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A B S T R A C T   

Ultraviolet (UV) radiation is a well-implemented process for water disinfection. The development of emergent 
UV sources, such as light-emitting diodes (LEDs), has afforded new possibilities for advanced oxidation processes. 
The emission wavelength is considered to be an important factor for photo-chemical processes in terms of both 
biological damage and energetic efficiency, as the inactivation mechanisms and mode-of-action may differ ac-
cording to the wavelength that is applied. In addition, these processes merit exploration for inactivating 
emerging pathogens, such as marine vibrios, that are important bacteria to control in maritime activities. The 
main goal of this study was to compare the disinfection efficacy of several UV-LED driven processes with 
different modes of action. First, the effect of UV-LEDs was assessed at different UV ranges (UV-A, UV-B, or UV-C). 
Second, the possible enhancement of a combination with hydrogen peroxide (H2O2) or peroxymonosulfate salt 
(HSO5

− ) was investigated under two different application strategies, i.e. simultaneous or sequential. The results 
obtained indicate a high sensitivity of Vibrio alginolyticus to UV radiation, especially under UV-B (kobs = 0.24 
cm2/mJ) and UV-C (kobs = 1.47 cm2/mJ) irradiation. The highest inactivation rate constants were obtained for 
UV/HSO5

− (kobs (cm2/mJ)=0.0007 (UV-A); 0.39 (UV-B); 1.79 (UV-C)) with respect to UV/H2O2 (kobs (cm2/mJ)=
0.0006 (UV-A); 0.26 (UV-B); and 1.54 (UV-C)) processes, however, regrowth was avoided only with UV/H2O2. 
Additionally, the disinfection enhancement caused by a chemical addition was more evident in the order UV-A >
UV-B > UV-C. By applying H2O2 (10 mg/L) or HSO5

− (2.5 mg/L) in a sequential mode before the UV, negligible 
effects were obtained in comparison with the simultaneous application. Finally, promising electrical energy per 
order (EEO) values were obtained as follows: UV/HSO5

− (EEO (kWh/m3)=1.68 (UV-A); 0.20 (UV-B); 0.04 (UV-C)) 
and UV/H2O2 (EEO (kWh/m3)=2.15 (UV-A); 0.32 (UV-B); 0.04 (UV-C)), demonstrating the potential of UV-LEDs 
for disinfection in particular activities such as the aquaculture industry or maritime transport.   

1. Introduction 

Ultraviolet disinfection is a conventional option for inactivating a 
variety of waterborne organisms (Bolton and Cotton, 2008; Song et al., 
2016). Its effectiveness for abating a wide variety of detrimental mi-
croorganisms has opened its field of application to other particular ac-
tivities such as marine aquaculture (Summerfelt, 2003) or ballast water 
treatment (Hess-Erga et al., 2019). 

UV technology has traditionally been employed at a monochromatic 
(λ = 254 nm) or polychromatic (200–400 nm) emission with low- or 

medium-pressure mercury lamps. Nonetheless, in the search for UV light 
sources that are more sustainable, the light-emitting diodes (LEDs) have 
demonstrated effectiveness as a promising alternative to mercury lamps 
(Chen et al., 2017; Umar et al., 2019). Additionally, UV LEDs are a 
mercury-free UV source that has gained significance according to the 
Minamata Convention on Mercury (UNEP, 2019). The development of 
LEDs as a UV source has also afforded new possibilities for advanced 
water treatment processes in terms of photocatalytic or photochemical 
processes. This is due to its ability to obtain a tailored emission spectrum 
along with the greater freedom for reactor design because of the 
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distribution of multiple LEDs along the photo-reactor (Jeon et al., 2022; 
Jo and Tayade, 2014; Martín-Sómer et al., 2018; Romero-Martínez et al., 
2022). 

Photocatalytic methods have shown promising results in disinfection 
(Levchuk et al., 2019; Moreno-Andrés et al., 2020b). However, their 
efficiency can be significantly affected by the relatively high salinity of 
the marine environment that lessens disinfection effectiveness (Levchuk 
et al., 2019; Moreno-Andrés et al., 2017), and thus raises concerns about 
the viability of this type of treatment in such a complex water matrix 
(Porcar-Santos et al., 2020). On the other hand, photochemical pro-
cesses (UV/H2O2, UV/persulfate, UV/O3, or UV/chlorine) have revealed 
promising results for water treatment over the last years (Miklos et al., 
2018). UV/H2O2 processes have been widely studied in terms of disin-
fection, specifically under UV-C or solar irradiation (Feng et al., 2020; 
Giannakis et al., 2016; Moreno-Andrés et al., 2016). The use of persul-
fate salts (specifically, peroxymonosulfate salt as HSO5

− ) has also shown 
encouraging results for bacteria inactivation, as it is able to achieve 
inactivation levels similar to those of UV/H2O2 (Berruti et al., 2021; 
Guerra-Rodríguez et al., 2022; Moreno-Andrés et al., 2019; Qi et al., 
2020). However, although H2O2 or HSO5

− are favourable oxidizing 
chemicals in photo-assisted processes, their implementation still pre-
sents some concerns in terms of environmental sustainability, being the 
electricity a relevant parameter (Pesqueira et al., 2022). Accordingly, as 
UV-LEDs are expected to increase in electrical efficiency, they would be 
a promising technology for the water-energy nexus (Jeon et al., 2022; 
Martín-Sómer et al., 2023). 

The inactivation mechanisms and mode-of-action of UV/H2O2 or 
UV/HSO5

− may differ according to the wavelength that is applied. In this 
regard, intracellular mechanisms might prevail over extracellular 
mechanisms as the emission wavelength increases (Berruti et al., 2022; 
Feng et al., 2020; Giannakis et al., 2022). Accordingly, the emission 
wavelength is considered to be an important factor for ensuring a proper 
evaluation of photo-chemical processes in terms of both biological 
damage and energetic efficiency. In parallel, there is a lack of an inte-
grative and comparative study of specific emission wavelengths in the 
three main UV ranges: UV-A (315–400 nm), UV-B (280–315 nm), and 
UV-C (200–280 nm). 

The majority of the research in this area has been focused on an 
urban wastewater matrix and less attention has been paid to other 
relevant water matrices that requires disinfection, such as seawater 
(Aguilar et al., 2018; Hess-Erga et al., 2019; Qi et al., 2020). In addition, 
the bacterial indicators selected to address the different inactivation 
processes are usually the typical indicators related to fecal pollution 
such as Escherichia coli (Qi et al., 2020; Rubio et al., 2015; Zhang et al., 
2022). Nonetheless, the survival of E. coli is negatively correlated with 
salinity (Giannakis et al., 2014) as seawater ecosystems are a hostile 
environment for fecal bacteria (Belkin et al., 2005). Thus, the regrowth 
of specific marine bacteria becomes relevant after disinfection processes 
(Hess-Erga et al., 2010; Moreno-Andrés et al., 2018; Wennberg et al., 
2013). However, the inactivation of marine bacteria together with the 
underlying bacterial inactivation mechanisms and the influence of 
inorganic ions in seawater has not often been examined (Wang et al., 
2021). 

Vibrio species (Family Vibrionaceae) are ubiquitously present in 
estuarine and marine environments (Baker-Austin et al., 2017; Reen 
et al., 2006). In fact, the genus Vibrio is considered as a bacterial indi-
cator in some international policies such as the Regulation D-2 of the 
Ballast Water Management Convention (IMO, 2004). Although many 
species of the genus Vibrio are not pathogenic, there are four species of 
relevance that have emerged as opportunistic human pathogens and 
emergent pathogens of aquaculture species (Baker-Austin et al., 2017): 
V. cholerae; V. vulnificus; V. parahaemolyticus, and V. alginolyticus. In this 
study, V. alginolyticus was selected as the target bacterium for inacti-
vation experiments. It is an overlooked bacterium that is recognized as 
an emerging human pathogen but also associated with disease in a wide 
variety of fish, crustaceans, or bivalves (Baker-Austin et al., 2017; Reen 

et al., 2006). In addition, their occurrence in ballast waters (Khande-
parker et al., 2020) where they might exhibit resistance to beta-lactam 
antibiotics (Ng et al., 2018), along with their relationship with harm-
ful algal blooms (Bellés-Garulera et al., 2016), make it an important 
bacterium to control due to the risk of pathogen emergence from envi-
ronmental sources. Although a number previous studies have considered 
the UV-mediated inactivation of the Vibrio species (Table S1), the spe-
cific UV inactivation performance of V. alginolyticus has been less stud-
ied. In this regard, photochemical processes used against the marine 
pathogen V. alginolyticus are worth exploring. 

To do so, this study compared the disinfection efficacy of several UV- 
LED driven processes with different modes of action. Firstly, the effect of 
UV-LEDs in different UV ranges were assessed: UV-A (λmax = 365 nm); 
UV-B (λmax = 300 nm) or UV-C (λmax = 275 nm). Secondly, the possible 
enhancement of a combination of these UV-LEDs with hydrogen 
peroxide (H2O2) or peroxymonosulfate salt (HSO5

− ) was investigated 
under two different strategies of application, i.e. simultaneously or in a 
sequential mode. Finally, in order to provide a wide-ranging idea of the 
viability of these processes, regrowth and considerations about the en-
ergy efficiency are also presented. In this regard, the wavelength effect 
as well as the optimization of UV-Dose for marine water disinfection are 
the main motivation of this study. 

2. Material and methods 

2.1. Microbiological procedures 

The bacterium V. alginolyticus (CECT 521T; ATCC 17749) was 
selected as the target microorganism for the different inactivation tests. 
V. alginolyticus, typical in marine environments, is considered as an 
emergent pathogen as previously indicated. A pure strain (isolated from 
spoiled Trachurus trachurus causing food poisoning) was acquired from 
the Spanish Type Culture Collection (CECT, University of Valencia). 

The pure bacterial strain from a lyophilized culture was reactivated 
and preserved in water: glycerol (50:50) at − 35 ◦C. For each set of ex-
periments, the reactivation of each vial was performed from a frozen 
stock that was also used in previous studies (Moreno-Andrés et al., 
2020a). Briefly, each vial was resuspended in Marine Broth (PanReac 
AppliChem) and incubated aerobically at 30 ◦C for 24 h. After two cy-
cles, the subculture was considered metabolically active, thus it was 
subjected to a centrifugation process at 3000 rpm for ten minutes, which 
allowed the separation of the marine broth (supernatant) from the cells 
(in the pellet form). Bacterial cells were then transferred to actual 
seawater thereby obtaining an inoculum ready for experimentation. It 
was subsequently diluted to create a working solution for the experi-
ments that ensured an initial concentration of approximately 106 

CFU⋅mL− 1. 
Bacterial survival after treatment was assessed with standard plate 

counts (in triplicate) with Thiosulfate Citrate Bile Salts Sucrose (TCBS 
Agar, VWR Chemicals). After the incubation period (30 ◦C, 24 h), col-
onies were counted. In order to ensure a measurable number of CFUs 
(15–150), tenfold dilutions were plated. The detection limit was 10 
CFU⋅mL− 1. Analyses were performed in triplicate using a variation co-
efficient of less than 30% as the acceptance criteria. 

2.2. UV-LED reactor 

A collimated beam reactor equipped with UV-LED technology 
(Photolab LED275–0.01/300–0.03/365–1cb; APRIA Systems S.L., 
Spain) was used for the experimentation. The photoreactor was equip-
ped with three UV-LED devices emitting at three different wavelengths 
distinguished by UV-A (1200 mW): 365 – 370 nm, λmax = 365 nm; UV-B 
(32 mW): 295–305 nm, λmax = 300 nm, or UV-C (10.5 mW): 265–285 
nm, λmax = 275 nm. 

The photoreactor contains a collimator tube with a collimator lens 
with a diameter of 5.08 cm and focal length of 6 cm. The treatment was 
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applied to samples in Petri dishes with a diameter of 55 mm and capacity 
for 20 mL of target water. A magnetic stirrer with a volume of 0.25 mL 
was added to the Petri dish for continuous stirring throughout irradia-
tion. The sample surface was at 12.2 cm from the UV light source. The 
irradiance was measured with a radiometer (HD 2102.1, Delta OHM) 
that was equipped with a probe according to the specific emission 
wavelength (Delta OHM LP471 – UVA, UVB or UVBC). The measured 
irradiance at the sample surface was determined as 60 ± 2.55 W⋅m− 2 

(UV-A), 1.36 ± 0.07 W⋅m− 2 (UV-B), and 0.39 ± 0.04 W⋅m− 2 (UV-C), 
with Petri factors of 0.945 (UV-A), 0.957 (UV-B), and 0.995 (UV-C). 

The UV-dose of each UV-LED can be calculated as the product of 
exposure time and UV light intensity, including several factors that 
affect it in the collimated beam (Bolton and Linden, 2003). Thus, the 
germicidal irradiance was obtained based on the reactor morphometry, 
measured irradiance, and water transmittance at the maximum wave-
length emission of each UV-LED (Text S1). 

2.3. Experimental approach 

Experimentation was conducted in ground saltwater that was 
collected from the Campus of Puerto Real of the University of Cádiz, 
Spain (pH = 7.65, conductivity = 48.9 mS⋅cm− 1, salinity = 35.8 and 
TOC = 1.98 mg C⋅L− 1). The raw water was filtered through 0.45 µm and 
sterilized in an autoclave at 121 ◦C in order to avoid particulate material 
as well as lowering the viral or bacterial load in the actual water. 

Different inactivation tests were performed with a similar experi-
mental set-up of those in previous studies (Moreno-Andrés et al., 2016). 
Briefly, they were arranged with water inoculated with V. alginolyticus to 
the collimated beam reactor. The treatment was applied to samples in 
Petri dishes with a continuous stirring throughout irradiation. Sampling 
was fixed at regular exposure times which implies different UV-doses. 

Firstly, single UV tests were performed by evaluating the disinfection 
efficacy of the three different UV-LEDs wavelengths. Secondly, photo-
chemical tests were conducted by combining hydrogen peroxide (H2O2, 
30%, ultrapure, Scharlau) or peroxymonosulfate (HSO5

− , obtained from 
Oxone©, Sigma-Aldrich; KHSO5 ⋅ 0.5KHSO4 ⋅ 0.5K2SO4,) with UV irra-
diation. To address the effect of combined processes, three experimental 
phases were defined: 

I Effect of H2O2 or HSO5
− in darkness. Based on previous optimi-

zation studies (Feng et al., 2020; Moreno-Andrés et al., 2016, 
2019; Rodríguez-Chueca et al., 2019), 10 mg of H2O2⋅L− 1 (0.29 
mM) and 2.5–10 mg of HSO5

− ⋅L− 1 (0.008 – 0.034 mM) were 
selected as appropriate reagent concentrations for assessing 
photo-disinfection processes. 

II Simultaneous combination of UV/H2O2 or UV/HSO5
− . The re-

agents were added in a single dosage and immediately exposed to 
UV radiation by fixing exposure times up to 60 min (UV-A) or 5 
min (UV-B and UV-C) which implies maximum UV-Doses of 
16.32 J⋅cm− 2 (UV-A), 33.60 mJ⋅cm− 2 (UV-B), and 8.40 mJ⋅cm− 2 

(UV-C).  
III In a third set of experiments, the effect of combining oxidants 

with UV radiation was studied sequentially. For this, H2O2 or 
HSO5

− was added first, and the mixture was kept in darkness 
under continuous agitation for 30 min in order to provide a suf-
ficient amount of time for the reagent to penetrate the cell and 
initiate intracellular oxidation (Feng et al., 2020; Zhang et al., 
2014). After this time, irradiation began, and the sampling pro-
cedure was done in the same way as that in point ii). 

In order to obtain a comprehensive scenario of the disinfection 
process, the regrowth of bacteria was monitored for each disinfection 
method. After the inactivation assays (assuring a 3 Log-Removal 
Values), water samples were stored in sterile flasks in darkness at an 
ambient temperature (20 ± 2 ◦C) for 24 h. In these experiments, the 
residual oxidant was not neutralized to evaluate the possible effects after 

the treatment. Due to the scope of the present work, photoreactivation 
experiences were not considered given the unlikelihood of the treated 
water being exposed to light after treatment, especially in the ballast 
water situation. 

The H2O2 concentration was measured with a colorimetric method 
with titanium (IV) oxysulfate (TiOSO4, 1.9–2.1%, Fluka) at 410 nm (DIN 
38,409 H15). A similar colorimetric method with KI was attempted for 
the measurement of HSO5

− , however, it was not possible due to the low 
concentrations used which were very close to the detection limit (1.35 
mg⋅L− 1) of this procedure (Wacławek et al., 2015). In addition, the 
molar absorption coefficient of each reagent was estimated by obtaining 
the UV–Vis spectra. All of these procedures were measured with a Jen-
way 7315 spectrophotometer. 

2.4. Data treatment 

The response of the V. alginolyticus to the different photo-chemical 
processes was obtained by plotting the logarithmic reduction of the 
survival microorganisms (Log (N/N0)) versus exposure time or UV-Dose. 
The experimental points were fitted according to the well-established 
mathematical model of pseudo-first order (Eq. 1) for which “kobs” is 
the kinetic rate constant of inactivation that was obtained by means of 
exposure time (t, s− 1) or UV-dose (cm2⋅mJ− 1). 

N = N0 e− kobs t or UV Dose (1) 

A GinaFiT tool was employed to fit the inactivation results on the 
kinetic model (Geeraerd et al., 2005). Accordingly, the kinetic rate 
constant (± Standard Error) was obtained. Additionally, the different 
inactivation profiles were analyzed statistically to check for significant 
differences between the slopes of the inactivation profiles (Further 
ANOVA for variables in the order fitted) using Statgraphics© Centurion 
XVIII. Additionally, in order to quantitatively assess the combination of 
the UV/H2O2 or UV/HSO5 system, the synergy of the combined pro-
cesses (S, dimensionless) was quantified according to Eq. (2) for which a 
positive value is representative of the synergistic effect (Dewil et al., 
2017). 

S =
kcombined −

∑n
1kindividual

kcombined
(2) 

The percentage of regrowth was determined according to the Eq. (3) 
where Nr is the viable bacteria concentration of reactivated samples 
(after 24 h), N is the viable bacteria concentration in samples measured 
immediately after the UV irradiation, and N0 is the initial bacterial 
concentration (Lindenauer and Darby, 1994). 

Regrowth (%) = 100⋅
Nr − N
N0 − N

(3) 

Finally, the electrical energy per order, EE/O (kWh/m3), was ob-
tained as the amount of electrical energy required (per cubic meter) to 
reduce the bacterial concentration by an order of magnitude. EE/O es-
timations have been successfully applied to assess the performance of 
different UV disinfection systems with either UV-LEDs or low pressure 
mercury lamps as UV-sources (Beck et al., 2017; Li et al., 2019). The 
EE/O values were calculated according to Eq. (4) (Sharpless and Linden, 
2005) that is based on the experimental set-up (A: irradiated surface 
area in cm2; V: sample volume in liters; and WF: water factor (Bolton and 
Linden, 2003)), the experimental results obtained (kobs, inactivation rate 
constant referred to the UV-dose, cm2⋅mJ− 1), and the wall-plug effi-
ciency (C) of each specific UV-LED (provided by the manufacturer). The 
factor 3.6⋅106 was used to convert between hours to seconds, mW to kW, 
and L to m3. 

EEO =
A

3.6⋅106⋅V⋅kobs⋅C⋅WF
(4)  
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3. Results and discussion 

3.1. Inactivation by UV-LED in three emission range: UV-A, UV-B or UV- 
C 

The first experiments were focused on the assessment of different 
UV-LEDs for the inactivation of V. alginolyticus. Time-response curves 
were obtained and depicted in Fig. 1 where different inactivation pro-
files were defined according to the emission wavelength, i.e., UV-A, UV- 
B, or UV-C. 

The inactivation profiles of V. alginolyticus differ according to the UV 
emission range exposures. For UV-A radiation, the inactivation is almost 
negligible (Fig. 1) whereas the inactivation rates notably improve with 
UV-B and UV-C exposures (Inset-Fig. 1). In order to quantify the inac-
tivation rate according to the UV emission range, a log-linear decay was 
fitted to the experimental data, and kinetic constants (kobs) were ob-
tained (Table 1). Indeed, significant differences (p value < 0.01) be-
tween the slopes of the various inactivation profiles were determined for 
the distinct UV-LED exposures, including UV-B and UV-C. This indicates 
that the inactivation rate effectively increases according to the emission 
wavelength as UV-A < UV-B < UV-C. 

These results can be explained by the fact that the sensitivity to ul-
traviolet light is wavelength-dependent (Pousty et al., 2021). Thus, the 
results obtained with UV-B exposures imply minor damage on 
V. alginolyticus than with the UV-C (42% less than the UV-C, according to 
the kobs, s− 1). Although UV-C causes direct damage to cellular DNA, 
absorption by genetic material also occurs within the UV-B range, 

whereas the genetic material slightly absorbs within the UV-A range, 
producing mainly physiological alterations in the bacterial cells (Gian-
nakis et al., 2022; Song et al., 2019). The main cell components affected 
by UV-A are involved in the metabolic cycle such as lipids, some pro-
teins, and especially reactive oxygen species (ROS) scavengers such as 
catalases or superoxide dismutase (Feng et al., 2020; Giannakis et al., 
2022). However, it has been demonstrated that these types of damage 
can effectively inactivate cells by triggering intracellular ROS formation 
(Giannakis et al., 2022) but at relatively higher UV-A doses (≈ 50–100 
J⋅cm− 2) that would require longer exposure times than those tested in 
this study (Giannakis et al., 2022; Song et al., 2019). 

In order to properly compare the results with literature, the inacti-
vation rate constants in terms of the UV-Dose (kobs, cm2⋅mJ− 1) together 
with that estimated for reaching a specific Log-Removal Value (LRV) 
were also calculated (Table 1). In this regard, the V. alginolyticus seems 
to be more sensitive to UV radiation than other typical bacterial in-
dicators such as E. coli (Beck et al., 2017; Nyangaresi et al., 2018; Song 
et al., 2016). However, for other opportunistic bacteria like Legionella 
pneumophila, Pseudomonas aeruginosa, or Vibrio parahaemolyticus, the 
kmax (λ260) is approximately 1 cm2⋅mJ− 1 with UV-Doses of 1.3–3.0 
mJ⋅cm− 2 per LRV (Oguma et al., 2019) which agrees with the results 
obtained in this study. In the case of a UV-B range (λ300), similar kinetic 
rate constants were obtained when comparing with other types of bac-
teria (Oguma et al., 2019; Rattanakul and Oguma, 2018). Finally, with 
UV-A exposure, negligible inactivation effects were obtained. The 
maximum UV-A Dose applied in the present study was 18.1 J⋅cm− 2 

which resulted in a non-observable effect for V. alginolyticus inactiva-
tion. It also agrees with previous studies for which negligible effects 
were achieved for Vibrio species (Nakahashi et al., 2014) but also for 
other microorganisms including bacteria or viruses (Guerra-Rodríguez 
et al., 2022; Umar et al., 2019). 

It is important to consider that some discrepancies in time-dose 
reciprocity might be obtained when scaling up the process in contin-
uous reactors; this is possibly related to different UV damage mecha-
nisms at longer wavelengths. In the specific case of V. alginolyticus, a 
time-intensity reciprocity was observed for a UV dose range between 
0 and 7 mJ cm− 2 within UV-C (λmax = 275 nm) (Romero-Martínez et al., 
2022). However, further studies are recommended to effectively address 
the biological damage that might not only be related to the UV Dose but 
also the exposure time, wavelength, and intensity (Pousty et al., 2021; 
Song et al., 2016). 

3.2. Combination of UV-LED with H2O2 or HSO5
−

3.2.1. UV/ H2O2 and UV/HSO5
−

Firstly, the effect of different oxidants was tested in darkness. A slight 
bacterial mortality was quantified as 0.52 ± 0.41 LRV and 0.95 ± 0.39 
LRV after the addition of H2O2 or HSO5

− respectively, during 60 min of 
contact time. The specific results and discussion are detailed in the 

Fig. 1. Inactivation profiles of V. alginolyticus under UV irradiation at different 
wavelengths in terms of exposure time: UV-A (λmax = 365 nm); UV-B (λmax =

300 nm) or UV-C (λmax = 275 nm). Symbols represent the mean of experimental 
points, and lines show a fit by Log-lineal model. *Specific data in terms of UV- 
Dose are explicitly reported on Table 1. 

Table 1 
Kinetic parameters obtained related to the inactivation profiles of V. alginolyticus under different UV exposures (UV-A (λmax = 365 nm); UV-B (λmax = 300 nm) or UV-C 
(λmax = 275 nm) and combined processes UV/H2O2 ([H2O2] =10 mg⋅L− 1) or UV/HSO5

− ([HSO5
− ]=2.5 mg⋅L− 1). S.E.: standard error.  

Treatment kobs ± SE (s− 1) kobs ± SE (cm2⋅mJ− 1)  Estimated UV-Dose required for 1 or 4 LRV 
(mJ⋅cm− 2) 

Regrowth percentage after 24 h 
(%)     

R2 D1 D4  

UV-A UV 2.30⋅10− 4 ± 9.19⋅10− 5 5⋅10− 5 ± 2⋅10− 5 0.467 – – –1 

UV/H2O2 0.0023 ± 0.0006 5.72⋅10− 4 ± 1⋅10− 4 0.838 3598 – 0.0004 
UV/HSO5

− 0.0035 ± 0.0007 7.32⋅10− 4 ± 1⋅10− 4 0.774 1992 7968 0.84 
UV-B UV 0.0273 ± 0.0004 0.244 ± 0.004 0.999 9.5 38.0 2.87 

UV/H2O2 0.028 ± 0.003 0.256 ± 0.026 0.941 7.8 31.1 − 0.74 
UV/HSO5

− 0.043 ± 0.005 0.393 ± 0.050 0.910 4.5 18.0 1.59 
UV-C UV 0.047 ± 0.002 1.474 ± 0.062 0.988 1.6 6.3 0.65 

UV/H2O2 0.050 ± 0.004 1.537 ± 0.144 0.949 1.3 5.0 − 0.17 
UV/HSO5

− 0.056 ± 0.003 1.793 ± 0.135 0.962 1.0 4.2 0.005  

1 It should be noted that the regrowth tests were not carried out for single UV-A due to the low inactivation rate that was obtained (See Section 3.1). 
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Supplementary Material, Text S2, Figs. S1, and S2. Once the effect of 
single treatments (i.e., UV radiation (Table 1) and reagent effect (Text 
S2, Fig. S1)) were quantified, the combination of UV radiation in 
different emission ranges together with H2O2 or HSO5

− were tested. 
Results in the form of inactivation profiles are depicted in Fig. 2. 

For each of the different cases under study, it is observed that there is 
an improvement in the disinfection process when either H2O2 or HSO5

−

are applied in combination with the UV. The specific kinetic rate con-
stants are summarized in Fig. 3, and they are also explicitly reported in 
Table 1. For the three UV emission wavelengths, the improvements are 
more noticeable with the use of HSO5

− than with the use of H2O2 (Figs. 2 
and 3) that is most perceptible in the UV-A range, followed by the UV-B, 
and then the UV-C. In fact, significant differences (comparing the slopes 
obtained in the inactivation curves) were obtained when comparing the 

Fig. 2. Inactivation profiles of V. alginolyticus under UV/H2O2 ([H2O2] =10 mg⋅L− 1) or UV/HSO5
− ([HSO5

− ]=2.5 mg⋅L− 1) processes at different wavelengths: A. UV-A 
(λmax = 365 nm); B. UV-B (λmax = 300 nm) or C. UV-C (λmax = 275 nm). Symbols represent the mean of experimental points, and lines show a fit by Log-lineal model. 

Fig. 3. Kinetic rate constant, kobs (± S.E.), in terms of UV-Dose (cm2 ⋅ mJ− 1) and time (s− 1) for the different inactivation process UV/H2O2 ([H2O2] =10 mg⋅L− 1) or 
UV/HSO5

− ([HSO5
− ]=2.50 mg⋅L− 1). A. UV-A (λmax = 365 nm); B. UV-B (λmax = 300 nm) or C. UV-C (λmax = 275 nm). D. Molar absorption coefficient for H2O2 and 

HSO5
− and emission spectra of each LED (UV-A, UV-B and UV-C). 
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combined with the single irradiation process for UV-A/H2O2 or UV-A/ 
HSO5

− , UV-B/HSO5
− , and UV-C/HSO5

− (p value < 0.01). However, for UV- 
B/H2O2 (p value = 0.0583) and UV-C/H2O2 (p value = 0.3371), no 
significant differences were determined regarding the single irradiation 
process. H2O2 consumption rate increased from UV-C to UV-A ranges 
with remaining H2O2 concentrations of 7.45 mg H2O2⋅L− 1 (UV-A), 8.83 
mg H2O2⋅L− 1 (UV-B), and 9.03 mg H2O2⋅L− 1 (UV-C). The detailed H2O2 
consumption profiles are shown in Fig. S2. 

Related to the UV-Dose, the results that were obtained suggest that it 
can be reduced down to 91.9% and 95.9% (UV-A), 18.1% and 52.6% 
(UV-B), or 20.7% and 33.9% (UV-C) for H2O2 and HSO5

− , respectively. In 
addition, there was clearly a synergistic effect in the UV-A and UV-B 
range (Fig S4). This confirms that the improvement on combined pro-
cesses is clearly evidenced at longer wavelengths, i.e., UV-A > UV-B >
UV-C. 

The increase in the efficiency of the disinfection process can be 
related to the formation of reactive oxygen species (ROS) in the extra-
cellular environment. The photocleavage of H2O2 or HSO5

− may depend 
on the wavelength applied. Thus, the photolysis of H2O2 or HSO5

− will 
most likely occur when there is an overlap between the emission and 
absorbance spectra of the oxidizing agents (Fig. 3D). As can be seen in 
Fig. 3D, the molar absorption coefficient of HSO5

− is higher than H2O2. In 
addition, HSO5

− reaches the UV-A emission spectra which is contrary to 
the H2O2 that clearly extends to the UV-C and slightly reaches the UV-B 
spectrum. Accordingly, the generation of reactive species because of the 
photolysis of H2O2 is highly probable under the UV-C radiation and, to 
some extent, under the UV-B radiation. Meanwhile, the high molar ab-
sorption coefficient of HSO5

− makes the photolysis of this compound 
possible under the UV-A, UV-B, and UV-C radiation. 

When there is no overlapping of the emission and absorption spectra, 
the probable pathway of cell damage that is observed can be related to 
an intracellular effect. Section 3.1 Irradiation can inflict damage on 
genetic material but also on key ROS controlling enzymes, depending on 
the emission wavelength (Giannakis et al., 2016; Pousty et al., 2021; 
Santos et al., 2013). Additionally, the presence of H2O2 or HSO5

− in the 
extracellular environment can lead to an accumulation of it in the cell 
(Berruti et al., 2021; Feng et al., 2020). As a result, the combination of 
UV and H2O2 or HSO5

− can result in a series of intracellular processes 
such as Fenton (-like) reactions that would eventually inactivate the 
cells (Berruti et al., 2021; Feng et al., 2020; Giannakis et al., 2016). 
According to the results, intracellular processes might gain importance 
in the range of the UV-A, followed by the UV-B and, to a lesser extent, 
with UV-C radiation. This is in agreement with the H2O2 consumption 
rates that were obtained (Fig. S2). 

Nonetheless, it is important to note that the high UV sensitivity of 
V. alginolyticus implies low UV exposure times with the subsequent low 
UV-Doses applied under the UV-C or UV-B exposures. This makes it 

difficult to effectively quantify the disinfection enhancement produced 
from combined UV/H2O2 or UV/HSO5

− . Meanwhile, the longer exposure 
times of UV-A clearly permit the observation of disinfection enhance-
ment from the photochemical processes. 

3.2.2. H2O2 + UV and HSO5
− + UV: sequential approach 

At this point, experimentation was carried out in order to address the 
effects of combined processes but following a different strategy. The 
reagents were sequentially applied (H2O2 or HSO5

− followed by UV) for 
providing enough time for H2O2 or HSO5

− to penetrate the cell to initiate 
the intracellular oxidation. Thus, the addition of the reagent can be 
considered as pretreatment with UV irradiation as the secondary 
disinfectant. 

Similar to that in the previous sections, inactivation profiles were 
obtained, and kinetic rate constants based on a linear inactivation model 
were determined. Thus, kobs was represented in terms of UV-Dose 
(cm2⋅mJ− 1) in Fig. 4. The specific inactivation profiles were repre-
sented in Fig. S5. Inactivation during the 30 min of darkness was 0.48 ±
0.17 LRV (H2O2) and 0.52 ± 0.22 LRV (HSO5

− ). 
According to the values of inactivation rate constants, slight differ-

ences can be observed according to the oxidizing agent (H2O2 or HSO5
− ) 

and the irradiation wavelength. In the case of H2O2, the inactivation 
constant between the simultaneous and sequential process (i) decreases 
in the UV-A photo-assisted process, (ii) remains similar under the UV-B 
irradiation, and (iii) slightly increases under UV-C light. The consump-
tion of H2O2 in the first 30 min of darkness was quantified as 26.7% 
(Fig. S6). This may be due to the inherent compounds at the bulk but also 
to the bacterial activity that is able to consume H2O2 but only minimally 
effects the survival of the microorganisms because of the scavenging 
action of the cell’s enzymes, such as superoxide dismutase or catalases 
(Feng et al., 2020; Pedersen et al., 2019). The subsequent irradiation 
does not produce any enhancement in the case of the UV-A or UV-B 
ranges thus indicating that the possible previous diffusion of H2O2 
into the cell apparently did not produce extra damage. However, the 
slight enhancement in the UV-C region (increase of 4.9% the kobs) can be 
ascertained from the severe damages that single UV-C causes at low 
UV-Doses. At the same time, the photolysis of H2O2 can also be produced 
as previously discussed in Section 3.2.1. In fact, higher H2O2 con-
sumption rates have been observed under UV-C exposure (Fig. S6). 
Similar results were obtained using Bacillus subtilis spores (Zhang et al., 
2014). 

On the other hand, in the case of HSO5
− , the inactivation constant that 

was obtained always decreased under sequential processes in compari-
son with the simultaneous strategy (Fig. 4). These results can be related 
to the low concentrations of HSO5

− used in the present study and their 
unstable nature. Therefore, a lower reagent amount will be available to 
interact with photons after 30 min. Consequently, the oxidative damage 
caused by the HSO5

− itself does not result in a synergy if irradiation is 
applied after a certain amount of time. 

Another strategy that could enhance disinfection would be the 
sequential application of a UV + oxidizing agent. In this regard, the 
damage caused by UV irradiation in any of its emission ranges would 
damage key cell components and subsequently facilitate the action of 
oxidizing agents to accelerate disinfection (Giannakis et al., 2022; 
Zhang et al., 2014). Some promising results were reported by sequen-
tially combining single irradiation (UV-A + UV-C) (Xiao et al., 2018) or 
UV-C + H2O2 (Zhang et al., 2014), thus, future studies in this regard 
would be recommended to comprehensively assess this treatment 
strategy. 

3.3. Regrowth after treatment 

Due to the capacity of dark repair that some microorganisms have, 
regrowth can occasionally result from either surviving bacteria after 
inactivation together with reactivation or repair processes. Thus, the 
regrowth capability after treatment was evaluated for each photo- 

Fig. 4. Kinetic rate constant, kobs (± S.E.), in terms of UV-Dose (cm2 ⋅ mJ− 1) 
and time (s− 1) for the different inactivation processes applied in a simultaneous 
(UV/H2O2 or UV/HSO5

− ) or sequential mode (H2O2 + UV or HSO5
− + UV). 
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chemical process of saving samples in the dark for 24 h. 
The regrowth percentage is summarized in Table 1. According to the 

results, this occurs in each of the single irradiation tests (UV alone). 
Although, with lower regrowth percentages than UV alone, certain 
regrowth is observed in HSO5

− based processes with either the UV-A or 
UV-B but is minor for UV-C. However, in the process combined with 
H2O2, a negligible regrowth is obtained for all tests. 

The single irradiation processes that were tested are based on the 
exposure of V. alginolyticus at different UV wavelengths that vary in the 
bactericidal mode of action. The cell damage obtained from the UV-C 
region is mainly at the genome level while further cell components 
can be damaged as a result of UV-B or UV-A exposures. At the same time, 
the most germicidal wavelength is within the UV-C range, as confirmed 
by the inactivation profiles (Fig. 2, Table 1). Thus, the regrowth capa-
bility is directly related to the inactivation efficiency, obtaining the 
lowest regrowth percentages in samples exposed to the UV-C followed 
by those exposed to the UV-B. 

In the combined UV/H2O2 process, the regrowth capability is pre-
vented in all cases which indicates that the level of cellular aggressions is 
apparently high in this combined treatment. It can be a result of the 
severe damage produced in the cell due to hydroxyl radicals generated 
from the H2O2 photolysis (in the UV-C range) but also other intracellular 
processes that might take importance in the UV-A or UV-B processes. 
Moreover, the residual H2O2 (Fig. S2) can increase the accumulation 
rate in the cell and cause a growth defect. 

Finally, for the combined UV/HSO5
− process, regrowth is not avoided 

in 24 h in exposures to the UV-A and UV-B ranges; it is negligible in the 
case of the UV-C exposures. It highlights that UV/HSO5

− , although suf-
ficient to accelerate disinfection, does not seem to be sufficient to pre-
vent subsequent regrowth. 

3.4. Electrical energy per order (EE/O) values 

To obtain a final overview of the different processes tested in the 
present study, the electrical energy per order values, EE/O (kWh⋅m− 3), 
were estimated and represented in Fig. 5. Following the same trends 
obtained in previous sections, the EE/O values decrease according to 
single UV processes > UV/H2O2 > UV/ HSO5

− as they are directly related 
to the inactivation constant. 

For single UV methods, the obtained EE/O values are 67.55, 0.38, 
and 0.04 kWh⋅m− 3 for UV-A, UV-B, and UV-C, respectively. The com-
bination with H2O2 results in an EE/O decrease of 96.80% (UV-A), 
18.00% (UV-B), and 0.04% (UV-C) whereas the application of HSO5

−

implies an EE/O reduction of 97.50% (UV-A), 46.50% (UV-B), and 
0.17% (UV-C). 

According to Miklos et al., 2018, those processes with EE/O < 1 
kWh⋅m− 3 may represent a realistic range for full-scale application. In 
this scenario, the UV-B or UV-C based processes present potential for 
their further study at larger scales. The UV-A process, although showing 
promising results from the enhancement with a combination with H2O2 
or HSO5

− , still presents values above 1 kWh⋅m− 3. 
In any case, the estimated EE/O values presented in this study show 

promising potential for the application of UV-LEDs even in the range 
with those obtained with low and medium pressure mercury lamps 
(Miklos et al., 2018). Nonetheless, there is still a wide range for 
improvement, primarily due to the still low Wall-Plug Efficiency of 
LEDs. 

4. Conclusions 

In the present study, the efficacy of the disinfection of the marine 
pathogen V. alginolyticus is addressed by means of different UV-LED 
photochemical processes (with the use of H2O2 or HSO5

− ) that are 
distinguished according to the emission wavelengths of UV-A (λmax =

365 nm), UV-B (λmax = 300 nm), or UV-C (λmax = 275 nm). Thus, the 
optimization of the UV-Dose and the wavelength effect for specific 
marine water disinfection is emphasized. 

The disinfection efficacy based on the inactivation rate constants that 
were calculated is inversely proportional to the wavelength that is used, 
so that higher disinfection efficiency is achieved with shorter wave-
lengths: UV-A < UV-B < UV-C. V. alginolyticus presents high sensitivity 
to the UV-C and UV-B radiation with obtained values of 1.60 mJ⋅cm− 2 

and 9.50 mJ⋅cm− 2 per LRV, respectively. Single UV-A irradiation does 
not produce observable inactivation (0.39 LRV at 18.1 J⋅cm− 2). 

The three wavelengths tested exhibited a synergistic effect for both 
photochemical processes (UV/H2O2 and UV/HSO5

− ). Nonetheless, the 
major inactivation rate constants were for UV/HSO5

− in front of UV/ 
H2O2 process. Additionally, disinfection enhancement was more evident 
at longer wavelengths (UV-A > UV-B > UV-C), which suggests that 
intracellular processes might be important in the UV-A range, followed 
by UV-B irradiation and, to a lesser extent, UV-C radiation. It is also 
important to note the higher UV sensitivity of V. alginolyticus and, thus, 
the lower UV doses applied in the UV-B and UV-C regions. On the other 
hand, application in the sequential mode (HSO5

− or H2O2 + UV) pro-
vided negligible results in the inactivation of V. alginolyticus when 
compared with the simultaneous mode. 

Bacterial regrowth was only avoided after 24 h with the use of H2O2. 
Thus, although with slightly lower inactivation rates compared to UV/ 
HSO5

− , the level of cellular aggression was apparently higher in the UV/ 
H2O2 process. Finally, both photochemical systems present promising 
EEO values, especially when applied with LEDs emitting in the UV-B or 
UV-C region, for which EEO < 1 kWh⋅m− 3 was obtained. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was co-funded by the 2014–2020 ERDF Operational Pro-
gramme and by the Department of Economy, Knowledge, Business and 
University of the Regional Government of Andalusia (Spain). Project 
Ref.: FEDER-UCA18–108023. This work is part of the project 
TED2021–130994B-C31 and Grant IJC2020–042741-I funded by MCIN/ 

Fig. 5. EE/O (kWh⋅m− 3 per order of log reduction) values obtained for the 
different inactivation processes UV/H2O2 ([H2O2] =10.0 mg⋅L− 1) or UV/HSO5

−

([HSO5
− ]=2.5 mg⋅L− 1) and according to various emission wavelengths: UV-A 

(λmax = 365 nm), UV-B (λmax = 300 nm) or UV-C (λmax = 275 nm). * For sin-
gle UV-A process, the EE/O value obtained corresponds to 67.55 kWh⋅m− 3. 

J. Moreno-Andrés et al.                                                                                                                                                                                                                        



Water Research 232 (2023) 119686

8

AEI/10.13039/501100011033 and by the European Union NextGener-
ationEU/PRTR. M. Tierno-Galán developed his MSc thesis within the 
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