University of Catani a

Department of Civil Engi neering
Doctoral m&rnggvaahn uati on and mitig

of urban and territori al ri s

Devel opment of ishwotohosotnitarfadol sy st €

per siosrtgeannti ¢ comw@Rd woo&di NN ng

advanced treatment processes an
sensor s

Lui gi Mar i no

Ph. D. candi dat e

SuperansoimBt of . Paol o Roccaro
Resed&rohPp:of . DomenjPcroo fEantcoar cGagl i anc
Coordinator of the PDodtoAalt oRn o@r £@ame

XXXVIIl cycl e

Academic year 20214

g::z
i
UNIONE EUROPEA ‘-.‘ EQ N REHCT EU ::o Menistoro bl Wbriversites

Fondo Sociale Europeo Ermcvm.‘m_ o dbtts SHovoron




CopyrigHMUnEveangitydPdfazQat dJmid&w=er>l tCat &2ni a (CT),

we b

Al |
be

per mi ssi o

WWwWWw.

right
reprod
el ectroni

Al t hough
i nformatdi
damage to

t he

nfor

uni ct . it

s reserved. No part of this publicatic
uced, stored in a retrieval system, or
c, mechanical, by photocopgnngri oecor
n from the publisher.

all care is taken to ensure the integil
on herein, no responsibility is assume

property or persons as caatrieosnulatn do/foroy
mati on contained herein.



I n
Co
ev
pr
s u

~+ O T o
o c

v Q@ o
o

ar
pr
cCo
ai
Ad
t e
mi
pe
we
du
Wi
An

SC

Summary

recent year s, contaminants of emerging
mpounds thataehobtommwpdssseusbst ances that cal
eryday gnmnddiucdwsstr palbr mpoduttsal s and per
odu@PtPPLRsmMi cropl bsspbAnolpodryd perfl uoroal k
bstanceand PmAas8y ot her s, have been det ec

vestigavedal nwater mwastewaterncbudfage w

i nking Whand eadverse effects that CEC have
man healohBe{eofdendarcaceme system disrupt.i
monstrated by numerous studies, making tF

d&phapt.erHowevmanysthehy e an unknown i mpact
d envimaondmente currentl Forbet migs eovbesres|lo e d . ¢
ver nment al organi zations have esuabl i she:
EU Watch List and the US ComHoavmivreaamty Can
untries stibitollicki treghué atebease of CEC
fluents of wastewater treatmentsopkants (
mdiesno urocfe sCEC i nto t.hel emheed, onenemvtenti ona
e ineff €&EtGirvee hsiignhcley T lpeerresfisrtee,ntadvanced t
ocems et be empl oyed i n WWT P s t o ef fici.
ntaminamde ed, t he ignupalteemmennatrays pteroe abtinceanl tl sy
med at CEC removal oipeaml dnotréede oty .yt dhaer scur
vanced oxi dati on hpwec ebseseens r(eAcPgsni zed a ¢
chnol ogies for the rrBHpwdvare,grceoehgpfiete of
neralizationOahd GEQ@ ipros sl bimeonfipoorund s,

rsiGB@Enstuch as PFAS, makRFA8esmouvald uah anlgl eArOg
re deeply invesseavigraaded at or pughkperi ments
ritrhngg research peri ogdBeilmgi Gamu o lUwnii vggrtsh e yu ¢
de spechtortuhm doefst ructi oneahdo(€hepipdsati on

ot her kewyati snseeeds t o A@GPadidmmglsesman tf atri on
ale WWTRI nked to the sensing. |l ndeed, CE
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anal ytical met hodsonsumixpgnandechiElBengi ng
are typically found at ¢€athicree |neomilftsoCEQGQY L «
duriandgranced d$irse adaeantetnitng tmoroeptu npgreorete s b e s

especially 1 n case where prompt action is
standavds .th&mepotenti al of fluorescence sg
effective sur rfoggrdhtee mparri ¢ metienrg o f (waste) wa

contr €EMarsg demonstrat ed Nowamarnyy , st ungpir®@s/.e me

n technology have | eduboesreqndenerepsienyg o

possi bilis#l meoimoni t osTihmpri of gOB€Chi s research
devel op an innovative system that combi nes
real me control tool s, i npeordiest amtd a@®E @& chtei Vv €

same Mmoméetbe fate of thesentdd@poesise and
address this goalacutsh e nialgyeddri csad @ foaote heesfens or
contfwétewat eri nqudil fiftegr ent wawhsewatssresséet]|
consi dtehrgionsgsi bl e environment al i mplications
carbon f@&htapt)iemhted usfel uofr ese@esoes -tamereal
monitoring tool i's justifi efdadty ndivpysen sensi
the use of the flumsrescentemesemwsnot ofong of
during AOPs was de€@lpad p3aarnmtheagp6).idghact ede n(sor ,

i nst aHliendettthe wlidht pr otviirde d aetad tbhda out she d
t@assebe efficiencybyf mdriet qprriorcgestsieadCEC r e
manageamociweotUV i rradiati onnaad® dcehr eenthcer ael, s

i nnovation of this system consists not onl

real me comthreolmaomn operamdtoemrad ved i n quater
treat.menths s approach IS very chall enging
oxidation/reduction processes Il nvol ving h i

currentfliyyuditolt oancdonguanti fy due anmad f Resitr S
reactTihoenrse.f onmaei ,n tripesaid @ rst etdh a@r @nmbihse use of
fluorescedsoe ddresopti mi zati onsanfd 4 weatter nar )
control of micropoltheatsaadyscouimogredsea anroahe ,i n

order to extend the applicability of this a
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1l ntroducti on

The transition to renewabl e energy sources

economy, and the preservation of-ceamat wmrwnl re
goal s that must benipumgsauedtihrer efdecttsoof cl
promot e sustainabl edeceldhegopméntc.r gs owg h,

consumer i sdw,i verolfoigtiemotsley a maijtor tthler enaatt ur a
ecosysSteme the time ofretvhé,udimamt actBiduist ir & &
both civil agrde atnldya dithmgi aalrt v i bryo nrneelnetasi ng haz
sSsubstaatésbhhMer onment.dNlowmatdnhiecoes ease i n aver
gl obal temperatures, droughts, fi giwaterhydr
supp, iiesc rdeeammaintrdg oAr evagfest few of the negat.i
oft hel i mate change that humamwermcThwmati es h:

modeamd mamanagemdénteat eesouancde sengi neered wa
systkeesocsme udinalvi ew of the e€olrogin@ilantean:
increasieorfg recl ai medi swalitghwlay eadesiedabke t he
exploitation of naatnudr aclotnmbeattpr obkeemuotewat er
The adequate management and treat menteof wa

in providing the basio$ tbhe whet dwakeéopmen

l ndeed, goewvemanent al aut horities have turne
utilization oft drhtei asreyx otnrdeartyeidrrreif g @ tuckenrt t o
all ewiad tee sWastcewgter recl amdtfiears arudner eus

benefits and positive socioéedbenomicaurirmmliciec
persistent chemical s i s cdiirsrceonurlaygeas mahjeoru
recl ai med Wastewwti @amrd yi, s a broad class of s
contaminants of emer guierga tad ovred dyr n nnkpeEc@ )swa h at
supplies (e. ggr owlsudJvldteeravwatears,e ef fects that
ecosystems, wil dlife and human health have
l'iterBMostre.oof CEC are persistent compounds

removed during conventional Thvas v antcreedat me



treat ments haveTaddahpbee rteermpolvoayle dof CEC from w
accomplished with a VUhagiadwamded exxindd toigd re s
( AOPasr)e ae smeddl i shed technol ogHofwewv btehe tr e me
maj or | i mitatsiuemsiaggh @eArOPrsgy ¢ o nosfruergpg,a notns, cCo
possible forpraddpmaypofpolhynti alt hy -sfduatiteu ade
application of Addi si oea&@&hlhy)] oggse ADIPBEg how
degrade CEC is a challenging task. |l ndeed,
woul d recqounamnei ¢c and time resources that are
control. Convertsiemg,comobuglh, ofde@HC iwo uolrdd ebre
mai ntain high standafds ofhisguaalcieggt ewat et i m
facitlhiet yrjemmd contshhodubd K& Qragrudursestast.et y
Moreover, it might be chall éngheaqi tal asanth
UV radiation in AOPs, particularly when th
and the CEC concentrations fThetehoboee,sighni
highly desidavw®l eélevewop engineered-tsyyet ems
anagdoseffeatoinidg oring of CEC, easy and fast
effici @epdy mi zation of chemicAll anlde & a@opac
will be addressed in this thesis, with the
t hat combspreoftma@vanced CEC removialmetreat:r
monitoring system basedTmen gdsusoirlkelse earc\ei rscer
i mplications deriving from the useionfe fl uor
monitoringandf AQPEI al so be discussed with
reduction of thef ctahibonapg mwrodoach .nt



Chapter 1: Literatureedrsevi ew and r es

2Contaminants of emerging conce

Contaminants of emerging concern refer to a
chemicals that have drawn attention becausc¢
the environment al matrices and possible i

m
ecosydtlgms [ 2Phar[mMdceuti cals and Personal C

i ndustri al compounds, flame retardant s, su
peand polyfluoroal kyl substances (PFAS) ar
poll utants are of hisghn <:0 n@€EC nh & we mscetv elriasit «
included in environment al routine monitorir
the tenm i mpacts of CEC is stildl l acking,
because t hey ar e usually found m@mowntrace
ompounds with unknown i mpacts [H4Bat . [Hi, | I[] 6
Nonet heless, our awareness and knowledge of
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Chapter 1: Literatureedrsevi ew and r es

Many of these substances have been introduc
human activity, i ncluding wastewater discha
processes, il icit di scharge and disposal

wast ewateenrt sefafrleu consi dered as one of the 1
environment : WWT P s ar e primarily designe
requirement s; mor eover, mo s t of CEC are pe

efficiently removed durl[i,n]g( Ejodhlvreentd)o.n all pr o

»  de

I Production '—)I Distribution |—> | Utilization/Application I

Livestock

<&

Wastewater
Treatment Plant N

Groundwater

Drinking Water%

Treatment Plant

A

Drinking/Tap Water

FigePet eCtEiCalr out es ¢wncharelf ovsaad et al ., 2016)
After they enter the water cycl e, CEC affe
supplies (i.e., grounfd8iwvdher edondesuthace wa

ri sk for human health associated with CEC
demonstrated the adverse effects of1]CEC on
[ 9] For exampl e, CEC can persist in air, s
compl ex chemical transformati on t hat C O |

Phar maceutical s excreted by humans coul d
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wastewater treatment and potentially disrup
Bi sphenol A, PFAS are considered as endocr
for their interference with the hor monal S
to reprodulcapment adevaend i mmunelOgystlelml]di s[el
Further mor e, PFAS are known for their high
bi oaccumul ation in |iving organi sms, bi oma

consequent humaB]expddlbre[ 15]

I n the | aseéevareazladgsyver nment al organi zati on:
monitoring programs. Therefore, based on t
prefixed time interval, targeted CEC may b
For i nstance, t he EnvgeamcnymehERA) Pot ot it @n
dr aft etdCotnhteanéi nant Candidate List (CCL) in
a | ist of contaminants that are currentl.
promul gated national pri mambwtdrrirrekikmgwwat er
detected in aquatic systems. CEC in the CC
Safe Drinking Wa€€k &rce .| il st @adeabl ot of ch
PFAS, pesticides, microbes, biological toxi

[ 4]

I n Europe the Water Framewor k Direaltlied (2C

daughter directives that includes quality
water. -fTweemtywyew priority substances were i
(October 2022)stisudbs,asPFAS, bi sphenol

phar maceuticals. These contaminants have Dbe

Directive 2020/ 2184 [fidr] Mdr enkriencgentwwhyer Eu
Commi ssion released the proposal of the new
(EU COM 541 final) that establishes a minir
a | ist of target CEC through quate€nary tr
remol a.v7 ]
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3Advanced ttreecantnnoelnotgi es f or CEC

As mentioned in the | ast section, most of C
not efficiently removed during conventiona
WWT P s . Thus, despite sever al studi es repo
conventional actcievsast,eda sfl wdtgleerprg@uaternary

becomes necessary to definitely degrade mi

technol ogies are available for this purpos
di vided into t wo big famil i esestsreupcatriaotni o
technol ogies. Separation technologies are b
of CEC in another mean.

Among all of t hem, it i's worth mentioning
Nanofiltration (NF) and Reverse Osmosis (RC

CEC concephptiBht i R@9(< 1nm) provides higher |
removing even smallest molecules and dissol
removal rates. Despite the high perfor manc:e
drawbacks that cannot ma&t hegl|l may edmpaddte toh g
|l eading to fouling of the membranes; high e
mi cr opo lclontceemttsr at ed stream that need to be
usually considered as t he mai n i mitati ol

Furthermore, they -useal ngnt eglvatr ef ar pherly

Adsorption on activated carbon is one of t1l
CEC remn@vallt iestabwalslhed technol ogy, and it
in -fabhl e water treat ment processes. Many s
the feasibility of adsorption proclexsk] for m

[ 22] Particularly the granul ar activated <ca

adsorbent s. Removal of CEC occurs through
bet ween the carbon and the compounds. The p
carbon, -mtysmi ogaler pres and concentrations ¢

competition mechanisms with the organic ma
characteristics of the water, such as pH,
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oclex3¥]Major | imitations of this technolog
sor bent and consequent di sposal or regen
ith related costs. The wuse of combined te
chniques that | swmulhteanGEQ sdeggraadati on (e

radiation), as well as more sustainabl e a

nNo mat ernieaslts ,a Aladg sceldayadsor bents may r educce

vironment al i mpacts andt hhmproeehnbkeogyppf o
mo v a l i n quaté¢rdiry [25¢éat mM@w®Y s

wever, separation techniques concentrate
at need to be treated/ di sposed, 1increasin
ese technologies. Therefore, 1t would be
chnol amgilees odampreaking down CEC it o har ml

d )CO Advanced oxidation processes (AOPs)
chnol ogies due to the production of highl
di cal (QOH) ,S®ultflhat oxmddicaeé i crdpoll ut a
besdt cc atslekes compl et 2 ™mMj] nef a BjtAdevfra2rdie d

duction processes (ARPs) are anal ogous to

CEC through other reactive spelies,suilrfdltwed

ra

di cad)s h(yIO ogen H) advieaelacont( 9 [r D] ,( FeB8 L g |

CEC degradation technologies have been rec

mo

co

Ho
mi

de
qu

nol ysis,[ @&BPT hpd saes ntaechnol ogi es demonstrat
re research is needed to overcome the cur
sts related to the scal erwplucansd pAmodygctt
structive treatmedntebmeedodAOPsU¥Yre well es
chnol ogies and vesrcyalwl dfegdsfreenagd3 4]n f ul |

wever, despite alll these technol ogies ar.
cropollutants from (waste) wastpeerc,i fti tkeiarnde
pend on numerous factors, such as <c¢l i ma

ality, pr opeetrct.i edemce , CEaEC,hybri d approach
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separation and destruction techniques is of

a wide range of[ 2mi]cr dp3dbdl]l, u t]a3mt]s

4 Knowl edge gaps and research ne

I n view of future CEC regulations, =quatern:
scale WWTPs to meet | aw requirements. Howe v

that need to be deeply focused.

First of al |, one of the main aspects 1is
detection of CEC is challenging since the
concentrations (Og/L or ng/ L) i n water sys
CEC may al so ocexurf ornm.a Noommpglhel es s, advan
sensitive analytical Il nstrument s ar e ava
gualitivel/l gqguantitative identification of r
guadrupol e l i qui d (or-magas)speltrntomeadad gryap hi
magnetic resonance etc. are f[ &79quHowel vweru,sed
despite their accuracy and high reliabil.i
consuming and quite expensive. |In general,
assessment, such1Sags alnME/LMSPEf aG€ sever al i
Sampl e prepai-antlenbsoirv e, with LLE consuming
organic solvents and SPE prone to issues |
in complex matrices. Techniques | ike GC st
unstable compounds, tiremuandndgadaer doasi za@al v
advanced met WiMSIsMSI, i kael tth@ugh highly selecti
resountensive. Emerging met hods, such as
advantages but -envidommdmnt adn ynofnr i endl y so
extensive optimization. Additionally, envir.
interference, and the need for skilled oper
[ 3.] Therefor e, these challenges highlight t

and efficient analytical approaches to i mpr
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scenar itadganer ealnt r ol with these methods i s he

too much time between two consecutive anal

manageabl e. Neverthel ess, the contr ol of m

necessary tid hcdmpgluyr ew | egal ' imits i mposed.

i deal to employ technologies fhdtecenalkl| ¢ etal

time monitoring of CEC in engineered water

time instruments arengv&ECabhether f mebasdu

T Mass spechaoencktrgstruments, i ncluding h
spectrometry (HRMS), pormadbvs espgact rcdme tmn

( GMS] 3;9]

T El ectrochemical sensorspchuph dasdcesova

bi osehd40f,s [ 41]
T Online | iquid chromMa2]lography systems

T Specific sensors for tar g[e4,3]da mpgdhwemaodd, i
[ 44]and drugs, using mol ecul a[frd&hd mpri nt

pol ar organic chemical i[ndt6el]gr at i ve sampl

T Optical sensor s-VibSas asoanarJe and FIl u

spectroscopy.

I n this research, particul ar emphasi s was
spectroscopy as a surrogate parameter for

fluorescence spectroscopy has beemf emeirged

met hod to oemtdalt amitsr duri ng several advanc
[22], [ 4 Co,mplad&d to high precision analyt
spectroscopy 1is faster and does not requir

data are commonly obtained with a benchto

measuring the intensiuyiandoWwaVvéluengthedrcest
a sample after its excitation by a |ight so
in an excitation/ emission matrix (EEM), w

9
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di mensions. Interpretation of tehsetsaeb Idiasthae dc a
met hods reported in Ipitekiang,ref | wsarcds caesncpe
i ntegration, deconvolution analyses as PAR-A
spectroscopyenasveunarg suitabl e surrogat

mi cropollutants has been highl i gh4t9]d, b[y5 OnJu,m
[ 51]Fl uorescence spectroscopy has been appl
wi de range of CEC during diverse treatment

based AOPs, GAC adsorption and membrane f il
spectroscopy i si nudiuraddtyl yusneanittoor t he remo

compounds by developing correlation model s.
However, fluorescence spectros¢eGRYy, cd¢m83$ wi

T Interference of water fimaobresceodmrnackgsiogna
i nfluenced by the presence of other sub:
as dissolved organic matter, met al s, or

cause quenching, signal overlap, or enha

T Photobl ea¢cthiengi nite number of emitted ph
resolution and duration of measur ement s.

degrade over time due to photobleaching

—
=y
)

ir ability to fluoresce;

T Quenching eéeéheedtntensity of certain comgp

(quenched) due to interactions with othe

T I'nner fitlterspetfatty for hi gh concentr e

when the excitation or emission | ight [
|l eading to distortions in the fluorescen
1T Scattering :pldmesmaerca ( Rayl eigh) or inel a
when excitation |Iight interacts with pat
|l eading to changes in its path and/ or en

10
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T Sensitivity t o envirosmrmertr all ¢@amcdiotrisgn

temperature and pH, may influence the si

T Limited selfelctovesygence spectra can OV ¢

compounds emi t fluorescence at simil al

chall enging to distinguish between diffe
Ot her Il imitations involve time for sampl e
for proper storage of sampl es. Furthermore,
particul arl-gmi escbnatmatnri ces ( EEMs) , can
chemometri @ xtpeeagltd seend o i nterpret the data a
compl exity. Paral l el Factor Analysis (PARAI

analysis technique for decomposing compl ex
componébd$ Whil e It S power ful, there ar e
l i mitations associated with its appltication

structuredeenandecorr¢t¢chear fedmheoabs (e. g.,

i nner filter), requitensgveaspraepresielstsi mag
Further mor e, this technique requires a hug
results and statistical significabhcme Al

contr ol using this techniqueribBaddffioubtde
mai nt ain high l evel of efficiencyimed saf
monitoring system is preferable to overcome

o f transportabl e-tsamplelsaboamd i bangrocedur ¢

accurate representation of actwual condition
Recentl vy, i mprovements in technol ogy have
i ncreasing number of portabl e sensor s, m
fluorescesemrsoiMfiesan be installed online an

compared to a bendmstuap | | udrhemeftlewror escenc
designed to measure a single peak that re
fluorescence [oF.5]aFmrioom mahtet elri t er ature anal ys

dealing with the use of fluorescence sensol

11
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these studies have shown promising results

sensor in drinking water and wast gwabt]jer sy s
[ 57], [ 58hj | pP59hese studies enhance fluor es:s
t ool for mi cropoll utants meointik oandg,onl tee
moni tor CEC at naturally occurring concent.
fact, the appl hcatseensofsfinocesteol |l ed | ab
i nadequately reflects the real conditions.

Anot her key i1ssue strongly Il inkedtitnne the 1
contr ol of [t &@]Ilpnrdoeceeds,s eisn or der to achieve

CEC during the quaternary treatments, the
chemical dosage, need to be adjusted based
concentration of CEC in ftheorderuemt prleorn
expenses, It would be highly desirable to

effectively degrade CEC while accounting fc

matri x background. Though, doiobathesgkngd

On the other hand, in view of the optimizat
time control of the process would be ideal
and research needs highlighted in ahes sect

outlined (Chapter 2).
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Chapt Pes2gtnhreefsear ch

1 Research @mjdedthieses | ayout

The objectives of t his research are based
di scussed extensively i n Ghapfudmraé@ CGECTt hhi
regulsatrieom mphees integmtp | ppwat emandamaynwced treat ment
fusdeaWwTPBor effircadcewndtnClEme fi.Maltee&®l pent
i ncreasmangd of recl admedt washewsahertage of
resourscexpethederfeories, ttiheee df ragsfameé A nd b-€ est

effective monittharni nag | vywwmtitenms ont rroelmowfal CEC

during quaternary treatment s.

Speci fhealmlyn goal of t hteo pdewelnap reaer eiammcd
systwom ki ng at rel evant ot phearta t cissonmbai | ntes @ v iorf o n
advanacxiddati on ( ADPxsmpds,seadt t he sament i me, t h
i nnovmamivteori ng tool sADRsooperatioonahtpat am
mi cropolinot athnéetasl&i ven htlggmot ent i al of fluor
spectroscoeyaal | ent sur rfoogatCE O ac(o@merioe er 1,
Secti,oonhmd®dnitoriregnptopbdthis resaafach <cons
customi zed f | uogwistcemlce fsemsonl i nei mastall
moni t oiifnfger ent AOP s shadwiantyalewni ngqvt he use o
hydrogen peroxidetalbVngadnabi-amdsdb@rrstedt hat
AOPs amosthempl oyed-sA@Pe® isTyhset sshpse c ioffi ¢ goa

this research are reported bel ow:

T Objectiwestligate and cosdpdseerpéeécbnobogGa
and resin, eAh@OkRt ABR ofalgutl mttic@mbi ned proce
ARP+GACO remove PFASBmMbngmEeESiSehda.rgeh |l y
recal citrant and fdeéraxduirsrteenstfpdryssdst amc ehsar
chall enge for envirSsuwmenantakxpprpgi mewenbg.

carriddrong the research period in the L
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T Obj ectiivee 2t itdheet iusgeprodtiekiteGnuor escence sen

f owas t etwegru almanyi t oDii fnfgevraesn te veaf tfd rivem te s

tested. Fluonreaadgnies wanss praffifommed etshso
Further mor e, theudereascbdbntet gens or i n co
term monitoring and control of CEC remov
pi lpdtant .

T Objectiiwvwe Sttihgea poss i kil imeoyn torf@szlb acfe d

AOPs and CEC removdluotrterscieqlte sensor in
pl a@Gitven t haewed dtpi sneamoni toring systems
thesohe condoanlieomel,i ewdatfei acmr escence senso
AOP pil otocpatteewih st ream of two different
faci wWwawi eédliysculssepglarti cular, the fluor es:s
testedmboi t ohreenlge voaffti NnCEQdi ngm®¥AaAIKS) and
the control of the samndag &Ogdporsoec edsusreisn.g t he

T Obj ectiiexea edd the application of fluor e
monit oarnidn gy se controdbadedi AQPYVat pil ot
I n order tappkt earte-abihneeoff | uoresce monito
todlor the contr dOP®fhe CECuamescence sen
installed in a quaternary pilot plant fo
UV driven Pheocepes<isbt i meycohtr edbolsef t he
and CEC rweamso vdaeienpvleyst dgaited UV ard UV/ H

processes.

This thesis is preskeansed fiomr mat ma mwmhsarei pda «

repreasmenamsticle paper.
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ChaptRem@8val -aonffdopleyrf | uor oal ky
substances (PFAS) from water
remedi ation technol ogi es

1. |l ntroducti on

1.1 PFAS Classification

Peand polyfluoroal kyl substances (PFAS) r e}
fluorinated aliphatic compounds that have D
|l ate 1940s. They were widely used in many

because of t-thhed rr macl h egmti ckail-b | € g p mokdi chygmr @mper
surfactants intermediates (i .e., firefight.i
waterproofing treatment for t erxetsiilsetsan(ti .feo.o,
packaging, C 0s mertdduwc t sh o(uis.eeh.esltdip@gip ec 0o akwa rnea
coatfjbp) [2] ,PFIAY] ,i n[cdJudes two primary <cl as
nonpol ymers) but most of the studies have &
[ 5] PFAS are characterized by-Fabaem&as namd &
charged functional group that ©provides cher
are attached to alll possible bonding sites,
fluorine eatbemsn haewl aced by ot her atoms (e.
would be pol[yF]l Berfihaoredal kyl acids (PFAAs)

significant perfluorinated PFAS family.

PFAASs ar e usually classified according t
(carboxylic acids) and PFSAs (sulfonic acic
car kcdmi n, i der{twihfeniesd tahse humber of <carbon a

with O C8 and PFSAs with-cOhaG6én aPrFeA Sc, e nshii d eer e
chain PFAS are PFCAs with ] C8 and PFSAs wi
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a screening of remediation technol

1.2 PFAS in the environment

AS, usually present at trace | evels (fro
ached virtually every corner of the pl ane
gineering water systems due[ @]Jo, t[h®]inr [h8]g

dition, PFAS persi st in other matrices i

i oft4a PFAS can enter surface water bodies t

eat ment plant (WWTP) effluents and | andf.i
eas wheroemtRREAS ng produdt9y ,hdgvued.]h PEAIYsed
sily reach the groundwater through the m
n persist for a |l ong time and contamina
ported by d&Vvyer 4.13dn,digJeldld per fl uorinated
enti fficerdevaes <sihread caheir uni que propert.i

traordinary stability in the environment

i odegradati on mechani sms. Furthermore, p

finerde awrfs cpresr f l uori nated compounds since

t h-el momi nated part | eads to the formatio

5] The twdbaillmn®FAAS perfluorooctanoic ac

rfluorooctane sulfonate (PFOS, C8) stand
mpounds in the environment despif®] being
6], Ma@7eover, PFOA and PFOS were include

ganic pollutants (POPs) by the Parties
assified as PBT substances (i.e., persist

0s REACH ( Reguiasttiroant,i oannd EA/wtlhor i[zla5t]i,on of

7]

e t her mal stability, hydrophobic beha
omagni fication of PFAS i AFc rcehaasien ;wiwhhi Iteh e
ter solubility increases a[s3]t,he[Tlh8]agtf acoif
ggests -¢dthaitn shieA$ have higher mobility i

rchain [drBgs. Skat n amhoaiairm perfl uori n;

mpounds have recently drawn more attent.i
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many applications (e.g., ionic |iquids for

coatings) as a -cshuabisn iRFUAf1fdlogthd eodijyt ed t he g

di stributicthmai of compotunds, especially perflu
C4) and perfluorobutane sulfonic acid ( PFI
detect edhasihmre¢ompounds. I n addition to the

chain compounds can form duechai n hRF AR, c ofme
example due to -@ hkeorbd akumigngp fbiCol ogi3¢dal wat
[ 20]Thus, the produboaiaonP&FASItthei shwrtde us
of deep knowledge about their effects, SuUg ¢

t hreat to the environment in the i mmedi at e

1.3 PFAS impact on human heal't

The global distribution of PFAS represents
of humans and wildlife, having contaminated
areas of the planet as demdhstfated pg2man
[ 25] Human =exposure to PFAS primarily occul
drinking water, but it also occurs through
i ndoor dust afd]skif2¢dommtpR®t] t hfB7Rh decade
comprehensi JVyeHdiegwnhilewhdfed the frequent PFAAS

serum and plasma, breast mil k, l'i ver, semin
recognized as the PFAS target organ, where
l ndeed, PFAS are not mat aboliinzeond tahred eend seir

circulation, accu[nudl]at i[ng8&idnditthheonl,i tehrey c a

also in the kidneys since they are not ef |
gener al , some studies have |linked the | iver
PFAS e x pfolsbulrFeur t her mor e, bothailmn®F A d arsa
considered as i mmunol ogi c adli ssruuppptrievses ocrosmpaonud

(EDCs) for the observed effects on hor mone

and for the consequences oth oug[aadmdvovsetl o p me

23



Chap3kRemoval-amfd perl yfl uoroal kyl substances
a screening of remediation technol

of the studies concerned PFOA and PFOS, but
(ul tra)hasihmrcompounds-cahd b rfilnuaareidn &PtFeAdS, such
DA ( GenX), since their detection I S I ncr e

i nvestl[i4glat e[dl 5]

1.4 PFAS regulation | imits
As drinking water I's the main route of F
demonstrated adverse health effects, I 1 mi t

intended for human consumption have been

organi zations. | ndeeded UtSh e PAe aletcte na d wi sugrdy
drinking3&htRFOA = 0.004 Og/L(interim), PFQ
GenX = 10 Og/L and PFBS = 2000 Og/L. The
Research Counci l ( NHMRC) of Australia has

values on PFAS: sum of PFO% asmnud fRPHAHXS a(p dar) f
ng/ L and PFOA[ %1 BFur tnhge/rLmor e, by January 20
o f European Union wil/ take the measures r
water complies with the new I imits on OPFAS
(100 ng/ L) according to] B.MRé&gkRU dDinrge avtaisv ee w2al
reced$EIPYA annownacneuda rtyh e 02BpP o rrteugneiPtByA St @ n

the finalFuethluemoeésholtd values for PFAS h
introduced regarding food intake. For i ns
Aut hority (EFSA) has set a new safety thre:
(TWI') equal to 4.4 nanograms pp&r floirl adhreamoa
PFOA, PFOS, PFNA (perfluorfohdnanoic acid) a
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1.5 Chall enges arfd PFUWArSr g retmos/tad
technol ogi es

PFAS originates from sources such as milit:
et c. and traditional wastewater treat ment
removal. Therefor e, measurable | evels of P

Removing PFASt dwatmemw effl uents may be highl
represent a primary source of PFAS cont ami
PFAS remediation can be achieved through

separation/ concentrationgamed/ or destructi on

Among separation methods, adsorption on a
exchange resinss(tlabRs)shade twelhihol ogi es. Th
mechani sms involved in the removal of PFAS

i nter gc3dt]i,ons34Qwni[n3gs]t o cost efficiency, e a:
granul ar activated c-arnbdoma(c@A®)o r(owist s tmeusca
mo st frequently empl oyecal et exyhantod mg y aii me df utl
PFAS. I n addition, theeimegemdaecationn odndlrae
met hods HdBdPRASAC coul g cmd ke atplpd ifcaltli on ev
sustainabl e[ B.6]Ndrmee tf lue lue ses PFAS mol ecul ar

of GAC (e. g., porosity, charge of sur face
background can be considered as the main

capa¢i3f yFurt her ntohraei,n schoomptounds demonstrate
chall enging to be adsorbed due to their hig
insufficient in the future as an efficient

[ 37], OB88ft he ot her hand, anion exchange re
much more effective than GAC itcrhanemd®PWFiASg b
of fering al so benefits of regleh®jr.at i[ @m|]

Background water quality and resin propert
porosity, and functional groups, are the
removal5] I n gener al, macropor ous AERs wi t |

demonstrated high sorptiohmacsaepdaaintdi el y@amop
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onel[s34], [.41DPesplidt2e] hi gh cost s for toxic
mai ntenance and operati on masyc arleep raepspelnitc aat il
AERs may be preferred for the higlk hparnf or ma
PFAS treat[medjl ngogeelnser al, adsorbent di sposal

one of the main issues delad4d4]lng with adsorpt

Among separation/ concentration technol ogi es
have been wi del vy i nvestigated -poes sSPUHrAeS r
membr anes, such as nildr odm)l tarnadt iuolnt rdaFA i (1 .rila
100 nm), haveepfevedvepf beePMEASI ( they have
consideretlr aat meptr estep in combined systems
or ads o[rdbdelnWhser eas sever al review papers r
efficixewmcwewep df bot h-cefmomt /PIFRAnSg and t heir

usi ngphegbBure membranes, sudi® asn)namdadfirltvea
osmosi s RO 4] ,1 [nd®Dpur i fppgCelsisgpur e membrane f il
PFAS chain |l ength and ionic charge in wate
mechani sm, including size exclusion, el ect
i nteractions. |l ndeed, increbsaee itwo iQiocirea
retentiomhain!| BRES by enhanced size exclu
removal -ohHaisrhoones by high electrostatic r¢
organic matter can negatively impact the p
[ 40]Despite their high performance, NF and
real systems due to high energygodeeandatned

stream that needs to [pbe4l.refada®2]d before disp

Research on electrochemical treat ment met h
(EC) and electrooxidation (EO) had 48hown t |
[ 49] 1 n particul ar, EC can be potentially
destruction technology since PFAS removal

hydroxide flocs thanks to hydrophobic inter
surface reSpekurntvreérymor e, EC offers a serie
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no coagulants addition, |l ess sludge and hi
standard coagul ation process, on the other
passivation, salt requirements (to increase

to sl udge tmaarad eappalr6agt,i ditbslfough research i s

to define if electrochemical treatments ar e
scale, EC may be promisi-mgndenttrhaet ¢ d eatt rmearm
ot her separation prddodgses (e.g., AERs, RO)
I nterest in destructive technologies 1s gro
treat mentcoonfcemRASSted solid (or liquid) pha
di sposal) o f t he adsorbent (or membr ane) .
procedsALPss ARHEs r es pPdatvieveleen considered as
technologies for the removal of a wide spec

action of high redgdtilve HEBRewviees ClHRPa)Yy ed t

mi ¢

-

opol lutants, PFAS showed to be more rec
ozone and hydroxyl radicals (Q®Hppndsgse (#8865t
kJ/ mol) and el ectron wit[hid¥]awidreeg df, udetsipon |
radi ca)dentoOhstrated to be much more effect
mineralization and high defluorination rat e
the production of[ 3horffWwhé@]l chai MmRPEA®ased o
el ecthpngr ¢duc6@dMhn)s(heoowge.d, t o be much more ef
AOPs in degrading completely PFAS through
di carboxylic hydr Ql]yHsoiwe vheerc,h acnoinscnesnt r at i on
of PFAS greatly influence the efficiency o
showed higher <Swstctegpn i PFCAs)y while fluorote
acids (FTSAs) and shorter RFSoAsp aweerde tnoo rleo ns
chain PFBS4Als ., [F3t her mor e, background wate
i mportant rol e since S 0me substances (e. g
al kalinity) can act as scavengers of HRSs.

usually are high energy demand, that is usu
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up applications especially for emer ging A

sonochemical [eéchhb&bdgi es

2 . Materials and Met hods
2.1 Water tested

I n this study, secondary efwdrue ndo lwlaedteevd tfe
a conventional activated sludge process at
100 I .E.) opemMNdtedhley sAaqmpdfeisn were taken i ns:s
bottl etsoftihé edop, kept in the dark and at ¢
sample degradati on. Il n order to character

parameters were obtained in | aboratory (Tab

Tabl.e Mean values of basic parameters of re;

Par ameter Uni t of n Mean v

COD i g,/ 152

Total Nitr: i g, . 5.55

Ammoni um i g, . ( 0.61

Nitrite g, ./ 0.24

Nitrate g, .1 . 1.63

Total Phos| i ¢, o0 1. 46

Chloride i ¢, #I 236

p H - 8. 05

El ectrical I JAI 2. 48
WW samples were sent to an external | abor
occurrence of PFAS in the effluent. Among
included both | ong and short chain perfluor

frequently detewm@gedo PFAS pbet ohgor oal kyl sul
group were also found in the water matri Xx:
f

|l uorotelomer 6:2 FTS and a new PFAS compol
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Main physicochemical

Tabl e 2.

Tabl.e Physi cochemical

propert.i

€es

pr ope)r tdfesPRAS

wastewater tested
Compoun Wat er
name Acrony For mul (MgV\//am(:(_gV?, pKa solubi(Q;a
(CAS nun (mg/ L
Perfluoroal kyl carboxylic acids
Perfluor <
oic ac PFNA CsFo € OOH 468 5.4 -0.©2: n.da. 0.00
(3D5E) '
Perfluor
ic aci PFOA CFEOOH 414 4.1 'f'b'25 (a22t249A¢0c 0.07
(3B51) '
Perfluor 3. 65
noi c at PFHpA CsFi€OOH 364 4.0 -Z.Qt(at' D 0.01
(3B®) '
Perfluor 1570
oic ac PFHx A CsF; COOH 314 3.4 -0.131((at D 0.04
(3@a#®)
Perfluor
noi ¢c ac-i PFPeA C4FCOOH 264 3.0 0.3« n.da. 0.04
98)
Perfluor
oic ac PFBA CsFCOOH 214 2.3 1.007(26'1314?2l /
(32®4) '
Perfluoroal kyl sul fonic acids (
Perfluo_r 3 20
sul foni PFOS CgF1 & GH 500 4. < %, (at o 0.08
(1756) '
Perfluor
e sulfor PFBS  CieSCH 30 1.8 -3.@:(a3t44b2!0<00
(37%) '
n:2 Fluorotel omer sulfonic acids
6: 2
fllufoorn?tce 6:2 F CeHsFi©sS 0.02
(278019
Polyethers
N-met hyl
perfluor
e sul for MePFBS. 0.01
acetic
(n.)a
a PubChem; b Hazardous Substances(DBaghi Ba o k2e0{2-D
not avail abl e; / = interference with water mat

29
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2.1.1 Preppmtahetwoinc ovast ewater

The synthetic wastewater (SW) was obtained
PFAS spiked from two different stock solut
bottles: one with 7.8 mg/L of PFOA, -the oth
chain PFBA, PFPSrahdoPBHeAa@oi c acid). Thes:s
were selected as representative target coni

real wastewater due to their environment al

2. B2l ectrocofalgatl &tEICE M

Th&eCF prwaesapplied only on synthetic wast
made up of an al umi numr taerddec adrmd dee stoaninrelcd
with a power source for the direct current
el ectrical conducetrieviatdyd,e dl O.n2 tgheNaGlecw r ol y 1
pH moved from 5.9 toTW®e 1r maup emnfd PFAS heomeps

spiked imachi @ere @o cofncrempigfatt§i omach compound

2.3 Adsorption processes

The adsorption tests were performed in pl ex
bed of mesoporous GAC CARRBBEBURBI 130 OBremgt
treatment, 1t was i mportant that the water
of the AC bed to ensure that all avail abl e
the aqueous solution contai ni ngc uPpFaAtS oam do fi n
the pores by air. A peristaltic pump (Wat s
provide a constant fH oiwg latt ewasvhv dei ddhet doea
desired empty bed contact time (EBCT). Be
compounds were wWptikredt ed wWwoth a xppghicentrat

eacThhhr ee GAC column tests were carried out
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and similxag tEEI6Te( with synthetic water, th
wastewater, the ot her wtirteha ti(theeo teifofnl @2et3t) o f
effluent sampl es wer e periodically coll ec

experi menltabbleega3dn.shows the main parameters

Tabl.®aid3n design parameters of GAC tests

Wat er matr Bed Vol u EE’CT_ VLeI|n0eCai Bad he

( mL) (min: ¢ (m/ h) (cm)

Synthetic 166 5: 36 4. 25 40
Real wast e 123 5 32 2. 71 25

Column tests wal®o pelsdmgmieadn exchange resi
PF® 30Br gn At aBge Nwii tghnl t yfpwen atnidonal group of q
ammoniumt was sel bBrcgbkhdsdubectovi@gpeowalldy I
shoeohain compmaandesin was tested with both
wast ewatvexrpigl, of al Il nPRASthecax®dumMn tests we
conducted with a Bed Vol uxemiehgoura b ottoh O9wantlLe r:

tested.

24Advanced oxi dation/ reducti on

[ n this study, t wo destructiacamdvecdead!| ogi
reduction procesasmrd UVWAIIOD ,anWV/alddr anced oxi
processeagands @) , O

Regartdhegadvanced redudt s®astps owessesarrie
using aabdbdUWam&kaquoppedUWICt haawp Hilf8f eM)ent

chemical dosages waseeusetdheinr oirdfelruemce on
we l | as different bceotnwealcdt 6B.olumést ueaocgeof p
adj ustbpemtddi ti on of NaOHThwaoss el sof f eSdanl uat e
NaSQwere 20 mM and 40 mM diéehpee ddisragf eoaumft e |
KI') ranged bet wendin ®PFAME aedel@pi ked in bot
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with concenpirChti exceptf for few tests perfor
concentratd¢io@iy Symmar yt hetducti on tpersdssesses
reported in Table 4.

Tab4e Summary 3+ geM/fSOO med in this study

Tr ea-
| D S Q% - Dur at Il niti al
tesWater rr(mM}(mMj ( h) V(()IL;'concent
1 Synthet 20 0 6 5 x10g/ L
2 Synthet 20 0 2 4 5 x10g/ L
3 Synthet 20 2 2 4 5 x10g/ L
4 Real WW 20 2 2 4 5 x10g/ L
5 Real WW 20 2 8 5 x1-2 gn L
6 Real WW 40 10 6 3 x10g/ L
7 Real WW 40 10 6 3 x10g/ L
8 Synthet 40 10 6 3 x1-2 gn L
*Addition of NaOH (60 mM) to adjust

** Sample decolorized with ozone

Osandsz BO02processes wer ehynwestsiygnattheedt i ¢ was!
Ozonation was conducted in batch tests usi
ozone gener ato?r, AQGCGMADS GmbH, Ger many) an
procedure reported [[MTClpmeentonuastwiben acfau@de

15 mg/the duration oft hter édasmsbat®.tDolu/rmi,n anc
Theatch tests were carried out with and wi
addi tQs/oHO2ex peri ment was performed in a <col
concentration 15 mg/ L, t 0t0ad ot a eematt readt ivoon ulm
duration of Fa&hth dreaguhbes,s éedd pr ot oc ol was ad«
O3/ HOexperi ment s: pretreat ment oifn taheb astacnip |
reactor a(ts5®® myg) aBndf sbaoheng pH = 4.6 (adju
t hean,c ol umn tthees ta dwdiithi(®n OgafnMbh OH f or adj ust.i
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pH t o.An@.tAIFEAS were spi kedxpi@ ofe @ @iF ASo have

compound considered in this study.

25Combined treat ment process

With the aim of i mproving the remohival ef f
combined treatment tpeod&/dilPObonesbvifmd | owed
adsorption of GAEG wassffhpbeppdafEkidbncentrati on
was around 10Qf mbnpc onhcdle nit r at i on Twas d2r mMi on
t he t essdt 4wtats, treating a volume equal to 5
efficiency of the proceos,l11i roiyt iaadldi mH wWaasOF
PFAS mi xtur ei wasr degri ktptf,aod hieeaweh t ar get ¢ o mg

The same activated carbon was used in the <c
2. 3).
SPreli minaryaresesmpdrsi son of th
il nvestigated technol ogi es
I n this section wild.l be compared the resul
technologies investigated in this study 1in

may be considered the most appropriate for

The bar graph in Figure 1 sfhloomsattihaan prhoec ed:

not have any effect on all the PFAS targete
promising results on PFOA removal i n water
Il ron el[ed8&]r,od@d¥ever, in this study, PFOA

degrad@di0o0.®% Further experiments are needed

el ectrodes with different metals could i mpr

33



Chap3kRemoval-amfd perl yfl uoroal kyl substances
a screening of remediation technol

mIN OOUT

© o o =
=~ o oo — o
.

PFAS concentration (pgiL)
o

o
I

PFBA PFHXA PFOA PFBS

FigureTad4rgeted PFAS concentrations -before

flotation process.

Figure 2 shows the breakthrough profiles o
during the column adsorption tests. 't cou
water matrix background played a crucial ro
i n synthetial Iwatsa regveatteed PFAS wer e wel |l adso
(Figure 2a). 1t is well kndOuhanhthaor gasisol ma
establish competition mechanisms for the aft
the performancle3jof [fim&]fpcoces s real wast ewe
a much faster breakthrough profile (Figure

PFAS were adsorbed in the order PFBA (C4) <
(C4) (Figure 2b). Hend4dengintd ifanclte am atlh agtr ot
an i mpact on the poloaiersscarl naxyldi,c shhaomgound
PFHx A) showed a faster breakthrough than F
studies i h3]jtebofiwmrad6loy], the sul fonic PFBS
than all carboxylic PFAS. This result i's i
i ter[&tjur e
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PFOA 0.8 - PFOA
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0.7 A1
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o
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0.3
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0.1
1 1 —/ O T T 1
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Operating time (h)

FigureBreakt hrough

r

eal wastdewrtreg GACG

Resins
shoohai n
S

are known

[RBEBAS he resin 6£BOnhYI QN e”@FR n

el ected for t he

fo

h

bt ained during the

his resul't was

rgani c

Xperiments

ompar e

ompet e

matter on

shoul d

Operating time (h)

cuiwesyoft heargewaPBPFA®at

adsorption

r t

i gh

col

t he
be

heir

selectivity

umn

remar k-amlde

t hi

tests for

adsorption of

conducted wusing

the performance of

with PFAS.
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1 -e-PFBA
0.9 - PFHxA
08 PFOA

PFBS

0 +— T I
0 2 4

Operating time (h)

mJ

Fi gwBreBreakthrough curves of target PFAS i

adsorption process on ionic exchange resin.
Figure 4 reports the -AQPRssulftosr otfh ea prpe nya vnagl o0z
PFAS in synthetic wastewater. Figures 4a an
Figure 4c an/dHO4mr dwedsh.e IOt i s known in |ite
throughbagemetr eat ments i s not effective 1in
since thd& dtomamrsgr@si st to the attalck] of o0z
l ndeed, both treatments resulted in poor

inefficient, even when initiad Hpdrwaesadj us
was slightly more efficient i n degrading

performanscoe.i n this case, the pH adjust me
perfor mance ofThtehef precess gure 4 confir ms
|l iterature, since generated QOHTHerehfje AOP:s
of other reactiveg, specwels], sscthhiaspde®uedit ato
fluorinated compounds, .should be more explo
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—_ a) mIN oOUT b) mIN OOUT
=12 -
j=]
=2
c 14
°
£ o0s 4
c
]
Q 06 A
=]
Q
g 0.4 4
w
o 02 4

U m

PFBA PFHXA PFOA PFBS PFBA PFHXA PFOA PFBS
14 - .
c) =N OOUT d) mIN DOUT

— 12 -
=
[=]
= 1
c
2 o8
£
S 06
o
5
S 04 1
w0
g o2
o

D B -

PFBA PFHXA PFOA PFBS PFBA PFHXA PFOA PFBS

Fi gudk Eargeted PFAS concentr aotziolBA®sPs beflor e
partiapkanation &dudéat mgazZdrmat;i on at 15 mg/
pH adjuétdment ico Bmproced=s 15 mgdE, 1 M

dur at i;@nOy6HOxpr ocweistsh pH adj@s8 thmgd nity0, H

0.Md,4 durda.th)do n

More attention was given to ARPs since seve
effectiveness in PFAS dedmacatdi, o mashg mpa/v/y &d

experi ments wer e carried out on both syn

i nvestigate the applicability of this techn
of PFAS compounds in synthetic wastewater
wastewater (,Figfuy.e Bidr, s tbley, it can be i mme
presence of organic matter highly influen
scavender lof fact, al | the carboxylic PFAS

during t hlelt ¥t SOperf ormed on synthetic wast

cont act ti me, and concentration of |l odi de
compounds (i .e., PFBA, PFHxA and PFOA) wit |
80 %) . PFBS resulted t he mo s t recal citrant
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removal rates in both synthetic and real wz¢
occurred in synthetic wastewater (Figure b5c
of thadla positive effect, Abtyhatxtiesnds mav @& mg
by 3B3P2Mor eokFegure 5f hidghkloil @ght i hgat he sam
ozone as a pretirrfat memece han nhilve PHAStdegr a

under hgatelkat ozone desgmade aPFAStoompounds.
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FigbTeargeted PFAS concent U¥t B®npr ded Do e p aangdy mtiht eatri: ¢ @ s nktivd e r

mM ldur atilblsy@hhetic wastemmat@®@rmnmMROr antM pSyh A &t i ¢ wast esmat2rmM2I0 m
durati adriyr e2adh;wast ewat?er 2 -f0d nMa Sé€Oppoama l2 4Wast ewatrer 104 MM aSfG) el 6 h ;

wast ewvletceorl or izzedO0bgMOSO -  mMulrati on 6h;
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UV/ S/Olprocess showed promi sing resul ts i n acec
However, the performance of this process st
For t his reason, a coshbitneGAACampprsma pht | N/ S
proposed to increase the removal of target
concentrations at t he i nl eti, anfd emaf trerdudt
adsorption process on GAC. l ndeed, removal
UV/ S0OIst andal one process. For i1 astaené®, %PF Q/
the combined*x 2068c elug ,i ngn# lsd abbd/a$S©@One proces
real wastewater. However, the main contri bl
ascribed to the adsorption on GAC since no

ARP.

=
.
J

mIN ouv/isO3 OGAC

PFAS concentration (pg/L)
© o o9 .
=~ a o] = N

o
[
1

PFBA PFHXA PFOA PFBS

Fi gwbreTargeted PFAS concentrations before a

uv/ S/O0l+ GAC.
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4 . Concl usi on

I n this studychdiofafo@greanstat PEAMAsedmbwdalh on
separandexnt r mett ihomds wer e.Tihnev e sotl il gpamtiendy concl

can be withdrtahwven fbiansdeidn gosn of t hi s research:

T The ECF wasecedefinitely not efficient
compounds i n svynmsthhoewiofcyg rveedhoeral ef fi ci enc

T The adsorptownGACoaeanwasRNReslhine to remove
targeted PFAS compounds during t he e X
synt hetic Wawe etehaet eper f or teACads of pt hen
pr ocoens sr eal waasst emwuacthe rl tolwee rs yt htamet i ¢ wast

showing a very fodstalbr é&AtShr ough

T Osands B0,pr oc ensesrees het t@abdegr adei lRIGGAS even
concentofatopossynt het i . PFO&sasewadmonved at

40% dur O ¢OAphr eosceei t1lb mg/ ka md 10OMO0 f H

T UV/ SiOlshowed pgeorofdor mance in removing all/l
PFAGSI . e. | PFBA, PFHx A, PFOA) in synthet.
recal citrant to theswyaduhettiicn aprdosc eaad iwm
The perfor mavwW/cPOIlpfoddes decreased on rea
for carboxylic PFAS abooout wWiOt%. r emoval ra

T A . combined U¥p BIObtacGMW@ s proposed in this
i ncreasevaheraeeoof PFAS targettende i n th
hybrid process was not enough to effect]

since all the contribution taa sroempavialn.wa

Fromjuaal i t@tmipwae i s othecohfnotlhoegi es i nvestigated

emerged that adsor pt,i oann tb\hf IBEH B oc angde GAWLer e
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t he most promising technologiemuélor meFAS r

research is needed to better understand the
real wastewater, e¢ehusctoobfidehdemgsimbetean aes
treat ment train approach 1s suggested for

showed very hi gh resi stRmnrcei nsot aaalcle, t eac hcnoo
treat ment t hat i nvol ves a GA€parmetmbonnnes !t
foll owed by a destructiomayt éehaol efyecsucvi

for the remov-alndo flcdbaagtnh PBFHAS.t
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ChapéderReiameast ewater quality
by fl uorescence sensor s: v al
CEC monitoring and I mpl i cat
footprint reducti on

Abstract

This study investigat ed -ltihkee afplpuloirceasbhcielnictey so
wastewater qguality monitoring. Sever al was
pri mary, secondary and tertiary effluents
treat ment plseendt.s Fwertehewumor e, t he sensor

monitoring of quaternary effluent in a pilc
a water reuse facility. The ©pilot pl ant ir

( AOPs) and granul ar act i vtaiteerd. cQ@orbroenct (| GAC
excitation/ emission matrices (EEMs), i nclu
scattering, showed no e2f g bet Weerasenso

measur ement and either raw bdbi keofltleotrtedcdcx

dat a, suggesting that for this application
i nterpreted without the need for further a
guenchediluted and filtered samples did not

the fluorescence sensor showed a very high
of wast ewat er matrices, i ncluding raw, pr

guaternary e fdfi Inge nft st pirmfvor mat i on on t he

processes. -l Tke gl atoeiesmcence -mbmet eensagr bwa!
val i dated onl i ne thhoruougchona i dasyosasofmod4t orin
wastewater effluents. Theredpmonsdr Bt edr ¢ ®c
excellent tool for monitoring the removal (
(CEC) , including a wide range of phar maceu
(ozone and UV based). I n view of the resul
environment al i mplications for the reduct.i
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1l ntroducti on

The r
envir
recei
di sso

vari e

el ease of wastewater effluents repres

onment . Hi gh contents of nutrients ma
ving water body by <causing al gal bl o
| ved o[xlylg,e nM@iDe)ver, treated and il lic
ty of human activities, such as mini

i ntroduce high amounts of heavy metals (e.g

(TN),
oxyge
typic
moni t
me as u
welels t
| oad
based
expen
hazar
proce
di f fi

o «Q «

ng concern to humad] hebdé& he amar iaggruad i g
g t hle9 COa&Vide mi c, as well as the new ch

rence of emerging pathogens, such as a

otic resistance genes (ARGJY)ectharghdfi gh

ens and in[fklcti.pbBevdd 8dtasemiycsalcoand
i cal 6bamacoériwbt cobsmand®t adl bgi nggul
ity, flowrate, pH, conductivity, tota
tot al phosphorus (TP), c hcehreino clal oxy
n demand (BOD), total organic carbon (
ally wused for wastewater quadsity moni

ori ¢ aadte fwalslt ewater treatment plants

ri nsgs ppraorcaemet er s, i ncl udi nsgN,f IDOwr aitse,
ablished. However, the reference par an
(BOD, COD, TOC) are stildl mai nky obtai
met hods, since online analyzers (e.
si vieeeandr egul ar mai ntenance. Laborat
dous chemicals, with rel atceochshiimgmgcos:
dures that inevitably | eddsnet eaodéel al e

~

cul t[ 7t]ol ma cthh ee vceo mp r eBheewnrsg evcei g &weatiseam .0,f 2

already highlighted themeumgent onead 6Egst em

COD a

nd TOC to i mprove the control of the f

|l aw requirements. Many years | at er , t echn

50



Chap4Redli me wastewater quality monitoring
validati oamand oCECOMoni toring and 1 mplicati ol
reducti on

i nnovative systems for BGDtand h€Oobgmomnihieon

sensor s based on optical anf@ 9le,l e¢tti0Od ¢ he[nl
However, nowadays, new challenges have to
of xenobiotic compounds are being introduc:e
users rai sing needs, effectively endanger

occurrence of rhantnsf udf ceomeragining concern (CE
water body due to wastewater effluents di s«
due to adverse effects on e[clo]s,ys[tikdns, [hL3na

[ 15] [ 16Mr,eaft mhts employed in conventiona

efficiently remove persistent cemmaunds,

perfluoroal kyl substances (PFAS), pl astici
care products (PPCPs), irrelreaacsa inygi rhlebglet ero mp
[ 18] . [GL9del i nes and directives recently
organi zations are imposing stringent CEC r €
effluent quality. For instance, the EU COM

WWT P s a oquaternargyed ctormnedtsmamtg dtna advance
processes specificall]2.03dbeedr alt &£&Cameend vl
can be deployed f or-s C&lCe rfeamoivlailt iiens.f uBased
sever al oxidants and/ or Uv radiation for
processes (AOPs) and adsorption have been

suitable for fast GCEG|l eegqurnacat itpg@hjt mehBRIp)

[ 23], [ 24Howeé¢ 26, $i26¢de CEC occurrence in |
water systems remains a major i ssue that I
sanitary standards, it becomes necessary to
at WWT P s . Nonet hel ess, depobétuitamt ®F ICkECwd
challenging because they are usually found
high precision analytical met hods are need

|l iguid chromatography and mass specamadscop)
timeonsuming. Therefore,cashte WEB& ddt &catsito na nn

becomes highly desirabl e. Devel oped for d
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characterizati on, fluorescence spectroscop)
monitor water gual ity in ndt2urrlal [Ben8dereandgi
studies demonstrated that fluorescence spec
mi cropollutants during afig@8hced 30feaf@®@ant s
[ 34], [N3ebv]e,r t[h3eblJeesg!l, i i mloe ti me i s required
anal ysi s, t hat I nvol-demerndieonadqudxditti atni om
matrices (EEMs) through benchtop fluor omet
spectra and consfeqtulreenti rcroemr efcitlitoenr oef f ect (|
concentrations sampl es) and removal of

Nowadays, many-badaseodorsesensnoce have been intr
tools for fast response of meater dgeue @l it ey sio
chall enges e megsigted appliingatiifnoms j nguclk hasngks
turbidity, calibration issues thapeceffucr esc
al gorithms for sever al8]par[a3nre]t,e r[s3 8c]o,r r[e3c%]i,c
On the one hand, sever al authors have 71 epc
fluorescence sensors for monitoriCagsotReawast
et alrepa@Otlé&di theand online monitoring of w
point of a | arge WWTP wWétiondhp hlumocekbinkepe ot e
fluor esosceamrc-molnt h continuously; promising

fluorescence sensyghililsadvdhreo e edenpihratne ds2 @elt8 a l

20ZDbr COD amaniBtO®r i ng, respectively. On t he

real me CEC removal monitoring systems basec
sufficiently documented. |l ndeed, fleiw estt udi e
al ., repdaobted the use of a LED sensor, wor Kk
tryptdpltken fluorescence, to predict t he

contaminants duri ne cmazd cen aetxipbarsisneaniestn cdl . | 2

showed promising resultsickre ttHauousscenhcer p

track sever al contaminants in tertiary wast
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I n view of the highlighted significant gap,
i nnovative and sustainabl e {4 mkestfilguaotree stcle @
sensor t o monitor wast ewat er qgual ity i n
di scussing omewictompbhenseshtop fluorescence I
Il ssues related to fluorescence measurement ¢
effect) were explored trying to understand
Lastly, the feasi misloirt y nofcofnteomemcaiil Oamgs @
and control of CEC removal was tested in

tertiary wastewater effluent .

2 Mat er i aMest hsondd

2 . Wastewater tested and wast e w:

pl ants investigated
Sever al wastewater samples were collected
three different wat er facilities: WWT P # 1
wastewater treat ment pl ants | ocated in Sic
primary and secdonsdaurdyg e()a cttrievaattnreent s f ol | owe

di sinfection with sodium hypochlorite; WWTP
in Apulia (ltaly) i nvolving primary, secon
designed for agricul tur aly rteruesaet meuwrt p ocsoenss.i s

di sinfection and <coagulation stages by soi

polychloride respectively, sedimentation in
a storage | agoon. Wast ewater samplfesr wer e
guaternary treatment installed downstream o

based AOPs foll owed by GAC adsorption for |
reuse. | n WWT P # 2 t wo di stinct sampling

WWTP#2( a) and WWTP#2( bWi nitrer Summserecandel y.
WWTP#3 and pil ot pl ant two distinct sampl
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WWTP#3( a) and WWTP#3(b) i n Summer and Autu
and Table S2 show the complete Iist of the
related description of collection point and
online samplhowntiestBablAse S1 t he samples re
of wastewater quality, including different
effluent s, AOPs that combined ozone, hydro
doses, and 5 GAC filteres tiank esneriine s2.50AImL sdaa
bottles at 4 AC, then stored in a cooler wi
t he | aboratory for anal ysi s. Some sampl e:
thiosulfate for evaluating the inadalweinse of
Filtration on selected samples was accomp

What mdn. 45 Om membrane filters having a dia
values of the main water quality parameter
WWTP#1 and WWTP#er ainar ¥ hwast ewater WWTP#3
Tabl e 1.

TablAvdrage values of water quality paramet
study
Water Sample UVT  UVA 254 H Cond. COD NO 3 NO NH 4+
Matrix description (%) (cm-1) P (uS/cm)  (mg/L) (mg/L) (mg/L) (mg/L)
WWTP  Raw influent .
#1 (filtered) na. 0.277 n.a. n. i. 73 1.6 0.6 13.8
WWTP  Raw influent .
42 (a) (filtered) na. 0.181 n.a. n. i. 132 6.4 0.3 8.6
WWTP  Raw influent .
42 (b) (filtered) na. 0.122 n.a. n. i. 79 6.5 1.1 18.0
Tertiary
effluent (i.e.,
WwWTP influent of 68 0.203 7.2 3507 33 2.56 0.3 5.5
#3 (a)
guaternary
pilot plant)
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Tertiary
effluent (i.e.,
V;/s\{V(LI)D influent of 67 0.178 7.6 2860 33 2.61 0.3 36.45
quaternary
pilot plant)

n.a. = not available;

2.F2l uorescence sensor analysi s

The fluorescence sensor employed in the pr
with a photometric transmitter through a fi
with optical filters adjusted td_a specifi
Yt mel ated to-lthke pPploobeescence regi on. F
contribute at this region are associated t
mi crobi al activity and material [8&1t1L VveédOodrr
[ 46] Deci sion of monliitlei Mg ud hes cpernocteei as s

synthetic organic compounds[ 48] suppdlrteddby

[ 48nce connected to the computer, t he sens
easy graphical user interface (GUI) include
the manufacturer that all owed sever al opt i «
calibration poocedudettdnedhe sensor needs
bef ore analyzing the sampl es. Therefore, t

amber brown HDPE bottles with a capacity ol

to protect samples from Tlhwe VclaS ilbirgahtti otnr apnrso

i nvolves the measur ement of sever al dilute
sample taken as reference. Dilution of re
performed with pure DI water, with an incr

T h efroer e, 5 samples (0%, 25 %, 50 %, 75 %, 100¢
calibration |Iine for each reference wastew:
pure DI water and raw reference wastewater
GUI the data |hhggye nbeompt serlsimet halnidmeono f f
applications, specifically adjusting t wo |
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i nterval (MI'), consisting in the time of th
that represents the freqguency of data savin
set to 10s for all the fluorescence sensor

wh | e MI wds ms et-liithoeo. f f

Senbiatch experiments were performed on samp
placing the fluorescence sensor in a recirc
the applicalbiine tmgonfiotroroinng. Particularly, t
on fivesdmpuésed(5 L each) of the AOP pl ant
performed blending the AOP influent with ir
by reverse osmosis filtration. The sampl es
recirculation syrsderm afn A@R rierafslingnto concen
of ~10 min to enable the draining of the p
sampl e. Finally, the test was repeated twic

operating conditions. Theoflmpteye@ndoersérms

monitoring of the AOP influent in order to
cleanings, failures and/ or anomaly t hat C
Therefore, 9s tdoapy s2 4ohf mmoonni t ori ng were perfo
guaternary pilot pl ant was continuously in

cons&afnod L[/ h)

2. Anal yti c asl met hod

2.3.1 Spectroscopic anal yses

The acquisition of absorbance speclt8r0a0 was ¢
spectrophotometer (Kyoto, Japan), produci ng
to 200 nm with a-dilmemsiresal ueikxent aBi on/ emi
wer e obtained adgunrs,gBBd $EShwumrescence spectr

(Kyot o, Japan), setting excitation reading
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resolution, and emission scans from 250 nm
filter effect (I FE) was correcf 9] Rantanowi nq
scatters (first and second order) were comp
sample (pure DI water); any negative val ues
[ 5.0]Since fluorophores | ay away from Rayl ei
they were simply omitted and c(yts.1f|Ramampr ov
Units (RU) were obtained normalizing emiss]|
area of an emission scan of DI water assoc
350 nm. Fl uorescence EEMs weqpecknhgr meéhad:
[52], M6B¢ information about the procedure
detailed in pA&8&Y¥i,ols4WVor ks

2.3.2 Other anal yses

COD, ammoni tNjp, ( MH4 r-N)t,e niNtO2d)x e t( NIOS3 I nitro
(TN) were obtained using standard kits coufg
phot ometer (Merck KGaA, Darmstadt, Ger many)

temperature and telve dtyr iwearle -schoénadsuweri € eh ian mu |

parameter sknskannaEdigrestruments Inc., Woons
USA) . uv transmittance -wiatsu awistoh ma& a spuorret
spectrophotometer (Real Tech I nc., Whitby,
The identification and quantification of CE

Orbitrap mas s spectrometer-rdasol abnpuancltiigu
chromatogrlPMy) (drCal ysi pofar metdeumles i nvg
reverse phase apptobmehand beghtpwe i oni zat
rangle:t o 6) as reported25]dTaptieorS3pshloiwsa ttihc
detected CEC and related average concentrat

dat aset s. However, only theai sumbef cGBEEiI ko0 E
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target parameter in this study. I n the next
of t he sum of al |l CEC will be consider
Bo6OgjgB 6 00, wWhBRo0®6i s the sum of the concentr
found in treatedBMwWasitewaher sumnaf al | CEC

untreated wastewater.

S3Results and discussi on

3.Vlalidation of sensor data by
benchtop fliumnfrleserane eof EEM co

Protleiikne fl uorescence data obltianenetde swtist hwetr
compared with related fl udfT®/sTLH)ceacsquyinraé d |
benchtop fluorometer i n order to i1 nvestig
Further mor e, t he ef fect of EE Ms correctio
subtraction for scattering compensation,

nor mal i aveatrieoneval uat ed. Therefore, fluores
WWTP#1 and WWTP®&Ro tsha npld teasi ned wi teBwdarhe s a me

correlated with either raw (Arbitraszy Unit s

(Figure 1). A very strong relationship eme
EEMs <corrections does not af fect the I ine
benchtop fluorometer dat a. For t his reaso
fluorescewckl peakshown in raw Arbitrary Uni
the reliability and feasibility of the ser
monitoring withoutedcthiengethle f ®irg rcal from | |
all owing a rapid assessment of water qualit
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a . b
= 350 ) @ —_ . )
] -]
< <3
300 y =0.01x - 33.53 @ <« 25
= R2=0.99 o = N y =0.00x - 043 @
m 20 < O R2=0.99
m oY 2 @
B2 0 bl =y
U o w
S & v B @
= S g1
W 150 v o 4
@ Q. ")
7] 7] 1 @
5 100 e 3 ‘
B k4 swwTPH 3 | S
e ® oWWTPH2 &

@WWTP#2

Fluorescence by sensor (AU)

Fluorescence by sensor (AU)

FigurLéed nar correlation between fluorescenc
Units (AU) andgsdbetnacihnteod fprecark WWTP#1 and WWT]
sampl es. kbns (apwpéaAkW)d carnMdgtdd (RU). S
calibrated with WWTP#2 raw influent.

3.2 I nfluence of sensor calibr

dat a
In this section, the influence of sensor
measuring fluorescence data of the same dat
dat aset consisted of WWT P # 3 and AOP wat
measurements werecapteof omenedaluishmagt ed on r aw
tertiary effluent WWTP#3 (Figure &1). On on
T@oua n @ oxf or WWTP#2 and WWTP#3 <ca)l iwerag i ons
observed by correlating sensor and benchtoao
again high reliability of sensor data in boc
not ed t hat fluorescence sensor cali bratio
bet ween saenndsobenchtop fluorescence dat a. [ n

di stinct regression |
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3.3 Effect of wastewater fi 1l tr
matri X

Feasibility of the fluorescence sensor was

the effect of filtration, wastewater matr.i
were performaldat areta sfubgquaternary treated
tertiar yWWTIfPI#3u eanrt d2O2UM/eFat ed wat er at sever e
(sampl es from 47 to 56, Tabl e S1) and WW
wastewater, primary and secondary effluents
from 22 to 26, Table Slpnréespweenvehg. skhgee
and benchtop fluorescence data are shown

WWTP#3 and WWTP#2 samples, respectively. 1In
samples | ay down on the same regression | in

guaternary tratmad) sampl| WSWTR#22 spdnpl e s (

Further mor e, it can be noted that filtered
fluorescence intensities compared to unfilf
repor{é&d]Hemreby, the sensor showed the abil
hi gh concentrated sampl es, such as raw wa
sampl es, such as AOP treated effluents, hi

sensor -sfiamu imonitariinncg oMastewater s treat e

treat ment plants.

450 450
a) b)
5 400 5 400 o
5« 350 s’ 350
- —
-z 300 A _\‘ 300
« -] .
&, 250 e 8,250 &
" y =0.01x - 69.54 ) < y=001x-5592
E 200 R2 =097 E 200 d R2=1.00
[ ]
9 150 S 9 150
2 e . 0
g 100 A g 100
2 M AAOP (unfittered) 8 _ & ® WWTP#2 (unfiltered)
) A A AORP (filtered) OWWTP#2 (filtered)
0 0
Fluorescence by sensor (AU) Fluorescence by sensor (AU)
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Fi g2rEd f ect of fi Ictorrateilant i ®mm sl ibree areen senso
fluorescence measured on AOP (a) and WWTP#Z
on WWTP#3 (a) and WWTP#2 (b).

This study evaluated the sentokésftapakisken
signal s across t he tested wastewaters by
measurements from WWTP#1, WWT P # 2t,r e\WWWER# 3,
samples with corrddpomcistcg ncendhatap (Fi gur e

|l ie on the same regression |ine, despite t
considered in this model, suggesting the
calibration if different warsdleevdht ®amplagse afc

and UaM/aOnpl es were added to this model to e

(sodium thiosulfate) could impact the fl uol
intensity of guenched samples was slightly
Nonet hel ess, guenwehckdt sampms foydl ®ssi on |
noquenched sampl es, suggesting that sodi um
correlation. Globally, the comparison betwe

data | ed to aamnwecqor rd Iredmgordpignient i ng out t he

ability to detect and monitor the quality ¢
Fluorescence sensor data showed to be in ac
of the samples, all owing t o enaesnitl yp rdoicsetsisnegsu
For instance, among the advanced treat ment
and okased AOPs | ed to |l ower fluorescence
based AOPs, thus wunderlining the capabili
qgual i tmftarvreatii on about the efficiency of t
suggest thakepmonetowring performed in situ
represent an i nnovameveesseoebmedmtr aofealwat er

process effixdealgainecereriend BSylklt ems.
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400 4 o Raw influent (WWTP#1)
< Primary effluent (WWTP#1)
© Secondary effluent (WWTP#1) ®
350 | @Raw influent (WWTP#2) e °®
OPrimary effluent (WWTP#2)
OSecondary effluent (WWTP#2)
300 ©@Chlorinated outlet (WWTP#2)
A Tertiary effluent (WWTP#3)

UV/H202 (WWTP#3) Q
X GAC (WWTP#3)
250 H202 (WWTP#3) A
¥ UV/O3/H202 (WWTP#3) A
X 03/H202 (WWTP#3) 7 y=0.01x - 32.85
200 O3 (WWTP#3) R2=0.97

* 03 (WWTP#3) Te A '

¥ UV/O3 (WWTP#3) A

150 | ©* UV/O3 (WWTP#3) AM

5% o

100

g
50 \
i ¥

Fluorescence by sensor (AU)

Fluorescence peak I, (AU)
raw

Figu3 dinear correlation bet ween sensaor S
fluoregcecnocnesilderi ng different wastewater s
campaingn9g 6cCarried out in this study. (* qu

thiosul fate).

3.4 Development of correlation
wat er oualaimey essss COBA

To i mprove the assessment of i kdeflcaprads d e
sensor to act as a monitoring tool Pt is i
wastewater quality parameter s, sesmhndas UV &
COD. bsMAl v e s i nsightful i nformati on on t h

especially t he aromati e i ngganmirchsgsn h d vuVnAg C
fluorescence are complementary spectroscop
i mportant organic matter indicator, typi c:

di scharge complies with criteria set by r €
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regression model s between f bsgdriegsuaen cdea)b yan:
COD (Figure 4b) related to samples from al/l
WWTP#1, WWTP#2, WWTP#3 and quaternary pil ot
fluorescence 28aadd bG6ODb U¥&ulted dependent o
campaign. For i nstance, data from WWTP#2
regression l i nes depending on the samplin
WWTP#2 (b)) respectively. Therefore, single
wit h a unigue set of regressiinotne rpcaerpatme.t eGlso b(
good <correlations were found between fluor
UVAsor COD, especially for samples from W\
interesting to note that correlation with C
WWTP#2, which involve samples of conventi on
at COD removal. Il ndegds BB E€EWPpedtuedngclyam
treat ments were negligible, asndho¢WwWnghbyet AE

a) b)
0.5 180
* WWTP#1 * WWTP#1
® y=000x-030 ®
045 | @ WWTP#2 (a) KEE10 160 | @WWTP#2 (a) ¥ =000x-3026
., R =097
g % | @WWTP#2 (b) 140 | @WWTP#2 (b)
k73 y =0.00x-0.01 @
£ 035 | AQuaternary R=098 1o | 2Quaternary b ﬁf’g"b'gfw
= treatments (a) [ ] —_ treatments (a) :
3 o3 | aQuaternary y= Ull'f"‘f 0.04 e fb A Quaternary 14 y =0.00x - 7.06
2 treatments (b) Ri=054 £ 100 treatments (b) R2=095
< 4 & = ) ®
8 A d =) 80
8 52 v =0.00x + 0.06 A ) ® [e) e
2 R:=073 N y=000x+003 O )
8 B A & , A R?=0.80 60 e
® a HEEN ‘
P o1 A 40 A A y =0.00x + 11.41
) i )
=} ™ ” ® é ASashgd R R =048
mae f
0.05 4 ? 20 w y =0.00x +19.11
i R:=076
0
Fluorescence by sensor (AU) Fluorescence by sensor (AU)

Figudk Binear correlation bet ween sensor fl
absorbance at 254 nm ( a) and COD (3b,)3. Samj
WWTP#260a}),06 WWTP#H#2€ED,L3Quat em nar,qQau)at(er nar y (|
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t

AOP t hrough

The
pr el
sign
dur i
and
mi xt
wi t h
Figu
mi Xt
func
was
I nde
cons
i mpo
fluo
AOP
ent e
of t
any
mo n i
sens

prod

reducti on

lof al | sampling campaigns. The same sSeE&

for all sampl es.

i ng the potenti a
ng of wastewater
| uorescence senso

5 I nvestigat
I me monitor.i
f
suitability of the fluorescence senso
I minary investclyaexpgen i nmesmretims by monitor
al in -Aalownsyesttems Figure S2 shows the
ng aneowaetl algl tome of 90 minutes. As me
met hods section, these experiments wer e
ure of wuntreated AOP influent (WWTP#3)
di fferent rel ati ee ¢ dmec eretrrcaetnitamgse.s Tlhe
re S2 represent the amount of wuntreated
ure for each sampl e. The sensor recor dt
tion of the increasing campeéritsr atTihen t @f
duplicated for validation and another
ed, ensu+#iime thatoresakbnce measur ements
tant under t he S ame operating condi ti
rtant fachineveamkendating t he use of t h
rescence sensor wesmamsoi tesierd O0ODrthe
i nfl udrntmei.n Trheasl test aimed to study th
ring the AOP pil ot tfhleamte;eds @ o rt cklsyt, tthhee
he sensor over a |l ong period of time to
anomaly t hat coul d cause sigrealm inte
toring offered the possibilintyoft ot hdeet e
or was adequate for controlling the fI

uced by the variation in water qgual it
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extended peri od. Therrdfopheudr 9 mamiytsorafn gn om
performed, in which the AOP pilot plant was

the flow rate constant.

The fluorescence sensor tewasm @ambsaot dreisnge d o ff
WWTP#3 AOP infituenet iThmi sealest ai med to st
water quality entering the AOP pilot plant;
the operationverf d hleomgnpenri @wd of time t o ¢
failures and/or any anomaly that <could <cau
| ofeerm monitoring offered the possibility t

of the sensor was adégudttaactoamtconsr ol itmg

signal produced by the variation in water ¢
extended peri od. Therfsdfopheusr 9 mamiytsoraofn gn owu
performed, in which the AOP pilont keaptnwas

the fl ow rate constant.

100

90

80 \
) Ml )

Stop for

maintenance

40

30

20

Real-time fluorescence intensity (%)

10

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9

Operating time (days)

Fi gurRedali.me fl uorescence trends recorded Db

during 24h monitoring of WWTP#3 for 9 conse
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The sensor was able to monitor WWTP#3 AOP i
signal i nterruptions, except for the maint e
was off (Figure 5). The fluorescence signa
suggesting tihnagg WWTeP#3nchoamd a di scontinuous
l ndeed, fluorescence intensity gradually p
bet ween day 1 and 6. Il n particul ar, on day
by a plateau around 95Kelcyanr ébseu lotbss efrrveerm .t Hleh
infl uent containing a higher concentration
wastewater used for sensor calibration, cal
the fluorescence signal. Af terevards enoint yd e
returned arou+#d ¥ alAued hef em@ of this test,
found on the optical surface of the sensor

been perfor med.

Lastl vy, tlhiek ep rfoltuedirnescence sensor was test
removal during sever al ADPasE| ee mpll aryte.d Tdblteh
Table S5 report the removal efficiencies of
both of flliinnee aanpdp loincati ons, respectivel y. N
Section 2.B#%Wiolnll ybet hodosnsu mdiemg dt. hat t he oxi
effluent organic matter (EfOM) during AOPs
of organic compounds, a | inear correlatio

fluorescence B#ywf{sFad gsuare abnd Bot B#%HBuer escen

reported in normalized values. Jdhim®pmodel s
regardless of the sampling day and AOPs 1in
UV, ozone and hydrogen peroxi de. Further mor
the model- i bet lanidnfefonf |l uorescence data were

dat aset ( FingeurdeatBa)s.etOfrfelfte s repostaepdgl ea Fa@Db
whil e the online dataset refers to sampl es
same regression |ine regardl eslsi modl/iamee app

fluorescence meastuor efmegrutr.e i, miall ssrol y n t hi s ¢
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sensor provides wuseful i nformati onOxon the
samples showed highest fluorescence intens
SincHO iks ineffective as a standal one pr o

fluorescence sensor rehtaeaepsdiaing (UVWIHOE S

processes werXxm@i M.t Hemdeange these processes
efficient AO®BR#Hiermotverrl mss afmportant to under|
AOPs involves fast reactions due to the ac
fluorescence sensor was abl-ei me detiemrg MBEC

di fferent AOPs at sever alOaompdd@aséeésng condi ti

XH202 (OFF)
XH202 (ON)
DUV/H202 (OFF)
1 BUV/H202 (ON)
UV/O3/H202 (OFF) X X
©UV/O3/H202 (ON)
03/H202 (OFF)
0.8 ©03/H202 (ON) P
X 03 (OFF) ~m O
XO3 (ON)
AUV/O3 (OFF) )?

AUV/O3 (ON) y =1.02x - 0.09

x @ -  R=091
ox® m
0.4 -l

X(CEC) / £(CEC),

0 0.2 0.4 0.6 0.8 1 1.2

FS/FS,

FigélLenear correlation between fluorescence
by the valuei nfnl utetnet A@RE t he s ulbBw %H, al | (
nor mal i zedlhhy timet heBA®P. i 8éhsemtsiignal s ok
oflfi ne (OFH#) nand ONp mode and from sampl es

di fferent days of the Winter sampling campa
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on t he en:

y reported

3.6 Perspectives of wastewater
fluorescence based sensors for
reducti on

WWTPs have a significant i mpact

amount of energy. A recent stud

treatment in Europe may constitut

e nearly 1

nd more than 208l o¢oh &emstcr[dIes Ja-tu rltohcearimor e,

a
direct emi ssion of greenhouse gases (GHGs)

=]
o

rect GHG emissions due to high energy

di scharge of wastewater, | arge chemical s cc

i ssuesddrmedbred in view of a sustih

5édl.bl [e5Mman

Therefore, optimizing the processes by mi

I mproving the process efficiency

and mainte

i ncrease environmental sustainability is hi
I ntroducing online monitoringscyglse emé$ ardtos,
particularly through the i mplementation of

environment al performance of WWT P s, suppor
car lmemutr al ande swastteari nalpkl e whi |l e addr es
chall enges. I ndeed, since the analysis of C
and requires the use of chemicals, the proj

carbon footprint related tiot itochrea
reductions in carbon footprint <c

treat ment process. . l ndeed, t he

| Wways, t esmadg reir
ould be ac

ntemsvauaeé o]

guaternary treapmehéeésAOBsafongquaternary tr

|l ead high operational costs. Nonet hel ess,

technology can help to drive thi
i nNst &Y @, et ralporte2d24mMepuvd/lc@ s s
AOP for micropollutants removal

costs. Alternatively, CEC removal

6 8
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activated carbon, whose main costs are asso
of the adss9d mewti ew of future CEC regul atio
wi || be increasingly employed. Therefore,
reat interest to | ower the energy demar

g
sensors can play azegmugciqalatreoglneariyn t o gtait me n 1
d

study showed that CEC removal can-l ibkee i ndi
fluorescence monitoring, providing i mportal
the process. Thus, fluoresdammacse veensamnrds cofs
effective apgrianec hprtooeseg®alopti mi zati on, as
I mprovement in environment al protection. Tt
sensor s may | ower operational costs and
environmentoafl qgiumaptaecrtnary treat ments. For i
oxidants required in AOPs could be managed
guality and treat ment g¢gloiad e fblyu aroens deomrd en gwig
sensors. An additional mevatyalt oi mpalatceoft hWWER
partially substituting 1| AtiemenaelstGOriat arsa loybst
through fluorescence sensor s. |l ndeed, COD 1
wastewat er control, but it i's typmgia¢aslly o
Mor eover, COD has a significant i nfl uence
emi ssions [i5n5|WWEP®fore, controlling the COL
may be crucial. This study showed that CcO
protleiikne fl uorescence sensor. By increasing

the need for frequentnsamal ycsains ,| ofweu o roepsecreant
and contribute to decrease GHG emissions by
transportation and di s-pbsal aanBme eménmboei nq
of wastewater quality by f I uorrensicnegn csey sstiegm e
to get samples for | aboratory analysis whe
expected. Additionall vy, the continuous dat
enabl es early detection of unusual pollutio

t@revent environment al contamination.
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4 Concl usi ons

This study demonst rlaitkeed ftlhuadr e shcee npcreo tseeems or
i nnovative-ttiamel momri trodalng of wastewater que
i n advanced quaternary treatmemtapmnedeisrs etsh

study, the following conclusions can be dr a

T Fluorescence sensor data were Yalidated
o with the asilsioke atledopespcebtmai Opdatwit
| aboratory spectrofl uorometer. EE Ms el a
correlation suggesting that the signal

interpreted without the need for further

T The calibration procedure influenced f11
di fferent regression l i nes i n correl a
fluorescence, highlighting the necessit)

di fferent wastewaters are compared,;

M The effect of filtration on fluorescence
l ndeed, fluorescence intensities of bot
|l aid on the same regression | irmRe, showin

pana o xf or WWT P # 2 and AOP respectivel

benchtop fluosfescence peak |

T Fluorescence sensor provided fast and
efficiency of qgquaternary processes, s ho\

wide range of wastewater matrices, | ead:i

related benm@htmpxl pepk |

T High correlations were found between f|
COD and UVA254, suggesting fluorescence

fast assessment of wastewater quality;
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T Redlime contr ol of tertiary wastewater w
24h -aooap monitoring. No failures and no
for t he mai nt enance day, wer e experi e

concentration of organecrméaetrtrenceswasbti g\

used for cal i brati on, a saturation effec

T Fluorescence sensor showed high capabil
during sever al guaternary treastceelneg. pr o
l ndeed, contr ol of the sum-loifne€CELndvasn a

l ine tests carried pautatiend csharmmpr d Inagg icaanpl:

Very high correlations r esulftlewdo rfanent etrh ed actc
suggesting the high reliability of the sens
for devel oping accurate predictive model s.
suppor tsse tohfe fu uorescence-tsempesmosai toriregl Dt
removal, wastewater gual ity -sacnadl ep rVdWTePsss, e

including tertiary and quaternary treat ment

facilities. Furthesmose mafyl haves aermpositse ve
sustainabl e management of WWTPs, bringing
and | owering as a result the carbon footopr

These benefits may motivate WWTP a@manager s

sensorssdal ef udy st ems as a means to enhance

treat ment objectives, and addr ess emer g
mi cropoll utants. Further research is highl:
application of tmensonsrdlor amekalo reinforc
environment al I mpacts that may resul t.
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Supporting Materi al
Tabl eEDeSIlcri ption of samples collected i n WWT
AOP pil ot plant during different sampling c
tests.
| D WWT P Samp | Description

campa

1 WWT P # 1 SummegRaw influent (filte
2 WWTP# 1 SummePri mary effluent (f
3 WWTP#1 SummeSecondary effluent
4 WWT P # 1 SummeRaw influent (fildte
5 WWT P # 1 SummePri mary(feiflfldt ercad)
6 WWT P # 1 SummegSecondary effluent
7 WWT P # 2 SummetlRaw influent (filt g

8 WWT P # 2 SummefRaw influent (filteg

9 WWT P # 2 SummertRaw influent (filte
10 WWT P # 2 SummeiltRaw influent (filte
11 WWT P # 2 SummeirtRaw influent (filt€
12 WWT P # 2 SummeltRaw influent (filte
13 WWT P # 2 Wi ntelRaw influent
14 WWT P # 2 Wi nte|lPrimary effluent
15 WWT P # 2 Wi ntelAeration tank eff |l |
16 WWT P # 2 Wi nte{Secondary effluent
17 WWT P # 2 Wi ntelOutl et
18 WWT P # 2 Wi ntelRaw influent
19 WWT P # 2 Wi ntelPrimary effluent
20 WWT P # 2 Wi nte{Secondary effluent
21 WWT P # 2 Wi ntelOutl et
22 WWT P # 2 Wi nt elRaw i nfflidetretr e d)
23 WWT P # 2 WintelPrimary effluent (f
24 WWT P # 2 Wi ntelAeration tank eff Il |
25 WWT P # 2 Wi nte{Secondary effluent
26 WWT P # 2 WintelOutlet (filtered)
27 WWT P # 3 Summe |l Ter teifafrlyyent ( AOP p
28 WWT P # 3 SummelTertiary effluent (
29 QuaternarySummerrL:]gjzoib)( U;/ff—ligzr::y![ﬂzOsz/lc
30 QuaternarySummer#';/f?b)( U;/fgljszgiﬂzozm‘lmc
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UV/i®( UV = 1323R0mJN{¢
31 QuaternarySummermg/L) effl uent
UV/:Gh( UV = 1323M0mJ /4(
32 QuaternarySummermg/L) effluent
Uv/i®( UV = 6638400 / k2
33 Quatern;alrg(Summermg/L) effl uent
UV/:Gh( UV = 66810/ & 1
34 QuaternarySummermg/L) effluent
UV/OH UV = 668103/ L2
35 QuaternarySummermg/L) effluent
UV/:Gh( UV = 66810/ & 1
36 QuaternarySummermg/L) effluent
UV/:Gk( UV = 3 Z28mA / k2
37 QuaternarySummermg/L) effl uent
UV/:Gh( UV = 3Z28HE / & 1
38 QuaternarySummermg/L) effl uent
UV/:Gb( UV = 3 Z28mA / k2
39 QuaternarySummermg/L) effl uent
UV/:Gh( UV = 3Z28HAE/ £ 1
40 QuaternarySummermg/L) effluent
41/ QuaternarySummeillA GAC effluent
42 QuaternarySummeil3A GAC effluent
43 QuaternarySummel5AGAC effluent
44 QuaternarySummeillA GAC effluent
45 QuaternarySummel3A GAC effluent
46 Quaternary Summel5A GAC effluent
47/ QuaternarySummei(Tertiary effluent (
48 Quaternary SummerTertiary effluent (
UV/:Gh( UV = 138BR0mJI N
49 QuaternarySummermg/L) effl uent
UV/:Gh( UV = 6 6810 / k2
50 QuaternarySummermg/L) effluent
Uv/:Gh( UV = 3 Z28HH / k2
51 QuaternarySummermg/L) effluent
Tertiary effluent i
52 QuaternarySummer(fiItered)
Tertiary effluent i(
53 QuaternarySummer(fiItered)
UV/:Gh( UV = 1323MH0mJI AL
514 QuaternarySummermg/L) effluent (fil
UVv/:Gh( UV = 6 6810 / k2
55 QuaternarySummermg/L) effluent (fil
UVv/;:Gh( UV = 3 Z284A / k2
56 QuaternarySummermg/L) effluent (fil
57 WWT P # 3 AutumiTertiary effluent (
58/ Quaternar yyAut umiH0(9 mg/ L) effluen
UV/:Gh( UV = 570H0E / T 1
59 QuaternaryAutumlmg/L) effluent
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UV /O, ( UV = 5 700;=mJ9
60 QuaternaryAutumlmg/_HZOZ: 9 mg/L) eff
61 QuaternaryAutumlog‘/wz(Q: 9 ngGx 9 mg/
effluent
62 QuaternaryAutumiOs(9 mg/ L) effluent
UV/sQUV = 5 700;=mJ9 cmy
6 3 QuaternaryAutumneffluent
64 WWT P # 3 AutumiTertiary effluent (
65 WWT P # 3 AutumiTertiary effluent (
66 Quaternar yyAut umiH0(9 mg/ L) effluen
UV/:Gh( UV = 12440a9 /% n
67 QuaternaryAutumlmg/L) effl uent
UV /3O ( UV = 1 240;=mJY
68 QuaternaryAutumlmg/_HzoZ: 9 mg/L) eff
69 QuaternaryAutumlodwz(Q: 9 ngG: 9 mg/
effluent
70 QuaternaryAutumiOs(9 mg/ L) effluent
71 QuaternaryAutuanV/3oUV = 1140,=mJ9 cmy
effluent
72 WWT P # 3 AutumiTertiary ef fl uiemftl (
73 Quaternar yAutumiOs(9 mg/ L) effluent
UV/sQUV = 5 700;=mJ9 cmy
74 QuaternaryAutumleffluent (quenched
75 Quaternar yAutumiOs(9 mg/ L) effluent
UVv/sQUV = 1240;=mJ9 cmy
76 QuaternaryAutumleffluent (quenched
Tabl eDeS2cr i pti on of samples collected in W
during diffecaempgaisgmp.l iDaygt a are referred to
| D WWT P Samp | Description
campa
1 WWT P # 3 SummeTertiary effluent (
2 WWT P # 3 SummeTertiary effluent (
3 WWT P # 3 SummeTerti ary efifllode mptl a(
4 | Quaternary SummeHO, (9 mg/ L) effl uen
UV/:B( UV = 132Ha9 /<1
5 | Quaternary Summemg/L) effl uent
UV/:Gh( UV = 4¢8H0aR /X1
6 Quaternary Summemg/L) effl uent
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UV/i®( UV = 662007 /X
7 | Quaternary, Summemg/L) effl uent
UV/:Gh( UV = 7 73R / X1
8 | Quaternary, Summemg/L) effluent
UV/:Gh( UV = 162H0mJI B
9 | Quaternary, Summemg/eLf)quent
10 Quaternary SummgYV/sOUV = 170;=mI¥ cmy
effluent
11| Quaternary SummeUV/3(DUV = 8 £BH0;=mJ9Y cmy
effluent
UV /lJOD.( UV = 1 7-303=mJ9
12| Quaternary Summemg/_H202: 9 mg/ L) eff
UV /O ( UV = 8 (G-710:=mJ9Y
13 Quaternary, Summemg/_HZOZ: 9 mg/L) eff
14 WWT P # 3 SummegTertiary effluent (
15 Quaternary SummeOs(3 mg/ L) effluent
16/ Quaternary SummeOs(5 mg/ L) effluent
17, Quaternary SummeOs(6 mg/ L) effluent
18 Quaternary SummegOs(8 mg/ L) effluent
19 Quaternary SummeOs(9 mg/ L) effluent
20 WWT P # 3 SummeTer teifafrlyuent ( AOP p
21 Quaternary Summe OF (&= 3 Gt 9 mg/
effluent
22 Quaternary summg O (& 5 a0t 9 mg/
effluent
23 Quaternary Summg Y (&= 6 ayGx 9 mg/
effluent
24 Quaternary Summe O (&= 8 aGx 9 mg/
effluent
25 Quaternary Summg QY (&= 9 aylGx 9 mg/
effluent
26 WWT P # 3 SummeTertiary effl uiemftl (
Table 88erage real concentrations of CEC f
tertiary effluent WWTP#3) 47&f erfr elda btl ®@ &flf)l
online (samples of Table S2) datasets.
Oof f1in Online
Compound Concentt Concent i
(ng/ L) (ng/ L)
1,7 Dimethyl xa 1513 20690
Ami sul pride 185 462
At enol ol 223 1870
At orvastatin 15 102
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Benzotirli,a?z,03 e 253 1263
Bi soprol ol 113 280
Caffeine 265 27247
Carbamazepine 740 2721
Carbamazepine 105 163
Cetirizine 108 157
Citalopram 118 30
Clarithromycin 93 119
Climbazol e 103 177
Clopidogr el 15 46
Diclofenac 2590 5175
EDDP 85 154
Fenofibric Aci 295 6 34
Fl ecaini de 1200 7059
Fl uconazol e 145 260
Gabapentin 1808 4646
|l opromi de 288 1812
Il rbesart a 1580 2712
Ket oprofen 305 729
Lamotrigine 980 699
Lidocaine 80 175
Losartan 210 534
Met opr ol ol 115 5141
Met oprol ol Aci 955 2015
Ni flumic acid 518 325
Ol mesartan 1025 6136
Sitagliptin 250 1345
Sot al ol 450 1325
Sul pride 120 761
Tel mi sartan 1933 2470
Tri methoprim n.a. 162
Venl af axi ne 200 312
FCEC 18975 bhdpn ¢
n.a. = not ava



Chap4RkRedli me wastewater quality monitoring bgndl dB€Cemaocreincer segs:
Il mplication fomedarchomnfootprint

Table Bémoval ef ficiencpi éjst Poum, chl delt 2t ¢ ®edaerEaCl dAIORsn.g Data ar e

of fline tests.

AOP H20:2 UV /6 UV /302 O3 bD2 O3 UV /3C H02 UV /6 UV/30WD2, O3 BD2 O3 UvVv/sC

uv (m3, - 570 570 - - 570 - 114 114 - - 114

H.02( mg/ 9 9 9 9 - - 9 9 9 9 - 9

Os( mg/ - - 9 9 9 9 - - 9 9 9 -

ECEC 4 47 92 81 79 80 0 23 90 81 71 81
AMI SULPRI DE 0 6 2 100 100 10C 100 O 14 100 100 10C 100
ATENOL OL n. a 28 96 8 2 96 100 10 1 100 8 7 82 96
ATORVASTATI N 33 100 100 100 10C 100 O 0 100 100 10C 100
BENZOTRI AZQORE 17 52 100 76 80 88 5 13 92 6 8 52 76
Bl SOPROLOL n. a 47 91 73 91 91 0 11 91 8 2 82 82
CAFFEI NE n. a 36 100 74 85 100 21 13 100 85 74 85
CARBAMAZEPI NE 9 57 100 100 10C 100 O 14 100 100 10C 100
CARB 10,11 EP 24 100 100 81 81 100 14 14 100 71 71 81
CETI RI ZI NE 100 100 100 100 10C 100 O 44 100 100 10C 100
Cl TALOPRAM 15 49 100 100 10C 100 6 6 100 100 10C 100
CLARI THROMYCI 24 57 100 100 10C 100 O 14 100 100 10C 100
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CLI MBAZOL 32 71 100 100 10C 100 O 12 100 100 10C 100
CLOPI DOGREL 33 100 100 100 10C 100 O 33 100 100 10C 100
DI CLOFENAC 2 4 100 100 100 10C 100 O 80 100 100 10C 100
EDDP 18 29 76 65 53 53 0 0 65 65 29 41
1,7 DIMETHYLX n. a 11 92 100 99 91 20 3 97 98 97 95
FENOFI BRI C AC 209 100 100 73 42 100 O 66 93 56 22 73
FLECAI NI DE n. a 42 96 87 98 98 0 5 98 90 93 96
FLUCONAZOLE 3 0 52 38 24 n.a O 10 52 38 10 31
GABAPENTI N 0 16 68 42 30 21 0 0 59 36 13 29
| OPROMI DE 41 100 100 62 44 100 O 55 86 55 27 62
KETOPROFEN 48 100 100 77 48 100 8 100 100 70 31 100
| RBESARTAN 16 49 92 72 53 62 0 5 82 66 38 51
LAMOTRI GI NE 0 0 49 31 29 0 0 1 58 32 11 48
LI DOCAI NE 13 25 100 100 10C 100 O 0 100 100 10C 100
LOSARTAN 2 4 71 100 100 10C 100 O 38 100 100 10C 100
METOPROLOL n. a 30 100 83 10C 100 O 13 100 8 3 91 100
METOPROLOL AC n. a 26 96 75 90 95 0 8 96 81 76 91
NI FLUMI C ACID 15 61 100 98 98 100 O 0 100 100 98 100
OLMESARTAN 2 8 4 100 100 10C 100 2 2 4 100 100 10C 100
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SI TAGLI PTI N
SOTALOL
SULPRI DE

TELMI SARTAN
VENLAFAXI NE

Il mplication fomedarchomnfootprint
20 52 8 4 6 4 52 84 0 28 80 56 28 56
7 89 100 100 10C 100 9 38 100 100 10C 100
8 33 100 100 10C 100 8 25 100 100 10C 100
6 49 98 89 86 90 0 25 97 92 80 91
0 45 100 90 10C 100 O 10 100 100 10C 100

n. a. = not ava

il abl e

Tabl e B8Bmoval ef ficiencpi @t Ppoa)m, ohl delt ace @ da<EC durirred esevar dlo A

online tests.

AOP H20: UV /6 UV /6 uv/-& UV/:Bk UV/BL UV/3C UV/3C UV /30D2 UV /30kD:

uv (m?), - 152 495 622 773 1620 179 815 173 807

H202( mg / 9 9 9 9 9 9 - - 9 9

Os3( mg/ - - - - - - 9 9 9 9

ECEC 5 33 39 4 8 6 4 77 74 87 72 91
AMI SULPRI DE 0 17 51 69 76 96 81 100 77 100
ATENOLOL 0 23 57 71 80 94 6 8 84 76 94

ATORVASTATI N 0 21 70 83 80 100 98 99 99 99

BENZOTRI AAQPRE 90 94 44 57 93 100 90 98 90 99
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Il mplication fomedarchomnfootprint
Bl SOPROLOL 0 4 48 57 73 92 68 90 54 92
CAFFEI NE 0 0 21 38 39 66 54 73 44 79
CARBAMAZEPI NE 87 85 31 38 80 8 3 91 100 96 100
CARB 10,11 EP 56 73 82 100 98 100 100 100 100 100
CETI RI ZI NE 7 36 75 8 4 93 100 95 100 91 99
Cl TALOPRAM 22 36 33 37 55 60 49 89 51 86
CLARI THROMYCI 0 22 14 n. a. 56 60 74 100 72 100
CLI MBAZOL 0 36 63 72 87 96 81 99 76 100
CLOPI DOGREL 0 4 51 69 81 99 91 98 86 99
DI CLOFENAC 52 92 100 100 100 100 100 100 100 100
EDDP 0 9 17 19 41 59 70 47 53 78
1,7 DIMETHYLX O 3 27 29 42 69 93 99 89 99
FENOFI BRI C AC 0 67 100 99 100 100 92 85 93 89
FLECAI NI DE 0 8 29 33 46 72 60 95 60 91
FLUCONAZOLE 0 41 63 76 60 75 66 49 39 66
GABAPENTI N 0 0 15 35 50 70 60 40 45 69
| OPROMI DE 10 43 95 100 100 100 100 100 100 100
KETOPROFEN 0 100 100 100 100 100 98 100 97 100
| RBESARTAN 0 6 33 39 53 79 52 60 65 76
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LAMOTRI GI NE 0 0 17 35 22 57 40 13 39 48
LI DOCAI NE 0 n. a. 14 50 48 81 8 3 100 52 100
LOSARTAN 0 0 60 74 79 99 8 4 99 83 99
METOPROLOL 90 90 30 55 88 93 8 3 100 92 100
METOPROLOL AC 0 5 43 52 62 89 67 83 66 87
NI FLUMI C ACID 0 n.a. 31 43 56 87 6 4 99 70 98
OLMESARTAN 1 32 78 87 91 99 92 100 92 100
SI TAGLI PTI N 0 31 74 80 8 4 93 83 79 75 8 4
SOTALOL 0 32 71 87 92 100 97 100 99 100
SULPRI DE 16 3 7 26 67 73 69 100 75 100
TELMI SARTAN 0 20 48 58 74 95 60 91 75 95
VENLAFAXI NE 0 0 36 37 50 65 69 100 72 100
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Figur@nlSi2ne fluorescence trends recorded by
semiatch tests of diluted samples of WWTP#:

percentages represent the amount of WWTP#3
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ChaptheRl uorescence Sensor Ena
Contami nant s o f Emer ging Con
Wastewater UBasgdOZIoeat ment P

Abstract

Contaminants of emer ging concern (CEC) p
environment al and human health. The devel opr
coupled with progressively stringent regul a
i ntegrate adwanpedcessatumeahidmeemdni toring o
This study investigatdgd ktehd | woe ecfceamdemegeings (|
and online monitoring of CEC wbadhed aad vpa nlcoet

oxidation procesgsas i @GA9QPswa.st Bwa-Leandfl2WWuent

were tested, placing the ©pilot system down
treat ment plants (WWTPs) . Priority substanc:e
i nvestigated water matri xespasnwc hpodsyf phar ma
substances (PFAS) were selected as targeted
degradation was-tdeee dtyed hien sreeaaslor , showing
detect fast changes in water mmail et vt hmaue &ld

fluorescence showed betake Bkbonertsuvenget hand
action of hydr oxyl radi dD isr o(clkeBH), durgihng gt
i mportance of online monitoring. Selected CE
percentages of r emmv a2l% p fiHti ©i WWamE( RBY (

wkrin VWW depending on oxidant doses ansd the
and AOH. FIl uorescence data by online sensor
removal of a wide spe@atndy Oppir oOCEE@ sdadryi(ng O
Further maoin ehd uroereelscence data were successful
pseufdionstder rate const:ams BO0f OBEE&iI wedhr &s ul t ¢
that-trmal fluorescence monitoring is an exce
duri slgagLed AOPs and monitor the teRanBflerred
contributing to the optimization of reagent
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Graphical Abstract

Real-time control of O; based processes and related CEC removal by online fluorescence signals

: Y Model for controlling CEC removal
Signals from online fluorescence sensor
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Keywo:ordmsi cropollutants; advancetdi mei Md@anii toar ipn

online fluorescencepslenfsionor palrlxloneyb pteance

x This chapter have been redrafted from:

L. Mar ib.o Gagl i ano, D. Santor o, and P. Rocc
contr ol of contaminants of emerging cencern
based treat mewat eorr oResemddh 268, p . 122616,
10. 1016/ ) .watres. 2024.122616.
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1l ntroducti on

The rise in quality of |life and production r
t he envi[rlolnnmefn&ajt her more, trace organamncd cont ;
perfluoroal kyl substances (PFAS) , phar macedt
(PPCPs) ar e frequently detected I n natur al

concentrations rangireg tfordrmerig/ lhitglh ®g/rlsidu
threatening to undermj8fp, thkévateubgsteasmuae s et
wi de class of substances defined as contamirt
adverse effects on humans, wildlife, i ncl udi
fishes, DNA and immunity alterahep®pbarmweé}e (@
[ 8], TBeg release of CEC in the environment
including effluent wastewaters from hospita
di scharges, |l eachate from |l andfills and agr
sewer lLedlagethel ess, wastewater treatment g
the main sources of [CIEOC .i A[ rMidhdee de, n vtihreo rcrennvte n t
treatments are ineffective 1 # ercadwditngirimo sntat
[ 1.2]Several governmental organizations have
such as EU Watch List and the UB1E&pbntlhitmihtasnt
on CEC (e. gA, BFAPhehahve been introduced ac
Directive|[2620/ 2184 king water. Switzerland h
on 12 indi[clhG]o,r sNAEt hel es s, many countries

I i mi t CEC in final effluent wastewater. Ho
treat ment processes at WWT P s i s [pll.8a] nThheed b
effectiveness of quaternary treatments, such
adsorption and membrane filtration, applied

WWTPs has been investigatué®d , by2bdPRes]{@ade <f de
technol ogies for the rapid degradation of Cl
highly readtli2ye §pRregaesi cular, technologies
have been widely applied due to tHei3r ,di[l<i4nqf
[ 25]Furt hesbmesed, AOPs can be more affordabl e
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echnol ogi es, I X&@] ,UVHZYapdv eart,i oane of t he m
urrently remai nti md emdrmictkoroifngr esaylst ems of
arameters at water 41 en@t nmeomtist opli amgt sb.eciBea |
ptimize and control AOPs, esymdcecinms|,| ywhier ediprmr
ction iIis required to enxBrle Pa&VOéctqugl CEL s

evel s IS chall enging ancdonse@quingesmee hpedssi

surrogate parameters are valuable as a fast

Spectroscopi c measures based on UNoabepy bance

r

S

xcell ent surrogate parameters for monitor.
emoval during adv[fa2n8cle, d [t3r0dat medritsi cul ar , t
|l uorescence has grown since -@ftf acst ifvaes,t suwidt

e-al me monitoring and AYolrSe asbesnps3 [2tdinvced B Gh¢aend , U

ever al studies reported the use of fluor escq

CEC rem@4y®Bl5], [3Bdbweyy87] these studies relie

t
c

o

ransport, and analysis in | aboratory. PAR
hanges in excitation/ emission matrices (EEN
f organ[{88matH8@¢ver, the acquisition and ¢

PARAFAC maycbestumimeg and chall enging because

S

(7]

ensors that can detect enough sitgmal £onodr pli
nfeasi bl e. Ther etfiome,momiltinrei mqndi § epar ef er abl
epresentation of actual conditions, opt i mi
ogistic issues with the |l imited number of
ampl e pr gpdadrja.t i @pamp]r ovement s i n technol ogy
evel opment of an increasing number of spect
ommonly work in the reglbkhkepfapeagtdkeéCryp
40]Sever al aut hors reported promising resul
| uorescence peaks C and-tT men mbmii nloirnggwatfe

rgani c matter (DOMPpr adudc ds§ A(20B e §[1443jhno Wwie/d4 |
he f-sirtsat nmal moni toring of effluent wastewa

ensors for one month continuously. Al t houc
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studies highlighted the potentiality of fluo

deal i ng wi t h t he application o f f I-tuiome s cen
monitoring of CEC in[waksttelwaat eporetfafblluee nftIsu o
monitor tdypgkttophaowmrescence, during contamina
samples. They found that fluorescence was st

spi ked con[t it mamttesd t he monitoring of 14 sp
bensbal e ozonati on tests i n three di fferent

simultaneous| ysgodéeftleucotriensgc ed¥e peaks C and T

correlations bet ween CEC and spectr al i ndi
highlight fluorescence as a promising met h
wor kability at natural |l y otciclulr r r agaiCESC wmex
l ndeed, the application of falbwarad sooe/n ceex pseen ¢

i nadequat el vy -srietfel eccatnsd itthieo nosn.

The main goal of the present dti kekey fwaisortes c e
sensor -tfiome rmadi toring of 1) CEC remawndl and
O3y HO,AOPs i n a pilot pl ant . The pil ot pl ant
di fferent WWT P s t o expl otriemet hmo nfi d agii migl 14Uy
fluorescence sensor in two distinct tertiar:
degradati on,t heedanmsirceearcitngvi ty with ozone and

the wastewatdcer backgroun

2 Materi als and Met hods

2.1 Water matrices and AOP pil o

One of the main goals of this study is provi
regardless of the wastewater quality, and te
Therefore, the experimental study whbueatsie

(WwWw and-2WWfrom two diff erlenandVWWIFWISR ¢ SNVAVT €d i
l'taly. Speci-Ii eatbmpas®Wd8d® a conventional ac

95



ChaphbkElruorescence Sensor Enabled Control of
Concern in Reclai med WhsdedvaTreaatUsd mtg FOzom

followed by a tertiary treat mendt8]dthage st amg
consisted of disinfection and coagul ation un
polychloride respectively, and sedimentatior
treat ment stage, an aliquot of atnhte ienfsftlaulelnetd
site downstr elam WRT PWWWT&n advanced activated
nitrification and denitrification, foll owed
parameters of the two -efahde@WWiwdsdtuewtht dro (t
pl ant are reported in Table 1. The AOP pilo
same <configuration, materi al s, pi pes, and |
WWTPs to investigate the potential potable r
pilbanp are available in Text SI 1. Figure SI

schematic diagram and a picture of the AOP p

Tabl &AAverage values of water gual ity par ame’

i nfluents.

AOP H T UVAgzs Conductivity UVT COD N-NHs4 N-NO2 N-NOs TN TC IC
influents P (°C) (l/cm) (uS/cm) (%) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Ww-1 7.3 26 0.21 2940 64.27 46.95 2760 1.06 526 6540 84.60 59.96

WW-2 7.7 16 0.15 1233 69.00 30.07 0.80 0.19 5.97 9.17 n.a. n.a.

2.2 Operating conditions and sa

I n tshiuddyands @0.processes were investigated.
operated at variable fl ow?3hat:0HOt @asgisngvef eC
conducted by appl Opdha@gs ea dfh eDteen d W anmgd-2LWW

respectivel vy, setting the peristaltic pump
gaseous ozone doses -1 ODasngead pfln eid 3Ivdti IVAO ODe
applied-2t a aWyWed from 2The i fnigerlent ODs wer
adjusting theogaemner ataorgi gt from 20% (min pr

production) in order to obtain the right gas
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as a function of &dhenddmmtwr attieomnidn tthree Ogas f
points (SP) have been supplied to collect wun
in Figure SI1. To account for changes in the
effect on the fol  vaWwi of§ ©86e arg nlusgt ebsi nhea si nbteeern s
each sampling. Samples were taken in 250 mL
of sodium thiosulfate for quenching the res
sampl e at the time of sampling, while aliqgl
separate vials without sodium thiosulfate

anal yses.

2.3 Analytical met hods

A UHPLC UltiMate 3000 (Thermo Fisher Sci en
(ThelSmoenti fic) mass spectromet §dd&EWVeesctudeadl|
conductivity (EC), pH and Temperature (T) \
par ameter sEnstlanf&dge@struments Il nc. ) . Cher
(COD), ammeNHfum KfiINt-NQ} esni NN@&) ean@dNtotal nit
( TN) wer e determi ned i n situ colorimetric
SpectroquantE Nova 60 phot omet er ( Mer ck KG
transmittance (UVT) was measured also in si
(Real ntegh Whitby, OnBhr madzlB8a00s dsape ctAr ophot o
(Kyoto, Japan) was used to obtain ultraviole
obtained usi ng -m303HiCmafdlzworRKE cence spectrop
Japan) . Both UV and fl uor esicreqicteh el ad taa rweea red io
weidelst abl i shed procedure rgpoéjted BDODbhbhpseviaod
filtration was needed since al | coll ected
FIl uorescence EEMs were interpkiengp{metllidd &2dg |
Labcale fluorescence measures were produced
emi ssion intensities to the Raman peak ar ea

water related to an excitation wavelength o
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intensity related to treated water (I) was n

related to theg .AOP influent (I

2.4 Fluorescence sensor anal ysi

The fluorescence sensor was installed to det
and effluent water, respectively before and
customized fluorescence sensor (Custom Sens
comjcu i on with a Photometric Transmitter (PT)
The sensor was connect-teidmda od at & otmpauri frerf orP T
with optical filters to provide a specific e
sudy, the excitation/ emission pair 280/340 n
tosa(R75/ 3401 sm) i denti fohaedeadepaalksTociated w
activity, materi al derived from anthkepoged.i

pepti{88%The 280/ 340 nm wavelength pair was s

st udide5s] , [ 46N, pa4d4 &cwd afrgund t hat PARAFAC c¢
corresponding tbikbeflogpéspbnaoe, was the m
parameter among the other spectroscopic indi

UV amtha®ed AOPSs.

Before starting the measurement campaign a

achieved t hrough dedicated software tool ,

performed on five |inearly diluted represent
wast ewatefrar eflhetrwo separate calibratli oannsd hav
WW-2 AOP influent s, converting data from arb
(%) . I n this way, fluor escenlc0e0 %,n twehnesriet yO %l aitc

refers to Dlurwatwat)erand 100% represents the
reference WW sampl e. The data | ogging sett
parameters: measurement interval, that 1s th

i s to be obtaiméd; whoghi mgpresemys how oft e
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the Il og file during the measurement interval
i n order t ot mmei tcdirangeal i n water gual ity L
Therefore, t he measur ement interval Coi nci ¢
executienertfi rteh campaign. Whilst, the 1 oggin

saving frequency of 6 dat-tai npeerd amiansuette .o fT hfel |

i ntensity was automatically saved in a | og f

such asnttehhen al temperature of the sethisme . Th

fluorescence was obtained with Eq. (1)
o . &3

ZAII%EHEAEAlﬁugémnm (1

where FS is the fluorescence intemeipreseht so

the fluorescence intensity (% ior 2WW i nfl uen

2.5 Selection of CEC

Among all the targeted contaminants,l aabnodut t
WW-2. Table SI'1 illustrates abbreviations use
al | CEC det elctaendd-2WWrWW pecti vely. I n order

genecahasi o possi bl e, nine CEC were selected

their occurrence, differeantd rhkeydcrtawylt yr avd it dha

environment al r el ,e vtame ef. o IFloawiWWg phar maceut i
selectkedpr&mt @Cl T) , FIl ecainide (FLE), Ni fl un
Sitagliptin (sS1 1), Sul pride (sSuL) , Tel mi sa

Venl|l afaxine (VEN).

Whereas,-2i m WWterogeneous group of compound
phar maceutical s, such as Estrone (EST), FIl u
i ndustri al compounds, such as Octyl phenol (

Furthermereompbueds bel onging to PFAS were i
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CEC, particul e&rhlay nt wWFA$Songperfluorooctanoic
perfluorohexanoic acid-chbBFAXABFEASandgr®ad she
(di met hyl amino) propyl ] perfl uor obutcdmne ss wlff o
perfluoroal kane SAd),0onamil ceu | HiFMNOHSr. muT e C

acronym OFASA6 was used to |l abel that compou

Mo st of selected CEC are ofknomtnerbyatt loemas cii:
community. For i nstance, TRM, VEN and FLU
updat e 'dHU tWaet c4h1 Ay sdedi5biland FLU is also i nc¢
draf tthussf Cont ami nant [CR3i]dR Wratt kee rLmosrte , OCT an
considered Priority Sulbs@lJawvhdds ICy Tt haen dE UINFACCp €
prescribed drugs considered new emerging co
detected in the a®duradti €Eb689gvi RBnmedt VEN are i
containing 12 indicator compounds establ i shi
Environment ( FOEN) i n the fr[aldeg NALTC aswaenér s
within the substances of possi ble concern i
protection of the Marine Envi[r5o9nmamst | gf HPHFAS
known for their environment al persistence,

advanced treatmét, pf6tEashd £2]S,| 2[heX]pdytss

chemical characteristicd ahdlPRWmoeladctedd | CE E
(RE) was calculated for all ChCnwiehdbof FB)
whergeand C are the nogohlc eorft rGEBEd oinrs t(he AOPs |

effluent, respectively.

2. ®al cul ati om boesferpvseeduda rst or de
degradation rate constants

Theps e ufdior st order kinetic equation was Uus e
degradation ratek@9 nmsntdairtesa |f o u keQG& €cné necaec h( wa't
matri x dbhased [AOP]s, [ 65]
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12 e my

# (2
.. &3 .
||——3 E 2/ (3

where TO represents the estimatedaltaouwlnatfedr:
applied theoreticlal saobonactedebymyghB) kihesi dua
ankkgy epresent the sl ope of regressi-om( QI 6es o
andl n(F8§/ Fr'Sespectively. Thus, t he foll owing
combining Eqs. (2) and (3):

# . . &3
T Ed i~ (4

wheEg epresentB jtEh.e Siamiiloar |l y tlepwlg. pre)diand
pl otting Ivre(rG/uGo) L N( FS/ FS

3 Results and Discussi on

3.EIEM anal ysi s
3.1.1 DOM characteri bgt EgGMsof AOP i

I nterpretations

FIl uorescence EEMs provided usef ul i nf or mat |
bet ween two tested water matrices in terms
abundance of fluorophores. As discuss-ed 1in

picking methoeld wiao i nterpret the EEMs. Figur
intensities in RU of t He afnideNVWiBMakhso wieed elcit gehde

fluorescence intensities-2fornabhtcpedhsaceompa
of physicocmemecsal rpapaoated in Tabl ehald aur
preval encel ioke pfrloueriemscence components, whic

101



ChaphbkElruorescence Sensor Enabled Control of
Concern in Reclai med WhsdedvaTreaatUsd mtg FOzom

while-2WWad a relative abulnidlhencel wdr € sud evi ace ,h

sur face[ 5vAa]Jt,er[s6 6]

3.1.2 Effect of AOPs on fluorescenc

The preliminary assessment of EEMs provides
efficiencies. Figure 1 presents a comparatiyv
pil ot influents and treated water in both WW

frmo 0 to 3 RU and from Gnde WWresiR@ctowveWW. |

observed | ooking at Figure 1, the applicati
fluorescence intensity with the i ncrease 1in
hydr oxdyilc al & . |l ndeed, ozone iin water i's par
radicals, due to its electrophiliré¢ crhatawroenatr
fractions ®ofv r DOMion@kp m ( mgCHIs})) [ 6.5] Remov al of

fluorescence peaks follOw®dOi iO &Ovear dYyVeantdh e o
WW-2 during AOPs, highlighti nlgi Kenef Isiecmrsopgh orn &
ozone. An ozonelwhoss enecefdedd mep leffectively re
fraction of -DOMWhinl eV | WW escence i ntensi
significantly atloZidines donai®@g4d mag lbe rel at e
the water matrix's background. |l ndeed, t he

WW are pointed owuthybsyi ctahle pcahreanmectaelr s r eport ec
werad so confirmed by the fluorescence peaks
underl i ne s/HOapgr acheessO di d not |l ead to a highe
than ozonat i-olnomes pr csdeasnd i n both wastewater
of hydrogen peroxide caused an increase in t
the ozone di rfeocrt Ityh ea vsaeilleacbtlieve decomposi ti on
decreased due t®2r élhatsi,onwi wiht t hi¢ addi ti on o
treabhm efficiency for target parameters sus
absorbance and fluorescen¢é&,7] mmagurbe S$I4 ghhod
reduction 2ednd hteha@&VIAi ve fl uor elsacazad eAPRsa kisn dh

wastewaters tested.
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It could be noted from Figure Sl 4d that the
|l i ke fluorewaenltieg peXa kirhe W ihagt OD equal to

L, whil el iann WOAD dWwa® megeded)j)t o@obTme ndegr adat
ofsi h VWWexhi bited si mil azanat/ fEBOgp reoncce sesse sa meotn ge
ozone dosage. | R2 ,t hteh BOa@reo coefs sWWemonstrated
hi gher effectivenespsy ocemparugpd ttoo dtnh eChDOno, f t4h «

abat emesgotccaufrred with similar efficiencies b
highlights that, under those circumstances,
ozone.

a) WW-1

Os process

O3/H202 process, H202 = 9 mg/L

h:-l\ E;-I
- Ik |

WW 1 influent 3 mg/L 5 mg/L 6 mg/L 8 mg/L 9 mg/L

Theoretical applied ozone dose
b) WW-2
O3 process

LLLLL

WW 2 influent 2 mg/L 3 mg/L 4 mg/L 5 mg/L 6 mg/L

Theoretical applied ozone dose

Fi gur eFlluorescence EEMs of s ampsbeas edo [AIOPcst ead

di fferent ozode (@9 s @ di BWWWW
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3.2 -Remé fl|l uorsesadrnaee fl uorescer

The -temé fluorescence data obtained with the
scale fluorescence measur ement s rel ated t o
(280/340 nm). Previous studies suggest the n
I nclowdi emper atur e, particles, $SHiuas$l| tbepgsce
sighdabD] , [ 6 Howejve9] i n this study no adjust
perfor med. Consequenmey fl ubereesaeanaceadat a ( %
wi t h t he -srcawe | dd uorescence (Arbitrary Un
excitation/ emission patrbi(28l0/ 8408 nmher with
corrections. Figure 2 shows the -tliime aa-nca olra e

scale trlyipkowphbnorescencel naenads-2WWa mplihe sWW Tr

_.‘
D

l'iability of the onlineedsemysotrhevast rsaurceg es:
et weesncdlaédh @andner ddluorescence data in both A
). Similar strong correlations were also ob
2

80/ 340 nm) expressed ians Rlh ofwonr ibno tFhi gwarset eSa

o —~ N T

e notedsdalaeg fillabbor escence of treated sampl e

from O to 610 aAJI2WWMWMWAMs pecti vedlyt h@hrkegriessWw

are nearly parallel (Fi gumtes 2iad? ,WWpeared c mao «
pr octkespsendent , as demonstrated by the notice
andi ytercept of the regr estsiimen flliwnerse s2cFeurrcteh e

seemed more sesciatlievd |tutoare sleegm caet. tFcer hii ngshteast
mg L. the sensor recorded two significantly d
(1.5% and 4 HO3a% d:p@d o®©®ess respecti velsya.l eCont
fluorescence values referred to the same s:
respectively. Thus, the online sensor was ab
WW-2, recording signickehcenvhyuksivd@pf bges g (

and with a sensitivity higher than | aborator
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a) WW 1 b) WW 2
300 80
* 03 s 03
S Lol o O3H202 =) © O03H202
< ——mod. (03) < mod. (O3)
g y=5.75x+ 77.80 mod. (03/H202) g 0 mod. (03/H202)
S = 200 A R?=0.92 [ =N
s E 8 E
o < Q=
E o E [=]
o g 150 o g 40 4 4
23 28 .
o & o X -
E < 100 | E - e
y=6.17x+ 57.04 o 20 A y = 2.56x-9.96

,‘? o ] Rz =1.00 & @ R:=1.00
© (3]
-l -

0 T T T T T 0 T T T T T

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Real-time fluorescence (%) Real-time fluorescence (%)
(280/340 nm) (280/340 nm)

Figur eLi2near correl ati on-seal gteeard gneb & tl weoe re srcee
data fd4r (WW aznd( WW Model ewalauesonfsoranaach A
andsy 80, are also rdpamddW or WW

3.3 -Remé& moni tLoraisnegd 0ATO PG

The degradation effect due to the action of

i n 4 e ake by t he on-l i ke fruptephance sensor
fluorescence intensity (%) as a function of
i n uFfrieg 3 f orl baontdi2 WWI he fl uorescencd4 rangesit

bet we ebn0 %4 0o f the reference value already ob:
(100%), whiilef | WWent had a fluorescence inte
referencee vtao ual ndous t constant i nfluent wast e
sensor demonstrated i ts capability +to pr om
intensity. As shown in Figure 3, the dosage
decrease i n nftleunosrietsyceduoe t o t he fast degr a

bel onging to -tihlkeetrggpit@omhaAn opposite step t
wastewaters since the o0zonel daorsdgien avraesa gdiercg e

2, while the trendadswaexpeuwitteed hvdreinz d htealoz one
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it can observed fr omllFeidg uroe a3 a,t r@ ga tr edd unegt iLo
i ntensi tly cioompMW ed to ot her applied doses.

a) WW 1
100 -
)
= o (] Ozone dose (mg/L)
=
wn 80
c
)
"E 70 A
U o
Q €0 O, process
8 0 | < >
4
= 40 -
o
= i
ll_— 30 A 4 —
c c
£ g | - 3
= 20 4 = S
- £ ;£
g ol & 3
4 | [9] e
0 T

0 5 10 1.5 2IO 2I5 3IO 3I5 4IO 4I5 50
Operating time (min)

8

b) WW 2

|:| Ozone dose (mg/L)

o
o

70 4

60 A i H
O; process . O4/H,0, process !
50 < > < »

40 4

30 4

Real-time fluorescence intensity (%)

-
S 5
20 - 2 2
=, 5] [6] €
] s 4 >
10 S 6] s
0 . — r , . , . .
0 10 20 30 40 50 60 70 80

Operating time (min)

106



ChaphbkElruorescence Sensor Enabled Control of
Concern in Reclai med WhsdedvaTreaatUsd mtg FOzom

Figur e RBiamme fl uorescence trends recbr ded b

fluorescence sseamda/rBOdAORPnNgiI M@ WW) ah d ( bYW

( Numbers in the squares are the ozone dose a
Compared to ozbH@tpirmmc,esshest®ongly 1 mproves
AOH, Il eading to an enhanced oxidation of CEC

shows that fluoresaélfOsper cseeenssso rd edtuecdtnegd O ower
intensities than t bprsec eodbs,erase de diude mge Oof h
the tryptkphédhuorescence. This i s an i mport e
real me the effect of increasdhQphOldemrsoduirdtgiu
4 higdhlthihsg result,2especially for WW

WW-1 WW-2
——H202 = 0 mg/L ——H202 = 0 mg/L
——H202 =9 mg/L o H202 = 4 mg/L

Ozone dose (mg/L)

Figur eRe&duct i-toinmeo ff lruecarle scenceyp eaxupteemepsed as

AOPs in both wastewatzene desa {mgtt)on of
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The fact t hat t htei mmeedfulct o mes coefncreeails quite
processes confirms, on the one hand, t hat t
hi gher oxidati végH@xptriowietsys odfuet teo @ he 1increa
hydr oxyl radical s. On the other hand, compar
inferred that online fl ubirmescrease! dad ai @ bman «
thanstabe fl uoreiscmederectaitndg etalsé reactivity
these findings suggest that the wuse of fluo
water systems involving AOPs is highlme rtehceom
efficiency of the processes and for det ecti
oxiidan by AOH. I ndeed, as previously pointed
AOP make the process difficult to monitor be
| i f e[t7.Ome

3.4 CECemaxe uamd evaluation of t
remov al efficiencies

A total o f 35 CEC Wwas THet eanati end grmu@WwWWconsi s
spectrum of phar maceutical s, i ncluding anall

anticonvul sant s (e. g., carbamazepine, gaba,

(citaloprfam, negnl antibiotics and antifungal

tri methoprim), angiotensin I antagoni sts |
tel misartan), antipsychotalklsockamissu(ergde,

bi soprol ol ,sometloodr)ol aln,t i di abetic (sitaglipti
I n WVWW sampl es, a total of 32 CEC was detec

chemical s: industrial compounds ,-mes thyH as b
benzotriazol-rdgnylpmreeamdls, (dct yl phenoeA,)-ndipl ast
but vyl phhéerabhiadiedes (e. g. , ametryn, prometryr
such as analgesi cs dmlapalore nme ti dpurpalodlenand

venl afaxine; estrogens and Atleesvaneds ol()esst p
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perfluoroal kyl substances such as perfl u
perfluorohexanoic acid (PFHxA). As mentionec

influent were selected as targeted contamina
efficienci EECof nkddMed-2 Willespect i vsainydy @dur i ng

processes.

I n MIW the RE in ozonation process 1isofa func
selected CEC, and the folfPowio% gtrad s Bl tnsg wer ¢
vk 2% ot at 5 ImgiPL2% tat 6 1mgP L2% vk at 8 mg

LLoub 2% prAtat 9 ImgUL t o t helSWL ,ofTEL ,mdgilRM, NAC
VEN were most ef f @lOitwel yp,r eanmoverddi(ng to t
reactivity with ozone, foll owe@&aouulp €é 3 piatna
having a high r at eAtc otnlsd amitg hWa shh DI y 9r enagc tLi \
(FLE, VEN, NAC, TEL, TRM, SWwppwefellowaldl py

2wmp, ynp and22RBP( Therefore, | RB r esu
recal citramndneECXxitdbati on, in accordance with
constang( wWakklhe OSI 2) . HowZ2%@u Pbmatyh éeh aovket iereend d u
the action of the AOH, sinceOJerBalhla,s thh g ha p el
of 3/ ®O2process-1t di WWnot result in remarkabl e
efficiency. For instance, although APRH, TRM
their REs were al most equal tzprBEgesEor aeveéehne
ozone doses. Fmueddhteironorreat e heonstants of the
Ozand AOH are stildl under i nvesttaiignaetdi ofni,n dailntg

may be asserted that ClOsahdGH.a higher affini

Contraryl,tooaWMation -22prpd 9 eldt eed IWAW better RE:-
al so at | owSIODs I(rFifgauate, r emoval i ntervals wi
p 2% otat 2 1mpep L2% xat 3 Inmpl 2% xPat 4 mg

LL,clb 2% xtb at 5 ‘Inggle L2 % Yo at 6 1ndge plendi ng on t
reactivity of CEC with ozone apg otueamdt ddh d s

| iteratur e, FLU and I BU are strongly recalc
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showed the | owest removal efficiency at al/l

CEC, acli%sovi aatg t he highesh . do8& @6smghéad a

remowla&8d vit), although it was better removed t
of magnitude ESFhaendKVEN were removed better
CEC, rea®%phihagpgd %yYyrrrespectively at the highes
with thebrdseconte cahBdRaindE€TIwa2)t hke® all phen
has a high reactivity with ozone, but i1its RE
t his study exhibited resi stance techaizomne

compounds (i.e., PFHxA and PFOApvIWM@ubl ed mo
while t-bbashobphe -GHi1ER20S)FAIMDAWedRt the highe
OD(6 mMp. LThese finndictg@s damee with many previ
documented the | ow effect of ozone al &ne on

bondgd1l], [7Bor2 WW3hle increase in the producti
t hesy HGOoprocess determined an appreciabl e ingc
targeted CEC (Figure SIlI6b). Despite the per:
the highest oD, PFHxA was tot a-CHykiNsOeSmo v e d ,
2%x P) and PPOA)( suggesting that highly re
during AOPs may play an i mplocret acmtmpraalie oinn oFF
based AOPs efficiency in the two water matr
di fferent operating conditions (temperatur e,
water backgrounds (organic and nitrogen conc

det @dct e

3.Monitoring targeted CECi me mov.
fluorescence dat a
Considering that CEG moxitadatiooas | pycout s t he
bel onging to -tihketrggptopha@GEC r esthb@asald &AfOPisc i
were correl atieme wWiltuhorreesaclence removal data tF

correlation model s. Overall, it was found t
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parameter-tiimeefluoeascence) and contaminant
of process: o0ozonation, which is3 damdnpeedxby
process, domi nated by reactions with AOH. Tt
regression par ametiertser(cie.pet.), (sTladbpee aSnd3day and
as a function of AOP type and wast dwatdem,gsi
reported in [t3HMg ,| iDFe@padtyyr éd ooki ng at Figure
SUL and VEN are close and -ahmesteptrahbdebkl| 6
REs were comparable between the two AOPs. C
curves r elamntde/dBOtpr o esses was remar kabl e whe
resulted more effective than t BeHOgt SdrT (bee.tg.e
removeds bkFi Qure 5a). 't i s not ewotrhteh yr etgor eosbs:
curves of FASA, PFOA, EST and FLU related 1
overl apped (Figure 5b). This ffasttHOpemaerstsr at
for t #reessei sGQ ant CEC since | ower ODs are requ
to the ozonation processndaf AOHt mreMino géned r by
addition, this resmétfkhowesténterwas very a
to monitor processes involving hydroxyl rad
degradation of orgdnitchemoiedtaiteiso.nslhn pWiNet we e
selected CECmandluealkscence was verg robust
Tour egardl ess of the compound stidiercdg edormamal 4
were obtained® allddhoumghWwWith?a2(bweur e ablatean o f !
should be noted that the relationship betwee
time fluorescenpeodessngas hal Wa-y s amhd-asevavr in

Conversel y HOipr otcheessQ t he relationship was fo

and | inear for -BomehiCIE€ expdMent i al correl at
all the GCGEC(TabIWwwW SI1 3a and SI 3b). The-2expone
duri gfgloOeprocess may be ascribed to the incre:
a faster removal of CEC than fluorescence. T
studies reported in the Iiterature which hi

attenuaniicom pofl l utants and spettsescaAdpPPcapatl a
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to WW may hlaivree ar noeiple’néFemnt Wedbgourned, t hat r e ma
of primidone and acesuloameur(i @BHC owiotntat I o mw
exponenti al rel ation wiishandhe oatal enfuautoircers c
Moreotvemu, et akppr@€deéexponenti al rel ati onsh
fluorescenc@/%uandgat egroup ofeatbwvezoampou!
Simi |l p7v&jo,und exponenti al curves bet ween re

mepr obamat esciald e piolzomtnat i oh7 7elaipetr € dne rotus. t ha:

exponenti al trends with fluorescence were r ¢
ozone. However, in thkeipeasedepehddypcythet we
retal me fluorescencge¢ HOrpmoovcaels si nwatshef o@nd i n t

WW f or di fferent CEC having variable reacti
needed to understand the different findings
more knowledge about the r elratpiodnsultiapm-tex iasntd

ti mMéd uorescence measurements.
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Treat ment Processes

Sensor Enabl
Based

ChaphbkElruorescence
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3.cevel opment of predictiveemod
fluorescence dat a

3.6.1 Prediction of CEC removal

Using the regression parameters f outnidmeby ¢
fluorescence and CEC, the predictive model s
spectrum of CEC -DHeapad2aMWFiimuwW®/ 6 shows mea
removals versus CEC remodMalme dgradirectslcedmaer o in
WW-2. Theeaogar e error (RMSE) was calcul ated
bet ween predicted and observed removal s. T
correlation of eace GHQ@oOwietslt ene & si ss hprwav iidne
Figure 6. Looking, aitt Fd guwlird sb e aa asnags $éd t hat
model s successfully predicted thewCEB mBemova
2 Toand- 3%pkf or both AOPs.

In ¥WW the fluorescence model was more accu
during oZonmsiyaon@d- BW@®®) (Figure 6c)s HBhbowever
process the correl a2i oosl|limgdhdddd, dteltea emrsedi (
removals AHOiinng VDN coul d have been more <cha
enhanced AOH exposure leading to a fast remo

the fluorescent organic matter.

Al l data were included in the predictive moc
with fluorescence removal (e.8. duAMNA®. BPA,

process) . Neverthel ess, t he f | usoirtees ceemda ei mMer
time with the sensor have proved to be an e:
the removal of CEC having different reactivi

i n swaewaters with different characteristics.
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3.6.2 Prediction of ozone doses and

based AOPs

| mpl ementing a control pr oced¥d r eacnarf s & chuee notzloyr
of the effectively trlanstsenfedkeenonateT®st m(

applicaghanedfsyYyst ems.

I n this study, the fluorescence intemsities
based AOPs were plotted versus theoretical a
time fluorescence was plotted against estin

obtain predictive models of OD and TO.

As depicted in Figure 7a, thteiwnmerfrlelatesoaembme
found tdimearonr o-1 aopd-BWWWXxceptotessOduring
1, which exhibited a I inear correlation. T
remar kabl e predi cttiivnee cfal puaocrietsyc emfc er aanl est i nm
wastewaters and AOPs investigatedTJOamodel sist
exhibi tlednemmoan behavionpreceepli f Wt he Dc) . /
this calse,bawadk on t htei me mMolviadr @efcemr@aée showed
in predicting -TOandRWeslenadaaeWWwWr ddluorescence d
serve as a robust indicator of ozone | evels,
as thelcwdtrozone concentr attrieoant mem tt. h eT heefsfel ul

promote the relevance of fluorescenlraesesdenso

AOPs management and costs optimization. As
[ 1,7] sever al studies dealing with ozone dos:
di fferenti al control by monitoring spectrosc
and fluorescence. However, in differential

surrogateet eparbaenf ore and after the AOP wusing
results obtained in this study showed that a

treat ment provides an accurate zmasietdo rAiOPgE . o
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the fluorescence data were intrinsically rel
a) b)
9 9
+ 03 n=18 /"
8 2 med (0% ~*1R2=094 Pd
. mod. (OYH202) 57 | RMSE = 0.43 mg/L
—_ WW-1 £ -
delo * ~6 g”
2 5
Es1 o ® O s o
4 ° @ /,Q
3 4 0 o4 ”6 @
©s o) @ ER -
(o] = o
" WW-2 o S, g
1 o Oamzoz o, o
——meod. (03) Pid
mod. (03/H202)| Vs
0 T T T T T 0 T T T T T T T
] 5 10 15 20 25 30 ] 1 2 3 4 5 6 7 8 9
Real-time fluorescence intensity (%) Measured O; dose (mg/L)
c) d)
9 = 9
. -_— — Pid
o O3H202 ..—'__ n=18 L
87 o | ™ @ 9% 1R2=0094 e
d, ] o 7 Lomenonon E . |RMSE =043 mgL Pt
=2 L WW-1 o /t
Eq] I O, e
o ‘e ® [
O s 1 ’ o =5 "’O
o (1) P
g . 0.._, . o o 'g
— I L c ® &
Yy 40 S | e
7] : ; e *y
S | wwe o #%° T, | ,‘O
= + 03 +0 5 -1
1| o ooz 811
mod. (03/H202) o "
0 T T T T T 0 T T T T T T T T
0 20 40 60 80 100 120 0 1 2 3 4 5 6 7 8 9

Real-time fluorescence removal (%)

Measured transferred O; (mg/L)

FigureCorrelati on

bet wee-hi

me a f

oD

(b Oarfd) .

|l uorescence

120

removal

ma d enles fbh eatowest eme &

and

i ntensi

TO

(c)



ChaphbkElruorescence Sensor Enabled Control of
Concern in Reclai med WhsdedvaTreaatUsd mtg FOzom

3.6.3 Predicdahoearr wdod plfeierudite gr adati on
constafts (Kk

To enhance the assessment of the oxidsation ¢
based AOPs in two dist-obhsér wadteeowgtaeadasti psewn
(E ) were calculated for all/l detected CEC ac:
correlations for each CEC was 2maabmsesedwhschg
reported in Table SI'4. Through Eq. (3)- the

time fluoresdc&ce)wee ewictah cTO-a¢t add-2 WWl WEWW

iy mManHE md nwgere det er mi gaends f@8Osp rtohcee s e s

respectivel y:22,whihlee,vdl nesywwelged 1@ mg

1f or the same processeskE Tehktatedetoguarvribnbheéi o
i's gr eatieOph@ame ©s, i ndicating higher data d
and higherE v@aFiugsr ef 8) . Dots beyond the whi
potentially represekht ool | eigshseswveld dor 1
degradation of mets pOplrolcedg4li mg WWwhe O

1.0 H 03 (WW-1) [l 03/H202 (WW-1)

03 (WW-2 ] 03/H202 (WW-2
0.8 03 ( ) ( )

0.6 °

-]

0.4

0.2
0.0

Fi gureB&dpmlpatcti ng the statistical di stribut
with oEzoofe 4l | detectledn@B2Wewibs eWwWed azhwrdi ng t
O3/ HO2processes.
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However, the other dots correspond to parti.:
observed for highly reaanhdfOH damp omgndosot wi tA
i ncludi ngE s omapl o Infga(n & ML mg s@nda 80:
processes respecktt i vigxlpy)nigh & d o m@adn edg G®On d

O HO;processes respecEiveElu)mMadEc! o ®nag (

1, 3®nds BO2processes respecti w2, yywhe h emeesats ,o ff o

are inside the i nbbsagqutmefddr et HOPO e0,c etslse wer e
much higher then ftore tphsedb cOnas eds expected (Fi

Observed reacti cEn)r avtee ec om ®£tda mttisne( ufsliunog erseca
data through Eq. (4). As a whol e, very hig
redicted reaction ratelcpPphisganme s9afamr@il| 9ICEC
Figure 9c¢c and 9d) dur iTrhg sb atels UAQ@P shivgerrl @ gfhd u

~ ~

i me monitoring idckfe ttdwptrepltaemce i s mechani
removal of CECbasueged ngOPsz oamared i s an outstandi
fate of a wide spectrum omeCE€C€swihhddsfiecten
l ndeed, t he potenti al of fluorescence surr

degradation rate constants during [AO®]s i s al
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4 Concl usi ons

A novetli meamoni toring system for controlling
i nvol wands B0,processes was developed -uskag ar
fluorescence gdameeorf.l ulohreescealce data were st

CEC removal and transferred ozone dose.

The fluorescence signals were al sor dseurc cresstse
constant s2 oM@ EChi(ghl inehcthiamg stthe r el ati onshi
fluorescence measurements and the removal o]
processes. The CEC shenglr/ @datAiQoHh odiu et etsat e@ was
detectediime rbggalt he sensor, showing a decr ec
i ncrease in reagent dosages. Correlation mo
reaal me fluorescence da&t an®d ywearned vdeerpye nadcecnutr aotne
of process. The®i membéblVvabretceprpat was wused as

of transferred oz®&nemdduri ng the AOPs (

Overall, the observed data demonstrated that
sensors are correlated with the CEC removal

can be used to cont rboals ebdo tANO PGE M nd +i dn ra@ zaonmlles i an
result, the removal of target CEC can be achi
to fluorescence measutriement FEhebsbonmnedpphe ciem
o f fluorescence sensor s has t he potenti al

treahims, in terms of efficiency, costs and
deal i ng -wagend UANOP are currently being invest

wi | | be communicated in future publications.
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Suppl ementary materi al

TeXtl 1: Description of the AOP pilot plant

The treatment | ine consisted of an @xiamdi on
iitu producged Gaveaeug Oozone was-bgesedr azedeb
gener at or §LPrddmkmienge, Sweden) fed with p
peroxide was dosed from a 35% (w/ w) stock
Reagents were dosed in |ine wusing an innova
Ml T3RE, a technol ogy that all ows the simultan

reagents

[ 79] The pil ot pl ant
adjusted and contr ol
Tabl e: SCBC (and
naturally occurring

a)

Compound

Amisulpride

Atenolol

Benzotriazole-1,2,3

Bisoprolol

Caffeine

Carbamazepine
Carbamazepine 10,11 epoxide
Cetirizine

Citalopram

Clarithromycin

Climbazol

Clopidogrel

Diclofenac

EDDP

em ke rn g iQdgsh &0 O0a rsd

rel ated

had

|l ed through a

concentrations
Abbreviation CEnEEriEe
n (ng/L)
AMI 462
ATE 1870
BEN 1263
BIS 280
CAF 27247
CAR 2721
CAR-EP 163
CET 157
CIT 30
CLA 119
CLI 177
CLO 46
DIC 5175
EDDP 154
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1,7-Dimethylxantine 1,7-D 20690
Fenofibric acid FAC 634
Flecainide FLE 7059
Fluconazole FLU 260
Gabapentin GAB 4646
lopromide IOP 1812
Ketoprofen KET 729
Irbesartan IRB 2712
Lamotrigine LAM 699
Lidocaine LID 175
Losartan LOS 534
Metoprolol MET 5141
Metoprolol acid MAC 2015
Niflumic acid NAC 325
Olmesartan OLM 6136
Sitagliptin SIT 1345
Sotalol SOT 1325
Sulpride SUL 761
Telmisartan TEL 2470
Trimethoprim TRM 162
Venlafaxine VEN 312

b)
Compound Abbreviation S EHE
(ng/L)
17alpha-estradiol 17-B2 169
3-Hydroxycarbofuran 3-HFC 27
4-(1,1',3,3'tetrametilbutil) -phenol 4-T-OCT 127
4-Methyl -1H-benzotriazole 4-MeBT 44
4-nonilphenol 4-NP 127
5-Methyl -1H-benzotriazole 5-MeBT 44
Acetochlor oxanilic acid AC-OA 24
Perfluorohexanoic Acid (PFHxA) PFHxA 28
Perfluorooctanoic Acid (PFOA) PFOA 24
Alachlor oxanilic acid AL-OA 24
Ametryn AME 73
Anatoxin -a(S) ANA 40
Bisphenol A BPA 166
Butylated hydroxyanisole BHA 156
Di-n-butyl phthalate DBP 189
Estradiol (17-beta estradiol) 1 7-B2 69
Estriol E3 360
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Estrone El 102
Fluconazole FLU 98
Ibuprofen IBU 695
Metoprolol MET 67
Naproxen NAP 49
O-Desmethylvenlafaxine O-VEN 114
Ottilphenol OCT 127
Perfluorobutane -N-(3-

(dimethylamino)propyl) -1- FASA 126
sulfonamide sulfonamido amine

Prometryn PRO 404
RDX (Hexahydro-1,3,5trinitro -

1,3,5triazine) RDX ar
secButylbenzene SBU 35
Sucralose SuUC 390
Terbutryn TER 404
Trifluralin TRF 64
Venlafaxine VEN 57
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Tabl e Slud2nmary of target CEC with intmbmati on
mol ecul ar wei ght ( MW) , acid di-waber atpiaogn i to
coefficient (LoerKew), radmrd coacsdmhaasdwhydr oxg
radi caead &Kd their averagd cionnlcVednd-a2WWeher € n¢
AOPs.

MW a Kos Reference KAoH Reference WW-1
Compound (g mol-) pKa Log Kow (M-1s7) Koz (M-1s1) Kiom (ng L)
597C22IS;I'338 324.4 9.78¢ 3.76¢ Low [80] n/a - 30
541'12254 414.3 9.30¢ 3.78¢ 1. 30 [81] n/a - 7059
43N92§07 282.2 9.78¢ 5.30¢ High [58] n/a - 325
13811?)211-6 428.5 4.12¢ 450c 2. 30! [16] 1. 000 [82] 2712
486486%—32-6 407.3 8.78¢ 1.26¢ 6. 702 [83] n/a - 1345
15637lélif‘rl 341.4 9.12¢ 0.57¢ 3. 18 [82] n/a - 761
144;:)51_484 514.6 5.86¢ 7.70¢ 1. 205 [82] n/a - 2470
7;:7'\(/'}5 290.3 7.12¢ 0.91c 2. 705 [24] 6. 90° [24] 162
VEN
93413695 2774 89le 274 1.30°  [80] 8. 800  [84] 312
MW a Kos Reference KaoH Reference WW-2
Compound (g mol-) pKa Log Kow (M-1s1) Koz (M-1s7) Kaon (ng L-1)
55?&7 270.4 10.33¢ 260c 1. 505 [24] 1. 109 [24] 102
FLU
86386734 306.3 1.76¢ 0.50¢ <1 [85] 4. 6 0° [85] 98
156I887U27_1 206.3 5.30¢ 3.97¢ 9.6 [86] 7. 40 [86] 695
VEN . .
93413695 277.4 8.91¢ 274c 1. 30 [80] 8.80 [84] 57
18863-64 206.3 10.31e 530e 1. 235 [87] 1. 6010 [88] 127
15;5598 335.3 -1.00e 460e 3. 702 [89] 7 . 5140 [89] 64
32';2?1 414.1 -0.54.2d 4.81d n/a - n/a - 24
:0':7:?4 314.0 -0.16d 3.48d n/a - n/a - 28
FASAe-é: ;'; 51;';9’: 2025 384.3 n/a n/a n/a - n/a - 126

a Molecular weight computed by PubChem

b SciFinder Scholar, data calculated at 20 °C and 760 torr using Advanced Chemistry Development (ACD/Labs)
Software V11.02 (©19942016 ACD/Labs).

¢ DrugBank database

d Hazardous Substances Data Bank (HSDB)

e ContaminantDB.ca

n/a = not available
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Tabl e:R8g3ession parameters of correlation
removal of surrogattei npearfalmueotreers c(ein.cee.), arnedalt h

duri glgaOed AOP4 i a) W¥2n d bww

a)
O3 process O3/H202 process

Compound function a b R? function a b R?
E CEC ®w G o 130 -3461 0.99 ©w Ow o 086 003 094
Amisulpride w Ow o 164 -57.64 0.92 ©w Ow o 168 -63.45 0091
Atenolol ®w O 157 -56.24 0.94 w O 127 -5481 0.72
Benzotriazole ®w O 234 -1419 0.68 ® Oow o 0.03 8983 001
Bisoprolol w Go o 169 -66.28 0.99 w Go o 160 -83.58 0.70
Caffeine w Ow o 177 -86.92 0.94 ® OXN° 301 003 094
Carbamazepine ¢ &® & 0.88 1994 0.61 w G o 016 8473 0.99
Carbamazepine e . .
10,11 epoxide w Oww 050 5035 0.71 w ow w 013 8856 0.21
Cetirizine ®w Ow® 111 -541 0.87 W Ow® 157 -5247 0.95
Citalopram ® Ow o 151 -59.74 0.99 ® OXN° 18.06 0.02 0.98
Clarithromycin ® Ow® 221 -1133 0.65 ® OXN° 1675 0.02 0.86
Climbazol ©w Ow o 183 -77.42 0.96 ® OXN° 017 007 0091
Clopidogrel ®w G o 1.39 -34.04 0.78 w G o 192 -8221 0.88
Diclofenac ® Ow o 072 34.01 061 ©w Oww 043 6053 0.76
EDDP ©w Ow® 170 -92.82 0.88 ® OXN° 342 003 066
Fenofibric acid ® Ow o 137 -77.81 0.89 ®w Ow o 169 -9538 0.94
Flecainide ®w Go o 1.83 -8324 0.97 w O o 166 -86.43 0.93
Fluconazole ® Ow® 004 4723 0.02 ®w Ow® 079 -38.88 0.19
Gabapentin W WO 122 -66.62 0.99 W W o 091 -41.43 0.78
lopromide ®w G o 140 -9858 0.79 ®w Ow o 3.05 -206.2 0.90
Ketoprofen ®w O o 117 -66.34 0.70 ®w O o 133 -68.74 0.71
Irbesartan W O® o 1.14 -47.28 0.99 ®w G o 105 004 098
Lidocaine ©® Ow® 085 2287 0.57 ©w Ow o 184 -66.80 0.73
Losartan ®w O®® 135 -2943 0.90 w O o 167 6242 0.98
Metoprolol ® Ow® 205 -100.2 0.97 ®w Ow® 008 8627 0.03
Metoprolol acid ®w G o 200 -99.79 0098 ®w G o 175 -103.4 0.96
Niflumic acid ©w Ow® 163 -63.49 0.98 ®w Ow o 196 -97.76 0.95
Olmesartan ®w Ow® 111 -322 0.73 W OW O 164 -5436 0.94
Sitagliptin W Ow o 124 -4474 0.95 ® OXN° 033 005 0098
Sotalol ®w G o 039 6519 055 ®w G o 093 16.72 0.50
Sulpride ® Ow o 201 -9402 0.91 W oo 191 -86.57 0.99
Telmisartan ®w Go o 161 -61.18 0093 ®w ©Ow®w 062 005 0097
Trimethoprim ®w G o 167 -63.02 0.97 W Oow o 142 -62.58 0.97
Venlafaxine w G o 196 -90.06 0.95 w O o 199 -101.3 0.98

138



ChaphbkElruorescence

Concern

n

me d

Sensor

Enabl

ed

Control
VB d eedv aTt rea a tUsd mtg FOrzoom

o f

Compound
Dz CEC
1 7 AEstradiol
1 7 &Estradiol
Estriol
Estrone
3_
Hydroxycarbof
uran
4-(1,1',3,3*
tetramethylbut
yl) -phenol
4-Methyl -1H-
benzotriazole
5-Methyl -1H-
benzotriazole
4-Nonylphenol

Acetochlor
oxanilic acid
Alachlor
oxanilic acid
Ametrina
Anatoxin -a(S)
Bisphenol A
Butylated
hydroxyanisole
Di-n-butyl
phthalate
(DBP)
Fluconazole
Ibuprofen
Metoprolol
Naproxen

O-
Desmethylvenl
afaxine
Octylphenol
PFHxA

PFOA

FASA-

CoH 13FgN 2025
Prometrina
RDX
(Hexahydro -
1,3,5trinitro -
1,3,5triazine)
sec
Butylbenzene
Sucralose
Terbutrina

function

(&)

g€ |& |

-

19

e |&|&E| &

e el & |&|e|.| &

[958

IORIRORIEORIRORIROR!

S

€1 &1 L1 En

S

€1 €1 E1EEn

IORIEORIE ORI ORI O

€

S

S

Recl ai
O3 process
a b
0.55 -2.78
0.75 -4.27
0.34 18.52
1.27 -46.37
0.40 33.40
0.51 3.33
1.11 -40.68
0.88 -27.20
0.88 -27.20
0.20 67.77
0.49 -11.76
0.49 -11.76
-0.04 38.31
0.18 -0.07
0.05 18.92
0.46 -20.34
-0.24 16.21
0.66 -28.63
0.69 -15.45
0.29 3944
0.66 37.11
1.11 -40.68
0.51 -19.49
0.38 -12.69
0.60 -19.18
0.26  20.20
1.00 -30.13
-0.08 44.14
054 -16.33
0.26  20.20

O3/H 0, process
R2 function a b

0.78 o OXN°  11.37 0.02
0.97 ® OoM° 9.28 0.02
0.38 ® OM° 14.27 0.02
0.97 ®» OM° 2.75 0.03
0.77 O OXR° 2759 0.01
0.61 ® OM° 7.73 0.03
0.93 ®» OXN° 1186 0.02
0.92 ® OM° 3.76  0.03
0.92 O OM° 3.76 0.03
0.59 ®» OXN° 1186 0.02
0.65 ® OMN° 3.34 0.03
0.65 ®» OM° 3.34 0.03
0.01 ® OM° 14.44 0.01
0.11 ® OXN° 2431 0.01
0.03 O OXR° 2150 0.01
0.66 ® OM° 61.21 0.002
0.15 ®» oM 4.06 0.02
0.65 ® OM° 0.28 0.05
0.85 ® OMN° 19.22 0.01

® OM° 19.27 0.01
0.42 ®» OXN° 51.83 0.004
0.64 w OXN°  39.72 0.01
0.93 ® OMN° 11.86 0.02
0.50 W OM° 18.42 0.01
0.26 ®w OMN° 0.67 0.04
0.68 O OM?° 1.51 0.04
0.38 ®w OMN° 16.74 0.01
0.82 o oMo 21.05 0.02
0.01 aMm?> 29.29 0.01
0.70 w OM° 0.13 0.06
0.38 w OMN° 16.74 0.01
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R2
0.74
0.63
0.79
0.49
0.81

0.74

0.84

0.71

0.71
0.84

0.51

0.51

0.46
0.18
0.32

0.16

0.81

0.89
0.76
0.42
0.58

0.84

0.84
0.38
0.88

0.85
0.63

0.77

0.16

0.81
0.63
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Trifluralin ©» oo 083 -3228 0091 © OX° 587 002 0.68
Venlafaxine ®w oo 092 -339 094 ® OX° 027 006 0.95

Table Fligast order reacti ol frarnt eCE®-hist aWwan avi
Ww-2 (Bgf. Mm®odels are also reported.

a)
03 03/H 202
Compound (Il_ Trn“H“-I R2 7w R2
P y (L mg1)

Dz CEC 0.06 0.99 0.07 0.91
Amisulpride 0.17 0.74 0.11 0.43
Atenolol 0.05 0.33 0.10 0.61
Benzotriazole n/a n/a n/a n/a
Bisoprolol 0.10 0.88 0.01 0.02
Caffeine 0.01 0.77 0.01 0.29
Carbamazepine 0.51 0.90 0.13 0.76
Carbamazepine 10,11 epoxide 0.06 0.09 n/a n/a
Cetirizine 0.23 0.90 0.14 0.98
Citalopram 0.07 0.71 0.06 0.57
Clarithromycin 0.14 0.27 0.14 0.84
Climbazol 0.12 0.75 0.11 0.89
Clopidogrel 0.22 0.99 0.25 0.98
Diclofenac 0.45 094 0.34 0.99
EDDP 0.02 0.10 0.05 0.16
Fenofibric acid 0.03 0.30 0.13 0.97
Flecainide 0.05 0.82 0.07 0.93
Fluconazole 0.02 0.10 -0.04 0.06
Gabapentin 0.03 0.81 0.02 0.08
lopromide n/a n/a n/a n/a
Ketoprofen -0.04 0.73 0.09 0.45
Irbesartan 0.05 0.85 0.04 0.78
Lidocaine 0.71 0.84 0.39 0.99
Losartan 0.19 0.85 0.15 0.93
Metoprolol 0.10 0.81 -0.33 0.76
Metoprolol acid 0.04 0.95 0.05 0.52
Niflumic acid 0.09 0.98 0.12 0.92
Olmesartan 0.38 0.81 0.23 0.94
Sitagliptin 0.05 0.72 0.04 0.83
Sotalol 0.88 0.81 0.50 0.99
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Sulpride 0.18 0.93 0.12 0.84
Telmisartan 0.07 041 0.06 0.82
Trimethoprim 0.10 0.67 0.07 0.55
Venlafaxine 0.12 0.72 0.09 0.67
b)

03 O:-;/H 202

Compound (Ll rlnngl) R2 (Ll rlnngl) R2
Dz CEC 0.08 0.84 0.22 0.87
17alpha-estradiol 0.14 0.96 0.37 0.82
3-Hydroxycarbofuran 0.08 0.71 n/a n/a
4-(1,1',3,3'tetrametilbutil) - 018 0.97 0.34 0.89
phenol
4-Methyl -1H-benzotriazole 0.12 0.89 n/a n/a
4-nonilphenol 0.09 0.50 0.34 0.89
5-Methyl -1H-benzotriazole 0.12 0.89 n/a n/a
Acetochlor oxanilic acid 0.06 0.82 n/a n/a
PFHxA 0.06 0.69 n/a n/a
PFOA 0.04 0.32 0.13 0.89
Alachlor oxanilic acid 0.06 0.82 n/a n/a
Ametryn 0.00 0.00 0.11 0.67
Anatoxin -a(S) 0.02 0.14 0.04 0.25
Bisphenol A 0.01 0.06 0.09 0.59
Butylated hydroxyanisole 0.05 0.71 0.07 0.44
Di-n-butyl phthalate (DBP) -0.02 0.10 0.08 0.94
Estradiol (17-beta estradiol) 0.06 0.52 0.27 0.88
Estriol 0.23 0.98 0.41 0.75
Estrone 0.09 0.68 0.32 0.88
Fluconazole 0.08 0.76 0.23 0.91
Ibuprofen 0.10 0.91 0.21 0.74
Metoprolol -0.02  0.09 0.07 0.63
Naproxen 0.07 0.42 0.10 0.83
O-Desmethylvenlafaxine n/a n/a n/a n/a
Ottilphenol 0.18 0.97 0.34 0.89
Perfluorobutane -N-(3-
(dimethylamino)propyl) -1- 0.07 0.77 0.23 0.90
sulfonamide sulfonamido amine
Prometryn 0.04 0.49 0.19 0.78
RDX (Hexahydro -1,3,5¢trinitro - 018 0.91 n/a n/a
1,3,5triazine)
secButylbenzene 0.00 0.00 0.05 0.38
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Sucralose 0.06 0.66 0.16 0.87

Terbutryn 0.04 0.49 0.19 0.78

Trifluralin 0.10 0.92 0.25 0.80

Venlafaxine 0.27 0.97 0.44 0.89

n/ a =avnaoitl abl e

Legend

SP  Sampling point

\' Valve controlling flowrate
FM  Flow meter

FS Fluorescence sensor

PT Photo transmitter
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Figure BilQture of the AOP pilot system in op
reactor (1), the photometric transmitter (2)
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