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Abstract

Photo-Fenton process is among the most effectivaraid oxidation processes (AOPS) in
urban wastewater treatment and disinfection, muagplication as tertiary treatment at full
scale has not been a feasible/attractive optidiarsbecause optimum conditions are typically
achieved under acidic pH. In this work a new phieémton like process (UV-CA@./IDS-

Cu) using iminodisuccinic acid (IDS)-Cu complex eatalyst, was compared to other
processes (UV-C/HD,/Cu, UV-C/HO./Fe, HO, and UV-C) in urban wastewater
disinfection. Since this is the first time that HTsI complex was isolated and used as catalyst,
preliminary tests to evaluate the mineralizationaomodel compound (phenol, 25 mg L
initial concentration) in water by UV-CA@,/IDS-Cu were carried out. Almost complete
mineralization of phenol (95%) was observed aft@mntn treatment, being the process more
effective than all other investigated AOPs (Ferdod photo-Fenton processes). This process
was also proven to be more effective in the inatton of E. coli (complete inactivation (3.5
log units) in 10 min) at natural pH (7.8+£0.5) inaravastewater, than the other processes
investigated. Unlike of what observed torcoli inactivation, the investigated processes only
partially inactivated total bacterial populationrofh 18% for UV-C to 43% for UV-
C/H,O,/Cu), according to flow cytometry measurements.phrticular, Cu based photo-
Fenton processes resulted in the higher percemdgeactivated total cells, thus being
consistent with the results &. coli inactivation. It is worthy to note that, as® was
decreased, UV-C/HD,/Cu-IDS was more effective than UV-G/BL/Cu process. Moreover,
the formation of small and large clusters decreasethe presence of Cu and Cu-IDS
complex, and process efficiency improved accorgingfhese results show that Cu based
AOPs can more effectively disaggregate clusterss timaking disinfection process more

effective than Fe based AOPs.
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1. Introduction

Disinfection of wastewater is typically achieveddhemical (e.g., chlorine, peracetic acid) or
physical (UV-C radiation) processes in urban waatew treatment plants (UWTPs) (Di
Cesare et al., 2016). Among disinfection processe®rination is the most widely used in
UWTPs, but the formation of hazardous disinfectibg-products (DBPs), such as
trihalomethanes, haloacetic acids and nitrogenaisféction by-products (N-DBPs) (Lee et
al., 2007) results in environmental and public treabncerns. Accordingly, peracetic acid
(Antonelli et al., 2013; Formisano et al. 2016) &”d-C radiation (Di Cesare et al., 2016) are
increasingly replacing chlorine in urban wastewatisinfection. However, although these
treatments can effectively inactivate bacteria ®etrstandards for effluent disposal into the
environment, they fail meeting stringent standaash as those for wastewater reuse, at least
under typical operating conditions in UWTPs. Theref in the last years advanced oxidation
processes (AOPs), among which UY@, photo-Fenton and Tiphotocatalysis, have been
investigated in wastewater disinfection. Due to pineduction of highly oxidizing reactive
oxygen species, such as hydroxyl radicals (HO#€y tlvere found to be not only effective in
the inactivation of a wide range of waterborne pgéns (Garcia-Fernandez et al. 2012) but
also in the removal of a wide range of micropolsa(Klamerth et al., 2010; Ferro et al.,
2015). Moreover, AOPs seem to be more effectiven tblalorination to reduce bacterial
regrowth after disinfection (Fiorentino et al., B)1which is a primary issue in wastewater
reuse practices, where disinfected wastewater neagtbred for hours/days before crops
irrigation. Among AOPs, the photo-Fenton (UVB3/Fe) process demonstrated the higher
potential in the inactivation of bacteria, but digplication to wastewater disinfection at full
scale has not been a feasible/attractive optidiarsbecause optimum conditions are typically
achieved under acidic pH (Ferro et al., 2016). Aatten of fact, as pH increases, iron

precipitates and it is no longer available for thaction with HO,. Therefore, in the recent
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years a number of different approaches have bempoped to improve the performance of
photo-Fenton process. In particular, when photadterhas been investigated as tertiary
treatment of urban wastewater to remove contamsnairémerging concern (CECs), typically
occurring at low concentrations (from a few to hweas ng/L), as well as to inactivate
bacteria, process operation under mild conditigsid B6-6) resulted in a good efficiency
(Klamerth et al., 2010; Rodriguez-Chueca et all42@0ther possible approaches include the
use of heterogeneous and homogeneous (photo) Fékgoprocesses. In particular, in
heterogeneous (photo) Fenton-like processed Bereplaced by a solid catalyst, while
homogeneous processes include a combination of ota&l ion(s)/metal ion-organic ligand
(Wang et al., 2016). In homogeneous (photo) Felikenprocesses Eéis replaced by other
metals (namely Cii, Mn**, Cc*, and Ad), possibly combined to organic or inorganic
ligands to form complexes and/or to stabilize thetails over a wide pH range (Wang et al.,
2016). Different ligands such as nitriloaceticda¢NTA), ethylenediaminetetracetic acid
(EDTA), oxalic acid, tartaric acid (De Luca et aRPl14) and ethylenediamine-N-N’-
disuccinic acid (EDDS) (Papoutsakis et al., 20h&)\e been successfully tested in tertiary
treatment of municipal wastewater so far. Indebd, research and the design of new bio-
degradable and active ligands following the berbgrdesign approach (Cucciniello et al.,
2016) is an active task of research (Ricciardil.et2817). Herein, the use of iminodisuccinic
acid (IDS) as metals chelating agent for photo-é®emrocess has been investigated for the
first time. IDS belongs to the class of percard@ssiminoacids, such as EDDS, and it is a
pentacordinating compound (Wu et al., 2015). ID&liy bio-degradable in fumaric acid and
ammonia rather than EDDS that show a percentagaoofegradability depending on the
isomers ([S,S’]=90%; [R,R’]= not biodegradable;3$3+[R,R’]=35%) (Groth, 1998). In this
study, a Cu-IDS complex was synthesized, charaetriand applied as active catalyst for
photo-Fenton disinfection process in municipal wastters. Preliminarily, the efficiency of

photo-Fenton with Cu-IDS complex was tested inrémaoval of a model compound (phenol)
5
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from water and compared to a classic photo-FertdfC/Fe/H0;), to UVC/H,0O,, and to a
non-iron photo-Fenton using copper sulphate. Sulesdty, the process was investigated as
municipal wastewater disinfection system and ifeafon complex microbial communities
was assessed in terms of bacterial cell abundandesae distribution (single cells, cell

clusters) through flow cytometry as well as in terofiEscherichia coli inactivation.

2. Materialsand methods

2.1 Wastewater sample

Wastewater samples were collected from the efflgnthe biological process (activated
sludge), just upstream of the disinfection unitr{eatly employing UVC) of an UWTP
located in Novara (Northern Italy). Wastewater skemwpas stored at 4—6C and used within
the same day. Samples were collected in sterilizdd amber glass bottles. The average
values of the main gross parameters were: pH 7.64%, BOR 14 + 1.0 mg [}, COD 30.4
+ 1.9mg L}, TSS 37.35 + 2.15 mg}, redox-potential 65.40 + 3.1mV, conductivity 1145

35 mScni.

2.2 Chemicals

Maleic anhydride (CAS 108-31-6) 95 wt %, coppe) $lilphate pentahydrate (Cu6H-0)
(CAS 7758-99-8), ammonia solution (CAS 1336-21-6)%8, sodium hydroxide (CAS 1310-
73-2), phenol (gHsOH) (CAS 108-95-2) and #D, (CAS 7722-84-1) (30 wt%) were

purchased from Sigma Aldrich (Saint Louis, MO, US&Hd used without further purification.

2.3 Cu-IDS catalyst preparation and characterization
6
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IDS sodium salt was synthesized by a two-step i@acthat first involves the formation of
sodium maleate through maleic anhydride hydrolysisNaOH solution followed by the
reaction with ammonia (Figure SI1) (Groth, 1998h detail, 22.5 g of sodium hydroxide
were dissolved in 50.0 mL of distilled water ancteel to 70°C before the addition of 39.3 g
of maleic anhydride, than the temperature was as&é up to 100°C. 23.2 mL of ammonia
solution was added and the temperature was incagséo 110°C for 18 h. Water was then
removed by rotary evaporator and the obtained swadisl dried at 120°C overnight. IDS yield
was determined by means of UV-VIS spectrophotomaiging a Varian Cary-50
spectrophotometer using €uo form the corresponding Cu-IDS complex with aximraum

of absorbance at 710 nm. The calibration was padrby preparing four standards of Cu-

IDS in the range 3.0 — 8.0 mM, using IDS (BaypulQ0®) purchased from BASF.

Copper (I)-IDS complex was prepared by dissohangroper amount of copper sulphate and
IDS in distilled water to obtain a 1:1 moles rativ CU/**: IDS. Cu-IDS complex was then
purified on a silica column using distilled wat&he obtained solid was then dried at 120°C

overnight.

Elemental analysis (EA) were performed using a fieeEA 1112 (CHNS/O) instrument.
Room temperature NMR spectra were recorded on &eBrAVANCE 400 NMR. The
chemical shifts were reported n(ppm) referenced to SiMand 5 mg of the complex in 0.5

mL of solvent were used for each experiment.

2.4 Experimental set-up of photo Fenton and control tests

Preliminary experiments to evaluate the effecthaf photo-Fenton like process (UV-C/Cu-
IDS/H,O,) on phenol were carried out in a 1.0 L cylindriggass reactor (5.0 cm in

diameter), completely covered with aluminium paged filled in with the 500 mL of phenol

7
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(deionized) water solution. Process efficiency eaaluated in terms of phenol mineralization
through total organic carbon (TOC) removal. Thecteawas placed in a water bath to
control the temperature at 25 °C during the expenits. The solution in the reactor was
stirred continuously. The UV-C 16 W lamp (Sankyonke G10T5L, Japan) was located in
vertical position at the centre of the glass readdisinfection tests were carried out with a
rotor engine based reactor, where twelve 0,1 Lndyical glass vessels were placed at 5 cm
from the UVC lamp. This experimental set-up waspaeld to compare in triplicate and
simultaneously the different disinfection processes real wastewater. Furthermore, a
negative control (cylindrical glasses covered vatbminium paper) for each photo driven

AOP was performed too.
2.4.1 Photo-Fenton like tests for phenol removal

In order to identify the best J,/Cu-IDS ratio for photo-Fenton like process, fixed
concentration of kD, (2.94 mM) and different concentration of Cu-ID%o(h 0.016 to 0.5
mM) were investigated. According to the resultstluése preliminary tests, the operating
conditions selected for the subsequent tests foen@h removal in terms of 4

concentrations were 1.470 and 29.399 mM, maintgiainonstant Cu/IDS ratio .
2.4.2 Photo-Fenton like tests for wastewater desition

As process efficiency in terms of phenol degradeatias successfully evaluated, disinfection
tests were performed with lower®, concentrations (0.735 mM (A) and 1.470 mM (B)) in
order to keep residual concentration as low asilpless These concentrations ob® were
used for photo-driven AOPs tests by coupling thelamxt with Cu-IDS complex (0.01 and
0.02 mM), copper sulphate (as source of*C0.008 and 0.016 mM) and ferrous sulphate (as
source of F&, 0.018 and 0.035mM). UVCHD, process was also investigated for

comparison. The higher concentrations (subsequeetyrred to as B condition) of ferrous



171  sulphate, copper sulphate and Cu-IDS complex, aellexted to meet the regulatory limits (2
172 mg L™ for Fe and 0.1 mg L for Cu) set by Italian regulation for UWTPs effualisposal in

173  surface water.
174
175 2.5 Analytical measurements

176  H,O, concentration was determined by a colorimetric m@&thased on the use of titanium
177  (IV) oxysulphate (Riedel-de Haén, Germany), whionnfs a stable yellow complex with
178 H,0, detected by absorbance measurements at 410 nrorb@inse was measured using a
179  spectrophotometer UV/VIS Lambda 23 (Perkin EIm&he signal was read with reference to
180 a HO, standard in distilled water. Absorbance measuré¢mes linearly correlated with
181  H,0, concentration in the range 10-1000 md. [The residual concentrations of Cu and Fe
182 were measured according to the Standard Metho®@S8)b9 atomic absorption (Perkin Elmer
183 AAnalyst 100, Wellesley, MA, USA). TOC concentmati was measured as difference
184 between total and inorganic carbon concentratithysa TOC analyzer HiPer TOC SA
185 (Thermo Scientific, 168, Waltham, MA, USA). An agus solution of phthalic acid (2.5
186 mM) and tris(hydroxymethyl)aminomethane (2.4 mM)reveised as the mobile phase at a

187  flow rate of 1.5 mL min* under isocratic conditions.
188
189 2.6 Microbiological analysis

190 Catalase was added to wastewater samples beforebmiogical analysis in order to remove
191 residual HO,. 1 mL samples were mixed with 20 of 2300 U mg* bovine liver catalase at
192 0.1 g L (Sigma-Aldrich, USA). HO, and catalase at these concentrations have been

193 demonstrated to have no detrimental effect&.cali viability (Garcia-Fernandez et al. 2012).
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Cell abundance and size distribution were measbsediow cytometry (Accuri C6, BD
Biosciences) using 2 mL aliquots from each integtagample. 0.5 mL aliquots were stained
with SYBR Green | (ThermoScientific Inc.) solutigh%) for 15 mins in the dark and then
processed at the cytometer, by setting in the cgtag a minimum of 2xfGevents within the
gate designed for single bacterial cells, and 5>éM@nts in the gate designed for >3 cells
clusters (Corno et al. 2013). Gates design and cellnt per mL were performed with the
Accuri C6 resident analysis software (BD Biosciex)c&tandard plated counting method was
used through 5-fold serial dilution in PBS afteriacubation period of 24 h at 44°. Volume
of 100 uL were plated on Tryptone Bile X-glucuronide AgaBX) (Sigma Aldrich, Saint
Louis, MO, USA). When very low concentrations Bicoli were expected, 50 or 5QfL
samples were spread onto agar medium. The detdetigrof this experimental method was

found to be 2 CFU mL.

2.7 Satigtical analysis

To address the effect of Cu-IDS angdd4 on TOC, a linear model was used. Six values were
tested, all at the same optimal,®4/Cu-IDS ratio previously identified. The highest
concentration was at 0.40 mM for Cu-IDS and 29.3M! fior H,O,, whereas the other
concentrations were at a 5, 10, 20, 50, and 75% efhighest concentration. Analysis of
Variance (ANOVA) test for model fit was used to mtiéy whether a linear or a quadratic
relationship with concentration could fit betteretldata. The analyses were performed

including also differences between the two timesygfosition, 20 and 60 minutes.

A Liner Model (LM) was used to test whether thefpenance irE. coli inactivation Vs time
was significant, and whether it was significantiffatent between methods. ANOVA tests

were performed to identify: (1) whether the perfanobe in TOC removal was different

10
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between the eight treatment methods and at diffeir@es of exposure (20 or 60 minutes), (2)
whether the performance in the removal of active iaactivated cells was different, and (3)
whether the number of small clusters and aggregasssaffected by differences among the

investigated methods.

Tukey Honestly Significant Difference tests werafpened, when necessary, to identify
which methods were different from the others. Aditistical tests were performed in R 3.3.3.

(R Core Team, 2017)."

3. Resaultsand discussion

3.1 Cu-IDScatalyst characterization

13C-NMR spectroscopy confirmed the formation of thesiced product (Figure SI2, in SI
file). The results from UV-VIS spectrophotometryachcterization showed that the obtained
IDS vyield is 55 wt %. Cu(ll)-IDS complex is obtathdy the selective reaction between
Cu(ll) salt and the mixture containing IDS. Cu-IDMas purified using a silica column and
characterized by means ofC-NMR spectroscopy, elemental analysis (C/H/N/S/O
determination) and atomic absorption (Cu and Na} gonfirmed the high purity of the

obtained compound (Figure 1).

Figurel

The stability of the Cu-IDS complex was tested tmvéemperature and pH in order to
evaluate its applicability as active catalyst F@nton and photo-Fenton based processes in

wastewater treatment and disinfection. The restdia stability tests showed a high stability
11
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of the complex in an extended range of pH (2-8yFe SI3, in Sl file) and temperature (20-
80°C) (Figure Sl4, in Sl file). At pH value lowdnan 2 the complex seems to be not stable

due to the ligand degradation (Groth, 1998).

3.2 Degradation of phenol by advanced oxidatiorcgsees

In order to evaluate the efficiency of the new cterpas effective catalyst for Fenton and
photo-Fenton like process in wastewater treatm@unt|DS complex was investigated in the
removal of phenol from water. Preliminary testsngsdifferent HO,/Cu-IDS ratios were
performed at 20 min treatment time (2.94 mM ofOx and 0.53 mM of phenol initial
concentration, pH 6) to find the optimum conditionterms of TOC removal. The optimum
ratio was found to be 75, when phenol mineralizatiesulted in 26% TOC removal after 20

min treatment (Figure 2).

Figure2

As optimum HO,/Cu-IDS ratio was established, six different conaions of Cu-IDS (from
0.02 mM to 0.40 mM) and #D, (from 1.47 mM to 29.39 mM) were investigated. Hitect
on TOC removal was better explained when inclu@dirgiadratic term of the concentration of
H,O,/Cu-IDS (ANOVA: F=162.11, p<0.0001). The higher mmalization rates were
observed after 60 min treatment (Figure 3, Table 8hd the concentration of,&8,/Cu-IDS
was positively related to TOC removal in a non-ineelationship, with slightly differential

trajectories between 20 and 60 minutes (Table SIlAs HO, and Cu-IDS initial

12
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concentrations were increased over 14.70 mM and &M, respectively, no significant

change in TOC removal was observed after 60 matrtrent.

Figure3

Moreover, UV-C/HO,/Cu-IDS process was compared to (i) iron.QuFe), copper
(H,0,/CU*") and Cu-IDS (HO./Cu-IDS) based Fenton, (i) iron (UV-C4B./F€"), copper
(UV-C/H,0,/C#") and Cu-IDS (UV-C/HO,/Cu-IDS) based photo-Fenton, as well as to (iii)
UV-C/H,0, processes (¥D. as standalone process was also investigated a®idfigure
4). Treatment time affected TOC removal with higle#iciency at 60 minutes (ANOVA:
F1,32=1943.9, p<0.0001). The eight treatment methaolffered among each other
(F7,32=3094.5, p<0.0001), and their efficiency ehéfid between times (F7,32=72.3,

p<0.0001).

Tukey test revealed that iron, copper and Cu-IDSetaenton did not differ among each
other and from simple 1D, treatment at 20 minutes, and that iron and coppseed Fenton
had similar effects at 60 minutes. As expected,t@tenton processes resulted in higher
efficiencies compared to Fenton processes. Inquéati photo Fenton processes efficiencies
were in the following order: UV-C/#D,/Cu-IDS>UV-C/HO,/CU " >UV-C/H,0,/F€”. UV-
C/H,O, process resulted in a lower efficiency compareghoto Fenton processes but in

higher efficiency compared to Fenton processes.

Figure4

13
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The initial pH of the solution was 5.7, but duritige process the pH decreased to 3.7 due to
the formation of oxidation by-products. Althougihegmols are typically used as model
pollutants to investigate the efficiency of diffateAOPs, including photo-Fenton process,
only a few works are available on the effect of ahéigand complexes based photo-Fenton
process on phenol. Prato-Garcia and coworkers 2@08stigated the performance of solar
driven photo-Fenton process (compound paraboliecolr (CPC) based photo reactor) in the
treatment of phenolic aqueous solutions (185-200Li)gat natural pH, in the presence of
ferrioxalate. The results achieved are consistettt the results of our experiment with UV-
C/H,O,/Cu-IDS, because 85-100% COD reduction was obseafted 120 min treatment (pH
5.6, oxalate 300 mgt, H,O./phenol 5.5-6.3). Monteagudo et al. (2011) alscestigated
ferrioxalate-induced solar photo-Fenton processcefon phenols, using a CPC reactor. In
particular, agqueous solution contained a mixturethwée phenolic compounds (gallic, p-
coumaric and protocatechuic acids) and 94% TOC vameas achieved in 194 min under
optimal conditions (k0. 400 mg L*; Fe(ll) 20 mg L*; H,C,04 60 mg L*; phenols 20 mgL

1. average solar power 35W3n

3.3 Wastewater disinfection by advanced oxidatimtgsses

UV-C/H,0,/Cu-IDS process was investigated in municipal waater disinfection through
flow cytometry and plate count method. (coli inactivation). Process efficiency was
compared with UV-C/BO,/FE" and UV-C/HO,/CU* at natural pH (7.8+0.5). In order to
meet the limits for residual copper and iron cotiaions in UWTP effluents established by
ltalian regulation for wastewater reuse (1.0 my for copper and 2 mgt for iron) the
metals were dosed to half of the limit. Due to thgpective effects on bacterial inactivation,
tests with HO, (0.735 mM, 25mgL}, condition A) and UV-C as standalone processe® wer

also performed for comparisoie. coli inactivation Vs time was significant (ANOVA:
14
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F1,96=566.5, p<0.0001), with all treatment methpedorming significantly better than dark
(F5,96=157.4, p<0.0001) (Figure 5). In particuldre best disinfection performance was
observed with UV-C/KHO,/Cu-IDS process. A complete inactivation (3.5 lagts) of the
initial E. coli concentration (5.1 x £& 0.7 x 16 CFU mL*) was achieved in 10 min, while
15 and 20 min were necessary for UV-@LICu and UV-C/ HO./Fe processes,
respectively. Unlike of photo-Fenton based procgskgO, and UV-C did not result in a

complete inactivation dE. coli within 20 min treatment.

Figure5

Although this is the first time that UV-C#./Cu-IDS process has been investigatedE.in
coli inactivation, the parallel experiments with convemal photo-Fenton make possible a
comparison with the scientific literature. As matté fact, bacterial inactivation by photo
Fenton process (UVAD./Fe) has been widely investigated and our resules raally
encouraging compared to the literature. It is not#hy that most of the papers deal with
solar driven photo-Fenton (Rodriguez-Chueca et2@l4; Ferro et al. 2015; Villegas-
Guzman et al., 2017). In particular, when solartpHeenton under mild conditions (pH 5, 20
mg HO, L™, 10 mg Fe [!) was investigated in the inactivation®fcoli in urban wastewater
effluents, a 3-log unit decrease was observed (Boez-Chueca et al. 2014). Moreover,
natural iron and natural additives as complexingnég were also investigated in solar photo-
Fenton process for the inactivation Bf coli in municipal wastewater (Villegas-Guzman et
al., 2017). This new proposed green process rekirta total inactivation oE. coli (6 log
units in 180 min) in the presence of lime juicenf§ Fe LY 25 mg HO, L™ 600W ni?).

Lima Perini et al. (2018) investigatdsticoli inactivation in hospital wastewater by photo-

15
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Fenton with UV-A and UV-C as light sources, respety; total inactivation (6 log units)
was observed after 90 min treatment by UV-C phaotén, but only 2 log units inactivation

was achieved by UVA photo-Fenton.

Although the use oE. coli as microbial indicator is useful to evaluate tlmenpliance of
UWTPSs' effluents with local regulations for wastdaradisposal into the environment or
reuse as well as to evaluate disinfection procégsemcy and compare to scientific works
available in the literature, it is not sufficiemt tinderstand the real impact of the process on
bacterial population (Manaia et al., 2018). Accoglly, in this work an attempt to better
characterize this impact was made through the casgmabetween the results from standard
plate count method and flow cytometry to charaztedell abundance and size distribution. In
this case the experiments were conducted at tviereift concentrations, and in particular the
condition A, the same used f&rcoli inactivation (HO, = 0.735 mM = 25 mg t; Cu-IDS
complex = 0.01 mM corresponding to 0.25 rifghf Cu; copper sulphate = 0.008 mM
corresponding to 0.25 mdgLof Cu; iron sulphate = 0.018 mM corresponding tmdL™ of
Fe), and the condition B @@, = 1.470mM = 50 mgLl; Cu-IDS complex = 0.02mM
corresponding to 0.50 mdlof Cu; copper sulphate = 0.016 mM corresponding.fomgL™*

of Cu; iron sulphate = 0.036 mM corresponding tm@L™ of Fe). The values of inactive,
active cells and the percentage of inactive celth wespect to the total cells are showed in
Fig 6. The higher efficiency in terms of cells itiaation among the photo-Fenton processes
was observed for UV-C/HD,/Cu (condition B). In the samples treated with Gi@Fat two
different concentration (A and B), the number ofive cell decreased when compared to
samples treated with Fef&, (respectively 3.0 and 2.9 log units cé)lsMoreover, samples
treated with Cu-IDS complex showed a similar deseeaf the active cell number at the
highest concentration (B) (2.95 log units ¢glas showed in Fig. 6A. Looking at the number

of inactivated cells (Fig 6B), as absolute numbsotp-Fenton processes had similar results,
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although treatment with Cuf®, appears to be more aligned with the results oy @WVC
and UVC/HO,, However, the interesting result is representethbynumber of inactive cells
with respect to the totals (Fig. 6C). Among the éstvconcentrations (A) investigated, photo-
Fenton by Cu-IDS was the most performing proce38o(®f inactivated cells). All other
treatments with low concentrations (A) resultedaipercentage of inactivated cells less than
30%. At the highest concentrations (B), the mostogpmant treatment was the photo-Fenton
process by Cu/bD, (44% of inactivated cells), immediately followey the treatment by Cu-

IDS (40%).

Figure 6

In order to better understand the behaviour ofdyadtcells under the action of the different
disinfection processes investigated, cytometric lysig has been also carried out to
characterize cell clusters (small clusters and egages) (Fig 7). . The higher formation of
small clusters (5.4 and 5.6 log units Mlwas observed for UV-C/Fe#B, process at two
different concentrations (A and B, respectively)jg(FA). Interestingly, Fenton process
(FE/H,0,) resulted in the formation of a higher amount (8§ units) of small clusters
compared to the Cu-IDSH®, and CG'/H,0, (approximately 5.3 log units) and the remaining
processes (approximately 5.1 log units). Looking tla¢ formation of large clusters
(aggregates), the higher formation was observe@tdH,O, process (approximately 3.3 log
units) (Fig. 7B). Among photo-Fenton processes UWelH,O, resulted in the higher
formation of aggregates (approximately 3.1 log $)nifor the higher ED, concentration (B).
The formation of small clusters and aggregates trpgbmote resistance among cells to the

disinfection process and slow down bacterial inattbn. Even in dark experiments the cells
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have a great capacity to form clusters, therefoeeltV-C in photo driven AOPs might be the
key factor affecting the process and speeding  itfactivation kinetics. The cluster
formation is the response of bacterial communtiestress such as UV light exposure (Kollu
and Ormeci, 2015), predation (Corno and Jurgen86)Y(antibiotic pressure (Corno et al.,
2014), and chemical disinfection (Di Cesare et2016). It is worthy to mention that, when
the effect of low doses of disinfectant (peracetoed) was investigated, cluster formation
drastically decreased as the dose was increasem @rto 25 mg L' min) (Turolla et al.,
2017). According to the results of our work, theteaal cell response depends on the various
oxidative stress factors affecting the cells. Tleeldased AOPSs, investigated in this work,
promoted the formation of clusters, decreasingdvadtinactivation efficiency, especially at
the highest concentrations (B). Instead, in thesgmee of Cu and Cu-IDS complex, the

formation of small and large clusters decreasedpaockess efficiency improved accordingly.

Figure?7

4. Conclusions

The new photo-Fenton like process (UV-@ICu-IDS) investigated in this work was
proven to be really effective in the inactivatidnEo coli (complete inactivation (3.5 log units)
in 10 min) at natural pH (7.8+0.5) in real wasteavatlso compared to the other processes
investigated (UV-C/KHO,/Cu, UV-C/HO,/Fe, HO, and UV-C). Unlike of what observed for
E. coli inactivation, the investigated processes only abytiinactivated total bacterial
population (from 18% for UV-C to 42% for UV-CiB./Cu-IDS), according to flow
cytometry measurements. In particular, Cu basedopRenton processes resulted in the
higher percentage of inactivated total cells, thasg consistent with the results Bf coli
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inactivation. It is worthy to note that, as® was decreased, UV-C§B./Cu-IDS was more
effective than UV-C/HO,/Cu process. Flow cytometry also confirmed tha@hlkFenton and
photo-Fenton processes are more effective thanecdional disinfection processes (UV-C
and HO,, respectively) in the inactivation of total ba@empopulation. Moreover, the
formation of small and large clusters decreasetthénpresence of Cu and Cu-IDS complex,
and process efficiency improved accordingly; thessults show that Cu based AOPs can
more effectively disaggregate clusters, thus makisghfection process more effective than
Fe based AOPs and other investigated processest Whp®rtant, UV-C/HO,/Cu-IDS
process is really effective under real conditionsurban wastewater, thus overcoming the

main obstacle (acidic pH) to the use of photo-Femi@mcess.
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Figure captions
Figure 1. Elemental analysis a€-NMR spectra of purified Cu(ll)-IDS complexX>C-
NMR (400 MHz, BO), 6: 179.9 ppm (1), 174.8 ppm (4), 59.8 ppm (3), 58, 40.2 ppm

(2), 39,9 ppm).

Figure 2. Phenol mineralization (TOC removal) byotohFenton like process (UV-
C/H,O,/Cu-IDS): optimization of HO,/Cu-IDS ratio (20 min treatment time, 2.94 mM of

H,0O, and 0.53 mM of phenol initial concentration, pH 6)

Figure 3. Phenol degradation (50 mg Initial concentration, pH 6) by photo-Fenton like
process in terms of TOC removal at 783:ICu-IDS value: effect of kD, and Cu-IDS initial

concentrations.

Figure 4. Phenol degradation in terms of TOC rerh®@&mg L™ of initial phenol
concentration, pH 6.0): comparison among UV-§3KCu-IDS, Fenton (bD,/Fe,
H,0,/CU**, H,0,/Cu-IDS), photo Fenton (UV-CHD,/FE*, UV-C/H,O,/CU**, UV-

C/H,0,/Cu-IDS) and UV-C/HO; processes (¥D. control test).

Figure 5.E. coli inactivation by photo-Fenton processes, UV-{F UV-C and HO,. The

behaviour oE. coli in absence of treatment is also included (conést in dark).

Figure 6. Effect of different processes on bactg@ugulation measured by flow cytometry:

active cells (A), inactive cells (B), proportioniofctive cells (C).

Figure 7. Effect of different processes on bactg@ugulation measured by flow cytometry:

small clusters (A), large clusters (B).
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Highlights

» First time that Cu-IDS complex was used as catalyst in photo-Fenton like process
» More effective than all other investigated AOPs in phenol mineralization.

» Even more effective in E. coli inactivation at neutral pH in real ww.

* Small and large cell clusters decreased in the presence of Cu-IDS complex

« Cu based AOPs resulted in a more effective disinfection than Fe based AOPs



