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Addressing main challenges in the tertiary
treatment of urban wastewater: are homogeneous
photodriven AOPs the answer?

Luigi Rizzo

Homogeneous photodriven advanced oxidation processes (HP-AOPs) have been increasingly investigated in

past years as a possible alternative solution to conventional tertiary treatment methods of urban wastewater.

Despite the encouraging results in successfully addressing some of the main challenges, such as pathogen

inactivation, removal of contaminants of emerging concerns (CECs), and antibiotic resistance (AR) control,

their full-scale application is still poor. In this review, the main challenges in the tertiary treatment of urban

wastewater are identified and the advances of HP-AOPs in addressing such challenges are critically discussed,

emphasizing the respective advantages and drawbacks, even compared to consolidated tertiary treatment

methods. Differences between solar- and UV-driven HP-AOPs, acidic vs. neutral pH photo-Fenton, as well as

between homogeneous and heterogeneous photodriven AOPs are also analyzed and critically discussed. An

approach for selecting model pollutants (e.g., CECs, pathogens, and AR indicators) as well as to validate under

realistic conditions the results achieved under controlled laboratory conditions is also recommended. The

most relevant issues and gaps in the knowledge are identified and discussed. A large number of investigations

available in the scientific literature strongly support the capacity of HP-AOPs to effectively address the

challenges in the tertiary treatment of urban wastewater, and the time for their full-scale application is almost

mature. While the UV/H2O2 process is already applied as a final step in potable water reuse treatment trains,

solar photo-Fenton has been quite exhaustively and successfully investigated in the tertiary treatment of urban

wastewater so far and it is expected to be implemented at full scale in raceway pond reactors. In conclusion,

10 recommendations to take into account when designing the experimental plan are provided. Hopefully, this

manuscript is also useful to water professionals and managers to learn possible effective and sustainable

alternatives to conventional processes.

1. Introduction

Synthetic or natural chemicals such as active ingredients of
pharmaceuticals and personal care products, pesticides, and
flame retardants, also grouped as contaminants of emerging
concern (CECs), are being continuously released in the
environment.1 Though some of them occur at low
concentrations in freshwater and wastewater (in the range of
ng L−1–μg L−1), they still result in toxic effects.1,2 Moreover,

among pharmaceuticals, the occurrence of antibiotics in the
environment is a reason of further concern due to their
contribution to the spread of antibiotic resistance (AR).3,4 In
addition to such pollutants of concern, microplastics also
result in a serious threat to the environment.5 Urban
wastewater treatment plants (WTPs) are among the main
hotspots for the release of all these pollutants into the
environment because, due to the lack of specific regulations
in most countries, they are not designed to specifically
remove them.6 To improve the removal of such pollutants,
most existing WTPs should be upgraded and new WTPs
should be designed with proper (tertiary) treatment methods.
While microplastics can be effectively removed through
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Urban wastewater treatment plants (WTPs) are the main hotspots for the release of contaminants of emerging concern into the environment and
determinants of antibiotic resistance. Homogenous photodriven advanced oxidation processes are among the most investigated and potentially successful
solutions to address such challenges. Their investigation as tertiary treatment processes in WTPs is critically reviewed and recommendations to improve
the experimental design and accelerate their full-scale application are provided.
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(advanced) separation methods,7 for CECs and AR
determinants, such as antibiotic-resistant bacteria (ARB) and
genes (ARGs), separation and biological processes are poorly
effective or completely ineffective;6,8 thus, other solutions
should be investigated and implemented. Advanced oxidation
processes (AOPs) have been widely and successfully
investigated at the lab and pilot scale, in the removal of most
CECs6 as well as in the inactivation of ARB and ARGs,9 in
particular, the so-called homogenous photodriven AOPs (HP-
AOPs). HP-AOPs have attracted increasing interest from the
scientific community because they are more effective than
other AOPs in the removal of the abovementioned pollutants
and potentially easy to upscale.6 However, these processes
are not yet applied at the full scale because of the lack of
specific regulations on CECs (except Switzerland), as well as
ARB and ARGs that do not make HP-AOPs economically
competitive with conventional tertiary treatment methods.
However, the increasing interest and awareness about the
risk related to their release into the environment has brought
the problem to the attention of the competent authorities,
which in some cases have taken the action of monitoring
specific contaminants (such as in Europe with the EU watch
list (WL)10), suggesting a forthcoming regulation. A positive
step in this direction at the European level comes from the
recent approval of the first EU regulation on wastewater reuse
(Regulation 2020/741).11 It will come in force in the EU
countries on June 2023, and the relevant stakeholders are
expected to finalize a risk assessment plan where the CECs,
AR determinants, and microplastics, among other pollutants,
should also be taken into account. If one or more of the
corresponding indicators should be higher than the
respective risk threshold value, the WTP should be upgraded
or designed accordingly.

In this review paper, HP-AOPs and challenges in the
tertiary treatment of urban wastewater are first introduced
(in chapters 2 and 3, respectively). Subsequently, the
advances in the investigation of HP-AOPs application to
urban wastewater treatment in addressing such challenges
are critically discussed (chapter 4), emphasizing the
respective advantages and drawbacks, even compared to
consolidated tertiary treatment methods (chapter 7). A
focus on specific issues including differences between
solar and UV driven HP-AOPs (chapter 5), acidic vs.
neutral pH photo-Fenton process (paragraph 4.1.1), as well
as between homogeneous and heterogeneous photodriven
AOPs (chapter 6) are also analyzed and critically discussed.
An approach for selecting the model pollutants (e.g.,
CECs, pathogens, and AR indicators) as well as to validate
under realistic conditions results achieved under
controlled laboratory conditions is recommended
(paragraph 3.7). A comparison among tertiary treatment
methods under realistic conditions and different end-
points as well as respective advantages and drawbacks are
discussed and summarized (chapter 8). Finally, 10
recommendations to take into account when designing the
experimental plan are provided (chapter 9).

2. Homogeneous photodriven
advanced oxidation processes (HP-
AOPs)

AOPs produce highly oxidizing species, including reactive
oxygen species (ROS) and radicals, which are among the
most powerful substances that can degrade organic
pollutants, oxidize inorganic species, and inactivate several
microorganisms. AOPs include homogeneous (e.g., UV/
H2O2, Fenton, photo Fenton, ozonation, and UV/Cl2) and
heterogeneous (solid semiconductors + light source, such
as UV/TiO2 and heterogeneous photo-Fenton) processes.
Among homogeneous processes, HP-AOPs have attracted
increasing interest from the scientific community due to
their efficiency in the removal of several contaminants
and inactivation of microorganisms as well as their
potential for short-term application at full scale as tertiary
treatment methods of urban wastewater.6 In the following
paragraphs, the most investigated HP-AOPs are briefly
introduced.

2.1 Photo-Fenton and photo-Fenton-like processes

Fe(III) hydroxy complexes such as Fe(OH)2+ and Fe2(OH)2
4+,

which occur in aqueous solutions under acidic pH
conditions, absorb light in the UV and the visible regions. In
particular, Fe(OH)2+, the most important species, results in
the formation of Fe2+ and hydroxyl radical (HO˙), according
to the following reaction.12

Fe(OH)2+ + hν → Fe2+ + HO˙ (1)

Luigi Rizzo

Luigi Rizzo is Associate Professor
in Sanitary and Environmental
Engineering at University of
Salerno (Italy). He is Coordinator
of the “International PhD School
on Advanced Oxidation
processes”, external expert of
European Commission
Committees, editor of “Water
Science and Technology” journal,
and associate editor of the
“Journal of Environmental
Chemical Engineering”. His main
research interest is water/

wastewater treatment by advanced oxidation processes (AOPs). He
has published 150 papers (107 in peer-reviewed and indexed
journals) (8100 citations and 45 h-index in SCOPUS). He was
ranked 82th (out of 77304) in the category Environmental Science
according to Stanford's “Top 100000 Scientists (2020)” list.

Environmental Science: Water Research & TechnologyCritical review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
6.

10
.2

02
4 

18
:2

0:
41

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ew00146b


Environ. Sci.: Water Res. Technol., 2022, 8, 2145–2169 | 2147This journal is © The Royal Society of Chemistry 2022

The reduced iron can react with H2O2 to produce HO˙ and
Fe3+ (2), which in turn results in the formation of Fe2+ and
HO˙ under UV radiation (3).

Fe2+ + H2O2 → Fe3+ + OH− + HO˙ (2)

Fe3+ + H2O + hν → Fe2+ + H+ + HO˙ (3)

The efficiency of the photo-Fenton process in the removal of
the target pollutants in aqueous matrices depends on the
emission spectrum of the light source, the concentration and
absorbance of the photoactive species, the characteristics of
the aqueous matrix in terms of oxidant demand, as well as
the occurrence and concentration of other light-absorbing
species, which finally result in the so-called inner filter
effect.12–14 It is noteworthy that Fe(III) complexes are
characterized by higher absorbance and quantum yield than
dissolved Fe(III), and therefore may be more important in
photo-Fenton systems.12

As the photo-Fenton process is typically effective under
acidic pH (<3) conditions, it is not an attractive option for
water and urban wastewater treatment because they are
characterized by neutral pH. Therefore, the target aqueous
matrix should be first acidified and subsequently neutralized
before effluent (re)use or disposal, leading to sludge
formation and increased treatment costs. Different
approaches have been investigated to overcome these
limitations, including (i) process operation at mild
conditions (low reagent concentrations, particularly of the
metal to minimize its precipitation at pH >3);15 (ii) use of
chelating agents (e.g., ethylenediamine-N,N′-disuccinic acid
(EDDS) and nitrilotriacetic acid (NTA)) to form complexes
with the metal and avoid its precipitation at neutral pH;16,17

(iii) heterogeneous photo-Fenton process;18,19 and (iv) non-
iron Fenton catalysts.20,21 Fe(III) forms complexes with some
organic compounds, typically characterized by higher molar
absorption coefficients in the near-UV and visible regions
than aqueous complexes. Their excitation leads to the
production of Fe2+ and a ligand radical (4) with wavelength-
dependent quantum yields.12

FeIII Lð Þn þ hv→ FeII Lð Þn−1 þ L ȯx (4)

2.2 UV/H2O2

Hydrogen peroxide photolysis through UV light produces the
HO˙ radical, according to the following reaction.

H2O2 + hν → 2HO˙ (5)

Although the photolysis of H2O2 is characterized by a
relatively high quantum yield (Φ ∼1 for HO˙ production, and
∼0.5 for H2O2 loss), its contribution to the degradation of the
target pollutants in real water matrices may be reduced due
to the absorption of light by dissolved organic matter.12,22

Moreover, H2O2 overdosing results in HO˙ scavenging with
the formation of HO2˙ (6).

23

H2O2 + HO˙ → HO2˙ + H2O (6)

Despite these limitations, it is possibly the only HP-AOP
applied at full scale so far in potable water reuse,24,25 and is
used as a benchmark in different research works for
comparison with other AOPs or treatment methods.

2.3 UV/free chlorine

UV/free chlorine process (UV/FC) has been recently
investigated in the degradation of a variety of pollutants
in aqueous matrices.26,27 The formation of radicals is
strongly affected by the pH of the aqueous solution
because when chlorine (e.g., gas or hypochlorite) is added
to water, hypochlorous acid (HOCl) is almost
instantaneously formed and, being a weak acid, it
dissociates to form hydrogen and hypochlorite ion (OCl−).
When FC (HOCl + OCl−) aqueous solution is irradiated by
UV light, HO˙ and chlorine radicals are produced
according to the following reactions.28–30

HOCl + hν → HO˙ + ˙Cl (7)

OCl− + hν → O˙− + ˙Cl (8)

O˙− + H+ → HO˙ (9)

HOCl + HO˙ → + ClO˙ + H2O (10)

OCl− + HO˙ → + ClO˙ + OH− (11)

HOCl + Cl˙ → ClO˙ + H+ + Cl− (12)

OCl− + Cl˙ → ClO˙ + Cl− (13)

This process is arousing growing interest as a possible
alternative to the UV/H2O2 process25 or as a solution to limit
the formation of chlorination byproducts.31

2.4 UV/peracetic acid

The formation of chlorination byproducts and chlorine
toxicity have increased the interest toward the use of less
toxic chemicals in wastewater disinfection. Peracetic acid
(PAA) has been increasingly used in WTPs as an alternative to
the chlorination process.32–34 PAA (CH3CO3H) aqueous
solutions include a mixture of acetic acid (CH3COOH), H2O2,
PAA, and water, according to the following reaction.

CH3COOH + H2O2 ↔ CH3CO3H + H2O (14)

Coupling PAA with a light source results in the formation of
hydroxyl and organic radicals, according to the following
reaction.35

Environmental Science: Water Research & Technology Critical review
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CH3CO3H + hν → CH3COO˙ + HO˙ (15)

UV/PAA has been recently investigated in the removal of CECs
as well as in the inactivation of bacteria in wastewater.36,37

2.5 Sulfate radicals

Sulfate radical (SO4˙
−)-based AOPs rely on the formation of

highly reactive and short-lived SO4˙
− by cleaving the peroxide

bond in the persulfate (PS) molecule via energy and electron
transfer reactions.38–40 These processes have been attracting
a lot of interest in the scientific community due to several
potential advantages compared to HO˙-based AOPs including
(i) higher redox potential, (ii) higher radical formation yield,
(iii) a wider variety of methods for PS activation (e.g., UV
radiation, heat, reduced metals, metal oxides, and some
composites), (iv) less dependence on the operational
parameters (in particular on pH), and (v) lower costs of
storage and transportation of PS salts.40 Similar to ˙OH-based
AOPs, SO4˙

−-based AOPs efficiency is negatively affected by
the occurrence and concentration of natural organic matter
(NOM), but to a lower extent.41 However, unlike ˙OH-based
AOPs, the efficiency of SO4˙

− AOPs is substrate specific,
making these processes effective in the removal of selected
target pollutants rather than in the removal of a wide variety
of pollutants from complex aqueous matrices.40

3. Challenges in the tertiary treatment
of urban wastewater
3.1 Contaminants of emerging concern

CECs are synthetic or natural chemicals commonly detected
in the environment that are suspected to have adverse
ecological and/or human health effects.8 In particular, they
include pharmaceuticals, personal care products, pesticides,
and flame retardants, and are typically detected in freshwater
and wastewater at concentrations in the range of ng L−1–μg
L−1.42 Conventional urban WTPs are among the main point
sources of their release into the environment because they
have not been designed for their removal.8 Due to their poor
biodegradability, CECs accumulate into the environment with
possible chronic toxic and human health (through food
chain) effects.2 Moreover, WTPs effluents reuse is also a
cause for concern because CECs can accumulate in plants
irrigated with treated wastewater with possible adverse effects
on human health43,44 and ecosystems as well as on crop
performance and quality.45 The results from the scientific
literature have increased the awareness among stakeholders
and policy makers about the risks related to the release of
CECs into the environment;46 despite the determination of
target pollutants and their concentrations being difficult to
regulate, some steps forward have been taken. For example,
Switzerland implemented a new Water Protection Act in
2016, which regulates the removal of a group of CECs from
urban wastewater.47 In 2015, the European Commission
established the first surface water WL under the Water

Framework Directive, a mechanism for obtaining Union-wide
monitoring data on CECs and substances that may pose a
significant risk to or via the aquatic environment.10 The list
was updated in 2018 when the insecticide metaflumizone
and the antibiotics amoxicillin and ciprofloxacin were
added,48 and recently, candidate substances for the 3rd WL
have been proposed.49 Moreover, the European Union
recently introduced a risk assessment-based approach to
identify additional water quality requirements in wastewater
reuse regulation (EU 2020/741), including “(d)
pharmaceuticals; (e) other substances of emerging concern;
and (f) anti-microbial resistance”, which are necessary to
ensure the sufficient protection of the environment and of
human and animal health in wastewater reuse practices.11

Ozonation and activated carbon adsorption (AC) are
considered among the best available technologies (BATs) to
remove CECs from secondary-treated urban wastewater, and
they have been implemented at full scale in different
countries, including the USA,50 Italy,51 Switzerland, and
Germany.52 Unfortunately, ozonation results in the formation
of toxic oxidation/disinfection byproducts, and AC treatment
is not effective in the inactivation of bacteria. Therefore,
alternative options, such as HP-AOPs, have been successfully
investigated as tertiary treatment methods for urban
wastewater.6

3.2 Antibiotic resistance

The overuse and misuse of antibiotics promote the spread of
AR in clinical settings and the environment through mobile
genetic elements, including ARB and ARGs.53,54 WTPs are
among the main hotspots for the dissemination of AR into
the environment.4 Biological secondary treatment promotes
bacterial growth under selective pressures of antibiotics,
heavy metals, and other pollutants that may act as co-
selectors.55,56 Besides vertical gene transfer (VGT) from
parent to offspring, AR spread can take place through
different horizontal gene transfer (HGT) mechanisms,
including conjugation, transformation, and transduction
(Fig. 1).57

Recently, another mechanism named vesiduction,
mediated by membrane vesicles, has been proposed as an
additional pathway for AR as it plays an essential role in the
HGT of ARGs, especially at the bacterial biofilm of water
environments.58 WTPs are designed to meet the limits set by
national regulations for effluent disposal or reuse; therefore,
no treatment unit in the WTP is designed to minimize the
release of AR determinants (antibiotics, ARB, and ARGs), with
the result that they are continuously released into the
environment.4 Even the currently applied disinfection
methods may not be effective in controlling AR spread,59,60

and the presently used methods for monitoring the process
efficiency do not allow to characterize such a risk.61 In
particular conditions, the disinfection process may even
increase AR transfer. Chlorination was found to promote the
exchange of ARGs across bacterial genera by natural
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transformation.62 In particular, the authors observed that
chlorine-tolerant injured bacteria resulted in higher plasmid
transformation frequency than untreated bacteria.

3.3 Toxicity

Chemicals typically used in wastewater disinfection can result
in possible adverse effects on the receiving ecosystem.
Chlorination, the most widely used disinfectant in
wastewater treatment, resulted in cytotoxicity in Chinese
hamster ovary cells in partially treated agricultural
wastewater effluents collected from two vegetable farms.63 In
particular, a higher applied cumulative disinfectant
concentration over time (Ct) (6.8 times higher) increased the
toxicity by 1.27-fold as compared to the lower Ct value (P <

0.05). When chlorination was compared to the UV/H2O2

process in surface water disinfection in terms of pathogen
inactivation and cytotoxicity potential (by means of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenylte-trazolium colorimetric
test on a human-derived cell line), 120 min treatment was
necessary to reduce the cytotoxicity of UV/H2O2 at the control
level, while cytotoxicity was always higher than the control
test for the chlorination process even after an unrealistic
treatment time (420 min).64 Although ozonation was found to
be less cytotoxic than chlorination in agricultural
wastewater,63 phyto- and eco-toxicity were observed to

increase in ozonated urban wastewater.65 In Germany, the
chemical disinfection of wastewater was stopped in the 1990s
because of the toxic impact of chemicals on the aquatic
flora.66 Due to the toxic effects of chlorine and ozone on
disinfected wastewater, in the recent years, alternative
disinfection processes have been implemented in full-scale
WTPs, including UV-C radiation and PAA. In particular, in
Italy, PAA has been implemented in several WTPs to replace
the chlorination process34,67 because WTPs effluents
disinfected with PAA result in limited toxic, mutagenic, and
genotoxic effects on different aquatic organisms compared to
the chlorination process.68 Although they do not result in the
formation of known/regulated disinfection byproducts
(DBPs), AOPs may promote the formation of oxidation
intermediates more toxic than the parent compounds.69,70

3.4 Disinfection and disinfection byproducts

Typically, the last step in the urban wastewater treatment
train is disinfection, which aims to minimize the release of
pathogens into the environment. Urban wastewater
disinfection is performed through chemical (e.g., chlorine gas
or hypochlorites, ozone, and PAA) or physical (UV-C
radiation) agents. Chemical disinfectants, such as chlorine,
inactivate bacteria primarily by damaging the outer cell
membrane and subsequently the cytoplasmic components,

Fig. 1 Mechanisms of horizontal gene transfer. Reprinted.57
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but they are not effective against all bacteria which, if only
damaged, can regrow.71 Moreover, most common chemical
disinfectants result in the formation of toxic DBPs, such as
trihalomethanes (THMs), haloacetic acids (for chlorination),
bromates, and nitrosodymethylamine (for ozonation).72,73

Resistant pathogens and/or stringent limits (such as those
for wastewater reuse) ask for increased chemical disinfectant
doses, consequently resulting in higher concentrations of
DBPs. UV-C disinfection directly targets intracellular DNA
which, under favorable post-treatment conditions, can be
repaired, thus enhancing cell viability and leading to
bacterial regrowth.74 AOPs do not result in the formation of
known/regulated DBPs, and the produced radicals can cause
oxidative damage to bacterial cells, including lipid
peroxidation and protein oxidation.9

3.5 Wastewater reuse (and bacterial regrowth)

Wastewater reuse, in particular for crops irrigation, is an
increasingly applied practice in several countries because of
the water scarcity problem (even worsened by climate
changes) and increasing water demand.75,76 One of the main
challenges in wastewater reuse is to meet the stringent limits
of specific bacterial indicators. According to the recently
established EU Regulation on wastewater reuse (2020/741),
the limit for E. coli to meet for “class A” effluents is <10
CFU/100 mL.11 Moreover, a preliminary validation
monitoring is requested to assess whether the performance
targets (log 10 reduction) are complied with (Table 1). The
indicator microorganisms selected are E. coli for pathogenic
bacteria, F-specific coliphages, somatic coliphages, or
coliphages for pathogenic viruses, and Clostridium perfringens
spores or spore-forming sulfate-reducing bacteria for
protozoa.

Bacterial regrowth after disinfection is a serious
problem in wastewater treatment and reuse for crop
irrigation due to the risk to public health. Although the
mechanisms of light and photodriven disinfection
processes (i.e., during storage before reuse) remain poorly
understood, bacterial regrowth can occur through (i)
reactivation from a viable but non-culturable state as
environmental conditions are no longer stressful for the

bacterial community, (ii) repair of photo-induced DNA
damage, and (iii) reproduction of disinfection-resistant
bacteria.74 Apparently, contrasting results are available in
the scientific literature on the effect of wastewater
disinfection processes, but such discrepancies depend on
the different operating conditions (e.g., mild vs. intensive
disinfectant/UV light doses, reactor design, and wastewater
characteristics) and analytical methods. A poor
experimental design and using just cultivation methods do
not allow a reliable characterization of the potential for
bacterial regrowth under realistic conditions. Flow
cytometry and qPCR applied on 24 h/48 h-incubated
disinfected samples have been recommended as
complementary methods to plate counting to learn if the
changes in bacterial density take place after a sufficient
post-disinfection storage time.61

3.6 Microplastics

Plastic debris and particles with characteristic size between 1
and 5 mm are commonly defined as microplastics (MPs),77

while those smaller than 1 mm are categorized as
nanoplastics (NPs).78 Major concerns are related to their
release into the environment because they can be accidentally
ingested, with adverse effect on different organisms even
through the food chain.5 When they reach the WTPs through
sewage, and although WTPs are not designed to remove
them, they are quite effectively removed in different
treatment steps.79 Nevertheless, the amount of MPs and NPs
in the effluents of WTPs is still high, being estimated in the
range of 24–209% due to the possible fragmentation of MPs
in NPs during the treatment steps.79 Although disinfection
methods, including ozonation,80 UV radiation, and
chlorination,81 have been found to reduce the MPs to some
extent in wastewater as well as to impact their integrity,79 the
most effective methods include separation processes,
particularly membrane-based technologies.7 Therefore,
although MPs and NPs have been introduced as challenging
pollutants in wastewater treatment, their removal by HP-
AOPs has not received particular attention by the scientific
community so far and will not be reviewed and discussed in
this paper.

Table 1 Validation monitoring of “class A”a reclaimed water for agricultural irrigation (Table 4, EU regulation 2020/741)11

Indicator microorganismsb Performance targets for the treatment chain (log 10 reduction)

E. coli ≥5.0
Total coliphages/F-specific coliphages/somatic coliphages/coliphagesc ≥6.0
Clostridium perfringens spores/spore-forming sulfate-reducing bacteriad ≥4.0 (in case of Clostridium perfringens spores)

≥5.0 (in case of spore-forming sulfate-reducing bacteria)

a All food crops consumed raw, where the edible part is in direct contact with reclaimed water and root crops consumed raw. All irrigation
methods. b The reference pathogens Campylobacter, rotavirus, and Cryptosporidium may also be used for validation monitoring purposes
instead of the proposed indicator microorganisms. The following log 10 reduction performance targets shall then apply: Campylobacter (≥5.0),
rotavirus (≥6.0), and Cryptosporidium (≥5.0). c Total coliphages is selected as the most appropriate viral indicator. However, if the analysis of
total coliphages is not feasible, at least one of them (F-specific or somatic coliphages) shall be analyzed. d Clostridium perfringens spores is
selected as the most appropriate protozoa indicator. However, spore-forming sulfate-reducing bacteria are an alternative if the concentration of
Clostridium perfringens spores does not make it possible to validate the requested log 10 removal.
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3.7 CECs removal, pathogens inactivation, and AR control:
selection of model pollutants and validation tests under
realistic conditions

3.7.1 CECs removal. HP-AOPs have been widely
investigated for the removal of CECs and the inactivation of
pathogens. The effect of radicals on CECs and pathogens also
depends on the target pollutant/microorganism. For example,
carbamazepine (CBZ) has been widely investigated as the
model CEC and it is quite refractory to the oxidation/
degradation by HP-AOPs compared to other model CECs,82–84

which make it a good indicator to compare different
processes. On the other hand, diclofenac is easily degraded
by HP-AOPs and although it has also been widely used as a
model CEC, particularly because of its possible toxic effects,
it is not a good indicator to compare different HP-AOPs
because it is quite photosensitive.82,83 However, these
examples show that the two mechanisms should be also
taken into account when selecting the target CECs, namely,
direct photolysis and indirect photolysis. Although the
reactivity of CBZ toward hydroxyl and sulfate radicals is high
and similar to that of other CECs, its degradation in urban
wastewater drastically decreases.85 This compound is less
degraded by direct/indirect photolysis. Direct photolysis
mechanism depends on the type and intensity of radiation,
compound concentration, and characteristics of the
wastewater, and indirect photolysis depends on the
generation of ROS or excited triplet states from the photolysis
of NOM, some inorganics, or even other pollutants occurring
in the secondary effluent.86–88 Wastewater contains
bicarbonate (HCO3

−) and carbonate (CO3
2−) ions, which can

be transformed to carbonate radical anion (CO3˙
−) when

secondary urban wastewater is treated by AOPs to remove
CECs, and play a role in their degradation.89

CECs can also be sensitive to water temperature, which
may cause the overestimation of HP-AOPs efficiency,
particularly in solar-driven applications. This is the case of
antibiotic chloramphenicol, which has been investigated as a
model CEC because of its occurrence in surface water and
wastewater and its carcinogenic effects, and it was found to
be degraded (25%) already at 40 °C after 180 min exposure.90

Accordingly, the correct approach for selecting the most
suitable model CEC (or mixture of CECs) for evaluating the
effect of the investigated process as well as to compare
different processes should take into account not only its (i)
toxicity, (ii) frequency, and concentration at which it is
detected in water and wastewater, (iii) its relevance for the
specific case study, and (iv) final use (e.g., disposal or reuse)
of the treated effluent, but also its possible refractoriness to
the investigated process or its sensitivity to the corresponding
control tests. Moreover, the tests should not be finalized only
in deionized water solutions or simulated wastewater using
non-realistic concentrations (mg L−1) of the target CEC, but
also in real (secondary treated) wastewater (eventually spiked
with 100–200 μg L−1 initial concentrations, if the analytical
instrument (e.g., UPLC) and method do not allow to detect

the real concentration (ng L−1) at which the target CEC occurs
in the real wastewater sample). It is well known that the
wastewater matrix can drastically affect AOPs efficiency due
to the occurrence of organic matter and radical scavengers;91

therefore, operating the process only in deionized aqueous
solutions or simulated water/wastewater may significantly
overestimate the process efficiency.15,82

3.7.2 Pathogen inactivation. If the scope of the
investigation is to evaluate the disinfection process efficiency
to make the effluent in compliance with specific regulations,
the model pathogens should be selected according to the
relevant regulation, taking into account the possible fate of
the treated wastewater, namely, disposal into the
environment or reuse. The limit for wastewater reuse is
typically really stringent compared to the standard for
effluent disposal into a receiving water body. For example, in
Italy, 10 E. coli/100 mL (set by Ministry Decree 93/2006) and
5000 E. coli/100 mL (set by Legislative Decree 152/2006) are
the limit and the guide value for the reuse and effluent
disposal in surface water, respectively. However, when the
scope of the study is to evaluate the effect on particular
microorganisms, which are suspected to be resistant to
disinfection processes and/or are not yet regulated, other
microorganisms can be selected accordingly. In order to
achieve reliable results, disinfection tests on indigenous
microorganisms in real wastewater matrix should also be
performed to validate the results observed under laboratory-
controlled conditions using lab growth microorganisms in
saline solutions. This approach is strongly recommended as
the optimum conditions have been identified because
indigenous pathogens can be more resistant to disinfection
process than their respective lab-grown counterparts.92

3.7.3 AR control. Unlike CECs and pathogens, inconsistent
and incomplete information/data are available on the
possible control of AR spread by AOPs. Such inconsistency in
the results available in the scientific literature and, above all,
in the conclusions withdrawn by the respective research
groups, also depends on the fact that no accepted/shared
indicators are available, and when reference is made to some
indicators (for example, the abundance and type of ARB and
ARGs), the available data are not yet sufficient to identify
unique and shared threshold values, and it is difficult to
predict if it will ever be possible to do it.61 However, some
recommendations on possible indicators/model pollutants
can be provided according to the mechanisms of AR transfer
explained in paragraph 3.2. The conjugation mechanism
suggests that the abundance of bacterial cells can be an
indicator of the potential for AR transfer; therefore, if the
disinfection process drastically decreases the bacterial
abundance, we can reasonably assume that the risk of AR
transfer decreases accordingly. However, withdrawing the
conclusion that the risk of AR has been significantly reduced
because antibiotic resistant strain cells of a specific bacterial
family were effectively inactivated is a conclusion not
supported by sufficient evidence for different reasons: (i) the
target AR bacterial family is only a small fraction of the whole
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bacterial population typically occurring in wastewater; (ii) the
disinfection process possibly selected for the bacterial
population by increasing the relative abundance of other
bacterial families more resistant than the target one and
eventually with higher potential to transfer AR; (iii) the
disinfection process will result in a release of ARGs and other
mobile genetic elements from damaged/death bacterial cells,
which may still contribute to AR transfer through
transduction and natural transformation mechanisms,
respectively. Therefore, the cultivation methods for the
enumeration of the general bacterial population (such as
total coliforms, faecal coliforms, and heterotrophic plate
count), eventually coupled to flow cytometry and the
quantification of relevant ARGs through quantitative real
time polymerase reaction (qPCR), should be used to evaluate
the relative efficiency of the investigated disinfection process
compared to a consolidated one in terms of AR control.93,94

4. Tertiary treatment of urban
wastewater by HP-AOPs

In this paragraph, the investigation of HP-AOPs as tertiary
treatment methods of urban wastewater and particularly their
effect on CECs and AR is discussed. Noteworthily, while the
removal of CECs by different HP-AOIPs has been widely
investigated, AR has attracted the interest of the scientific
community working on AOPs only recently; the need for
molecular methods to analyze ARGs and better characterize
the effect of treatment processes on AR make such an
investigation difficult, thus explaining the lower number of
manuscripts available in the scientific literature on this topic.
Moreover, the higher complexity of biological/molecular

characterization compared to chemical analysis has resulted
in some inconsistency among the different results published
so far. Although AOPs can successfully inactivate ARB in
urban wastewater,71,95,96 this may be not sufficient to
effectively reduce the risk of AR spread through HGT
mechanisms due to the release of mobile genetic elements
(including ARGs) from damaged/death bacterial cells and the
results achieved at the lab scale under controlled conditions,
far from the realistic ones, may overestimate HP-AOPs
efficiency in controlling AR spread.

4.1 Photo-Fenton process

The (photo-)Fenton process is typically effective under acidic
pH conditions (optimum <3); therefore, to make the process
more attractive as a tertiary treatment method of urban
wastewater, the use of chelating agents has been investigated
to make the process effective even under neutral pH
conditions.

4.1.1 Acidic vs. neutral pH conditions: are chelating agents
an effective/sustainable solution for the tertiary treatment of
urban wastewater?. The (photo-)Fenton reaction is effective at
pH <3 because as the pH increases, iron starts to precipitate
drastically, thus reducing the process efficiency. Therefore,
different strategies have been investigated so far, including
heterogeneous photo-Fenton process,97 mild conditions,15

and addition of chelating agents to form complexes with iron
and minimize metal precipitation at neutral pH.16 The use of
chelating agents in the photo-Fenton process has been widely
investigated in the tertiary treatment of urban wastewater for
disinfection,98 CECs removal,99 and AR control100 because it
allows to avoid the typical drawbacks of the acidic pH

Table 2 Advantages and drawbacks of chelating agents typically used in photo-Fenton treatment

Chelating
agent Advantages Drawbacks Ref.

EDDS High biodegradability Lower bacterial inactivation efficiency (E. coli and total
coliform) compared to other chelating agents,
sunlight/H2O2, and ozonation

14, 16,
17,
103–106

Wide pH range (3–9) applicability Stability drastically affected by temperature
No toxicity Expensive compared to other chelating agents
Good efficiency in CECs removal (>60%) from
secondary-treated wastewater

EDTA High stability Poor biodegradability 14, 17,
107, 101Good efficiency in CECs removal (77% of

sulfamethoxazole) from secondary-treated wastewater
It can contribute to aquatic toxicity
Lower E. coli inactivation efficiency compared to EDDS

NTA High stability during SPF Potentially carcinogenic to humans 101–112
High biodegradability
Good efficiency in CECs removal (comparable to EDDS)
from secondary-treated wastewater
High inactivation of (lab) E. coli (6 log unit)
Cheaper than EDDS

OA High biodegradability Lower CECs removal efficiency compared to EDTA and NTA 16, 101
Complex preparation easier than other complexing agents Large amounts required for complexation, resulting in high

TOC and increased process cost
CA High biodegradability Higher CA dose (Fe : CA 1 : 4) compared to EDDS (Fe : EDDS

= 1 : 2) is requested to achieve comparable efficiencies
16, 102

High removal rate of CECs (90%), comparable to EDDS,
can be achieved but in low carbonates (5 mg L−1)
wastewater

Low reactivity with the metal compared to other chelating
agents
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process, including acidification, subsequent pH neutralization,
and sludge formation, with an expectedly increased process
cost. Among these, aminopolycarboxylic compounds such as
ethylene diaminetetraacetic acid (EDTA), ethylenediamine-N,N′-
disuccinic acid (EDDS), and nitrilotriacetic acid (NTA), can form
stable complexes with Fe3+ ions in a wide pH range, with
optimal ratio (Fe : L) in the range of 1 : 1.5–1 : 2.0.16 Two organic
acids, namely, oxalic (OA) and citric (CA) acids, have also been
investigated in the removal of CECs.101,102 The main advantages
and drawbacks of some chelating agents applied in photo-
Fenton treatment are summarized in Table 2.

However, a comparison between the solar photo-Fenton
(SPF) process operated under acidic and neutral pH
conditions for the removal of CECs from urban wastewater
led to some troubles regarding the supposedly higher
operating cost of the acidic SPF.103 Acidic pH option was
found to be cheaper than the neutral pH one, mainly due to
the impact of the chelating agent EDDS on the operating
costs. The 15 cm depth SPF raceway pond reactor (RPR) was
operated in continuous mode at 30 min HRT, 0.1 mM of iron
(5.58 mg L−1), 0.88 mM of H2O2, and treatment capacity of
2250 L m−2 d−1 for 7.5 h operation per day, with the aim to
achieve 80% CEC removal, and the total unitary costs were
estimated at 0.25 € per m3 and 0.56 € per m3 at acidic and
neutral pH, respectively. However, before making these
results conclusive, it should be taken into account that the
operation under acidic pH conditions increases the
conductivity of the effluent due to the acidification/
neutralization processes, making this option poorly attractive
in case of wastewater reuse for crop irrigation. Moreover, the
higher operating costs of the neutral pH condition is mainly
due to the use of EDDS as a chelating agent, which account
for 68% of such cost. Actually, the choice of the most
appropriate chelating agent for the SPF process is dictated by
the boundary conditions. The choice should fall on the
chelating agent, which results in a fair compromise among
the process efficiency, treatment scope, investment, and
management costs. For example, EDDS has proven to be
more effective than NTA in the removal of sulfamethoxazole
and imidacloprid from real secondary-treated urban
wastewater104 but less effective than other chelating agents in
the inactivation of E. coli and total coliforms.106 Therefore,
depending on the scope of the treatment (e.g., CECs removal,
bacteria inactivation, or both of them), the kinetics can be
faster or slower, consequently affecting the reactor volume
and investment costs. Moreover, EDDS is more expensive
than other chelating agents, which this will affect the
management costs. The investigation of new approaches as
well as alternative and cheaper chelating agents is desirable
and recommended to make the neutral pH process
competitive in terms of operating costs. This investigation
should not only evaluate the process efficiency in terms of
CECs removal, but it should take into account even (i) other
end points (namely, disinfection efficiency and final toxicity),
(ii) chelating agent stability and biodegradability, (iii)
eventually implementing LCA tools to make a final decision

on the most suitable approach for the tertiary treatment of
urban wastewater by SPF. Accordingly, some recent studies
have already moved in such directions. For example, López-
Vinent and co-authors investigated an alternative approach
by mixing different chelating agents (namely, EDDS, EDTA,
and diethylenetriamine pentaacetic acid (DTPA)) to overcome
the respective limitations.14 The best performance in
micropollutant degradation (propranolol, acetamiprid, and
sulfamethoxazole) and E.coli inactivation was observed for
the mixing between EDDS and EDTA.

4.1.2 Effect of the photo-Fenton process on antibiotic
resistance. When the efficiency of the SPF process in
controlling AR spread was investigated in RPR at neutral pH
(20 mg Fe2+ L−1, 50 mg H2O2 L−1) using real urban
wastewater, although E. coli and Enterococcus sp. cefotaxime
resistant bacteria were effectively inactivated (detection limit
(1 CFU mL−1) achieved after 30–40 min, 3.2–4.7 kJ L−1), no
ARGs removal was observed.113 Similar results on ARGs were
also observed when SPF (5 mg Fe2+ L−1, 50 mg H2O2 L−1, pH
3) was operated at the pilot scale through a compound
parabolic collector (CPC)-based reactor.100 The aqueous
matrix drastically affects the process efficiency. ARB
inactivation and ARGs removal rates by photo-Fenton with
EDDS as the chelating agent (0.1 : 0.2 : 0.3 mM of Fe(III) :
EDDS :H2O2) decreased significantly as the complexity of the
aqueous matrix increased, with removal rates in the order
deionized water > synthetic wastewater > real wastewater.114

When the experimental apparatus/reactor and operating
conditions were moved away from the real ones, different
results were observed. Giannakis et al. observed a good
efficiency of the SPF process on AR, but the operating
conditions (10 mg L−1 H2O2 and 1 mg L−1 Fe2+), experimental
apparatus (lab scale Suntest apparatus with a 150 W xenon
lamp and an irradiation level of 750 W m−2), and particularly
ARGs characterization (they were not quantified through
qPCR but monitored only through PCR) did not allow to
quantify the actual effect of the process on the target ARGs.96

In another work, Vilela et al. evaluated the effect of the SPF
process (50 mg L−1 of H2O2 and 30 mg L−1 of Fe2+, 60 min
treatment, neutral pH, 400 mL glass reactor placed inside a
solar simulator, 268 W m−2) on the inactivation of resistance-
conferring plasmids (RCPs) in synthetic secondary wastewater
(SWW) using lab-grown bacteria (E. coli BL21 transformed
with plasmids by heat-shock).115 The authors observed the
total inactivation of RCPs by SPF within 30 min treatment in
SWW. When the same research group investigated the effect
of SPF (using the same experimental apparatus and H2O2

and Fe2+ doses) on the removal of several ARGs in real
wastewater, the observed total removal for β-lactams and
fluoroquinolones ARGs after 240 min treatment was in the
range of 55–61%.116

4.2 UV/hydrogen peroxide

4.2.1 CECs removal. UV/H2O2 is a well-established process,
commonly used for organic contaminant control in drinking
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water treatment plants and as a disinfection/refining step in
wastewater-derived reverse osmosis permeate for
groundwater recharge.25 When the process was operated
under sunlight, the effect in terms of CECs degradation
(CBZ, flumequine (FLU), and thiabendazole (TBZ), 100 μg L−1

each) in secondary-treated urban wastewater was found to be
pollutant-specific and followed the order FLU > TBZ > CBZ
(94%, 50%, and 12% after 90 min treatment, cumulative
energy (QUV) = 4.6 kJ L−1).117 Taking into account that a small
amount of iron naturally occurs in water and wastewater, the
addition of H2O2 in the presence of sunlight can also
promote a photo-Fenton reaction, improving the radical
formation and the subsequent CECs removal. When the UV-
C/H2O2 process was investigated, the six target CECs were
removed >96% from three different secondary-treated
municipal wastewaters (activated sludge (AS) (99%) > moving
bed biofilm reactor (MBBR) (97%) > coagulation/flocculation
(96%)) after 5 min treatment, and 99–100% removal was
observed after 10 min treatment.118

4.2.2 Microorganisms' inactivation. H2O2 photolysis is
particularly effective in water and wastewater disinfection.
Sunlight/H2O2 can result in the inactivation rates of some log
units for different microorganisms in real wastewater.119,120

Agulló-Barceló et al. evaluated the effect of different solar-
driven AOPs on naturally occurring E. coli, spores of sulphite-
reducing clostridia (SRC), somatic coliphages (SPH), and
F-specific RNA bacteriophages (FBPH) and sunlight/H2O2 (20
mg L−1) process, resulting in 5.3, 3.0, and 2.3 log inactivation
for E. coli, FBPH, and SPH, respectively.119 Microorganisms
inactivation by the UV-C/H2O2 process in the range of 4 (2.5
min)–6 (10 min) log units in real treated municipal
wastewater was observed to depend on the type of the
treatment (namely, primary, AS, MBBR, and CF).121 As the
inactivation mechanisms of microorganisms by sunlight/or
UV-C/H2O2 processes are of concern, an intracellular photo-
Fenton reaction can also take place because H2O2 can diffuse
through the cell wall and subsequently react with naturally-
occurring iron inside the cell.122–124

4.2.3 Effect on AR. When the effect of the UV-C/H2O2

process (2.0 mM of H2O2, 500 mL reactor volume, 0.45 W
m−2, 80 min treatment) was investigated in the
inactivation of the AR E. coli J53 strain (3.45 × 106 CFU
mL−1) and its kanamycin (aphA) and tetracycline (tetA)
resistant genes inoculated in sterilized real tertiary treated
urban wastewater, the complete removal of both genomic
and plasmid DNA was observed unlike that of the control
test with the UV-C process.125 However, in a previous
work, Yoon et al. investigated the inactivation efficiency of
plasmid-encoded ARGs (ampR and kanR), both in the
extracellular form (e-ARG) and present within E. coli
(intracellular form, i-ARG) by the UV-C/H2O2 process (∼0.3
mW cm−2, 120 mL reactor volume, 10 mg L−1 of H2O2),
and observed almost the same rates of e-ARG removal
between UV-C control and UV-C/H2O2 in real wastewater,
unlike the phosphate-buffered solutions, where e-ARG
removal was faster for UV-C/H2O2 compared to UV-C

treatment.126 Zhang et al. also observed the significant
removal of ARGs (2.8–3.5 log of sul1, tetX, and tetG) by
UV-C/H2O2 (30 min treatment, UV-C fluence not provided)
in secondary-treated urban wastewater, but only under
conditions not feasible at full-scale (pH 3.5 and 340 mg
L−1 of H2O2).

127 Moreover, when the process was
investigated using a UV lamp emitting in the range of
320–450 nm under realistic conditions for wastewater
treatment (pH 7.6 and 20 mg L−1 of H2O2), it was not
effective in the removal of the target ARGs even after 240
min treatment.128

4.3 UV/free chlorine

UV/free chlorine (FC) process has been increasingly
investigated in the past years and it seems to be an attractive
alternative option to other AOPs in the tertiary treatment of
urban wastewater, such as UV/H2O2, typically applied as a
final step in potable water reuse treatment train.25

4.3.1 Bacterial inactivation, CECs removal, and effect on
chlorination byproducts. UV-C/FC, while effectively
inactivating bacteria129 and reducing CECs, did not result in
the significant formation of THMs (in particular, chloroform
(CLF)) compared to the chlorination process, even after 48 h
storage of treated wastewater (Fig. 2).31 Unlike the
chlorination process, where FC reacts with organic matter to
form THMs, in the UV-C/FC process, part of FC reacts with
UV-C radiation to form radicals and it is no longer available
to form THMs.31 These results are consistent with a
subsequently published work where the UV-C/FC process was
found to be more effective than the corresponding control
tests with UV-C radiation and chlorination in the control of
THMs and haloacetic acids.130

When compared to other HP-AOPs (namely, SPF and
sunlight/H2O2) and conventional disinfection methods
(chlorination and UV-C irradiation), the sunlight/FC process
was found to be the more effective one in the inactivation of

Fig. 2 Chloroform (CLF) 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 (Reprinted,31 Fig. 6,
copyright 2020, with permission from Elsevier).
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E. coli and Enterococcus as well as in controlling post-
treatment bacterial regrowth in inoculated roof-harvested
rainwater.131

4.3.2 Effect on AR. The experimental apparatus and
operating conditions strongly affect the process efficiency in
terms of ARGs inactivation, and completely different results
have been observed in the scientific literature, from high
removal to enrichment of the target ARGs after disinfection
treatment. The UV-C/FC process was more effective than UV-
C and chlorination as a standalone process in the removal of
tetM and blaTem genes from aqueous solutions.132 More
specifically, the UV-C/FC process (9.03 mW cm−2) reduced the
tetM and blaTem genes by 0.98–3.20 log and 1.28–3.36 log,
respectively, as the chlorine dose was increased from 0.5 to
20.0 mg L−1. However, when more realistic conditions were
investigated (real secondary-treated wastewater and 0.91 mW
cm−2 UV-C dose), the target ARGs (belonging to phenicol,
tetracycline, macrolide, fluoroquinolone, oxazolidinone, and
penam classes of antibiotics) were found to be enriched by
all the three disinfection treatments (UV-C, chlorination, and
UV-C/FC), the most prominent increase being observed for
UV-C/FC.130 These results are consistent with those observed
by Ping et al.133 that compared the effect of HP-AOPs
(including UV-C/FC process) with conventional disinfection
processes (namely, UV-C, chlorination, and PAA) in the
simultaneous removal of antibiotics and ARGs in real
secondary-treated wastewater. Low (18 mJ cm−2) and high
(108 mJ cm−2) UV doses (1 min and 6 min irradiation times)
and low NaClO concentration (3.92 mg L−1) were investigated,
and β-lactam (−35.9%) and macrolides (−12.0%) ARGs
remarkably increased after UV-C/FC treatment.

4.4 UV/PAA

The UV/PAA process has been poorly investigated as a tertiary
treatment of urban wastewater compared to other HP-AOPs.
Previous works have been mainly focused on bacterial
inactivation34,36,134,135 and, only recently, its effect on CECs
and AR has been addressed.37,82,133,136

4.4.1 Effect on CECs. Rizzo et al. investigated the effect of
the light source (sunlight Vs UV-C), water matrix
(groundwater Vs wastewater), and PAA initial concentration
on CECs.82 All the three variables investigated significantly
affected process efficiency. While the results in terms of CECs
degradation by sunlight/PAA are consistent with other solar-
driven AOPs, CBZ removal by UV-C/PAA (22% within 180 min,
1 mg L−1 of PAA, CBZ 100 μg L−1) was not in agreement with
the results observed by Cai et al. (90% within 30 min, 1 mg
L−1 of PAA, CBZ initial concentration 1 μM);37 however, even
these differences can be explained by the different
experimental set-up, reactor design, and operating
conditions. In order to evaluate the applicability of the UV/
PAA process as a tertiary treatment step of urban wastewater,
a comparison with other processes is necessary. According to
previous works available in scientific literature, the UV/PAA
process is less effective than the UV/H2O2 process in the

removal of CECs from both deionized aqueous solutions136

and real wastewater.90 Moreover, it is worthy to note that the
presence of H2O2 in the commercially-available PAA solutions
can significantly affect the removal efficiency of the target
pollutants by the UV/PAA process. When H2O2 was quenched,
the half-life time of chloramphenicol in real wastewater
increased from 20 min of the UV/PAA process including H2O2

in the PAA solution to 99 min of UV/PAA without H2O2 in the
PAA solution.90 Finally, when considering the possible
application of the UV/PAA process, the scavenging effect of
PAA on hydroxyl radicals at high PAA concentration37,136

should also be taken into account.
4.4.2 Effect on AR. Rizzo et al. also investigated the effect

of photodriven-PAA advanced oxidation process on ARB.82

However, the results in terms of ARB inactivation were not so
consistent with the previous work, possibly due to the
differences in the terms of water matrix, E. coli population
(total vs. AR E. coli), and initial bacterial density.34 The effect
on the ARGs of the UV-C/PAA process (4 mg L−1 of PAA, 18 mJ
cm−2 (low) or 108 mJ cm−2 (high), 1 and 6 min irradiation
times) in real secondary-treated urban wastewater has also
been recently investigated.133 The results showed that the
UV-C/PAA treatment with a high UV dosage was effective to
some extant in the removal of almost all the target ARGs
(from 3.2% to 38.9%), while it stimulated a slight increase in
sul2 and tetC ARGs.

4.5 Sulphate radicals

Sulphate radicals-based HP-AOPs have only been recently
investigated as the tertiary treatment of urban wastewater,
and less scientific literature is available.

4.5.1 Effect on CECs. UV/PS (S2O8
2−) was compared to UV/

H2O2 and UV/FC for the degradation of six representative
trace organic contaminants under conditions relevant for
potable water reuse, and UV/S2O8

2− was found to be the most
efficient treatment.137 Among the three HP-AOPs, the
treatment efficiency of UV/S2O8

2− was found to be more
sensitive to pH, chloride, and inorganic carbon. The UV-vis/
PS/Fe(II) process using solar irradiation was found to be more
effective than PS/Fe(II) and UV-vis/PS processes in the removal
of CBZ from both deionized water and secondary-treated
urban wastewater.138 UV-C/peroxymonosulfate (PMS) and UV-
C/PMS/Fe(II) were also investigated at full scale at low dosages
(0.05–0.5 mM) and short UV-C contact time (4–18 s) for the
removal of antibiotics and ARGs from wastewater effluents at
the Estiviel WTP (Toledo, Spain).139 In particular, PMS (0.5
mM) combined with UV-C (7 s contact time) was the most
efficient process in terms of antibiotics removal compared to
other processes (including UV-C/H2O2).

4.5.2 Effect on bacterial inactivation and AR. Unlike that
observed in the removal of antibiotics, UV-C alone was the
most effective process, even better than UV-C/PMS and UV-C/
PMS/Fe(II) in the removal of ARGs from real wastewater at full
scale.133 These results find confirmation in the previously
mentioned work.125 When the effect of UV-C- and UV-C-
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driven HP-AOPs (using hydrogen peroxide, PS, and PMS as
oxidant, respectively) were investigated in terms of
inactivation of AR E. coli J53 strain, only a slight difference
was observed compared to UV-C disinfection. However, when
the effect on the genetic materials was investigated, any
quantifiable genomic DNA in terms of aphA and tetA was
observed, unlike the UV-C treatment alone, where genomic
and plasmid DNA still persisted after treatment.

5. Sunlight vs. artificial light HP-AOPs

Photodriven AOPs can also be implemented using solar
radiation as a light source, thus saving energy costs. This
option may be feasible for small WTPs. For medium-large
WTPs, sunlight-driven photo-Fenton and AOPs are not a
feasible solution due to the high surface area necessary for
the reactors. Solar-driven AOPs have been widely investigated
in CPC-based reactors (Fig. 3a), but this technology is quite
expensive (the unit cost being estimated as high as 400 € per
m2); therefore, cheaper solutions, such as the RPR system
(estimated cost 10 € per m2),140 have been recently
investigated for the tertiary treatment of urban wastewater by
the SPF process.103–105 Though RPR systems can absorb

sunlight less efficiently than CPC reactors, they are
characterized by a larger treated volume/surface ratio, and
the liquid depth can easily be varied to eventually increase
the treatment capacity (Fig. 3b). However, although the RPR
solution decreases the investment cost compared to CPC,
surface footprint is still a limitation. Therefore, it is of
interest to learn if and to which extent UV-C-driven AOPs
perform better (reduced contact time and, consequently,
reduced reactor surface area) than solar-driven ones.

Recently, iminodisuccinic acid (IDS) has been investigated
in water and wastewater treatment by the photo-Fenton-like
process as the complexing agent of Cu2+ (ref. 21) and Fe3+.141

Interestingly, UV-C/H2O2/Cu-IDS was more effective than the

Fig. 3 CPC-based reactor (a) and RPR plant (b).

Table 3 Kinetic constant (k), R-squared (R2), and the half-life time (t1/2)
for phenol (50 mg L−1, 0.53 mM) removal (as COD) by photo-Fenton and
UV/H2O2: sunlight vs. UV-C, neutral (chelating agent) vs. acidic pH (data
taken from,141 Table 1, Copyright 2021, with permission from Elsevier)

Process
Reagent s−1

(mM) R2
k
(1/min)

t1/2
(min)

UV-C/Fe-IDS/H2O2 0.021/5.53 0.9745 −0.0073 68
Sunlight/Fe-IDS/H2O2 0.021/5.53 0.9891 −0.0114 44
UV-C/Fe2+/H2O2 (pH 3) 0.021/5.53 0.9318 −0.0025 1000
Sunlight/Fe2+/H2O2 (pH 3) 0.021/5.53 0.8726 −0.0029 500
UV-C/H2O2 5.53 0.9498 −0.0010 172
Sunlight/H2O2 5.53 0.9731 −0.0005 200

Fig. 4 The absorbance spectrum of an H2O2 deionized water solution
(200 mg L−1) and the irradiance spectra of sunlight (detected on the
morning of a sunny day, July 7th 2022, at the Fisciano campus of
University of Salerno (Italy) (40°76′N and 14°79′W)) and an UV-C lamp
(16 W, with an emission peak at 254 nm, Sankyo Denky GT10T5L) were
measured by an Ocean Optics (USA) spectrometer (model HR2000,
equipped with a CC-3-UV-S cosine corrector with Spectralon as the
diffusing material).
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other investigated processes (UV-C/H2O2/Cu, UV-C/H2O2/Fe,
and UV-C) in the inactivation of E. coli (complete inactivation
(3.5 log units) in 10 min) at natural pH (7.8 ± 0.5) in real
wastewater,21 while the sunlight/Fe-IDS/H2O2 process was
found to be more effective than the UV-C-driven and pH 3
photo-Fenton processes in the degradation of phenol from
aqueous solutions (Table 3).141

The higher efficiency of the photo-Fenton process under
sunlight can be explained by the improved catalytic effect of
the complex under longer wavelengths as they are able to
overcome the inner filter effect.142 However, while for the
other complexing agents, different works are available in the
scientific literature, including the effect on CECs removal
and comparisons among different chelating agents, such
results are not yet available for IDS.

The sunlight/H2O2 process is less effective than the UV-C/
H2O2 process because the photolytic cleavage of H2O2 into
˙OH is mainly due to the molar absorption coefficient of
H2O2 (ε = 18.6 1/(M cm)) at λ = 254 nm, and UV-C radiation is
only a small fraction of the solar spectrum. Such differences
can be better appreciated by comparing the absorbance
spectrum of an H2O2 solution (200 mg L−1) in deionized
water, and the irradiance spectra of sunlight and a UV-C
lamp, respectively (Fig. 4).

The higher performance of UV-C/H2O2 compared to the
sunlight/H2O2 process was confirmed from the data in
Table 2: 50 mg L−1 (0.53 mM) of phenol (measured as COD)
was oxidized faster by UV-C/H2O2 (k = −0.0010 1/min; t1/2 =
172 min) rather than sunlight/H2O2 (k = −0.0005 1/min; t1/2 =
200 min).141 Despite such a limitation, the sunlight/H2O2

process has been successfully investigated as a disinfection
process (internal photo Fenton mechanism)124 and, to some
extent, for the removal of CECs from water and
wastewater.118,120,121

The effect of the light source was also investigated in the
photolysis of PAA as a tertiary treatment method of urban
wastewater by evaluating its efficiency in terms of the
inactivation of AR E. coli and degradation of CECs. In
particular, the UV-C/PAA process was found to be effective in
the degradation of chloramphenicol in deionized water (25
mg L−1 initial concentration, t1/2 = 44 min, 20 mg L−1 of PAA)
but not effective with the sunlight/PAA process (t1/2 = 410
min, same chloramphenicol and PAA concentrations).90 The
UV-C/PAA process was faster (QUV = 0.3 kJ L−1 and 0.2 mg PAA
L−1 were sufficient to get the LOD) than the solar driven one
(QUV = 4.4 kJ L−1 and 0.2 mg PAA L−1) in the inactivation of
AR E. coli.82 However, longer exposure time and higher PAA
initial dose were necessary to effectively remove the target
CECs and, even in this case, the solar-driven process
efficiency was lower than the UV-C-driven process.

6. Homogeneous vs. heterogeneous
photodriven AOPs

Heterogeneous photodriven AOPs (HtP-AOPs) have been also
investigated as the tertiary treatment of urban wastewater at

the lab and pilot scale.83,143 However, their possible
application to water and wastewater treatment at full scale is
expected to require a longer time compared to HP-AOPs due
to (i) the higher interference of real aqueous matrices, (ii)
process limitations (e.g., low photoconversion efficiency), and
(iii) technological issues (i.e., removal of the photocatalyst
after treatment or its immobilization on a support, catalyst
preparation method, reactor design and upscale, and energy
consumption).6,97 Although progresses in materials science
have contributed to improved photocatalytic activity, HtP-
AOPs are still less effective than HP-AOPs.143–145 In particular,
solar HtP-AOPs, namely those implementing semiconductors
(such as TiO2) as the catalyst, have found to be less effective
than homogenous solar-driven AOPs because, in addition to
the abovementioned limitations, TiO2 poorly absorbs
radiation in the solar spectrum. Despite the attempts to
improve the process performance under solar light by
expanding the absorption spectrum of the photocatalyst in
the visible region through TiO2 doping with nitrogen (N-
TiO2), the N-TiO2/sunlight process was less effective than the
other investigated processes (sunlight/H2O2, SPF, and SPF
with EDDS) in the removal of CECs from real secondary-
treated urban wastewater.143 Even when TiO2 was used in the
suspended form for the inactivation of a multidrug resistant
E. coli strain at the pilot-scale in a compound parabolic
collector reactor, sunlight/TiO2 (50 mg L−1) was found to be
less effective (longer irradiation time requested for 5 log units
inactivation) than SPF (Fe2+ = 0.090 mM (5.02 mg L−1), H2O2

= 0.294 mM, pH 4) and sunlight/H2O2 (0.588 mM)
processes.120 However, SPF was found to be less effective
than solar TiO2-based HtP-AOPs in the degradation of three
CECs, but in this case, the experimental conditions were not
optimized and SPF was operated at pH 5.5.83 Under these
operating conditions, SPF also resulted in a higher
environmental impact, evaluated through life cycle
assessment (LCA) tool, when compared to other solar-driven
AOPs, including heterogeneous ones, for the removal of three
CECs (CBZ, diclofenac, and sulfamethoxazole) from a
secondary-treated wastewater.146 Accordingly, although SPF,
either with EDDS or at acidic pH, can be more effective than
HtP-AOPs, it may result in a higher environmental impact;
therefore, a comparison with the support of LCA is desirable
to identify the most appropriate and sustainable solution for
full-scale application.

7. HP-AOPs vs. conventional tertiary
treatment methods
7.1 HP-AOPs vs. ozonation

When evaluating the possible implementation of HP-AOPs at
full scale as a tertiary treatment method of urban wastewater,
a comparison with the best available technologies, such as
ozonation, is necessary.52 Though ozonation results in some
concerns due to the formation of toxic byproducts (such as
bromate, nitrosamines, formaldehyde, and acetaldehyde) and
mutagenic activity,147 it is applied in central Europe countries
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(particularly in Switzerland and Germany) to remove CECs
from urban wastewater.6 Therefore, to reduce toxic and
mutagenic effects, a post-treatment with biological filtration
or activated carbon (BAC) adsorption is applied,148 thus
increasing the capital and management costs. The
combination of ozonation with BAC allowed to achieve more
than 90% removal for a wide range of CECs as well as a
reduction of 70% of non-specific toxicity and more than 95%
estrogenicity in full-scale wastewater reclamation plants
located in Australia.148 The effect of BAC on AR control and
pathogens as ozonation post-treatment was also investigated
but did not significantly improve the ARGs (intl1 and sul1)
and pathogens (but for C. perfringens and somatic coliphages)
compared to the ozonation process alone.149

Solar-driven homogenous AOPs seem to be an attractive
option alternative to ozonation for the tertiary treatment of
urban wastewater in small WTPs. SPF with EDDS has been
compared to the ozonation process in the inactivation of
pathogens,104 CECs removal, and effect on the final
toxicity.105 Sunlight/H2O2 and SPF with EDDS were operated
at near neutral pH in RPRs and compared to the ozonation
process at the pilot scale in the inactivation of three
pathogens (namely, E. coli, Salmonella spp., and Enterococcus
spp.) naturally occurring in secondary-treated urban
wastewater.104 The inactivation rates were found to be in the
following order of ozonation (83 mg O3 L−1 h−1) > sunlight/
H2O2 (50 mg L−1) > SPF (1 : 1 molar ratio, 0.1 mM of Fe (5.58
mg L−1) and 50 mg L−1 of H2O2) for all the target pathogens.
SPF with EDDS was also compared to ozonation (i) in the
degradation of selected CECs (namely, caffeine, CBZ,
diclofenac, sulfamethoxazole, and trimethoprim) at the initial
concentration of 100 μg L−1 each and (ii) in terms of the
effluent toxicity.105 Ozonation was faster than SPF to achieve
80% degradation of each CEC within the early 15 min (18.0
mg O3 L−1 consumed), but while the acute toxicity evaluated
by AS did not show any toxic effect, highest acute toxicity to
D. magna was observed in ozonated wastewater samples.
Moreover, significant chronic toxicity was observed for almost
all the analyzed samples though the processes successfully
removed (80%) the target CECs; this result can be explained
by the formation of oxidation intermediates more toxic than
the parent compounds.69 SPF and sunlight/H2O2 process
efficiency are drastically affected by radical scavengers such
as carbonates; therefore, wastewater characterized by high
carbonate concentrations (>70 mg L−1) would need
pretreatment to decrease their concentration, thus increasing
the treatment cost.

Ozonation was also compared to different HP-AOPs
(namely, UV/H2O2, UV/Cl2, O3/UV, H2O2/O3/UV, and Cl2/O3/
UV) operated at the pilot-scale as a tertiary treatment method
of municipal wastewater in terms of energy efficiency, CECs
(namely, CBZ, fluoxetine, gemfibrozil, primidone,
sulfamethoxazole, and trimethoprim) removal, DBPs
formation, and pathogens inactivation.150 Different ozone
doses (1.5–9 mg L−1) and UV fluences (191–981 mJ cm−2) were
investigated. Ozonation was the most energy-efficient process

in terms of electrical energy per order (EEO) parameter for
CECs oxidation (with UV/H2O2 and UV/Cl2 being the highest
energy demanding processes). Among the ozone-based AOPs,
only H2O2/O3/UV did not form the ozonation byproduct
bromate. Ozonation (at 1.5–6 mg L−1 doses) was the least
effective process to inactivate somatic coliphages, total
coliform, E. coli, and enterococci, while HP-AOPs were the
most effective ones, resulting in the complete inactivation of
selected microorganisms (1.5 mg L−1 ozone dose and 191–465
mJ cm−2 UV fluence).

The abovementioned results show that ozonation is an
effective option for the tertiary treatment of urban
wastewater, but possible additional costs for a post-treatment
unit to reduce effluent toxicity and ozonation byproducts as
well as to improve pathogen inactivation should be evaluated
before making the final decision.

7.2 HP-AOPs vs. chlorination

Chlorination is among the most-used wastewater disinfection
processes at full scale. However, the concern for the
formation of toxic byproducts has promoted the use of
alternative disinfection processes, such PAA and UV

Fig. 5 Regrowth of total and MDR E. coli after (A) chlorination (1 mg
L−1) (initial total E. coli concentration 4.0 × 104 CFU mL−1 and initial
MDR concentration 3.0 × 103 CFU mL−1) and (B) sunlight/H2O2 (50 mg
L−1) (initial total E. coli concentration 2.0 × 104 CFU mL−1 and initial
MDR concentration 1.0 × 103 CFU mL−1) (reprinted from ref. 71, Fig. 6,
Copyright 2015, with permission from Elsevier).
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radiation. HP-AOPs have also been investigated as possible
alternatives to chlorination, but the higher cost compared to
chlorination has not yet allowed their implementation at full
scale. However, prospectively arguing, more stringent
regulatory restrictions on WTPs effluents (namely, toxicity,
DBPs, CECs removal, and AR control) may speed-up the
implementation of HP-AOPs. In addition to the fact that they
do not form regulated DBPs, other advantages have been
observed. Although chlorination has resulted in faster
inactivation kinetics of an indigenous multidrug resistant
(MDR) E. coli strain in secondary-treated real urban
wastewater compared to the sunlight/H2O2 process, it did not
effectively inactivate bacterial cells that could regrow faster in
post-treatment 48 h regrowth tests (Fig. 5).71

The differences observed in the two investigated processes
with regard to post-treatment regrowth can be ascribed to the
different inactivation mechanisms of the disinfection
processes. Xu et al. investigated the action of the chlorination
process on E. coli and observed that membrane permeability
damage, even at low doses of chlorine (<5 mg L−1), lead to
the leakage of cellular adenosine triphosphate (ATP),151 while
the effect on DNA (slight lesion) was observed only at high
chlorine doses (>5 mg L−1). Moreover, 5 mg L−1 chlorine with
30 min contact time inhibited DNA damage repair function.

Unlike chlorination mechanisms, in light-assisted H2O2

disinfection, different works available in the scientific
literature agree in identifying the light-enhanced internal
photo-Fenton reaction as the inactivation mechanism.124 The
prevailing inactivation mechanisms involve the following
processes: i) light damages the DNA and enzymes responsible
for its repair (direct action); ii) light disrupts ROS-scavenging
enzymes in the cells (indirect action); (iii) H2O2 penetrates
the cell; iv) iron into the cytoplasm reacts with H2O2 to start
a (photo)Fenton reaction with light-reducing ferric to ferrous
iron; (v) and the added H2O2 damages the cell membrane.

8. Comparison among the processes
under realistic conditions and
different end-points

In order to speed up the full-scale application of HP-AOPs, it
is not sufficient to compare them with other processes and
consolidated technologies, but it is more important to
investigate the realistic conditions (namely, real wastewater,
indigenous bacteria, and environmentally-relevant CECs
concentrations) using different end-points (namely, CECs
removal, pathogens inactivation, effluent toxicity, and DBPs
formation (when relevant)) simultaneously.52 Ahmed et al.
investigated the simultaneous removal of CECs, ARB, and
ARGs by photo-Fenton at neutral pH (using EDDS as the
chelating agent, 0.1 : 0.2 : 0.3 mM of Fe(III) : EDDS :H2O2) and
demonstrated that the respective concentrations can be
decreased to the limit of detection within 10, 30, and 15 min,
respectively, in ultrapure water.114 But when the process was
investigated in real wastewater, the detection limit was not

achieved for ARB inactivation, even after 60 min treatment.
In another work, SPF resulted in poor CECs removal when
compared to other solar-driven AOPs in the simultaneous
removal of CECs and biological contaminants (also including
ARB and ARGs) from secondary-treated urban wastewater.83

This only apparent contrasting results compared to other
evidences about SPF efficiency available in scientific
literature can be explained by the experimental conditions,
the process being operated without the addition of a
chelating agent nor acidifying the solution to a pH value
lower than 3, but adjusting the pH to a circumneutral value
(5.5), which possibly resulted in iron precipitation, making
the process less effective.

Sgroi et al. compared ozone-based and photodriven AOPs
at the pilot scale as tertiary treatment methods of urban
wastewater, using different end points (namely, CECs
removal, energy efficiency, disinfection byproducts
formation, and pathogen inactivation).150 While ozonation
resulted in the most energy-efficient technology for the
removal of the target CECs, the high ozone doses needed
lead to the high formation of DBPs (namely, bromate and
NDMA). In particular, the significant concentration of
bromate (roughly 10 μg L−1, the limit set for drinking water
in several countries) was detected for an ozone dose as high
as 9 mg L−1, while a concentration lower than 10 ng L−1

NDMA (the notification value set by the California
Department of Public Health (CDPH) in drinking water and
in wastewater treated for potable reuse) was detected for all
the ozone-based investigated processes. On the contrary,
when ozone was combined with UV technology, the energy
costs were significantly reduced compared to the UV/H2O2

and UV/Cl2 processes. The authors concluded that,
considering all the end points, the UV/H2O2/O3 technology
may represent a very promising option for the tertiary
treatment of urban wastewater.

The limiting factor in the tertiary treatment method and
consequently the operating conditions (namely, reagent doses
and treatment time) depend on the secondary treatment (e.g.,
AS, MBR, and MBBR), the end-points, the scenario (e.g.,
effluent disposal vs. reuse), and regulation. Giannakis et al.
investigated the effect of 5 photodriven (3 AOPs) processes on
3 different secondary treatment systems (namely, AS, MBBR,
and CF) for the simultaneous inactivation of microorganisms,
regrowth inhibition, and CECs removal.121 Using 3-log
inactivation for microorganisms (analyzed through a non-
selective agar, allowing the enumeration of different bacteria)
and 80% removal of six CECs (according to Swiss legislation
limits for micropollutants) as minimum thresholds, the best
strategies in terms of the limiting factor (bacteria inactivation
(and regrowth inhibition) vs. CECs removal) and treatment
time could be defined for UV/H2O2 and photo-Fenton
processes, respectively.

Table 4 summarizes the possible advantages, drawbacks,
and recommendations for the application of HP-AOPs in the
tertiary treatment of urban wastewater, according to the
scientific literature reviewed in this manuscript.
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Although the mineralization of the CECs is desirable
because it would also mean that potentially toxic oxidation
intermediates have been removed, it is in fact not feasible at
all because it would entail high investment (higher volumes)
and operating (higher dosages of reagents for longer reaction
times) costs. Therefore, it is advisable to remove the CECs
and, if after their removal, the toxicity is higher than the pre-
treatment wastewater, the treatment time is extended until
an effluent with a lower toxicity than the influent is achieved.
According to the above discussion, process selection and
design as well as the operating conditions should be a
compromise among different end-points.

9. Conclusions

The actual and most relevant challenge in the tertiary
treatment of urban wastewater is not the identification of the
optimal and sustainable conditions to obtain the removal of

a particularly refractory contaminant or a resistant
microorganism, but rather obtaining the simultaneous
removal or minimization of multiple contaminants under
conditions that are relatively (compared to other treatments)
more sustainable for the environment and safer for human
health. Scientists have shown, also through pilot- and full-
scale tests under realistic conditions, that HP-AOPs can
effectively address the challenges in the tertiary treatment of
urban wastewater and that the time for their full-scale
application has almost come. Although it is hard to say to
which extent they can minimize the risk of toxicity related to
the release of residual concentrations of CECs or the spread
of AR, we can say that they are more effective than
conventional disinfection processes (such as chlorination,
PAA, and UV-C radiation) and competitive with ozonation. On
the other hand, the lack of a specific regulation or law in
most countries on the removal of CECs and on the control of
AR hinders the full-scale implementation of these processes

Table 4 Possible advantages, drawbacks, and recommendations for the application of HP-AOPs in the tertiary treatment of urban wastewater

Advanced
treatment Advantages Drawbacks Recommendations

UV/H2O2 • Moderate-good CECs removal at lab/pilot scale • Limited efficiency and large surface area
required when solar radiation is used as the
light source

• Toxicity should be
monitored

• Full scale evidence of high antibiotics removal • Possible formation of toxic oxidation
intermediates

• Effective as a disinfection process • Higher energy demand compared to ozonation
• Sunlight/H2O2 can be more effective than SPF
in the inactivation of microorganisms

Photo-Fenton • SPF highly effective in CECs removal using
chelating agents

• Possible formation of toxic oxidation
intermediates

• Toxicity should be
monitored

• Quite effective as a disinfection process as well • To operate the process at neutral pH, the
addition of chelating agents is necessary
(increased operating costs)

• SPF highly effective in ARGs removal at the lab
scale under controlled conditions

• Large surface area required for the solar-driven
process

UV/FC • High CECs removal • Formation of chlorination byproducts • Chlorination byproducts
and toxicity should be
monitored

• Reduced formation of chlorination byproducts
compared to chlorination process

• Compliance of residual chlorine with limit for
effluent disposal or reuse

• Lower cost of sodium hypochlorite compared
to hydrogen peroxide

• Higher energy demand compared to ozonation

• Sunlight/chlorine more effective than other
solar-driven AOPs and UV-C in the inactivation of
E. coli and Entero

UV/PAA • Moderate-good CEC removal at lab/pilot scale
under UV-C radiation

• Less effective than UV/H2O2 in the removal of
CECs

• Toxicity should be
monitored

• Effective as a disinfection process • High TOC and scavenging effect, if high PAA
dose is necessary

• Not recommended
when high PAA doses are
necessary• Possible formation of toxic oxidation

intermediates
UV/PS and
UV/PMS

• Full scale evidence of high antibiotics removal
efficiency

• More sensitive to water matrix (pH, chloride,
and inorganic carbon) than other HP-AOPs
• No improvement/less effective than UV-C in
the removal of ARGs in real secondary-treated
wastewater

UV/H2O2/O3 • High CECs removal • Possible formation of toxic oxidation
intermediates and ozonation byproducts

• Ozonation byproducts
toxicity should be
monitored• Reduced formation of ozonation byproducts

compared to ozonation process
• Higher energy demand compared to ozonation

• Effective as disinfection process
• Evidence at pilot scale of lower energy
consumption compared to UV/H2O2 and UV/Cl2
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because they are more expensive than conventional
disinfection methods. It is unlikely that WTPs managers will
implement more expensive processes than traditional ones
even though, as highlighted in the article, they are not
effective in removing CECs and controlling AR. Among the
HP-AOPs reviewed in this manuscript, the UV/H2O2 process
is already applied as a final step in potable water reuse
treatment trains, but it may have higher energy demand
compared to other possible solutions (such as ozonation);
however, other end points should be evaluated when making
the final decision, and LCA would be a useful tool to
compare different solutions. SPF has been quite exhaustively
investigated and can be successfully implemented at full
scale in small WTPs in RPR, particularly when wastewater is
characterized by a relatively low carbonate concentration
(<70 mg L−1). That said, these HP-AOPs may be implemented
in countries, such as Switzerland and Germany, where
specific regulation is in force or concern for CECs and AR
pushes WTPs managers in such direction, respectively.

Regarding the other HP-AOPs reviewed in this manuscript,
a few steps are left to obtain exhaustive information/data
about their possible implementation at full-scale as a tertiary
treatment method of urban wastewater. To fill this gap, some
advices for further investigation may be useful. In particular,
the following 10 recommendations should be considered
when designing the experimental plan to investigate an HP-
AOP as a possible solution for the tertiary treatment of urban
wastewater.

1. Scale-up of the investigated system (e.g., from lab to
pilot);

2. Include tests on real wastewater;
3. Investigate the effect of the process on relevant CECs at

real (or at least realistic for secondary-treated urban
wastewater) concentrations. Accordingly, the occurrence,
toxicity (eventually, availability of risk threshold values for
humans), photosensitivity (direct photolysis), contribution of
indirect photolysis to the degradation of the target CEC in
real wastewater, possible refractoriness to conventional, as
well as to new tertiary treatment methods should be
considered when selecting the target CECs;

4. Investigate the effect on indigenous bacteria (and
microorganisms in general);

5. Investigate the effect on antibiotic resistant
determinants taking the possible AR transfer mechanisms
into account;

6. Investigate the process efficiency using different end-
points simultaneously;

7. Evaluate the impact of the investigated process using
proper indicators (namely, ecological, microbiological,
chemical, and toxicological ones) according to the final
destination of the effluent (namely, reuse or disposal into
different aquatic environments or into the soil);

8. Evaluate the investigated process taking international
standards for effluent disposal or reuse into account;

9. Compare the investigated process with consolidated
ones;

10. Use Life Cycle Assessment tools and multi-criteria
analysis to compare the investigated processes.

Acronyms

AC Activated carbon
AR Antibiotic resistance
ARB Antibiotic resistant bacteria
ARGs Antibiotic resistant genes
AS Activated sludge
BAC Biological activated carbon
BATs Best available technologies
CA Citric acid
CBZ Carbamazepine
CECs Contaminants of emerging concern
CLF Chloroform
CPC Compound parabolic collector
DBPs Disinfection byproducts
EDDS Ethylenediamine-N,N′-disuccinic acid
FC Free chlorine
HP-AOPs Homogeneous photodriven AOPs
MBBR Moving bed biofilm reactor
MBR Membrane biological reactor
MPs Microplastics
NOM Natural organic matter
NPs Nanoplastics
NTA Nitrilotriacetic acid
OA Oxalic acid
PAA Peracetic acid
PMS Peroxymonosulfate
PS Persulphate
QUV Cumulative energy
ROS Reactive oxygen species
RPR Raceway pond reactor
SPF Solar photo-Fenton
THMs Trihalomethanes
WL Watch list
WTP Wastewater treatment plant
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