
                             Elsevier Editorial System(tm) for Science of 

the Total Environment 

                                  Manuscript Draft 

 

 

Manuscript Number: STOTEN-D-16-00445R1 

 

Title: Surface water disinfection by chlorination and advanced oxidation 

processes: inactivation of an antibiotic resistant E. coli strain and 

cytotoxicity evaluation.  

 

Article Type: Research Paper 

 

Keywords: antibiotic resistance, drinking water, H2O2/UV, photocatalysis, 

cytotoxicity MTT assay 

 

Corresponding Author: Prof. Luigi Rizzo, PhD 

 

Corresponding Author's Institution: University of Salerno 

 

First Author: Andreza C Miranda 

 

Order of Authors: Andreza C Miranda; Marilena Lepretti; Luigi Rizzo, PhD; 

Ivana Caputo; Vincenzo Vaiano; Olga Sacco; Wilton S Lopes; Diana Sannino 

 

Abstract: The release of antibiotics into the environment can result in 

antibiotic resistance (AR) spread, which in turn can seriously affect 

human health. Antibiotic resistant bacteria have been detected in 

different aquatic environments used as drinking water source. Water 

disinfection may be a possible solution to minimize AR spread but 

conventional processes, such as chlorination, result in the formation of 

dangerous disinfection by-products.  In this study Advanced Oxidation 

Processes (AOPs), namely H2O2/UV, TiO2/UV and N-TiO2/UV, have been 

compared with chlorination in the inactivation of an AR Escherichia coli 

(E. coli) strain in surface water. TiO2 P25 and nitrogen doped TiO2 (N-

TiO2), prepared by sol-gel method at two different synthesis temperatures 

(0 and -20°C), were investigated in heterogeneous photocatalysis 

experiments. Under the investigated conditions, chlorination (1.0 mg L-1) 

was the faster process (2.5 min) to achieve total inactivation (6 Log). 

Among AOPs, H2O2/UV resulted in the best inactivation rate: total 

inactivation (6 Log) was achieved in 45 min treatment. Total inactivation 

was not observed (4.5 Log), also after 120 min treatment, only for N-

doped TiO2 synthesized at 0°C. Moreover, H2O2/UV and chlorination 

processes were evaluated in terms of cytotoxicity potential by means of 

3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenylte-trazolium colorimetric test 

on a human-derived cell line and they similarly affected HepG2 cells 

viability. 

 

Response to Reviewers: Response to reviewers are given in the attached 

word file named "Response to reviewers". 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189



 

 

 

 

 

 

 

Cytotoxicity

AR E.coli 

N-TiO2(0°C)/UV

N-TiO2(-20°C)/UV

TiO2(P25)/UV

H2O2/UV

NaOCl

*Graphical Abstract

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189



Highlights 

 All processes but N-TiO2 (0°C synthetized) totally inactivated AR E. coli strain  

 Chlorination was faster than AOPs in the inactivation of AR E. coli strain 

 H2O2/UV was faster than TiO2 and N-TiO2 photocatalytic processes 

 Cytotoxicity of disinfection processes evaluated by human-derived cells 

 H2O2/UV and chlorination similarly affected human-derived cells viability 

Revised Highlights

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

1 
 

Surface water disinfection by chlorination and advanced oxidation 1 

processes: inactivation of an antibiotic resistant E. coli strain and 2 

cytotoxicity evaluation. 3 

 4 

Andreza Costa Miranda
1
, Marilena Lepretti

2
, Luigi Rizzo

3*
, Ivana Caputo

2
, Vincenzo 5 

Vaiano
4
, Olga Sacco

4
, Wilton Silva Lopes

1
, Diana Sannino

4 6 

 7 

1
 Department of Sanitary and Environmental Engineering, Universidade Estadual da 8 

Paraíba – UEPB – Brazil 9 

2
 Department of Chemistry and Biology &European Laboratory for the Investigation of 10 

Food-Induced Diseases (ELFID), University of Salerno, Via Giovanni Paolo II, 132, 11 

84084 Fisciano (SA), Italy 12 

3 
Department of Civil Engineering, University of Salerno, Via Giovanni Paolo II, 132, 13 

84084 Fisciano (SA), Italy 14 

4 
Department of Industrial Engineering, University of Salerno, Via Giovanni Paolo II, 15 

132, 84084 Fisciano (SA), Italy 16 

 17 

*Corresponding author: Tel.: +39089969334; fax: +39089969620 18 

E-mail address: l.rizzo@unisa.it  19 

  20 

 21 

 22 

 23 

 24 

 25 

 26 

*Revised manuscript with no changes marked
Click here to view linked Referenceshttp://dx.doi.org/10.1016/j.scitotenv.2016.02.189

mailto:l.rizzo@unisa.it
http://ees.elsevier.com/stoten/viewRCResults.aspx?pdf=1&docID=44310&rev=1&fileID=987092&msid={90EB84B2-3486-40BB-B5A5-F0E85632F083}


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

2 
 

 27 

Abstract 28 

The release of antibiotics into the environment can result in antibiotic resistance (AR) 29 

spread, which in turn can seriously affect human health. Antibiotic resistant bacteria 30 

have been detected in different aquatic environments used as drinking water source. 31 

Water disinfection may be a possible solution to minimize AR spread but conventional 32 

processes, such as chlorination, result in the formation of dangerous disinfection by-33 

products.  In this study Advanced Oxidation Processes (AOPs), namely H2O2/UV, 34 

TiO2/UV and N-TiO2/UV, have been compared with chlorination in the inactivation of 35 

an AR Escherichia coli (E. coli) strain in surface water. TiO2 P25 and nitrogen doped 36 

TiO2 (N-TiO2), prepared by sol-gel method at two different synthesis temperatures (0 37 

and -20°C), were investigated in heterogeneous photocatalysis experiments. Under the 38 

investigated conditions, chlorination (1.0 mg L
-1

) was the faster process (2.5 min) to 39 

achieve total inactivation (6 Log). Among AOPs, H2O2/UV resulted in the best 40 

inactivation rate: total inactivation (6 Log) was achieved in 45 min treatment. Total 41 

inactivation was not observed (4.5 Log), also after 120 min treatment, only for N-doped 42 

TiO2 synthesized at 0°C. Moreover, H2O2/UV and chlorination processes were 43 

evaluated in terms of cytotoxicity potential by means of 3-(4,5-dime-thylthiazol-2-yl)-44 

2,5-diphenylte-trazolium colorimetric test on a human-derived cell line and they 45 

similarly affected HepG2 cells viability. 46 

 47 

 48 

Keywords: antibiotic resistance, drinking water, H2O2/UV, photocatalysis, cytotoxicity 49 

MTT assay 50 

 51 
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1. Introduction 54 

Antibiotic resistance (AR) is a threat for human and animal health worldwide and key 55 

measures are required to reduce AR spread in the environment. Antibiotics resistant 56 

bacteria (ARB), antibiotic resistant genes (ARG) and antibiotics have been found in 57 

various aquatic environments including rivers and lakes (Storteboom et al., 2010; Young 58 

et al., 2013), drinking water systems (Bergeron et al., 2015; Flores Ribeiro et al., 2014; 59 

Xi et al., 2009), coastal bathing water (Leonard et al., 2015) and wastewater (Rizzo et 60 

al., 2013; Schwartz et al., 2003). As such, ARB and ARGs are recognized as emerging 61 

pollutants (Pruden et al., 2006). In order to reduce AR spread in the environment as well 62 

as the risk for human health, water and wastewater should be disinfected before use and 63 

reuse/disposal, respectively. Chlorination and UV radiation are among the most widely 64 

used disinfection processes but they may be not effective in controlling AR spread 65 

(Fiorentino et al., 2015; Guo et al., 2013; Huang et al., 2013). Moreover, chlorine reacts 66 

with organic matter and other precursors to form regulated and emerging carcinogenic 67 

disinfection by-products (DBPs) (Richardson et al., 2007). Epidemiological studies 68 

have shown that consumption or exposure to DBPs concentrations above the maximum 69 

containment level in water can be associated with problems of liver, kidney, the central 70 

nervous system and increased risks of bladder, and colorectal cancers (Bull et al., 2011; 71 

Rahman et al., 2010; Villanueva et al., 2007). Advanced Oxidation Processes (AOP) 72 

(e.g., Fenton, photo-Fenton, TiO2/UV, UV/O3, UV/H2O2, etc.) have been investigated as 73 

possible alternative to conventional disinfection processes, and photo-driven AOPs can 74 

be also operated with natural sunlight (Malato et al., 2009). Among AOPs, TiO2 75 

photocatalysis has recently emerged as an interesting water disinfection option for solar 76 

applications (Fiorentino et al., 2015), but due to TiO2 capacity to absorb only about 4% 77 

of the solar irradiation, current challenge is to investigate new photocatalysts modified 78 

to broad the absorption of TiO2 toward the visible region. TiO2 doping by non-metallic 79 

species such as N is an interesting option to improve process efficiency (Rizzo et al., 80 

2014c). Our group investigated the effect of different AOPs (among which UV/H2O2) 81 

on ARB in urban wastewater (Fiorentino et al., 2015), but there is a lack of information 82 

about the effect of these processes in terms of ARB inactivation and toxicity in drinking 83 

water. As matter of fact, if not correctly operated AOPs can result in the formation of 84 

dangerous oxidation intermediates (Rizzo, 2011) and increase subsequent formation of 85 

DBPs too. For instance, TiO2 photocatalysis exacerbated the production of total 86 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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trihalomethanes (TTHMs) and haloacetic acids (HAA) beyond initial levels when 87 

operated at low-energy (<5 kW h m
3
) (Mayer et al., 2014). Low-energy photocatalysis 88 

can result in an incomplete oxidation, wherein larger, more aromatic, humic organic 89 

compounds are broken into smaller molecular weight, less aromatic and less humic 90 

moieties, which have considerable potential to produce DBPs. More complete 91 

mineralization of DBP precursors was obtained using extended photocatalysis (80 - 160 92 

kW h m
3
), which substantially decreased DBP precursors as well as TTHM and HAA 93 

concentrations. Moreover, the impact of UV/H2O2 pretreatment on subsequent TTHM 94 

and HAA formation can increase the respective concentrations at low and moderate 95 

AOP doses (e.g., UV doses in the order of up to 1000 mJ cm
-2

) after chlorination 96 

(Dotson et al., 2010; Kleiser and Frimmel, 2000), while higher AOP doses (UV of 3500-97 

5000 mJ cm
-2

) can decrease THM and HAA formation (Liu et al., 2002; Toor and 98 

Mohseni, 2007). As for the regulation of DBPs, only a small number of genotoxic and 99 

cytotoxic DBPs are regulated and therefore many DBPs with similar consequences 100 

remain unregulated (Plewa et al., 2010; Richardson et al., 2007). Moreover, only a few 101 

of the 600 DBPs identified (Richardson et al., 2007) have been analyzed for their 102 

cytotoxic and genotoxic potential and impact on health issues (Muellner et al., 2007; 103 

Plewa et al., 2010). Typically, the evaluation of DBPs genotoxic and cytotoxic effects is 104 

compound specific (Ali et al., 2014; Escobar-Hoyos et al., 2013; Plewa et al., 2010) and 105 

only a few studies addressed the effect of the disinfection process on genotoxicity and 106 

cytotoxicity of real water matrix (Magdeburg et al., 2014). In particular, the 107 

simultaneous effect of AOPs on ARB inactivation and possible formation of toxic 108 

oxidation intermediates during drinking water disinfection has not yet been investigated 109 

nor compared with a wide used disinfection process such as chlorination. 110 

Therefore, the aim of the present work was to compare chlorination and AOPs (namely, 111 

H2O2/UV, TiO2/UV and N-TiO2/UV) in surface water disinfection in terms of AR E. coli 112 

strain inactivation and cytotoxicity. Subsequently, the cytotoxicity of DBPs originated 113 

by disinfection with chlorine and H2O2/UV was evaluated by the 3-(4,5-dime-114 

thylthiazol-2-yl)-2,5-diphenylte-trazolium (MTT) colorimetric test on a human-derived 115 

cell line. 116 

 117 

2. Materials and methods 118 

2.1. Surface water samples  119 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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Surface water samples were collected from Tusciano river (37 km, 300 L/s flow rate, 42 120 

km² watershed) in the province of Salerno (Southern Italy). Samples were collected in 121 

amber glass vials (1 L) and were characterized for some parameters which resulted in 122 

the following average values: pH (8.3), BOD5 (2.0 mg L
-1

), DOC (3.5 mg. L
-1

), E. coli 123 

(5 x 10
1
 CFU/100 mL).  124 

 125 

2.2. Selection and identification of AR E. coli strain 126 

AR E. coli strain was selected from surface water sample taken from Tusciano river. 50 127 

mL samples were filtered through a 0.45 µm pore size cellulose nitrate membranes 128 

(Millipore, MA, USA). The filtered samples, were incubated (24 h at 44 °C)  on 129 

Tryptone Bile X-Glucuoronide (TBX, Oxoid Basingstoke, UK) supplemented with a 130 

mixture of three antibiotics (2 mg L
-1

 ciprofloxacin (CPX), 16 mg L
-1

 of ampicillin 131 

(AMP) and 8 mg L
-1

 tetracycline (TET)) according to a previous work (Ferro et al., 132 

2015).  133 

 134 

2.3. Sample preparation and inoculum 135 

Disinfection experiments were carried out on 500 mL surface water samples. Water 136 

samples were first autoclaved at 120 °C for 15 min to avoid any potential interference 137 

with the selected AR E. coli. Then, autoclaved water sample was inoculated with the 138 

selected strain. Briefly, some colonies were unfrozen and reactivated by streaking on 139 

selective culture media (Chromo-Cult Coliform agar for AR E. coli) and, then, 140 

incubated at 37 °C for 24 h. Two colonies from each plate were inoculated into 14 mL 141 

sterile Luria−Bertani broth (LB, Sigma-Aldrich, Italy) and incubated at 37 °C for 24 h 142 

by constant agitation in a rotator shaker to obtain a stationary phase culture. Cells were 143 

harvested by centrifugation at 3000 rpm for 10 min and the pellet was resuspended in 14 144 

mL of phosphate buffer saline (PBS, Oxoid), yielding a final concentration of ca. 10
7
 145 

colony forming unit (CFU) mL
−1

. Inoculated water sample was kept under bland 146 

agitation for five min in absence of light before disinfection experiment started. 147 

 148 

2.4. AOPs disinfection experiments 149 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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Two different AOPs were evaluated: (i) homogenous photocatalytic process 150 

implementing the combination between H2O2 and UV irradiation and (ii) heterogeneous 151 

photocatalytic process using TiO2 semiconductor and UV irradiation. The photocatalytic 152 

tests were carried out in a 1 L cylindrical glass reactor (14 cm diameter) filled in with 153 

500 mL of water (5.0 cm water height). In order to keep a constant temperature of 25 154 

°C, the reactor was placed in a water bath. The water solution was magnetically stirred 155 

during the experiment. The experiments were conducted in a box equipped with a wide 156 

spectrum 250 W lamp (Procomat, Florence - Italy), set at 33 cm from the surface of the 157 

water level in the vessel. A spectrometer model HR-2000 from Ocean Optics (Florida, 158 

USA), equipped with cosine corrector with Spectralon diffusing material, was used to 159 

measure irradiance spectra of UV lamp (Figure 1). Control experiments with H2O2, TiO2 160 

and UV radiation as standalone processes were carried out. In heterogeneous 161 

photocatalytic experiments two photocatalysts were investigated: (i) commercially 162 

available TiO2 Degussa P25 and (ii) nitrogen doped TiO2 (N-TiO2) prepared by sol-gel 163 

method at two different synthesis temperatures (0 and -20°C). 164 

 165 

Figure 1 166 

 167 

2.4.1 H2O2/UV experiments 168 

H2O2 at 30 wt% (Titolchimica, Italy) was used as received and diluted into the reactor to 169 

achieve an H2O2 initial dose of 0.5 mmol L
-1

; the working solution was stirred for three 170 

minutes in the dark to ensure homogenization. H2O2 concentration was measured by a 171 

colorimetric method based on the use of titanium (IV) oxysulfate (Sigma-Aldrich), 172 

which forms a stable yellow complex with H2O2 detected by absorbance measurements 173 

at 410 nm. Absorbance was measured using a spectrophotometer (PerkinElmer, USA) 174 

and was linearly correlated with H2O2 concentration in the range 0.1-100 mg L
-1

. 175 

Catalase was added to water samples before analysis to eliminate residual H2O2; 176 

specifically, 1 mL sample was mixed with 20 µL of 2300 U mg
-1

 bovine liver catalase at 177 

0.1 g L
-1

 (Sigma-Aldrich).  178 

 179 

2.4.2 Photocatalytic experiments with TiO2 (Degussa P25)  180 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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The experiments were performed with TiO2 (Degussa P25 - Evonik Corporation, 181 

Germany) powder used as received from the manufacturer. The photocatalyst was added 182 

to the autoclaved surface water sample and agitated for 5 minutes. The TiO2 183 

concentration was fixed at 0.05 g L
-1

, according to the results achieved in previous 184 

disinfection experiments (Rizzo et al., 2014a). Finally, inoculum was added to the 185 

sample and photocatalytic experiment was started. 186 

 187 

2.4.3. Photocatalysts preparation and photocatalytic experiments with N-TiO2 188 

The titanium dioxide photocatalyst doped with nitrogen (N-TiO2) was prepared by sol-189 

gel method at two different synthesis temperatures (0 and -20°C), according to the 190 

method described by (Vaiano et al., 2015). Briefly, Triton X-100 (nonionic surfactant, 191 

Sigma–Aldrich) was used as dispersant agent. Triton X-100 was dissolved in isopropyl 192 

alcohol (99.8 wt%, Sigma–Aldrich) and the pH of solution was adjusted with nitric acid 193 

(65 wt%, Carlo Erba) until to reach a value of about 2. Then, titanium (IV) isopropoxide 194 

(TIP, 97%,Sigma–Aldrich) was added to the mixture as precursor. A cryostat bath was 195 

used to control and monitor the temperature during the sol–gel synthesis. Once the 196 

solution reached the requested temperature, an ammonia aqueous solution (30 wt%, 197 

Sigma–Aldrich) was added as nitrogen precursor, while the water was able to induce the 198 

hydrolysis reaction with TIP. The obtained precipitated was then calcined for 30 min at 199 

450°C.  The molar ratio N/Ti was equal to 18.6 and corresponds to an optimized catalyst 200 

formulation found in a previous work (Sannino et al., 2013). The N-TiO2 samples 201 

resulted in a yellow appearance and they were named xNDt were x is the synthesis 202 

temperature. Both samples presented an energy band-gap of 2.5 eV. The specific surface 203 

area (SSA) was 98 and 147 m
2
/g for 0NDt and -20NDt, respectively. The increase of 204 

SSA with the decrease of synthesis temperature induced a decrease of average 205 

crystallites size from 9 to 6 nm (Vaiano et al., 2015). The N-TiO2 concentration in the 206 

apparatus for photocatalytic tests was set at 0.05 g L
-1

 207 

 208 

2.5. Chlorination experiments 209 

The chlorination experiments were carried out with the same water sample taken from 210 

Tusciano river (0.5 L) after autoclaving and E. coli strain inoculation. Sodium 211 

hypochlorite solution (1 mg L
-1

) was added to the reactor (time “0” started just after 212 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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sodium hypochlorite addition), the sample was continuously stirred with a magnetic 213 

stirrer, and water pH was not adjusted during the experiment. Sodium thiosulfate 214 

solution (1.5%) was added to water samples to remove the residual chlorine before 215 

microbiological analysis. The residual chlorine was measured by colorimetric method 216 

by portable HACH instrument. Chlorination experiments finalized to cytotoxicity 217 

assays were extended to 420 min treatment time to take into account the formation of 218 

chlorination by products can take some hours to reach the maximum concentration, 219 

depending on initial chlorine dose and water oxidant demand (Rizzo et al., 2007). 220 

 221 

2.6 Bacterial count 222 

Water samples were regularly collected and analyzed for bacterial count. Aliquots of 223 

starting solution and serial dilutions were plated onto TBX agar culture medium and 224 

incubated at 37 °C for 24 h. Counting was performed in triplicate and the mean values 225 

and standard deviations were represented as CFU 100 mL
-1

. 226 

 227 

2.7 Cell culture 228 

HepG2 cells were obtained from Interlab Cell Line Collection (Centro di Biotecnologie 229 

Avanzate, Genoa, Italy). Cells were cultured in 100x10 mm Petri dishes containing 230 

Essential’s modified Eagle’s medium supplemented with 10% (v/v) foetal bovine serum, 231 

1% (v/v) non-essential amino acids, 0.2 mM L-glutamine, 50 units mL
-1

 penicillin and 232 

50 µg mL
-1

 streptomycin (Sigma-Aldrich). Cells were maintained at 37° C in a 5% CO2, 233 

95% air-humidified atmosphere and passaged twice a week.  234 

 235 

2. 8 MTT cytotoxicity assay  236 

Water samples taken from disinfection experiments were prepared in dimethylsulfoxide 237 

(DMSO) (Sigma–Aldrich). For each treatment, samples were diluted (1:2000) in 238 

complete cell culture medium, to achieve 0.05% DMSO concentration in the culture 239 

medium. Cells were seeded at the density of 9.0x10
4
 cm

-2
 in 96-well plates and cultured 240 

for 24 h. Then growth medium was removed and 100 µL of diluted samples were added 241 

to each well. Cells were incubated for further 24 h, before the cell viability MTT assay 242 

was performed. MTT assay is based on the enzymatic conversion of MTT (Sigma-243 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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Aldrich) by dehydrogenase enzymes in intact mitochondria of living cells (Mosmann, 244 

1983). After incubation, MTT solution was added to the cell medium (final 245 

concentration 0.125 mg mL
-1

) and incubated for 1 h at 37 °C to allow MTT to be 246 

metabolized. The resulting formazan crystals were dissolved in DMSO and absorbances 247 

were measured at 595 nm (reference filter 655 nm) using a microplate reader (Bio-Rad 248 

Laboratories, Milan, Italy). As control autoclaved river water samples were 249 

supplemented with catalase (as control for samples derived from H2O2/UV experiments) 250 

or with sodium thiosulfate, Na2S2O3 (Sigma-Aldrich) (as control for samples derived 251 

from chlorination experiments). Cell viability was determined by comparing the optical 252 

density OD of the wells containing cells exposed to disinfected water samples and OD 253 

of the wells containing cells exposed to control samples. Data were plotted as mean ± SD 254 

from five independent experiments, each performed in triplicates. Statistical analysis was 255 

performed by using the Student’s t test and differences were considered to be 256 

statistically significant at p < 0.05. 257 

 258 

3. Results and discussion 259 

3.1. Inactivation of AR E. coli strain by  H2O2/UV process 260 

Figure 2 shows inactivation results of AR E. coli strain by H2O2/UV disinfection 261 

process and related control with UV and H2O2 as standalone processes, respectively. 262 

Control test with H2O2 did not show any significant inactivation until 75 min treatment; 263 

then a 1 Log inactivation was observed after 90 min. UV radiation treatment did not 264 

affect initial E. coli density until 30 min irradiation, but after 75 min a 4 Log 265 

inactivation was observed. 266 

 267 

Figure 2 268 

 269 

Inactivation rate observed during UV radiation control test can be explained by the lamp 270 

emission spectrum (mainly in the range 340-450 nm, Figure 1), through the damage 271 

caused to intracellular chromophores due to radiation absorption. Although the UV-A 272 

wavelengths are not sufficiently energetic to directly modify DNA bases, they play an 273 

important role in the formation of reactive oxygen species (ROS) in water which can 274 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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damage DNA (McGuigan et al., 2012). Unlike control tests, H2O2/UV process resulted 275 

in a total inactivation of AR E.coli (6 Log) after 45 min treatment. AOPs, such as 276 

H2O2/UV, result in the formation of ROS which can inactivate a wide range of 277 

microorganisms (Malato et al., 2009; Rizzo et al., 2014b; Robertson et al., 2012). 278 

Among ROS, hydroxyl radicals (
•
OH) can effectively inactivate E. coli; an excellent 279 

linear correlation between 
•
OH and the rate of E. coli inactivation was observed in a 280 

previous work (Cho et al., 2004). The inactivation rates observed in the present work 281 

are in agreement with results available in scientific literature. In particular, the 282 

inactivation rate of an AR E. coli strain suspended in urban wastewater treated by 283 

H2O2/sunlight increased as H2O2 dose was increased (10, 20, 50 mg/L); total 284 

inactivation (initial cell density 10
6
 CFU/mL) was observed at 30, 18 and 8 kJ L

-1
, 285 

respectively (Fiorentino et al., 2015); 240 min treatment was necessary to achieve total 286 

E. coli inactivation (5 Log) by H2O2/UV process using SUNTEST CPS solar chamber 287 

(emission spectrum 320-800 nm, light intensity of 500 W m
-2

) and 25 mg H2O2 L
-1

 288 

(Rodriguez-Chueca et al., 2015).  289 

 290 

3.2. Inactivation of AR E. coli by heterogeneous photocatalysis 291 

In heterogeneous photacatalysis disinfection experiments, total inactivation was 292 

achieved within 60 and 120 min of irradiation for TiO2 Degussa and -20NDt, 293 

respectively (Figure 3). 294 

 295 

Figure 3 296 

 297 

The obtained inactivation behavior is in agreement with previous results about E. coli 298 

inactivation by photocatalysis using P25 and TiO2 doped with nitrogen and sulphur 299 

(Pathakoti et al., 2013). The authors observed that P25 has an inactivation rate higher 300 

than doped-TiO2 under solar simulated light, whereas, under visible light, doped-TiO2 301 

sample showed photocatalytic performances better than P25. Considering these 302 

observations and that the maximum emission intensity of the lamp used in the present 303 

work was in the UV region (350 nm, Figure 1), the lower photocatalytic activity of -304 

20NDt with respect to TiO2 Degussa was possibly due to the lower emission of the lamp 305 

in the visible region (400-460 nm). Moreover, N-TiO2 photocatalyst prepared by sol-gel 306 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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method at -20°C synthesis temperature (-20NDt) was more effective than that one 307 

synthetized at 0°C (0NDt): total inactivation (6.5 Log) was observed after 120 min 308 

treatment with -20NDt while 4.5 Log inactivation was observed for 0NDt photocatalyst 309 

after the same treatment time. The better disinfection performance observed with -310 

20NDt is possibly due to its higher SSA (147 m
2 

g
-1

) with respect to that one of 0NDt 311 

(98 m
2
 g

-1
) (Vaiano et al., 2015). The increase in SSA should help in increasing the -312 

20NDt exposure to light which in turn would increases the photocatalytic inactivation 313 

rate. 314 

In spite of the different aqueous matrix investigated, the inactivation rate observed for 315 

TiO2 P25 is also in agreement with our previous work where the effect of different light 316 

sources on photocatalytic (TiO2 P25, 0.05 g L
-1

) inactivation of an AR E. coli strain in 317 

urban wastewater (pH 7.9, BOD5 10.0 mg L
-1

, COD 23.3 mg L
-1

, TSS 32.5 mg L
-1

, 318 

redox potential 63.6 mV, conductivity 1105 mS cm
-1

.) was evaluated (Rizzo et al., 319 

2014a); accordingly, total inactivation (approximately 7 Log) was observed after 60 min 320 

treatment. 321 

 322 

3.3. Chlorine test 323 

Initial chlorine dose as high as 1.0 mg L
-1 

was sufficient to achieve a total inactivation 324 

of AR E. coli (6 Log) after 2.5 min contact time. When the same experiment was carried 325 

out with urban wastewater inoculated with an AR E. coli strain, total inactivation 326 

(approximately 5 Log) was observed after 15 min contact time for the same initial 327 

chlorine dose (Fiorentino et al., 2015). Basically, the difference between the results may 328 

be due to the respective aqueous matrices investigated; urban wastewater are typically 329 

characterized by a significantly higher concentration of oxidant consuming compounds 330 

(oxidant demand), such as inorganic N compounds. Accordingly, as contact time 331 

increases chlorine is consumed and consequently it is no longer available for bacterial 332 

inactivation (Zhang et al., 2015). Chlorination process can be effective in the 333 

inactivation of ARB but does not affect AR of survived cells (Rizzo et al., 2012). In 334 

particular, chlorination process can affect the microbial structure, enrich ARB (Shi et 335 

al., 2013) as well as increase the selection of ARB in drinking water (Pang et al., 2015). 336 

 337 
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3.4. Comparative cytotoxic evaluation between chlorination and H2O2/UV 338 

processes  339 

Finally, H2O2/UV process was chosen as model AOP to be compared with chlorination 340 

process in terms of cytotoxic effects. The cytotoxicity of disinfected water samples was 341 

tested by the colorimetric MTT assay. For this assay HepG2 cell line was used, a highly 342 

differentiated human hepatoma cell line intensively used for toxicity evaluation of pure 343 

compounds and of chemicals in complex mixtures (Mersch-Sundermann et al., 2004). 344 

Control tests with autoclaved river water samples supplemented with catalase (as 345 

control for samples derived from H2O2/UV experiments) and with sodium thiosulfate 346 

(as control for samples derived from chlorination experiments), used to eliminate 347 

residual H2O2 and chlorine, respectively, did not significantly reduce cell viability. After 348 

treating cells for 24 h with a 1:2000 solution (prepared in culture medium) of samples 349 

obtained from both H2O2/UV and chlorination processes, a slight and comparable 350 

cytotoxic effect was observed (Figures 4 and 5). Interestingly, the only sample which 351 

did not result in a significant difference in cell viability compared to control in 352 

H2O2/UV disinfection experiments was that one taken after 120 min treatment (Figure 353 

4). 354 

 355 

Figure 4 356 

 357 

Possibly, shorter treatment time results in the formation of oxidation intermediates with 358 

higher cytotoxicity compared to untreated sample (decreasing trend in cell viability in 359 

the early 30 min); further increasing treatment time (up to 120 min) results in a 360 

progressive disappearance of the oxidation intermediates (Klamerth et al., 2010; Rizzo 361 

et al., 2009; Selcuk et al., 2007). DBPs forming during chlorination process can take 362 

some hours to reach the maximum concentration, depending on initial chlorine dose and 363 

water oxidant demand. Accordingly, chlorination experiments for cytotoxicity 364 

evaluation were extended up to 420 min (Figure 5). Although this is not a realistic 365 

disinfection contact time (typically in the range 30-60 min for chlorination process), it 366 

was useful to better understand the effect of chlorination process on treated water 367 

cytotoxicity. 368 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.189
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 369 

Figure 5 370 

 371 

The results achieved are quite consistent with the matter that cytotoxicity is expected to 372 

increase (cell viability decrease) as treatment time was increased because in parallel a 373 

higher concentration of chlorination by products is expected (Rizzo et al., 2007). 374 

 375 

4. Conclusion 376 

Chlorination process was really fast in the inactivation of AR E. coli; 2.5 min contact 377 

time and 1.0 mg L
-1 

of chlorine dose were sufficient to achieve a total removal (6 Log). 378 

H2O2/UV (0.5 mmol H2O2 L
-1) process was found to be faster than heterogeneous 379 

photocatalytic process; total inactivation of AR E.coli (6 Log) was achieved in 45 min 380 

treatment compared to 60 min treatment necessary during TiO2 (P25, 0.05 g L
-1

) 381 

photocatalysis experiments. The higher SSA of -20NDt photocatalyst possibly explain 382 

the best disinfection performance (total inactivation (6.5 Log) was observed after 120 383 

min treatment) compared to 0NDt (4.5 Log inactivation in the same treatment time). 384 

The best disinfection time for H2O2/UV process (45 min) did not match the best 385 

condition in terms of cytotoxicity (120 min).  386 

 387 
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Figures captions 540 

Figure 1: light intensity spectrum of 250 W lamp used in photocatalytic experiments. 541 

Figure 2: inactivation of AR E. coli  by H2O2/UV process and control tests (H2O2 and UV 542 

radiation as standalone processes, respectively; H2O2 concentration of 0.5 mmol L
-1

). 543 

Figure 3: inactivation of AR E. coli  by heterogeneous photocatalysis  with different catalysts 544 

(0.05 g L
-1

): commercially available TiO2 Degussa P25 and nitrogen doped TiO2 prepared by 545 

sol-gel method at two different synthesis temperatures 0°C (0NDt) and -20°C (-20NDt). 546 

Figure 4: normalized cell viability of HepG2 cells after 24 h  exposure to water samples treated 547 

by H2O2/UV process (H2O2 initial dose: 0.5 mmol L
-1

); *p<0.05 vs. the respective 548 

control. 549 

Figure 5: normalized cell viability of HepG2 cells after 24 h  exposure to water samples treated 550 

by chlorine (initial does 1 mg L
-1

); *p<0.05 vs. the respective control. 551 

 552 
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Figure 1: light intensity spectrum of 250 W lamp used in photocatalytic experiments. 
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Figure 2: inactivation of AR E. coli  by H2O2/UV process and control tests (H2O2 and UV radiation as 

standalone processes, respectively; H2O2 concentration of 0.5 mmol L
-1

). 
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Figure 3: inactivation of AR E. coli  by heterogeneous photocatalysis  with different catalysts (0.05 g L
-1

): 

commercially available TiO2 Degussa P25 and nitrogen doped TiO2 prepared by sol-gel method at two 

different synthesis temperatures 0°C (0NDt) and -20°C (-20NDt). 
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Figure 4: normalized cell viability of HepG2 cells after 24 h  exposure to water samples treated by 

H2O2/UV process (H2O2 initial dose: 0.5 mmol L
-1

); *p<0.05 vs. the respective control. 
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Figure 5: normalized cell viability of HepG2 cells after 24 h  exposure to water samples treated by chlorine 

(initial does 1 mg L
-1

); *p<0.05 vs. the respective control. 
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