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Abstract: Among the critical issues that prevent the reuse of wastewater treatment plants (WWTPs)
effluents in a circular economy perspective, the microbiological component plays a key role causing
infections and diseases. To date, the use of conventional chemical oxidants (e.g., chlorine) repre-
sent the main applied process for wastewater (WW) disinfection following a series of operational
advantages. However, toxicity linked to the production of highly dangerous disinfection by-products
(DBPs) has been widely demonstrated. Therefore, in recent years, there is an increasing attention to
implement sustainable processes, which can simultaneously guarantee the microbiological quality
of the WWs treated and the protection of both humans and the environment. This review focuses
on treatments based on ultraviolet radiation (UV) alone or in combination with other processes
(sonophotolysis, photocatalysis and photoelectrocatalysis with both natural and artificial light) with-
out the dosage of chemical oxidants. The strengths of these technologies and the most significant
critical issues are reported. To date, the use of synthetic waters in laboratory tests despite real waters,
the capital and operative costs and the limited, or absent, experience of full-scale plant management
(especially for UV-based combined processes) represent the main limits to their application on a
larger scale. Although further in-depth studies are required to ensure full applicability of UV-based
combined processes in WWTPs for reuse of their purified effluents, excellent prospects are presented
thanks to an absent environmental impact in terms of DBPs formation and excellent disinfection
yields of microorganisms (in most cases higher than 3-log reduction).

Keywords: disinfection; ultraviolet radiation; sustainable technologies; wastewater

1. Introduction

Water resources are essential for human activities. Due to: (i) the scarcity of water,
(ii) the increase in urbanization, and (iii) the discharge into the river of wastewaters (WW)
produced by human settlements and industrial activities, proving a correct and adequate
water management system is necessary [1]. Water exploitation index (WEI), as established
by the European Environmental Agency (EEA) [2], defines water scarcity because it is an
indicator of the pressure or stress on freshwater resources [3]. In 2009 Cyprus, Bulgaria,
Belgium, Spain, Italy, and Malta were using up 20% or more of their long-term supplies
every year and a WEI above 20% implies that a water resource is under stress [4]. In Europe,
more than 40.000 million m3 of WW is treated every year, but only 964 million m3 of this
treated water is actually reused; therefore, Europe could use 6 times the volume of treated
water that is currently used [5].
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In the Circular Economy Action Plan [6], the European Commission referred to the
new Water Reuse Regulation in which the reuse of water in agriculture and industrial
processes was encouraged [7].

The reuse of treated WW from WWTPs can have a large variety of applications, i.e.,
irrigation [8], groundwater recharge [9], domestic use [10], industrial applications [11],
production of drinking water [10], among others. WW reuse is particularly important in
those zones where the water resource is quantitatively and qualitatively scarce [12]. For
these reasons and in order to safeguard environmental ecosystems from pollution, in recent
years, important to monitor the quality of the WWTP effluent and to define a protocol to
evaluate the WW reuse feasibility became important [13].

Among the most critical aspects that prevent water reuse, microbiological contamina-
tion plays a key role because microorganisms can cause more or less serious diseases and
even death in humans and animals [14]. Several serious infections, such as pneumonia,
dermatitis and otitis are the hazardous result of gram-negative bacteria like Pseudomonas
aeruginosa [15]. In this contest, disinfection represents the main treatment useful for the
inactivation of helminths, protozoa, fungi, pathogenic bacteria, and viruses to protect con-
sumers health and the environment making it possible to reuse WWTPs effluents [11,16–18].
The most common indicators to assess fecal contamination are Escherichia coli, Enterococcus
faecalis [10,19] and Faecal coliforms [19].

Chlorination is one of the most used disinfection methods in WW treatment due to
its low cost, management simplicity and its high efficiency in destroying microbes [20,21].
However, its toxicity is widely known [21,22]. In fact, chlorine can generate disinfection
by-products (DBPs) by reacting with organic matter present in WW [23,24]. Amid the
several classes of DBPs reported in the literature, trihalomethanes (THM) and haloacetic
acids, are among the most studied ones [25,26]. The DBPs generated following the use of
some chemical oxidants can also be more toxic and dangerous than the starting disinfectant
compounds [24,27] having a potential carcinogenicity and other adverse effects on human
and animal health also at low concentration [28,29]. For instance, haloacetic acids are
considered cytotoxic and genotoxic [30].

Moreover, recent studies proved the potential impacts of chlorination on the trans-
mission of antibiotic resistance genes (ARGs), divided in intracellular ARGs (iARGs) and
extracellular ARG (eARG) [31]. Disinfection of antibiotic-resistant bacteria can occur with
subsequent release of DNA into the effluent. In this case, eARGs could be absorbed by some
bacteria promoting the spread of antibiotic resistance [32]. However, further studies are
needed to better investigate the impact of chlorination on these environmental mechanisms
occurring from WW.

Necessarily, over the years, other chemicals have been identified as a possible alterna-
tive to chlorine in the disinfection of WW, such as chlorine dioxide, ozone and peracetic acid.
As regards ozone, among the main disadvantages are the high costs, including energy costs
and the operative and management difficulties related to its instability [33]. Ozonation also
leads to the formation of bromate as DBP in waters containing the bromide ion (Br−) [29,34].
Bromate appears to be a possible human carcinogen and is not biodegradable [35]. On
the other hand, chlorine dioxide has an oxidative strength lower than that of chlorine [35]
and its use in disinfection treatments can also lead to the formation of DBPs, including
chlorite and chlorate which have a negative impact on human health [36]. The formation
of unhealthy DBPs (e.g., such as aldehydes and halogenated phenols), even if at limited
concentrations, cannot be excluded also using high concentration of peracetic acid [37].

Following these results, it is advisable to develop and implement processes that allow
reducing or eliminating the use and generation of substances dangerous for human health
and the environment [38,39].

This review focuses on technologies based on ultraviolet radiation (UV) applied
individually or coupled with ultrasound, catalysts, and electric current, with the utilization
of natural light of the solar spectrum or artificial indoor illumination. In the case of
photolysis, both the traditional continuous emission process with mercury lamps and more
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recent technologies such as UV Pulsed (PUV) and UV-Light Emitting Diode (UV-LED) are
described. The strengths in terms of environmental sustainability and above all the most
significant critical issues of these applications are presented. The lack of production of
unwanted and hazardous DBPs for humans and the environment, unlike chlorination or
other oxidation processes involving the dosage of chemicals, allows the achievement of
water quality standards for resource recovery and reduces health concerns.

2. Methodology and Structure

In order to develop the following review, scientific peer-reviewed literature have been
monitored and studied using a multi-stage methodology. The analysis allowed an overall
classification of the main UV-based treatments for the reuse of WW. The purpose of the re-
view is to focus on environmentally sustainable processes that minimized the production of
unwanted DBPs, toxic and dangerous for humans and the environment and that had a low
environmental impact with a reduced waste of resources. Based on these objectives, a series
of treatments based on UV rays have been identified: photolysis (UV alone) (including
UV pulsed (PUV) and UV light emitting diodes (UV-LED)) and its combination with other
technologies: (i) sonophotolysis (UV + ultrasound), (ii) photocatalysis (UV + photocatalyst)
and (iii) photoelectrocatalysis (UV + photocatalyst + electric current). The analysis was
based on a double screening and control procedure:

Scopus® database has been used to search mainly relevant literature research papers,
reviews, and books. The research was divided into four individual research subsections
based on the number of treatments considered. In order to find all relevant publications,
the keywords used are based on the purpose of the review and identify the concepts
of interest. In addition to the name of the individual treatment (“UV radiation”, “UV
pulsed”, “UV-LED” for photolysis, “ultrasound” for sonophotolysis, “photocatalysis”
for the corresponding treatment and “electrochemical” for photoelectrocatalysis) in the
corresponding search, common keywords were used for all processes: “UV”, “disinfection”
and “wastewater”. The analysis has been conducted searching the keywords on fields
“Article title, Abstract, Keywords”.

• 1◦ Screening: A preliminary screening of the literature was performed discarding
duplicates and only peer-review papers published in English on international journals
have been considered. The other publications have been excluded and have not
been mentioned in the present review. The selection process continued excluding the
articles and reviews that do not analyze sustainable UV-based processes and those
which focus on different applications than WW disinfection treatments.

• 2◦ Screening: The investigation focused mainly on works published in the last 15 years.

The review is based on more than 100 publications that have been divided into the four
main selected treatments and categorized depending on the properties and performances
described. Figure 1 shows the total number of publications for each treatment and the
subsequent screening operations carried out to restrict the evaluation field to only those
papers of interest for the point of view of this work.

The review consists of two main sections (Sections 3 and 4). Section 3 talks about
photolysis and the subsections of Section 4 are dedicated to the processes combined with UV.
In each paragraph, the relevant characteristics of the corresponding application, including
the potentials and above all the limits and critical points, have been reported. In Section 5,
discussion on main results and future outlooks of the research are reported. The aim of the
review is to deepen the knowledge of these treatments from a critical point of view to have
a clearer vision of possible future application options. To focus on some important aspects
of the process and solve the critical issues present today, it is advisable to outline the path
that researchers will have to follow in their next studies.
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3. Photolysis

Ultraviolet radiation (UV) is a safe and efficient physical technology for WW disin-
fection that does not require the use of chemical agents [40] and avoids the production
of DBPs [41]. These unwanted intermediaries produced by the reaction of chlorine with
the natural organic matter present in WW for example, are linked to the increase in the
onset of cancer and other serious diseases for humans [21]. UV, being a physical process,
allows to minimize the residue of chemicals dosed for treatment at the WWTP, such as
low concentrations of residual chlorine at the discharge which can have toxic effects on
aquatic flora and fauna [42]. Therefore, UV disinfection for WW treatment has become
an accepted alternative to chemical methods for secondary and tertiary quality effluents,
avoiding toxicity problems and ensuring safety for the environment [43,44].

UV includes electromagnetic radiations between the X-rays and visible light in the
range of λ from 100 to 400 nm and the germicidal effect of UV-ray is between 220–320
nm [45]. The traditional apparatus consists of continuous-wave mercury lamps in low
pressure (monochromatic at 253.7 nm) or medium pressure (polychromatic in the UV and
visible light ranges) formats [46]. UV lamps that emit radiation at 254 nm (UV-C) are the
ones with the highest germicidal effect [47].

Table 1 presents some studies concerning the application of traditional continuous
UV technology on synthetic and real waters. The results show that the highest bacteria
reduction values were obtained with synthetic waters consisting mainly of saline solutions
with a known initial concentration of bacteria. For example, Zhang et al. [48] obtained
the highest inactivation (6-log) in a bacteria suspension in phosphate buffered saline
solution with an initial cell density of 107 CFU mL−1. However, the reliability of the test is
greater if carried out with real water samples from secondary effluents of WWTPs; only by
proceeding in this way can results be obtained which better reflect a possible application of
the treatment on a large scale.

Solid particles can interfere with the transmission of UV radiation by absorbing or
dispersing light and also by adsorbing and/or transporting bacteria, protecting them from
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the light radiation emitted by the lamps [49]. Therefore, this treatment is more suitable for
WW with few suspended solids, otherwise there could also be fouling problems mainly in
the quartz lamps sleeves used for the protection of UV lamps [50]. A possible alternative
could be the application of further processes (such as the ultrasounds described below)
simultaneously with the UV treatment which can reduce the particle size and maintain a
high disinfection efficiency [51].

Inactivation of microorganisms by UV light occurs following damage to nucleic
acids DNA and RNA: the formation of pyrimidine dimers, other photoproducts and
lesions causing the inactivation of the replication and transcription thus preventing the
multiplication of cells or viruses [40,52].

Many organisms are known to possess the ability to repair their DNA damage (such as
photoreactivation and dark repair), with further bacteria regeneration [53,54]. Pyrimidine
dimers in DNA can be repaired in a range of 330–480 nm wavelength (photoreactivation)
or they can be repaired without light (dark repair). After the disinfection treatment, the
mechanisms of photoreactivation and dark repair can activate the regrowth of the bacteria
causing a possible re-proliferation [55]. However, photoreactivation does not appear to
be particularly significant at full-scale as it is a mechanism that occurs mainly at low
UV doses. Guo et al. [56], found that photoreactivation of E. coli (initial concentration:
105 CFU mL−1) was not negligible (50%) only for UV dose equal to 5 mJ cm−2 and no
photoreactivation was detected for UV dose of 15 mJ cm−2. In case of total coliforms
(initial concentrations: 96,000–250,000 CFU 100 mL−1), with a UV dose of 40 mJ cm−2,
the percentage of photoreactivation was less than 1%. Similar studies were conducted by
Hallmich and Gehr [57] and Guo et al. [58].

Considering the energy demand of UV treatment, Fenu et al. [59] reported that the
values of the average specific energy consumption on the full-scale were in the range
between 0.04–0.13 kWh m−3.

In recent years, to reduce some weaknesses of conventional UV and increase dis-
infection performance, research is focusing on two different approaches: (i) UV Pulsed
(PUV)—UV-Light Emitting Diode (UV-LED) or (ii) integrating the UV treatment with
non-chemical technologies.

Table 1. Several results of UV disinfection tests. S: synthetic water, R: real water, WW: wastewater, WWTP: wastewater
treatment plant.

Type of
Water

Characteristic of Water
Tested

Operative
Condition

Experimental
Scale Results References

R Primary (I) and secondary (II)
WW effluents

35 J m−2 (I)
62 J m−2 (II)

Lab scale reactor
(0.05 L) E. coli: 1-log [44]

S
Bacteria suspension in

phosphate buffered saline
solution

8 mJ cm−2
Bench scale

reactor
(0.01 L)

E. coli: >4.5-log [60]

S
Bacteria suspension in

sterilized saline solution (105

CFU mL−1)
15 mJ cm−2 Lab scale reactor

(0.015 L) E. coli: >4.5-log a [56]

R Secondary effluent of
municipal WWTP 10 mJ cm−2 Lab scale reactor

(0.015 L) Total coliform: >2-log a [56]

R
Primary (I) and secondary (II)

effluents of pilot WWTP 50 mJ cm−2 Lab scale reactor
(0.02 L)

P. aeruginosa
(Strain 1)

P. aeruginosa
(Strain 2)

[61]
I 1-log 2-log
II 2-log 3-log

R Secondary effluent of
municipal WWTP 30 mJ cm−2

Bench scale
reactor
(3 L)

E. coli: 3.4-log [62]
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Table 1. Cont.

Type of
Water

Characteristic of Water
Tested

Operative
Condition

Experimental
Scale Results References

S
Bacteria suspension in

sterilized saline solution (107

CFU mL−1)
40 mJ cm−2 Lab scale reactor

(0.015 L) E. coli b: >5.5-log [63]

S
Bacteria suspension in

phosphate buffered saline
solution (107 CFU mL−1)

80 mJ cm−2 Lab scale reactor
(0.04 L) E. coli c: 6-log [48]

a There was no difference in inactivation between low- and medium-pressure UV lamps. b E. coli CGMCC 1.1595. c Antibiotic-resistant
SER2 strain isolated from secondary effluents of WW treatment.

3.1. UV Pulsed UV (PUV) and UV-Light Emitting Diode (UV-LED)
3.1.1. UV Pulsed (PUV)

UV Pulsed (PUV) can be an alternative to the traditional application of continuous
wave UV irradiation with mercury lamps. It is typically obtained with a xenon lamp
(therefore mercury-free) but still presents few research applications to WW disinfection.
Fitzhenry et al. [64] analyzed the impact of suspended solids on the inactivation efficiency of
E. coli through two UV disinfection mode: flow-through PUV and continuous low-pressure
UV disinfection. The results indicated that the flow-through PUV system appeared to be
more sensitive to the presence of organic suspended solids in WW samples. Therefore, the
low-pressure UV seemed to be a more robust disinfection method. Although the study
conducted by Bohrerova [60] showed a greater disinfection efficiency of the PUV lamp in
a synthetic water, to date, whether PUV systems can be more/less effective in reducing
microorganisms in water compared to conventional UV in continuous light is not clear.
This happens both because there is no univocal and standard method to compare the
results of the two technologies and because more in-depth studies are needed to confirm
the effectiveness of PUV lamps in WW. For example, Uslu et al. [65] investigated the
effectiveness of continuous-flow PUV light for the inactivation of E. coli and Bacillus subtilis
spores in synthetic effluents and real urban WW. The results showed that in synthetic
waters complete inactivation was observed at a flow rate of 10 L min−1 for E. coli (Chamber
volume: 2.9 L, Resident time: 18 s, Total broadband energy: 115.2 J) and a flow rate of 6 L
min−1 for B. subtilis (Chamber volume: 2.9 L, Resident time: 29 s, Total broadband energy:
187.2 J). Testing real waters complete inactivation was observed with a flow rate of 10 L
min−1 for E. coli, while a reduction of 4.15-log was observed at 6 L min−1 for B. subtilis.
Other results on the application of PUV irradiation are reported in Table 2.

Table 2. Several results of PUV and UV-LED disinfection tests. S: synthetic water, R: real water.

Type of
Water

Type of
Technology

Characteristic of
Water Tested Operative Condition Experimental

Scale Results References

S PUV

Bacteria
suspension in

phosphate
buffered saline

solution

3 mJ cm−2
Bench scale

reactor
(0.01 L)

E. coli: 4.26-log
Phage T4: 4.29-log
Phage T7: 2.72-log

[60]

S PUV

Distilled water
with organic dairy
WW solids (25 mg
L−1) and 1 × 106

CFU mL−1 initial
concentration of E

Coli

1946 mJ cm−2
Bench scale

reactor
(5 L)

E. coli: >3.5-log [64]
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Table 2. Cont.

Type of
Water

Type of
Technology

Characteristic of
Water Tested Operative Condition Experimental

Scale Results References

S PUV

Bacteria
suspension in

phosphate
buffered saline

solution

PL1: 76 J cm−2 a

PL2: 95 J cm−2 a

Lab scale
reactor

(0.003 L)

E. coli: 11-log (PL1)
E. coli: 6-log (PL2) [66]

S UV-LED

Bacteria
suspension in
sterile saline

solution (107 CFU
mL−1)

265 nm LED: 10.91 ± 0.76
mJ cm−2

(265 + 280) nm (50%):
12.57 ± 0.81 mJ cm−2

(265 + 280) nm (75%):
13.78 ± 0.67 mJ cm−2

280 nm LED: 15.35 ± 1.52
mJ cm−2

Lab scale
reactor

(0.005 L)
E. coli: 4.5-log [67]

S, R UV-LED

Deionized water,
kaoline suspension

(DIK),
secondary

effluents of urban
WWTP (SE)

30 mJ cm−2

Exposure time: 900 s

Batch
reactor
(0.03 L)

E. coli: >4.5-log
(DIK), 3-log (SE) [68]

R UV-LED

Domestic WW
from a sewer

system, the treated
with settler and

sand filter

69.4 mJ cm−2

Exposure time: 412 s
Flow rate: 10 mL min−1

Flow
through
reactor

(0.0686 L)

MS2 coliphage b:
3.7 ± 0.2 -log

[69]

R UV-LED
Secondary effluent

of WWTP with
UASB treatment c

Wavelength
(nm)

Irradiance
intensity

(mW cm−2)
Lab scale

reactor
(0.02 L)

Wavelength
(nm)

E.
coli
in-

acti-
va-
tion
log [70]

255 0.017 255 2.6
280 0.019 280 4.0
365 0.004 255/280 3.7
405 0.077 255/280/405 3.8

Exposure time: 15 min 280/365/405 3.5
255/280/365/4053.8

a Two spiral lamps were used, PL1 and PL2, with wavelength cut-offs of 190 and 240 nm, respectively. b In this study, pure cultured male
specific 2 (MS2) coliphage was used as the representative microorganism and biodosimeter. c The treated wastewater used in this research
was collected from a WWTP (flow average rate 80 Ls−1, BOD average removal efficiency 90%) which consists of an upflow anaerobic
sludge blanket (UASB) followed by trickling filter and circular clarifiers.

3.1.2. UV-Light Emitting Diode (UV-LED)

The most used equipment in water treatment systems is mercury UV lamps which,
in addition to the high energy consumption, have a series of critical issues such as fixed
wavelengths, low durability, limited cycling and mercury toxicity [71]. One possible solu-
tion could be to use ultraviolet light emitting diodes (UV-LED) which are compact, shock
resistant, energy-efficient and has a long life (100,000 h) [70]. Therefore UV-LED have been
emerging in recent years as a possible source for the generation of UV radiation [67,72,73].
Further studies are needed to investigate the aspect related to the inactivation of bacteria
to affirm the better or similar efficiency of UV-LED compared to the other UV technologies
described. Zou et al. [74] reported the inactivation of E. coli in water applying PUV and
continuous UV-LED, using a high power 285 nm LED and low power 265 and 280 nm
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LED. High current pulsed irradiation of 280 nm LED showed remarkable inactivation
enhancement (about 3-log) compared with continuous irradiation (about 2.5-log).

UV-LED can also be a valid alternative as it can be turned on and off with a high and
adjustable frequency [72]. In the study conducted by Song et al. [72], the inactivation of E.
coli bacterium and MS2 virus in synthetic laboratory waters and of E. coli and total coliforms
in real WW was investigated, by continuous and pulsed irradiation, using UVLED. The
results showed comparable inactivation of all microorganisms examined by continuous
and pulsed UV-LED irradiation at 265 nm under equivalent UV fluence. So continuous
and pulsed irradiation appears to be used to achieve comparable inactivation, but pulsed
irradiation can ensure better thermal management for high UV-LED performance. This
aspect can represent an advantage over the PUV irradiation of conventional xenon lamps
described in the previous paragraph. Table 2 also shows the results of some studies
conducted mainly in recent years, demonstrating that UV-LED technology is one of the
innovative and emerging ones.

4. Combination with Other Technologies
4.1. Sonophotolysis

One of the limits of WW disinfection by UV is represented by turbidity because the
high concentration of suspended solids can reduce the efficiency of the treatment [51]. Bac-
teria find protection in solid particles and become resistant to disinfection. One solution is
represented by a pre-treatment upstream of the UV process to reduce the particle size which
results in the combination of UV and ultrasound (US) technology [51,75]. The combination
of US and UV irradiation is commonly known as sonophotolysis. US is a chemical-free
way that improves disinfection kinetics, reduces the necessary UV dose demand, inhibits
the formation of fouling, and removes fouling from the UV lamps [76,77]. US consists
of the transmission of sound waves at frequencies (from 18 kHz to 500 MHz) outside of
human hearing ability with successive wavelengths of 10–0.01 cm [78] and low-frequency
US (<100 kHz, typically 20–48 kHz) is typically used for the inactivation of microorganisms
in WW effluents [76]. The use of US in WW is based on the acoustic cavitation which
causes both chemical and physical/mechanical effects on WW compounds [79]. This
acoustic phenomenon consists first in the formation of microbubbles and then in growth
and violent collapse of cavities in a liquid [75,78,80]. After collapsing, the microbubbles
generate H2O2 and hydroxyl radicals such as H• and OH•, which are able to inactivate
enzymes and damage membranes, DNA, RNA, proteins and lipids and are responsible of
oxidation processes [81]. Besides the chemical effect [76], physical effects, associated with
an increase in temperature (pyrolysis and combustion) and pressure, is generated caus-
ing the mechanical disruption of the cell membranes [82,83]. The sonication, decreasing
the particle size distribution [84], provided more chance for UV irradiation to reach the
pathogenic bacteria and improved the disinfection efficiency, but the main drawback of
this technology is the high energy consumption [77]. Zhou et al. [85], in their research with
a baffled US/UV disinfection reactor at a pilot scale, demonstrated that US pretreatment
or simultaneous US/UV disinfection could improve the disinfection efficiency with 0.4
and 0.5 log compared with UV disinfection alone without increasing the specific energy
consumption. Even in the experiments conducted by Blume and Neis [86], with a US
pretreatment, there was a growth from 0.8 log units to 1.2 log units compared with the
samples that were not pretreated.

Lab-scale experiments have shown that larger WW particles (90–250 µm) tend to break
more easily than smaller ones (38–63 µm diameter) and as such require less power [75,87].
Zhou et al. [68] reported that the particles larger than 50 µm could be reduced from 63% to
5% using a US power density of 30 W L−1 for 30 s. For a 50% reduction in 100 µm WW
particles requires from 400 to 1500 J L−1 of US energy [75,88].

Naddeo et al. [80] conducted a series of tests with a pilot-scale plant using a plug-flow
US and UV simultaneous disinfection reactor continuously operated in a WWTP for four
days. Results showed that E. coli concentrations in disinfection effluents could respect
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the limit set for WW reuse in Italy (10 CFU 100 mL−1) when a US unit with a dose of
1400 W and a UV unit with a dose of 1656 mJ cm−2 was applied for 15 min. However,
Zhou et al. [85] stressed that this system requires process optimization due to the high
operation costs with a specific energy consumption of about 5.35 kWh/m3. To obtain a
high log reduction of microorganisms by ultrasound irradiation it is necessary to use high
intensities, and this is the limiting economic factor [79].

Furthermore, the energy costs related to the disinfection of water with the US are a
few thousand higher than those of the UV process, therefore on a large scale the costs for
the additional treatment to the US seem to be economically unjustified [51]. Zhou et al. [77]
reported that there is a nonlinear relationship between US energy demand and reactor size,
so specific energy consumption or operative cost per unit could be significantly reduced
for large-scale practical applications compared to the pilot scale. In their study with a
system power input of 270 W (two 85 W UV lamps + one 100 W US transducer), a specific
energy consumption of 0.225 kWh m−3 was reported [77]. It would be necessary to carry
out some experiments in continuous operative conditions at a full-scale that best represents
the effective application and energy consumption of US process in a real working WWTP.
In this way, the cost-benefit analysis could be more reliable, and it could be considered
whether the upgrade of the US technology would be useful.

Another advantage in the use of US coupled to UV can be the cleaning action per-
formed by the US on UV quartz lamps, a factor that can prevent fouling and maintains
the disinfectant action of UV radiation more efficient [80,89]. Vasilyak [51], on the other
hand, presents a more critical thought, stating that the application of US for cleaning quartz
sleeves of UV lamps cannot replace chemical or mechanical cleaning traditionally used at
real scale.

Table 3 shows the main sonophotolysis disinfection experiments carried out in recent
years on synthetic or authentic water. It is necessary to deepen some aspects such as the
synergy effect of the US with UV, confirmed by Jin et al. [62] but denied by Vasilyak [51], and
if there is an effective advantage in applying the process on a large scale in a simultaneous
or sequential treatment with UV. There are not many studies in the scientific literature
that deal with the use of this technology applied together with UV rays and only a few
experiments concern the pilot scale up to about 80–100 L, however more representative of
laboratory reactors. The application of US on real WW needs to be further investigated
and its combined application with biological treatment merits further research to optimize
the technical efficiency and the cost as well.

Table 3. Several results of sonophotolysis disinfection tests. S: synthetic water, R: real water, UV: ultraviolet radiation, US:
ultrasound, t: contact time.

Type of Water Characteristic of
Water Tested

Operative
Condition

Experimental
Scale Results References

R
Secondary
effluents of

municipal WWTP

US: 310 W L−1

UV: 0.037 mJ cm−2

t (US): 10 s
t (UV): 30 s

Lab scale reactor
E. coli: >5.5 log

Feacal streptococci:
>6.5 log

[86]

R
Tertiary effluents
of domestic and

industrial WWTP a

US: 350 W
UV: 1656 mJ cm−2

t:15 min
Pilot plant

(80 L)

E. coli: 1.6-log
Total coliform:

1.7-log [80]

US: 1400 W
UV: 1656 mJ cm−2

t:15 min

E. coli: >4-log
Total coliform:

3.9-log

R
Secondary
effluents of

municipal WWTP

US: 180 W, 40 kHz,
2.64 kJ L−1

UV: 30 mJ cm−2

Bench-scale reactor
(3 L) E. coli: 5.4-log [62]

R
Secondary
effluents of

municipal WWTP

US: 89.9 W
UV: 174 W

Pilot plant
(1200 L h−1, 96 L)

Faecal coliform:
4.24-log [85]
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Table 3. Cont.

Type of Water Characteristic of
Water Tested

Operative
Condition

Experimental
Scale Results References

R
Secondary
effluents of

municipal WWTP

US: 100 W
UV: 170 W

Pilot plant
(96 L)

Total coliform:
3.87-log [77]

S, R

Deionized water,
kaoline suspension

(DIK),
secondary

effluents of urban
WWTP (SE)

US: 33 kHz, 200 W
UV-LED: 30 mJ

cm−2

t (US): 40 s
t (UV): 900 s

Batch reactor
(US: 2 L, UV: 30

mL)

E. coli: 6-log (DIK),
3.5-log (SE) b [68]

R
Secondary
effluents of

municipal WWTP

US: 130 kHz
UV: 600 mJ cm−2

t: 240 min

Lab scale reactor
(US: 50 mL, UV:20

mL)

Sulfonamide
resistant E. coli:

3.8-log
Tetracycline

resistant E. coli:
4.4-log

[90]

a A pilot plant was installed downstream of the full-scale sand filtration unit of the WWTP. b The results reported were obtained from the
graphic representation.

4.2. Photocatalysis

The photocatalysis (PC) process is based on the principle of photo-excitation of a
semiconductor oxide upon absorption of light radiation [91]. Electrons (e−CB) in the
valence band of the semiconductor are excited to the conduction band, leaving a positive
hole (h+

VB) in the valence band [92]. The electrons and holes formed during this process are
involved in the redox reactions: oxidation of water molecule by the hole in the valence band
brings to the production of highly active reactive oxygen species (ROS) [93,94] such as OH•

having a very high redox potential (OH/H2O 2.80 V), compared to other oxidizing agents,
such as ozone (O3/O2, H2O 2.07 V) [95]. In the mechanism of disinfection, OH• radicals
attack the bacterial cell wall. The chances of radicals reaching intracellular components
such as DNA are slim because they can only travel short distances. Their chances of
damaging DNA are increased when they are generated near the target cells. The attack of
intracellular components can only occur through the generation of other oxidants, such as
lipid radicals, hydrogen peroxide and superoxide [96].

Many different materials can be used as semiconductors for PC such as titanium
dioxide (TiO2), zinc oxide (ZnO), magnesium oxide (MgO), calcium oxide (CaO), tin oxide
(SnO2), tungsten oxide (WO3), iron oxide (Fe2O3) and aluminum oxide (Al2O3) [94,97]. In
recent years, these semiconductors have been extensively investigated coupled with UV for
water disinfection [98–102]. Among these, TiO2 is widely used in photocatalytic processes,
due to its advantages: ability to absorb solar radiation, chemical long-term stability, non-
toxicity, and low cost [93,103]. TiO2 also has not negligible drawbacks which have limited
its use in large industrial applications such as difficult separation of the powder from the
treated water solution [27,104] and generation of visible light absorbance decreased [105].

Different strategies have been developed to enhance the photocatalytic efficiency
with the modification of photocatalyst [97] such as mesoporous supports, metal doping,
non-metal doping, nanoparticles, semiconductor coupling [106,107]. To overcome these
operational problems caused by suspensions of fine powder, catalysts are usually immo-
bilized on different supports such as silica gel [108], alumina [27], activated carbon [109],
polymers [88], glasses [106], meshes [110,111] and graphene oxides [100].

Baogang Zhang et al. [97] examined the photocatalytic disinfection performance
of various carbon supported Vanadium tetrasulfide (VS4) nanocomposites based on the
bacteria inactivation rate of E. coli as an indicator. Among them, the cost-effective and
lattice-structure VS4/CP (carbon powder) showed the best disinfection performance for
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removing E. coli under both simulated visible light (irradiance:100 W m−2, dose: 18 J cm−2)
and sunlight (irradiance: ~379.2 W m−2, dose: ~71.5 J cm−2), with a maximum inactivation
rate of 9.7 log at 0.1 g L−1 of catalyst dosage and 9.6 × 109 CFU mL−1 of initial E. coli
densities, in 30 min. The large-scale application of photocatalytic disinfection process is
also prevented by the difficulty of obtaining photocatalysts and their purchase cost [112].
However, the growing use of support materials is partly solving the separation and reuse
mechanisms of photocatalysts, making it possible to apply it on a WWTP [113]. Future
research must focus on the study of economically sustainable, easily available, reusable,
regenerable and low environmental impact semiconductor materials with a minimum
waste of resources.

TiO2 has a band-gap in the range 3.0–3.2 eV, and the goal of the future research is to find
applications that best allow extending the light absorption of the photocatalysts from the
UV range (~5% of solar radiation) to the visible range (45% of solar radiation). The direct use
of solar radiation reduces the use of electricity otherwise necessary for UV lamps: a greener
technology is developed [39,106]. For example, nano-based photocatalyst, can use the
large fraction of the solar spectrum to generate powerful ROS [114,115]. Sreeja and Shetty
K [116], in their tests with a laboratory E. coli cell culture, obtained a complete disinfection
of 40 × 108 CFU mL−1 E. coli cells in 15 min exploiting solar PC with 0.4 g/L Ag core-TiO2
shell structured (Ag@TiO2) nanoparticles. In recent years, PC processes using solar light
attracted high interest [106,117] resulting highly cost-effective and sustainable [114] in
particular for large-scale applications [103]. Most of the studies with solar light is limited
to the pilot stage of a solar compound parabolic collector reactor. The total volume of the
photo-reactor was 10 L in the applications of Agulló-Barceló et al. [118] and Booshehri
et al. [119] with an illuminated volume of 4.5 L and 4.7 L, respectively. Ferro et al. [120]
used a pilot-scale photoreactor with a volume of 8.5 L and an illuminated volume of 4.7 L.
In all cases the irradiated collector surface was 0.4 m2. The experiments reported in Table
3 were carried out in batch reactors with liter-scale treatment capacities. It is important
to focus future studies on the exploitation of sunlight on a wider scale to understand the
possibility of its effective potential in a treatment at a real WWTP.

Another application is the metal doping that introduces metal ions into a pure semi-
conductor to change its electronic properties and enhance photocatalytic efficiency [27]. The
dopant shifts the absorption to the visible wavelengths by substituting titanium (referring
to TiO2) in the substitutional or interstitial sites. Furthermore, dopant addition modifies
particle size and crystal structure of the material [39]. However, the doping procedure is
expensive and complicated, preventing its practical application and wide-ranging use [97].
Research should focus more on this critical aspect with the aim of identifying cheaper and
therefore implementable technologies in an industrialized management reality.

Meng et al. [121] investigated another important advantage of the PC process in the
treatment of biologically treated municipal WW in their study. UV/TiO2 PC has been
found to simplify the high molecular weight precursors of THMs into smaller molecules
like volatile organic acids. PC, therefore, possibly placed before a chlorination treatment,
reduces the formation of disinfection by-products, such as THM, a cause of changes in the
characteristics of the dissolved NOM. Therefore, as reported in Table 4, synthetic matrices
have also often been used, obtained from cell cultures of the target bacterium to be tested.
The results acquired from real WW samples are certainly more reliable because it is a
complex of many substances that can influence not only ROS but also the physicochemical
properties of photocatalysts. This mechanism of influence is still unclear, but in order to
encourage the use of photocatalytic processes in large-scale applications, it is necessary to
experiment their performance with real matrices.
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Table 4. Several results of PC disinfection tests. S: synthetic water, R: real water, UV: ultraviolet radiation, t: contact time.

Type of
Water

Characteristics of Water
Tested Photocatalyst Operative Condition Experimental

Scale Results References

S
Bacteria suspension in

sterilized saline solution
(107 CFU mL−1)

g-C3N4/TiO2

Xe lamp with UV filter:
30 mW cm−2

t: 180 min

Lab scale
reactor
(0.11 L)

E. coli: 100% inactivation a [17]

S
Bacteria suspension in

sterilized saline solution
(2.42 × 106 CFU mL−1)

TiO2 UV: 42.7 mJ cm−2 Pilot plant
(1000 L h−1) E. coli: 3.05-log [40]

R
Secondary effluents of

municipal WWTP (1.5 ×
108 CFU mL−1)

0.1% Mn:TiO2
0.1% Co:TiO2

0.04
Mn/Co:TiO2

Xe O3-free lamp: 1.31
10−2 W m−2

t: 90 min
Lab scale

reactor
(0.3 L)

K. pneumoniae
[122]

Sunlight UV

Sunlight: 12.7–13.4 W
m−2

T: 29–32.7 ◦C
t: 60 min

0.1% Mn:TiO2 1-log 4-log
0.1% Co:TiO2 2-log 6-log

0.04
Mn/Co:TiO2

1-log 6-log

R

Secondary effluents of
municipal WWTP (E. coli:

200 CFU mL−1,
Salmonella ssp.: 159 CFU

ml−1, Shigella ssp.: 95
CFU ml−1, Vibrio cholerae:

10 CFU ml−1)

undoped TiO2
Ag-doped

TiO2
Cu.doped

TiO2
Fe-doped TiO2

UV: 70 mW cm−2

t:15 min

Lab scale
reactor
(0.7 L)

E. coli Salmonella
species

Shigella
species

Vibrio
cholerae

[39]undoped TiO2
0.757-

log 0.724-log 0.802-log 0.51-log

Ag-doped
TiO2

1-log 1.025-log 1.003-log 0.6-log

Cu-doped
TiO2

0.903-
log 0.9-log 0.978-log 0.45-log

Fe-doped TiO2 1-log 0.754-log 0.45-log 0.55-log

S
Bacteria suspension in

sterilized saline solution
(5 × 106 CFU mL−1)

Ag@ZnO
core-shell

nanoparticles

Sunlight: 90.000 ± 5000
lux

T: 35◦C
t (E. coli): 60 min

t (S. aureus): 90 min

Lab scale
reactor
(2 L)

E. coli: 6-log
S. aureus: 6-log [123]

R
Secondary effluents of

municipal WWTP (300 ±
30 CFU mL−1)

N-TiO2/PS b LED: 81.6 W
t: 120 min

Lab scale
reactor
(0.5 L)

E. coli: 1.13-log c [106]

R Secondary effluents of
WWTP (107 CFU mL−1)

CoFe2O4/HTCC
d

Xe lamp: 300 W
t: 160 min

Lab scale
reactor

(0.020 L)
E. coli: 7-log [112]
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Table 4. Cont.

Type of
Water

Characteristics of Water
Tested Photocatalyst Operative Condition Experimental

Scale Results References

R
Secondary effluents of
local WWTP (4.5 × 107

CFU mL−1)
AgFeNTFS e

Fluorescent lamp: 330 W
m−2

t: 90 min

Lab scale
reactor E. coli: 3-log [124]

S
Bacteria suspension in

phosphate buffered saline
solution (106 CFU mL−1)

CNCT-3 f Xe lamp: 50 mW cm−2

t: 90 min

Lab scale
reactor
(0.01 L)

E. coli: 6-log [125]

a In the text is expressed as complete inactivation. b The PS spheres were used as substrate for the deposition of N-TiO2 powder. c The value is expressed as a percentage as a result in the corresponding research
study. d Hydrothermal carbonation carbon (HTCC)-coated cobalt ferrite (CoFe2O4) composites with HTCC coating thicknesses between 0.62 and 4.38 nm. e Magnetic photocatalyst Ag/Fe, N-TiO2/Fe3O4@SiO2
was synthesized through a multi-step method by codoping Fe and N in the TiO2-based component, Ag deposition and equipping the Fe3O4@SiO2 magnetic core. f Heterostructured g-C3N4@Co-TiO2 (CNCT)
nanofibrous membranes fabricated by an electrospinning approach and subsequent thermal polymerization process. In the CNCT-3 sample the loaded melamine powder was 0.3 g.
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4.3. Photoelectrocatalysis

Photoelectrocatalysis (PEC) is an advanced oxidation process that involves the com-
bination of conventional PC with the use of electricity [126]. The performance of the PC
treatment can be adversely affected by the rapid recombination of the photogenerated
electrons and holes (e−CB/h+

VB) [47,127] because each recombination leads to the loss of a
hole that otherwise would have been a precursor of a disinfection reaction. Several studies
suggested that, applying a constant current density or a constant bias anodic potential to
the illuminated semiconductor prevents this recombination [14,15]. As demonstrated by
Mesones et al. [128], the production of oxidizing species is directly proportional to the cur-
rent density applied to the anode. Without electron donors or acceptors, the electron-hole
pairs can recombine to release heat or migrate to the surface of the semiconductor and react
with species that have been adsorbed there [129].

Some works have reported more efficient degradation of bacteria by PEC compared to
UV or PC [47,130,131] under similar experimental conditions. The lab-scale experiments of
Nie et al. [132] showed that For E. coli K-12 all bacterial cells were completely killed by the
PEC process within 180 s, whereas only ca. 0.5-log reduction of bacterial cells was achieved
with PC treatment, even with a time of 370 s. PEC inactivation was more effective thanks
to the greater utilization of photo-generated holes.

As in the case of PC, it would be interesting to test materials that can be activated with a
wavelength equal to that emitted by the solar spectrum, thus saving on the use of UV lamps.
Absorbing light in the visible region of the solar spectrum is more sustainable both from an
economic and an environmental point of view [133]. In fact, some researchers [134–136]
focused their attention on visible light by simulating solar radiation with xenon lamps, as
a possible option to induce the desired reactions to the semiconductor. However, further
research studies are needed to identify new technologies that allow overcoming some
operative problems related to the absorption of visible light, such as the excessive timing
required for inactivation during cloudy days, the low flow of treated water, the presence
of spores and viruses resistant to treatment and disinfection efficiency adversely affected
by the turbidity of the water [18]. The doping of semiconductors with cations or anions is
carried out with the aim of obtaining photoactive materials with greater reactivity in the
visible part of the solar spectrum, given that UV corresponds to about 5% of sunlight [137].

In Table 5 several results of PEC applications aimed to disinfect both real and synthetic
waters are reported. The tested matrices are mostly synthetic waters presenting a model
bacterium inside to evaluate the inactivation efficiency of the considered photoanode. On
the contrary, Venieri et al. [136] performed a series of disinfection tests with real effluent
collected from the effluent of the activated sludge treatment of a municipal WWTP. In
these tests, unlike those with samples containing only selected bacterial populations, a
higher value of applied electric potential was chosen (5 V instead of 3 V). The raising of the
anodic potential was made to improve the inactivation rate of the process since the aqueous
matrix consists of a real discharge more complex and heterogeneous sample as it has
presented several organic and inorganic compounds that can interfere with the disinfection
process. Part of the ROS generated with PEC can react with the organic carbon and with the
bicarbonates, sulfates and chlorides present in WW. In general, in a real effluent will occur
a “consumption” of ROS which are not used for the inactivation of pathogens. Therefore,
further studies on real waters would be needed to deepen this aspect, to quantify in more
detail the optimal anodic potential that must be applied.

Despite several tests were conducted, the experimental scale was always at laboratory
scale, no full-scale applications are reported in literature. In all the experiments, small
reactors with a volume between 0.05 and 1 L were used and the results obtained on this
scale may be less reliable and representative compared to applications involving the use
of greater quantities of water. Several aspects that could happen at the full-scale such as
mass transfer phenomena are overlooked. Therefore, the industrialization of this process
has not yet taken place and is prevented by various problems such as the important
investment and operative costs and the management complexity that requires qualified
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personnel [138]. Moreover, different models of reactors must be studied and developed to
obtain an acceptable process efficiency and to make the PEC technologies applicable to a
treatment scale level of industrial WWTP [137]. Wu et al. [139] developed a novel integrated
system comprising three-dimensional electrochemical reactors and three-dimensional
biofilm electrode reactors in series for coking WW treatment to improve removal efficiency
and to save energy consumption. Results indicated an energy consumption of 15.6 kWh
m−3. Mesones et al. [128] evaluated the PEC inactivation of E. coli in water using a novel
three-dimensional electrochemical reactor designed with a commercial anode of RuOx/Ti
and an illuminated photocatalyst of GAC-TiO2 composite as a bipolar electrode. In the
case of GAC incorporation, there was an improvement in the energy efficiency (energy
consumption of 0.004 kWh m−3) in comparison to the pure electrolytic process with the
same current density alone with an energy consumption of 0.014 kWh m−3. In the case
of PEC processes, although the energy efficiency increased as the applied current density
increased, a higher energy consumption has been obtained (6.89, 4.23 and 2.24 kWh m−3

for 0.03, 0.06 and 0.10 mA cm−2, respectively) compared to the electrochemical disinfection
process only, due to the high electrical consumption of the UV-A lamp.

Table 5. Several result of PEC disinfection tests. S: synthetic water, R: real water, UV: ultraviolet radiation, t: contact time.

Type of Water Characteristic of
Water Tested Operative Condition Experimental

Scale Results References

S
Cell density of 107

CFU mL−1 with
Na2SO4 solution

TiO2/Ti-film
Zirconium cathode

Xenon lamp: 150 W, 1.31
× 10−2 W m−2

Electric potential: +2.0 V
t: 120 min

Lab scale reactor
(0.06 L)

E. coli: 7-log
[136]

R

Secondary effluent
of municipal

WWTP with cell
density of 107 CFU
mL−1 and Na2SO4

TiO2/Ti-film
Zirconium cathode

Xenon lamp: 150 W, 1.31
× 10−2 W m−2

Electric potential: +5.0 V
t: 90 min

E. coli: 100%
inactivation d

S

Cell density of 7 ×
104 CFU mL−1

with Na2SO4
solution

Ti/TiO2–Ag nanotubes
Pt gauze

UV: 125 W, 9.23 W m−2

Xenon lamp: 150 W
Electric potential: +1.5 V

Ag/AgCl (3 M KCl)
t (UV): 3 min

t (visible irradiation): 30
min

Lab scale reactor
(0.25 L)

M. smegmati
UV: total

inactivation
Visible irradiation:

2.4-log c

[134]

S
Cell density of 107

CFU mL−1 with
NaNO3 solution

TiO2 nanotubes
Platinum foil

UV: 28 mW cm−2

Electric potential. +1.0 V
Ag/AgCl

t (E. coli K12): 3 min
t (E. coli BW25113 a): 6.2

min

Lab scale reactor

E. coli K-12: 100%
inactivation d

E. coli BW25113:
100% inactivation d

[132]

S
Cell density of 107

CFU mL−1 with
NaNO3 solution

N-doped
carbonaceous/TiO2

Platinum foil
Electric potential: +1.0 V

Ag/AgCl
Xenon lamp: 15 mW

cm−2

t: 30 min b

Lab scale reactor
(0.05 L)

E. coli: 100%
inactivation d [135]
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Table 5. Cont.

Type of Water Characteristic of
Water Tested

Operative
Condition

Experimental
Scale Results References

S

Cell density of 3 ×
102 CFU mL−1

with Na2SO4
solution

Ag-doped Ti/TiO2
UVA: 8 W, 0.49

mW cm−2

Electric potential:
+1.5 V Ag/AgCl (1

mol L−1 KCl)
t (E. coli): 10 min

t (S. aureus): 60 min

Lab scale reactor
(0.254 L)

E. coli: 100%
inactivation d

S. aureus: 100%
inactivation d

[67]

Cell density of 3 ×
102 CFU mL−1

with Na2SO4
solution

non-doped
Ti/TiO2

UVA: 8 W, 0.49
mW cm−2

Electric potential:
+1.5 V Ag/AgCl (1

mol L−1 KCl)
t: 60 min

E. coli: 0.33-log c

S. aureus:0.25-log c

S
Cell density of 103

CFU mL−1 with
Na2SO4 solution

2
coating-TiO2/ITO

Ni mesh
UVA: 6 W, 0.47 W

m−2

Electric potential:
+1.4 V

t: 140 min

Lab scale reactor
(1 L)

E. coli: 100%
inactivation d [131]

R

Secondary effluent
of urban WWTP

with
cell density of 1.6
× 109 CFU mL−1

Ag(4%)-TiO2
polished Al foil

UVA: 4 W
Electric Potential:

+1.5 V
t: 16 min

Lab scale reactor
(0.05 L)

Faecal coliform:
100% inactivation d [130]

S
Cell density of 106

CFU mL−1 with
Na2SO4 solution

Ag(4%)-TiO2
UVA: 125 W

Electric potential:
+1.7 V Ag/AgCl (3

M KCl)
t: 5 min (P.
aeruginosa)

t: 15 min (B.
atrophaeus)

Lab scale reactor
(0.1 L)

P. aeruginosa: 100%
inactivation d

B. atrophaeus: 100%
inactivation d

[15]

a E. coli BW25113 is the mutant of the ancestral E. coli K12. b This time of complete inactivation was reached with the composite photoanodes
obtained from 120 ◦C hydrothermal-calcination treatment. A time of 40 and 50 min with the fabrication at 150 and 180 ◦C, respectively. c

The value is expressed as a percentage as a result in the corresponding research study. d In the text is expressed as complete inactivation.

5. Discussion and Future Outlooks

According to the definition promoted by the EPA (2019) [140], the purpose of green
engineering is to invest in sustainable technologies that reduce pollution and waste of
resources, always guaranteeing the protection of human health and the environment. The
high concentration of pathogen microorganisms is one of the main aspects that prevent
the reuse of the water leaving the WWTPs. A unique solution for WW disinfection does
not exist; the appropriate disinfection technology should be chosen case-by-case for each
WWTP, simultaneously considering performance, economic profit, sustainability criteria,
and destination of the effluent. The aspects to be evaluated to identify a sustainable disin-
fection technology for WW are (i) constructive and operational simplicity, (ii) efficiency in
reducing pathogenic microorganisms, (iii) capital and management cost, (iv) minimization
of by-products, (v) additional treatments, (vi) environmental impact, (vii) safety risk [12].
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It is important and urgent to find and use alternative methods to traditional chlorine
disinfection, the toxicity of which has been widely underlined and demonstrated replacing
chemical treatments with the application of multi-barrier processes that allow achieving a
low environmental impact [31]. Following the prospects of reuse water in a circular econ-
omy perspective, the ecological nature of the UV technique (no DBPs were formed) and its
simultaneous applications with US, different photocatalysts, and electric current makes
it a promising candidate for the WW disinfection process. The presented review begins
by critically analyzing the UV disinfection applied individually to the WW treatment and
continues by presenting the UV treatment in combination with different non-chemical
technologies.

As can be seen from the analysis of publications, in recent years, scientific literature
has been focusing mainly on UV-combined processes due to a series of strengths compared
to UV alone.

Sonophotolysis, thanks to the additional action of ultrasound, especially upstream
of UV, can solve the drawback of turbidity by acting mainly on the size of the suspended
particles that made disinfection inefficient. However, the high energy consumption due
to the US has inhibited the intensive use of this technology on a larger scale. This aspect
is reflected in the few experiments published in the scientific literature conducted by
researchers mainly at the laboratory scale or at most with pilot plants. Research on studies
in continuous operative conditions at a larger scale should be further studied to better
prefigure the application and actual energy consumption of the sonophotolysis process in
a daily functioning system. The aim would be to have a more reliable cost-benefit analysis
to better understand the possible advantage of implementing the technology in a WWTP.

PC thanks to the production of ROS attack the intracellular material, leading to a
greater log-reduction of microorganisms compared to previous treatments. If the semi-
conductors used are in the form of powders there is a difficult to filter them by treated
water, and in general, photocatalysts can show a low absorbance in the visible light field.
To overcome these operational problems different strategies have been developed with the
modification of photocatalyst such as mesoporous supports, metal and non-metal doping,
nanoparticles, and semiconductor coupling. The possibility of exploiting solar visible light
is also a promising aspect but one that still needs further researchers to allow its effective
application. The difficulty of finding suitable photocatalysts, the purchase cost of photocat-
alysts, the cost and complexity of procedures such as doping, the rapid recombination of
the photogenerated electrons and holes that can adversely affect the performance of the
treatment, are all weakness which have limited the PC implementation in large industrial
applications. Moreover, several ROS generated can react with different composts present in
a real effluent with a “consumption” of radicals not used for the inactivation of pathogens.
Further studies on real waters would be needed to deepen this aspect, to quantify in more
detail the optimal anodic potential that must be applied.

PEC process presents a more efficient degradation of bacteria compared to UV or PC
thanks to the greater utilization of photo-generated holes preventing this recombination
from applying a current density to the photocatalyst. It allows in a short time to remove
up to almost all microorganisms. On the other hand, PEC presents the same problems as
the PC about the type and method of use of semiconductors. Despite several tests were
conducted both for PC and PEC, synthetic matrices have often been used, obtained from
cell cultures of the target bacterium tested and no full-scale applications are reported in
literature. The mechanism of influence is still unclear, but the results acquired from real
WW samples are certainly more reliable because authentic water is a complex of many
substances that can influence not only ROS but also the physicochemical properties of
photocatalysts. It is also necessary to deepen research on different reactor configurations
with larger volumes to further increase the efficiency of both PC and PEC processes and to
make these technologies applicable to a treatment scale level of industrial WWTP.

Referring to the combined processes with UV (US + UV, PC, PEC), to compare the
different technologies and identify the most potentially interesting ones in terms of sustain-
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ability, specific energy consumption could be considered as a possible aspect of comparison.
It is one of the most important aspects at full-scale and one of the most decisive when
choosing the plant treatment chain. In this case, the limiting factor is the lack of studies of
these technologies on full-scale. the energy consumptions supplied refer to laboratory-scale
experiments and evaluate possible costs in case of a real scale application is very difficult.
Moreover, in the scientific literature the information on this aspect is limited. Only for UV
applied individually was a specific energy consumption relative to the full–scale (0.04–0.13
kWh m−3) [59], while for the other treatments data on the pilot scale were found: 5.35 kWh
m−3 for sonophotolysis [85] and 2.24–6.89 kWh m−3 for photoelectrocatalysis [128].

In general, future studies should focus mainly on aspects such as (i) use of real WWTPs
effluents, (ii) the research of easily available, cheaper, reusable, regenerable different
photocatalyst materials without the release of dangerous substances into the water, (iii) the
study of catalysts that are activated thanks to wavelengths emitted by the solar spectrum,
(iv) optimization of the design of reactors, at least at the pilot-scale, to increase knowledge
on the process yields, contact times and energy costs. Only by deepening these technologies
on different aspects and acquiring a greater awareness of their operative functioning, it
will be possible to transfer their application to the industrial scale of a WWTPs.

In conclusion, as also shown by Collivignarelli et al. [141], the recent CoViD-19 has
brought to light a structural lack of studies on the inactivation capacity of viruses (especially
coronaviruses) in real aqueous matrices by means of disinfectants such as UV. Also, in this
area further research is strongly suggested.

6. Conclusions

Among the critical issues that prevent the reuse of WWTPs effluents, the microbio-
logical component plays a key role. A unique solution for WW disinfection does not exist
but the appropriate disinfection technology should be chosen case-by-case for each WWTP,
taken into consideration also the impact on the environment. More than 130 publications
on UV-based treatments (without the formation of DBPs) are reviewed discussing their
strengths and critical aspects. UV-based combined processes in WWTPs for reuse of their
purified effluents present excellent prospects thanks to an absent environmental impact in
terms of DBPs formation and very high disinfection yields (in most cases higher than 3-log
reduction). To date the main limits to the limited application on a larger scale (or absent in
the case of UV-based combined processes) are: (i) the high capital and operative costs, (ii)
the limited or absent experience of full-scale plant management (especially for UV-based
combined processes), and (iii) the limited literature on certain processes (e.g., PEC) mainly
based on tests on synthetic waters in laboratory tests despite real waters with very low
scale reactor. Therefore, further in-depth studies are required to ensure full applicability of
UV-based combined processes in WWTPs for reuse of their purified effluents.
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Abbreviations
ARG Antibiotic resistance gene
DBP Disinfection by-product
eARG extracellular antibiotic resistance gene
PC Photocatalysis
PEC Photoelectrocatalysis
PUV Pulsed ultraviolet radiation
ROS Reactive oxygen species
THM Trihalomethane
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UV Ultraviolet radiation
WW Wastewater
WWTP Wastewater treatment plant

References
1. Abdel-halim, W.; Weichgrebe, D.; Rosenwinkel, K. Sustainable Sewage Treatment and Re-Use in Developing Countries. In

Proceedings of the Twelfth International Water Technology Conference, IWTC12, Alexandria, Egypt, 27–30 March 2008; pp.
1397–1409.

2. EEA Water Scarcity. Available online: https://www.eea.europa.eu/archived/archived-content-water-topic/featured-articles/
water-scarcity (accessed on 30 July 2020).

3. Collivignarelli, M.C.; Miino, M.C.; Gomez, F.H.; Torretta, V.; Rada, E.C.; Sorlini, S. Horizontal flow constructedwetland for
greywater treatment and reuse: An experimental case. Int. J. Environ. Res. Public Health 2020, 17, 2317. [CrossRef] [PubMed]

4. European Commission Water Scarcity and Drought in the European Union. Available online: https://ec.europa.eu/environment/
pubs/pdf/factsheets/water_scarcity.pdf (accessed on 30 July 2020).

5. European Commission Environment. Available online: https://ec.europa.eu/environment/water/index_en.htm (accessed on 30
July 2020).

6. European Union Circular Economy Action Plan. Available online: https://ec.europa.eu/environment/circular-economy/pdf/
new_circular_economy_action_plan.pdf (accessed on 30 July 2020).

7. European Parliament of the Council. Regulation EU 2020/741; European Parliament of the Council: Brussels, Belgium, 2020.
8. Angelakis, A.N.; Snyder, S.A. Wastewater treatment and reuse: Past, present, and future. Water 2015, 7, 4887–4895. [CrossRef]
9. Huertas, E.; Salgot, M.; Hollender, J.; Weber, S.; Dott, W.; Khan, S.; Schäfer, A.; Messalem, R.; Bis, B.; Aharoni, A.; et al. Key

objectives for water reuse concepts. Desalination 2008, 218, 120–131. [CrossRef]
10. Ferreira, L.C.; Castro-Alférez, M.; Nahim-Granados, S.; Polo-López, M.I.; Lucas, M.S.; Li Puma, G.; Fernández-Ibáñez, P.

Inactivation of water pathogens with solar photo-activated persulfate oxidation. Chem. Eng. J. 2020, 381, 122275. [CrossRef]
11. Gómez-López, M.D.; Bayo, J.; García-Cascales, M.S.; Angosto, J.M. Decision support in disinfection technologies for treated

wastewater reuse. J. Clean. Prod. 2009, 17, 1504–1511. [CrossRef]
12. Curiel-Esparza, J.; Cuenca-Ruiz, M.A.; Martin-Utrillas, M.; Canto-Perello, J. Selecting a sustainable disinfection technique for

wastewater reuse projects. Water 2014, 6, 2732–2747. [CrossRef]
13. Papa, M.; Bertanza, G.; Abbà, A. Reuse of wastewater: A feasible option, or not? A decision support system can solve the doubt.

Desalin. Water Treat. 2016, 57, 8670–8682. [CrossRef]
14. An, T.; Zhao, H.J.; Wong, P.K. Advances in Photocatalytic Disinfection. Convers. Lignin Bio-Based Chem. Mater. 2017, 1–16.

[CrossRef]
15. Domínguez-Espíndola, R.B.; Bruguera-Casamada, C.; Silva-Martínez, S.; Araujo, R.M.; Brillas, E.; Sirés, I. Photoelectrocatalytic

inactivation of Pseudomonas aeruginosa using an Ag-decorated TiO2 photoanode. Sep. Purif. Technol. 2019, 208, 83–91. [CrossRef]
16. Collivignarelli, M.C.; Abbà, A.; Benigna, I.; Sorlini, S.; Torretta, V. Overview of the main disinfection processes for wastewater

and drinking water treatment plants. Sustainability 2018, 10, 86. [CrossRef]
17. Li, Y.; Ding, H.; Mao, K.; Wang, D.; Wang, Q.; Zhang, W. Bactericidal activity of Ag nanoparticles decorated TiO2 microspheres

and effects of water composition and extracellular polymeric substances. Clean—Soil Air Water 2015, 43, 512–520. [CrossRef]
18. Malato, S.; Maldonado, M.I.; Fernández-Ibáñez, P.; Oller, I.; Polo, I.; Sánchez-Moreno, R. Decontamination and disinfection of

water by solar photocatalysis: The pilot plants of the Plataforma Solar de Almeria. Mater. Sci. Semicond. Process. 2016, 42, 15–23.
[CrossRef]

19. Boyjoo, Y.; Pareek, V.K.; Ang, M. A review of greywater characteristics and treatment processes. Water Sci. Technol. 2013, 67,
1403–1424. [CrossRef] [PubMed]

20. Wang, A.; Lin, C.; Shen, Z.; Liu, Z.; Xu, H.; Cheng, J.; Wen, X. Effects of pre-oxidation on haloacetonitrile and trichloronitromethane
formation during subsequent chlorination of nitrogenous organic compounds. Int. J. Environ. Res. Public Health 2020, 17, 1046.
[CrossRef]

21. Hong, H.; Xiong, Y.; Ruan, M.; Liao, F.; Lin, H.; Liang, Y. Factors affecting THMs, HAAs and HNMs formation of Jin Lan Reservoir
water exposed to chlorine and monochloramine. Sci. Total Environ. 2013, 444, 196–204. [CrossRef]

https://www.eea.europa.eu/archived/archived-content-water-topic/featured-articles/water-scarcity
https://www.eea.europa.eu/archived/archived-content-water-topic/featured-articles/water-scarcity
http://dx.doi.org/10.3390/ijerph17072317
http://www.ncbi.nlm.nih.gov/pubmed/32235508
https://ec.europa.eu/environment/pubs/pdf/factsheets/water_scarcity.pdf
https://ec.europa.eu/environment/pubs/pdf/factsheets/water_scarcity.pdf
https://ec.europa.eu/environment/water/index_en.htm
https://ec.europa.eu/environment/circular-economy/pdf/new_circular_economy_action_plan.pdf
https://ec.europa.eu/environment/circular-economy/pdf/new_circular_economy_action_plan.pdf
http://dx.doi.org/10.3390/w7094887
http://dx.doi.org/10.1016/j.desal.2006.09.032
http://dx.doi.org/10.1016/j.cej.2019.122275
http://dx.doi.org/10.1016/j.jclepro.2009.06.008
http://dx.doi.org/10.3390/w6092732
http://dx.doi.org/10.1080/19443994.2015.1029532
http://dx.doi.org/10.1007/978-3-662-53496-0
http://dx.doi.org/10.1016/j.seppur.2018.05.005
http://dx.doi.org/10.3390/su10010086
http://dx.doi.org/10.1002/clen.201300551
http://dx.doi.org/10.1016/j.mssp.2015.07.017
http://dx.doi.org/10.2166/wst.2013.675
http://www.ncbi.nlm.nih.gov/pubmed/23552228
http://dx.doi.org/10.3390/ijerph17031046
http://dx.doi.org/10.1016/j.scitotenv.2012.11.086


Int. J. Environ. Res. Public Health 2021, 18, 77 20 of 24

22. MacCrehan, W.A.; Bedner, M.; Helz, G.R. Making chlorine greener: Performance of alternative dechlorination agents in
wastewater. Chemosphere 2005, 60, 381–388. [CrossRef]

23. Chang, H.; Chen, C.; Wang, G. Characteristics of C-, N-DBPs formation from nitrogen-enriched dissolved organic matter in raw
water and treated wastewater effluent. Water Res. 2013, 47, 2729–2741. [CrossRef]

24. Ghernaout, D. The Best Available Technology of Water/Wastewater Treatment and Seawater Desalination: Simulation of the
Open Sky Seawater Distillation. Green Sustain. Chem. 2013, 3, 68–88. [CrossRef]

25. Boucherit, A.; Moulay, S.; Ghernaout, D.; Ibraheem, A.; Ghernaout, A.-G.; Naceur, M.; Messaoudene, N.; Aichouni, M.; Mahjoubi,
A.; Elboughdiri, N. New Trends in Disinfection By-Products Formation upon Water Treatment. J. Res. Dev. Chem. 2015, 2015, 1–27.
[CrossRef]

26. Sadiq, R.; Rodriguez, M.J. Fuzzy synthetic evaluation of disinfection by-products—A risk-based indexing system. J. Environ.
Manag. 2004, 73, 1–13. [CrossRef]

27. Khraisheh, M.; Wu, L.; Al-Muhtaseb, A.H.; Al-Ghouti, M.A. Photocatalytic disinfection of Escherichia coli using TiO2 P25 and
Cu-doped TiO2. J. Ind. Eng. Chem. 2015, 28, 369–376. [CrossRef]

28. Catto, C.; Sabrina, S.; Ginette, C.T.; Manuel, R.; Robert, T. Occurrence and spatial and temporal variations of disinfection
by-products in the water and air of two indoor swimming pools. Int. J. Environ. Res. Public Health 2012, 9, 2562–2586. [CrossRef]
[PubMed]

29. Marchesi, I.; Paduano, S.; Frezza, G.; Sircana, L.; Vecchi, E.; Zuccarello, P.; Conti, G.O.; Ferrante, M.; Borella, P.; Bargellini, A.
Safety and effectiveness of monochloramine treatment for disinfecting hospital water networks. Int. J. Environ. Res. Public Health
2020, 17, 6116. [CrossRef] [PubMed]

30. Sorlini, S.; Collivignarelli, M.C.; Carnevale Miino, M. Technologies for the control of emerging contaminants in drinking water
treatment plants. Environ. Eng. Manag. J. 2019, 18, 2203–2216.

31. Ghernaout, D.; Elboughdiri, N. Is Not It Time to Stop Using Chlorine for Treating Water? OALib 2020, 7, 1–11. [CrossRef]
32. Liu, S.S.; Qu, H.M.; Yang, D.; Hu, H.; Liu, W.L.; Qiu, Z.G.; Hou, A.M.; Guo, J.; Li, J.W.; Shen, Z.Q.; et al. Chlorine disinfection

increases both intracellular and extracellular antibiotic resistance genes in a full-scale wastewater treatment plant. Water Res.
2018, 136, 131–136. [CrossRef]

33. Dorevitch, S.; Anderson, K.; Shrestha, A.; Wright, D.; Odhiambo, A.; Oremo, J.; Heimler, I. Solar powered microplasma-generated
ozone: Assessment of a novel point-of-use drinking water treatment method. Int. J. Environ. Res. Public Health 2020, 17, 1858.
[CrossRef]

34. Wang, Y.H.; Chen, K.C. Removal of disinfection by-products from contaminated water using a synthetic goethite catalyst via
catalytic ozonation and a biofiltration system. Int. J. Environ. Res. Public Health 2014, 11, 9325–9344. [CrossRef]

35. Banach, J.L.; Sampers, I.; van Haute, S.; van der Fels-Klerx, H.J. Effect of disinfectants on preventing the cross-contamination of
pathogens in fresh produce washing water. Int. J. Environ. Res. Public Health 2015, 12, 8658–8677. [CrossRef]

36. Gan, W.; Ge, Y.; Zhong, Y.; Yang, X. The reactions of chlorine dioxide with inorganic and organic compounds in water treatment:
Kinetics and mechanisms. Environ. Sci. Water Res. Technol. 2020, 6, 2287–2312. [CrossRef]

37. Dell’Erba, A.; Falsanisi, D.; Liberti, L.; Notarnicola, M.; Santoro, D. Disinfection by-products formation during wastewater
disinfection with peracetic acid. Desalination 2007, 215, 177–186. [CrossRef]

38. Ghernaout, D.; Ghernaout, B.; Naceur, M.W. Embodying the chemical water treatment in the green chemistry—A review.
Desalination 2011, 271, 1–10. [CrossRef]

39. Mecha, A.C.; Onyango, M.S.; Ochieng, A.; Momba, M.N.B. Evaluation of synergy and bacterial regrowth in photocatalytic
ozonation disinfection of municipal wastewater. Sci. Total Environ. 2017, 601–602, 626–635. [CrossRef] [PubMed]

40. Yu, H.; Song, L.; Hao, Y.; Lu, N.; Quan, X.; Chen, S.; Zhang, Y.; Feng, Y. Fabrication of pilot-scale photocatalytic disinfection
device by installing TiO2 coated helical support into UV annular reactor for strengthening sterilization. Chem. Eng. J. 2016, 283,
1506–1513. [CrossRef]

41. Ghernaout, D. UV-C/H2O2 and Sunlight/H2O2 in the Core of the Best Available Technologies for Dealing with Present Dares in
Domestic Wastewater Reuse. OALib 2020, 7, 1–13. [CrossRef]

42. Paleologou, A.; Marakas, H.; Xekoukoulotakis, N.P.; Moya, A.; Vergara, Y.; Kalogerakis, N.; Gikas, P.; Mantzavinos, D. Disinfection
of water and wastewater by TiO2 photocatalysis, sonolysis and UV-C irradiation. Catal. Today 2007, 129, 136–142. [CrossRef]

43. Nebot Sanz, E.; Salcedo Dávila, I.; Andrade Balao, J.A.; Quiroga Alonso, J.M. Modelling of reactivation after UV disinfection:
Effect of UV-C dose on subsequent photoreactivation and dark repair. Water Res. 2007, 41, 3141–3151. [CrossRef]

44. Taghipour, F. Ultraviolet and ionizing radiation for microorganism inactivation. Water Res. 2004, 38, 3940–3948. [CrossRef]
45. Bonomo, L. Trattamenti Delle Acque Reflue; McGraw-Hill: Ney York, NY, USA, 2008; ISBN 978-88-386-6518-9.
46. Uslu, G.; Demirci, A.; Regan, J.M. Efficacy of pulsed UV-light treatment on wastewater effluent disinfection and suspended solid

reduction. J. Environ. Eng. 2015, 141, 1–10. [CrossRef]
47. dos Santos, A.B.K.; Claro, E.M.T.; Montagnolli, R.N.; Cruz, J.M.; Lopes, P.R.M.; Bidoia, E.D. Electrochemically assisted photocatal-

ysis: Highly efficient treatment using thermal titanium oxides doped and non-doped electrodes for water disinfection. J. Environ.
Manag. 2017, 204, 255–263. [CrossRef]

48. Zhang, C.M.; Xu, L.M.; Wang, X.C.; Zhuang, K.; Liu, Q.Q. Effects of ultraviolet disinfection on antibiotic-resistant Escherichia coli
from wastewater: Inactivation, antibiotic resistance profiles and antibiotic resistance genes. J. Appl. Microbiol. 2017, 123, 295–306.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.chemosphere.2004.11.075
http://dx.doi.org/10.1016/j.watres.2013.02.033
http://dx.doi.org/10.4236/gsc.2013.32012
http://dx.doi.org/10.5171/2015.628833
http://dx.doi.org/10.1016/j.jenvman.2004.04.014
http://dx.doi.org/10.1016/j.jiec.2015.02.023
http://dx.doi.org/10.3390/ijerph9082562
http://www.ncbi.nlm.nih.gov/pubmed/23066383
http://dx.doi.org/10.3390/ijerph17176116
http://www.ncbi.nlm.nih.gov/pubmed/32842654
http://dx.doi.org/10.4236/oalib.1106007
http://dx.doi.org/10.1016/j.watres.2018.02.036
http://dx.doi.org/10.3390/ijerph17061858
http://dx.doi.org/10.3390/ijerph110909325
http://dx.doi.org/10.3390/ijerph120808658
http://dx.doi.org/10.1039/D0EW00231C
http://dx.doi.org/10.1016/j.desal.2006.08.021
http://dx.doi.org/10.1016/j.desal.2011.01.032
http://dx.doi.org/10.1016/j.scitotenv.2017.05.204
http://www.ncbi.nlm.nih.gov/pubmed/28577398
http://dx.doi.org/10.1016/j.cej.2015.08.042
http://dx.doi.org/10.4236/oalib.1106161
http://dx.doi.org/10.1016/j.cattod.2007.06.059
http://dx.doi.org/10.1016/j.watres.2007.04.008
http://dx.doi.org/10.1016/j.watres.2004.06.016
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000912
http://dx.doi.org/10.1016/j.jenvman.2017.09.006
http://dx.doi.org/10.1111/jam.13480
http://www.ncbi.nlm.nih.gov/pubmed/28459506


Int. J. Environ. Res. Public Health 2021, 18, 77 21 of 24

49. Cantwell, R.E.; Hofmann, R. Ultraviolet absorption properties of suspended particulate matter in untreated surface waters. Water
Res. 2011, 45, 1322–1328. [CrossRef] [PubMed]

50. Wait, I.W.; Johnston, C.T.; Blatchley, E.R. The influence of oxidation reduction potential and water treatment processes on quartz
lamp sleeve fouling in ultraviolet disinfection reactors. Water Res. 2007, 41, 2427–2436. [CrossRef] [PubMed]

51. Vasilyak, L.M. Ultrasound application in systems for the disinfection of water. Surf. Eng. Appl. Electrochem. 2010, 46, 489–493.
[CrossRef]

52. Hijnen, W.A.M.; Beerendonk, E.F.; Medema, G.J. Inactivation credit of UV radiation for viruses, bacteria and protozoan (oo)cysts
in water: A review. Water Res. 2006, 40, 3–22. [CrossRef]

53. Oguma, K.; Katayama, H.; Mitani, H.; Morita, S.; Hirata, T.; Ohgaki, S. Determination of Pyrimidine Dimers in Escherichia coli and
Cryptosporidium parvum during UV Light Inactivation, Photoreactivation, and Dark Repair. Appl. Environ. Microbiol. 2001, 67,
4630–4637. [CrossRef] [PubMed]

54. Liltved, H.; Landfald, B. Effects of high intensity light on ultraviolet-irradiated and non-irradiated fish pathogenic bacteria. Water
Res. 2000, 34, 481–486. [CrossRef]

55. Lee, O.M.; Kim, H.Y.; Park, W.; Kim, T.H.; Yu, S. A comparative study of disinfection efficiency and regrowth control of
microorganism in secondary wastewater effluent using UV, ozone, and ionizing irradiation process. J. Hazard. Mater. 2015, 295,
201–208. [CrossRef]

56. Guo, M.; Hu, H.; Bolton, J.R.; El-Din, M.G. Comparison of low- and medium-pressure ultraviolet lamps: Photoreactivation of
Escherichia coli and total coliforms in secondary effluents of municipal wastewater treatment plants. Water Res. 2009, 43, 815–821.
[CrossRef]

57. Hallmich, C.; Gehr, R. Effect of pre- and post-UV disinfection conditions on photoreactivation of fecal coliforms in wastewater
effluents. Water Res. 2010, 44, 2885–2893. [CrossRef]

58. Guo, M.; Huang, J.; Hu, H.; Liu, W.; Yang, J. UV inactivation and characteristics after photoreactivation of Escherichia coli with
plasmid: Health safety concern about UV disinfection. Water Res. 2012, 46, 4031–4036. [CrossRef] [PubMed]

59. Fenu, A.; Roels, J.; Wambecq, T.; de Gussem, K.; Thoeye, C.; de Gueldre, G.; van de Steene, B. Energy audit of a full scale MBR
system. Desalination 2010, 262, 121–128. [CrossRef]

60. Bohrerova, Z.; Shemer, H.; Lantis, R.; Impellitteri, C.A.; Linden, K.G. Comparative disinfection efficiency of pulsed and
continuous-wave UV irradiation technologies. Water Res. 2008, 42, 2975–2982. [CrossRef] [PubMed]

61. Mounaouer, B.; Abdennaceur, H. Ultraviolet Radiation for Microorganism Inactivation in Wastewater. J. Environ. Prot. 2012, 3,
194–202. [CrossRef]

62. Jin, X.; Li, Z.; Xie, L.; Zhao, Y.; Wang, T. Synergistic effect of ultrasonic pre-treatment combined with UV irradiation for secondary
effluent disinfection. Ultrason. Sonochem. 2013, 20, 1384–1389. [CrossRef] [PubMed]

63. Pang, Y.; Huang, J.; Xi, J.; Hu, H.; Zhu, Y. Effect of ultraviolet irradiation and chlorination on ampicillin-resistant Escherichia coli
and its ampicillin resistance gene. Front. Environ. Sci. Eng. 2016, 10, 522–530. [CrossRef]

64. Fitzhenry, K.; Rowan, N.; Finnegan, W.; Zhan, X.; Clifford, E. Microbiological characterisation and impact of suspended solids on
pathogen removal from wastewaters in dairy processing factories. J. Dairy Res. 2018, 85, 391–395. [CrossRef]

65. Uslu, G.; Demirci, A.; Regan, J.M. Disinfection of synthetic and real municipal wastewater effluent by flow-through pulsed
UV-light treatment system. J. Water Process Eng. 2016, 10, 89–97. [CrossRef]

66. Faghihzadeh, F.; Anaya, N.M.; Hadjeres, H.; Boving, T.B.; Oyanedel-Craver, V. Pulse UV light effect on microbial biomolecules
and organic pollutants degradation in aqueous solutions. Chemosphere 2019, 216, 677–683. [CrossRef]

67. Li, G.Q.; Wang, W.L.; Huo, Z.Y.; Lu, Y.; Hu, H.Y. Comparison of UV-LED and low pressure UV for water disinfection: Photoreacti-
vation and dark repair of Escherichia coli. Water Res. 2017, 126, 134–143. [CrossRef]

68. Zhou, X.; Li, Z.; Lan, J.; Yan, Y.; Zhu, N. Kinetics of inactivation and photoreactivation of Escherichia coli using ultrasound-enhanced
UV-C light-emitting diodes disinfection. Ultrason. Sonochem. 2017, 35, 471–477. [CrossRef] [PubMed]

69. Nguyen, T.M.H.; Suwan, P.; Koottatep, T.; Beck, S.E. Application of a novel, continuous-feeding ultraviolet light emitting diode
(UV-LED) system to disinfect domestic wastewater for discharge or agricultural reuse. Water Res. 2019, 153, 53–62. [CrossRef]
[PubMed]

70. Silva, N.B.; Leonel, L.P.; Tonetti, A.L. UV-LED for Safe Effluent Reuse in Agriculture. Water Air Soil Pollut. 2020, 231, 1–10.
[CrossRef]

71. Nyangaresi, P.O.; Qin, Y.; Chen, G.; Zhang, B.; Lu, Y.; Shen, L. Comparison of the performance of pulsed and continuous
UVC-LED irradiation in the inactivation of bacteria. Water Res. 2019, 157, 218–227. [CrossRef] [PubMed]

72. Song, K.; Taghipour, F.; Mohseni, M. Microorganisms inactivation by continuous and pulsed irradiation of ultraviolet light-
emitting diodes (UV-LEDs). Chem. Eng. J. 2018, 343, 362–370. [CrossRef]

73. Song, K.; Mohseni, M.; Taghipour, F. Application of ultraviolet light-emitting diodes (UV-LEDs) for water disinfection: A review.
Water Res. 2016, 94, 341–349. [CrossRef]

74. Zou, X.Y.; Lin, Y.L.; Xu, B.; Cao, T.C.; Tang, Y.L.; Pan, Y.; Gao, Z.C.; Gao, N.Y. Enhanced inactivation of E. coli by pulsed UV-LED
irradiation during water disinfection. Sci. Total Environ. 2019, 650, 210–215. [CrossRef]

75. Gibson, J.H.; Yong, D.H.N.; Farnood, R.R.; Seto, P. A literature review of ultrasound technology and its application in wastewater
disinfection. Water Qual. Res. J. Canada 2008, 43, 23–35. [CrossRef]

http://dx.doi.org/10.1016/j.watres.2010.10.020
http://www.ncbi.nlm.nih.gov/pubmed/21074821
http://dx.doi.org/10.1016/j.watres.2007.02.057
http://www.ncbi.nlm.nih.gov/pubmed/17448518
http://dx.doi.org/10.3103/S1068375510050133
http://dx.doi.org/10.1016/j.watres.2005.10.030
http://dx.doi.org/10.1128/AEM.67.10.4630-4637.2001
http://www.ncbi.nlm.nih.gov/pubmed/11571166
http://dx.doi.org/10.1016/S0043-1354(99)00159-1
http://dx.doi.org/10.1016/j.jhazmat.2015.04.016
http://dx.doi.org/10.1016/j.watres.2008.11.028
http://dx.doi.org/10.1016/j.watres.2010.02.003
http://dx.doi.org/10.1016/j.watres.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22683407
http://dx.doi.org/10.1016/j.desal.2010.05.057
http://dx.doi.org/10.1016/j.watres.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18460414
http://dx.doi.org/10.4236/jep.2012.32024
http://dx.doi.org/10.1016/j.ultsonch.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23664253
http://dx.doi.org/10.1007/s11783-015-0779-9
http://dx.doi.org/10.1017/S0022029918000602
http://dx.doi.org/10.1016/j.jwpe.2016.02.004
http://dx.doi.org/10.1016/j.chemosphere.2018.10.176
http://dx.doi.org/10.1016/j.watres.2017.09.030
http://dx.doi.org/10.1016/j.ultsonch.2016.10.028
http://www.ncbi.nlm.nih.gov/pubmed/27816441
http://dx.doi.org/10.1016/j.watres.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30690218
http://dx.doi.org/10.1007/s11270-020-04742-4
http://dx.doi.org/10.1016/j.watres.2019.03.080
http://www.ncbi.nlm.nih.gov/pubmed/30954697
http://dx.doi.org/10.1016/j.cej.2018.03.020
http://dx.doi.org/10.1016/j.watres.2016.03.003
http://dx.doi.org/10.1016/j.scitotenv.2018.08.367
http://dx.doi.org/10.2166/wqrj.2008.004


Int. J. Environ. Res. Public Health 2021, 18, 77 22 of 24

76. Matafonova, G.; Batoev, V. Review on low- and high-frequency sonolytic, sonophotolytic and sonophotochemical processes for
inactivating pathogenic microorganisms in aqueous media. Water Res. 2019, 166, 115085. [CrossRef]

77. Zhou, X.; Yan, Y.; Li, Z.; Yin, J. Disinfection effect of a continuous-flow ultrasound/ultraviolet baffled reactor at a pilot scale.
Ultrason. Sonochem. 2017, 37, 114–119. [CrossRef]

78. Yap, H.C.; Pang, Y.L.; Lim, S.; Abdullah, A.Z.; Ong, H.C.; Wu, C.H. A comprehensive review on state-of-the-art photo-, sono-, and
sonophotocatalytic treatments to degrade emerging contaminants. Int. J. Environ. Sci. Technol. 2019, 16, 601–628. [CrossRef]

79. Drakopoulou, S.; Terzakis, S.; Fountoulakis, M.S.; Mantzavinos, D.; Manios, T. Ultrasound-induced inactivation of gram-negative
and gram-positive bacteria in secondary treated municipal wastewater. Ultrason. Sonochem. 2009, 16, 629–634. [CrossRef]
[PubMed]

80. Naddeo, V.; Landi, M.; Belgiorno, V.; Napoli, R.M.A. Wastewater disinfection by combination of ultrasound and ultraviolet
irradiation. J. Hazard. Mater. 2009, 168, 925–929. [CrossRef] [PubMed]

81. Gao, S.; Hemar, Y.; Ashokkumar, M.; Paturel, S.; Lewis, G.D. Inactivation of bacteria and yeast using high-frequency ultrasound
treatment. Water Res. 2014, 60, 93–104. [CrossRef]

82. Rokhina, E.V.; Lens, P.; Virkutyte, J. Low-frequency ultrasound in biotechnology: State of the art. Trends Biotechnol. 2009, 27,
298–306. [CrossRef]

83. Tran, K.V.B.; Kimura, T.; Kondo, T.; Koda, S. Quantification of frequency dependence of mechanical effects induced by ultrasound.
Ultrason. Sonochem. 2014, 21, 716–721. [CrossRef]

84. Yong, H.N.; Farnood, R.R.; Cairns, W.; Mao, T. Effect of Sonication on UV Disinfectability of Primary Effluents. Water Environ. Res.
2009, 81, 695–701. [CrossRef]

85. Zhou, X.; Guo, H.; Li, Z.; Zhao, J.; Yun, Y. Experimental study on the disinfection efficiencies of a continuous-flow ultra-
sound/ultraviolet baffled reactor. Ultrason. Sonochem. 2015, 27, 81–86. [CrossRef]

86. Blume, T.; Neis, U. Improved wastewater disinfection by ultrasonic pre-treatment. Ultrason. Sonochem. 2004, 11, 333–336.
[CrossRef]

87. Gibson, J.H.; Hon, H.; Farnood, R.; Droppo, I.G.; Seto, P. Effects of ultrasound on suspended particles in municipal wastewater.
Water Res. 2009, 43, 2251–2259. [CrossRef]

88. Jarvis, P.; Jefferson, B.; Gregory, J.; Parsons, S.A. A review of floc strength and breakage. Water Res. 2005, 39, 3121–3137. [CrossRef]
[PubMed]

89. Joyce, E.M.; Mason, T.J.; Lorimer, J.P. Application of UV radiation or electrochemistry in conjunction with power ultrasound for
the disinfection of water. Int. J. Environ. Pollut. 2006, 27, 222–230. [CrossRef]

90. Rebecca Annisha, O.D.; Li, Z.; Zhou, X.; Madgil Don Stenay, N.; Donde, O.O. Performance evaluation of combined ultraviolet-
ultrasonic technologies in removal of sulfonamide and tetracycline resistant Escherichia coli from domestic effluents. J. Water,
Sanit. Hyg. Dev. 2020, 10, 276–285. [CrossRef]

91. Mondal, K.; Sharma, A. Recent advances in the synthesis and application of photocatalytic metal-metal oxide core-shell
nanoparticles for environmental remediation and their recycling process. RSC Adv. 2016, 6, 83589–83612. [CrossRef]

92. Cavalcante, R.P.; Dantas, R.F.; Bayarri, B.; González, O.; Giménez, J.; Esplugas, S.; Machulek, A. Photocatalytic mechanism of
metoprolol oxidation by photocatalysts TiO2 and TiO2 doped with 5% B: Primary active species and intermediates. Appl. Catal. B
Environ. 2016, 194, 111–122. [CrossRef]

93. Almomani, F.; Bhosale, R.; Kumar, A.; Khraisheh, M. Potential use of solar photocatalytic oxidation in removing emerging
pharmaceuticals from wastewater: A pilot plant study. Sol. Energy 2018, 172, 128–140. [CrossRef]

94. Reddy, P.V.L.; Kim, K.H.; Kim, Y.H. A review of photocatalytic treatment for various air pollutants. Asian J. Atmos. Environ. 2011,
5, 181–188. [CrossRef]

95. Collivignarelli, M.C.; Abbà, A.; Carnevale Miino, M.; Arab, H.; Bestetti, M.; Franz, S. Decolorization and biodegradability of
a real pharmaceutical wastewater treated by H2O2-assisted photoelectrocatalysis on TiO2 meshes. J. Hazard. Mater. 2020, 387,
121668. [CrossRef]

96. Dalrymple, O.K.; Stefanakos, E.; Trotz, M.A.; Goswami, D.Y. A review of the mechanisms and modeling of photocatalytic
disinfection. Appl. Catal. B Environ. 2010, 98, 27–38. [CrossRef]

97. Zhang, B.; Zou, S.; Cai, R.; Li, M.; He, Z. Highly-efficient photocatalytic disinfection of Escherichia coli under visible light using
carbon supported Vanadium Tetrasulfide nanocomposites. Appl. Catal. B Environ. 2018, 224, 383–393. [CrossRef]

98. Dimapilis, E.A.S.; Hsu, C.S.; Mendoza, R.M.O.; Lu, M.C. Zinc oxide nanoparticles for water disinfection. Sustain. Environ. Res.
2018, 28, 47–56. [CrossRef]

99. Ibrahim, M.M.; Asal, S. Physicochemical and photocatalytic studies of Ln3+- ZnO for water disinfection and wastewater treatment
applications. J. Mol. Struct. 2017, 1149, 404–413. [CrossRef]

100. Raizada, P.; Sudhaik, A.; Singh, P. Photocatalytic water decontamination using graphene and ZnO coupled photocatalysts: A
review. Mater. Sci. Energy Technol. 2019, 2, 509–525. [CrossRef]

101. Xu, J.; Gao, Q.; Bai, X.; Wang, Z.; Zhu, Y. Enhanced visible-light-induced photocatalytic degradation and disinfection activities of
oxidized porous g-C 3 N 4 by loading Ag nanoparticles. Catal. Today 2019, 332, 227–235. [CrossRef]

102. Xu, Y.; Liu, Q.; Liu, C.; Zhai, Y.; Xie, M.; Huang, L.; Xu, H.; Li, H.; Jing, J. Visible-light-driven Ag/AgBr/ZnFe2O4 composites
with excellent photocatalytic activity for E. coli disinfection and organic pollutant degradation. J. Colloid Interface Sci. 2018, 512,
555–566. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.watres.2019.115085
http://dx.doi.org/10.1016/j.ultsonch.2017.01.003
http://dx.doi.org/10.1007/s13762-018-1961-y
http://dx.doi.org/10.1016/j.ultsonch.2008.11.011
http://www.ncbi.nlm.nih.gov/pubmed/19131265
http://dx.doi.org/10.1016/j.jhazmat.2009.02.128
http://www.ncbi.nlm.nih.gov/pubmed/19345488
http://dx.doi.org/10.1016/j.watres.2014.04.038
http://dx.doi.org/10.1016/j.tibtech.2009.02.001
http://dx.doi.org/10.1016/j.ultsonch.2013.08.018
http://dx.doi.org/10.2175/106143008X390753
http://dx.doi.org/10.1016/j.ultsonch.2015.05.002
http://dx.doi.org/10.1016/S1350-4177(03)00156-1
http://dx.doi.org/10.1016/j.watres.2009.02.024
http://dx.doi.org/10.1016/j.watres.2005.05.022
http://www.ncbi.nlm.nih.gov/pubmed/16000210
http://dx.doi.org/10.1504/IJEP.2006.010465
http://dx.doi.org/10.2166/washdev.2020.144
http://dx.doi.org/10.1039/C6RA18102C
http://dx.doi.org/10.1016/j.apcatb.2016.04.054
http://dx.doi.org/10.1016/j.solener.2018.07.041
http://dx.doi.org/10.5572/ajae.2011.5.3.181
http://dx.doi.org/10.1016/j.jhazmat.2019.121668
http://dx.doi.org/10.1016/j.apcatb.2010.05.001
http://dx.doi.org/10.1016/j.apcatb.2017.10.065
http://dx.doi.org/10.1016/j.serj.2017.10.001
http://dx.doi.org/10.1016/j.molstruc.2017.08.007
http://dx.doi.org/10.1016/j.mset.2019.04.007
http://dx.doi.org/10.1016/j.cattod.2018.07.024
http://dx.doi.org/10.1016/j.jcis.2017.10.077
http://www.ncbi.nlm.nih.gov/pubmed/29100160


Int. J. Environ. Res. Public Health 2021, 18, 77 23 of 24

103. Borges, M.E.; Sierra, M.; Cuevas, E.; García, R.D.; Esparza, P. Photocatalysis with solar energy: Sunlight-responsive photocatalyst
based on TiO2 loaded on a natural material for wastewater treatment. Sol. Energy 2016, 135, 527–535. [CrossRef]

104. Borges, M.E.; Hernández, T.; Esparza, P. Photocatalysis as a potential tertiary treatment of urban wastewater: New photocatalytic
materials. Clean Technol. Environ. Policy 2014, 16, 431–436. [CrossRef]

105. Reddy, P.V.L.; Kavitha, B.; Kumar Reddy, P.A.; Kim, K.H. TiO2-based photocatalytic disinfection of microbes in aqueous media: A
review. Environ. Res. 2017, 154, 296–303. [CrossRef]

106. Sacco, O.; Vaiano, V.; Rizzo, L.; Sannino, D. Photocatalytic activity of a visible light active structured photocatalyst developed for
municipal wastewater treatment. J. Clean. Prod. 2018, 175, 38–49. [CrossRef]

107. Reddy, P.A.K.; Reddy, P.V.L.; Kwon, E.; Kim, K.H.; Akter, T.; Kalagara, S. Recent advances in photocatalytic treatment of pollutants
in aqueous media. Environ. Int. 2016, 91, 94–103. [CrossRef]

108. Baek, M.H.; Jung, W.C.; Yoon, J.W.; Hong, J.S.; Lee, Y.S.; Suh, J.K. Preparation, characterization and photocatalytic activity
evaluation of micro- and mesoporous TiO2/spherical activated carbon. J. Ind. Eng. Chem. 2013, 19, 469–477. [CrossRef]

109. He, Y.; Sutton, N.B.; Rijnaarts, H.H.H.; Langenhoff, A.A.M. Degradation of pharmaceuticals in wastewater using immobilized
TiO2 photocatalysis under simulated solar irradiation. Appl. Catal. B Environ. 2016, 182, 132–141. [CrossRef]

110. Franz, S.; Perego, D.; Marchese, O.; Bestetti, M. Photoelectrochemical advanced oxidation processes on nanostructured TiO2
catalysts: Decolorization of a textile azo-dye. J. Water Chem. Technol. 2015, 37, 108–115. [CrossRef]

111. Murgolo, S.; Franz, S.; Arab, H.; Bestetti, M.; Falletta, E.; Mascolo, G. Degradation of emerging organic pollutants in wastewater
effluents by electrochemical photocatalysis on nanostructured TiO2 meshes. Water Res. 2019, 164, 114920. [CrossRef] [PubMed]

112. Wang, T.; Jiang, Z.; An, T.; Li, G.; Zhao, H.; Wong, P.K. Enhanced Visible-Light-Driven Photocatalytic Bacterial Inactivation by
Ultrathin Carbon-Coated Magnetic Cobalt Ferrite Nanoparticles. Environ. Sci. Technol. 2018, 52, 4774–4784. [CrossRef] [PubMed]

113. Pedroza-Herrera, G.; Medina-Ramírez, I.E.; Lozano-Álvarez, J.A.; Rodil, S.E. Evaluation of the Photocatalytic Activity of Copper
Doped TiO2 nanoparticles for the Purification and/or Disinfection of Industrial Effluents. Catal. Today 2020, 341, 37–48. [CrossRef]

114. Regmi, C.; Joshi, B.; Ray, S.K.; Gyawali, G.; Pandey, R.P. Understanding Mechanism of Photocatalytic Microbial Decontamination
of Environmental Wastewater. Front. Chem. 2018, 6, 1–6. [CrossRef]

115. Zeng, X.; Lan, S.; Lo, I.M.C. Rapid disinfection of E. coli by a ternary BiVO 4 /Ag/g-C 3 N 4 composite under visible light:
Photocatalytic mechanism and performance investigation in authentic sewage. Environ. Sci. Nano 2019, 6, 610–623. [CrossRef]

116. Sreeja, S.; Shetty, K.V. Photocatalytic water disinfection under solar irradiation by Ag@TiO2 core-shell structured nanoparticles.
Sol. Energy 2017, 157, 236–243. [CrossRef]

117. Malato, S.; Fernández-Ibáñez, P.; Maldonado, M.I.; Blanco, J.; Gernjak, W. Decontamination and disinfection of water by solar
photocatalysis: Recent overview and trends. Catal. Today 2009, 147, 1–59. [CrossRef]

118. Agulló-Barceló, M.; Polo-López, M.I.; Lucena, F.; Jofre, J.; Fernández-Ibáñez, P. Solar Advanced Oxidation Processes as disinfection
tertiary treatments for real wastewater: Implications for water reclamation. Appl. Catal. B Environ. 2013, 136–137, 341–350.
[CrossRef]

119. Booshehri, A.Y.; Polo-Lopez, M.I.; Castro-Alférez, M.; He, P.; Xu, R.; Rong, W.; Malato, S.; Fernández-Ibáñez, P. Assessment of
solar photocatalysis using Ag/BiVO4 at pilot solar Compound Parabolic Collector for inactivation of pathogens in well water
and secondary effluents. Catal. Today 2017, 281, 124–134. [CrossRef]

120. Ferro, G.; Fiorentino, A.; Alferez, M.C.; Polo-López, M.I.; Rizzo, L.; Fernández-Ibáñez, P. Urban wastewater disinfection for
agricultural reuse: Effect of solar driven AOPs in the inactivation of a multidrug resistant E. coli strain. Appl. Catal. B Environ.
2015, 178, 65–73. [CrossRef]

121. Meng, Y.; Wang, Y.; Han, Q.; Xue, N.; Sun, Y.; Gao, B.; Li, Q. Trihalomethane (THM) formation from synergic disinfection of
biologically treated municipal wastewater: Effect of ultraviolet (UV) irradiation and titanium dioxide photocatalysis on dissolve
organic matter fractions. Chem. Eng. J. 2016, 303, 252–260. [CrossRef]

122. Venieri, D.; Gounaki, I.; Bikouvaraki, M.; Binas, V.; Zachopoulos, A.; Kiriakidis, G.; Mantzavinos, D. Solar photocatalysis as
disinfection technique: Inactivation of Klebsiella pneumoniae in sewage and investigation of changes in antibiotic resistance profile.
J. Environ. Manag. 2017, 195, 140–147. [CrossRef]

123. Das, S.; Ranjana, N.; Misra, A.J.; Suar, M.; Mishra, A.; Tamhankar, A.J.; Lundborg, C.S.; Tripathy, S.K. Disinfection of the water
borne pathogens Escherichia coli and Staphylococcus aureus by solar photocatalysis using sonochemically synthesized reusable
Ag@ZnO core-shell nanoparticles. Int. J. Environ. Res. Public Health 2017, 14, 747. [CrossRef]

124. He, J.; Zeng, X.; Lan, S.; Lo, I.M.C. Reusable magnetic Ag/Fe, N-TiO2/Fe3O4@SiO2 composite for simultaneous photocatalytic
disinfection of E. coli and degradation of bisphenol A in sewage under visible light. Chemosphere 2019, 217, 869–878. [CrossRef]

125. Song, J.; Wu, X.; Zhang, M.; Liu, C.; Yu, J.; Sun, G.; Si, Y.; Ding, B. Highly flexible, core-shell heterostructured, and visible-light-
driven titania-based nanofibrous membranes for antibiotic removal and E. coli inactivation. Chem. Eng. J. 2020, 379, 122269.
[CrossRef]

126. Garcia-Segura, S.; Brillas, E. Applied photoelectrocatalysis on the degradation of organic pollutants in wastewaters. J. Photochem.
Photobiol. C Photochem. Rev. 2017, 31, 1–35. [CrossRef]

127. Franz, S.; Falletta, E.; Arab, H.; Murgolo, S.; Bestetti, M.; Mascolo, G. Degradation of Carbamazepine by Photo(electro)catalysis
on Nanostructured TiO2 Meshes: Transformation Products and Reaction Pathways. Catalysts 2020, 10, 169. [CrossRef]

http://dx.doi.org/10.1016/j.solener.2016.06.022
http://dx.doi.org/10.1007/s10098-013-0637-z
http://dx.doi.org/10.1016/j.envres.2017.01.018
http://dx.doi.org/10.1016/j.jclepro.2017.11.088
http://dx.doi.org/10.1016/j.envint.2016.02.012
http://dx.doi.org/10.1016/j.jiec.2012.08.026
http://dx.doi.org/10.1016/j.apcatb.2015.09.015
http://dx.doi.org/10.3103/S1063455X15030029
http://dx.doi.org/10.1016/j.watres.2019.114920
http://www.ncbi.nlm.nih.gov/pubmed/31401328
http://dx.doi.org/10.1021/acs.est.7b06537
http://www.ncbi.nlm.nih.gov/pubmed/29578698
http://dx.doi.org/10.1016/j.cattod.2018.09.017
http://dx.doi.org/10.3389/fchem.2018.00033
http://dx.doi.org/10.1039/C8EN01283K
http://dx.doi.org/10.1016/j.solener.2017.07.057
http://dx.doi.org/10.1016/j.cattod.2009.06.018
http://dx.doi.org/10.1016/j.apcatb.2013.01.069
http://dx.doi.org/10.1016/j.cattod.2016.08.016
http://dx.doi.org/10.1016/j.apcatb.2014.10.043
http://dx.doi.org/10.1016/j.cej.2016.05.141
http://dx.doi.org/10.1016/j.jenvman.2016.06.009
http://dx.doi.org/10.3390/ijerph14070747
http://dx.doi.org/10.1016/j.chemosphere.2018.11.072
http://dx.doi.org/10.1016/j.cej.2019.122269
http://dx.doi.org/10.1016/j.jphotochemrev.2017.01.005
http://dx.doi.org/10.3390/catal10020169


Int. J. Environ. Res. Public Health 2021, 18, 77 24 of 24

128. Mesones, S.; Mena, E.; López Muñoz, M.J.; Adán, C.; Marugán, J. Synergistic and antagonistic effects in the photoelectrocatalytic
disinfection of water with TiO2 supported on activated carbon as a bipolar electrode in a novel 3D photoelectrochemical reactor.
Sep. Purif. Technol. 2020, 247, 117002. [CrossRef]

129. Daghrir, R.; Drogui, P.; Robert, D. Photoelectrocatalytic technologies for environmental applications. J. Photochem. Photobiol. A
Chem. 2012, 238, 41–52. [CrossRef]

130. Domínguez-Espíndola, R.B.; Varia, J.C.; Álvarez-Gallegos, A.; Ortiz-Hernández, M.L.; Peña-Camacho, J.L.; Silva-Martínez,
S. Photoelectrocatalytic inactivation of fecal coliform bacteria in urban wastewater using nanoparticulated films of TiO2 and
TiO2/Ag. Environ. Technol. 2017, 38, 606–614. [CrossRef] [PubMed]

131. Pablos, C.; Marugán, J.; Adán, C.; Osuna, M.; van Grieken, R. Performance of TiO2 photoanodes toward oxidation of methanol
and E. coli inactivation in water in a scaled-up photoelectrocatalytic reactor. Electrochim. Acta 2017, 258, 599–606. [CrossRef]

132. Nie, X.; Li, G.; Gao, M.; Sun, H.; Liu, X.; Zhao, H.; Wong, P.K.; An, T. Comparative study on the photoelectrocatalytic inactivation
of Escherichia coli K-12 and its mutant Escherichia coli BW25113 using TiO2 nanotubes as a photoanode. Appl. Catal. B Environ.
2014, 147, 562–570. [CrossRef]

133. Peleyeju, M.G.; Arotiba, O.A. Recent trend in visible-light photoelectrocatalytic systems for degradation of organic contaminants
in water/wastewater. Environ. Sci. Water Res. Technol. 2018, 4, 1389–1411. [CrossRef]

134. Brugnera, M.F.; Miyata, M.; Fujimura Leite, C.Q.; Zanoni, M.V.B. Silver ion release from electrodes of nanotubes of TiO2
impregnated with Ag nanoparticles applied in photoelectrocatalytic disinfection. J. Photochem. Photobiol. A Chem. 2014, 278, 1–8.
[CrossRef]

135. Nie, X.; Li, G.; Wong, P.K.; Zhao, H.; An, T. Synthesis and characterization of N-doped carbonaceous/TiO2 composite photoanodes
for visible-light photoelectrocatalytic inactivation of Escherichia coli K-12. Catal. Today 2014, 230, 67–73. [CrossRef]

136. Venieri, D.; Chatzisymeon, E.; Politi, E.; Sofianos, S.S.; Katsaounis, A.; Mantzavinos, D. Photoelectrocatalytic disinfection of water
and wastewater: Performance evaluation by qPCR and culture techniques. J. Water Health 2013, 11, 21–29. [CrossRef]

137. Bessegato, G.G.; Guaraldo, T.T.; de Brito, J.F.; Brugnera, M.F.; Zanoni, M.V.B. Achievements and Trends in Photoelectrocatalysis:
From Environmental to Energy Applications. Electrocatalysis 2015, 6, 415–441. [CrossRef]

138. Meng, X.; Zhang, Z.; Li, X. Synergetic photoelectrocatalytic reactors for environmental remediation: A review. J. Photochem.
Photobiol. C Photochem. Rev. 2015, 24, 83–101. [CrossRef]

139. Wu, Z.Y.; Liu, Y.; Wang, S.Y.; Peng, P.; Li, X.Y.; Xu, J.; Li, W.H. A novel integrated system of three-dimensional electrochemical
reactors (3DERs) and three-dimensional biofilm electrode reactors (3DBERs) for coking wastewater treatment. Bioresour. Technol.
2019, 284, 222–230. [CrossRef] [PubMed]

140. EPA What is Green Engineering? Available online: https://www.epa.gov/green-engineering/about-green-engineering#
definition (accessed on 27 March 2020).

141. Collivignarelli, M.C.; Collivignarelli, C.; Carnevale Miino, M.; Abbà, A.; Pedrazzani, R.; Bertanza, G. SARS-CoV-2 in sewer
systems and connected facilities. Process Saf. Environ. Prot. 2020, 143, 196–203. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.seppur.2020.117002
http://dx.doi.org/10.1016/j.jphotochem.2012.04.009
http://dx.doi.org/10.1080/09593330.2016.1205148
http://www.ncbi.nlm.nih.gov/pubmed/27384128
http://dx.doi.org/10.1016/j.electacta.2017.11.103
http://dx.doi.org/10.1016/j.apcatb.2013.09.037
http://dx.doi.org/10.1039/C8EW00276B
http://dx.doi.org/10.1016/j.jphotochem.2013.12.020
http://dx.doi.org/10.1016/j.cattod.2013.09.046
http://dx.doi.org/10.2166/wh.2012.208
http://dx.doi.org/10.1007/s12678-015-0259-9
http://dx.doi.org/10.1016/j.jphotochemrev.2015.07.003
http://dx.doi.org/10.1016/j.biortech.2019.03.123
http://www.ncbi.nlm.nih.gov/pubmed/30939384
https://www.epa.gov/green-engineering/about-green-engineering#definition
https://www.epa.gov/green-engineering/about-green-engineering#definition
http://dx.doi.org/10.1016/j.psep.2020.06.049
http://www.ncbi.nlm.nih.gov/pubmed/32834559

	Introduction 
	Methodology and Structure 
	Photolysis 
	UV Pulsed UV (PUV) and UV-Light Emitting Diode (UV-LED) 
	UV Pulsed (PUV) 
	UV-Light Emitting Diode (UV-LED) 


	Combination with Other Technologies 
	Sonophotolysis 
	Photocatalysis 
	Photoelectrocatalysis 

	Discussion and Future Outlooks 
	Conclusions 
	References

