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Abstract 19 

Photo-Fenton process is among the most effective advanced oxidation processes (AOPs) in 20 

urban wastewater treatment and disinfection, but its application as tertiary treatment at full 21 

scale has not been a feasible/attractive option so far because optimum conditions are typically 22 

achieved under acidic pH. In this work a new photo Fenton like process (UV-C/H2O2/IDS-23 

Cu) using iminodisuccinic acid (IDS)-Cu complex as catalyst, was compared to other 24 

processes (UV-C/H2O2/Cu, UV-C/H2O2/Fe, H2O2 and UV-C) in urban wastewater 25 

disinfection. Since this is the first time that IDS-Cu complex was isolated and used as catalyst, 26 

preliminary tests to evaluate the mineralization of a model compound (phenol, 25 mg L-1 27 

initial concentration) in water by UV-C/H2O2/IDS-Cu were carried out. Almost complete 28 

mineralization of phenol (95%) was observed after 60 min treatment, being the process more 29 

effective than all other investigated AOPs (Fenton and photo-Fenton processes). This process 30 

was also proven to be more effective in the inactivation of E. coli (complete inactivation (3.5 31 

log units) in 10 min) at natural pH (7.8±0.5) in real wastewater, than the other processes 32 

investigated. Unlike of what observed for E. coli inactivation, the investigated processes only 33 

partially inactivated total bacterial population (from 18% for UV-C to 43% for UV-34 

C/H2O2/Cu), according to flow cytometry measurements. In particular, Cu based photo-35 

Fenton processes resulted in the higher percentage of inactivated total cells, thus being 36 

consistent with the results of E. coli inactivation. It is worthy to note that, as H2O2 was 37 

decreased, UV-C/H2O2/Cu-IDS was more effective than UV-C/H2O2/Cu process. Moreover, 38 

the formation of small and large clusters decreased in the presence of Cu and Cu-IDS 39 

complex, and process efficiency improved accordingly; these results show that Cu based 40 

AOPs can more effectively disaggregate clusters, thus making disinfection process more 41 

effective than Fe based AOPs.  42 

 43 
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1. Introduction 49 

Disinfection of wastewater is typically achieved by chemical (e.g., chlorine, peracetic acid) or 50 

physical (UV-C radiation) processes in urban wastewater treatment plants (UWTPs) (Di 51 

Cesare et al., 2016). Among disinfection processes, chlorination is the most widely used in 52 

UWTPs, but the formation of hazardous disinfection by-products (DBPs), such as 53 

trihalomethanes, haloacetic acids and nitrogenous disinfection by-products (N-DBPs) (Lee et 54 

al., 2007) results in environmental and public health concerns. Accordingly, peracetic acid 55 

(Antonelli et al., 2013; Formisano et al. 2016) and UV-C radiation (Di Cesare et al., 2016) are 56 

increasingly replacing chlorine in urban wastewater disinfection. However, although these 57 

treatments can effectively inactivate bacteria to meet standards for effluent disposal into the 58 

environment, they fail meeting stringent standards such as those for wastewater reuse, at least 59 

under typical operating conditions in UWTPs. Therefore, in the last years advanced oxidation 60 

processes (AOPs), among which UV/H2O2, photo-Fenton and TiO2 photocatalysis, have been 61 

investigated in wastewater disinfection. Due to the production of highly oxidizing reactive 62 

oxygen species, such as hydroxyl radicals (HO•), they were found to be not only effective in 63 

the inactivation of a wide range of waterborne pathogens (Gárcia-Fernández et al. 2012) but 64 

also in the removal of a wide range of micropollutants (Klamerth et al., 2010; Ferro et al., 65 

2015). Moreover, AOPs seem to be more effective than chlorination to reduce bacterial 66 

regrowth after disinfection (Fiorentino et al., 2015), which is a primary issue in wastewater 67 

reuse practices, where disinfected wastewater may be stored for hours/days before crops 68 

irrigation. Among AOPs, the photo-Fenton (UV/H2O2/Fe) process demonstrated the higher 69 

potential in the inactivation of bacteria, but its application to wastewater disinfection at full 70 

scale has not been a feasible/attractive option so far because optimum conditions are typically 71 

achieved under acidic pH (Ferro et al., 2016). As matter of fact, as pH increases, iron 72 

precipitates and it is no longer available for the reaction with H2O2. Therefore, in the recent 73 
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years a number of different approaches have been proposed to improve the performance of 74 

photo-Fenton process. In particular, when photo-Fenton has been investigated as tertiary 75 

treatment of urban wastewater to remove contaminants of emerging concern (CECs), typically 76 

occurring at low concentrations (from a few to hundreds ng/L), as well as to inactivate 77 

bacteria, process operation under mild conditions (pH 5-6) resulted in a good efficiency 78 

(Klamerth et al., 2010; Rodríguez-Chueca et al., 2014). Other possible approaches include the 79 

use of heterogeneous and homogeneous (photo) Fenton-like processes. In particular, in 80 

heterogeneous (photo) Fenton-like processes Fe2+ is replaced by a solid catalyst, while 81 

homogeneous processes include a combination of other metal ion(s)/metal ion-organic ligand 82 

(Wang et al., 2016). In homogeneous (photo) Fenton-like processes Fe2+ is replaced by other 83 

metals (namely Cu2+, Mn2+, Co2+, and Ag+), possibly combined to organic or inorganic 84 

ligands to form complexes and/or to stabilize the metals over a wide pH range (Wang et al., 85 

2016).  Different ligands such as nitriloacetic acid (NTA), ethylenediaminetetracetic acid 86 

(EDTA), oxalic acid, tartaric acid (De Luca et al., 2014) and ethylenediamine-N-N’-87 

disuccinic acid (EDDS) (Papoutsakis et al., 2015), have been successfully tested in tertiary 88 

treatment of municipal wastewater so far. Indeed, the research and the design of new bio-89 

degradable and active ligands following the benign-by-design approach (Cucciniello et al., 90 

2016) is an active task of research (Ricciardi et al., 2017). Herein, the use of iminodisuccinic 91 

acid (IDS) as metals chelating agent for photo-Fenton process has been investigated for the 92 

first time. IDS belongs to the class of percarbossilic aminoacids, such as EDDS, and it is a 93 

pentacordinating compound (Wu et al., 2015). IDS is fully bio-degradable in fumaric acid and 94 

ammonia rather than EDDS that show a percentage of biodegradability depending on the 95 

isomers ([S,S’]=90%; [R,R’]= not biodegradable; [S,S’]+[R,R’]=35%) (Groth, 1998). In this 96 

study, a Cu-IDS complex was synthesized, characterized, and applied as active catalyst for 97 

photo-Fenton disinfection process in municipal wastewaters. Preliminarily, the efficiency of 98 

photo-Fenton with Cu-IDS complex was tested in the removal of a model compound (phenol) 99 
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from water and compared to a classic photo-Fenton (UV-C/Fe/H2O2), to UVC/H2O2, and to a 100 

non-iron photo-Fenton using copper sulphate. Subsequently, the process was investigated as 101 

municipal wastewater disinfection system and its effect on complex microbial communities 102 

was assessed in terms of bacterial cell abundance and size distribution (single cells, cell 103 

clusters) through flow cytometry as well as in terms of Escherichia coli inactivation.   104 

 105 

2. Materials and methods 106 

2.1 Wastewater sample 107 

Wastewater samples were collected from the effluent of the biological process (activated 108 

sludge), just upstream of the disinfection unit (currently employing UVC) of an UWTP 109 

located in Novara (Northern Italy). Wastewater sample was stored at 4–6 ◦C and used within 110 

the same day. Samples were collected in sterilized 1 L amber glass bottles. The average 111 

values of the main gross parameters were: pH 7.65 ± 0.15, BOD5 14 ± 1.0 mg L-1, COD 30.4 112 

± 1.9mg L-1, TSS 37.35 ± 2.15 mg L-1, redox-potential 65.40 ± 3.1mV, conductivity 1115 ± 113 

35 mScm-1. 114 

 115 

2.2 Chemicals 116 

Maleic anhydride (CAS 108-31-6) 95 wt %, copper (II) sulphate pentahydrate (CuSO4*5H2O) 117 

(CAS 7758-99-8), ammonia solution (CAS 1336-21-6) 30 %, sodium hydroxide (CAS 1310-118 

73-2), phenol (C6H5OH) (CAS 108-95-2) and H2O2 (CAS 7722-84-1) (30 wt%) were 119 

purchased from Sigma Aldrich (Saint Louis, MO, USA) and used without further purification.  120 

 121 

2.3 Cu-IDS catalyst preparation and characterization 122 
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IDS sodium salt was synthesized by a two-step reaction that first involves the formation of 123 

sodium maleate through maleic anhydride hydrolysis in NaOH solution followed by the 124 

reaction with ammonia (Figure SI1) (Groth, 1998).  In detail, 22.5 g of sodium hydroxide 125 

were dissolved in 50.0 mL of distilled water and heated to 70°C before the addition of 39.3 g 126 

of maleic anhydride, than the temperature was increased up to 100°C. 23.2 mL of ammonia 127 

solution was added and the temperature was increased up to 110°C for 18 h. Water was then 128 

removed by rotary evaporator and the obtained solid was dried at 120°C overnight. IDS yield 129 

was determined by means of UV-VIS spectrophotometry using a Varian Cary-50 130 

spectrophotometer using Cu2+ to form the corresponding Cu-IDS complex with a maximum 131 

of absorbance at 710 nm. The calibration was performed by preparing four standards of Cu-132 

IDS in the range 3.0 – 8.0 mM, using IDS (Baypure CX100®) purchased from BASF.  133 

Copper (II)-IDS complex was prepared by dissolving a proper amount of copper sulphate and 134 

IDS in distilled water to obtain a 1:1 moles ratio for Cu2+: IDS. Cu-IDS complex was then 135 

purified on a silica column using distilled water. The obtained solid was then dried at 120°C 136 

overnight.  137 

Elemental analysis (EA) were performed using a Thermo EA 1112 (CHNS/O) instrument. 138 

Room temperature NMR spectra were recorded on a Bruker AVANCE 400 NMR. The 139 

chemical shifts were reported in δ (ppm) referenced to SiMe4 and 5 mg of the complex in 0.5 140 

mL of solvent were used for each experiment.  141 

 142 

2.4 Experimental set-up of photo Fenton and control tests 143 

Preliminary experiments to evaluate the effect of the photo-Fenton like process (UV-C/Cu-144 

IDS/H2O2) on phenol were carried out in a 1.0 L cylindrical glass reactor (5.0 cm in 145 

diameter), completely covered with aluminium paper and filled in with the 500 mL of phenol 146 
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(deionized) water solution. Process efficiency was evaluated in terms of phenol mineralization 147 

through total organic carbon (TOC) removal. The reactor was placed in a water bath to 148 

control the temperature at 25 °C during the experiments. The solution in the reactor was 149 

stirred continuously. The UV-C 16 W lamp (Sankyo Denky G10T5L, Japan) was located in 150 

vertical position at the centre of the glass reactor. Disinfection tests were carried out with a 151 

rotor engine based reactor, where twelve 0,1 L cylindrical glass vessels were placed at 5 cm 152 

from the UVC lamp. This experimental set-up was adopted to compare in triplicate and 153 

simultaneously the different disinfection processes on real wastewater. Furthermore, a 154 

negative control (cylindrical glasses covered with aluminium paper) for each photo driven 155 

AOP was performed too. 156 

2.4.1 Photo-Fenton like tests for phenol removal 157 

In order to identify the best H2O2/Cu-IDS ratio for photo-Fenton like process, fixed 158 

concentration of H2O2 (2.94 mM) and different concentration of Cu-IDS (from 0.016 to 0.5 159 

mM) were investigated. According to the results of these preliminary tests, the operating 160 

conditions selected for the subsequent tests for phenol removal in terms of H2O2 161 

concentrations were 1.470 and 29.399 mM, maintaining a constant Cu/IDS ratio . 162 

2.4.2 Photo-Fenton like tests for wastewater disinfection 163 

As process efficiency in terms of phenol degradation was successfully evaluated, disinfection 164 

tests were performed with lower H2O2 concentrations (0.735 mM (A) and 1.470 mM (B)) in 165 

order to keep residual concentration as low as possible.  These concentrations of H2O2 were 166 

used for photo-driven AOPs tests by coupling the oxidant with Cu-IDS complex (0.01 and 167 

0.02 mM), copper sulphate (as source of Cu2+, 0.008 and 0.016 mM) and ferrous sulphate (as 168 

source of Fe2+, 0.018 and 0.035mM). UVC/H2O2 process was also investigated for 169 

comparison. The higher concentrations (subsequently referred to as B condition) of ferrous 170 
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sulphate, copper sulphate and Cu-IDS complex, were selected to meet the regulatory limits (2 171 

mg L-1 for Fe and 0.1 mg L-1 for Cu) set by Italian regulation for UWTPs effluent disposal in 172 

surface water. 173 

 174 

2.5 Analytical measurements 175 

H2O2 concentration was determined by a colorimetric method based on the use of titanium 176 

(IV) oxysulphate (Riedel-de Haën, Germany), which forms a stable yellow complex with 177 

H2O2 detected by absorbance measurements at 410 nm. Absorbance was measured using a 178 

spectrophotometer UV/VIS Lambda 23 (Perkin Elmer). The signal was read with reference to 179 

a H2O2 standard in distilled water. Absorbance measurement was linearly correlated with 180 

H2O2 concentration in the range 10-1000 mg L−1. The residual concentrations of Cu and Fe 181 

were measured according to the Standard Methods (1998) by atomic absorption (Perkin Elmer 182 

AAnalyst  100, Wellesley, MA, USA). TOC concentration was measured as difference 183 

between total and inorganic carbon concentrations, by a TOC analyzer HiPer TOC SA 184 

(Thermo Scientific, 168, Waltham, MA, USA). An aqueous solution of phthalic acid (2.5 185 

mM) and tris(hydroxymethyl)aminomethane (2.4 mM) were used as the mobile phase at a 186 

flow rate of 1.5 mL min −1 under isocratic conditions. 187 

 188 

2.6 Microbiological analysis 189 

Catalase was added to wastewater samples before microbiological analysis in order to remove 190 

residual H2O2. 1 mL samples were mixed with 20 µL of 2300 U mg−1 bovine liver catalase at 191 

0.1 g L−1 (Sigma-Aldrich, USA). H2O2 and catalase at these concentrations have been 192 

demonstrated to have no detrimental effects on E.coli viability (García-Fernández et al. 2012). 193 
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Cell abundance and size distribution were measured by flow cytometry (Accuri C6, BD 194 

Biosciences) using 2 mL aliquots from each integrated sample. 0.5 mL aliquots were stained 195 

with SYBR Green I (ThermoScientific Inc.) solution (1%) for 15 mins in the dark and then 196 

processed at the cytometer, by setting in the cytograms a minimum of 2×106 events within the 197 

gate designed for single bacterial cells, and 5×102 events in the gate designed for >3 cells 198 

clusters (Corno et al. 2013). Gates design and cells count per mL were performed with the 199 

Accuri C6 resident analysis software (BD Biosciences). Standard plated counting method was 200 

used through 5-fold serial dilution in PBS after an incubation period of 24 h at 44°.  Volume 201 

of 100 µL were plated on Tryptone Bile X-glucuronide Agar (TBX) (Sigma Aldrich, Saint 202 

Louis, MO, USA). When very low concentrations of E.coli were expected, 50 or 500 µL 203 

samples were spread onto agar medium. The detection limit of this experimental method was 204 

found to be 2 CFU mL−1. 205 

 206 

2.7 Statistical analysis 207 

To address the effect of Cu-IDS and H2O2 on TOC, a linear model was used. Six values were 208 

tested, all at the same optimal H2O2/Cu-IDS ratio previously identified. The highest 209 

concentration was at 0.40 mM for Cu-IDS and 29.39 mM for H2O2, whereas the other 210 

concentrations were at a 5, 10, 20, 50, and 75% of the highest concentration. Analysis of 211 

Variance (ANOVA) test for model fit was used to identify whether a linear or a quadratic 212 

relationship with concentration could fit better the data. The analyses were performed 213 

including also differences between the two times of exposition, 20 and 60 minutes. 214 

A Liner Model (LM) was used to test whether the performance in E. coli inactivation Vs time 215 

was significant, and whether it was significantly different between methods. ANOVA tests 216 

were performed to identify: (1) whether the performance in TOC removal was different 217 
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between the eight treatment methods and at different times of exposure (20 or 60 minutes), (2) 218 

whether the performance in the removal of active and inactivated cells was different, and (3) 219 

whether the number of small clusters and aggregates was affected by differences among the 220 

investigated methods. 221 

Tukey Honestly Significant Difference tests were performed, when necessary, to identify 222 

which methods were different from the others. All statistical tests were performed in R 3.3.3. 223 

(R Core Team, 2017)." 224 

 225 

3. Results and discussion 226 

3.1 Cu-IDS catalyst characterization 227 

13C-NMR spectroscopy confirmed the formation of the desired product (Figure SI2, in SI 228 

file). The results from UV-VIS spectrophotometry characterization showed that the obtained 229 

IDS yield is 55 wt %. Cu(II)-IDS complex is obtained by the selective reaction between 230 

Cu(II) salt and the mixture containing IDS. Cu-IDS was purified using a silica column and 231 

characterized by means of 13C-NMR spectroscopy, elemental analysis (C/H/N/S/O 232 

determination) and atomic absorption (Cu and Na) that confirmed the high purity of the 233 

obtained compound (Figure 1).  234 

 235 

Figure 1 236 

 237 

The stability of the Cu-IDS complex was tested toward temperature and pH in order to  238 

evaluate  its applicability as active catalyst for Fenton and photo-Fenton based processes in 239 

wastewater treatment and disinfection. The results from stability tests showed a high stability 240 
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of the complex in an extended range of pH (2-8) (Figure SI3, in SI file) and temperature (20-241 

80°C) (Figure SI4, in SI file). At pH value lower than 2 the complex seems to be not stable 242 

due to the ligand degradation (Groth, 1998).  243 

 244 

3.2 Degradation of phenol by advanced oxidation processes 245 

In order to evaluate the efficiency of the new complex as effective catalyst for Fenton and 246 

photo-Fenton like process in wastewater treatment, Cu-IDS complex was investigated in the 247 

removal of phenol from water. Preliminary tests using different H2O2/Cu-IDS ratios were 248 

performed at 20 min treatment time (2.94 mM of H2O2 and 0.53 mM of phenol initial 249 

concentration, pH 6) to find the optimum condition in terms of TOC removal. The optimum 250 

ratio was found to be 75, when phenol mineralization resulted in 26% TOC removal after 20 251 

min treatment (Figure 2).  252 

 253 

Figure 2  254 

 255 

As optimum H2O2/Cu-IDS ratio was established, six different concentrations of Cu-IDS (from 256 

0.02 mM to 0.40 mM) and H2O2 (from 1.47 mM to 29.39 mM) were investigated. The effect 257 

on TOC removal was better explained when including a quadratic term of the concentration of 258 

H2O2/Cu-IDS (ANOVA: F=162.11, p<0.0001). The higher mineralization rates were 259 

observed after 60 min treatment (Figure 3, Table SI1) and the concentration of H2O2/Cu-IDS 260 

was positively related to TOC removal in a non-linear relationship, with slightly differential 261 

trajectories between 20 and 60 minutes (Table SI1).  As H2O2 and Cu-IDS initial 262 
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concentrations were increased over 14.70 mM and 0.02 mM, respectively, no significant 263 

change in TOC removal was observed after 60 min treatment.  264 

 265 

Figure 3 266 

 267 

Moreover, UV-C/H2O2/Cu-IDS process was compared to (i) iron (H2O2/Fe2+), copper 268 

(H2O2/Cu2+) and Cu-IDS (H2O2/Cu-IDS) based Fenton, (ii) iron (UV-C/H2O2/Fe2+), copper 269 

(UV-C/H2O2/Cu2+) and Cu-IDS (UV-C/H2O2/Cu-IDS) based photo-Fenton, as well as to (iii) 270 

UV-C/H2O2 processes (H2O2 as standalone process was also investigated as control) (Figure 271 

4). Treatment time affected TOC removal with higher efficiency at 60 minutes (ANOVA: 272 

F1,32=1943.9, p<0.0001). The eight treatment methods differed among each other 273 

(F7,32=3094.5, p<0.0001), and their efficiency differed between times (F7,32=72.3, 274 

p<0.0001). 275 

Tukey test revealed that iron, copper and Cu-IDS based Fenton did not differ among each 276 

other and from simple H2O2 treatment at 20 minutes, and that iron and copper based Fenton 277 

had similar effects at 60 minutes. As expected, photo Fenton processes resulted in higher 278 

efficiencies compared to Fenton processes. In particular photo Fenton processes efficiencies 279 

were in the following order: UV-C/H2O2/Cu-IDS>UV-C/H2O2/Cu2+>UV-C/H2O2/Fe2+. UV-280 

C/H2O2 process resulted in a lower efficiency compared to photo Fenton processes but in 281 

higher efficiency compared to Fenton processes. 282 

 283 

Figure 4 284 

 285 
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The initial pH of the solution was 5.7, but during the process the pH decreased to 3.7 due to 286 

the formation of oxidation by-products.  Although phenols are typically used as model 287 

pollutants to investigate the efficiency of different AOPs, including photo-Fenton process, 288 

only a few works are available on the effect of metal-ligand complexes based photo-Fenton 289 

process on phenol. Prato-Garcia and coworkers (2009), investigated the performance of solar 290 

driven photo-Fenton process (compound parabolic collector (CPC) based photo reactor) in the 291 

treatment of phenolic aqueous solutions (185-200 mg L-1) at natural pH, in the presence of 292 

ferrioxalate. The results achieved are consistent with the results of our experiment with UV-293 

C/H2O2/Cu-IDS, because 85-100% COD reduction was observed after 120 min treatment (pH 294 

5.6, oxalate 300 mg L-1, H2O2/phenol 5.5-6.3). Monteagudo et al. (2011) also investigated 295 

ferrioxalate-induced solar photo-Fenton process effect on phenols, using a CPC reactor. In 296 

particular, aqueous solution contained a mixture of three phenolic compounds (gallic, p-297 

coumaric and protocatechuic acids) and 94% TOC removal was achieved in 194 min under 298 

optimal conditions (H2O2 400 mg L-1; Fe(II) 20 mg L-1; H2C2O4 60 mg L-1; phenols 20 mg L-299 

1; average solar power 35W m-2).  300 

 301 

3.3 Wastewater disinfection by advanced oxidation processes 302 

UV-C/H2O2/Cu-IDS process was investigated in municipal wastewater disinfection through 303 

flow cytometry and plate count method (E. coli inactivation). Process efficiency was 304 

compared with UV-C/H2O2/Fe2+ and UV-C/H2O2/Cu2+ at natural pH (7.8±0.5).  In order to 305 

meet the limits for residual copper and iron concentrations in UWTP effluents established by 306 

Italian regulation for wastewater reuse (1.0 mg L-1 for copper and 2 mg L-1 for iron) the 307 

metals were dosed to half of the limit.  Due to the respective effects on bacterial inactivation, 308 

tests with H2O2 (0.735 mM, 25mgL-1, condition A) and UV-C as standalone processes were 309 

also performed for comparison. E. coli inactivation Vs time was significant (ANOVA: 310 
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F1,96=566.5, p<0.0001), with all treatment methods performing significantly better than dark 311 

(F5,96=157.4, p<0.0001) (Figure 5). In particular, the best disinfection performance was 312 

observed with UV-C/H2O2/Cu-IDS process. A complete inactivation (3.5 log units) of the 313 

initial E. coli concentration  (5.1 × 103 ±  0.7 × 103 CFU mL-1) was achieved in 10 min, while 314 

15 and 20 min were necessary for UV-C/H2O2/Cu and UV-C/ H2O2/Fe processes, 315 

respectively. Unlike of photo-Fenton based processes, H2O2 and UV-C did not result in a 316 

complete inactivation of E. coli within 20 min treatment. 317 

 318 

Figure 5 319 

 320 

Although this is the first time that UV-C/H2O2/Cu-IDS process has been investigated in E. 321 

coli inactivation, the parallel experiments with conventional photo-Fenton make possible a 322 

comparison with the scientific literature. As matter of fact, bacterial inactivation by photo 323 

Fenton process (UV/H2O2/Fe) has been widely investigated and our results are really 324 

encouraging compared to the literature. It is noteworthy that most of the papers deal with 325 

solar driven photo-Fenton (Rodríguez-Chueca et al. 2014; Ferro et al. 2015; Villegas- 326 

Guzman et al., 2017). In particular, when solar photo-Fenton under mild conditions (pH 5, 20 327 

mg H2O2 L
-1, 10 mg Fe L-1) was investigated in the inactivation of E. coli in urban wastewater 328 

effluents, a 3-log unit decrease was observed (Rodríguez-Chueca et al. 2014). Moreover, 329 

natural iron and natural additives as complexing agents were also investigated in solar photo-330 

Fenton process for the inactivation of E. coli in municipal wastewater (Villegas-Guzman et 331 

al., 2017). This new proposed green process resulted in a total inactivation of E. coli (6 log 332 

units in 180 min) in the presence of lime juice (5 mg Fe L-1; 25 mg H2O2 L
-1; 600W m-2).  333 

Lima Perini et al. (2018) investigated E.coli inactivation in hospital wastewater by photo-334 
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Fenton with UV-A and UV-C as light sources, respectively; total inactivation (6 log units) 335 

was observed after 90 min treatment by UV-C photo-Fenton, but only 2 log units inactivation 336 

was achieved by UVA photo-Fenton.  337 

Although the use of E. coli as microbial indicator is useful to evaluate the compliance of 338 

UWTPs‘ effluents with local regulations for wastewater disposal into the environment or 339 

reuse as well as to evaluate disinfection process efficiency and compare to scientific works 340 

available in the literature, it is not sufficient to understand the real impact of the process on 341 

bacterial population (Manaia et al., 2018). Accordingly, in this work an attempt to better 342 

characterize this impact was made through the comparison between the results from standard 343 

plate count method and flow cytometry to characterize cell abundance and size distribution. In 344 

this case the experiments were conducted at two different concentrations, and in particular the 345 

condition A, the same used for E.coli inactivation (H2O2 = 0.735 mM = 25 mg L-1; Cu-IDS 346 

complex = 0.01 mM corresponding to 0.25 mgL-1 of Cu; copper sulphate = 0.008 mM 347 

corresponding to 0.25 mgL-1 of Cu; iron sulphate = 0.018 mM corresponding to 1 mgL-1 of 348 

Fe), and the condition B (H2O2 = 1.470mM = 50 mgL-1; Cu-IDS complex = 0.02mM  349 

corresponding to 0.50 mgL-1 of  Cu; copper sulphate = 0.016 mM corresponding to 0.5 mgL-1 350 

of Cu; iron sulphate = 0.036 mM corresponding to 2 mgL-1 of Fe). The values of inactive, 351 

active cells and the percentage of inactive cells with respect to the total cells are showed in 352 

Fig 6. The higher efficiency in terms of cells inactivation among the photo-Fenton processes 353 

was observed for UV-C/H2O2/Cu (condition B). In the samples treated with Cu/H2O2 at two 354 

different concentration (A and B), the number of active cell decreased when compared to 355 

samples treated with Fe/H2O2 (respectively 3.0 and 2.9 log units cells-1). Moreover, samples 356 

treated with Cu-IDS complex showed a similar decrease of the active cell number at the 357 

highest concentration (B) (2.95 log units cell-1) as showed in Fig. 6A. Looking at the number 358 

of inactivated cells (Fig 6B), as absolute number photo-Fenton processes had similar results, 359 
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although treatment with Cu/H2O2 appears to be more aligned with the results of only UVC 360 

and UVC/H2O2.  However, the interesting result is represented by the number of inactive cells 361 

with respect to the totals (Fig. 6C). Among the lowest concentrations (A) investigated, photo-362 

Fenton by Cu-IDS was the most performing process (37% of inactivated cells). All other 363 

treatments with low concentrations (A) resulted in a percentage of inactivated cells less than 364 

30%. At the highest concentrations (B), the most performant treatment was the photo-Fenton 365 

process by Cu/H2O2 (44% of inactivated cells), immediately followed by the treatment by Cu-366 

IDS (40%).  367 

 368 

Figure 6 369 

 370 

In order to better understand the behaviour of bacterial cells under the action of the different 371 

disinfection processes investigated, cytometric analysis has been also carried out to 372 

characterize cell clusters (small clusters and aggregates) (Fig 7). . The higher formation of 373 

small clusters (5.4 and 5.6 log units mL-1) was observed for UV-C/Fe/H2O2 process at two 374 

different concentrations (A and B, respectively) (Fig 7A). Interestingly, Fenton process 375 

(Fe2+/H2O2) resulted in the formation of a higher amount (5.5 log units) of small clusters 376 

compared to the Cu-IDS/H2O2 and Cu2+/H2O2 (approximately 5.3 log units) and the remaining 377 

processes (approximately 5.1 log units). Looking at the formation of large clusters 378 

(aggregates), the higher formation was observed for Cu/H2O2 process (approximately 3.3 log 379 

units) (Fig. 7B). Among photo-Fenton processes UV-C/Fe/H2O2 resulted in the higher 380 

formation of aggregates (approximately 3.1 log units), for the higher H2O2 concentration (B). 381 

The formation of small clusters and aggregates might promote resistance among cells to the 382 

disinfection process and slow down bacterial inactivation. Even in dark experiments the cells 383 
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have a great capacity to form clusters, therefore the UV-C in photo driven AOPs might be the 384 

key factor affecting the process and speeding up the inactivation kinetics. The cluster 385 

formation is the response of bacterial communities to stress such as UV light exposure (Kollu 386 

and Ormeci, 2015), predation (Corno and Jurgens, 2006), antibiotic pressure (Corno et al., 387 

2014), and chemical disinfection (Di Cesare et al., 2016). It is worthy to mention that, when 388 

the effect of low doses of disinfectant (peracetic acid) was investigated, cluster formation 389 

drastically decreased as the dose was increased (from 0 to 25 mg L-1 min) (Turolla et al., 390 

2017). According to the results of our work, the bacterial cell response depends on the various 391 

oxidative stress factors affecting the cells. The Fe based AOPs, investigated in this work, 392 

promoted the formation of clusters, decreasing bacterial inactivation efficiency, especially at 393 

the highest concentrations (B). Instead, in the presence of Cu and Cu-IDS complex, the 394 

formation of small and large clusters decreased and process efficiency improved accordingly. 395 

 396 

Figure 7 397 

 398 

4. Conclusions 399 

 The new photo-Fenton like process (UV-C/H2O2/Cu-IDS) investigated in this work was 400 

proven to be really effective in the inactivation of E. coli (complete inactivation (3.5 log units) 401 

in 10 min) at natural pH (7.8±0.5) in real wastewater, also compared to the other processes 402 

investigated (UV-C/H2O2/Cu, UV-C/H2O2/Fe, H2O2 and UV-C).  Unlike of what observed for 403 

E. coli inactivation, the investigated processes only partially inactivated total bacterial 404 

population (from 18% for UV-C to 42% for UV-C/H2O2/Cu-IDS), according to flow 405 

cytometry measurements. In particular, Cu based photo-Fenton processes resulted in the 406 

higher percentage of inactivated total cells, thus being consistent with the results of E. coli 407 
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inactivation. It is worthy to note that, as H2O2 was decreased, UV-C/H2O2/Cu-IDS was more 408 

effective than UV-C/H2O2/Cu  process. Flow cytometry also confirmed  that both Fenton and 409 

photo-Fenton processes are more effective than conventional disinfection processes (UV-C 410 

and H2O2, respectively) in the inactivation of total bacteria population. Moreover, the 411 

formation of small and large clusters decreased in the presence of Cu and Cu-IDS complex, 412 

and process efficiency improved accordingly; these results show that Cu based AOPs can 413 

more effectively disaggregate clusters, thus making disinfection process more effective than 414 

Fe based AOPs and other investigated processes. Most important, UV-C/H2O2/Cu-IDS 415 

process is really effective under real conditions in urban wastewater, thus overcoming the 416 

main obstacle (acidic pH) to the use of photo-Fenton process. 417 

 418 
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Figure captions  514 

Figure 1. Elemental analysis and 13C-NMR spectra of purified Cu(II)-IDS complex. (13C-515 

NMR (400 MHz, D2O), δ: 179.9 ppm (1), 174.8 ppm (4), 59.8 ppm (3), 59.4 ppm, 40.2 ppm 516 

(2), 39,9 ppm). 517 

Figure 2. Phenol mineralization (TOC removal) by photo-Fenton like process (UV-518 

C/H2O2/Cu-IDS): optimization of H2O2/Cu-IDS ratio (20 min treatment time, 2.94 mM of 519 

H2O2 and 0.53 mM of phenol initial concentration, pH 6). 520 

Figure 3. Phenol degradation (50 mg L-1 initial concentration, pH 6) by photo-Fenton like 521 

process in terms of TOC removal at 75 H2O2/Cu-IDS value: effect of H2O2 and Cu-IDS initial 522 

concentrations. 523 

Figure 4. Phenol degradation in terms of TOC removal (50 mg L-1 of initial phenol 524 

concentration, pH 6.0): comparison among UV-C/H2O2/Cu-IDS, Fenton (H2O2/Fe2+, 525 

H2O2/Cu2+, H2O2/Cu-IDS), photo Fenton (UV-C/H2O2/Fe2+, UV-C/H2O2/Cu2+, UV-526 

C/H2O2/Cu-IDS) and UV-C/H2O2 processes (H2O2 control test). 527 

Figure 5. E. coli inactivation by photo-Fenton processes, UV-C/H2O2, UV-C and H2O2. The 528 

behaviour of E. coli in absence of treatment is also included (control test in dark). 529 

Figure 6. Effect of different processes on bacterial population  measured  by flow cytometry: 530 

active cells (A), inactive cells (B), proportion of inactive cells (C). 531 

Figure 7. Effect of different processes on bacterial population  measured  by flow cytometry: 532 

small clusters (A), large clusters (B). 533 

 534 
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• 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 


