
 

Departamento de Ingeniería Textil y Papelera (DITEXPA)  

PhD in Textile Engineering 

 

Assessment of novel Advanced Oxidation 

Processes for the simultaneous disinfection 

and decontamination of water 

 

Memory presented for the title of Doctor: 

Ilaria Berruti 

 

 

Almería, March 2022 

 

 

THESIS SUPERVISORS: 

 

 

Dr. María Inmaculada Polo López 

Research Fellow OPI  

CIEMAT-Plataforma Solar de Almería, 

Almería, Spain 

Dr. Marcello Manfredi 

Researcher 

University of Piemonte Orientale, 

Novara, Italy 

 

 

 

 

 



 Index of content 

i 

 

INDEX OF CONTENTS 

SUMMARY ....................................................................................................................................... 3 

1. INTRODUCTION........................................................................................................................ 21 

1.1. The water availability: towards a circular economy .......................................................... 21 

1.2. The European water framework ........................................................................................ 25 

1.2.1. Drinking water legislation ...................................................................................... 27 

1.2.2. Reclamation of urban wastewater legislation ......................................................... 29 

1.3. Water pollutants of emerging concern .............................................................................. 30 

1.3.1. Microbial targets ..................................................................................................... 30 

1.3.2. Contaminants of Emerging Concern ...................................................................... 33 

1.3.3. Disinfection by Products formation ........................................................................ 36 

1.4. Water treatment plants....................................................................................................... 38 

1.4.1. Drinking water treatment plants ............................................................................. 39 

1.4.2. Urban wastewater treatment plants ......................................................................... 40 

1.5 Water purification treatments ............................................................................................. 42 

1.5.1. Chlorination ............................................................................................................ 43 

1.5.2. Ozonation ............................................................................................................... 43 

1.5.3. UV-C radiation ....................................................................................................... 45 

1.5.4. Solar water disinfection .......................................................................................... 46 

1.6 Advances Oxidation Processes ........................................................................................... 48 

1.6.1. Solar heterogeneous photocatalysis ........................................................................ 54 

1.7 Sulfate radical Advanced Oxidation Processes .................................................................. 59 

1.8. Photo-reactors employed for water processes ................................................................... 63 

1.8.1. Compound Parabolic Collector .............................................................................. 63 

1.8.2. UV-C plant ............................................................................................................. 64 

1.9. Transformation products and toxicity ............................................................................... 65 

2. OBJECTIVES AND EXPERIMENTAL PLAN .......................................................................... 71 

2.1 Objectives ........................................................................................................................... 71 

2.2 Experimental plan .............................................................................................................. 72 

3. MATERIALS AND METHODS ................................................................................................. 79 

3.1. Chemicals .......................................................................................................................... 79 

3.2. Microbial targets ............................................................................................................... 81 

3.2.1 Description of bacterial strains investigated ............................................................ 81 

3.2.2. Bacterial enumeration and quantification procedure .............................................. 82 

3.2.3. Antibiotic resistant genes detection procedure ....................................................... 87 

3.3 Organic chemical targets .................................................................................................... 91 

3.3.1 Contaminants of Emerging Concern description ..................................................... 91 

3.3.2. CECs preparation and quantification ...................................................................... 92 

3.4. Water matrices ................................................................................................................... 95 



 

Index of contents 

ii 

 

3.4.1 Isotonic water .......................................................................................................... 95 

3.4.2 Well water ............................................................................................................... 96 

3.4.3 Simulated Urban Wastewater .................................................................................. 96 

3.4.4 Urban Wastewater ................................................................................................... 97 

3.5 Water characterization ........................................................................................................ 97 

3.5.1. Conductivity, pH, and turbidity .............................................................................. 98 

3.5.2 Dissolved organic carbon ........................................................................................ 98 

3.5.3. Ion chromatography .............................................................................................. 100 

3.6. Reactors for water purification ........................................................................................ 101 

3.6.1. 200-mL solar vessel reactor .................................................................................. 101 

3.6.2. 10-L Compound Parabolic Collector reactor ........................................................ 102 

3.6.3. 80-L UV-C pilot plant .......................................................................................... 103 

3.7. Water disinfection and decontamination tests ................................................................. 105 

3.7.1. Experimental procedure ........................................................................................ 105 

3.7.2. Solar radiation analysis ......................................................................................... 106 

3.7.3. Analytical determination of PMS in water ........................................................... 106 

3.7.4. Photocatalysts ....................................................................................................... 107 

3.8. Kinetics analysis models ................................................................................................. 108 

3.9. Transformation Products analysis and quantification ..................................................... 109 

3.10. Toxicity tests ................................................................................................................. 113 

3.10.1. Aliivibrio fischeri ................................................................................................ 113 

3.10.2. Phytotoxicity....................................................................................................... 114 

3.11. Laser Flash Photolysis technique .................................................................................. 115 

3.12. Radical’s generation analysis ........................................................................................ 117 

3.12.1. Radical scavenger´s tests .................................................................................... 117 

3.12.2. Electron paramagnetic resonance ....................................................................... 118 

4. ASSESSMENT OF SIMULTANEOUS DISINFECTION AND DECONTAMINATION OF 

WATER BY SOLAR HETEROGENEOUS PHOTOCATALYSIS ............................................. 123 

4.1. Proof-of-principle studies in isotonic water .................................................................... 124 

4.1.1. Dark assessment of ZnO materials. ...................................................................... 124 

4.1.2. Photocatalytic activity in isotonic water. .............................................................. 125 

4.1.3. Interpretation of modified ZnO photocatalytic activity ........................................ 130 

4.2. Proof-of principle in simulated urban wastewater ........................................................... 132 

4.3. Disinfection and decontamination of urban wastewater ................................................. 137 

4.4. Concluding remarks ........................................................................................................ 142 

5. ASSESSMENT OF PEROXYMONOSULFATE AND SULFATE RADICAL REACTIVITY

 ........................................................................................................................................................ 147 

5.1 Peroxymonosulfate reactivity ........................................................................................... 148 

5.1.1 Parameters affecting PMS reactivity under dark conditions ................................. 148 

5.1.2. Reactive Oxygen Species determination by scavenger experiments .................... 154 



 Index of content 

iii 

 

5.1.2.1 Reactive species under dark condition........................................................ 155 

5.1.2.2 Reactive species under simulated solar radiation ....................................... 156 

5.1.2.3 Reactive species under UV-C radiation ...................................................... 157 

5.1.3. Electron paramagnetic resonance detection ......................................................... 158 

5.2 Radical sulfate reactivity .................................................................................................. 162 

5.2.1 Radical sulfate SO4
•- generation ............................................................................ 162 

5.2.2 Elucidation of the SO4
•- mechanism of reaction .................................................... 163 

5.2.2.1 H-abstraction reaction ................................................................................. 164 

5.2.2.2 Electron transfer reaction ............................................................................ 165 

5.2.3. Determination of the bimolecular rate constants (kSO4•−) between cell wall 

constituents and SO4
•- ..................................................................................................... 166 

5.2.4. Determination of the bimolecular rate constants between SO4
•- and CECs.......... 173 

5.3 Concluding remarks ......................................................................................................... 175 

6. ASSESSMENT OF PEROXYMONOSULFATE FOR WATER PURIFICATION UNDER 

NATURAL SOLAR RADIATION ............................................................................................... 179 

6.1 PMS/Dark system ............................................................................................................. 179 

6.2 PMS/Solar system ............................................................................................................ 184 

6.3 Interpretation of abatement mechanisms by PMS/Solar radiation ................................... 187 

6.4 Disinfection and decontamination performances in natural well water ........................... 190 

6.5. Effect of inorganic species on PMS/Solar system performance...................................... 192 

6.6 Concluding remarks ......................................................................................................... 193 

7. ACTUAL WASTEWATER PURIFICATION BY PEROXYMONOSULFATE AND SOLAR 

RADIATION AT PILOT PLANT SCALE ................................................................................... 197 

7.1 PMS/Solar process performance in simulated urban wastewater ..................................... 198 

7.1.1 Assessment of microbial and CECs abatement ..................................................... 198 

7.1.2 Assessment of organic matter influence ................................................................ 201 

7.2 PMS/Solar process performance in actual urban wastewater ........................................... 203 

7.2.1 Bacterial inactivation kinetics ............................................................................... 204 

7.2.2 CECs degradation kinetics .................................................................................... 206 

7.2.3 Antibiotic Resistant Bacteria and Genes removal ................................................. 208 

7.3 Photocatalytic performance of ZnO-Ce with peroxymonosulfate in UWW .................... 210 

7.4 Conclusions ...................................................................................................................... 213 

8. WATER AND WASTEWATER PURIFICATION BY PEROXYMONOSULFATE AND UV-C 

RADIATION ................................................................................................................................. 217 

8.1 Disinfection and decontamination performances in isotonic water.................................. 218 

8.2 Disinfection and decontamination performances in simulated urban wastewater............ 222 

8.3 Disinfection and decontamination performances in urban wastewater ............................ 224 

8.4 Comparison of process performance: analysing the effect of natural organic matter and 

inorganic species .................................................................................................................... 228 

8.5 Antibiotic Resistant Bacteria and Genes removal ............................................................ 230 

8.6 Concluding remarks ......................................................................................................... 232 



 

Index of contents 

iv 

 

9. COMPARATIVE EVALUATION OF PHOTO-CHEMICAL PROCESSES .......................... 237 

9.1 Transformation Products assessment ............................................................................... 238 

9.1.1 Identification of TPs and degradation routes ......................................................... 238 

9.1.2 TPs detection during PMS/Solar versus PMS/UV-C process ............................... 244 

9.2 Eco-toxicological assessment of treated UWW ............................................................... 247 

9.3 Annual Treatment Cost .................................................................................................... 250 

9.3.1 PMS/Solar ............................................................................................................. 250 

9.3.2 PMS/UV-C ............................................................................................................ 252 

9.4 Comparative evaluation and concluding remarks ............................................................ 253 

10. CONCLUSIONS ...................................................................................................................... 259 

11. REFERENCES ......................................................................................................................... 265 

12. ANNEXES ............................................................................................................................... 291 

ANNEX A. Modified ZnO photocatalyst characterization .................................................... 291 

ANNEX B. Kinetic constants evaluation ............................................................................... 294 

ANNEX C. TPs identification ................................................................................................ 303 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


