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H I G H L I G H T S

• Continuous and pulsed UV-LED irradiations were compared for microbial inactivation.

• Equivalent UV fluence was used for comparing the continuous and pulsed irradiations.

• Effects of pulse patterns including various frequencies and duty rates were investigated.

• UV-LED pulsed irradiation achieved comparable inactivation as continuous irradiation.

• Pulsed irradiation can help better thermal management for high output UV-LEDs.
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A B S T R A C T

Ultraviolet light-emitting diode (UV-LED) is an emerging UV source and has a number of features that do not
exist in conventional mercury based UV lamps. One such feature is the ability to turn the radiation on and off
with a high frequency, which enables pulsed irradiation with flexible pulse patterns by UV-LEDs. In this study,
the inactivation of different microorganisms by continuous and pulsed irradiation was investigated using UV-
LEDs, in order to utilize this unique feature to distinguish the effect of pulsation on inactivation, and to explore
the potential benefits of UV-LEDs pulsed irradiation for water disinfection. The analysis was based on the
equivalent UV fluence between continuous and pulsed irradiation using two types of actinometry techniques
(iodide-iodate and ferrioxalate) for UV fluence determination. The disinfection study involved the inactivation of
E. coli and coliphage MS2 in laboratory water, as well as E. coli and total coliform in wastewater. The effects of
pulse patterns including frequency (i.e., the number of on-off cycles per second) and duty rate (i.e., the per-
centage of irradiation time in each on-off cycle) on the inactivation effectiveness were also examined for these
microorganisms. The results showed comparable inactivation of all the examined microorganisms by 265 nm
UV-LED continuous and pulsed irradiation with various pulse patterns under equivalent UV fluence. The findings
in this study were compared with those from conventional xenon lamps pulsed irradiation studies, which not
only distinguished the role of pulsed UV irradiation on microorganisms inactivation, but also revealed a key
feature of UV-LEDs pulsed irradiation with respect to improved thermal management, potentially affecting
application of high output UV-LEDs for water disinfection.

1. Introduction

Water disinfection is an essential process to ensure drinking water
safety. As a result, many technologies have been developed for effective
inactivation of pathogenic microorganisms in water. Among them is
ultraviolet (UV) disinfection, which can effectively inactivate most
microorganisms in water and possesses a number of merits such as
operational simplicity, no chemical addition, and little by-products
formation [1,2]. The commonly used UV source for disinfection is low
pressure mercury lamp that emits monochromatic UV at 254 nm or

medium pressure mercury lamp that emits polychromatic UV and
visible light. There are also xenon gas lamps for producing pulsed ra-
diation covering from UV, visible light to infrared [3,4].

Recently, a new UV source has emerged: ultraviolet light-emitting
diodes (UV-LEDs). It is made of semiconductor materials and its
structure is very similar to that of visible light LEDs [5]. Thus, it shares
similar features with visible light LEDs, which brings many advantages
to UV-LEDs over conventional UV lamps, such as no hazardous mer-
cury, great compactness and robustness, low power requirement and
long lifetime [6,7]. Based on these advantages, along with the rapid
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development of semiconductor industry and constant improvement of
UV-LEDs’ performance, UV-LEDs are believed to be a promising alter-
native to conventional UV lamps for diverse practical UV applications
including effective water disinfection [8,9]. Moreover, UV-LEDs have
some unique features that UV mercury lamps do not possess. These
include wavelength diversity [10] and ability to be turned on and off
with high frequency. With this latter special feature, UV-LED can gen-
erate pulsed irradiation which is not viable with UV mercury lamps.
Although conventional xenon lamps are capable of emitting pulsed ir-
radiation as well, the pulse pattern is less controllable and the power
requirement is much higher compared to that of UV-LEDs. UV-LEDs
offer high flexibility for pulse pattern with various frequencies and duty
rates, and have low power requirement for operation, which brings
broad potential on the application of UV-LEDs pulsed irradiation.

Pulsed irradiation from xenon lamps has been reported to be more
effective and efficient for disinfection compared to continuous irra-
diation from UV mercury lamps [3,11,12]. Since the newly emerging
UV-LEDs are capable of pulsed irradiation with even more options on
pulse pattern, it is reasonable to assume that similar enhanced germi-
cidal effect may occur with UV-LEDs pulsed irradiation which may have
a potential for significant energy saving by UV-LEDs disinfection. On
the other hand, the pulsed irradiation produced by xenon lamps is quite
different from that of UV-LEDs in terms of emission spectrum, intensity,
pulse frequency and duty rate [10]. Therefore, the same effects may not
necessarily be observed through UV-LEDs pulsed irradiation and a
thorough study is needed to examine the effect of UV-LEDs pulsed ir-
radiation.

There has been very limited research on UV-LEDs pulsed irradiation
and the results from few studies are not consistent. Initial studies re-
ported the germicidal efficiency of UV-LEDs pulsed irradiation are 3.8
and 2.5 times higher than that of continuous irradiation for E. coli in-
activation by 272 nm and 365 nm UV-LEDs, respectively [13,14]. An-
other study showed 269 nm UV-LEDs pulsed irradiation is 1.8 times
more efficient than continuous irradiation for inactivation of Bacillus
globigii spores [15]. However, a recent study observed comparable
performance between pulsed and continuous irradiation by 405 nm
LEDs on Staphylococcus aureus inactivation [16]. These inconsistencies
probably resulted from the different UV fluence determination methods
for continuous and pulsed irradiation. The intermittent irradiation from
pulsation brings difficulty for accurate UV fluence determination and
the existing methods for regular continuous irradiation may not be
directly applicable to pulsed irradiation.

This study aimed to explore the potential additional effect of UV-
LEDs pulsed irradiation through a robust comparison of disinfection
efficiency between UV-LEDs continuous and pulsed irradiation. The
equivalent UV fluence for continuous and pulsed irradiation were de-
termined and validated using two types of actinometry methods to
ensure an accurate comparison, and to exclusively differentiate the role
of pulsed irradiation on microorganisms inactivation. Several labora-
tory water and wastewater samples with different classes of micro-
organisms including E. coli, coliphage MS2 and total coliform were
examined to cover a range of water quality and microbial species. The
effects of pulse patterns such as frequency and duty rate were also ex-
amined for UV-LEDs pulsed irradiation and the results were compared
with the studies on conventional xenon lamps pulsed irradiation. A
potential feature of UV-LEDs pulsed irradiation for better thermal
management was investigated as well.

2. Materials and methods

2.1. Experimental setup

A high output 265 nm UV-LED (Nikkiso Co. Ltd, 10 mW) was used as
UV source since this wavelength is very close to the DNA absorption
peak and thus is most efficient for inactivation of most microorganisms
[17]. The wavelength spectrum of the UV-LED was measured using an

Ocean Optics USB2000+ spectrometer (Fig. S1 in Supplementary ma-
terials). The UV-LED was attached to a heat sink with a fan for heat
dissipation and was connected to a thermocouple for temperature
monitoring. This is because the performance of UV-LED is sensitive to
its temperature during operation [18]. The UV-LED was located above a
9 cm diameter glass Petri dish with 50mL water sample for UV irra-
diation. The distance between UV-LED and water surface was 2 cm, so
that the radiation from the UV-LED covered the entire Petri dish sur-
face. A magnetic stirrer was used to homogenize the water sample
during UV irradiation (Figs. 1a and S2).

A DC power supply (Aim TTI EX355R), used to drive the UV-LED,
was set to a constant output current of 350mA for both continuous and
pulsed irradiation. To generate pulsed irradiation, a fast solid-state
relay (SSR, Crydom M-ODC5F) was used to switch the UV-LED on and
off instantly. The frequency and duty rate were adjusted by a function
generator (GW Instek AFG-2225) and an oscilloscope (GW Instek GDS-
1102A-U) was used to measure the waveform of voltage for the UV-
LED. The diagram of electronic circuit to generate UV-LED pulsed ir-
radiation and a voltage waveform measured by oscilloscope are illu-
strated in Fig. 1. In this study, different levels of frequency (0.1, 1, 10,
100, 1 k Hz) and duty rate (10, 25, 50, 75, 90%) were examined for
pulsed irradiation and compared with continuous irradiation. Fre-
quency indicates the number of on-off cycles per second, while duty
rate means the percentage of irradiation time in an on-off cycle
(Fig. 1b).

2.2. UV fluence measurement

In order to conduct a fair comparison between continuous and
pulsed irradiation for disinfection efficiency, UV fluence has to be

DC power supply 

Function generator 

SSR 

(a)

(b) Frequency (Hz) = 1 / t 

Duty rate (%) = t1 / t

Water sample

Viewing angle 130°

Magnetic Stirrer
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Fig. 1. Schematic diagram of pulsed UV-LED circuit and experimental apparatus (a); il-
lustration of voltage waveform for pulsed UV-LED irradiation at 0.1 Hz frequency and
50% duty rate (b).
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determined and equalized for each irradiation condition. Note that it is
not accurate to measure the irradiance of pulsed irradiation through a
radiometer due to unstable reading under pulsed irradiation, and it has
been proven that actinometry method is accurate and reliable for flu-
ence measurement of pulsed irradiation [3]. Hence, two different ac-
tinometry methods were utilized to determine the UV fluence for both
continuous and pulsed irradiation: iodide-iodate (KI) actinometry and
ferrioxalate (FeOx) actinometry. The UV fluence delivered to the water
surface over a period of irradiation was determined by these actino-
metry methods following the detailed procedure presented by Bolton
et al. [19] with quantum yield data from literature [20,21]. The ab-
sorbance data of the actual water samples for UV exposure are sum-
marized in Table S1 in Supplementary materials, and were used to
calculate water factor for each water sample. The UV fluence was
corrected by water factor of actual water samples containing micro-
organisms to determine the UV fluence delivered to microorganisms
suspension [22,23]. The exposure time of UV-LED irradiation at each
condition was adjusted to ensure equivalent UV fluence under different
irradiation modes. Since all the tests were conducted with the same
apparatus and condition, with the only difference being that UV-LED
was operated at continuous or pulsed mode, the same UV fluence by
actinometry ensured the equal UV fluence delivered to microorganisms
suspension, thus enabled a fair comparison of disinfection efficiency
under different irradiation modes.

2.3. Microorganisms cultivation and enumeration

E. coli (ATCC 11229), coliphage MS2 (ATCC 15597-B1) and its host
(E. coli ATCC 15597) were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultivated by following the
supplier’s product data sheet. These microorganisms were prepared for
UV exposure and enumerated by following the methods from literature
[24,25]. The details on microorganisms cultivation and enumeration
can be found in Supplementary materials. The initial concentration of
prepared microorganism suspension for UV exposure was typically
106 CFU/mL (for E. coli) or PFU/mL (for MS2).

Wastewater samples were obtained from the wastewater treatment
pilot plant located at the University of British Columbia (UBC),
Vancouver, Canada. The secondary effluent from activated sludge re-
actor was collected and filtered through 11 µm filter paper (Whatman,
#1) to remove particles from wastewater and eliminate the influence of
particles on UV disinfection (i.e., shielding effects). E. coli and total
coliform in wastewater samples were assayed using Colilert Test Kit
(IDEXX Laboratories, Inc., ME, USA) and the Most Probable Number
(MPN) for each sample were determined by following Standard
Methods for the Examination of Water and Wastewater [26].

2.4. UV exposure and data analysis

For each experimental condition of continuous and pulsed

irradiation, 50mL microorganism suspension was exposed to UV irra-
diation. Before and after UV exposure, the samples were taken to de-
termine the concentration of microorganisms. The temperature of mi-
croorganism suspension was measured and no change was observed
before and after UV-LED continuous and pulsed irradiation. The whole
experimental work including UV exposure and samples assays were
conducted in a dark room with minimal red light in order to prevent the
influence of potential photoreactivation from ambient light. The control
was conducted in the same procedure without turning on the UV-LED.
For each test, the whole process of UV disinfection and samples assays
was finished within 3 h. All the experiments were conducted in-
dependently three times with three measurement replicates for each
sample. The log inactivation under different irradiation modes between
continuous and pulsed irradiation were compared and a two-tailed
paired t-test was used to determine the significance (p < 0.05).

3. Results

3.1. Determination of UV fluence

Considering that during the pulse irradiation, the UV-LED is turned
on and off repeatedly (Fig. 1b), the operation time of pulsed irradiation
has to be extended in order to achieve equivalent UV fluences as those
of continuous irradiation. Based on the definition of duty rate (Fig. 1b),
the operation time of pulsed irradiation can be calculated. For example,
pulsed irradiation with 50% duty rate requires theoretically twice
longer operation time to emit equivalent UV fluence as that of con-
tinuous irradiation. However, the results from actinometry did not
agree well with this expectation. As shown in Table 1, all the pulsed
irradiations at 50% duty rate and various frequencies with twice longer
operation time (80 s) resulted in higher UV fluence than the continuous
irradiation (40 s) by various degrees. Similar inconsistencies were also
observed for pulsed irradiation at 10 Hz and various duty rates
(Table 1). These inconsistencies needed to be addressed and considered
before performing proper comparison on disinfection efficiency.
Therefore, the voltage waveforms of pulsed irradiation with various
pulse patterns were examined and monitored by an oscilloscope.

As shown in Fig. 2, the voltage waveforms of UV-LED when emitting
pulsed irradiation are not perfect squares, although the function gen-
erator is set to output square waveforms. Instead, there is a slight peak
at the beginning of each square waveform. This imperfection of voltage
waveforms for pulsed UV-LED is probably due to the imperfection of
UV-LED and DC power supply when operated in a fast-switch circuit.
The measured waveforms revealed the imperfection of the waveform
under practical operating conditions, which could explain the incon-
sistency of UV fluence results based on calculated operation time for
pulsed irradiation. The tiny peak at the beginning of each pulse con-
tributes slightly stronger irradiance during that very short period, and
the accumulation of these peaks results in a higher UV fluence for
pulsed irradiation with calculated operation time. The measured

Table 1
UV fluence results from iodide-iodate (KI) and ferrioxalate (FeOx) actinometry for 265 nm UV-LED continuous and pulsed irradiation at various frequencies (Hz) and duty rates (%).

Irradiation mode UV fluence based on calculated operation time UV fluence based on adjusted operation time

Time (s) Fluence (KI) (mJ/cm2) Time (s) Fluence (KI) (mJ/cm2) Fluence (FeOx) (mJ/cm2)

Continuous 40 5.20 (± 0.09) 40 5.20 (± 0.09) 5.33 (± 0.14)
Pulsed 0.1 Hz 50% 80 5.14 (± 0.14) 80 5.14 (± 0.14) 5.31 (± 0.16)
Pulsed 1 Hz 50% 80 5.36 (± 0.13) 79 5.25 (± 0.16) 5.35 (± 0.12)
Pulsed 10 Hz 50% 80 5.68 (± 0.17) 73 5.22 (± 0.08) 5.23 (± 0.18)
Pulsed 100 Hz 50% 80 6.05 (± 0.15) 70 5.29 (± 0.12) 5.37 (± 0.13)
Pulsed 1 k Hz 50% 80 5.83 (± 0.09) 71 5.19 (± 0.10) 5.33 (± 0.10)
Pulsed 10 Hz 90% 45 5.36 (± 0.15) 43 5.10 (± 0.14) 5.30 (± 0.17)
Pulsed 10 Hz 75% 53 5.45 (± 0.17) 50 5.09 (± 0.13) 5.26 (± 0.16)
Pulsed 10 Hz 25% 160 5.88 (± 0.14) 139 5.12 (± 0.10) 5.23 (± 0.13)
Pulsed 10 Hz 10% 400 6.27 (± 0.18) 333 5.22 (± 0.19) 5.35 (± 0.14)
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voltage waveforms well explain and confirm the UV fluence results
from actinometry. Therefore, the operation time of UV-LED pulsed ir-
radiation has to be adjusted, instead of using calculated operation time,
in order to deliver equivalent UV fluence between continuous and
pulsed irradiation. Thus two different methods were used to double
check the UV fluence of pulsed irradiation with adjusted operation time
(Table 1) to ensure the equivalent UV fluence and accurate comparison
of disinfection efficiency at pulsed and continuous irradiation. More-
over, the measured waveform from the oscilloscope also confirmed that
the voltage of UV-LED during exposure period in pulsed irradiation
(Fig. 2) is equivalent to that of continuous irradiation (Fig. S3), in-
dicating that the current and intensity are also in an equivalent level
when comparing the disinfection efficiency of UV-LED continuous and
pulsed irradiation.

3.2. Inactivation of microorganisms

Once the equivalent UV fluence was confirmed for 265 nm UV-LED
continuous and pulsed irradiation with various pulse patterns, the
disinfection efficiency was compared for the inactivation of pure E. coli
and MS2 in lab buffered water, as well as total coliform and E. coli in
wastewater.

3.2.1. E. coli
With the equivalent UV fluence, the inactivation of E. coli showed

comparable results under various frequencies and duty rates (Fig. 3).

The statistical analysis using two-tailed paired t-test showed no sig-
nificant difference in the log inactivation between the continuous and
pulsed irradiation with various frequencies of 0.1 Hz (p=0.19), 1 Hz
(p= 0.06), 10 Hz (p= 0.08), 100 Hz (p=0.07), 1 k Hz (p=0.62). As
for the effect of duty rate, the inactivation results of only 90% and 75%
duty rates were significantly different (p=0.001, 0.007, respectively);
however, instead of enhanced germicidal effect reported by few other
studies [13–15], pulsed irradiation at 90% and 75% duty rate resulted
in slightly lower inactivation compared to continuous irradiation at
equivalent UV fluence. The results showed that 265 nm UV-LED con-
tinuous and pulsed irradiation induced comparable E. coli inactivation
at various frequencies and duty rates, with the exception of 90% and
75% duty rate. Thus, no significant enhanced germicidal effect on E. coli
was observed for pulsed irradiation compared to continuous irradiation
at equivalent UV fluence.

3.2.2. Total coliform and E. coli in wastewater
Wild total coliform and E. coli in real wastewater were also used to

examine the disinfection efficiency of pulsed irradiation and effects of
different pulse patterns at equivalent UV fluence. The results revealed
comparable inactivation for both total coliform and E. coli under pulsed
irradiation with various frequencies and duty rates (Fig. 4). The sta-
tistical analysis showed no significant difference in terms of log in-
activation between continuous and pulsed irradiation with each pulse
pattern. The results on wastewater are fairly consistent with that of
pure E. coli in lab prepared water, both indicating comparable

(a) (b)

(c) (d)

Fig. 2. Measured waveforms of UV-LED pulsed irradiation at 50% duty rate with 10 Hz (a), 100 Hz (b) and 1 k Hz (c), as well as at 10% duty rate with 10 Hz (d).
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germicidal effect from 265 nm UV-LED pulsed irradiation over con-
tinuous irradiation at equivalent UV fluence.

Our results are different from the two earlier studies that reported
3.8 times and 2.5 times greater germicidal efficiency by pulsed irra-
diation by 272 nm and 365 nm UV-LEDs, respectively, compared to
those by continuous irradiation for E. coli inactivation [13,14]. Their
observation seemed surprisingly impressive given the initial low output
power UV-LEDs (a few milliwatts for UVC-LED and a few watts for
UVA-LED), when compared to the powerful xenon lamps pulsed irra-
diation (6MW per pulse) which showed to be only 2.4 times more ef-
fective than mercury lamps continuous irradiation (15W) for E. coli
inactivation [3]. The disagreement between our results and the ones
reporting higher germicidal efficiency for pulsed UV-LEDs may be
linked to: UV fluence determination method and disinfection medium.
Firstly, the method for UV fluence determination may play a significant
role on inconsistent results between this study and the two earlier
studies. Li et al. [13] measured the intensity of continuous and pulsed
UV-LED irradiation and used calculated operation time for pulsed

irradiation, e.g. the operation time for 50% duty rate pulse was twice as
long as that of continuous irradiation, to assume the same total fluence
for all irradiation mode. Wengraitis et al. [14], on the other hand, used
radiometer for pulsed irradiation measurement but applied different UV
fluence in pulse mode for examining disinfection efficiency and then
divided the log inactivation by UV fluence for UV sensitivity compar-
ison in terms of log inactivation per mJ/cm2.

In this study, two different types of chemical actinometry method
were used to determine the exact UV fluence for continuous and pulsed
irradiation. This was then used to adjust the operation time to ensure
the equivalent UV fluence for different irradiation modes. As discussed
earlier, due to the imperfection of pulse waveforms, UV-LED pulsed
irradiation with theoretically calculated operation time may not guar-
antee the equivalent UV fluence. In fact, all of the pulsed modes using
calculated operation time resulted in higher UV fluence than that of
continuous irradiation which served as a baseline for disinfection effi-
ciency comparison (Table 1). As a result, using theoretically calculated
operation time for pulsed irradiation without additional validation may
lead to an unfair comparison with continuous irradiation due to un-
equal UV fluence, thereby causing the discrepancy among different
studies. Secondly, the two initial studies applied UV-LEDs pulsed irra-
diation to E. coli biofilm on culture plates while in this study E. coli was
suspended in water. The difference in disinfection medium (in water
solution vs. on the surface) may affect the inactivation results since it is
reported that microorganisms cultivated on the surface may be less
resistant to UV irradiation than those in liquid [27].

3.2.3. Phage MS2
MS2 as a typical bacteriophage is commonly used to represent

viruses for disinfection study. Thus, it was investigated in this study for
the effect of UV-LED pulsed irradiation. As shown in Fig. 5, 265 nm UV-
LED pulsed irradiation with various frequencies achieved almost iden-
tical MS2 inactivation and no significant difference was observed on log
inactivation between pulsed and continuous irradiation at equivalent
UV fluence. Once again, this observation agrees well with that of total
coliform and E. coli in this study, suggesting comparable germicidal
effect from 265 nm UV-LED pulsed and continuous irradiation at
equivalent UV fluence.

To the best of the authors’ knowledge, this is the first study using
UV-LEDs to compare disinfection efficiency of continuous and pulsed
irradiation on a virus. Hence, the only related research for comparison
with our results would be those using conventional xenon lamps pulsed
irradiation, which will be discussed later. On the other hand, MS2 is
widely used as a model microorganism for the assessment of Reduction
Equivalent Fluence (REF) for validation of UV reactors in North
America [27], i.e., the log inactivation of MS2 is used to validate the UV
fluence of a reactor based on the known MS2 fluence-response kinetics.
Our results of total coliform and E. coli reveal that the inactivation by
UV-LEDs only depends on UV fluence regardless of continuous or
pulsed irradiation. It is known that MS2 is more resistant to UV irra-
diation compared to E. coli. Thus, it is reasonable to assume that MS2
inactivation by UV-LEDs is also UV fluence-dependent no matter con-
tinuous or pulsed irradiation. Therefore, the identical MS2 inactivation
(Fig. 5) could be used to indicate that the UV fluence applied in each
irradiation mode was equivalent, and to demonstrate that our method
using chemical actinometry for UV fluence determination of UV-LED
pulsed irradiation was valid.

3.3. Improve thermal management during UV-LED pulsed irradiation

The temperature of UV-LED during operation is an important con-
sideration for UV-LED application. Temperature can significantly affect
UV-LED performance and may cause the UV-LED overheating or even
burning out if there is a lack of proper thermal management [18]. When
performing UV inactivation tests in this study, a heat sink was used to
dissipate the heat generated during the UV-LED operation (Fig. S2).

Fig. 3. E .coli inactivation by 265 nm UV-LED continuous and pulsed irradiation with
various pulse patterns at equivalent UV dose 4.9 mJ/cm2: (a) various frequencies at 50%
duty rate; (b) various duty rates at 10 Hz frequency. Error bars represent standard de-
viation.
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Hence, the temperature of UV-LED was well maintained below 25 °C
throughout the operation. However, the size of the heat sink is much
larger than that of the UV-LED itself, which may impact the compact-
ness of the UV-LED devices in practical applications. In the absence of
heat sink, the temperature of UV-LED during operation was measured
and monitored (Fig. 6). When running the UV-LED in continuous irra-
diation, its temperature increased quickly to 50 °C within 15 s (this
being the maximum operating temperature of this UV-LED). However,
operation in pulsed irradiation at 50% duty rate with various fre-
quencies reduced the rate of temperature rise; temperature reached
45 °C after running for 25 s (Fig. 6a). The trends on temperature change
of the UV-LED in pulsed irradiation at 50% duty rate are all similar for
various frequencies from 0.1 Hz to 1 k Hz, indicating that frequency has
little impact on the temperature control of UV-LED in pulsed irradia-
tion. On the other hand, operating UV-LED in pulsed irradiation at
10 Hz frequency with various duty rates significantly decreased the rate
of temperature increase (Fig. 6b). With lower duty rates, the rate of UV-
LED temperature increase was slower and reached lower temperature in
the long run. For example, with pulsed irradiation at 10% duty rate, the
temperature of UV-LED leveled off at 30 °C after running for 1min.
Therefore, operating UV-LED in pulsed irradiation provides the poten-
tial to eliminate the heat sink for more compact UV-LED devices and
reactors while maintaining the comparable radiation intensity and in-
activation effects. In summary, operating UV-LED in a pulsed mode may
provide for better thermal management, leading to simpler and less

Fig. 4. 265 nm UV-LED continuous and pulsed irradiation with various pulse patterns at equivalent UV fluence 2.7mJ/cm2 on inactivation of total coliform (a, b) and E. coli (c, d) in
wastewater. Error bars represent standard deviation.

Fig. 5. MS2 inactivation by 265 nm UV-LED continuous and pulsed irradiation with
various frequencies at 50% duty rate with equivalent UV fluence 40mJ/cm2. Error bars
represent standard deviation.
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complicated reactor design and longer operational time of the UV-LED
system.

4. Discussion

The concept of pulsed UV irradiation originated from xenon lamps
pulsed irradiation studies that reported enhanced germicidal effect by
applying xenon lamps pulsed irradiation on various microorganisms for
food decontamination and water disinfection [3,11,12]. In this study,
we applied this concept using UV-LEDs in order to explore the potential
of this important feature of UV-LEDs for a more effective inactivation of
model bacteria and viruses. We observed comparable disinfection effi-
ciency by UV-LED pulsed and continuous irradiation, instead of en-
hanced germicidal effect, on the typical bacteria (total coliform, E. coli)
and virus (coliphage MS2) inactivation. This is in agreement with a
recent study of Gillespie et al. [16], in which 405 nm LEDs pulsed ex-
posure showed similar performance on Staphylococcus aureus inactiva-
tion when compared with the continuous exposure. The results might
be largely attributed to the substantial differences on pulse patterns
between UV-LEDs pulsed irradiation and xenon lamps pulsed irradia-
tion in terms of emission spectrum, intensity, pulse frequency and duty
rate. The emission wavelengths from xenon lamps range from 100 nm
to 1100 nm, including UV radiation, visible light and infrared with the

output power of each pulse up to 35MW. Each pulse has a duration of
nanoseconds to milliseconds and typically 1 to 20 pulses are emitted in
one second [4]. Moreover, there is little control over the wavelength
distribution of these pulses and the significant heat generation during
high intensity pulses may cause the wavelength pattern shifting. On the
other hand, UV-LEDs emit nearly monochromatic radiation at a se-
lectable wavelength with the output power of up to dozens milliwatts
for UVC-LED or several watts for UVA-LEDs (note that UV-LEDs are still
at the early development stages and have relatively low output). The
pattern of UV-LEDs pulsed irradiation is fully adjustable in terms for
frequency and duty rate with a wide range. Since pulse patterns play an
important role for enhanced germicidal effect by xenon lamps pulsed
irradiation [11], it is necessary to distinguish and identify which pat-
terns result in the enhanced germicidal effect by xenon lamps pulsed
irradiation in order to interpret the observation on UV-LEDs pulsed
irradiation and explore its potential.

Many studies have compared disinfection efficiency between xenon
lamps pulsed irradiation and mercury lamps continuous irradiation and
proposed the possible mechanisms to interpret enhanced germicidal
effects from xenon lamps pulsed irradiation. Literally, pulsation was
regarded as the factor accounting for xenon lamps’ enhanced disinfec-
tion. However, three major differences are integrated together in xenon
lamps pulsed irradiation when comparing with mercury lamps con-
tinuous irradiation: very broad spectrum, much higher intensity, and
pulsed radiation emission, which cannot be isolated to differentiate and
identify the exact role of pulsation. For UV-LED irradiation in this
study, the wavelength, UV fluence, and intensity during exposure
period were all kept the same for the pulsed and continuous irradiation.
Therefore, such experiments provided a unique opportunity to distin-
guish the effect of pulsed wave on microorganisms inactivation. Our
results reveal that applying the same amount of UV irradiation with the
same UV source and intensity in the repeated pulse is not able to induce
additional inactivation effect compared to applying UV irradiation
continuously. This information not only encourages a better under-
standing of pulsed UV irradiation inactivation of microorganisms, but
also has important implications on the application of UV-LEDs for dis-
infection.

Previous studies borrowed the inactivation mechanisms from xenon
lamps pulsed irradiation to promote UV-LEDs pulsed irradiation in-
activation, suggesting that UV-LEDs pulsed irradiation may also induce
additional cellular damages by repeated pulse disturbance of UV irra-
diation [13–15]. However, such interpretation of UV-LEDs pulsed ir-
radiation may not be appropriate due to the substantial differences of
the pulse patterns between UV-LEDs and xenon lamps as discussed
above. UV radiation not only induces photochemical reactions on cel-
lular components, but also may impact biological processes in the cells
[28]. Thus, the repeated pulse from UV irradiation may induce stress
and turbulence on the biological processes in the cells and may po-
tentially impact the activity of the cells in addition to photochemical
reactions with DNA or RNA. However, considering the significantly low
output power of the current UV-LEDs compared to that of xenon lamps,
the mild stress and turbulence on the cells from UV-LEDs pulsed irra-
diation is probably not sufficient to induce additional lethal effects such
as photophysical and photothermal damage to the cells. Therefore, no
additional inactivation is observed in both this study and a recent study
of Gillespie et al. [16] when applying UV-LEDs pulsed irradiation to
either bacteria or virus.

Since applying UV irradiation in the repeated pulse is not able to
induce additional lethal effects compared to applying the same UV ir-
radiation continuously, the reported enhanced germicidal effect from
xenon lamps pulsed irradiation might be largely attributed to extremely
high intensity. The peak power of xenon lamps pulsed irradiation is
typically in megawatt (MW) range and can be up to 35MW [4], which
is around 9 orders of magnitude higher than that of current UVC-LEDs
(i.e., MW vs. mW). Firstly, at very high UV intensity, multiphoton ab-
sorption by one molecule may happen due to very high photon flows,

(a)

(b)




Fig. 6. Temperature of UV-LED when operating in continuous and pulsed mode with
various pulse patterns in the absence of heat sink: (a) various frequencies at 50% duty
rate; (b) various duty rates at 10 Hz frequency.
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which breaks down the Second Law of Photochemistry under the
normal conditions with regular UV lamps [17]. Secondly, it is reported
that applying the same UV fluence with higher order of magnitude
intensity can achieve higher inactivation than that with lower order of
magnitude intensity [29]. Thirdly, such a strong power from xenon
lamps pulsed irradiation that delivered in a very short time (nanose-
conds to milliseconds for each pulse) is probably capable to not only
result in severe impact on the cell structure of microorganisms, but also
cause local overheating of the cells due to the huge amount of energy,
which were observed microscopically by some studies on xenon lamps
and proposed to be photophysical and photothermal effects, respec-
tively [11,30,31]. Therefore, the enhanced germicidal effect was ex-
tensively observed by xenon lamps pulsed irradiation in previous stu-
dies but not by UV-LEDs pulsed irradiation in this study.

The understanding of xenon lamps and UV-LEDs pulsed irradiation
on microorganisms inactivation has important implications on the ap-
plication of UV-LEDs for disinfection. Since high intensity of UV irra-
diation probably plays a significant role to enhance the inactivation
efficiency while repeated pulse does not, it would be ideal to apply high
intensity UV irradiation continuously to maximize the inactivation ef-
ficiency and to reduce the required operation time than applying pulsed
irradiation. However, the continuous irradiation in high intensity may
not be always practical due to the significant heat generation for high
output power UV sources such as xenon lamps. Operating the high
output power UV sources in pulsation allows a better thermal man-
agement due to a short pulse duration and a cooling period between
each pulse while maximizing the intensity during the pulse [32]. Thus,
this concept could encourage the manufacturing and application of high
output power UV-LEDs. The newly emerging UV-LED is still in its in-
fancy and currently the wall plug efficiency of UV-LEDs is relatively low
at less than 10% [33]. As a result, majority of the input power is con-
verted into heat during UV-LEDs operation. Moreover, the tiny area of
the diodes (typically several mm2) makes it difficult to efficiently dis-
sipate the generated heat, which brings issues on overheating of UV-
LEDs and limits the development and application of high output power
UV-LEDs. The findings in this study suggest that pulsed irradiation
could be a promising way to apply high output power UV-LEDs. When
operating in pulsed irradiation, the heat is only generated during the
short pulse and there is a cooling period between each pulse, thus
temperature of the diodes could be maintained below the critical da-
mage threshold to protect the UV-LEDs and extend the lifetime.
Moreover, the high intensity during the short pulse has a potential to
enhance the inactivation, provided that the output power of UV-LEDs is
continuously improved and the intensity reaches a certain threshold,
likely to a level comparable to that of xenon lamps pulsed irradiation.
Therefore, the development and application of high output UV-LEDs in
pulsed irradiation is encouraged to capitalize on this important feature
of UV-LEDs.

5. Conclusions

UV-LEDs continuous and pulsed irradiation were compared for the
inactivation of pure E. coli and MS2 in buffered lab water as well as E.
coli and total coliform in wastewater. The comparison was based on the
equivalent UV fluence and exposure intensity which were validated by
two different types of actinometry and an oscilloscope, respectively.
Comparable inactivation was observed by 265 nm UV-LED continuous
and pulsed irradiation for both typical bacteria (coliform, E. coli) and
virus (MS2) in buffered lab water and wastewater under equivalent UV
fluence. This study utilized the unique feature of UV-LEDs and thus
distinguished the role of pulsed irradiation on microorganisms in-
activation in water through strict comparisons with continuous irra-
diation under the same UV fluence and exposure intensity. This study
also demonstrated another feature of UV-LED pulsed irradiation, i.e.,
better thermal management. The findings in this study have important
implications on the application of newly emerging UV-LEDs for

disinfection, indicating at current UV-LED outputs the continuous and
pulsed irradiation can be used to obtain comparable inactivation but
pulsed irradiation can help better thermal management for high output
UV-LEDs.
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