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• 265 nm wavelength have higher germi-
cidal effect, but 280 nm represses cell
repair.

• 280 nm LED have higher electricity-to-
photon conversion compared to
265 nm LED.

• UVA exposure before UVC affects bio-
logical processes in bacterial inactiva-
tion.

• Pulsed UVC LED does not affect activity
but improves temperature control.

• Expected deployment of UVC LED in the
upcoming future in water disinfection
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The increase in efficiency achieved by UV LED devices has led to a compelling increase in research reports on UV LED
water treatment for consumption in the past few years. This paper presents an in-depth review based on recent studies
on the suitability and performance of UV LED-driven processes for water disinfection. The effect of different UVwave-
lengths and their combinations was analysed for the inactivation of various microorganisms and the inhibition of re-
pair mechanisms. Whereas 265 nm UVC LED present a higher DNA damaging potential, 280 nm radiation is reported
to repress photoreactivation and dark repair. No synergistic effects have been proved to exist when coupling
UVB + UVC whereas sequential UVA-UVC radiation seemed to enhance inactivation. Benefits of pulsed over contin-
uous radiation in terms of germicidal effects and energy consumption were also analysed, but with inconclusive re-
sults. However, pulsed radiation may be promising for improving thermal management. As a challenge, the use of
UV LED sources introduces significant inhomogeneities in the light distribution, pushing for the development of ade-
quate simulation methods to ensure that the minimum target dose required for the target microbes is achieved. Con-
cerning energy consumption, selecting the optimal wavelength of the UV LED needs a compromise between the
quantum efficiency of the process and the electricity-to-photon conversion. The expected development of the UV
LED industry in the next few years points to UVC LED as a promising technology for water disinfection at a large
scale that could be competitive in the market in the near future.
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1. Introduction

LED technology has opened up new opportunities for water disinfection
through its high efficiency, long lifespan, and flexibility in wavelength se-
lection. Compared to traditional lamps, UV LED are smaller, have no
warm-up time, and can be precisely controlled for optimal disinfection.
The availability of specific wavelengths also allows for targeted or com-
bined multi-wavelength sources for treating multiple microbial targets.
However, the use of LED lamps requires a precise understanding of photo-
chemistry, reactor design, and the mechanism of microbial inactivation to
optimise their performance. As the industry continues to developmore effi-
cient UV LED technology, it is expected that UV LED systems will become a
competitive option for large-scale water disinfection in the near future.

1.1. Development of LED and UV LED technologies

The development of the light-emitting diode (LED) started in 1907,with
Henry Joseph Round, a British electrical engineer, who reported current-
driven light emission using a polycrystalline material from silicon carbide
(SiC), known as electroluminescence (Round, 1991). In the following
years, this same phenomenon was observed in different crystalline mate-
rials, such as Ge, Si, carborundum, and copper oxide (Dupuis and Krames,
2008). In the 1940s, the existence within a crystalline SiC material of n-
type regions dominated by negative charge carriers and p-type regions
dominated by positively charged carriers was first described (Ohl, 1946).
In the following decade, this phenomenon was also observed in other
semiconductors that were capable of emitting light at other wavelengths
(Rediker, 1987). The discovery of the p-n junction was a fundamental
event for the development of the LED lighting systems that we know
today. LED devices are systems capable of emitting light by electrolumines-
cence when an electrical current is passed through them. This phenomenon
only happens in one way, and the emission of light, unlike incandescent
lamps, is not due to heating, but it is due to the selective jumping of elec-
trons from the n-type to the p-type region. The energy released in this
process and, therefore, the wavelength of the light emitted depend on the
energy difference between the two regions and, therefore, on the semicon-
ductor material used. One of the main characteristics of electrolumines-
cence is that radiation is emitted in a very small range of wavelengths,
which makes it possible to optimise the selection of LED for a specific appli-
cation. Furthermore, it is important to note that one of themain advantages
of LED is that almost all the energy released by the leap of electrons is trans-
formed into light, so the efficiency of the process is very high (Weisbuch,
2020).

Although, the emission of light by semiconductors was discovered in
the early 20th century, a practical version of visible (red) light was not
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developed until the early 1960s (Zheludev, 2007). These early devices
could emit very low powers and were used only as indicators. Throughout
the 1970s, the development of LED devices continued, and new devices
with shorter wavelengths, such as orange, yellow, and green, were
launched on the market. It was not until 1993 that a blue emitting LED
was first developed (Lamar, 2020). In 1996, the first white LED was devel-
oped by applying a phosphor coating to a blue LED. Since then, the devel-
opment of this technology has been growing until the appearance of the
high-power LED that are widely used today in many fields of lighting
(Bourget, 2008).

It was also in the ‘90s that the first UV LED formedwith a GaN semicon-
ductor exhibiting a low efficiency of around 1 % was developed by
Japanese researchers. GaN is a broadband semiconductor capable of emit-
ting light. It has high electronmobility and high thermal resistance, making
it suitable for high-power applications. GaN LED are made by depositing
layers of GaN semiconductor material onto a substrate, usually sapphire.
The upper layer of the LED structure is a p-type GaN layer, and the lower
layer is an n-type. Electrons are injected from the n-shell into the p-typema-
terial, and upon recombining with the holes, they emit photons in the visi-
ble wavelength range. LED made with GaN have higher energy efficiency,
higher durability and a longer lifespan than previously ones. Furthermore,
GaN LED can produce light in a wide range of wavelengths. Years after its
discovery he first UV LED began to appear in the market, and from 2008,
commercial LED began to offer enough power at reasonable prices, opening
the possibility of their use in diverse applications in water treatment and
showing a very promising future (Heathcote, 2011).

1.2. Features of UV LED light sources

Traditionally, UV light has been generated with mercury lamps, includ-
ing low-pressure (LP) ones, which emit nearly monochromatic UV light at a
wavelength of 254 nm, and medium-pressure lamps (MP), which emit a
polychromatic spectrum with various wavelengths (200–600 nm), consid-
ered an effective inactivation source of microbial present in water
(Keshavarzfathy et al., 2021; Sholtes and Linden, 2019).

The two main advantages of LED over other lighting systems are their
high efficiency in converting electricity into light, and their long-life span
(> 50,000 h). The radiation that a LED device can emit depends on the
manufacturing materials, allowing a wide range of wavelengths, from the
UV to the infrared region, available nowadays in the market. In addition,
LED are very resistant devices with no fragile glass envelope, and their use-
ful life is not shortened by the repetition of on/off cycles as with other light-
ing devices, such as incandescent lamps, fluorescent lamps, or arc-discharge
lamps. They also avoid the use of dangerous compounds, such as the mer-
cury used in fluorescent lamps (Martín-Sómer et al., 2018), and they are
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small in size, allowing great flexibility for the design of light sources in
photoreactors.

Despite all these advantages, nowadays, UV LED and especially UVC
LED still offer low efficiencies at higher current densities compared to
visible LED, limiting their implementation in industrial systems for the
moment. However, with the rapid evolution of LED over the years, this
issue is expected to be promptly solved. On the other hand, an issue that
must be considered is that the lower efficiency of UV LED causes greater
heat generation, which can lead to an overheating phenomenon if the
photoreactor design is not carried out correctly. Despite this drawback,
their efficiency has been highly proven for water treatment with different
pollutants, such as phenol (Levchuk et al., 2015), dyes (Martín-Sómer
et al., 2020; Natarajan et al., 2011; Repo et al., 2013), water purification
(Yin and Shang, 2020), micropollutants removal (Cai et al., 2021; Fujioka
et al., 2020; Xiong et al., 2020), metal removal (Liu et al., 2014), inactiva-
tion of different bacteria and parasites (Pousty et al., 2021; Takahashi
et al., 2020; Thatcher and Adams, 2021), or even for coronavirus inactiva-
tion (Gerchman et al., 2020).

The electrical efficiency of the traditional mercury UVA fluorescent
lamps used for photocatalytic water treatment is very low, around 15 %.
With the development of LED in the UVA range, a promising alternative
was opened towards a notable improvement in the efficiency of these pro-
cesses. However, their low initial efficiency also led to the search for an al-
ternative catalytic material sensitive to near-visible light, a spectral region
where LED lighting systems were considerably more efficient (Kim and
Kang, 2020; Kim et al., 2020; Xiao et al., 2018). In recent years, the im-
provement of UVA LED devices has boosted their electrical efficiencies to
values between 40 % and 50 %, considerably above those of traditional
mercury fluorescent lamps and rapidly approaching that of visible LED.
These values are expected to continue increasing in the coming years if
their evolution is comparable to that of visible light LED, which will sig-
nificantly improve their photoactivated water treatment efficiency and
the potential implementation on an industrial scale.

On the other hand, UVC light is also especially important in
photoactivated water treatment processes, especially those related to
the inactivation of microorganisms (Zhang et al., 2021; Lee et al.,
2021; Le et al., 2021). At present, the efficiency of LED in the UVC
range is still too low (between 1.5 % and 2 %) to consider their wide-
spread use in large-scale processes. However, if their development
follows a similar trend to that followed by both visible LED and UVA
LED, it is expected that in the next decade, the efficiency of UVC LED de-
vices will exceed that of mercury fluorescent lamps, and they will begin
to be considered as viable alternative in industrial systems. Fig. 1 shows
the increase in efficiency of LED devices in recent years and the
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prediction (dashed lines) of the efficiency of UVC LED in the coming
years by extrapolating the historical pattern of visible and UVA LED.

1.3. Mechanisms of water disinfection by UV light

It is well known that UVC (100–280 nm) light causes the inactivation of
microbial pathogens when their nucleic acids absorb UV photons. These
photons trigger damage in DNA molecules by forming cyclobutane
pyrimidine dimers (CPD) between consecutive base pairs, inhibiting
transcription and replication. Maximum UV light absorption from
DNA is reached at a wavelength range of 240–260 nm with a maximum
peak at ~260 nm; however, in most cases, the absorption peak wave-
length distribution may vary among microorganisms (Chen et al.,
2017; Li et al., 2019). In addition, other intracellular components,
such as proteins, enzymes, and/or the cell membrane, may be involved
in the inactivation mechanism. Therefore, the specific UV absorption
spectrum of each pathogen needs to be considered. Table 1 summarises
the optimal absorption wavelengths of DNA and other components,
such as enzymes and macromolecules, participating in the UV inactiva-
tion process. Regarding UVB (280–315 nm) disinfection, it was con-
firmed, by using the regulator protein RecA, that is activated by DNA
damage and can be used as an indicator of the potential of bacteria
DNA damage restoration caused by UVB, and the gene SoxS used as an
indicator of oxidative stress. Results point out that the 285 nm and
295 nm wavelengths resulted in more activation of SoxS promoter,
probably due to the higher production of reactive oxygen species
(ROS) that are known to damage multiple cellular components, includ-
ing proteins and DNA (Pousty et al., 2021).

The photochemical formation of pyrimidine dimers on DNA is mostly
reversible, and the DNA damage can be repaired by the biological processes
in the cells (Song et al., 2019a). Most DNA damage can be fixed through
photoreactivation and dark repair (Hutchinson et al., 1980), increasing
the human health risks of water contamination. Dark repair, in the absence
of light, replaces damaged DNA nucleotides with undamaged DNA,
whereas photoreactivation is the fixing mechanism under low UV doses.
In photoreactivation repair, photoenzymes, e.g., photolyase, present in
bacteria have been identified as responsible for the dimers repair by absorb-
ing light in the wavelength range of 315–480 nm (UVA and partial visible
light) at lowUV doses (below 1500mJ/cm2) (Song et al., 2019a). However,
UVA has also been reported to cause the inactivation of microorganisms
when coupled with UVC (Chevremont et al., 2012; Nyangaresi et al.,
2018) by preventing photoreactivation and dark repair. In fact, at high
UV doses, UVA can lead to the formation of reactive oxygen species
(ROS) in the presence of internal (Fe, 5-formyluracil residues in the
DNA molecule, endogenous photosensitisers, e.g., cytochromes) (Song
et al., 2019b) or external components (organic matter, H2O2) acting as
photosensitisers (Li et al., 2019; Aparici-Espert et al., 2018). ROS can attack
the cell membrane and other cellular components, increasing the microbial
inactivation efficiency due to irreversible damage. In low doses, UVA irra-
diation has also been reported to induce sub-lethal effects, leading to phys-
iological alterations, e.g., radiation-induced growth inhibition, growth
delay, membrane damage, protein oxidation, decreased energy metabo-
lism, and mutation (Song et al., 2019a; Nyangaresi et al., 2018; Song
et al., 2019b; Oppezzo and Pizarro, 2001). Sub-lethal effects of UVA radia-
tion at a UV dose below 100,000 mJ/cm2 have been detected in E. coli
(Song et al., 2019a). For example, Song et al. (2019b) demonstrated that
with UVA pretreatment (17,000–52,000 mJ/cm2) before UVC exposure,
E. coli is only photo reactivated up to 15 %, in contrast with 60 % when
only UVC treatment was applied. They also confirmed their statements,
by adding mannitol to remove •OH, that this highly reactive radical played
an important role in the UVA pretreatment. As no E. coli inactivation was
detected during the UVA pretreatment (52,000 mJ/cm2), it was thought
that the hydroxyl radical might only induce a non-lethal effect on E. coli
by disrupting the bacterial membrane. This would make impaired bacte-
ria more sensitive to subsequent UVC exposure, not enabling them to
photo-/reactivate afterwards (Song et al., 2019b), resulting in an



Table 1
Optimal wavelengths (nm) in the range of DNA absorption and other microorganism components responsible for UV inactivation of microorganisms and photo repair.

Microorganism / internal components Type of microorganism DNA absorption peak (nm) Reference

Enteric bacteria (nucleid acid in DNA forming
Cyclobutane Pyrimidine Dimers, CPD)

Bacteria 200–300, peak 260 (Gillespie et al., 2017; Hull et al., 2019; Hull and
Linden, 2018)

B. pumillus Spore 260, 270 (Hull et al., 2019; Martino et al., 2020)
B. subtilis Spore 240, 260, 270 (Gillespie et al., 2017; Martino et al., 2020)
MS2 RNA Bacteriophage (virus) 230–265, 270–280 (Rattanakul and Oguma, 2018; Oguma et al., 2019;

Kojima et al., n.d.; Sholtes et al., 2016)
T2 Bacteriophage (virus) 265 (Zou et al., 2019)
T7 Bacteriophage (virus) 270 (Zou et al., 2019)
ɸX-174 Bacteriophage (virus) 265 (Zou et al., 2019)
Vesicular stomatitis virus Virus 265 (Zou et al., 2019)
Influenza Virus (IAV) (Viral RNA) Virus 240–290 (Würtele et al., 2011)
Adenovirus (HAdV) Virus 230–260, 260–270, 270–280 (Zou et al., 2019; Oguma et al., 2019; Kojima et al.,

n.d.; Sholtes et al., 2016)
B. subtilis Spore 263–268 (Zou et al., 2019; Martino et al., 2020)
B. pumillus Spore 260–268 (Zou et al., 2019; Martino et al., 2020)
HAdV2 (Proteins) Virus 275–280-285 (Li et al., 2019; Hull et al., 2019; Sholtes et al., 2016)
MS2 (Proteins) Bacteriophage (virus) 275–280-285 (Li et al., 2019; Hull et al., 2019; Sholtes et al., 2016)
B. pumillus (small acid-soluble proteins bound to
the spore DNA)

Spore 220–228 (MP UV) (Hull et al., 2019)

Cryptosporidium parvum Protozoa 254–280 (peak 275) (Zou et al., 2019; Kojima et al., n.d.)
Photolyase enzyme (DNA photo-repair) Bacteria 310–480 (Gillespie et al., 2017; Song et al., 2018; Sommer et al.,

1998; Nguyen et al., 2019; Hull and Linden, 2018)
Repair enzymes Bacteria 280 (Hull and Linden, 2018)
Promotion of CPD formation in following UVC radiation Bacteria 365 (Kim and Kang, 2020)
RecA gene expression which combines with CPD and
block the pathway of dark repair

Bacteria 365 (Kim and Kang, 2020)

TLS response enhancing the tolerance to DNA damage,
declining UmuD protein

Bacteria 365 (Kim and Kang, 2020)
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overall improvement in the inactivation. Other possible inactivation
mechanisms reported for UVA radiation, in this case for UVA pre-
radiation before UVC treatment, are based on the promotion of the
CPD formation in the subsequent UVC radiation (Xiao et al., 2018). It
has also been reported that UVA radiation could also induce the RecA
gene expression and the over-production of the RecA protein, which
could inhibit repair since the RecA protein could combine with the
CPD and block the pathway of dark repair (Xiao et al., 2018). The trans-
lation DNA synthesis (TLS) mechanism should also be considered as a
possible mechanism for enhancing UV resistance. If the TLS response
was enhanced after UVA exposure, the UmuD protein would decline.
TLS seemed to be a compensatory survival strategy for UVC disinfection
of sensitive strains. Their previous exposure to UVA may increase their
resistance to UVC, favouring their tolerance to DNA damage (Xiao
et al., 2018). Therefore, the mechanisms for UVA largely relate to bio-
logical processes in bacteria rather than direct photochemical reactions
on DNA.

On the other hand, in photocatalytic processes there are different inac-
tivationmechanisms based on the formation of oxidising species such as the
hydroxyl radical (•OH). Roughly, the photocatalytic processes beginwhen a
photocatalyst, a semiconductor material, is irradiated with a wavelength
equal to or greater than its band gap, typically UVA radiation in the
360–390 nm wavelength. The absorbed photons cause the promotion of
electrons (e−) to the conduction band, leaving positive holes (h+) on the
valence band. These charge carriers can recombine, releasing heat, or can
reach the surface of the photocatalyst particles and initiate oxidation and
reduction reactions (Elgohary et al., 2021). In an aqueous environment,
the holes can oxidise adsorbed water molecules generating hydroxyl radi-
cals, which can oxidise, subsequently, organic pollutants or microorgan-
isms producing carbon dioxide, water, and mineral salts (Elgohary et al.,
2021). On the other hand, the electrons can be accepted by O2 generating
superoxide species •O2- or other ROS.

Several mechanisms have been proposed in the literature where the
generation of ROS by photocatalysts is implicated in bacteria inactivation.
The cell membrane can be attacked by ROS (Baaloudj et al., 2021). Also,
ROS can enter the bacterial cell causing further oxidation of the internal cel-
lular macromolecular components, such as lipids, proteins, carbohydrates,
amino acids, and nucleic acids (DNA and RNA) (Saravanan et al., 2021;
4

Rodríguez-González et al., 2020). ROS damage to the cell membrane
and cell wall also leads to the leaking out of internal cellular compo-
nents, leading to inactivation and bacterial cell death (Deng et al.,
2020). Photocatalyst particles can also attack bacterial cells by deposit-
ing them on the surface, resulting in the destruction of membrane
proteins or cell membranes. Both semiconductor particles and ROS
can disturb the transport of electrons in the cell, loss of proton motive
force, depletion of intracellular ATP production, DNA replication
disintegration, and intracellular outflow resulting in cell death (Ray
et al., 2018).

2. New insights into the application of UV LED for water disinfection

2.1. Tunable emission wavelength

As previously described, it has been well established that photons with
wavelengths in the range of 240 nm to 280 nm are effectively absorbed by
DNA (Chen et al., 2017; Li et al., 2019). Thus, the overlap between the lamp
emission spectrum and the absorption spectrum of DNA is a critical factor
for UV inactivation. The selection of a UV LED with specific peak emission
wavelengths enables the simultaneous optimisation of the DNA absorption
spectra of different target microorganisms, which is impossible with
mercury lamps (Chen et al., 2017). It also maximises the electrical energy
conversion to useful radiation, increasing the electrical efficiency.

In general, the 260–265 nm UV LED has been considered to possess
a greater germicidal effect compared to 280 nm, but irradiation with
280 nm was reported to repress photoreactivation (even under low UVA
doses of 6.9 mJ/cm2) and dark repair (Nyangaresi et al., 2018; Li et al.,
2017). This means that fewer dimers were repaired after exposure to
280 nm, and instead may be linked to structural damage to some enzymes
involved in the DNA repair, such as photolyase (Li et al., 2017) and protein
damage caused by the absorbance of the aromatic amino acids tryptophan,
tyrosine, and cystine (i.e., of disulfide bonds) (Nyangaresi et al., 2018).
This conclusion requires further investigation since, e.g., Shen et al.
(2020) described that the percentage of photoreactivation after inacti-
vation by a 268 nm UV LED was slightly less than that of 275 nm
when two Gram-positive tetracycline-resistant bacteria (TRB) from
Bacillus species were irradiated (Bacillus cereus, TRB-3, and B. pumilus,
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TRB-5). However, the damage caused by 268 nm UV on DNA should
have been more easily repaired than that by a 275 nm UV LED, which
was responsible for protein damage for most bacteria. The reason for
this different trend may be the larger size of resistance-associated pro-
teins (> 15,000 Da) in antibiotic-resistant bacteria (ARB), which may
require antimicrobial resistance coding genes for them to be expressed.
This means that protein damage under 275–280 nm for ARB may be
much more complex than that for non-ARB (Shen et al., 2020). There-
fore, UVC LED exposure was not enough to completely inactivate antibi-
otic resistance genes (ARGs) like tet(L), and consequently, antibiotic
resistance spreading may occur during storage (under UVA-visible
light and dark conditions) (Shen et al., 2020).

Around the same topic, Xiao et al. (2018) observed that the dark
repair capacities of four strains of E. coli (ATTC 15597, 11229, 25922,
700891) were significantly inhibited after UVA pre-radiation (7200 and
10,800 mJ/cm2) coupled to a sequential 265 nm UVC LED exposure. How-
ever, for all the E. coli strains, the photo repair performance was not signif-
icantly influenced by UVA pre-radiation. A higher UVA pre-radiation
dosage was required (above 7.5 × 108 mJ/cm2) to lead to the formation
of ROS with the ability to affect the bacterial membrane. These results
did not agree with those reported by Song et al. (2019b). Indeed, an oppo-
site trend was observed. UVA pretreatment (17,000–52,000 mJ/cm2)
mainly suppressed photoreactivation but hardly affected the dark repair
of bacteria. This was explained by the fact that photoreactivation was a
simple repair system consisting of only one enzyme, photolyase, as com-
pared to dark repair mechanisms that seemed to be based on multiple
pathways and enzymes (Song et al., 2019b).

On the other hand, UVA LED lamps with emissions around
360–390 nm are used in photocatalysed reactions with oxidants and/
or catalysts, which can lead to the photogeneration of ROS. In compar-
ison with the photocatalytic disinfection studies performed with tradi-
tional UV lamps, there have been few publications on photocatalytic
disinfection with UVA LED lamps.

An interesting work by Xiong and Hu (2013) compared the UVA LED/
TiO2 process in antibiotic-resistant bacteria disinfection, both in continuous
and periodic illumination with a UVA mercury lamp in the photocatalytic
process, and UVC in the photolysis process. The results showed that,
after UVC illumination, both photoreactivation and dark repair of E. coli
antibiotic-resistant bacteria took place in the following 4 h,with dark repair
occurring to amuch lesser extent than photoreactivation. The bacterial con-
centration was quite similar after the continuous UVA LED/TiO2 and UVA
mercury lamp illuminated photocatalytic process, probably because the
UVwavelength (365 nm) and UVdose (28.8 J/cm2) were the same. As con-
cerns bacterial regrowth after the UVA mercury lamp or UVA LED/TiO2 il-
lumination processes, neither photoreactivation nor dark repair was found,
since hydroxyl radical oxidation led to bacterial membrane damage and
final lysis. On the contrary, the bacterial concentration decreased to an un-
detectable level within the following 4 h. However, although the compari-
son between bacterial photoreactivation and dark repair changes was
similar with both lamp illumination systems, the calculated electric energy
for the UVA mercury lamp (2.88 × 104 J) was much higher compared to
that shown by the UVA LED source (194.4 J).

Generally speaking, UVA LED photocatalytic disinfection is poorly stud-
ied and very limited to E. coli. However, UVA LEDwith sufficient energy ef-
ficiency are already on the market, providing several advantages for
implementing photocatalytic disinfection processes based on semiconduc-
tor or Fenton processes. In this case, it is not clear that LED improve the ef-
ficiency of photocatalysts compared to the use of UVA mercury lamps. In
fact, if the light distribution of LED is not optimised, LED can be less effec-
tive than traditional lamps (Martín-Sómer et al., 2017). However, although
in the case of the degradation of chemicals an improvement is observed
when the light distribution is optimised, in the inactivation of bacteria
this difference is not evident. In the case of microorganisms, the UV LED
dose, light intensity (fluence rate), and exposure time are the most impor-
tant factors for effective disinfection with photocatalysts and these three
factors must be carefully selected.
5

2.2. Synergistic effect between different wavelengths

One of the main characteristics of electroluminescence is that it is emit-
ted in a very small range of wavelengths, which makes it possible to better
select the LED to use for a specific application. The easy choice of wave-
length in LEDdevices allows almost infinite designs for a better bacterial in-
activation. Combining the main peak emission with other emission
wavelengths may have a synergistic inactivation effect because of the dif-
ferent UV photosensitivity of themicroorganisms and/or their components,
i.e., enzymes, macromolecules, etc., increasing the effectiveness of the UV
inactivation. However, this synergistic effect is still under debate.

No conclusive synergistic effect for microbial inactivation has been ob-
served by combination or sequencing radiation coming from UVC and UVB
LED. According to the Second Law of Photochemistry, the photochemical
effects of different wavelengths on a molecule should be independent of
each other, achieving only as much inactivation or genome damage as the
sum of the photonic response from those wavelengths emitting separately.
Beck et al. (n.d.) did not observe a synergistic effect of the dual-UVC wave-
length (260 + 280 nm) applied to the inactivation of E. coli, MS2, HAdV2,
and B. pumilus spores. This is in agreement with the results reported by Li
et al. (2017). Sholtes and Linden (2019) did not demonstrate any
synergistic effect either when a 265 (33 %) and 285 (67 %) nm UV LED
were either combined or sequentially applied (265–285, 285–265) for
E. coli, P. aeruginosa, and MS2 inactivation. No synergistic effect of
267 + 275 nm, 267 + 310 nm, and 275 + 310 nm was also reported by
Nyangaresi et al. (2018) for E. coli inactivation. The 267 nm UV LED
reached the highest log inactivation, followed by the 267 + 275 nm and
275 nm UV LED. Song et al. (2019a) combined the 265 nm and 285 nm
UV LED together and tested both under simultaneous and sequential expo-
sures to inactivate E. coli. Their effects also led to the same log10 inactiva-
tion, which is statistically comparable with the sum of log inactivation by
each wavelength applied alone. Thus, 265 + 285 nm, 265–285 nm, and
285–265 nm always achieved an additive inactivation effect. Betzalel
et al. (2020), when combining the 265+ 285 nm UV LED, did not achieve
better results in terms of E. coli andMS2 inactivation when compared to the
individual exposures. The same was stated by Silva et al. (2020) when cou-
pling the 255 + 280 nm UV LED for E. coli inactivation in a secondary ef-
fluent and subsequently filtered wastewater. These results confirmed the
already cited Second Law of Photochemistry.

However, synergistic effects have been observed when combining UVA
and UVC irradiation. Differences have also been reported when irradiation
was performed simultaneously or sequentially. Chevremont et al. (2012)
reported that simultaneously coupling wavelengths of 280 + 365 nm or
280 + 405 nm synergistically enhanced the inactivation efficiency of
pure cultured strains of E. coli and Enterococcus faecalis as well as wild
fecal indicator bacteria in treated wastewater. This synergy was reported
due to a higher optical output available in theUVA LED aswell as the poten-
tial for the UVA light to produce reactive forms of oxygen (ROS), such as ox-
ygen free radicals and hydrogen peroxides, through photosensitisation due
to the presence of natural organicmatter and to reactwith oxygen dissolved
in water. ROS formation led to an additional disinfection mechanism based
on oxidative stress compromising the integrity of the bacterial cell wall,
which involves irreversible damage and the impossibility of regrowth.

Sequential UVA-UVC or UVC-UVA exposures have also been explored
by Xiao et al. (2018). UVA pre-radiation with UV doses of 7200 mJ/cm2

(365–265 nm) enhanced the inactivation performances (synergistic effect)
of E. coliATCC 11229, ATCC 15597, and ATCC 700891 by at least 0.5 log10
in comparison with only 265 nm UVC LED radiation. When the UVA pre-
radiation time was increased (10800 mJ/cm2), the inactivation perfor-
mance was promoted by 2 log10 (ATCC 15597), 1 log10 (ATCC 11229),
and 2 log10 (ATCC 700891). It is important to note that E. coli ATCC
700891 is known as an antibiotic-resistant (ampicillin and streptomycin)
strain that is quite resistant to UV disinfection. On the contrary, UVA pre-
radiation caused a detrimental effect of at least 0.5 log10 only for E. coli
ATCC 25922, suggesting that it was more resistant to UVC after UVA
pre-radiation. In this case, the enhanced CPD formation during UVA pre-
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irradiation was found to be the cause of the greater inactivation perfor-
mance observed for E. coli 15597, 11229, and 70089. The strong TLS re-
sponse detected for UV-sensitive strains, as is the case of E. coli 25922,
explained the observed increased resistance to UVC disinfection when
this strain is exposed to UVA prior to UVC exposure (Xiao et al., 2018).
Song et al. (2019a, 2019b) also reported the synergistic effect of sequential
UVA toUVC exposure (365–265 nm), showing a UVA dose threshold effect.
The threshold for 365 nm UVA pretreatment to affect E. coli was between
1,700 and 17,000 mJ/cm2. Hence, this research group confirmed that an
increased UVA dose of 17,000–52,000 mJ/cm2 (10–30 min) significantly
improved the overall E. coli inactivation. Thus, damaged E. coli cells
after UVA exposure are probably more vulnerable to subsequent UVC inac-
tivation, enhancing the E. coli inactivation. However, combining UVA
with UVC simultaneously or applying UVA after UVC (265 + 365 nm,
265–365 nm) reduced the inactivation of E. coli due to DNA repair and
the photoreactivation effect of UVA at low UV doses. Thus, the energy
from UVA radiation was probably used by the enzyme photolyase in bacte-
ria such as E. coli to repair UVC-inducedDNAdamage. In contrast, no signif-
icant difference was observed between simultaneous and sequential
exposures for MS2 inactivation, and the result is the sum of that obtained
by each wavelength alone. No additional effect of the UVA exposure on
MS2 is due to the absence of such biological processes in the viruses.
Thus, bacteriophages and viruses such as MS2 exhibited only a photochem-
ical effect on DNA or RNA following the Second Law of Photochemistry
(Song et al., 2019a; Song et al., 2019b). On the contrary, Silva et al.
(2020) did not observe DNA photoreactivation by simultaneous exposure
to the UVA LED (365 and 405 nm) and UVC LED (255 and 280 nm).

Regarding combinations of UVB and UVA LED, Song et al. (2019a) re-
ported statistically lower E. coli inactivation when testing simultaneous
and sequential combinations of UVB- and UVA LED (285 + 365 and
285–365 nm) in comparison with the sum of the inactivation achieved
by each wavelength separately. E. coli counts recovered slightly upon
365 nm exposure, which was equivalent to a low UV dose of 1160 mJ/
cm2 after a noticeable concentration reduction at 285 nm exposure. When
applying 365 nm followed by 285 nm exposure (365–285 nm), the E. coli
concentration continuously decreased once the 285 nmUV LED irradiation
started, but no synergistic effect was detected.

In this sense, in the studies published on photocatalysis where LED
lamps are used, no combinations of various wavelengths used simulta-
neously or sequentially have been found. This would be an interesting
research topic since, by combining UVC or UVB with UVA wavelengths,
photochemical and photocatalytic inactivation mechanisms could be
involved.

2.3. Pulsed radiation

Another advantage of LED devices is the absence of a warm-up time,
which allows them to be turned on and off in very short intervals of time.
With the help of controllers, the LED can be programmed with pulse light-
ing in a practically unlimited frequency range, which also brings a potential
reduction in energy consumption and control of the thermal management.
This type of lighting strategy has been studied in various investigations
with the aim of increasing the energy efficiency in inactivation processes,
since the use of high intensity pulses can promote greater damage tomicro-
organisms, although the results obtained are not entirely clear (Sholtes and
Linden, 2019; Zou et al., 2019; Gillespie et al., 2017; Nyangaresi et al.,
2019a). In general, not many studies have evaluated UV LED pulsed radia-
tion, and the results have been somewhat inconsistent, which is probably
due to the different UV dose determination methods for continuous and
pulsed irradiation. Song et al. (2018) evaluated the advantage of turning
the radiation on and off using UV LED, providing pulsed irradiation with
flexible pulse patterns. Adjusted pulsed operation of UV LED was recom-
mended instead of using a calculated operation time to deliver an equiva-
lent UV dose.

Two main variables are often evaluated, such as the pulse frequency,
which is the number of pulse periods per unit of time, and the duty cycle,
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which is the proportion of turned-on time of the LED during a pulse period
(Zou et al., 2019). No significant difference in the log inactivation between
the continuous and pulsed irradiation with various frequencies from 0.1 to
1000 Hz has been detected in most studies (Song et al., 2018). Zou et al.
(2019), Song et al. (2018), and Sholtes and Linden (2019) also observed
that the pulse frequency had little impact on the temperature control of
the UV LED in pulsed irradiation. Regarding the effect of the duty cycle
on bacterial inactivation for the same UV dose, Zou et al. (2019) observed
that the log10-inactivation of E. coli increased with the decrease of the
turned-on time of the cycle from 100 % to 5 % when using 285 nm UV
LED pulsed radiation. However, the time of exposure to keep the same
UV dose also increased by a factor of 10, which led to balancing the energy
and time efficiency when applying pulsed UV LED irradiation. In fact, they
quantified lower energy requirements to achieve a log10 reduction for
P285–5 % (10.4 log10/J) compared to continuous radiation (5.3 log10/J).
In terms of inactivation efficiency, P285–5 % was also superior, exhibiting
a 5 log10 reduction in comparison to the 3 log10 reduction reached by a
continuous irradiation source. They also studied the effect of the UV LED
wavelength, which led to a 2.5 log10 E. coli inactivation for the continuous
irradiation of both 280 and 265 nm at a total UV dose of 10mJ/cm2 and UV
fluence rate of 0.04W/m2. Above that UV dose, differences between pulsed
and continuous radiation became more obvious (Zou et al., 2019). When a
5-fold current (100 mA vs 20 mA) pulse radiation for 285 nm (5 %,
1000 Hz) was applied with a fluence rate of 0.03 mW/cm2, pulsing radia-
tion showed a much higher inactivation efficiency than continuous one.
However, the higher current led to an extra increase in energy consumption
of 1.3 times, making not viable in terms of energy consumption.

On the contrary, Song et al. (2018) confirmed that the 265 nm UV LED
continuous and pulsed irradiation reached comparable E. coli andMS2 inac-
tivation at various frequencies and duty rates. Sholtes and Linden (2019)
did not find statistically significant differences among pulsing conditions
(265 and285nmUVLEDwith duty rates ranging from10 to 90%) and con-
tinuous irradiation for E coli, P. aeruginosa, and MS2 inactivation. Thus, the
results followed the Bunsen–Roscoe Reciprocity Law, since the biological
impacts due to a specific UV dose were directly proportional to the total
UV dose delivered, independently of the regime in which it was applied.
Nyangaresi et al. (2019a) reported that, for xenon lamps pulsed UV irradi-
ation, disinfection can be achieved through bacterial membrane disruption
due to overheating only with UV doses exceeding 500 mJ/cm2. Thus, con-
sidering the significantly low output power of the current UVC LED com-
pared to that of xenon lamps, the stress on the cells from UVC LED pulsed
irradiation is probably not enough to cause either photophysical or
photothermal damage to the cells (Song et al., 2018). However, operation
in pulsed irradiation at a 50 % duty rate with various frequencies reduced
the rate of the temperature rise, e.g., the temperature reached 45 °C after
running for 25 s in pulsed radiation compared to 50 °C after 15 s for contin-
uous radiation.

On the other hand, the use of pulsed lighting has also been considered in
photocatalytic processes. Photocatalytic reactions are initiated by the ab-
sorption of photons by the photocatalyst, which triggers the generation of
free electron-hole pairs. This is a very fast process, of the order of femtosec-
onds (Xiong and Hu, 2017), compared to the rest of the subsequent reac-
tions that take place until the oxidation of the pollutants. These
downstream reactions occur in nano to millisecond time frames and do
not require light for them to occur. For this reason, a strategy to increase
the energy efficiency of the process is the use of pulses with suitable dura-
tion to generate the electron-hole pairs, followed by dark stages for the
rest of the subsequent reactions that do not need light (Tokode et al.,
2016). In this way, while increasing the energy efficiency, it is possible to
improve the quantum efficiency of the photocatalyst due to the limitation
in the production of the hole electron pairs that significantly reduce the re-
combination phenomena (Levchuk et al., 2015). This strategy, which a
priori seems very beneficial in terms of energy improvement, has not yet
been studied in depth (Bertagna Silva et al., 2021), so it is one of the
main fields to be developed in the near future to achieve the implementa-
tion of LED systems at the industrial level.
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In the photocatalytic process, two factors that affect the photocatalytic
inactivation of antibiotic-resistant bacteria have also been studied: the
cycle time, defined as one cycle “on” and “off” time and, the duty cycle, cal-
culated as “on”/(“on + off”) (Xiong and Hu, 2013). The effect of the cycle
time demonstrated that with the increase of cycle time from 20 ms to
2000 ms, the log-removal decreased from 1.26 to 0.54 with a UVA dose
of 33.6 J/cm2 and a fluence rate of 80 W/m2. Regarding the effect of the
duty cycle, log-removal decreased substantially with the increase of the
duty cycle from 0.25 to 4 using the same UVA dose, although at low UVA
dosages (0–30 mJ/cm2), log removals in the initial stage were found to
be quite similar under continuous and periodic illuminations. However,
with further increase of the UVA dose, more log-removal was found
under the 0.25 duty cycle. This phenomenon is explained by the fact that
with a low UVA dose, bacteria are still in the delay region, and can recover
themselves if given enough dark time. With a high cumulated UVA dose,
however, bacteria have some serious damage which makes them less able
to recover, and the residual disinfecting effect would kill them during the
longer dark period.

2.4. UV dose, fluence rate and wavelength

Two important factors to consider in UV water disinfection processes
are the UV dose and the fluence rate. UV inactivation is expected to follow
the Time–Dose Reciprocity Law (or the above-mentioned, Bunsen–Roscoe
Reciprocity Law), which states that the photochemical effect depends
only on the total energy dose, regardless of the UV fluence rate. However,
deviations from the Reciprocity Law occur, exhibiting higher log inactiva-
tion at a higher fluence rate and shorter exposure time than under a
lower fluence rate and prolonged exposure time for the same total UV
dose. This effect was attributed to repair enzymes in bacteria, which be-
came more severely impaired by a high fluence rate. This phenomenon
could suggest that UV water disinfection depends on both photochemical
reactions and biological processes (Xiong et al., 2020; Hutchinson et al.,
1980; Sommer et al., 1998). Pousty et al. (2021) described the effects of
the fluence rate for E. coli inactivation for 265, 275, 285, and 295 nm UV
LED. The fluence rate did not have any impact on the inactivation kinetics
for the 265 nm UV LED. For example, for a total UV dose of 8 mJ/cm2, a
similar 4.58 log10 reduction was observed for a low fluence rate
(0.012 W/m2) with a long exposure time (6670 s) and a high fluence rate
(1.1 W/m2) with a short exposure time (69 s). Thus, for this wavelength,
E. coli inactivation followed the Time–Dose Reciprocity Law. On the con-
trary, a different trend was obtained for longer UV LED wavelengths, be-
coming more noticeable at the longest UV LED wavelength tested. Hence,
for the 275, 285, and 295 nm UV LED, a higher log inactivation was
achieved at a lower fluence rate and a longer exposure time. Therefore, as
the UV LED wavelength increased, the deviation from the Time–Dose Rec-
iprocity Law become higher. This finding correlated with higher activa-
tion of the SoxS promoter for longer wavelengths, leading to greater
production of ROS. These ROS are responsible for affecting biological
processes in the cells rather than inducing photochemical reactions in
DNA. In conclusion, bacterial inactivation depended not only on the
UV dose (mJ/cm2) but also on the average fluence rate (mW/cm2 or
W/m2), and the wavelength used.

In addition to this, several researchers observed that the high radiation
flux and short exposure time result in a higher logarithmic inactivation
compared with a low flux and long exposure time, as prolonged exposure
times may cause microbial aggregation, which leads to decreased inactiva-
tion (Lee et al., 2018; Zhou et al., 2017; Nguyen et al., 2019).

Research results with other microorganisms have been reported by Kim
et al. (2017), who achieved 1 log10 reduction of MS2, Qβ, and ɸX174 inac-
tivation by applying a UV dose at 266 nm ranging between 0.14 and
1.29 mJ/cm2 compared to a UV dose of 2.14 to 2.43 mJ/cm2 required for
LP UV lamps. Li et al. (2017)) also reported a higher efficiency for E. coli in-
activation for a 265 nmUV LEDover LPUV. The same resultswere reported
by Sholtes and Linden (2019)) for E. coli, Pseudomonas aeruginosa, and MS2
inactivation, and Hull et al. (2019; Hull and Linden, 2018) reported the
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same for MS2 inactivation. In this case, UV dose values for 1 log10 inactiva-
tion corresponded to 13.33, 16.65, and 33.3 mJ/cm2 for 255, 266, and
285 nm UV LED, respectively, and 20 mJ/cm2 for LP UV lamps. The results
confirmed that wavelengths of 255–265 nm closer to the DNA absorption
possess a higher germicidal effect (Sholtes and Linden, 2019). The results
provided by Betzalel et al. (2020) and Li et al. (2017) did align with higher
E. coli inactivation for the 265 nm UV LED compared to 280 nm. As ex-
pected, the 260 nm UV LED was much more efficient than 280 nm for
MS2 inactivation since the UV absorbance of MS2 RNA and the MS2 action
spectrum both have a relative peak near 260 nm (Beck et al., n.d.; Betzalel
et al., 2020; Hull et al., 2019). The UV LED of 255, 265, and 285 nm were
also tested by Martino et al. (2020) for E. coli and bacteriophage P22 inac-
tivation. Higher inactivation efficiencies were attained by 255 nm and
265 nm in comparison with 285 nm, as expected. Kim et al. (2017) also re-
ported a higher inactivation efficiency for MS2, Qβ, and ɸX174 when using
266 nm against a 279 nm UV LED.

Rattanakul and Oguma (2018) reported a comparison of the UV dose
required for the inactivation of 1 log10 of different bacteria and bacte-
riophages for different UV radiation sources, reporting fluence values
as follows:

• LP UV: 1.23 (E. coli), 1.51 (Legionella pneumophila), 2.22 (Pseudomonas
aeruginosa), 11.76 (Qβ).

• 265 nmUV LED: 1.16 (L. pneumophila), 1.23 (E. coli), 1.33 (P. aeruginosa),
10.20 (Qβ).

• 280 nmUV LED: 1.78 (E. coli), 1.96 (P. aeruginosa), 2.22 (L. pneumophila),
17.86 (Qβ).

Again, the 265 nm UV LED provided the best performance in terms
of microorganism inactivation. Similar values of UV dose per inactivated
log10 were reported (Oguma et al., 2019) for the 265 nm UV LED, which
was superior to 280 nm UV LED inactivation: 1.06 /2.2 (L. pneumophila);
1.63/2.43 (E. coli); 1.7/2.0 (P. aeruginosa); 2.83/3.93 (Vibrio
parahaemolyticus); 8.17/9.63 (Feline calcivirus, FCV); 10.3/18.0 (Qβ);
25.37/30.5 (MS2) mJ/cm2/log10 for the 265 and 280 nm UV LED, respec-
tively. Concerning inactivation of antibiotic resistant bacteria, Shen et al.
(2020) reported UV doses required to achieve 1 log10 reduction when
using the 268 and 275 nm UV LED when comparing TRB-3 and TRB-5 to
non-antibiotic-resistant E. coli. The obtained values led to a similar UV
dose for inactivating antibiotic-resistant microorganisms for both wave-
lengths (268 and 275 nm), i.e., 2.80 (TRB-3) and 2.70 (TRB-5) mJ/cm2.
Similar values of the UV dose were found for non-resistant E. coli for
268 nm (2.88 mJ/cm2), although differences appeared for the 275 nm
UV LED inactivation (5.76 mJ/cm2). Regarding viruses such as the Influ-
enza A viruses (IAVs), Kojima et al. (n.d.) stated that the 260–290 nm UV
LED and LP UV could damage viral RNA, leading again to the 260 nm UV
LED having the greatest effects on both the disinfection rate and damage
of viral RNA. In fact, they determined the relationship between the absor-
bance spectrum of viral RNA and the emission spectrum of UV irradiation
by calculating a correlation coefficient (RAE) between the normalised absor-
bance spectrum of viral RNA and the normalised emission spectrum for the
UV LED and LP-UV lamp. A higher RAE score corresponded to better disin-
fection. The values of RAE corresponded to 11.1 (LP UV), 68.2 (260 nm),
42.2 (270 nm), and 86.3 (258.5 nm + 260 nm + 270 nm). Thus, the
wider range of the emission spectra of the UV LED as compared to the LP
UV lamp was an important advantage for the inactivation of IAVs and the
induction of RNA damage (Kojima et al., n.d.).

Differenceswere observed also between the LPUV lampand 260 nmUV
LED for Bacillus atrophaeus, requiring UV doses of 30 and 19 mJ/cm2, re-
spectively, to achieve 4 log10 reduction (Sholtes et al., 2016). Since Bacillus
spores exhibit absorption peaks at around 260 and 270 nm, it makes them
more sensitive to those wavelengths produced by the LED than the lower
254 nm produced by the LP UV lamp (Würtele et al., 2011). The higher
UV dose required to inactivate the spores may also be due to the ability of
the spores to aggregate, which allows them to be protected byUV radiation.
Beck et al. (n.d.) also found a higher efficiency for Bacillus pumilus spore
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inactivationwith a 260 nmUV LED thanwith a 280 nmUVLED,which cor-
relates with their action spectrum, showing a greater sensitivity at 260 nm.
The results also agree with the studies by Rattanakul and Oguma (2018))
and Oguma et al. (2019), who determined a UV dose of 10.10 (LP UV),
5.74–7.2 (265 nm), and 9.6–12.1 (280 nm) mJ/cm2 per log inactivated of
Bacillus subtilis.

Also, the 285 nm UV LED was also much more efficient in the inactiva-
tion of high UV-resistant adenovirus serotype 5 (43.5 mJ/cm2/log inactiva-
tion) in comparison with the LP UV lamp (50 mJ/cm2/log inactivation)
(Oguma et al., 2016). In this case, the inactivation mechanisms may be at-
tributed to protein damage, as proteins show an absorption peak at around
280 nm,with irreversible effects for DNA repairmechanisms in the host cell
(Beck et al., n.d.; Oguma et al., 2016). Beck et al. (n.d.) also reported this
finding, and observed that the MP UV lamp was most effective for adenovi-
rus serotype 2 (HAdV2) and Bacillus pumilus spores. A similar finding was
reported by Keshavarzfathy et al. (2021) for adenovirus serotype 5
(15 mJ/cm2/log inactivation). Since MP UV emits at low wavelengths, in-
cluding from 220 to 228 nm, damage to small acid-soluble proteins
bound to the DNA of the spore may occur, noticeably affecting B. pumilus
spore inactivation. That may also explain the low adenovirus serotype 5 in-
activation efficiency obtained by Keshavarzfathy et al. (2021) for an
optimised 265 nm UV LED flow-through reactor at a flow rate of 60 L/h
(46.5 mJ/cm2/log inactivation).

Hence, we can compare the inactivation of several pathogens as follows
when using the LP UV lamp and the 260–265 nm UV LED: ɸX174 > E. coli
β> E. coli K12> E. faecalis Bacillus subtilis>Qβ≥MS2> human adenovirus
(HAdV) > B. pumilus.

Fig. 2 depicts the commented UV dose values reported to achieve 1
log10 reduction at different UVC LED wavelengths in comparison with
LP and MP UV lamps for the inactivation of different types of microor-
ganisms such as bacteria E. coli (A), bacteriophage (B), viruses, and
Bacillus according to different results found in the literature from 2016
and 2021.

Similarly, Table 2 shows the UV dose required to reach 1 log10 reduc-
tion, the fluence rate, linear inactivation kinetic constants, and reactor op-
eration mode for different wavelengths and combinations depending on
each type of microorganism, for all evaluated reports from 2016 to 2021.

On the other hand, when photocatalysis was used for disinfection, there
was a generally observed linear increase in the inactivation of microorgan-
isms with the increase of the fluence rate (Xiong and Hu, 2013; Yan et al.,
2018). Yan et al. (Yan et al., 2018) studied the effect of the fluence rate
on the disinfection efficiencies of E. coli with N-doped TiO2 material sup-
ported, and they observed that a rapid inactivation occurred at a high
fluence rate, but no significant increase was observed when the fluence
rate exceeded 400 W/m2. Nyangaresi et al. (2019b) compared the irradi-
ance of the 365 nm UV LED at 4.9–19.8 W/m2. For the samples without
TiO2 (1 g/L), the inactivation was greatly accelerated as the irradiance in-
creased. The log inactivation of 1.3, 1.6, 2.0, and 2.6 at a fluence rate of
4.9, 9.7, 14.8, and 19.8 W/m2 was obtained after 40 min, respectively.
For samples with TiO2, the log inactivation was 4.1, 4.3, 4.7, and 5.0 at a
fluence rate of 4.9, 9.7, 14.8, and 19.8W/m2, respectively. Themain differ-
ence was that in the photocatalytic process, the inactivation rate increased,
and the shoulder lengthwas shortened as thefluence rate increased due to a
huddle effect, even expected at a low irradiance, which will prevent the
self-defense and auto-repair mechanisms of the E. coli bacteria from
protecting the cells.

2.5. Electrical consumption/efficiency

Electrical consumption per order (EE,O) is defined as the amount of elec-
trical energy required to reduce the concentration of microbes by one order
of magnitude in a specific volume of water. For direct UVC bacterial inacti-
vation, it is important to note that LP and MP UV systems are still much
more efficient in converting input energy to germicidal output compared
with UVC LED (EE,0 < 0.1 kWh/m3) (Martino et al., 2020). Among the
tested wavelengths, the ~260 nm UVC LED seemed to achieve the highest
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bacterial inactivation, regardless of the bacterial species, which correlated
with the highest UV absorbance of nucleic acids at ~260 nm. However, be-
cause of the low wall plug efficiency (WPE) reported for the UVC LED of
this wavelength (<10 %) (Song et al., 2018), most of the input power was
transformed in heat during the operation of the UV LED. Thus, the
280 nm wavelength was an optimum choice to achieve a high inactivation
efficiency with minimum energy consumption due to the current stage of
the development of the UVC LED. In general, UV LED with shorter wave-
lengths present lower quantum efficiencies and produce lower optical
power outputs than those generated by UV LED with longer wavelengths
at the same current. The WPE, which is defined as the ratio of the radiant
flux (total optical output power of the device) to the input electrical
power, is correlated with this finding (Li et al., 2019; Nyangaresi et al.,
2018; Martino et al., 2020; Lawal et al., 2018).

Beck et al. (n.d.)) observed that LP UV lamps followed byMP UV lamps
led to the lowest electrical energy per order, i.e. the lowest amount of en-
ergy per log reduction for E. coli (0.006 and 0.013 kWh/m3, respectively),
similarly for MS2 coliphage and adenovirus HAdV2A. They also confirmed
that the 280 nm LED and the 260 + 280 nm LED combination required
statistically less energy per log reduction (0.347 and 0.379 kWh/m3, re-
spectively) than the 260 nm LED (0.464 kWh/m3) in the case of E. coli inac-
tivation. Similar conclusions were obtained by Rattanakul and Oguma
(2018) for all tested microorganisms (E. coli, P. aeruginosa, L. pneumophila,
bacteriophage Qβ, and B. subtilis spores) according to the EE,3 values, the
electrical energy consumption required for 3 log10 inactivation. The lowest
EE,3 values corresponded to the LP UV lamps ranging from 0.006 to 0.064
kWh/m3, and again, the 280 nm UV LED resulted in a better performance
compared to the 265 nm UV LED (EE,3 = 0.41 kWh/m3 for 265 nm com-
pared to 0.17 kWh/m3 for 280 nm for E. coli), attributed to the highest
WPE given by the 280 nm UV LED. The same tendencies were confirmed
for MS2 inactivation (Hull and Linden, 2018), leading to EE,O values
of 0.037 kWh/m3 for the LP UV lamp, meanwhile, the 255, 266, and
285 nm UV required one order of magnitude more energy for equivalent
disinfection. These results agreed with typical WPE values of LP UV of
30–35 % (Jarvis et al., 2019). Nyangaresi et al. (2018) also showed that
the 275 nm UV LED required the lowest electrical energy dosage for 1
log10 reduction of E. coli, with values for EE,O of 0.1367 kWh/m3 in compar-
ison with other wavelengths and combinations such as 267, 310, 267–275,
267–310 and 267–310 nmUV LED, which againwas attributed basically to
the highest WPE provided by the 275 nm UV LED. Values of EE,O were also
reported by Sholtes and Linden (2019) for the 265 and 285 nm UV LED in-
activation experiments: 0.014/0.081 (E. coli), 0.058/0.023 (P. aeruginosa),
and 0.170/0.867 (MS2), respectively. In this case, the electrical efficiency
of the 285 nm UV LED did not overcome the relative proximity of the
265 nm UV LED to the absorption spectra for E. coli and MS2, opposite to
P. aeruginosa, which exhibits high photosensitivity to all wavelengths.
Thus, the wall plug efficiency must be increased in the next few years
from the current levels of <5 % to 35 % (Martino et al., 2020) to consider
the UVC LED technology competitive at a large scale compared with the
conventional LP and MP UV-based disinfection for water.

A different scenario appeared when bacterial disinfection was carried
out using processes driven by UVA or visible light. As shown in Fig. 1,
LED in the UVA range already had conversion efficiencies of electricity
into light larger than mercury lamps. Therefore, in these cases, the current
use of LED devices is highly recommended. In this regard, it is important to
consider that, as for UVC LED, higher wavelength LED in the UVA range
have greater energy efficiency than those with shorter wavelengths. For
this reason, it is important to know the absorption spectrum of the catalyst
and carefully select the wavelength to be used in the process, considering
both the range of maximum radiation absorption and the range of maxi-
mum LED efficiency. Recently, a study was carried out in which LED with
emission wavelengths of 365, 385 and 405 nm were used to carry out bac-
terial disinfection using both a photocatalytic process with TiO2 and a
photo-Fenton process with iron citrate (Martín-Sómer et al., 2018). The re-
sults showed that, in the case of TiO2, due to its large absorption difference
at 365 nm, this wavelength, globally, was the most energy-efficient despite



E. coli

Fig. 2. Comparison of bacteria E. coli (A), bacteriophage (B), virus (C), and Bacillus spore (D) inactivation efficacy in terms of UV dose required for 1 log10 reduction using UV
irradiation (Low-pressure UV, LP UV; Medium pressure UV, MP UV; and UV LED). HAdV2: Adenovirus serotype 2; HAdV5: Adenovirus serotype 5; FCV: Feline Calcivirus. P:
Pulsed radiation. Data were taken from references shown in Table 2.
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Fig. 2 (continued).
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the lowest efficiency in converting energy into light. However, in the case
of iron citrate, where the drop in absorption with increasing wavelength
was not so pronounced, so, the use of the three studied wavelengths led
to comparable results in terms of energy consumption.
10
2.6. System design

Few studies have dealt with the integration of LED systems in reactors
even though their use presents great differences from traditional light



Table 2
UV dose responses for 1-log inactivation and inactivation kinetic constants obtained for UV LED disinfection processes.

Wavelength
(nm)

Fluence rate (W/m2) Microorganism Log-linear kinetic
constant (cm2/mJ)

UV Dose response per log
inactivation (mJ/cm2)

Reactor Water matrix Ref.

LP UV, 260 14,147 (LP UV), 4158
(260)

Escherichia coli β
(ATCC 13033), MS2,
Bacillus atrophaeus

– 1.55 (bacteria); 14.5
(bacteriophague); 4.75
(spore)

Batch, 2 mL total
volume, 1.58 mm depth

Phosphate Buffer
Saline (PBS)

(Martino et al., 2020)

285 ± 5 2643 (LP UV), 8.87
(285)

E. coli K12 IFO 3301,
MS2 (ATCC 15597 B1)
and Qβ (ATCC 23631
B1), adenovirus 5
(HAdV5) (ATCC VR5)

LP UV/285:
0.505/0.157 (E. coli);
0.086/0.037 (Qβ);
0.041/0.029 (MS2);
0.020/0.023
(adenovirus 5)

LP UV/285: 2.0/6.4 (E.
coli); 11.6/27.0 (Qβ);
24.4/37.5 (MS2);
50.0/43.5 (adenovirus 5)

Batch, 50 mL total
volume, 2 mm depth

PBS (Sholtes et al., 2016)

256, 262, 268, 274,
278
± 11–256 + 262,
262 + 268,
268 + 274,
274 + 278

– Algae Asterionellopsis
glacialis

0.015 (256); 0.0017
(256 + 262); 0.004
(262); 0.0015
(262 + 268); 0.0011
(268); 0.012
(268 + 274); 0.0015
(274); 0.0014
(274 + 278); 0.0015
(278)

253.5 (256); 535.2
(256 + 262)

Batch, 5 mL total
volume, 1/3 mm depth

Simulated sea water
(salinity 30.6 PSU)

(Kheyrandish et al.,
2018)

LP UV, MP UV, 260
± 12.6, 280 ± 9.8,
260 + 280

3.0–7.5 (LP UV),
3.5–11.7 (MP UV),
1.9–5.5 (UV LED)

E. coli K12 (ATCC
29425), MS2 (ATCC
15597-B1), adenovirus
2 (ATCC VR-846), and
Bacillus pumilus spores
(ATCC 27142)

0.27 (LP UV, MP UV),
0.29–0.32 (260, 280,
260 + 280) (E. coli);
0.056 (LP UV), 0.061
(MP UV), 0.066 (260),
0.052 (280), 0.061
(260 + 280) (MS2)

3.33–3.67 (LP UV, MP
UV), 4 (260; 280;
260 + 280) (E. coli);
17.85 (LP UV), 16.4 (MP
UV), 15.2 (260), 19.25
(280), 16.4 (260 + 280)
(MS2);18.45 (LP UV), 8.05
(MP UV), 19.15 (260),
20.5 (280), 20.55
(260 + 280) (Adenovirus
2); 94.4 (LP UV), 50.7 (MP
UV), 71.55 (260), 87.95
(280), 71.8 (260 + 280)
(B. pumillus)

Batch, 5 mL total
volume, 6 mm depth

PBS 66

LP UV, 266 and 279a;
279b

–a; 2546b MS2 (ATCC
15597-B1), Qβ (ATCC
23631-B1) and ɸX 174
bacteriophages (ATCC
13706-B1)

– 2.4 (MS2), 2.3 (Qβ), 2.14
(ɸX 174) (LP UV); 1.29
(MS2 and Qβ), 0.14 (ɸX
174) (266); 1.5 (MS2 and
Qβ), 0.33 (ɸX 174) (279) a

Batch (10 mL total
volume)a / Continuous
(6 and 18 L/h),
retention time of 5.2 and
1.7 s respectively b

Distilled water (Nyangaresi et al.,
2019b)

LP UV, 265 ± 10,
280 ± 10,
265 + 280 (50 %),
265 + 280 (75 %)

1.1 (LP UV); 0.5 (265);
1.0 (280); 0.65
(265 + 280 (50 %));
0.90 (265 + 280
(75 %))

E. coli CGMCC 1.3373 0.35 (LP UV); 0.41
(265); 0.30 (280); 0.36
((265 + 280 (50 %));
0.32 ((265 + 280
(75 %))

2.86 (LP UV); 2.42 (265);
3.41 (280); 2.79
((265 + 280 (50 %));
3.06 ((265 + 280
(75 %))

Batch, 5 mL total
volume, 10 mm depth

PBS (Nguyen et al., 2019)

255 ± 11.3 0.35 E. coli (ATCC 15597) DWK: 0.1605 (UV),
0.1887 (US/UV); SE:
0.1027 (UV), 0.1189
(US/UV)

Distilled water with
kaoline (DWK): 7.5 (UV),
5 (US/UV); Secondary
effluent (SE): 10 (UV), 8
(US/UV)

Batch: 30 mL total
volume

Distilled water (DW)
(31.5–33.1 NTU); DW
with 20 mg/L kaolin
(DWK) (77.4–74.4
NTU); and secondary
effluent (SE)
(1.91–2.68 NTU)

(Sun et al., 2006)

270 ± 10, 310 ± 10,
365 ± 10, 385
± 11, 405 ± 13

0.17 (270), 0.085 (310),
120 (365), 490 (385),
650 (405)

E. coli K12 (ATCC
W3110), Enterococcus
faecalis (ATCC 19433)

– 270/310/365/385/405:
0.58, 160, 25,000, 61,000,
86,000 (E. coli); 4.7,
−42,000, 42,000, 81,000,
130,000 (E. faecalis)

Batch: 1.3 L total
volume, 120 mm depth

0.05 M NaCI solution (García-Gil et al.,
2019)

365/265 60 (365), 1.27 (265) E. coli ATCC 15597,
ATCC 25922, ATCC
700891, ATCC 11229

– ATTC
15597/11229/25922/70-
0891: 42.3, 21.77,1.59,
45.72 (265); 31.75, 19.05,

Batch: 15 mL, 10 mm
depth

Tris-buffered saline
(TBS)

(Kim and Kang, 2020)

(continued on next page)
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Table 2 (continued)

Wavelength
(nm)

Fluence rate (W/m2) Microorganism Log-linear kinetic
constant (cm2/mJ)

UV Dose response per log
inactivation (mJ/cm2)

Reactor Water matrix Ref.

47.92, 33.62 (365/265)
265, P265 5.20 (265), 5.14 (P265,

0.1 Hz, 50 %), 5.36
(P265, 1 Hz, 50 %),
5.68 (P265, 10 Hz,
50 %), 6.05 (P265,
100 Hz, 50 %), 5.83
(P265, 1 kHz, 50 %),
5.36 (P265, 10 Hz,
90 %), 5.45 (P265,
10 Hz, 75 %), 5.88
(P265, 10 Hz, 25 %),
6.27 (P265, 10 Hz,
10 %)

E. coli (ATCC 11229),
MS2 (ATCC 15597-B1)

– 265/P265 90 % 10 Hz/
P265 75 % 10 Hz/ P265
50 % 10 Hz/ P265 25 %
10 Hz/ P265 10 % 10 Hz:
1.96/2.10/2.04/1.85/1.8-
5/1.96 (E. coli), 265/P265
50 % 10 Hz: 14.55/14.55
(MS2)

Batch: 50 mL total
volume

PBS (Nyangaresi et al.,
2019a)

275 1.5 (1 L), 1.05 (2 L),
0.81 (3 L)a; 3 L: 1.30,
and 6 L/h: 1.55 (1 L),
1.44 (2 L), 1.30 (3 L) b

Pseudomonas
aeruginosa PA14

− 0.55 a; 3 L: 146.7 (3 L/h),
130.4 (6 L/h), 49.42
(15 L/h)b

Static mode in a
cylindrical reservoir
(1,2,3L) and depth 57,
113 and 170 mm
respectively a; and
flow-through mode in a
quartz pipe of 0.207 L at
3, 6 and 15 L/h for 3 L;
and 6 L/h for 1, 2 and
3 L b

Fresh water (Moreno and Sun,
2008)

265, 280 – Bacillus subtilis (ATCC
6633)

0.024 (265), 0.017
(280), 0.046
(280 + Cl2 4 mg/L),
0.035 (280 + Cl2)

40.3 (265), 59.5 (280) Batch, 5 mL total
volume, 10 mm depth

PBS (Casado et al., 2019)

285 – Methylobacterium sp. 0.012 76.88 (15 L/h), 82.05
(30 L/h), 60 (60 L/h)

Flow through mode,
flow rate of 60, 30, 15

Tap water (Wang et al., 2012b)

265, 280, 300 9.9 (265, 280), 10.1
(300)

Pseudomonas
aeruginosa, Legionella
pneumophila, E. coli
IFO 3301, Bacillus
subtilis (ATCC 6633),
Qβ (ATCC 15597 B1)

0.45 (P. aeruginosa),
0.66 (L. pneumophila),
0.81 (E. coli), 0.085
(Qβ), 0.099 (B.
subtilis) (LP UV); 0.77
(P. aeruginosa), 0.86
(L. pneumophila), 0.81
(E. coli), 0.098 (Qβ),
0.174 (B. subtilis)
(265); 0.51 (P.
aeruginosa), 0.45 (L.
pneumophila), 0.56 (E.
coli), 0.056 (Qβ),
0.104 (B. subtilis)
(280); 0.059 (P.
aeruginosa), 0.048 (L.
pneumophila), 0.063
(E. coli), 0.006 (Qβ),
0.005 (B. subtilis)
(300)

2.22 (P. aeruginosa),1.51
(L. pneumophila), 1.23 (E.
coli), 11.76 (Qβ), 10.10
(B. subtilis) (LP UV); 1.33
(P. aeruginosa), 1.16 (L.
pneumophila), 1.23 (E.
coli), 10.20 (Qβ), 5.74 (B.
subtilis) (265); 1.96 (P.
aeruginosa), 2.22 (L.
pneumophila), 1.78 (E.
coli), 17.86 (Qβ), 9.61 (B.
subtilis) (280)

Batch, 5 mL total
volume, 7.1 mm depth

PBS (Yan et al., 2018)

LP UV, 255, 265, 285 – MS2 – 13.3 (255), 16.67 (265),
33.3 (285)

– – (Oguma et al., 2019)

385 900 and 1200 E. coli ATCC 25922 – 8100 (900 W/m2) and
7200 (1200 W/m2)

Cylindrical tank of 1 L
(67 mm diameter x
300 mm depth),
240 L/h, total volume
10 L

Hydroponic nutrient
solution (Amino(OAT)
N° 1 and 2

(Keshavarzfathy and
Taghipour, 2019a)

267 ± 12, 275 ±
10.5, 310 ± 8.9,
267 + 275,

3.8 E. coli CGMCC 1.3373 0.420 (267), 0.292
(275), 0.038 (310),
0.391 (267 + 275),

2.93 (267), 3.36
(267 + 275), 4.09 (275),
26.31 (310), 4.93

Batch, 15 mL total
volume, 6 mm depth

Saline solution (Bertagna Silva et al.,
2021)
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267 + 310,
275 + 310

0.203 (267 + 310),
0.149 (275 + 310)

(267 + 310), 6.71
(275 + 310)

265 ± 11.5 0.742 Biofilm-bound
Pseudomonas
aeruginosa

– 6.2 Flow through mode,
flow rate of 0.6 L/h,
14.4 L

100 mg/L TSB (Keshavarzfathy and
Taghipour, 2019b)

276 ± 10.7 (batch);
285 ± 13.5
(continuous)

3 (batch) Total coliforms, E. coli,
MS2 (ATCC 15597-B1)

Batch: 0.052 (MS2) Batch: 19.23 (MS2);
Continuous: 18.75
(0.6 L/h) and 18.38
(3 L/h) (MS2); 15.42
(0.6 L/h) and 10.62
(3 L/h) (Total coliforms
and E. coli)

Batch, 5 mL, 6 mm
depth; Flow through
mode, flow rate of 0.6
and 3 L/h (0.686 L
working volume)

Wastewater of
17.7 mg/L (COD),
3.0 mg/L (TSS), 3.9
NTU (turbidity), and
70.4 (UVT, %,
285 nm)

(Grandusky et al.,
2011)

285 ± 13.5 – MS2 – – Flow through mode,
flow rate of 30 L/h

Tap water (Lawal et al., 2018)

275 48.7 (245 mA), 57.6
(350 mA), 85.7
(527 mA)

MS2 Batch: 0.171
(245 mA), 0.156
(350 mA), 0.134
(527 mA)

Batch: 5 (245 mA), 5.83
(350 mA), 6.67 (527 mA)

Batch, 3.15 L; Flow
through at a flow rate of
2.5 × 105 L/h

Wastewater
(Turbidity: 0.09 NTU,
UVT275: 97 %)

(Kojima et al., n.d.)

265, 280, 300 ± 10 – P. aeruginosa (ATCC
10145), L.
pneumophila (ATCC
33152), E. coli K12
IFO 3301, Vibrio
parahaemolyticus
(NBRC 12711), B.
subtilis (ATCC 6633),
Feline calcivirus (FCV)
(ATCC VR-782), Qβ
(ATCC 23631-B1), and
MS2 (ATCC 15597-B1)

265/280: 1.039
/0.458 (L.
pneumophila);
0.774/0.582 (P.
aeruginosa);
0.359/0.281 (V.
parahaemolyticus);
0.878/0.562 (E. coli);
0.197/0.112 (B.
subtilis); 0.113/0.101
(FCV); 0.091/0.052
(Qβ); 0.034/0.033
(MS2)

265/280/300: 1.06 /2.2/
21.17 (L. pneumophila);
1.7/2.0/23.5 (P.
aeruginosa);
2.83/3.93/57.4 (V.
parahaemolyticus);
1.63/2.43/23.7 (E. coli);
7.2/12.1/364.77 (B.
subtilis); 8.17/9.63/144.87
(FCV); 10.3/18.0/169.9
(Qβ); 25.37/30.5/371.37
(MS2)

Batch, 5 mL total
volume, 7.1 mm depth

PBS (Wang et al., 2021)

280 – E. coli K12 IFO 3301 0.43 ± 0.05 3.67 Batch, 10 mm depth PBS (Feng-Tie and Huang,
2011)

255, 265, 285 (UVB),
265 (33 %) + 285
(67 %), 265–285,
285–265

0.45–5.68 E. coli K12, P.
aeruginosa, MS2.

LP
U-
V/255/265/285/26-
5 + 285/265–285/2-
85–265/P90%
265/P90% 285:
0.499/0.583/0.768/0-
.403/0.371/0.475/0.-
482/0.761/0.486 (E.
coli K12),
0.539/0.661/0.564/0-
.483/0.519/0.548/0.-
548/0.613/0.475 (P.
aeruginosa),
0.062/0.079/0.065/0-
.038/0.049/0.053/0.-
050/0.062/0.033
(MS2)

LP
U-
V/255/265/285/265 + -
285/265–285/285–265/-
P90% 265/P90% 285:
2.0/1.72/1.3/2.48/2.7/2-
.1/2.07/1.31/2.06 (E. coli
K12),
1.86/1.52/1.77/2.07/1.9-
2/1.82/1.82/1.63/2.1 (P.
aeruginosa),
16.1/12.66/15.38/26.31-
/20.41/18.87/20/16.13/-
30.3 (MS2)

Batch, 19 mL total
volume, 9 mm depth

PBS (Chen et al., 2017)

265, 280, 285, P285
(pulsed, P)

1.1 (285); 0.4 (265, 280) E. coli CGMCC 1.3373 – 1.68 (P5%285); 2.4 (P50%
285); 3.05 (P100%285)
(1000 Hz); 3.05 (285),
2.7–2.4 (10–1000 Hz); 4
(265, 280); 0.4 W/m2: 4
(265, 280), 3.3 (P50%265,
P50%280) (10 mJ/cm2);
1.1 W/m2: 3.3 (285), 2.22
(P50%285) (10 mJ/cm2);
0.3 W/m2: 4 (280), 2.86
(P5%2,801,000 Hz, High
current) (10 mJ/cm2)

Batch, 25 mL total
volume

PBS (Lee et al., 2021)

(continued on next page)
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Table 2 (continued)

Wavelength
(nm)

Fluence rate (W/m2) Microorganism Log-linear kinetic
constant (cm2/mJ)

UV Dose response per log
inactivation (mJ/cm2)

Reactor Water matrix Ref.

265 ± 12.5, 275 ±
10.5

2.8 E. coli CGMCC 1.3373 – 3.93 (265, P265), 4.33
(275, P275)

Batch, 15 mL total
volume, 6 mm depth

Saline solution (Li et al., 2019)

265 ± 11, 285 ± 13,
365 ± 9,
265 + 285,
265 + 365,285 -
+ 365, 265–285,
285–265, 265–365,
365–265, 285–365,
365–285

– E. coli (ATCC 11229)
and MS2 (ATCC
15597-B1)

– 2.33 (265), 5.46 (285),
4.23 (265 + 285;
265–285; 285–265),
Neglible
(365–1160 mJ/cm2);
435.3 (285 + 365), 405.3
(365/285), 470.12
(285–365); 727.6
(265 + 365), 646.77
(365–265), 776.13
(265–365) (E. coli); 12.12
(265), Neglible (365)
(MS2)

Batch, 50 mL total
volume

PBS (Song et al., 2018)

265 ± 11, 365 ± 9,
365–265

– E. coli (ATCC 11229),
MS2 (ATCC 15597-B1)

1.14 (265), 1.11
(365–1700 mJ/-
cm2–265), 1.26
(365–17,000 mJ/-
cm2–265), 1.13
(365–52,000 mJ/-
cm2–265)

3.36 (265) (E. coli); 12.12
(265) (MS2)

Batch, 50 mL total
volume

PBS (Sommer et al., 1998)

265 ± 12.3, 285 ±
13.5, 265 + 285

1.9 (265), 4.4 (285); 1.8
(265), 4.1 (285)

E. coli, MS2 (ATCC
15597-B1)

265/285: 0.40/0.14
(E. coli); 0.037/0.014
(MS2)

265/285/265 + 285:
3.07/7.14/3.07 (E. coli),
27.02/71.42/31.11 (MS2)

Batch, 0.1 and 0.5 mL
(96- and 24-multiwell
plate)

PBS (Rattanakul and
Oguma, 2018)

280 ± 5 37.5 SARS-CoV-2 – 12.09 Batch PBS (Moreno et al., 2019)
280 4.34 Listeria monocytogenes

(ATCC 15313, ATCC
19111, and ATCC
19115) and Salmonella
Typhimurium (DT 104,
ATCC 19585, and
ATCC 43971)

10 mJ/cm2: 0/40/120
NTU: 0.78/0.44/0.25
(S. typhimurium);
0.69/0.33/0.24 (L.
monocytogenes)

10 mJ/cm2: 0/40/120
NTU):1.54/2.25/4.85 (S.
typhimurium);
1.44/5.95/15.87 (L.
monocytogenes);
25 mJ/cm2:
3.85/3.87/3.88 (S.
typhimurium);
3.61/3.62/4.13 (L.
monocytogenes)

Batch, 250 mL total
volume

Distilled water (0
NTU), 40, 80, 120
NTU

(Gerchman et al.,
2020)

260, 270, 280, 290,
310, 364, 258.5 +
260 + 270

24 Influenza A virus (IAV)
H1N1

– – Batch, 0.3 mL total
volume, 10 mm depth

PBS (Würtele et al., 2011)

255, 265, 285 0.18 (255), 1.25 (265),
1.57 (285)

E. coli (ATCC 15597)
and bacteriophage P22
(ATCC 19585-B1)

255/265/285:
0.178/0.150/0.109
(P22);
0.294/0.270/0.152
(E. coli)

255/265/285:
5.63/6.68/9.2 (P22);
5.1/5.55/9.9 (E. coli)

Batch, 2 mm depth PBS (Jarvis et al., 2019)

268 ± 12.5, 275 ±
10.5

3.8 Bacillus cereus (TRB-3)
and B. pumilus (TRB-5)
tetracycline resistant
bacteria

– 268/275: 2.84/2.84
(TRB-3); 4.04/5.39
(TRB-5)

Batch, 15 mL total
volume, 10 mm depth

PBS (Kim et al., 2017)

255 ± 11.1, 280 ±
9.9, 255 + 280,
255 + 280 + 405,
280 + 365 + 405,
255 + 280 + 365
± 14.9 + 405 ±
11.5

0.17 (255), 0.19 (280),
0.04 (365), 0.77 (405)

E. coli – 5.88 (255), 4.28 (280),
8.76 (255 + 280)

Batch, 20 mL total
volume

Treated wastewater:
10 NTU, 35.4 mg/L
TOC, 14 mg/L TSS

(Hull and Linden,
2018)

265 – MS2 (ATCC 15597 B1)
and adenovirus 5
(ATCC VRS)

– 60 L/h (ɣ): 24; (α): 37.2
(β): 39.16 (MS2); (ɣ): 46.5
(Adenovirus 5). 60 L/h
and (ɣ): Cross irradiation,
UVC LED position at B or

Flow through reactor:
parallel (P) and cross
(C)-irradiation: UV
parallel and
perpendicular to the

PBS (Oguma et al., 2016)
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sources, mainly due to their significantly smaller size, radiative pattern
or photon fluence. These differences open a new universe of design pos-
sibilities for photochemical reactors for water treatment that are worth
to explore.

Wang et al. (2021) highlighted the importance of achieving a uniform
light distribution in the reactor. They studied three different UV LED mod-
ules of 12, 16, and 24 chips of 280 nm UV light. The UV module with 24
LED had the highest irradiance uniformity in the reactor; meanwhile, the
UV module of either 12 or 16 LED led to non-uniform irradiance distribu-
tions, resulting in significant darker areas in the reactor. Similar findings
were reported by other groups (Martín-Sómer et al., 2017). Wang et al.
also evaluated the influence of the external radius (Ro) in an annular con-
figuration of the reactor (19 to 27 mm) on the irradiance. They observed
that values of Ro larger than 23 mm gave rise to a decrease in irradiance
due to the attenuation of the UV transmittance (Wang et al., 2021). After
optimising these conditions, they successfully inactivated 4 orders of mag-
nitude of viable concentrations of E. coli at a flow rate of 2.82 L/h and a UV
dose of 25.4 mJ/cm2 (6.35 mJ/cm2 per log10). This value can be compared
with other UV fluences for 1 log10 inactivation obtained for 275–280 nm
UV LED in batch conditions reported by other groups corresponding to
4.28 (Silva et al., 2020), 4.33 (Nyangaresi et al., 2019a), 4.09
(Nyangaresi et al., 2018), 3.67 (Yu Jeco et al., 2019), 2.43 (Oguma et al.,
2019), and 1.78 (Rattanakul and Oguma, 2018) mJ/cm2. Keshavarzfathy
et al. (2021) also evaluated different radiation patterns for different
265 nm UV LED arrangements, three irradiation modes, and flow rates of
45, 60, and 120 L/h to improve the design efficiency, aiming to deliver
high UV doses. For a flow rate of 60 L/h, the best UV LED arrangement
led to a UV dose of 14.88–16.9 mJ/cm2 for 1 log10 reduction of MS2
phage compared to other reported values of 5–6.67 (Jarvis et al., 2019)
and 18.38 (Nguyen et al., 2019) mJ/cm2 for flow reactors and 25.37
(Oguma et al., 2019), 15.2 (Beck et al., n.d.), and 14.55 (Song et al.,
2018) mJ/cm2 for batch operation.

Despite the advantages of LED as a radiation source, if the light
distribution is not optimised, the lighting systems are less effective than
the traditional ones (Martín-Sómer et al., 2017). Fig. 3 shows the light dis-
tribution using a mercury fluorescent lamp (Hg-FL), an 8-LED system and a
40-LED system depending on the position of the lamp. The Hg-FL showed a
very homogeneous distribution of the light, whereas the 8-LED system pat-
tern is very heterogeneous, presenting highly irradiated areas correspond-
ing to the LED locations and other areas practically in darkness. It was
necessary to incorporate a higher number of LED (40-LED) to achieve a
light distribution similar to that achieved with the Hg-FL system. The influ-
ence of the light distribution was studied in experiments of the photocata-
lytic oxidation of methanol to formaldehyde, where an improvement in
the distribution of light led to a significant increase in the overall photonic
efficiency of the reactor and of the bacterial inactivation. In this case, the
results carried out with E. coli showed that there was no clear difference
when using different lighting sources (Fig. 4). The existence of a highly
non-uniform radiation field with regions of the reactor with very high
fluence rates seemed to enhance the efficiency of the direct bacterial inac-
tivation when LED are used, compensating the decrease in the charge trans-
fer efficiency of the semiconductor-based photocatalytic process. In
contrast, this higher photonic efficiency was counteracted by the improved
bacterial inactivation achieved when the suspensions were subjected to a
locally high UV fluence rate. A LED system was more efficient than tradi-
tional lamps with TiO2 as a photocatalyst if the same UV dose was applied
for a shorter period but with higher intensity, leading to high E. coli inacti-
vation rates (Martín-Sómer et al., 2017). In any case, in both oxidation of
chemicals and bacterial inactivation, the best option in terms of energy con-
sumptionwas that with the highest number of LED due to the improvement
in the light homogeneity and energy efficiencywhen they operated at lower
electrical current intensities, considering an annular reactor configuration.

Therefore, progress is still needed regarding the optimisation of the ra-
diation pattern and array design to ensure uniform and high UV dose deliv-
ery with optimal wavelength combinations. In this respect, it is necessary
the development of precise models able to predict the radiation pattern.



Fig. 3. Incident radiation calculated along a control line placed in the reactor area for a total incident radiation of 2.77 × 10−6 E/L s (Simons et al., 2014).

Fig. 4. Kinetic constants calculated for E. coli photocatalytic inactivation versus
incident irradiation with the different light sources (Simons et al., 2014).
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Somemodels estimated the optical output of LED bymodeling the radiation
from inside the LED itself, considering the optical properties of its lens
(Wang et al., 2012a; Moreno and Sun, 2008; Sun et al., 2006). Some studies
considered LED devices as Lambertian light sources (Grandusky et al.,
2011), while others simplified the calculation by assuming a uniform
light distribution in a spatial spherical cap with an angle calculated from
the UV-LED viewing angle (Bowker et al., 2011; Yu, 2014). There are also
studies in which the researchers obtained equations from the light distribu-
tion data reported by the manufacturers to later be able to model the light
distribution in photocatalytic reactors (Simons et al., 2014; Feng-Tie and
Huang, 2011). Another option that has also been studied is modeling the
light distribution from the experimental measurement of the radiation pro-
file since for water treatment applications, the radiation distribution deliv-
ered to the water solution is the important aspect without needing to know
the radiation profile of the LED (Kheyrandish et al., 2018).

On the other hand, if in addition to knowing the radiative profiles, it
is intended to model a certain chemical reaction, it is necessary to inte-
grate the hydrodynamic profile of the reactor, the species transport, and
the kinetics reaction into the calculation. In order to model the effi-
ciency of a photoreactor including all these complex aspects, several
models have been developed in recent years by using computational
fluid dynamics (CFD) software, both commercial (García-Gil et al.,
2019; Casado et al., 2019; Wang et al., 2012b; Keshavarzfathy and
Taghipour, 2019a; Keshavarzfathy and Taghipour, 2019b) and open
source (Moreno et al., 2019; Moreno-SanSegundo et al., 2020).

3. Conclusions

The development of UV LED devices has provided many advantages
for water disinfection processes. These devices are highly efficient, have
16
a longer lifespan, and are more adaptable to different photoreactor con-
figurations. However, the use of LED requires a more precise under-
standing of photochemistry, reactor design, and the mechanism of
microbial inactivation, as these parameters can substantially modify
the rate of inactivation.
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UV LED devices also allow for the selection of specific emissions
wavelengths, which can be used to target specific microbial targets or
to create synergistic inactivation processes. UVC LED devices, which
emit at 260–265 nm, have a higher germicidal effect compared to
those that emit at 280 nm. However, 280 nm radiation can also repress
photoreactivation and dark repair, which may be linked to protein dam-
age and structural damage to some enzymes involved in DNA repair. The
availability of different discrete wavelengths also allows for a balance be-
tween the electrical energy efficiency of the emitter and the photochem-
ical efficiency of the inactivation process.

UV LED sources do not require a warm-up time, which allows them to
operate efficiently by pulses and enables the development of time-
variable complex emission sequences. It has not been demonstrated that
pulsed radiation significantly affects the efficiency of the UVC disinfection
process, but it helps to improve the thermal management of the system, ex-
tending the lifetime of the low energy-efficient light sources.

The possibility of synergistic effects in microbial inactivation with
UV LED combinations is still being debated, with some studies reporting
no synergies and others reporting higher performance with UVA+UVC
combinations for virus inactivation. The ability to fine-tune radiation
intensity with UV LED allows for control of the fluence rate in real-
time, which can lead to higher log inactivation at higher fluence rates
and shorter exposure times. This provides a huge potential for control
strategies that adapt the delivered energy to the instantaneous charac-
teristics of the water being treated.

From the reactor design perspective, UV LED sources offer flexibility in
reactor design due to their small size and adaptability, which enable a range
of novel configurations and continuous treatment capacities. However, ac-
curate simulation of the radiantfield in LED reactors is crucial due to the in-
herently inhomogeneous distribution of the emitted light. Knowledge of
the radiation pattern and array inside the photoreactors is necessary to
guarantee efficient water disinfection, and precise models are needed for
reactor optimisation based on the specific radiation patterns. This is espe-
cially important in photoreactors with short contact times based on the
use of high-intensity light sources.

With respect to energy consumption, the optimal selection of UV LED
technology for water disinfection requires balancing the quantum effi-
ciency of the process and the electricity-to-photon conversion. UV LED of
260 nm achieves the highest bacterial inactivation but has low wall plug ef-
ficiency, while UV LED of 280 nm has a lower quantum efficiency but higher
electricity conversion efficiency. A combination of a higher number of LED
lamps operating at low electrical current intensities would be desirable to
minimise energy consumption and heat-sinking. It is expected that the UVC
LED industry will develop similar to visible and UVA LED, reaching wall
plug efficiency values above 35 %, making UVC LED technology competitive
for water disinfection at a large scale in the future.
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