 0.90 0.87 0.83 034 034 034 0.85 0.81 0.84
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It is worth noting that the R-squared value for both the 20 and 50 runs tests show
negligible differences, indicating that the model has stabilized after 20 iterations. The
analysis was further conducted using four different predictors: the combination of I3, 14,
and Is as independent variables, peak 14, UV absorbance at 254 nm, and doses and
residuals of the reagents used in the AOP. Figure 24 for the results. It's worth noting that
the combination of all three spectroscopic peaks produces the most accurate results, but
using only the 14 peak is still satisfactory. This confirms that while multiple peaks are
necessary to fully capture the complexity of WW quality variation during AOPs, the |4
peak is the most effective predictor of AOP treatment efficiency in removing various
CEC. UV absorption at 254 nm, on the other hand, is not reliable enough to be considered
a predictor of removal efficiency for the selected CECs. It is possible that it could be
accurate under specific initial conditions or for other specific pollutants. While UV
fluence, Os, and H,0, doses and residuals also have high prediction power, they require
costly technical apparatuses to monitor and can lead to errors in measurements and
misinterpretation of the transferred doses.
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Figure 25 - Comparison of the results of one test run on dataset A+B+C+D using as initial
predictors peaks combination 13 14 and 15 (a), 14 peak (b), UV254 (c) and doses of O3,
H202 and UV and their corresponding residuals (d)
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Figure 26 reports the performance of the ANN in predicting normalized
concentrations of the selected CEC. The predictions of CEC normalized concentrations
are very accurate. In the case of Caffeine, the prediction is equal to the actual value of
normalized concentration. In the case of Trimethoprim, which exhibits the most
significant discrepancy, the difference between the values of the actual and the
experimental data is 0.06 as the normalized concentration, corresponding to a difference
of about 10%. Overall, the accuracy of the predictive ANN model is very good.
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=) 0.7
(]
g 0.6
Q 0.5
o
) 0.4
)
o 0.3
g
< 0.2
0.1
0.0
SOT ATE TMP CAF CBZ CLA
B Experimental 0.48 0.80 0.52 0.83 0.60 0.56
B ANN prediction 0.44 0.77 0.58 0.83 0.63 0.54

Figure 26 — Assessment of the ANN prediction of the average CEC normalized
concentrations with the actual measured values of the four datasets using as predictors
the three fluorescence peaks I3, 14, and Is.

4.2.3  Fluorescence-CEC ANN model predictions in different AOP
treatments

ANN models benefit greatly from vast arrays of data to process, especially when
those originate under different initial conditions, thus leading to an increase in the
accuracy of the predictive model. The ANN model was tested with tertiary treated waters
subject to O3/H,0, and UV/H,0, AOPs (Datasets D and C, respectively) to highlight
potential differences in performances due to the AOP employed. The test was repeated
for combination of peaks, using all five I1-Is excitation-emission couplets as extracted
from the EEM, the three peaks related to humic, fulvic acid-like and tryptophan-like
regions of the EEM spectrum (I3, 14 and Is) and using as predictor only 14, which previous
analyses with statistical tools have pointed out as the most representative of CEC
reductions during AOPs on the selected domestic waters. A substantial difference in
performance is highlighted in Figure 27, showing a selectively higher performance of the

78



CHAPTER 4

RESULTS AND DiscussION

model during Os/H,0, processes for all the three peaks combinations selected as
predictors of normalized CEC concentrations. The average best fit (R?= 0.90) for ozone-
based AOPs is achieved using all five peaks, while the model maintains robustness
(average R?>0.80) for all selected combinations. Weaker results have been found with the
UV-based AOP counterpart, which totalized an average of R? of 0.71 for I1- Io- I3 la-15
peaks and Is- 14-Is combinations and a performance only slightly under the robustness
threshold of 0.8 when selecting only 14 peak as model predictor. This underperformance
is, however, probably due to the sub-optimal UV fluences tested.
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Figure 27 - ANN model prediction accuracies for combinations of fluorescence peaks on
tertiary waters treated with Os/H,0, and UV/H,0, AOPs (Datasets D and C, respectively)

4.2.4  Predictive CEC measurements model accuracy for different water

qualities

The investigation was conducted to assess water matrix effect on the performance
of the ANN model. Three treated wastewater matrices were tested, corresponding to
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datasets A, B, and D. Water matrices (A) and (D) have comparable initial quality since
they are both tertiary effluents. The only difference in the treatment line consists in the
storage inside the artificial lakes of water matrix (A), while matrix (B) is a secondary
treated effluent and differs significantly in water quality. The latter is characterized by
significantly higher levels of OM and fluorescence intensity exhibited. The best results
are obtained using all five fluorescence peaks as predictors, for the ANN captures
reductions of CEC which are not strictly linked to tryptophan-like I, peak reduction.
However, it is important to understand which degree of robustness of the model is directly
dependent on each peak reduction: except for tertiary treated influents (Dataset A), in
which the scarce presence of both CEC and fluorescent activity of the OM lowers the
ability of the ANN to suitably predict CEC reduction using only one peak, the matrices
which exhibit a stronger fluorescent activity and significantly higher CEC concentrations
also exhibit a degree of accuracy of prediction using only 14 peak comparable to those
obtained using the combinations Is-14-1s and using all the five peaks altogether. Notably,
in (D) WW, where the contribution by the addition of the other four peaks to the 14 peak-
based model produces almost negligible effects. This finding (Figure 28) also
corroborates the choice of the 14 peak as the most suitable fluorescence indicator to
effectively capture the fate of CEC during the investigated AOP.
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Figure 28 - ANN model prediction of CEC concentrations on Oz/H,0, AOP treated WW
of different influent quality.
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4.25 Inverse ANN model for fluorescence intensity prediction using CEC
normalized concentrations

The second model is an inverse of the first ANN model, employing CEC normalized
concentrations as data inputs to predict the fluorescence intensities of the selected peaks.
The benchmark CEC, which has been detected in the WW are used as an input parameter
of the model to predict three ANN outputs: i) all five fluorescence peaks intensity, ii) Is-
I4-15 peaks, and iii) 14 peak.

In Figure 29, the output models are shown and exhibit the strong capability of the
ANN model to predict which fluorescence abatement is to be expected when the
benchmark contaminants are removed. The model is able to capture the normalized
fluorescence intensity both of groups of peaks and the I, peak alone. The robustness of
the model implies that it is possible, through the use of the ANN, to set the desired CEC
removals expected to comply with the WW reuse national regulations to assess which
decrease of fluorescence intensity should be achieved by the AOP.

For each model presented, the average difference between the expected fluorescence
intensity of each peak based on the ANN prediction and the values measured through the
EEM scans is negligible. In the worst case of the Is-14-1s model, the predicted normalized
fluorescence intensity 1/l divergence from the actual value is equal to 6.5%. A histogram
depicting the comparison of the three models’ average predictions is reported in Figure
30.
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4.2.6  ANN model assessment of AOPs doses

Having successfully assessed the possibility of drawing conclusions about the
fluorescence removal to maintain CEC concentrations below the limits imposed by WW
reuse regulations, a third model is outlaid, which links the removals of the selected peaks
of fluorescence intensity with the doses of reagents and fluences employed during AOPs.
The third model is the final result which will constitute the operational practice in the
WWREF environment. As for the previous analyses, three models are tested, each
employing the previously tested combinations of fluorescence peaks to model the
combined doses of ozone, hydrogen peroxide, and UV fluences, The results, as shown in
Figure 31, exhibit a scarce possibility of assessing the required doses using only the I4
fluorescence peak, while showing promising results for the other two combinations
investigated. This result is expected, since the fluorescence reduction of a single peak
cannot represent the complex interactions occurring during multiple AOPs, thus not
allowing for a satisfactory tracing of ozone concentrations to be dosed during AOPs.
However, while the 14 peak reduction alone is not sufficient to model the doses employed
during AOPs, the combination of I3- 14- Is achieves R?=0.8 only in the prediction of ozone,
H20,, and UV doses altogether. 13- Io- Is- l4- Is exhibit always strong accuracies (R%>0.8)
and is more suitable as a predictor. Robust results found for the two combinations of
peaks suggest that the concatenate model outlaid is indeed able to achieve a degree of
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accuracy that enables its possible use in a WWRF environment to monitor the efficiency
of treatment and can lead to a promising technique to control the related operational costs.

O3/UH/H202 o3/uv 03

g g :

Doses Predicted
Doses Predictod

W L P % N
- - .es
. P
. 2
o Mosr - — - - I eeemme o o o o o J 0 ¢ Rl -
o ) 0 150 z0 o s 0 T 10 0 2o ®0 a0 0 s 0
Doses Measured Doses Measured Doses Measured
70,
- . B
ko) e 00 2 -
-~ 0 soo | 10
($) 2 H 2
S g 3 g
o 20 £ wo & $
J] H £ H
= 2 o 1% v .
T © FE FE 2
T 8 3 8
(%) V‘ Y 20 s
d - . ™ teee
o = .. ® & )
/R wqr
Q [ S o Rroine R sz
o o Ui 20 0 o 70 300 200 100 0 W00 20 30 40 %0 €0 700 0 2 4 ® s 10
Doses Measured Doses Measured Dosos Measured
70
-
%0 -
0 0 50 0
] 2 3 2
b 3 T T
" 3 400 - B 400t 3 8t
T H H H
o & . < % S
= $ 200 8300 g .
NI 8 3
- 00 20 - A
~— -t
= 101 100

0 0 10 20 W0 400 0 600 0 Wo 20 %0 40 S0 &0 700 2 0 2 4 6 8 1 12 u 16
Dosos Measure d Doses Measured Doses Measured

Doses Measured

Figure 31 - ANN predictive model of AOP doses and fluences using normalized
fluorescence intensities on datasets A+B+C+D

By applying fluorescence-ANN-based models promising results in the pilot-scale
AOPs are found, allowing i) the modelling of CEC normalized concentrations by
exploiting fluorescence peaks measurements, ii) the prediction of the fluorescence
reduction using benchmark CEC, and iii) the prediction of the required doses of UV, O3,
and H202. ANNSs are ideal for modelling highly complex, nonlinear data and require less
time than traditional methods, making them a good alternative to empirical modelling
based on linear or polynomial regression. The developed fluorescence-ANN-based model
can be used for real-time control of AOPs employed for CEC removal, leading to AOP
optimization and cost savings. This study highlights the potential of soft-sensor solutions
to optimize and control AOPs by bypassing laboratory methods and new online CEC
sensors. The approach can be generalized by collecting more fluorescence data at the
AORP inlet to improve the soft sensor's robustness before deployment.
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4.3 Fluorescence sensor analysis for CEC prediction and processes
monitoring

Fluorescence measurements through in-situ fluorimeters allow the collection of time
series data providing real-time information. Despite the potential to be used as a proxy
for standard water quality assessment metrics, the in-situ applications are still constrained
due to the technology readability, costs related to sensor devices, and limitations on the
applicability of sensors. (Bedell et al., 2022) observes fouling of continuous tryptophan-
like peak fluorescence sensor due to the accumulation of a biofilm from wastewater
effluent, which resulted in an increased continuous fluorescence signal in the instrument.
(Zielinski et al., 2018) also pointed out that sensors measuring unfiltered water can
capture fluorescence signals from dissolved, colloidal, and particulate organic matter,
making direct comparisons with laboratory measurements using filtered samples
complicated. Additionally, the use of fiber optics in the sensor can lead to light
transmission losses, reducing sensitivity and hindering the reproduction of protein-like
tryptophan peaks. These limitations impact the sensor's overall performance. The
overarching goal of the present study is to investigate the performance of novel
tryptophan fluorescence sensors and to compare the obtained findings with benchtop
spectrofluorimeter. Specifically, issues related to fluorescence measurements (i.e., IFE,
suspended solids, matrix effect) were explored to understand their influence on obtained
data. Lastly, the feasibility of fluorescence sensors in CEC monitoring was tested at the
AOP pilot plant to assess if the continuous measurement of the fluorescence intensity
through the portable fluorimeter could be effectively employed for real-time monitoring
applications in operational environments.

4.3.1  Off-line application of fluorescence sensor: correlation with lab-scale
measurements and effects of potential interferences on recorded
data

43.1.1 Fluorescence data recorded with FL sensor vs. data collected
with benchtop spectrofluorometer

To obtain information regarding the feasibility of the FL sensor in real-time monitoring,
fluorescence measurements obtained from the FL sensor were correlated with benchtop
fluorescence couple of excitation-emission at 280/340 nm. The investigated samples are
those that originated in WWTP#1 and #2 and the datasets E and F originated in WWTP#3.
The measurements of benchtop fluorescence have been investigated by applying the IFE
correction and conversion to RU and without those data manipulation techniques. As
Figure 32 shows, real-time monitoring of water quality exhibits strong correlations
(R?>0.90) regarding all sets of data, with little variability in the determination coefficients
exhibited for all four sets of water samples. However, from a physical perspective, data
of the real-time probe measurements should be compared with raw data from the benchtop
fluorimeter since the phenomenon of IFE occurs for the interaction of incident and re-
emitted photons with the water and the particles of DOM, which happens when
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measurements are acquired with both instrumental setups. Conversion from Arbitrary
Unit (AU) to Raman Unit (RU) is employed to compare measurements acquired through
the use of different benchtop fluorimeters, accounting for the variability due to the
different sensitivity of the lamp and sensor. In Figure 32 it is highlighted the result of the
linear correlations employed: continuous measurements exhibited the strongest degree of
positive correlation with benchtop fluorescence raw data measured at the excitation-
emission wavelengths of 275/345 nm (14 peak) even though the sensor itself measures the
fluorescing activity intensity in its vicinity at a different couple of excitation-emission.
Raw benchtop fluorescence data are confirmed to be best correlated with the sensor
measurements.
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4312 Effects of potential interferences on recorded data: light,
position, and suspended solids

To evaluate the capabilities of the fluorescence sensor, measurements were
conducted in a completely opaque container, as well as in semi-opaque and transparent
flasks. Additionally, measurements were taken of stationary samples, as well as samples
that were gently agitated. When the sample was stationary, the sensor displayed
fluctuations of a few hundred counts in its arbitrary unit scale. The same results were
observed when measuring gently shaken samples. Notably, there was minimal fluctuation
in the real-time fluorescence signal measurements (346 counts) between the still and
shaken samples. While there was a slight decrease in measurement values between the
two samples, it is worth mentioning that the magnitude of this decrease was comparable
to the fluctuations typically seen when taking measurements. Therefore, the movement
of the sample did not appear to have any significant impact that could potentially
compromise the accuracy of the measurement results. We conducted an analysis of a
sample taken from the inlet and another from the effluent after undergoing biological
treatment at WWTP#2. The analysis was performed using the 14 fluorescence probe while
enclosed in various containers, including an opaque Nalgene flask, a semi-transparent
vial, and a transparent flask. It is worth noting that light significantly impacts the
measurements, which can lead to inaccurate results. In fact, in the case of the transparent
flask, it was impossible to take accurate measurements due to the effect of light.

The effect of filtration is still a matter of scientific debate. (Khamis et. Al.,2015)
found that an increase in tryptophan-like fluorescence is attested when the turbidity of
waters in an urban stream environment is low to moderate, suggesting conducting a
filtration process for in situ monitoring in case of sudden changes related to storm events,
but those findings were in contrast with those found in (Downing et al., Saraceno et al.)
which reported an attenuation of fluorescence intensity signal both at high and low
turbidity. Therefore, in this study, the analysis has been conducted on filtered and
unfiltered samples originating from the secondary effluent of WWTP#2 and the tertiary
effluents of WWTP#3 sampled at different sampling points of the AOPs pilot plant and
after the subsequent final GAC treatment step. Filtration of the samples has been
conducted utilizing a vacuum pump equipped with Whatman circular filters made of
mixed esther-cellulose fibers (0.47 um, ® 47 mm, cat n° 7141-004). After the process,
both the sample sets were investigated through the use of the real-time 14 real-time probe
and I, EEM peak analysis. The determination coefficients have been calculated and
compared to assess the effect of filtration on water samples. All the analyses have been
performed using both the calibration of WWTP#2 and WWTP#3. Figure 33 highlights
that filtered and unfiltered sample data points align on the same regression line, indicating
that the characteristics of the starting waters do not affect fluorescence measurements in
real-time. Thus, the effect of filtration, which appears to be negligible on the sensitivity
of the fluorescence probe, suggests that there is no need to pre-filter samples when
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employing in-situ monitoring of secondary wastewater effluent in real-time, enabling a
quicker procedure of water monitoring in WWTP environments.
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Figure 33 - Linear regression analysis performed on treated WW originating from
WWTP#1 and WWTP#3 prior to and after filtration.

4.3.1.3 Measurements through fluorescence sensor of different water
matrixes

To assess the performance of the real-time fluorescent sensor on water with
intrinsically different characteristics, an OLS regression analysis has been performed on
waters originating in multiple WWTP environments. Waters from WWTP#1 have been
subject to primary and secondary treatment stages, while waters collected at WWTP#2
during two distinct sampling campaigns consist of primary and secondary treatments and
a subsequent disinfection stage. Finally, waters from WWTP#3 have been sampled at
different points of an AOP treatment train (dosing 4 and 12 mg/L of hydrogen peroxide),
and of a final GAC treatment. Correlations have been investigated without applying the
correction of the IFE in the EEM scans to assess the comparability of the continuous
sensor with data obtained from EEM originating from the traditional benchtop
fluorescence apparatus. Obtained results are represented in Figure 34, where OLS
regression analysis on sensor measurement and benchtop fluorescence are shown to
corroborate the robustness of the sensor measurements when applied to samples
originating after different treatment processes, which determine a high variability on the
quality of WW in terms of COD, DOM, and CEC. Even for data obtained from WWTP
#3, which shows the least determination coefficient values, the model remains robust with
values of 0.92, while data obtained from WWTP#2 show almost perfect linear
relationships between the two sets of measurements. Putting all data together results in
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an R? = 0.95. This result shows that the online fluorescence sensor is a robust instrument
to monitor fluorophores in a wide range of water quality.
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Figure 34 - Comparison of the correlations obtained between benchtop EEM 14 peak
(275/345) nm without applying corrections of the instrument data and 14 peak (280/340)
obtained via real-time sensor confronting waters originating in different WWTPs and
subjected to different treatment

43.14 Correlation of fluorescence data obtained with FL sensor with
COD and UVa2s4 Absorbance

Figure 35 and Figure 36 display the results of correlating benchtop and sensor
fluorescence with COD and UV absorbance, respectively. Both COD and either 14 peak
or continuous fluorescence sensor signal exhibit similarities in their correlation (Figure
34 and Figure 35), although some of the correlations are not strong. Nevertheless, the
real-time sensor accurately traces the response of the |4 peak as extracted from the EEM.
For samples from WWTP #1 and #2, which have the highest concentration of COD, the
correlations are particularly strong (R2=0.89 and 0.95, respectively). The data shows that
samples collected at the WWTP#3 (tertiary effluents subjected to UV/H202 treatment
and GAC adsorption ("WWTP#3-a" samples), ozonation with subsequent final GAC
adsorption ("WWTP#3-b" samples)) exhibit lower but still good correlations, especially
for WWTP#3-b.

Oxidation of chromophoric moieties in DOM, such as during ozonation treatments,
results in a decrease in both UV absorbance at 254 nm and fluorescence intensity (Walpen
et al., 2022). These two surrogate parameters used to monitor water quality are linked to
some extent. However, comparing data from waters different in origin, it is possible to
highlight differences in the behavior of absorbance and fluorescence. Linear correlations
between fluorescence and UV absorbance at 254 nm for each of the tested WW are shown
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in Figure 36, comparing the results of the two sets of fluorescence measurements. Those
highlight the similar behaviour of the fluorescence sensor measurements and traditional
benchtop measures of the 14 peak as extracted from the EEM. However, the correlations
are different at varying wastewater quality, and absorbance and fluorescence correlate
strongly (R?>0.98) only in data from WWTP#2, which is treated up to the secondary
stage. Satisfactory results are obtained also for WWTP#1 data using the fluorescence
sensor. By using benchtop fluorescence, however, the determination coefficient is below
R?=0.80. WWTP#3 campaigns, which are comprised of samples that have undergone an
advanced treatment, obtained always unsatisfactory results and weak correlations.
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4.3.2  Real-time monitoring of fluorescence intensity at AOPs pilot plant

through online sensor

4321

Semi-batch tests of inlet monitoring

After analyzing the accuracy of the continuous fluorescence signal in a laboratory
setting compared to indirect quality monitoring via traditional benchtop fluorescence
EEM scans, we explored the potential of utilizing the fluorescence sensor for extended
real-time monitoring. Figure 36 illustrates the monitoring of the fluorescence signal,
expressed as a percentage of the influent water signal, over a 90-minute operating time.
The sensor recorded the fluorescence signal of the entire semi-batch experiment in real
time, showing a distinct step pattern as the concentration of fluorophores in the samples
increased. Additionally, the sensor response was replicated with repeated testing. This
achievement of maintaining consistent real-time fluorescence measurements under
identical operating conditions and water quality validated the on-site use of the sensor
before conducting AOPs testing.
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Figure 37 - Real-time fluorescence trends recorded by the online fluorescence sensor
during semi-batch tests of diluted samples of WWTP#3 influent. The percentages
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4.3.2.2 Long-term AOP influent monitoring through real-time
fluorescence

Long-term monitoring of the WWTP#3 AOP influent was conducted using a
fluorescence sensor. The experiment aimed to study changes in water quality entering the
AOP pilot plant, as well as test the sensor operation for long periods to detect any errors,
failures, or anomalies that could cause signal interruptions. To achieve this, long-term
tests were performed on the influent WWTP#3, taking into account any changes in water
quality due to issues in previous treatment processes. The calibration of the sensor was
also tested to ensure it was adequate for controlling fluctuations in the fluorescence signal
produced by variations in water quality. The experiment involved 9 days of continuous,
24-hour monitoring, during which the AOP pilot plant remained in operation, maintaining
a constant flow rate. The only exception was day 7, which involved a stop for maintenance
(Figure 37).

The WWTP#3 AOP influent was effectively monitored by the sensor without any
signal interruptions or failures, except for the maintenance day when the power generator
was offline. Additionally, no fouling was detected on the sensor's optical surface, despite
the lack of a cleaning operation. Due to the inconsistent quality of the incoming raw water,
the fluorescence signal was expected to fluctuate significantly. During the first six days,
the fluorescence intensity gradually increased from 50% to over 90%, but on days 8 and

9, it returned to values around 50-60%.

40 { f Stop for
maintenance

100

90 4

|

Real-time fluorescence intensity (%)

Day1 | Day2 | Day3 | Day4 | Day5 | Day6 | Day7 || Days | Day9
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Figure 38 -Real-time fluorescence trends recorded by the online tryptophan-like
fluorescence sensor during 24h non-stop monitoring of WW-1 for 9 consecutive days.

4.3.3  CEC monitoring through fluorescence sensor and comparison between
online and offline configuration

Correlations between fluorescence sensor normalized signals in both offline and
online modes and the sum of normalized CEC concentrations are reported in Figure 39.
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The sensor signal has exhibited strong capabilities of predicting the CEC normalized
concentrations both in offline and online modes. Correlations are not only robust (R?
>0.9), but also align on the same overall regression line, showing that the setup is not
affected by changes when the sensor is installed in a real AOP line environment.

To compare the performance of the fluorescence sensor with the benchtop fluorescence
measurements, Figure 40 shows the correlations between the sum of normalized CEC
concentrations and alternative fluorescence measurements, including the main EEM
peaks, obtained by the benchtop fluorescence analysis, and the online sensor signal.
Obtained results show that the fluorescence sensor can be used to monitor the CEC as
well as the benchtop spectrofluorometer. Indeed, the obtained determination coefficients
are always very high regardless of the type of fluorescence measurements. In particular,
comparing the results obtained by using the |4 peak of benchtop fluorescence with the
continuous monitoring by using the sensor (FL), it is demonstrated that the latter is able
to monitor the normalized CEC concentration in treated WW. This result corroborates the
possibility of employing such technology for online real-time monitoring in a real WWTP
environment.
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Figure 39 - Fluorescence sensor normalized response in offline and online applications
in relation to normalized concentrations of the sum of CEC.
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Finally, fluorescence online signals and CEC data obtained from three nonconsecutive
days of sampling tend to lie on the same regression line (Figure 41). Indeed, the observed
correlations between the online fluorescence signals and the normalized CEC
concentrations are strong and similar regardless of the sampling day. This finding, which
is strengthened by the fact that day one of sampling was performed 8 months before the
other two sampling days, strongly suggests that the fluorescence signal registered by the
sensor is unaffected by initial water quality variability and that the sensor may be
employed at a full-scale application to become a control tool for monitoring the CEC
fated during wastewater treatment processes, as well as a warning tool case of adverse
events, which may occur in a real environment of a wastewater reuse facility.
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5 CONCLUSIONS AND PERSPECTIVES

In recent years, due to climate change and indiscriminate freshwater exploitation
and deterioration, the problem of water scarcity has drastically increased and is set to be
one of the main challenges of the future centuries. In this setting, strategies of wastewater
reuse and repurposing, which have been thoroughly studied for many decades, have
become paramount to tackling resource scarcity issues. The ever-increasing presence of
a wide variety of CEC pollutants, which are often bioaccumulated in water environments
and are contributing to the deterioration of water quality is becoming the main challenge
to wastewater repurposing strategies and poses a significant hazard to human health and
all the aquatic environments. The present study was aimed at developing a cost-effective
approach to monitoring AOPs, which constitute one of the most promising technologies
available to achieve a high standard of repurposed wastewater quality. The use of
fluorescence intensity measurements as an indirect indicator of the overall quality of
water and of treatment efficiency in wastewater reuse has been subject to decades-long
studies. Its employability is, however, hindered by the limited techniques that allow for
timely responses in case of adverse events during treatments. The study hereby proposed
has developed an approach to effectively monitor and control UV/H,O; and O3s/H,0;
AOPs through the use of fluorescence coupled with statistical analyses, with the
employment of the machine learning technique of artificial neural networks and by using
an offline and online instantaneous and continuous fluorescence intensity sensor.

From the present work the following main conclusions can be drawn:

e  Astatistical approach, composed of five steps, has been developed to track
the fate of seven benchmark CEC used for pharmaceutical, industrial, and
agricultural uses (Atenolol, Trimethoprim, Benzotriazole, Carbamazepine,
Diuron, Clarithromycin, and Caffeine) during AOPs:

= A comparison between CEC normalized concentrations and
normalized fluorescence intensity I/lo is used to assess their
behavior;

= PCA analysis shows which independent parameters are the most
important on data associated with CEC occurrence in wastewater
treatment processes;

= OLS linear regression analysis is performed to assess the linear
dependency of CEC levels from each of the fluorescence peaks
with the scope of selecting those peaks that appear to be correlated
the most

= |terative stepwise analyses of the dataset, selecting the
independent variables that appear to be correlated the most with
CEC normalized concentration in the previously performed PCA
allows to selection of the model that ensures the highest
determination coefficient for the investigated CEC while utilizing
the least possible number of independent variables, thus
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overcoming the known overfitting problem of stepwise regression
techniques;
= Multiple linear regression analysis is conducted on that

combination of fluorescence peaks measurements, which act as

independent variables to assess which permutation exhibits the

highest determination coefficient when explaining the variation in

CEC concentration.
The statistical approach poses some limitations to the application of
fluorescence analysis since it can capture effectively the removal of
pollutants only for wastewaters having the same initial quality and which
have been subject to the same AOP.
To overcome such limitation, a multiple ANN model has been developed,
resulting in a data handling technique that gains accuracy in making
predictions when dealing with huge arrays of data. The multiple model
acquired fluorescence data on secondary and tertiary treated WW effluents,
subject to UV/H,0, and O3/H20, AOPs, and was able to effectively assess
both the detected CEC reduction in those waters. An inverse model is then
employed which allows to prediction of the selected fluorescence peaks
only by using the overall CEC reductions as inputs. The output of this
model is then used as input to the third ANN model that assesses the
required doses of the AOPs to achieve that level of fluorescence. The main
result of the ANN experimentation is the possibility to effectively suggest
to a WWRF operator which is the required AOPs dose to achieve a
fluorescence abatement directly linked to an amount of benchmark CEC
concentrations in treated waters.
To address the problem of timely responses in case of an adverse event
during AOPs the present study also assessed the feasibility of employing
continuous monitoring of fluorescence during pilot-scale AOP treatments
for the monitoring of the effectiveness of the treatment train. The sensor
utilized for the fluorescence measurements demonstrated the capability of
instantly capturing data on the selected excitation-emission wavelength
and producing measurements qualitatively and quantitatively similar to
those that are produced using traditional benchtop fluorescence
instrumental apparatuses. Data on the continuous fluorescence signal ought
to be compared with benchtop fluorescence without applying any data
manipulation technique which is commonly used for traditional
fluorescence measurements.

Future research is indeed needed on the matters of the present study:

e The promising ANN approach hereby developed can be further expanded by
focusing also on freshwaters, marine waters, and industrial WW, thus allowing
for a generalization of the method and a further increase in the accuracy of
predictions.

e The use of ANN can be integrated with the real-time sensors employment: a
deeper and different ANN architecture, such as long-to-short-time-memory
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(LSTM) ANN, which is aimed at analyzing the dependencies of time series can
be employed using as inputs the data acquired by reagents dosed over time, UV
fluences and data on fluorescence peaks acquired from real-time online sensors.

e The applicability of real-time monitoring ought to be tested also at full-scale
application. Positive results may enable WWTP to rely on a tool that effectively
and instantly registers sudden changes in the fluorescing DOM present in waters,
creating a valuable method of alerting the WWTP operators in the case of an
unexpected adverse event such as a sudden change in WW quality due to process
malfunctioning, as well as to create a method to monitor pollutants, such as CEC,
whose presence in water leads to harmful effects to human health and on aquatic
environments. Indeed, obtained results with OLS regression analyses
demonstrate that continuous monitoring of fluorescence signals may be
employed to monitor potential hazards and the effectiveness of AOP efficiency
at full-scale WWTP.
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