Journal of Water Process Engineering 41 (2021) 102070

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

ELSEVIER

L)

Check for

Bacterial inactivation, photoreactivation and dark repair post flow-through [%&s
pulsed UV disinfection

Kelly Fitzhenry ?, Eoghan Clifford " *, Neil Rowan ¢, Angeles Val del Rio >

@ School of Engineering, NUI Galway, Ireland

Y Ryan Institute for Environment, Marine and Energy, NUI Galway, Ireland
¢ Bioscience Research Institute, Athlone Institute of Technology, Ireland

4 School of Engineering, Universidade de Santiago de Compostela, Spain

ARTICLE INFO ABSTRACT

Keywords:

Ultraviolet applications
Bacterial disinfection
Wastewater treatment
Cell injury

Pulsed UV

Disease mitigation

Pulsed UV (PUV) technology is accepted commercially for disinfection within the food packaging industry, but
has yet to be deployed by the water/wastewater sector. This is partly due to a lack of robust, independently
validated data for submerged or flow-through treatment applications. This study evaluated the efficacy of PUV
for water disinfection under flow-through conditions. Bacterial pathogens of interest in the food and water/
wastewater sector, namely Escherichia coli, Staphylococcus aureus and Listeria innocua (surrogate for
L. monocytogenes) were used to investigate the potential for photoreactivation and/or dark repair post PUV flow-
through disinfection. A continuous-flow low-pressure UV was also analysed under similar experimental condi-
tions. Bacterial inactivation via flow-through PUV was dependant on energy output with E. coli exhibiting
greatest sensitivity to PUV treatment (5.3 log 10 inactivation after treatment at 1539 mJ/cm 2 _ output in UV
range < 300 nm); L. innocua exhibited the highest PUV resistance (3.0 log 1o inactivation after treatment at 1539
mJ/cm 2 - output in UV range < 300 nm) under similar treatment conditions. Greater photoreactivation occurred
at lower PUV outputs for both S. aureus and E. coli after flow-through PUV treatment. Thus exposure of treated
bacteria to natural light, immediately post flow-through PUV treatment, should be avoided to minimise
photoreactivation. The LPUV demonstrated inactivation of all bacteria below the limit of detection (1 CFU/mL)
and inhibited the occurrence of photoreactivation. This study highlights the importance of considering bacterial
repair potential and the need for further development of PUV technology for such applications.

1. Introduction

Ultraviolet (UV) disinfection is a well-established technology across
a variety of different sectors including aquaculture, ballast water treat-
ment, municipal wastewater treatment, drinking water treatment,
agriculture, dairy and the beverage industry [1-3]. UV disinfection is
typically seen as being user-friendly, free from toxic/hazardous chem-
icals, effective against chlorine-resistant microorganisms and exhibiting
shorter contact times in comparison to chlorine treatment [4,5]. Low
pressure UV (LPUV) and medium pressure UV (MPUV) are currently the
de facto UV disinfection systems used for water/wastewater disinfection
applications. Typically, UV light is generated within the lamps when a
voltage is applied across a mercury gas mixture which results in the
discharge of photons. The type of UV light produced is dependent upon
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the mercury vapour pressure; LPUV lamps produce monochromatic light
at 253.7 nm under low vapour pressure while MPUV lamps produce a
polychromatic light due to higher vapour pressures [6]. Pulsed UV
(PUV) disinfection is a relatively new UV technology which differs to
mercury vapour-based LPUV/MPUV light by utilising xenon gas to
generate a high energy electron pulse, which typically lasts microsec-
onds. PUV systems generally comprise three parts; the power supply, the
pulse configuration system and the flash lamp [7]. An alternating cur-
rent is stored in a capacitor where energy is discharged to create an
intense pulse of light which spans across the polychromatic broad-
spectrum of UV, visible and infrared light (200—1000 nm) [8]. The high
peak power stored in the capacitor is a trademark of this system, which
has been shown in some cases to offer shorter treatment times [9,10]. In
addition, the power emitted from pulsed UV lamps is generally at least
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an order of magnitude higher than the power emitted from LPUV lamps;
this is reflected in the respective energy outputs of both systems for
microbial inactivation [11,12].

The application of PUV light as a microbial disinfection method
within the food industry has been approved by the United States Food &
Drugs Authority (FDA) under code 21CFR179.41 [7,13]. PUV disinfec-
tion is considered a favourable alternative to conventional thermal/-
chemical disinfection processes owing to shorter treatment times
however currently, it is predominantly applied as a disinfection method
for food packaging and to a lesser extent as a decontamination method
for food products themselves [14]. The vast majority of the published
literature pertaining to PUV studies describe experimentation analysis
performed under static conditions i.e. samples are fixed below the lamp.
Of those studies which have evaluated the disinfection potential of the
system using a continuous ‘flow-through’ experimental set-up, authors
reported log inactivation in terms of flow rates and ‘number of passes’
through the system; no UV doses were reported. Krishnamurthy et al.
[15] investigated the PUV inactivation efficiency of Staphylococcus
aureus via flow-through milk treatment. Results from this study reported
bacterial inactivation rates of between 0.55 and 7.26 log;y CFU/mL
which were dependent on the distance of the lamp from the sample, the
flow rate and the ‘number of passes’ i.e. the amount of times the medium
was recycled through the system. Complete inactivation of S. aureus
(7.23log10) was achieved at a lamp distance of 8 cm and a flow rate of 20
mL/min for a ‘one-pass’ treatment; no UV doses were reported. Uslu
et al. [16] evaluated the potential of flow-through PUV for the disin-
fection of Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) in
wastewater. In this case, complete inactivation of E. coli (7.23 log;o) and
B. subtilis (7.13 logip) was achieved at a flow rate of 2 L/min for a
‘one-pass’ treatment in a synthetic wastewater mix. The variation in the
sample media used creates difficulty in comparing both studies as UV
absorption rates may vary depending on the medium [17]. Further
detail on UV dose would also be necessary for comparison, this is an
issue which limits wider comparisons within the literature in general. In
addition, comparisons were not drawn between PUV flow-through
treatment and LPUV disinfection.

While UV treatment is an effective disinfection method which pro-
duces no disinfection by-products (typically associated with chemical
disinfection), a primary drawback includes that of microbial DNA
damage repair post UV disinfection. UV-induced molecular lesions may
be repaired or replaced by the microorganism either by (i) using en-
zymes that require light to repair DNA - i.e. photoreactivation (PHR) or
(i) employing enzymes that replace damaged DNA with undamaged
nucleotides; excision or dark repair [18-20]. In the water/wastewater
disinfection sector, PHR is of primary concern when incorporating UV
systems into disinfection processes as microbial re-growth following
exposure to sunlight can influence system effectiveness [21]. Literature
investigating the photoreactivation potential of various pathogens in
wastewater effluent post LPUV treatment has established the relation-
ship between increasing UV dose and decreasing microbial photoreac-
tivation rates [22-25]. However, in the case of bacterial PHR/dark
repair post pulsed UV disinfection, study findings are mixed. Lee et al.
[26] reported no PHR or dark repair activity of E.coli in distilled water
mixed with humic acids after PUV treatment at 9 mJ/cm? (dose
measured as the portion of UV energy within 200-400 nm range of the
broadspectrum lamp), while MacLean et al. [27] confirmed photoreac-
tivation of S. aureus after a PUV exposure (320-500 nm wavelength
range) of 1500 mJ/cm? and also surmised a lower UV output/dose
during treatment would most likely result in increased bacterial
photoreactivation rates. Kramer et al. [28] investigated the PHR po-
tential of E. coli and L. innocua after pulsed light exposure on a poly-
saccharide surface and reported photoreactivation for both test bacteria
with relative recovery being PUV energy dependant. In all cases, pulsed
UV disinfection analysis took place under static or ‘batch’ experimental
set-up with fixed sample treatment. Indeed, the vast majority of
PHR/dark repair studies in water typically involve prior UV disinfection
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carried out via batch analysis [21,24,29-32]. Limited UV disinfection
studies have evaluated the potential of bacterial reactivation after
flow-through UV disinfection for liquid treatments and to the best
knowledge of the authors, all were performed with conventional UV
systems.

In this study the efficiency of UV inactivation for E. coli, S. aureus and
L. innocua (pathogens relevant in the food and water/wastewater sec-
tors) was studied using LPUV and PUV systems in single-pass flow-
through configuration. This also constitutes the first study to compre-
hensively compare bacterial photoreactivation and/or dark repair
immediately following flow-through pulsed UV treatment. This study
would be of general interest to the water/wastewater sector with a
particular focus on the implementation of strategies of wastewater
reuse.

2. Materials and methods
2.1. LPUV and PUV systems

The PUV system comprised a bench-scale pulsed power source (PUV-
01, Samtech Ltd., Glasgow) which was used to power a low pressure (60
kPa) xenon-filled flashlamp (Heraeus Noblelight XAP type NL4006 se-
ries constructed from a clear UV transparent quartz tube) and produced
a high intensity beam of polychromatic pulsed light (200—1100 nm).
The lamp was placed 10.75 cm above a sterilised aluminium flow-
through vessel (with a plan surface area of 290 cm?, sample depth of
5.5 cm and hold-up volume of 750 mL) through which water was
pumped with a peristaltic pump at specified flow rates (Fig. 1 (a)). The
system was enclosed and a smooth aluminium cover was used on the
inside of the lamp cover to reflect UV light onto the sample. The PUV
system allowed for the input voltage and the pulse rate to be varied
between 400 and 1000 V and for a pulse frequency of between 0.1 and
10 pulses per second (PPS). The energy output of the lamp (total energy
and energy in specific wavelength ranges) was calculated by analysing
lamp characteristics as supplied and verified by testing (by the manu-
facturer), the area of the vessel, the pulse frequency and the hydraulic
residence time - HRT (Table 1) — see supplementary information for
system details (Figure S1 and Table S1). The range of energy outputs
chosen for this study were selected based on previous PUV system
analysis outlined in Fitzhenry et al. [33] and Fitzhenry [34]. These
outputs would approximate low, medium and high energy output ca-
pabilities from this lamp. Based on the characteristic curves for the PUV
lamp, the expected energy outputs could be calculated to include only
the wavelengths below 300 nm (i.e. comprises UV C and some of the UV
B spectrum). This was done so provide context for in-situ measurements
taken at < 280 nm (described in Section 2.3).

The continuous-flow monochromatic LPUV system deployed in this
study (LCD 412 Plus, S.I.T.A., Halpin & Hayward Ltd.) had a fixed power
output of 40 W at a UV-C wavelength of 254 nm, an internal empty
volume of 2.5 L and chamber dimensions of 95 cm length x6 cm diam-
eter (Fig. 1 (b)). The lamp dimensions were 84.3 cm in length x1.6 cm
diameter. The lamp irradiation was 30 mJ/cm? (at 1 s residence time).
The UV energy output could be altered by varying the influent flow rate
thereby altering the HRT and thus the exposure time. The flow rate used
in the experiments was the maximum allowable (24.6 L/min) which
corresponded to a HRT of 0.47 s. This equates to samples being exposed
a UV output of 14 mJ/cm? (0.47 s x 30 mJ/cm? - this was the lowest
exposure energy output achievable and resulted in almost full inacti-
vation for all pathogens) (Table 1).

2.2. Experimental setup

Table 1 summarises the experiments carried out with the LPUV and
PUV systems in this study. In the case of the LPUV system, only one
energy output was analysed (14 mJ/cm?). For the flow-through PUV
system, four different UV outputs were evaluated ranging from 486 mJ/
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Fig. 1. Schematic of bench-top experimental set-up of (a) PUV system and (b) LPUV system.

em? to 2052 mJ/cm?,
2.3. UV dose determination of PUV system

The ‘UV dose’ refers to the UV energy received by the sample (i.e. the
UV exposure of the sample). The UV output is energy emitted from the
lamp in the UV spectrum. Previous studies have shown the distance of
the lamp from the sample to have an impact upon PUV fluence distri-
bution and measurements [35]. Therefore, it was decided to measure the
UV dose at the distances used in this study to allow for comparison to the
calculated UV output. The UV and UV-C dose received by the sample
from the PUV system was analysed using a thermopile power detector
(Model: XLP12—3S-H2-IN, Gentec-EO, Quebec, Canada) and Integra
software in addition to two longpass colour glass filters; FGL 400 (which
filters out wavelengths above 400 nm to give the UV range (200—400
nm)) and FGL 280 (which filters out wavelengths above 280 nm to give
the UV-C range (200-280 nm)) (Thorlabs GmbH, Dachau, Germany).
The percentage transmission of both filters was as follows; for the 400
nm filter transmission at wavelengths greater than 400 nm was 89 % +/-
4% and for the 280 nm filter transmission for wavelengths greater than
280 nm was 91 % +/- 6% (Thorlabs GmbH, Dachau, Germany). The
detector (12 mm aperture) was situated at the bottom of a metal cylinder

5 cm in depth through which the light was directed downwards towards
the cylindrical detector surface. The detector was placed on the
aluminium vessel, with the sensor being 10.75 cm below the xenon
lamp. Pulse energies were measured three times at each voltage and
each voltage setting was analysed on three separate occasions (to
determine consistency/deviation of detector readings) to give nine
broadspectrum energy readings in total after which an average value
was obtained. Power was measured in irradiance units (mW/cm?). The
filters were then placed separately directly on top of the detector at the
base of the metal tube and the power measurements were taken as
previously described. The differences in the power values obtained with
and without the filters were used to calculate the power emitted from
the lamp within the UV and the UV-C range. The calculated UV output
and equivalent measured UV and UV-C dose are listed in Table 2. At a
distance of 10.75 cm there is a significant difference between the output
of the lamp and the dose measured (as approximated by the inverse
square law). Other factors contributing to the relatively low UV (and
UV-C) dose relative to the lamp output is the broadspectrum nature of
the output and heat generated within the PUV system. This has been
previously noted in Fitzhenry et al., (2019) (33). It should be noted that
the filters were removed for the disinfection studies and were only used
to determine UV dose.
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Table 1
Characteristics of the LPUV and PUV flow-through experimental runs performed
with the three bacterial strains.

uv Voltage Pulse HRT Flow uv Bacterial
system W) frequency (s) rate output strains
(PPS) L/ (mJ/ tested

min) cm?)

LPUV N/A N/A 0.47 24.60 14.0' E. coli,
S. aureus
and
L. innocua
E. coli,
S. aureus
and
L. innocua
E. coli,
S. aureus
and
PUV L. innocua
E. coli,
S. aureus
and
L. innocua
S. aureus
2052.0” and

L. innocua

800 0.5 120 0.38 486.0”

900 1.0 100 0.45 1026.1°

900 2.0 75 0.60 1539.2%

900 2.0 100 0.45

N/A: Not Applicable.
! Output at 254 nm.
2 Qutput at < 300 nm.

Table 2
Calculated broadspectrum UV output and equivalent measured UV and UV-C
dose for PUV system.

Average Average
Calculated UV measured measured
Output (from UV Dose UV-C
Pulse . lamy Dose
p
frequency §e51d(er)1ce Voltage  characteristics) ~ (10.75em  (10.75 cm
(PPS) tme {s from from
lamp)* lamp)*
EA < 300 nm EA<400nm  Ea<280nm
(mJ/cm?) (mJ/em?)  (mJ/cm?)
1 60 800 486 42 16
1 100 900 1026 112 18
2 75 900 1539 168 26
2 100 900 2052 269 35

EA — energy per unit surface area-
n = 9 for each of these measurements with a standard deviation of less than 2% of the average in

each case-
2.4. Bacterial analysis via UV treatment

The bacterial strains used to investigate inactivation, photoreacti-
vation and dark repair post LPUV and PUV disinfection were Escherichia
coli ATCC 25922, Staphylococcus aureus DSM 1104 and Listeria innocua
DSM 20649. These were chosen as they had been recently identified as
pathogens of interest in wastewater streams from dairy processing fa-
cilities in Ireland [42]. The strain DSM 20649 was used as a
non-pathogenic surrogate for Listeria monocytogenes [36]. All three
freeze-dried cultures were reconstituted using tryptic soy agar (TSA,
Sigma-aldrich, Wicklow, Ireland) and tryptic soy broth (TSB, Fisher
Scientific, Dublin, Ireland) at 37 °C for 18—24 hours. Fresh cultures were
then inoculated aseptically on to cryobeads (Pro-Lab Microbank, Cruinn
Diagnostics, Dublin Ireland) for long-term storage at —80 °C. The fresh
cultures were also cultured on TSA slopes as working culture stocks and
stored at 4 °C in the fridge. Working stock cultures were discarded every
three months and replaced with fresh working cultures to avoid
contamination issues.

Prior to the photoreactivation experimentation, the bacteria were
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exposed to both PUV and LPUV disinfection as a prerequisite to PHR/
dark repair analysis. For experimental analysis, one colony of each strain
was inoculated into 80 mL of Luria Broth (LB) (Sigma-aldrich, Wicklow,
Ireland) for E. coli culture and TSB (Fisher Scientific, Dublin, Ireland) for
L. innocua and S. aureus. The broth(s) were cultured on a rotary shaker at
90 rpm for 24 h at 37 °C. For LPUV runs, batches of tap water (20 L) were
spiked with 10 mL of broth strains to give a starting bacterial concen-
tration of 6 logi¢ & 0.5, while for PUV runs 2.5 L of distillate water was
spiked with 1 mL of broth strains to give a starting bacterial concen-
tration of 6 logig + 0.5). The distillation system in the laboratory pro-
duced a limited volume of water daily and could not meet the volumes
required for LPUV analysis thus tap water was used instead. Experi-
mental analysis was carried out to ensure there were no differences in
inactivation rates of bacteria (E. coli was used as the test strain) via LPUV
between both mediums (data not shown). Influent and effluent samples
were analysed in duplicate pre and post UV treatment via pour plate
technique (1 mL) as per standard methods [43] using Tryptone Bile
X-glucuronide (TBX) Agar (VWR, Dublin, Ireland) for E. coli and TSA
(Sigma-aldrich, Wicklow, Ireland) for S. aureus and L. innocua. Each UV
inactivation experiment was performed at least three times. The limit of
detection was 1 CFU/mL, see Section 2.6 for log inactivation
calculations.

2.5. Photoreactivation and dark repair analysis

Immediately following UV treatment, effluent samples were placed
under light and dark conditions to study potential bacterial PHR/dark
repair. For photoreactivation experiments, duplicate sample aliquots
(40 mL) were placed into open petri dishes (diameter of 90 mm, surface
area of 58 ¢cm?) at a distance of 9 ¢cm from two compact fluorescent
lamps (23 W power, luminous flux (Lm) 1450) which emitted light in the
300-700 nm spectral range (OSRAM model DPRO MITW 23 W/840
E27). Previous studies have reported the photolyase enzyme for bacte-
rial PHR to respond significantly to ‘blue light’ in the 360-500 nm range
[27]. For dark repair experiments, duplicate sample aliquots (20 mL)
were aseptically transferred to 60 mL tubes covered with aluminium foil
and placed into a sealed box in the dark for the same duration of time as
the photoreactivation experiments. Both the light and dark experimental
analysis was carried out in the same incubator (Velp Scientifica) at 20 +
1 °C. Sample volumes of 1 mL were collected aseptically from both the
light and dark sample experiments at a series of time intervals ranging
from O to 120 min post UV treatment. The samples were analysed in
duplicate via pour plate technique (1 mL) as per standard methods [43]
using TBX agar (VWR, Dublin, Ireland) for E. coli and TSA (Sigma-al-
drich, Wicklow, Ireland) for S. aureus.

2.6. Quantitative analysis

Bacterial inactivation via UV treatment using logarithmic scale and
colony forming unit (CFU) /mL was determined using Eq. (1), where Ny
and N are the concentrations (CFU/mL) pre and post disinfection
respectively.

Inactivation(UV) = logio(No/N) M

Bacterial photoreactivation and dark repair expressed as a percent-
age was determined with Eq. (2) adapted from methods used in Maclean
et al. [27] and Shafaei et al. [25] where N, is the concentration at time
“t” after the start of the photoreactivation/dark repair experiment (light
or dark). Note that at time zero N, is equal to N.

N, —N

Repair(%) = NN
o —

x 100 (2
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3. Results & discussion

3.1. Bacterial inactivation via continuous-flow LPUV and flow-through
PUV disinfection

Results for the LPUV system showed almost complete inactivation of
all three bacterial strains at the UVC output of 14 mJ/cm? (Fig. 2). Logyo
inactivations of 5.3 & 0.3, 6.0 & 0.2 and 5.9 & 0.1 were observed from
starting bacterial populations of 6.0 log;¢ +0.5 for S. aureus, E. coli and
L. innocua respectively at 14 mJ/cm?. Therefore, given the LPUV system
was operating at the shortest HRT (and thus the lowest UV output
achievable) — no other HRTs were subsequently investigated. The
inactivation of vegetative bacteria in water via LPUV is well established.
Previous studies have shown E. coli and S. aureus to be inactivated by 5-6
logo in water via batch LPUV disinfection at UV doses of < 10 mJ/cm?
[4,37]. Thus, results in this study are in line with findings in the liter-
ature which illustrate vegetative cells are readily inactivated by LPUV
disinfection at relatively low UV energies.

Research investigating bacterial inactivation in water/wastewater
via flow-through PUV systems is limited. In this study, bacterial inacti-
vation via flow-through PUV disinfection was linearly dependent on
energy, with E. coli being the most sensitive and L. innocua exhibiting the
most PUV resistance (Fig. 3).

The maximum inactivation observed for E. coli (5.3 + 0.3 log1() was
achieved at a lamp UV output (< 300 nm) of 1539 mJ/cm? while a
higher UV output (< 300 nm) of 2052 mJ/cm? inactivated the Gram-
positive bacteria S. aureus and L. innocua by 5.2 + 0.6 logyo and 4.3 +
0.3 logo respectively. This finding is consistent with Farrell [38] who
reported Gram-positive bacteria (S. aureus and L. monocytogenes) to be
more resistant to PUV light in comparison to Gram-negative bacteria
(E. coli) in a static experimental set-up. Uslu et al. [17] analysed the
inactivation of E. coli via flow-through PUV disinfection in synthetic
wastewater with the addition of ‘multiple pass’ analysis whereby the
sample was recirculated back under the PUV lamp for a second disin-
fection step. In the aforementioned study, the UV dose/system output
was not described rather the flow rate and broadspectrum energy output
(J) per litre treated was given. Results showed complete inactivation of
E. coli in synthetic wastewater at flow rates of 10 L/min (equivalent to a
broadband energy of 39.7 J/L) for a two-pass treatment. A similar study
[39] investigated the inactivation of L. innocua via flow-through PUV for
water treatment. A PUV dose of 4,000 m.J/ cm? (at a flow rate of 1 L/min)
was required for 2 logio L. innocua inactivation in water. Krishnamurthy
etal. [16] tested the inactivation of S. aureus in milk under flow-through
PUV experimental conditions and also adopted a multi-pass disinfection
method akin to Uslu et al. [17]. Logio reductions were reported as a
function of flow-rate, lamp distance and number of sample passes.
Complete inactivation of S. aureus was obtained at 8 cm sample distance,
single pass and 20 mL/min flow rate however no UV dose/energy output

——

Log,, Inactivation

S. aureus E.coli L. innocua

Fig. 2. Log inactivation of S. aureus, E. coli and L. innocua via continuous-flow
LPUV disinfection at a UV output of 14 mJ/cm?. Standard error bars shown (n
=3).
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Fig. 3. Bacterial inactivation via flow-through PUV disinfection at various UV
outputs. Data points are average values of three independent runs and error
bars represent the standard deviation.

was reported. Interestingly, it was also noted that a decrease in PUV
energy was a polynomial function of the lamp distance i.e. inactivation
rates were higher at 8 cm lamp distance than those achieved at 5 cm
lamp distance [16]. Finally, Fitzhenry et al. [33] recently reported a UV
output (< 300 nm) of approximately 2,000 mJ/cm? was required to
inactivate Bacillus spp. endospores by approx. 2 logio in water via
flow-through PUV disinfection.

These studies show that with flow-through pulsed UV technology (as
investigated to date) the use of multi-pass is necessary for the inacti-
vation of S. aureus and E. coli. In the case of L. innocua a single pass may
be possible, however, to-date, clear information on the necessary UV
dose has not been available. This study presents inactivation rates for
various UV outputs for the PUV technology. This data is key as the
overall capacity of the lamp in terms of UV energy output will be a key
determining factor (alongside the desired pathogen removal rates) as to
whether single pass or multi-pass should be deployed.

3.2. Bacterial photoreactivation & dark repair post UV treatment

Experimental results for the potential photoreactivation of the three
pathogens following LPUV disinfection at 14 mJ/cm? indicated that
bacterial concentrations after light and dark repair analysis were
negligible (see Supporting Information, Figure S2). Previous research
[24] has reported PHR for E. coli post LPUV treatment whereby water
samples exposed to UV dose of 5 mJ/cm? were subsequently placed
under sunlight lamps for 4 h before photoreactivation was observed.
While photoreactivation of E. coli was reported after LPUV treatment at
5 mJ/cmz, the same study [24] reported a lack of photoreactivation
when the bacteria were exposed to a higher UV dose of 15 mJ/cm?. Sanz
et al. [23] reported a similar conclusion when investigating the photo-
repair potential of total coliforms post LPUV treatment in a wastewater
treatment facility. Their results showed a significant decrease of
photoreactivation potential at high UV doses indicating the severity of
the UV damage at high doses can prohibit DNA lesion repair. Therefore,
perhaps in the case of the experimental analysis carried out in this study,
the applied LPUV output of 14 mJ/cm? may have inhibited the ability of
the bacteria to photoreactivate/dark repair. Unfortunately, limitations
regarding decreasing the system energy output of the LPUV system did
not allow for analysis of bacterial PHR/dark repair post lower LPUV
outputs. Nonetheless, considering the high inactivation efficiencies
found for the three experimental bacterial strains and the lack of pho-
toreactivation/dark repair at the minimum UV output possible (14
mJ/cm?), and at a relatively high flow rate (24.6 L/min equating to 0.47
s HRT), the results further highlight the suitability of the LPUV system as
an effective technology to inactivate S. aureus, E. coli and L. innocua

The particular strain of L. innocua (DSM 20649) selected for this
study appeared to be impacted by the photoreactivation experimental
conditions. Previous studies have discussed various light sources used in
PHR experiments including the spectrum output, the power, the
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temperature (which influences sunlight simulation) and the colour of
the light. It was noted that the photolyase enzyme for bacterial photo-
reactivation responds significantly to ‘blue light’ in the 360-500 nm
range and that L. monocytogenes and S. aureus exhibit maximum
photoreactivation potential between 360-380 nm [27], therefore these
factors were taken into consideration when deciding the optimum
conditions for photoreactivation experiments. Fig. 4a shows the results
of the photoreactivation and dark repair experiments for L. innocua post
flow-through PUV treatments at PUV outputs (< 300 nm) of 486, 1026
and 2052 mJ/cm? While minimal dark repair was observed for
L. innocua, populations of L. innocua survivors post PUV irradiation were
observed to decrease in numbers during the period of photoreactivation
conditions. Upon further investigation, it was confirmed that L. innocua
was inactivated by the compound fluorescent lamp with no prior UV
exposure (Fig. 4b). Thus, it was decided to eliminate it from the
photoreactivation analysis. For confirmation purposes, similar analysis
was carried out on E. coli and S. aureus whereby the strains were exposed
to the compound light only (without prior exposure to PUV). The results
confirmed that the photoreactivation experimental conditions were not
impacting upon cell viability as was the case with L. innocua (Fig. 4(b)).
A previous study reported photoreactivation of the same strain of
L. innocua as was used in this study [28]. Kramer et al. [28] investigated
the photoreactivation of PUV treated L. innocua (DSM 20649) and used a
30 W fluorescent lamp with a spectrum output of between 400 and 650
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nm for PHR analysis. These results showed photoreactivation rates of
between 102 and 10° CFU/mL after 24 h of lamp exposure on tryptic soy
agar at 37 °C depending on the PUV fluence applied.

The reasons for L. innocua becoming inactivated under the com-
pound lamp in this study are not entirely clear. Perhaps the slightly
lower spectrum output of the lamp and the difference in experimental
conditions (illumination on agar and not water as was the case in this
study) in the Kramer et al. [28] study were more conducive to L. innocua
photoreactivation analysis i.e. agar medium designed to enable bacterial
growth as opposed to water medium. However, in this study it was
considered important to use a lamp with a spectrum below 400 nm due
to reasons stated above i.e. photolyase activity and favoured photore-
activation potential at the wavelengths between 360-380 nm. More-
over, S. aureus and E. coli were not negatively affected by the
lamp/photoreactivation conditions. While photoreactivation analysis of
L. innocua could not be completed in this study, details surrounding the
specifics of experimental design and the particular bulbs used for PUV
treatments may be noteworthy for future studies.

Photoreactivation was observed for both E. coli and S. aureus post
flow-through PUV treatment at various energy outputs over time (Fig. 5
(a) and 5 (b)). Results for S. aureus at the lowest output of 486 mJ/cm?
showed a sharp increase in PHR between 10 and 60 min after which
inactivation were relatively stable. However, this was not constant and
the % PHR increased slightly again after this time point. Increases in the
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Fig. 5. Percentage photoreactivation over time of (a) S. aureus and (b) E. coli at various UV outputs (< 300 nm) following flow-through PUV treatment.

percentage photoreactivation of S. aureus were less pronounced at
higher UV system outputs with negligible PHR occurring at any time
point after PUV treatment at 2052 mJ /cm?> (Fig. 5 (a)). Analysis of E. coli
photoreactivation over time shows a slightly different trend to that of
S. aureus post PUV treatment (Fig. 5 (b)). At 486 mJ/cmZ, the PHR of
E. coli steadily increased between 15 and 90 min before a tailing effect
was observed. At 1026 mJ/cm? the percentage of photoreactivation
E. coli was relatively low, while at 1539 mJ/cm? it was found to be
negligible. Therefore, it was decided to not investigate photoreactiva-
tion of E. coli at higher UV system outputs. Previous studies [21] have
suggested that a time-based comparison for photoreactivation experi-
ments cannot be performed due to variations in lamp intensities i.e. the
energy outputs of lamps can vary even where they are the same model.
However, in the present research study a time-based comparison be-
tween S. aureus and E. coli was possible as the same experimental set-up
and lamp was used for both bacteria and should be noted for future
studies of this kind. Photoreactivation has been observed previously
[28] for E. coli post static PUV treatment on gel mediums with a recovery
rate of up to 2 logio following a PUV dose of 450-1000 mJ/cm?.
Maclean et al. [27] investigated the PHR potential of S. aureus and
L. monocytogenes post PUV treatment under static experimental condi-
tions and observed a photoreactivation response after PUV treatments of
1500 mJ/cm? and 3400 mJ/cm? (within 320-500 nm range) respec-
tively. The study found approximately 2% of S. aureus bacteria photo-
reactivated after a PUV exposure of 1500 mJ/cm? (PHR exposure time
not given). Similarly, results in the present study found 1.7 % of the
S. aureus population photoreactivated after 1500 mJ/cm? PUV energy
exposure at 90 min. However, in this case, a flow-through experimental
set-up was applied. While Maclean et al. [27] did report a low degree of
PHR for S. aureus at the PUV output energy applied, it was surmised that
a less intense UV energy output would likely result in a higher degree of
photoreactivation which was the finding in this study. The majority of
photoreactivation occurred within the first hour for S. aureus and the
first 90 min for E. coli thus avoiding bacterial exposure to light imme-
diately after flow-through PUV disinfection may be important when
attempting to maintain high inactivation rates for both S. aureus and
E. coli. However, it should also be noted that this study did not inves-
tigate delayed exposure to light i.e. PHR after some dark incubation,
thus caution may need to be exercised in this case also. Nonetheless, as is
the case with LPUV disinfection, bacterial photoreactivation is reported
to be avoidable when a high UV energy is applied [23,24].

The maximum pathogen photoreactivation and dark repair after 120
min following flow-through PUV treatment is shown in Fig. 6. As indi-
cated in Fig. 5, S. aureus exhibited higher PHR rates in comparison to E.
coli; this trend appeared consistent for dark repair analysis of S. aureus at
486 mJ/cm? albeit the percentage of reactivated bacteria was low. For
example, in the case of S. aureus, 0.75 % of the surviving bacterial
population (post PUV treatment at 486 mJ/cm?) repaired under dark
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Fig. 6. Photoreactivation (light) and dark repair (dark) after 120 min exposure
for S. aureus and E. coli post flow-through PUV treatment at various UV outputs.

experimental conditions in comparison to 0.29 % of E.coli at the same
UV output. Aside from slight bacterial reactivation at the lowest PUV
output, dark repair for both strains was found to be minimal after PUV
flow-through treatments of 1026 mJ/cm? and above. Potential reasons
for the lack of dark repair exhibited by bacteria in this study may be due
the length of dark exposure time applied during the experimental
analysis. Jungfer et al. [40] reported the activation of bacterial dark
repair mechanisms (recA mRNA protein) to be dependent on experi-
mental incubation time which was found to vary depending on the
bacterial strain. For example, a dark incubation time of two hours
induced recA in drinking water bacteria Caulobacter crescentus. In
contrast, Enterococcus faecium required an incubation period of six hours
before dark repair mechanisms were observed [40]. However, previous
studies [23,41] have also reported bacterial dark repair to occur within
approximately 100 min of incubation post UV disinfection after which a
bacterial decay period was observed. Nebot Sanz et al. [23] confirmed
dark repair analysis, carried out in conjunction with photoreactivation
analysis, did occur but to a lower degree that in light repair conditions.
Moreover, the authors [23] concluded maximum dark repair of bacteria
occurred sooner in comparison to maximum bacterial photoreactiva-
tion. In this study, stable photoreactivation rates were achieved during
the maximum experimental exposure time of 120 min, and for this
reason dark repair experimental analysis was also carried out for the
same duration. Some of the differences in findings between studies may
be attributed to the variation in Gram positive and negative composition
in terms of cell membrane(s) and amount of cell wall material present
(peptidoglycan) (38).

It is possible that low UV outputs also puts less biocidal stress on the
treated bacterial cells with potentially greater ability to repair as less
physical, genomic and metabolic damage — lower doses may not cause
irreversible damage.



K. Fitzhenry et al.

4. Conclusions

This constitutes the first study to demonstrate that bacterial (S.
aureus and E. coli) photoreactivation is possible post flow-through PUV
disinfection and that the level of bacterial photoreactivation is depen-
dent upon the output energy applied during prior UV disinfection
treatment. Furthermore, it was shown that dark repair is less significant
when compared to light repair. The results agree with similar studies in
the literature involving static and continuous-flow UV disinfection
studies whereby the UV dose/output applied during the UV disinfection
phase influences the degree to which bacteria can repair. Should flow-
through PUV systems be considered for full-scale operation as a disin-
fection system for water reuse/wastewater treatment, sufficient energy
should be applied to avoid bacterial reactivation. The immediate
exposure of bacteria to light post flow-through PUV treatment should
also be avoided to minimise photoreactivation of both S. aureus and E.
coli. The continuous-flow LPUV system used in this study successfully
inactivated all three bacteria to a higher degree than the PUV system
deployed (with significantly lower energy consumption). The LPUV was
also successful in the inhibition of E. coli and S. aureus photoreactiva-
tion post LPUV treatment. The study confirmed the suitability of existing
LPUV as a technology in achieving adequate inactivation percentages
with limited potential for repair in both light and dark conditions.
However, further work would be required in the development of PUV
systems to enable them be efficiently and cost-effectively deployed in
larger scale water/wastewater treatment scenarios. As with all disin-
fection technology the required doses for adequate removal of targeted
pathogens will depend on the nature of the wastewater being treated.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgments

The authors would like to acknowledge the Department of Agricul-
ture, Food and the Marine of Ireland (Ref: 13-F-507) for funding this
research. Dr. Val del Rio was supported by the Spanish Government
(CTM2014-55397-JIN project co-funded by FEDER) and Xunta de
Galicia postdoctoral fellowship.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jwpe.2021.102070.

References

[1] H. Chmiel, M. Kaschek, C. Blocher, M. Noronha, V. Mavrov, Concepts for the
treatment of spent process water in the food and beverage industries, Desalination
152 (2002) 307-314.

[2] S.T. Summerfelt, M.J. Sharrer, S.M. Tsukuda, M. Gearheart, Process requirements

for achieving full-flow disinfection of recirculating water using ozonation and UV

irradiation, J. Aquac. Eng. Fish. Res. 40 (1) (2009) 17-27. Available from: http://1i
nkinghub.elsevier.com/retrieve/pii/S0144860908000691.

EPA, BAT Guidance Note on Best Available Techniques for the Dairy Processing

Sector, Environmetal Protection Agency, Johnstown Castle Estate, Co. Wexford,

Ireland, 2008. ISBN 1840952806.

[4] EPA, Water Treatment Manual: Disinfection, Environmetal Protection Agency,
Johnstown Castle, Co. Wexford, Ireland, 2011. ISBN 9781840954210.

[5]1 WEREF, Disinfection of Wastewater Effluent — Comparison of Alternative

Technologies, Water Environment Research Foundation, Alexandria, Virginia,

USA, 2008. IWAP ISBN: 978-1-84339-799-1/1-84339-799-4.

USEPA, Ultraviolet Disinfection Guidance Manual for the Final Long Term 2

Enhanced Surface Water Treatment Rule, United States Environmental Protection

Agency, Washington, USA, 2006. Report EPA 815-R-06-007.

[7] N. Elmnasser, S. Guillou, F. Leroi, N. Orange, A. Bakhrouf, M. Federighi, Pulsed-
light system as a novel food decontamination technology: a review, Can. J.
Microbiol. 53 (7) (2007) 813-821. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/17898836.

[3

=

[6

s}

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Journal of Water Process Engineering 41 (2021) 102070

T. Wang, S.J. Macgregor, J.G. Anderson, G.a Woolsey, Pulsed ultra-violet
inactivation spectrum of Escherichia coli, Water Res. 39 (13) (2005) 2921-2925.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/15993922.

Z. Bohrerova, H. Shemer, R. Lantis, Ca Impellitteri, K.G. Linden, Comparative
disinfection efficiency of pulsed and continuous-wave UV irradiation technologies,
Water Res. 42 (June (12)) (2008) 2975-2982. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/18460414.

A.M. Garvey, N. Rowan, Report No. 145 Development of a Pulsed Light Approach
As a Novel Solution in Drinking Water Treatment, Environmental Protection
Agency, Johnstown Castle, Co. Wexford, Ireland, 2015. ISBN 9781840955828.
AR. Uesugi, L.C. Hsu, R.W. Worobo, C.I. Moraru, Gene expression analysis for
Listeria monocytogenes following exposure to pulsed light and continuous
ultraviolet light treatments, LWT - Food Sci Technol 68 (2016) 579-588. Available
from: http://www.sciencedirect.com/science/article/pii/S002364381630007X.
J.Y. Yi, N.H. Lee, M.S. Chung, Inactivation of bacteria and murine norovirus in
untreated groundwater using a pilot-scale continuous-flow intense pulsed light
(IPL) system, LWT - Food Sci Technol 66 (2016) 108-113, https://doi.org/
10.1016/j.1wt.2015.10.027. Available from:.

Food and Drug Administration, Irradiation in the Production, Processing and
Handling of Food. 21 CFR 179.41, Available from:, 1996 https://www.accessdata.
fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=179.

V. Heinrich, M. Zunabovic, T. Varzakas, J. Bergmair, W. Kneifel, Pulsed light
treatment of different food types with a special focus on meat: a critical review,
Crit. Rev. Food Sci. Nutr. 56 (4) (2016) 591-613.

N.J. Rowan, Pulsed light as an emerging technology to cause disruption for food
and adjacent industries — quo Vadis? Trends Food Sci. Technol. 15 (9) (2019)
462-467. Available from: https://linkinghub.elsevier.com/retrieve/pii/S0924
224418308495.

K. Krishnamurthy, A. Demirci, J.M. Irudayaraj, Inactivation of Staphylococcus
aureus in milk using flow-through pulsed UV-light treatment system, J. Food Sci.
72 (7) (2007).

G. Uslu, A. Demirci, J.M. Regan, Disinfection of synthetic and real municipal
wastewater effluent by flow-through pulsed UV-light treatment system, J. Water
Process Eng. 10 (2016) 89-97. Available from: http://linkinghub.elsevier.
com/retrieve/pii/$2214714416300575.

N. Goosen, G.F. Moolenaar, Repair of UV damage in bacteria, DNA Repair (Amst.)
7 (March (3)) (2008) 353-379. Available from: http://www.ncbi.nlm.nih.gov/pub
med/17951115.

R.P. Sinha, D.-P. Hader, UV-induced DNA damage and repair: a review,
Photochem. Photobiol. Sci. 1 (4) (2002) 225-236. Available from: http://xlink.rsc.
org/?DOI=b201230h.

L.O. Essen, T. Klar, Light-driven DNA repair by photolyases, Cell. Mol. Life Sci. 63
(11) (2006) 1266-1277.

Z. Bohrerova, K.G. Linden, Standardizing photoreactivation: comparison of DNA
photorepair rate in Escherichia coli using four different fluorescent lamps, Water
Res. 41 (12) (2007) 2832-2838.

Wa M. Hijnen, E.F. Beerendonk, G.J. Medema, Inactivation credit of UV radiation
for viruses, bacteria and protozoan (oo)cysts in water: a review, Water Res. 40
(January (1)) (2006) 3-22. Available from: http://www.ncbi.nlm.nih.gov/pubmed
/16386286.

E. Nebot Sanz, 1. Salcedo Davila, J.A. Andrade Balao, J.M. Quiroga Alonso,
Modelling of reactivation after UV disinfection: effect of UV-C dose on subsequent
photoreactivation and dark repair, Water Res. 41 (14) (2007) 3141-3151.

M. Guo, H. Hu, J.R. Bolton, M.G. El-Din, Comparison of low- and medium-pressure
ultraviolet lamps: photoreactivation of Escherichia coli and total coliforms in
secondary effluents of municipal wastewater treatment plants, Water Res. 43 (3)
(2009) 815-821. Available from: http://www.sciencedirect.com/science/article/
pii/S0043135408005617.

S. Shafaei, N. Klamerth, Y. Zhang, K. McPhedran, J.R. Bolton, M. Gamal El-Din,
Impact of environmental conditions on bacterial photoreactivation in wastewater
effluents, Environ. Sci. Process. Impacts 19 (1) (2017) 31-37.

E. Lee, H. Lee, W. Jung, S. Park, D. Yang, K. Lee, Influences of humic acids and
photoreactivation on the disinfection of Escherichia coli by a high-power pulsed
UV irradiation, Korean J. Chem. Eng. 26 (5) (2009) 1301-1307. Available from:
http://link.springer.com/10.1007/s11814-009-0208-5.

M. Maclean, L.E. Murdoch, M.N. Lani, S.J. MacGregor, J.G. Anderson, G.

A. Woolsey, Photoinactivation and photoreactivation responses by bacterial
pathogens after exposure to pulsed UV-light, Proc 2008 IEEE Int Power Modul High
Volt Conf PMHVC (2008) 326-329.

B. Kramer, J. Wunderlich, P. Muranyi, Pulsed light induced damages in Listeria
innocua and Escherichia coli, J. Appl. Microbiol. 119 (4) (2015) 999-1010, https://
doi.org/10.1111/jam.12912. Available from:.

J.L. Zimmer, R.M. Slawson, Potential repair of Escherichia coli DNA following
exposure to UV radiation from both medium- and low-pressure UV sources used in
drinking water treatment potential repair of Escherichia coli DNA following
exposure to UV radiation from both medium- and Lo, Appl. Environ. Microbiol. 68
(7) (2002) 3293-3299.

J.L. Zimmer, R.M. Slawson, P.M. Huck, Inactivation and potential repair of
Cryptosporidium parvum following low- and medium-pressure ultraviolet
irradiation, Water Res. 37 (14) (2003) 3517-3523. Available from: http://www.
ncbi.nlm.nih.gov/pubmed,/12834745.

J.L. Zimmer-Thomas, R.M. Slawson, P.M. Huck, A comparison of DNA repair and
survival of Escherichia coli 0157:H7 following exposure to both low- and medium-
pressure UV irradiation, J. Water Health 5 (3) (2007) 407, https://doi.org/
10.2166/wh.2007.036. Available from:.


https://doi.org/10.1016/j.jwpe.2021.102070
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0005
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0005
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0005
http://linkinghub.elsevier.com/retrieve/pii/S0144860908000691
http://linkinghub.elsevier.com/retrieve/pii/S0144860908000691
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0015
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0015
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0015
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0020
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0020
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0025
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0025
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0025
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0030
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0030
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0030
http://www.ncbi.nlm.nih.gov/pubmed/17898836
http://www.ncbi.nlm.nih.gov/pubmed/17898836
http://www.ncbi.nlm.nih.gov/pubmed/15993922
http://www.ncbi.nlm.nih.gov/pubmed/18460414
http://www.ncbi.nlm.nih.gov/pubmed/18460414
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0050
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0050
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0050
http://www.sciencedirect.com/science/article/pii/S002364381630007X
https://doi.org/10.1016/j.lwt.2015.10.027
https://doi.org/10.1016/j.lwt.2015.10.027
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=179
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=179
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0070
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0070
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0070
https://linkinghub.elsevier.com/retrieve/pii/S0924224418308495
https://linkinghub.elsevier.com/retrieve/pii/S0924224418308495
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0080
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0080
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0080
http://linkinghub.elsevier.com/retrieve/pii/S2214714416300575
http://linkinghub.elsevier.com/retrieve/pii/S2214714416300575
http://www.ncbi.nlm.nih.gov/pubmed/17951115
http://www.ncbi.nlm.nih.gov/pubmed/17951115
http://xlink.rsc.org/?DOI=b201230h
http://xlink.rsc.org/?DOI=b201230h
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0100
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0100
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0105
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0105
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0105
http://www.ncbi.nlm.nih.gov/pubmed/16386286
http://www.ncbi.nlm.nih.gov/pubmed/16386286
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0115
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0115
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0115
http://www.sciencedirect.com/science/article/pii/S0043135408005617
http://www.sciencedirect.com/science/article/pii/S0043135408005617
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0125
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0125
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0125
http://link.springer.com/10.1007/s11814-009-0208-5
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0135
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0135
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0135
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0135
https://doi.org/10.1111/jam.12912
https://doi.org/10.1111/jam.12912
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0145
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0145
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0145
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0145
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0145
http://www.ncbi.nlm.nih.gov/pubmed/12834745
http://www.ncbi.nlm.nih.gov/pubmed/12834745
https://doi.org/10.2166/wh.2007.036
https://doi.org/10.2166/wh.2007.036

K. Fitzhenry et al.

[32]

[33]

[34]

[35]

[36]

[37]

M. Guo, J. Huang, H. Hu, W. Liu, J. Yang, UV inactivation and characteristics after
photoreactivation of Escherichia coli with plasmid: health safety concern about UV
disinfection, Water Res. 46 (13) (2012) 4031-4036. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/22683407.

K. Fitzhenry, N. Rowan, A. Val, A. Cremillieux, E. Clifford, Inactivation efficiency
of Bacillus endospores via modified flow-through PUV treatment with comparison
to conventional LPUV treatment, J Water Process Eng. 27 (November 2018) (2019)
67-76, https://doi.org/10.1016/j.jwpe.2018.11.009. Available from:.

K. Fitzhenry, Evaluation of Modified Flow-through Pulsed UV Technology for
Bacterial Inactivation With Comparison to a Standard Continuous-flow Low
Pressure UV System, Available from:, National University of Ireland, 2019 htt
ps://aran.library.nuigalway.ie/handle/10379,/14865.

L. Hsu, C.I. Moraru, Quantifying and mapping the spatial distribution of fluence
inside a pulsed light treatment chamber and various liquid substrates, J. Food Eng.
103 (1) (2011) 84-91, https://doi.org/10.1016/j.jfoodeng.2010.10.002. Available
from:.

A. Lasagabaster, 1. Martinez de Maran6n, Comparative study on the inactivation
and photoreactivation response of Listeria monocytogenes seafood isolates and a
Listeria innocua surrogate after pulsed light treatment, Food Bioprocess Technol.
10 (10) (2017) 1931-1935. Available from: http://link.springer.com/10.100
7/5s11947-017-1972-6.

A.H. Malayeri, M. Mohseni, B. Cairns, J.R. Bolton, G. Chevrefils, E. Caron, Fluence
(UV dose) required to achieve incremental log inactivation of Bacteria, Protozoa,

[38]

[39]

[40]

[41]

[42]

[43]

Journal of Water Process Engineering 41 (2021) 102070

viruses and algae, IUVA News 8 (1) (2016) 38-45. Available from: http://uvsalesi
nfo.com/Documents/NavLink/UV_Destruction_Chart_uid7102009502412.pdf.

H. Farrell, J. Hayes, J. Laffey, N. Rowan, Studies on the relationship between
pulsed UV light irradiation and the simultaneous occurrence of molecular and
cellular damage in clinically-relevant Candida albicans, J. Microbiol. Methods 84
(2) (2011) 317-326.

M.L. Artiguez, A. Lasagabaster, .M.De Maranon, Factors affecting microbial
inactivation by Pulsed Light in a continuous flow-through unit for liquid products
treatment, Procedia Food Sci. 1 (2011) 786-791, https://doi.org/10.1016/j.
prof00.2011.09.119. Available from:.

C. Jungfer, T. Schwartz, U. Obst, UV-induced dark repair mechanisms in bacteria
associated with drinking water, Water Res. 41 (1) (2007) 188-196.

L. Salcedo, J.A. Andrade, J.M. Quiroga, E. Nebot, Photoreactivation and dark repair
in UV-treated microorganisms: effect of temperature, Appl. Environ. Microbiol. 73
(5) (2007) 1594-1600.

K. Fitzhenry, N. Rowan, W. Finnegan, X. Zhan, E. Clifford, Microbiological
characterisation and impact of suspended solids on pathogen removal from
wastewaters in dairy processing factories, J. Dairy Res. 85 (3) (2018) 391-395,
https://doi.org/10.1017/50022029918000602.

APHA, Standard methods for the examination of water and wastewater, in: E.

W. Rice, R.B. Baird, A.D. Eaton, L.S. Clesceri (Eds.), American Water Works
Association (AWWA) and Water Environment Federation (WEF), 22nd edition,
American Public Health Association (APHA), Washington, D.C., USA, 2012.


http://www.ncbi.nlm.nih.gov/pubmed/22683407
http://www.ncbi.nlm.nih.gov/pubmed/22683407
https://doi.org/10.1016/j.jwpe.2018.11.009
https://aran.library.nuigalway.ie/handle/10379/14865
https://aran.library.nuigalway.ie/handle/10379/14865
https://doi.org/10.1016/j.jfoodeng.2010.10.002
http://link.springer.com/10.1007/s11947-017-1972-6
http://link.springer.com/10.1007/s11947-017-1972-6
http://uvsalesinfo.com/Documents/NavLink/UV_Destruction_Chart_uid7102009502412.pdf
http://uvsalesinfo.com/Documents/NavLink/UV_Destruction_Chart_uid7102009502412.pdf
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0190
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0190
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0190
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0190
https://doi.org/10.1016/j.profoo.2011.09.119
https://doi.org/10.1016/j.profoo.2011.09.119
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0200
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0200
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0205
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0205
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0205
https://doi.org/10.1017/S0022029918000602
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0215
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0215
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0215
http://refhub.elsevier.com/S2214-7144(21)00157-4/sbref0215

	Bacterial inactivation, photoreactivation and dark repair post flow-through pulsed UV disinfection
	1 Introduction
	2 Materials and methods
	2.1 LPUV and PUV systems
	2.2 Experimental setup
	2.3 UV dose determination of PUV system
	2.4 Bacterial analysis via UV treatment
	2.5 Photoreactivation and dark repair analysis
	2.6 Quantitative analysis

	3 Results & discussion
	3.1 Bacterial inactivation via continuous-flow LPUV and flow-through PUV disinfection
	3.2 Bacterial photoreactivation & dark repair post UV treatment

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


