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• UV-LEDs wavelength combinations
were thoroughly investigated for water
disinfection.

• Inactivation of different types of micro-
organisms, E. coli and MS2, was exam-
ined.

• The effect of multiple wavelengths de-
pends on UV ranges and combining
manners.

• UVC- and UVB-LEDs combinations al-
ways achieved additive inactivation ef-
fect.

• UVAmay improve or reduce E. coli inac-
tivation depending on the manner to
apply UVA.
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Ultraviolet light-emitting diode (UV-LED) is an emergingUV sourcewithmany special features due to the nature
of semiconductor devices. One such feature is wavelength diversity that does not exist in conventional mercury
based UV lamps, which provides opportunities to selectively combinemultiplewavelengths for potentially addi-
tional effects by UV-LEDs. In this work, the inactivation of differentmicroorganisms inwater was investigated by
UV-LEDs wavelength combinations. Various wavelength combinations, including simultaneous and sequential
exposures, in different UV ranges such as UVC, UVB and UVA, were examined. These combinations were applied
to the inactivation of indicator bacterium E. coli and coliphageMS2 inwater. The results showed the effect of UV-
LEDsmultiple wavelengths depends on which wavelengths (UVC, UVB and UVA) are combined and the manner
that different wavelengths (simultaneous, sequential) are used. Also, different microorganisms (bacteria, virus)
respond differently to wavelength combinations. Combinations of UVC/UVB always achieved additive effect on
microorganisms inactivation due to the same photochemical reaction induced by UVC/UVB on DNA. Combining
UVA with UVC/UVB simultaneously or applying UVA after UVC/UVB reduced the inactivation of bacterium E. coli
due to DNA repair and photoreactivation effect of UVA. However, applying extended UVA exposure before UVC
significantly improved E. coli inactivation. For virus MS2 inactivation, only additive effect was observed under
various wavelength combinations. This study presented a comprehensive work on UV-LEDs wavelength combi-
nations, which is of significance on the application of UV-LEDs for water disinfection.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Water disinfection is an imperative part of water treatment pro-
cesses to remove pathogenic microorganisms from water. A number
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Fig. 1. Emission spectra of 265 nm UVC-LED, 285 nm UVB-LED and 365 nm UVA-LED.
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of technologies have beendeveloped and applied for effectivewater dis-
infection. Among them is ultraviolet (UV) radiation, which is a
chemical-free method with many advantages including high effective-
ness against most pathogens, easy operation, no chemical addition,
and no by-product formation (Bolton and Cotton, 2008). The research
and application of UV disinfection has been rapidly growing especially
since its effectiveness at inactivating chlorine-resistant protozoa was
proven (Betancourt and Rose, 2004).

The commonly used UV source for disinfection is mercury lamps.
Low pressure (LP) mercury lamps emit nearly monochromatic UV at
254 nm,which is close to the DNA absorption peak at around 260 nm,
while medium pressure (MP) mercury lamps emit a polychromatic
spectrum covering from UV to visible light (Beck et al., 2015). Re-
cently, a new UV source: ultraviolet light-emitting diode (UV-LED)
has emerged, and gained increasing interests as an alternative to
conventional mercury UV lamps due to its many special features.
Similar to the widely used visible light LEDs, UV-LEDs are compact
and robust, have low power requirement and potential long lifetime,
and do not contain hazardous mercury, bringing many advantages
over conventional UV lamps (Wurtele et al., 2011). Considering sig-
nificant progress made and similar trends expected on the develop-
ment of UV-LEDs, this new UV source is believed to be a promising
alternative for water disinfection (Ibrahim et al., 2014; Muramoto
et al., 2014).

UV-LEDs are made of semiconductor materials which are similar to
visible light LEDs (Khan et al., 2005). Hence, variouswavelengths are vi-
able on UV-LEDs by using different materials, such as 235 nm by doped
diamond (Koizumi et al., 2001), 215 nm by boron nitride (Watanabe
et al., 2004), and 210 nm by aluminium nitride (Taniyasu et al., 2006).
To date, the commercially available UV-LEDs have the wavelengths as
short as 250 nm by using aluminium gallium nitride materials, and a
large variety of wavelengths from 250 nm to 365 nm covering UVC,
UVB and UVA have been used for UV-LEDs water disinfection studies
(Song et al., 2016).

Unlike conventional UVmercury lamps, wavelength diversity of UV-
LEDs not only provides the chance to select a particularwavelength for a
specific purpose, but also offers a unique opportunity to selectively
combine multiple wavelengths for tailored polychromatic radiation.
However, there is little research on how to combine different wave-
lengths and tailor the wavelength combinations for optimal inactiva-
tion. Many studies on polychromatic UV from MP mercury lamps have
reported enhanced inactivation and reduced reactivation on some mi-
croorganisms, but the mechanism is still not well understood due to
the fixed broad spectrum of these lamps (Oguma et al., 2002;
Zimmer-Thomas et al., 2007; Zimmer and Slawson, 2002). Therefore,
the emerging UV-LEDs with the flexibility on wavelength selection
bring new opportunities to explore the effects of various wavelength
combinations. Moreover, another motivation for UV-LEDs wavelength
combinations is that currently UVA-LEDs have much higher output
power and lower cost than UVC-LEDs, which may compensate for rela-
tively low inactivation effectiveness of UVA radiation and bring the po-
tentials to improve multiple wavelengths disinfection.

To date, there have been few studies onUV-LEDswavelength combi-
nations for water disinfection and the results are not consistent. An
early study reported synergistic effect on inactivation ofmesophilic bac-
teria and fecal coliform in wastewater by combining 280 and 365 nm
UV-LEDs (Chevremont et al., 2012). However, another study observed
lower effectiveness of E. coli inactivation through combination of 265,
280 and 310 nm UV-LEDs (Oguma et al., 2013). Two recent studies
both indicated only additive inactivation effect without any synergy
on different types of microorganisms (E. coli, MS2, adenovirus,
B. pumilus spores) by combining 260/280 nm or 265/280 nm (Beck
et al., 2017; Li et al., 2017). These inconsistent results from different
studies bring difficulties to conclude the effect of UV-LEDs wavelength
combinations. Nonetheless, these studies suggested that UV-LEDs
wavelength combinations may have the potential to improve
inactivation and it is essential to have a comprehensive investigation
into the effect of UV-LEDs wavelength combinations.

In order to explore the potential of UV-LEDs wavelength combina-
tions, in this study a comprehensive work was conducted by utilizing
the special feature of UV-LEDs to thoroughly investigate the effect of
UV-LEDsmultiple wavelengths onwater disinfection. Various combina-
tions were created by UV-LEDs including different wavelength ranges
for combinations and also various exposure modes. Selected wave-
lengths representing UVC, UVB and UVA were coupled, and applied
for solo, simultaneous and sequential exposures. Different types of mi-
croorganisms, such as bacterium E. coli and coliphage MS2, were exam-
ined for inactivation effectiveness of wavelength combinations. The
results from multiple wavelengths were compared with that of single
wavelength, and then analyzed and discussed to identify the effect of
UV-LEDs wavelength combinations on water disinfection. To the best
of the authors' knowledge, this is the first comprehensive study on
UV-LEDs wavelength combinations covering full UV range (UVA, UVB,
UVC) and all combination manners (simultaneous, sequential) for mi-
croorganisms inactivation in water.
2. Materials and methods

2.1. UV-LEDs apparatus

To cover a wide UV range for wavelength combinations, three UV-
LED chips were selected at the wavelengths of 265, 285 and 365 nm
to represent UVC, UVB and UVA, respectively. The emission spectra
from these UV-LEDs were measured using an Ocean Optics USB2000+
spectrometer (Fig. 1). The specifications of these UV-LEDs are listed in
Table 1. An apparatus was designed and set up for dual-wavelength ex-
posure, as illustrated in Fig. S1 in SupplementaryMaterials. Briefly, each
of the two UV-LEDs with different wavelengths was located above a 9-
cm diameter glass Petri dish with a 2-cm distance between water sur-
face and UV-LEDs. The viewing angles of UV-LEDs were around 110° ~
130°, so that the emitted UV radiation could cover the entire water sur-
face. EachUV-LEDwas connected to aDCpower supply (Model: AimTTI
EX355R) separately, so that they could be controlled independently to
achieve different combinations. Two aluminium-based heat sinks
were used for heat dissipation of the UV-LEDs individually, as thermal
management is critical to ensure the performance of UV-LEDs
(Kheyrandish et al., 2017). A magnetic stirrer was used to thoroughly
mix the water sample before and during exposure for uniform irradia-
tion. The whole apparatus was covered by a black box during experi-
ment to avoid potential photoreactivation by ambient light.

Image of Fig. 1


Table 1
Specifications of UV-LEDs used in this work.

UV range Wavelength (nm) Full width at half-maximum (nm) Voltage (V) Current (mA) Output power (mW) Viewing angle Manufacturer

UVC 265 11 7.8 350 10 130° Nikkiso Co., Ltd., Japan
UVB 285 13 6.1 350 30 130° Nikkiso Co., Ltd., Japan
UVA 365 9 8.0 1000 2350 116° Seoul Viosys Co., Ltd., South Korea
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2.2. UV irradiation and measurement

In order to thoroughly investigate the effect of UV-LEDs multiple
wavelengths on microorganisms inactivation, various combinations
were examined. Each two UV-LEDs with different wavelengths were
coupled, such as 265 + 285 nm, 285 + 365 nm and 265 + 365 nm, to
represent different combinations among UVA, UVB and UVC. Each com-
binationwas conducted in simultaneous exposure and sequential expo-
sure. In simultaneous exposure, two UV-LEDs with different
wavelengths were turned on at the same time to irradiate the water
sample. As to the sequential exposure, one UV-LED was turned on first
for a period of irradiation, and then turned off while the other UV-LED
at a different wavelength was turned on for another period of irradia-
tion. The solo exposure by each wavelength was also performed as con-
trol for comparisons in order to identify and properly distinguish the
potentially additional effect from wavelength combinations. These ex-
posure modes are illustrated in Fig. S2.

Chemical actinometrymethodwas used for UV irradiationmeasure-
ment. Potassium iodide–iodate actinometer was applied for 265 and
285 nm UV-LEDs, while ferrioxalate actinometer was used for 365 nm
UV-LED exposure measurement by following the established protocols
with quantum yield data (Bolton et al., 2011; Goldstein and Rabani,
2008). The actinometry results determined the incident UV fluence on
the water surface. Then, the UV absorbance of actual water sample
was measured and used to estimate the water factor (Bolton and
Linden, 2003). The UV fluence delivered to microorganism suspension
was calculated using the incident UV fluence and water factor (Oguma
et al., 2016). All the tests were performed using the same apparatus
and experimental conditions, with the only difference being that UV ex-
posure was by single wavelength or multiple wavelengths. The UV
fluence determined by actinometry ensured that the comparisons of in-
activation effectiveness were based on the equivalent UV fluence be-
tween multiple wavelengths and the sum of that by single
wavelength, thus enabling exclusive identification of potentially addi-
tional effect from wavelength combinations.

2.3. Microorganisms cultivation and enumeration

To cover different types of microorganisms, the indicator bacterium
E. coli (ATCC 11229) and coliphageMS2 (ATCC 15597-B1)were used for
inactivation tests. These microorganisms and MS2 host bacterium
(E. coli ATCC 15597) from American Type Culture Collection (ATCC, Ma-
nassas, VA, USA) were cultivated according to the supplier's product in-
struction, and then prepared and enumerated as described elsewhere in
detail (Song et al., 2018). The prepared microorganism suspensions
were diluted in sterile phosphate buffered saline (PBS) for a concentra-
tion of approximately 106 CFU/mL for E. coli or 106 PFU/mL forMS2 prior
to UV exposure.

2.4. UV exposure and data analysis

For each experimental condition of UV exposure, such as by single
wavelength or multiple wavelengths, 50mLmicroorganism suspension
was placed in the Petri dish and exposed to UV irradiationwhile stirring.
Then, the samples were taken to determine the concentration of micro-
organisms before and after UV inactivation. To avoid the possible influ-
ence of ambient light such as photoreactivation, the entire process of UV
exposure and microbial assay was carried out in a dark roomwithmin-
imal red light at room temperature 22 °C. The temperature of microor-
ganism suspension samples was monitored and no noticeable change
was observed during the experiment. The test for each experimental
condition was performed independently three times with three mea-
surement replicates of each sample. The log inactivation between mul-
tiple wavelengths and the sum of that by single wavelength was
compared to identify the potentially additional effect from wavelength
combinations. The statistical analysis was conducted using a two-
tailed paired t-test to determine the significance (p b 0.05).

3. Results and discussion

UV exposure time varied depending on the microorganisms: it was
40 s for E. coli whereas 3 min (180 s) for MS2. For E. coli inactivation,
the UV fluence after 40 s irradiation was determined as 4.2 mJ/cm2

with 265 nm UVC-LED, 15.3 mJ/cm2 with 285 nm UVB-LED, and
1160 mJ/cm2 with 365 nm UVA-LED. The UV fluence after 3 min irradi-
ation, applied for MS2 inactivation, was 20 mJ/cm2 and 5400 mJ/cm2

with 265 nm UVC-LED and 365 nm UVA-LED, respectively. Note that
when applying two UV-LEDs together, the total UV fluence by multiple
wavelengths equals to the sum of that by eachwavelength alone, thus a
fair comparison on inactivation effectiveness could be made between
multiple wavelengths and the sum of that by each wavelength alone
based on the equivalent total UV fluence.

3.1. Combinations of UVC- and UVB-LEDs on E. coli inactivation

265 nm and 285 nmUV-LEDs were combined to represent UVC and
UVB radiation for E. coli inactivation in water. The comparisons of single
wavelengths and multiple wavelengths exposure are shown in Fig. 2a.
265 nm UVC-LED alone resulted in 1.8 log inactivation at 4.2 mJ/cm2,
which is in good agreement with the data from Oguma et al. (2013)
and Li et al. (2017). 285 nmUVB-LED alone, on the other hand, provided
2.8 log inactivation at 15.3 mJ/cm2, consistent with the results by
Oguma et al. (2016). When combining these wavelengths together,
both simultaneous exposure and sequential exposures led to a total of
4.6 log inactivation, which is statistically comparable with the sum of
log inactivation by each wavelength applied alone (Fig. 2a). The E. coli
concentration change during sequential exposures also showed similar
results (Fig. 3a): no matter the sequence of applying UVC or UVB first,
265 nm UVC exposure always reduced E. coli concentration by 1.8 log
while 2.8 log reduction was always observed with 285 nm UVB
exposure.

The results on simultaneous and sequential exposures for E. coli inac-
tivation indicate that combinations of 265 nm UVC- and 285 nm UVB-
LEDs always achieve additive inactivation effect, no matter simulta-
neously or sequentially. These observations are consistent with two re-
cent studies by Beck et al. (2017) and Li et al. (2017) who reported no
synergistic effect from simultaneous combinations of 260/280 nm UV-
LEDs on E. coli, MS2, adenovirus, B. pumilus spores, or 265/280 nm UV-
LEDs on E. coli with varied UV fluence ratios, respectively. The work in
this study extended this conclusion to sequential exposure of UVC/
UVB combinations in addition to simultaneous exposure of wavelength
combination in the two previous studies.

These observations can be interpreted by fundamental mechanism
of UV disinfection and the Second Law of Photochemistry. UV disinfec-
tion results from the disruption of genetic materials such as DNA or



Fig. 2. Comparisons ofmicroorganisms inactivation by various UV-LEDswavelength combinations: E. coli inactivation byUVC 265 nm/UVB 285 nmcombinations (a), by UVB 285 nm/UVA
365 nmcombinations (b), byUVC 265 nm/UVA365 nmcombinations (c);MS2 inactivation byUVC 265 nm/UVA 365 nmcombinations (d). Sum indicates the sum log inactivation of each
wavelength applied alone. Error bars represent standard deviation. Asterisks indicate statistically significant differences (*, p b 0.05).

Fig. 3. E. coli concentration profiles by sequential exposure of various UV-LEDswavelength combinations: 40 s UVC 265 nm/UVB 285 nm (a), 40 s UVB 285 nm/UVA 365 nm (b), 40 s UVC
265 nm/UVA 365 nm (c), 50 s UVC 265 nm followed by 3 min UVA 365 nm (d). Error bars represent standard deviation.
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Image of Fig. 2
Image of Fig. 3
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RNAofmicroorganisms byUV radiation,mainly in UVC andUVB ranges,
through photochemical reactions like formation of pyrimidine dimers
(Bolton and Cotton, 2008). They are expected to follow the Second
Law of Photochemistry, which states “for each photon of light absorbed
by a chemical system, only one molecule is activated for a photochemi-
cal reaction” (Bolton and Cotton, 2008). Thus, each activated molecule
by each photon is independent of another, and the same amount of pho-
tons (e.g., total UV fluence) always activates the same number of mole-
cules for a photochemical reaction (e.g., formation of pyrimidine
dimers), no matter whether the photons are delivered simultaneously
or sequentially. Since UVC and UVB radiation induce the same photo-
chemical reactions on DNA, combinations of UVC and UVB radiation al-
ways achieve additive inactivation effect without synergy as observed
both in this study and the two previous studies.

3.2. Combinations of UVB- and UVA-LEDs on E. coli inactivation

UVB and UVA radiation were combined using 285 nm UVB-LED and
365 nm UVA-LED for E. coli inactivation in water. As shown in Fig. 2b,
unlike combinations of UVC- and UVB-LEDs, simultaneous exposure of
285 nm UVB- and 365 nm UVA- LEDs resulted in statistically lower
E. coli inactivation than the sum of that by each wavelength separately.
Also, the same trend was observed for the total inactivation by sequen-
tial 285 nm followed by 365 nm exposure, which led to statistically
lower inactivation.

To have a close look at the results of sequential exposures, the E. coli
concentration change during sequential exposures are shown in Fig. 3b.
When applying 365 nm followed by 285 nmexposure, E. coli concentra-
tion continuously decreased. However, when reversing the sequence to
apply 285 nm first and then 365 nm exposure, after a significant con-
centration reduction by 285 nm exposure, E. coli counts recovered
slightly upon 365 nm exposure, resulting in an overall lower log reduc-
tion by this sequential exposure (Fig. 3b). This effect seems consistent
with that by simultaneous exposure of these twowavelengths, suggest-
ing that combinations of UVB- and UVA-LEDs may reduce the inactiva-
tion effectiveness of E. coli.

Nonetheless, these results revealed the importance of sequence on
application of UV radiation in different UV ranges, and distinguished
the roles of UVB and UVA radiation when combining them together. It
implied that UVA radiation may account for the reduced E. coli inactiva-
tion when combining UVB- and UVA-LEDs simultaneously or sequen-
tially. In order to further confirm this effect, UVC- and UVA-LEDs were
also combined for further investigation.

3.3. Combinations of UVC- and UVA-LEDs on E. coli inactivation

Similar to that of the UVB/UVA-LEDs combinations, lower E. coli in-
activation was observed for simultaneous exposure of UVC/UVA-LEDs,
as well as sequential 265 nm UVC followed by 365 nm UVA exposure,
when compared with the sum of UVC- and UVA-LEDs inactivation
alone (Fig. 2c). As for the E. coli concentration change during sequential
exposures, Fig. 3c shows continuing concentration decrease by the se-
quence of 365 nm followed by 265 nm exposure, whereas slight con-
centration recovery was observed when reversing the sequence, that
is, applying 365 nm after 265 nm.

To further verify the E. coli concentration recovery by applying
365 nm UVA after 265 nm UVC exposure, another test was performed
with extended UVA exposure time. As shown in Fig. 3d, after initial
50 s exposure with 265 nm UVC-LED, E. coli concentration decreased
dramatically by over 3 log. However, a subsequent 3 min exposure
with 365 nm UVA-LED resulted in the recovery of the viable/culturable
E. coli concentration by one order of magnitude or 1 log (note that the
control experiment showed no concentration change when keeping
E. coli in dark for 3 min after 50 s 265 nm UVC-LED inactivation in
Fig. 3d). The E. coli concentration recovery during UVA exposure nega-
tively affected the total log reduction of this sequential exposure,
leading to overall lower inactivation than the sum of single wavelength
inactivation. This observation is in agreement with the effect by simul-
taneous exposure of UVC- and UVA-LEDs, suggesting that applying
UVA radiation for wavelengths combinations may reduce the inactiva-
tion effectiveness of E. coli. It is also noted that the E. coli concentration
recovery with 3 min UVA after 50 s UVC (Fig. 3d) is much greater than
that with 40 s UVA after 40 s UVC (Fig. 3c), further implying the effect
of UVA radiation when coupled with UVC radiation.

This effect fromUVA-involvedwavelength combinations is probably
related to the different biological effects of UV radiation in different
wavelength ranges. The effectiveness of UV disinfection depends not
only on photochemical reactions (e.g., formation of pyrimidine dimers
on DNA), but also on biological processes (e.g., self-repair of DNA,
namely reactivation) (Harm, 1980). UVC and UVB radiations are
strongly absorbed by DNA, and mainly induce photochemical reactions
to form pyrimidine dimers on DNA to achieve inactivation. However,
these photochemical reactions aremostly reversible, and the DNAdam-
age induced by these photochemical reactions can be repaired by the bi-
ological processes in the cells, such as photoreactivation (Sinha and
Hader, 2002). The enzyme photolyase in the cells can utilize the energy
of light, preferably 300–500 nm (as called photoreactivating light), to
repair DNA damage specifically against pyrimidine dimers (Gayan
et al., 2014; Jagger, 1967; Thiagarajan et al., 2011).

In this study, 365 nm UVA-LED was used as a typical representative
of UVA radiation. The UVA radiation with the wavelength from 315 nm
to 400 nm is within the photoreactivating light range of 300–500 nm. In
particular, the enzyme photolyase in E. coli cells for DNA repair has the
maximum absorption at around 370 nm to 420 nm (Payne and
Sancar, 1990; Sancar, 2003). Thus, the energy from UVA radiation,
such as 365 nm in this study, may be utilized by the enzyme photolyase
in E. coli to repair UVC/UVB-induced DNA damage. Moreover, photore-
activation is photoreactivating fluence-dependent instead of time-
dependent (Bohrerova and Linden, 2007). A study for standardized
photoreactivation protocol compared different light sources for E. coli
photoreactivation, and observed E. coli photoreactivation in the photo-
reactivating fluence range of equivalent 0–1500 mJ/cm2 at 368 nm re-
gardless of the light sources and time (Bohrerova and Linden, 2007).
The UV fluence of UVA-LED exposure at 1160 mJ/cm2 for 365 nm in
this study is within this photoreactivating fluence range, thus can result
in photoreactivation and reduce the inactivation effectiveness of E. coli
when combining UVB/UVC-LEDs together simultaneously or
sequentially.

On the one hand, UVA radiation is poorly absorbed by DNA and a
large amount of UV fluence is required to achieve a decent inactivation
by UVA (e.g., typically 105 times more fluence required at 365 nm UVA
than that of UVC disinfection for E. coli) (Song et al., 2016; Webb and
Brown, 1979). On the other hand, the energy of UVA radiation can be
utilized by DNA repair enzyme to repair UVC/UVB-induced DNA dam-
age for photoreactivation at a relatively low fluence (e.g., around 102

timesmorefluence at around 365 nmcompared to that of UVC inactiva-
tion on E. coli) (Bohrerova and Linden, 2007). Thus, there are two differ-
ent effects of UVA radiation: inactivation effect at high fluence if directly
applied on E. coli, and photoreactivation effect at low fluence if applied
on UV-damaged E. coli. As a result, when applying UVA radiation to-
gether with UVC/UVB, in the initial period with relatively low UVA
fluence, the photoreactivation effect is inevitably dominant between
these two different UVA effects, resulting in decreased inactivation ef-
fectiveness. Therefore, reduced E. coli inactivation was observed when
applying UVA with UVC/UVB simultaneously or applying UVA after
UVC/UVB due to the photoreactivation effect from UVA (Figs. 2b, c, 3b,
c, d).

Compared with previous studies, our observations are in agreement
with those by Oguma et al. (2013) that reported less effective E. coli in-
activation from a combination of 265, 280 and 310 nm UV-LEDs, but
contrary to the results from Chevremont et al. (2012) which showed
synergistic inactivation effect by combining 280 and 365 nm UV-LEDs
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on mesophilic bacteria and fecal coliform in wastewater. Since the
wavelength combination by Oguma et al. (2013) involved 310 nm,
which is also within the photoreactivating light range of 300–500 nm,
this is probably one of the factors for the decreased inactivation effi-
ciency from their combined UV-LEDs, in addition to other reasons
they proposed such as differences in microorganisms and inefficient
thermal management of UV-LEDs (Oguma et al., 2013). As for the re-
sults from Chevremont et al. (2012), although synergistic inactivation
was observed from UV-LEDs wavelength combinations, their observa-
tions were based on wastewater that contained a wide range of indige-
nous microorganisms and complex chemical components. Hence, it is
difficult to distinguish whether this effect is directly from multiple UV
wavelengths or indirectly from the interactions between UV radiation
and chemical constituents in wastewater (e.g., photo-sensitization of
the natural organic matters in water due to exposure to UVA)
(Canonica et al., 1995; Romero et al., 2011). In fact, in the same study,
Chevremont et al. (2012) used identical UV-LED wavelength combina-
tions to degrade chemical pollutants in the wastewater by utilizing
the chemical components present in-situ as photocatalysts, implying
that the synergy on inactivation may be a result of such photocatalytic
reactions. Nonetheless, their synergistic effect may depend on the
wastewater quality, which is beyond the interest of this study with
the focus on direct effect of UV-LEDs wavelength combinations on mi-
croorganisms inactivation.

Since applying extended UVA after UVC exposure showed stronger
reactivation effect of E. coli, extended UVA exposure before UVC inacti-
vation was also examined. As shown in Fig. 4a, it was found that apply-
ing 1 min 365 nm UVA exposure before 265 nm UVC inactivation did
not make a significant difference on the sum log inactivation from the
two wavelengths applied alone on E. coli, which is in agreement with
applying 40 s exposure with 365 nm UVA (Fig. 2c). However, when ex-
tending 365 nm UVA exposure to 10 min, the sequential exposure of
365 nm to 265 nm achieved significantly higher E. coli inactivation com-
pared to the sum inactivation of each exposure alone (Fig. 4a).
Fig. 4. Extended UVA 365 nm exposure followed by UVC 265 nm inactivation on (a) E. coli
and (b) MS2. Sum 265/365 nm indicates the sum log inactivation of each wavelength
applied alone. Error bars represent standard deviation.
Furthermore, 30min 365 nmUVA exposure before 265 nm inactivation
even improved the overall inactivation by 2 times more than the sum
inactivation of applying each exposure separately, which is remarkable
synergistic effect on E. coli. These results emphasized the significance of
the order to apply different UV wavelengths, especially the manner to
apply UVA exposure.

As discussed earlier, UVA radiation can induce biological effects on
microorganism cells, such as photo repair of UVC-damaged DNA when
applying UVA after UVC inactivation. Thus, to avoid undesired photore-
activation effect of UVA, the only feasible way is to apply UVA radiation
before UVC inactivation, instead of applying UVA after UVC or simulta-
neously,whichwas proved by the observed significant synergistic effect
of sequential UVA to UVC exposure by extending UVA exposure in
Fig. 4a. This effect of UVA exposure in this special manner suggested
more biological effects of UVA radiation in addition to direct inactivation
and photoreactivation effect of UVA radiation as discussed above. It is
also noted that the synergistic effect of sequential UVA to UVC exposure
is UVA fluence-dependent: 40 s (1160 mJ/cm2) and 1 min (1700 mJ/
cm2) 365 nm UVA were not sufficient to trigger the synergistic effect
while 10–30 min (17,000–52,000 mJ/cm2) 365 nm UVA significantly
improved the overall E. coli inactivation. Moreover, during 30 min
365 nm UVA exposure, only 0.2 log inactivation was observed, indicat-
ing insignificant inactivation by 365 nm UVA below 52,000 mJ/cm2.
This is in agreement with the fact that 365 nm is 105 times less efficient
than UVC for E. coli inactivation (Webb and Brown, 1979) and typically
105 timesmore fluence is required at 365 nmUVA than that of UVC dis-
infection on E. coli (Song et al., 2016). On the other hand, many studies
have reported various sublethal effects of UVA radiation at UV fluence
below 100 J/cm2 on microorganisms, especially on E. coli. These effects
include growth delay, membrane damage, protein oxidation, decreased
energy metabolism and mutation (Bosshard et al., 2010; Eisenstark,
1987; Hoerter et al., 2005; Oppezzo and Pizarro, 2001; Pizarro and
Orce, 1988). These sublethal effects are probably related to the im-
proved E. coli inactivation by extended 365 nm UVA exposure in this
work, as the impaired E. coli cells after UVA exposure are likely more
vulnerable to subsequent UV inactivation. Nonetheless, further study
is needed for more detailed interpretation.

Based on the results in this work and previous studies, the different
effects of 365nmUVA exposure on E. coli in differentmannerswere ten-
tatively summarized in Table 2. Since UVC and UVB radiation induce the
similar photochemical reactions on DNA for inactivation, extended UVA
exposure followed by UVB is expected to have similar effect on E. coli in-
activation improvement. Considering the complex biological effects of
UVA radiation, more research is needed to further reveal and verify
the impact of applying UVA radiation on microorganisms in different
manners.

3.4. Combinations of UVC- and UVA-LEDs on MS2 inactivation

UVA involved wavelength combinations were further examined on
inactivation of MS2, as a representative of viruses, by using 265 nm
UVC- and 365 nm UVA-LEDs. As illustrated in Fig. 2d, there was no sig-
nificant difference observed forMS2 inactivation between simultaneous
and sequential exposures as well as the sum of that obtained by each
wavelength alone. The MS2 concentration profiles during different se-
quential exposures showed similar results (Fig. S3): continuing MS2
concentration drop to an equivalent overall concentration reduction.

Since extended UVA exposure showed different effects on E. coli in-
activation, MS2 inactivation by extended UVA exposure was also exam-
ined. Up to 90 min 365 nm UVA exposure was applied on MS2 before
UVC inactivation. However, only comparable inactivation was observed
between sequential UVA followed by UVC exposure and the sum of ap-
plying each exposure separately (Fig. 4b), indicating no additional effect
of UVA exposure on MS2.

The results on combinations of UVC- and UVA-LEDs for MS2 inactiva-
tion showed only additive effect regardless of simultaneous or sequential

Image of Fig. 4


Table 2
Summary on applying 365 nm UVA on bacterium E. coli inactivation in different manners with different ranges of UV fluence.

Manner to apply UVA UVA fluence Effect Mechanism

Apply UVA after UVC/UVB 0–10 J/cm2 Reactivation Photo repair of UV-damaged DNA by photo-activated repair enzymes.
Apply UVA before UVC/UVB 10–100 J/cm2 Improve inactivation Related to sublethal effects induced by UVA, such as membrane damage, protein oxidation, etc.
Apply UVA only N100 J/cm2 Inactivation DNA damage due to photochemical reactions.
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exposures or extended UVA exposure, which is different from the effects
on E. coli by UVC/UVA combinations. These differences are probably due
to the different species of microorganisms. Coliphage MS2 is a virus,
which is significantly different from bacteria in terms of cell structure
and functionality. Viruses usually consist of only nucleic acid (DNA or
RNA) surrounded by a protective coat of protein and do not have the
complicated cellular components and structure as bacteria.Moreover, un-
like bacteria, viruses are not able to reproduce by themselves due to the
lack of metabolism functionality, so that they replicate only inside of the
living cells of other organisms as hosts (Madigan et al., 2009). Thus, pre-
vious studies have demonstrated no photoreactivation on most viruses
due to the lack of relative enzymes and cellular functionality (Bolton
and Cotton, 2008; Harris et al., 1987; Hoyer, 1998). Despite recently it
was reported a few viruses like T1, PRD1 may have photoreactivation
via host bacteria, no photoreactivation was found on MS2 even with
hosts (Rodriguez et al., 2014). Therefore, due to the absence of biological
processes in viruses, the impact of UV radiation, includingUVC, UVB, UVA,
on viruses, like MS2, is only photochemical effect on DNA or RNA follow-
ing the Second Law of Photochemistry without additional effect.

4. Conclusions

The emerging UV source, UV-LED, provides the freedom to select UV
wavelengths, and offers the opportunities to construct various wave-
length combinations based on its special feature of wavelength diver-
sity. The study utilized this feature to conduct a comprehensive
investigation on the effect of UV-LEDs multiple wavelengths on micro-
organisms inactivation in water, aiming to explore the potentially addi-
tional effect and distinguish the roles of different wavelengths on
wavelengths combinations. UV-LEDs with the wavelengths at different
UV ranges, including UVA, UVB, UVC, were combined for simultaneous
and sequential exposure for inactivation of different types of microor-
ganisms in water. Based on the comparisons betweenwavelength com-
binations and single wavelength, the effects of UV-LEDs multiple
wavelengths on microorganisms inactivation were found to be related
to different UV ranges, combinationmanners, and the types of microor-
ganisms. Combinations of UVC- andUVB-LEDs always achieved additive
inactivation on microorganisms due to the same type of DNA damage
induced by UVC/UVB and the Second Law of Photochemistry. Combin-
ing UVA with UVC/UVB simultaneously or applying UVA after UVC/
UVB reduced the inactivation of bacterium E. coli, which can be
interpreted by the biological processes on DNA repair in bacteria cells
and the photoreactivation effect of UVA radiation. Among all possible
combinations, the onlyway to improve inactivationwas found to be ap-
plying extended UVA exposure before UVC inactivation on E. coli, which
could achieve significantly synergistic effect. Unlike E. coli, combinations
of UVA with UVC have only additive effect on coliphage MS2 inactiva-
tion due to the absence of biological processes in viruses. This research
thoroughly revealed the impact of UV-LEDs wavelength combinations
on water disinfection, which promotes a better understanding on mul-
tiple wavelengths UV disinfection and is of significance for practical ap-
plication of UV-LEDs.
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