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Summary

Water scarcity and wastewater reuse

Contaminants of emerging concern: chemical and biological

European Regulation

Advanced treatment of urban wastewater by Advanced 
Oxidation Processes (AOPs)

 Effects on (chemical) CECs and antibiotic resistance

Conclusions/take home messages/pending questions
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Water scarcity and wastewater reuse

A Quarter of Humanity Faces Looming Water Crises, Sengupta S. and Cai W., Aug. 6th, 2019, The New York Times

Water scarcity and wastewater reuse

Wastewater reuse is a possible solution to address water 
scarcity problem.

Status of water reuse in Europe
DEMOWARE final summary report (2017), Source: (Hochstrat, Wintgens, Melin, & Jeffrey, 2006) Data from EUREAU survey and AQUAREC
results www.aquarec.org)
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Contaminants of emerging concern (CECs)

Safe wastewater reuse

Challenges in wastewater treatment

Contaminants of emerging concern (CECs):

pollutants occurring at ng-µg/L concentrations in water and 
wastewater;

antibiotics, antibiotic resistant bacteria (ARB) and other mobile 
genetic elements occurring in water and wastewater and may 
contribute to antibiotic resistance (AR) transfer.

Contaminants of emerging concern

•Pharmaceuticals

•Antibiotic resistance determinants (A, ARB, ARGs)

•Personal care products

•Pesticides

•Nanoparticles
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Antibiotic resistance 

Antibiotic resistance (AR) has become an ongoing clinical 
and public health issue of concern worldwide (WHO 2014). 

UWWTPs are hotspots for the release of AR determinants 
(antibiotics (A), ARB and ARGs) into the environment

No specific regulations for controlling the release of 
A/ARB/ARGs into the environment through UWWTPs 
effluents

AR transfer mechanisms

Dodd 2012. J. Environ. Monit.  14, 1754‐1771
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Contaminants of emerging concern

Wastewater reuse

EU minimum quality 
standards for 
wastewater reuse…

… JRC report

Table 1 Reclaimed water quality criteria for agricultural irrigation. 

Reclaimed 
water 
quality 
class 

Indicative 
technology 

target 

Quality criteria 

 

E. coli 

(cfu/100 
ml) 

 

BOD5 

(mg/l) 

 

 

TSS 

(mg/l) 

 

Turbidity 

(NTU) 

 

Additional criteria 

Class A Secondary 
treatment, 

filtration, and 
disinfection 

(advanced 
water 

treatments) 

≤10 

or below 
detection 

limit 

 

 

 

≤10 ≤10 ≤5  

Legionella spp.: <1,000 
cfu/l when there is risk 
of aerosolization in 
greenhouses. 

 

Intestinal nematodes 
(helminth eggs): ≤1 
egg/l when irrigation of 
pastures or fodder for 
livestock. 

Class B Secondary 
treatment, 

and 
disinfection 

≤100 

 

 

 

 

According to 
Directive 

91/271/EEC 

According to 
Directive 

91/271/EEC 

- 

Class C Secondary 
treatment, 

and 
disinfection 

≤1,000 According to 
Directive 

91/271/EEC 

According to 
Directive 

91/271/EEC 

- 

Class D Secondary 
treatment, 

and 
disinfection  

≤10,000 According to 
Directive 

91/271/EEC 

According to 
Directive 

91/271/EEC 

- 
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Wastewater reuse

EU minimum quality standards 
for wastewater reuse…

SCHEER and EFSA scientific 
advices on JRC report

In the opinion of the SCHEER, the report 
inadequately addresses (i) contaminants of 
emerging concern (CECs), (ii) antibiotic 
resistance spread through urban wastewater 
treatment plants’ (UWWTPs) effluents, and (iii) 
possible risks associated with disinfection 
and/or advanced treatment of urban 
wastewater (e.g. formation of disinfection by 
products and related toxicity). Therefore the 
SCHEER is of the opinion that, in its current 
form, the minimum quality requirements 
proposed provide insufficient protection both to 
environmental and human health. 

The European Food Safety Authority recommends 
that: … and (10) critical discussion on the importance 
of the uptake and accumulation of chemical 
contaminants, including compounds of emerging 
concern and disinfectant by‐products, and the 
possible consequences for human and animal health, 
is included.

Urban wastewater treatment
Un‐treated 

urban 
wastewater

Mechanical 
pre‐treatment

Nitrification 
(Aeration tank)

Effluent disposal or 
reuse

Primary 
settling tank

Disinfection 

Sludge treatment

Sludge disposal or reuse

Waste sludge Advanced 
treatment

•Filtration (F)

•(F +) adsorption

•F + membranes

•(F +) AOPs

pre‐denitrification
(anossic tank)

P removal 
(anaerobic tank)

Secondary 
settling  tank

An advanced treatment is 
necessary for a safer reuse 
(Rizzo et al., 2020)*.

*Best available technologies and treatment trains to address current challenges 
in urban wastewater reuse for irrigation of crops in EU countries. Science of 
The Total Environment 136312, in press, 
https://doi.org/10.1016/j.scitotenv.2019.136312
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Advanced oxidation processes (AOPs)

AOPs promote the formation of radical species (e.g., HO) that can 
effectively (i) degrade/oxidize organic and inorganic contaminants in 
water/wastewater as well as (ii) inactivate microorganisms.

Homogeneous photo-driven AOPs (e.g., UV/H2O2, photo Fenton 
(UV/H2O2/Fe)) have more chance to be used as advanced/tertiary 
treatment in urban WWTPs compared to heterogeneous photocatalytic 
processes, in the short term;

Artificial light can be replaced by sunlight to save energy costs

Effect of AOP type on CECs: (solar)photo Fenton

Acidic Vs neutral conditions

UV- Vs Solar-photo Fenton

Mild conditions Vs chelating agents

De la Cruz et al., 2013. 
Water Res. 47, 5836. Dong et al., 2019. Chem. 

Eng. J. 366, 539.

Maniakova et al., 2020. Sep. 
Pur. Tech. 236, 116249
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Effect of AOP type on CECs: UV/PMS* and UV/PS*

*persulphate (PS) and peroxymonosulphate (PMS)

Ultraviolet-activated PS and PMS for the degradation of emerging contaminants (Wang and Wang, Chemical 
Engineering Journal 334 (2018) 1502–1517)

Effect of AOP type on CECs: UV/free chlorine

Guo et al., 2018. Water Res. 147, 184‐194

Cerreta et al., in press Water Research 169, 115220, 
https://doi.org/10.1016/j.watres.2019.115220

Comparison of k0 of selected PPCPs in wastewater by the UV/chlorine and UV/H2O2 processes 
at pH 7. The inset shows the k0 of 7 PPCPs by the two processes with the enlarged view of y 
axis scale. Conditions: [PPCP]0 =1 mg/L, [chlorine]0 = [H2O2]0 = 50 mM, [EfOM]0 =3.5 mg/L

Chloroform formation after FC and UV-C/FC treatment, respectively: comparison 
between the end of the treatment (60 min) and 24 h and 48 h post-treatment incubation
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Effect of AOP type on CECs: sunlight/ Vs UV/PAA

Rizzo et al., 2019. Water Research 149, 272-281

Effect of AOPs type on CECs: oxidation interm. and toxicity

Maniakova et al., . Separation and Purification Technology, in press, 
https://doi.org/10.1016/j.seppur.2019.116249
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Effect of AOPs on CECs: oxidation interm. and toxicity

Advanced treatment of urban wastewater by ozonation

Iakovides et al., Water Research 159 (2019) 333‐347

Effect of AOPs on CECs: CECs uptake in crops

Advanced treatment of urban ww by sunlight/H2O2

Ferro et al., 2015. Environmental Science and Technology 49, 11096−11104.
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Can AOPs effectively control AR spread?

Effect of AOP type on AR

Solar photo Fenton (a), sunlight/H2O2

(b), sunlight/TiO2 and 
sunlight/TiO2/H2O2 (c).

Inactivation of multi‐drug resistant E. 
coli strain

(a)

(b) (c)

Ferro et al., 2015. Applied Catalysis B: Environmental 178, 65-73
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Effect of AOP type on AR: Sunlight/PAA

Rizzo et al., 2019. Water Research 149, 272-281

Inactivation of AR E. coli by sunlight/PAA in CPC: effect of initial PAA concentration in GW (a) and WW (b).

Effect of solar photo‐Fenton process in raceway pond reactors 
at neutral pH on antibiotic resistance determinants in 
secondary treated urban wastewater

Effect of AOP type on AR: solar photo Fenton

Fiorentino et al., 2019. Journal of Hazardous Materials 378, 120737, 
https://doi.org/10.1016/j.jhazmat.2019.06.014 
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Effect of AOP type on AR: sunlight/ Vs UV/H2O2

Ferro et al., 2016. Science of The Total Environment 560–561, 29–35. 

Guo et al. 2017, Journal of Hazardous Materials 323, 710–718

Effect of AOP type on AR: intra- Vs extra-cellular
Ferro et al., 2016. Science of The Total Environment 560–561, 29–35. 

Guo et al. 2017, Journal of Hazardous Materials 323, 710–718
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Effect of AOP type on AR: heterogeneous photocatalysis

ANSWER project, Marie Sklodowska-Curie 
Innovative Training Network (H2020-MSCA-
ITN- 2015/675530), 2015-2019.

Zammit et al., 2019. Catalysts 9, 222; doi:10.3390/catal9030222  

Effect of AOP operating conditions on AR: UV/PMS

Catalyst/oxidant dose

UV light source and intensity

Water matrix

pH

Target ARB and ARGs

Hu et al. 2019, Chem. Eng. J. 368, 888–895
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Effect of AOPs on AR
Most of the studies have been focused on the inactivation of specific bacterial 

indicators (e.g., E. coli)…

Fig. 5. E. coli inactivation by photo-Fenton processes, UV-C/H2O2, UV-C and H2O2. The 
behaviour of E. coli in absence of treatment is also included (control test in dark).

Fig. 6c. Effect of different processes on bacterial population measured by flow cytometry: 
proportion of inactive cells (C).

Fiorentino et al., 2018. Water Research 146, 206‐215,

but disinfection processes and specifically AOPs can reduce the total amount of 
bacterial cells only to some extent…

Effect of AOPs on AR
…. they can select for the bacterial population (Alexander et al., 2016)…

Alexander et al., 2016 Sci. Total Environ. 559, 103–112

Fiorentino et al., 2017. Environmental Science and Pollution Research 
24, 1871–1879.

… and result in genetic mutation too (Fiorentino et al., 2017)…

… thus potentially affecting AR spread
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Conclusions/take home 
messages/pending questions

AOPs can effectively reduce CECs in secondary treated urban 
wastewater however, due to the formation of oxidation intermediates…

AOPs can inactivate different bacteria but, in doing so, they also select 
for bacterial population …

…will this finally affect antibiotic resistance transfer and spread? 

The effect of AOPs on ARGs depends on the AOP, target ARGs, ww 
characteristics and operating conditions, which may be not sustainable at 
full scale …

…further work is needed to evaluate if AOPs can effectively control 
antibiotic resistance spread.

….toxicity should be monitored to find the right time to stop the process 
and make treated ww less toxic.
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