Marine Pollution Bulletin 218 (2025) 118183

¥ MARINE

Contents lists available at ScienceDirect POLLUTION
ULLETIN

Marine Pollution Bulletin

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

ELSEVIER

Check for

Photochemical treatment strategies for okadaic acid degradation: Effects of [
salinity, oxidants, and UV sources

a,*

Javier Moreno-Andrés*, Sandra Lage b, Ana Catarina Braga , Pedro Reis Costa byd

@ Department of Environmental Technologies, Faculty of Marine and Environmental Sciences, INMAR-Marine Research Institute, University of Cadiz, Campus
Universitario Puerto Real, 11510 Puerto Real, Cadiz, Spain

b Centre of Marine Sciences (CCMAR/CIMAR LA), University of Algarve, Campus of Gambelas, 8005-139 Faro, Portugal

¢ S2AQUA— Collaborative Laboratory, Association for a Sustainable and Smart Aquaculture, Av. Ria Formosa Natural Park s/n, 8700-194 Olhao, Portugal
4 IPMA - Portuguese Institute of the Sea and Atmosphere, Av. Brasilia, 1449-006 Lisbon, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Phycotoxin

Seawater toxicity

Seawater treatment

UV-LED

Advanced oxidation processes

This study evaluates the degradation and detoxification of okadaic acid (OA), a marine biotoxin, through UV-
assisted photochemical processes using environmentally relevant OA concentrations. Experiments were con-
ducted in distilled water (DW) and artificial seawater (ASW), applying two UV sources: UV-LED (Apax = 275 nm)
and low-pressure mercury lamp (LP-Hg; A = 254 nm), combined with hydrogen peroxide (HP), sodium perox-
ydisulfate (PDS), and potassium peroxymonosulfate (PMS). Photolysis alone was ineffective, and kinetic rate
constants (Kops; min~1) followed the trend UV/PMS > UV/PDS > UV/HP for both UV sources. While all treat-
ments showed high OA removal (>79 %) in DW, degradation was significantly reduced for HP (72.8 %-89.9 %)
and PDS (67.8 %-76.6 %) in ASW. In contrast, UV/PMS efficacy improved in saline media, achieving rapid and
effective degradation of OA, and reaching 99 % detoxification (PP2A activity) within 15 min. The main trans-
formation product, norokadanone (m/z 757.453), formed via decarboxylation, showed significantly reduced
toxicity compared to OA. These results confirm the suitability of sulfate radical-based processes (particularly UV/
PMS) for OA mitigation in marine environments. In addition, this work highlights the critical role of water matrix
composition in marine toxin treatment and supports the development of scalable, mercury-free strategies for
effectively mitigating hazardous compounds in coastal environments.

1. Introduction The widespread presence of DSP toxins in coastal waters underscores

the urgent need for effective monitoring and control (Bian et al., 2024;

Marine phycotoxins, although produced by a limited number of
microalgae species, pose significant risks to marine ecosystems, fish-
eries, and public health. The European Food Safety Authority (EFSA)
classifies them into eight structural groups (Alexander et al., 2009;
Visciano et al., 2016), with most being lipophilic, except for hydrophilic
toxins like saxitoxins and domoic acid (Costa et al., 2014; Gonzalez-
Jartin et al., 2020). Over 300 lipophilic variants have been identified,
some of which may occasionally bypass conventional desalination sys-
tems or accumulate in seafood, particularly bivalves (Li et al., 2021;
Villacorte et al., 2021). Their ingestion may lead to various toxic effects,
with diarrhetic shellfish poisoning (DSP), primarily caused by okadaic
acid and dinophysistoxins, being a major concern for food safety (Braga
et al., 2023; Fernandez et al., 2019; Henigman et al., 2024; Rodriguez
et al., 2015; Visciano et al., 2016).
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Costa et al., 2017). Okadaic acid (OA) is the primary DSP toxin posing
food safety risks in shellfish farms in the Adriatic Sea (Henigman et al.,
2024) and is the most common biotoxin on the Portuguese coast (Braga
et al., 2023). Similar patterns are observed in Northern China (Sheng
et al., 2025) or Spain (Fernandez et al., 2019; Rodriguez et al., 2015). In
the Mediterranean, about 75 % of toxic events are linked to DSP, pri-
marily due to OA (Zingone et al., 2021).

OA contains a carboxyl group that confers slight water solubility,
making it the predominant lipophilic phycotoxin in the water column (Li
et al., 2024). Dissolved OA has been reported in surface seawater at
concentrations ranging from 0.14 to 1780 ng/L in various regions
(Bosch-Orea et al., 2017; Li et al., 2024; Sheng et al., 2025; Zhou et al.,
2024). Besides, OA remains stable in seawater and interstitial water for
extended periods (Blanco et al., 2018). Recent findings also suggest that
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dissolved OA may sorb onto floating plastic debris, potentially
increasing its environmental mobility and bioavailability (Costa et al.,
2020).

Coastal water intended for human consumption is typically desali-
nated, and while reverse osmosis can remove OA with 97-99.7 % effi-
ciency (often requiring additional oxidation steps) evidence from full-
scale operations during toxic bloom events remains limited (Kim
et al., 2024; Villacorte et al., 2021). In aquaculture, natural depuration
of OA in bivalves is slow and temperature-dependent, with marine
heatwaves potentially disrupting toxin elimination (Dias et al., 2025).
Alternative methods such as ozonation, thermal processing, or freezing
remain challenging (Martinez-Albores et al., 2020; Reboreda et al.,
2010). Therefore, additional treatment approaches are needed for
confined or semi-closed systems, where OA can accumulate to hazard-
ous levels, posing risks to food safety and industry productivity (Bian
et al., 2024).

Few studies have focused on the degradation of marine lipophilic
toxins like OA using physicochemical techniques. Adsorption effi-
ciencies up to 40 % have been reported, though performance depends
strongly on the toxin’s functional groups (Gonzalez-Jartin et al., 2020).
Photolytic (Pan et al., 2020; Qiu et al., 2025) and photocatalytic-TiOy
treatments (Camacho-Munoz et al., 2020) have also been studied. OA
photodegradation was slow under solar or UV-A radiation (Camacho-
Munoz et al., 2020; Pan et al., 2020), highlighting the need for more
energetic UV-C sources. While photocatalysis showed >80 % removal in
distilled water, efficiency declined in seawater, and residual toxicity of
transformation products was still observed (Camacho-Munoz et al.,
2020). This aligns with other studies indicating that high salinity in-
hibits TiOy-based treatments, raising concerns about their viability in
marine environments (Levchuk et al., 2019; Porcar-Santos et al., 2020).

UV radiation is commonly applied in aquaculture and seafood dep-
uration systems (Bian et al., 2024; FAO, 2008). Recent developments in
UV-based water treatment highlight mercury-free LEDs as promising
alternatives due to their design flexibility, long lifespan, and alignment
with Minamata Convention goals. Although their efficiency at lower
wavelengths is still limited, further improvements are expected (Martin-
Somer et al., 2023). However, UV radiation alone is often insufficient for
effective pollutant degradation and typically requires combination with
oxidants in photochemical Advanced Oxidation Processes (AOPs). While
such processes have been widely studied for freshwater cyanotoxins (He
et al., 2013; Lee et al., 2019; Sha et al., 2024), their application to ma-
rine phycotoxins remains scarcely explored. Evaluating the viability of
these approaches under saline conditions and with novel UV sources is
therefore essential to advance marine water treatment strategies.

This study evaluates the degradation and detoxification of OA in
seawater using UV-assisted photochemical processes, examining the
combined effects of salinity, oxidant type (H20-, SgO%’, HSOs5), and UV
source. Special attention is given to the use of emerging UV-LED tech-
nologies as alternatives to mercury-based lamps (LP-Hg). By assessing
their performance under realistic saline conditions and analysing
transformation products and residual toxicity, this work addresses a
scarcely explored yet environmentally relevant scenario and contributes
new insights into the applicability of AOPs for marine toxin mitigation.

2. Material and methods
2.1. Chemicals and reagents

Okadaic acid was obtained from Sigma Aldrich as Okadaic Acid,
Potassium Salt (> 95 %). Methanol (LC-MS grade), acetonitrile (LC-MS
grade), ammonium formate (99 % purity) from Fluka; Formic acid (98
%) from Roth. Water was purified using a Milli-Q 185 Plus system from
Millipore. Artificial seawater was prepared with Instant Ocean® Sea
Salt.

Reagents for photochemical processes were hydrogen peroxide (HP),
H203, 30 %, ultrapure, Scharlau; sodium peroxydisulfate salt (PDS),
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NaySy0g, Panreac; and Peroxymonosulfate (PMS), obtained from
Oxone® (KHSOs - 0.5KHSO4 - 0.5K2S04), Sigma-Aldrich;. Titanium (IV)
oxysulfate solution (Sigma-Aldrich) and potassium iodide (KI, 99 %,
Pharmpur, Scharlab) were used for determination of HP, PDS, and PMS.

OkaTest, ZeuLab, S.L., an enzymatic assay used to detect and quan-
tify okadaic acid group toxins in shellfish, was used for determining the
potential toxicity after the photochemical treatments.

2.2. UV reactor configuration

Irradiation experiments were performed with two similar collimated
beam reactors distinguished according to the UV-C source: a low-
pressure mercury lamp (LP-Hg, 10 W, Apax = 254 nm; obtained from
Wedeco Rex UV systems) and a UV-LED device (10.5 mW, peak emission
at 265-285 nm, Ay = 275 nm; obtained from Photolab LED275-0.01/
300-0.03/365-1cb; APRIA Systems S.L., Spain). A detailed description
of the reactor setup can be found in previous studies (Moreno-Andrés
et al., 2018, 2023).

Each photoreactor contains a collimating tube equipped with a
collimator lens (5.08 cm in diameter, focal length of 6 cm). Samples
were placed in Petri dishes (internal diameter: 54 mm; volume capacity:
50 mL), and a magnetic stirrer was used to ensure continuous mixing
during irradiation (Fig. S1).

To determine mean irradiance, measurements were taken using a
radiometer (HD 2102.1, Delta OHM) equipped with a UV probe (Delta
OHM LP471-UVBCQ). As the radiometer measures only the central beam
intensity at the water surface, several correction factors were applied to
estimate the average irradiance. These corrections were based on the
standard protocol described by Bolton and Linden (2003). For the UV-
LED source, it was considered a quasi-monochromatic emitter, as
established by Pousty et al. (2022).

Considering the geometrical characteristics of the system (10 cm
distance from lamp to water surface, Petri dish inner diameter: 54 mm,
water depth: 30 mm), and the absorbance of the water matrix: 0.007 +
0.002 at 254 nm (Tas54: 98.40 % + 0.31) and 0.006 + 0.002 at 275 nm
(T275: 98.74 % =+ 0.48); the reflection factor, Petri factor, water factor,
and divergence factor were calculated (Bolton and Linden, 2003). These
were then used to estimate the average irradiance within the solution for
both UV sources, resulting in values of 0.378 + 0.091and 0.072 + 0.005
mW-cm ™2 for LP-Hg and UV-LED respectively.

2.3. Photochemical degradation experiments

The experiments were conducted based on the type of UV radiation
source (UV-LED and LP-Hg) and the chemical reagent used (HP, PDS,
PMS) in two different water matrices: distilled water, DW (pH = 7.09; k
= 370 pS/cm) and artificial seawater, ASW (pH = 8.22; k = 30.2 mS/
cm), which was prepared by dissolving 30 g/L of Instant Ocean® Sea
Salt in DW water. OA was spiked into the different aqueous matrices at
[OA]op = 25 ng/mL, which is slightly higher than those reported in
natural waters (0.14 to 1.78 ng/mL) (Bosch-Orea et al., 2017; Li et al.,
2024; Zhou et al., 2024), but similar to those used in similar studies (10
ng/mlL) that attained to potential concentrations estimated during a
toxigenic red tide outbreak (Pan et al., 2020; Pepe-Vargas et al., 2024).

The experimental setup involved exposing aqueous samples (DW or
ASW) in Petri dishes to the two UV radiation sources for specific expo-
sure periods of up to 180 min under continuous stirring, which implies
maximum UV-Doses of 4.08 J/cm? and 0.77 J/cm? for LP-Hg and UV-
LED, respectively. When necessary, the chemical reagent (HP, PDS or
PMS) was added in one time from stock solutions, in order to reach the
concentration of 0.5 mM. This concentration was selected according to
previous studies (He et al., 2013; Lee et al., 2019) and permits the
comparison of the photo-chemical processes at equivalent molar con-
centrations assuring that the exhaustion of the reagent is avoided. Also,
experiences in the absence of chemical reagents were performed, to
address the possible photolysis of OA.
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During the 180 min of UV radiation exposure, 1 mL aliquots were
collected at selected time intervals to create a specific degradation curve
for each combination of light source, chemical reagent, and water ma-
trix. Additionally, experiments were conducted under similar conditions
to observe the degradation of the chemical reagents (PDS, PMS, or HP),
detect transformation products, and assess the associated toxicity.

2.4. Analytical methods

2.4.1. Sample preparation and LC-MS/MS analysis of okadaic acid

Extraction and clean-up of OA were carried out using solid-phase
extraction (SPE), following the method described by Pan et al. (2020).
Further details are provided in Supplementary Material, Text S1.

LC-MS/MS analysis was performed using an Agilent 1290 Infinity
chromatograph coupled to an Agilent 6470 triple quadrupole mass
spectrometer (Agilent Technologies, Germany). Detection was con-
ducted according to the Standard Operating Procedure of the European
Reference Laboratory for Marine Biotoxins for the determination of
lipophilic marine biotoxins. Additional information is available in
Supplementary Material, Text S2.

2.4.2. LC-HRMS analysis of okadaic acid and transformation products

Samples were also analyzed by Liquid Chromatography - High-
Resolution Mass Spectrometry (LC-HRMS) with focus on trans-
formation products but also to corroborate results of parent compound,
OA (Costa et al., 2022).

OA and its transformation products identification were performed by
generating accurate mass-extracted ion chromatograms (AM-XIC) with
the calculated exact masses of the [M + H]" and [M — H] ™ ions in the
correspondent full-scan LC- HRMS chromatograms and a mass extrac-
tion window of +5 ppm (Text S3). In the absence of commercially
available authentic standards for OA-transformation products, their
unequivocal identification was performed according to their experi-
mental exact mass (m/z) with a mass accuracy <5 ppm, accurate iso-
topic pattern, fragmentation spectra and retention time according to
Table 1 (Camacho-Munoz et al., 2020; Pan et al., 2020). The obtained
concentrations of OA and its transformation products were estimated
from the MS response to the OA certified reference material. Additional
information is available in Supplementary Material, Text S3.

2.4.3. Protein phosphatase inhibition assay (PP2A activity test)

The toxicity of OA -group toxins was evaluated using the OkaTest
assay (ZeuLab, S.L.), a method specifically developed for this toxin
group. In this assay, samples were incubated with purified PP2A enzyme
and a chromogenic substrate under standardized conditions. Enzymatic
activity, inversely related to OA toxicity, was quantified by spectro-
photometric measurement of the reaction product at 405 nm using a
TECAN Infinite 200 Pro microplate reader.

2.4.4. Determination of oxidant concentrations (HP, PDS, PMS)
Analytical determination of HP, PDS and PMS was monitored
through colorimetric methods with titanium (IV) oxysulfate solution
(Method DIN 38402 H15) and potassium iodide (KI, 99 %, Pharmpur,
Scharlab) for determination of PDS and PMS (Liang et al., 2008;

Table 1

Okadaic acid transformation products [M+ H] + and [M - H™ m/z.
Chemical [M+ H]* [M - H] References
formula m/z m/z
C18H3205 329.322 327.218 Pan et al., 2020
CosH3g09 483.259 481.244 Pan et al., 2020
Co7H440g 497.311 495.296 Pan et al., 2020
C36Hs5400 631.384 629.370 Pan et al., 2020
C43He6011 759.468 757.453 Pan et al., 2020 & Camacho-

Munoz et al., 2020

C44H70014 819.455 821.469 Pan et al., 2020
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Wactawek et al., 2015). Spectrophotometric measurements were per-
formed with a UV-1600PC spectrophotometer (VWR).

2.5. Data treatment and statistical analysis

OA degradation followed in all cases a pseudo-first-order kinetic,
which can be described as a function of time (Eq. (1)).

C=Cge Xt @

where Cy is the initial concentration of OA, C is the concentration at a
specific time t (min), k is the time-based kinetic constant (min_l).

To check whether there were any differences in water matrix and
chemical reagents, according to the UV-source applied for the degra-
dation of OA, the time-based kinetic constant was analyzed by means of
two-way ANOVA followed by Tukey’s multiple comparisons test using
GraphPad Prism version 8.0.0.

Using the data from OkaTest, the PP2A activity was measured and
expressed as a percentage of total PP2 activity, with indication that
PP2A activity increases as the concentration of OA decreases.

3. Results and discussion
3.1. Photolysis of okadaic acid

Single UV-radiation was tested for the abatement of OA in two
different water matrices: distilled water (DW) and artificial seawater
(ASW), using two UV sources: a low-pressure mercury lamp (LP-Hg) and
a UV-LED system. Fig. 1 shows the percentage of photodegradation after
180 min of UV-C exposure, ccorresponding to maximum UV doses of
4.08 J/cm? and 0.77 J/cm? for LP-Hg and UV-LED, respectively. In all
cases, OA concentration remains similar after the different UV-
exposures, with no statistically significant differences regarding the
UV source (p = 0.8677) or water matrix (p = 0.7460), indicating that
under the tested conditions, no appreciable photodegradation occurred.
The maximum observed degradation was 12.5 % (SD + 6.3 %), con-
firming the high resistance of OA to UV photodegradation.

The high stability of OA under natural sunlight and UV-A exposure
has been reported (Camacho-Munoz et al., 2020; Pan et al., 2020; Qiu

mm LP

30+ mm LED
S 204
T
>
o
2 W
2

0_

DW ASW

Water matrix

Fig. 1. Photo-degradation percentage of okadaic acid in distilled water (DW)
and artificial seawater (ASW) under two different UV-sources: LP-Hg and UV-
LED. Experimental conditions: UV exposure: 180 min. Mean irradiance: 0.378
+0.091 mW-cm 2 (LP-Hg); 0.072 + 0.005 mW-cm ™2 (UV-LED). Data represent
mean values + standard deviation (SD) of three independent replicates (n = 3).



J. Moreno-Andrés et al.

et al., 2025), while noticeable degradation has only been observed under
high-intensity sources, such as a 1000 W polychromatic high-pressure
mercury lamp (Pan et al., 2020; Qiu et al., 2025), suggesting that
much higher energy doses or broader wavelength spectra are required
compared to the 10 W lamps used in our study. Similarly, Murray et al.,
2018, demonstrated that high-intensity pulsed polychromatic light
could reduce OA toxicity in Daphnia pulex, further emphasizing the role
of light intensity and spectrum in treatment effectiveness.

In our study, the maximum monochromatic UV dose applied was
4.08 J/cm?, which is already relevant for industrial applications, yet
insufficient to induce substantial OA photodegradation. These results
highlight the limitations of direct UV photolysis and reinforce the need
to explore advanced photochemical techniques for effective OA removal
in marine environments.

3.2. Photo-chemical degradation

To identify effective OA removal strategies, various photochemical
processes were tested using two UV sources (LP-Hg and UV-LED) in
distilled (DW) and artificial seawater (ASW). Three different reagents,
namely hydrogen peroxide (HP), sodium peroxydisulfate (PDS) and
potassium peroxymonosulfate (PMS) were applied as a source of po-
tential reactive oxygen or sulfate species. The OA degradation profiles
are depicted in Fig. 2.

As illustrated in Fig. 2, photochemical processes can degrade OA
with high effectiveness than photolytic process alone. High efficacy is
obtained in DW, for which the three processes are able to degrade >90 %
of OA within 120 min of exposure to either LP-Hg or UV-LED (Fig. 2),
although an exception is observed in the case of UV-LED/HP, where the
maximum OA degradation account for 79.12 % (S.D. + 0.55). In ASW,
the process is slowed down in the case of UV/HP (H30o; Fig. 2 a-b) and
UV/PDS (szog— ; Fig. 2 c-d). Interestingly, in the case of UV/PMS (HSOs;;
Fig. 2 e-f), the degradation of OA is greatly enhanced under both UV
sources in ASW.

OA degradation followed pseudo-first-order kinetics, allowing
calculation of the rate constant Kyps (min~ 1) to evaluate the performance
of each UV source and reagent (Fig. 3). OA degradation profiles fitted to
a pseudo-first-order model (Eq. (1)) are shown in Fig. S2 (Supplemen-
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processes follows a general trend for the OA degradation, which is
UV/PMS > UV/PDS > UV/HP, with same trend observed when irradi-
ation source is LP-Hg or UV-LED but differences are more evidenced
under UV LP-Hg, assuming that the molar absorption coefficient by the
different reagents is favoured at the lowest wavelength, i.e. 254 nm (LP-
Hg) (Tang et al., 2023).

In distilled water (DW), kops values consistently increased in the
order of HP < PDS < PMS, with a 43.8-82.7 % increase from HP to PDS
and a 76.5-79.5 % increase from HP to PMS. Nonetheless, no significant
differences were observed among these three photo-chemical processes
in DW under both UV sources (p > 0.9). In artificial seawater (ASW), the
kobs values exhibited the same trend, highlighting the significant in-
crease in kqps for PMS processes, which became statistically significant
when compared with HP or PDS under LP-Hg (p < 0.01) and UV-LED (p
< 0.001).

When comparing the different water matrices (DW vs. ASW), the kops
values showed a decrease of 72.8-89.9 % for HP and a decrease of
67.8-76.6 % for PDS, confirming that salinity negatively interferes with
these two photo-chemical processes, being the hydroxyl radical-based
process (HP) more affected than persulfate-based process. On the
other hand, kops significantly increased in PMS processes, indicating a
positive interference of salinity that greatly enhances the degradation
rate of OA in ASW. This highlights the distinct behavior of reaction ki-
netics in different water environments. The results obtained for degra-
dation kinetics align with the reagent consumption profiles (Fig. S3).

The distinct degradation levels observed for OA over time may be
attributed to the different mechanisms of action inherent to the photo-
chemical processes examined. The photolysis of HP primarily generates
oOH in the initial step, as illustrated by Eq. (2). These radicals are highly
reactive and non-selective, enabling them to rapidly interact with a
broad spectrum of organic compounds in water, effectively degrading
OA in systems devoid of other water matrix components (Fig. 2; Fig. 3).
However, in the presence of dissolved salts, the efficiency of this process
appears to decrease significantly. This reduction may be due to the
scavenging of eOH radicals by salts through competitive reactions,
leading to the formation of halogen radical species, which subsequently
propagate and reduce the overall degradation capacity.

. . . L. H,0,+hv—eOH+ ¢ OH (® =1.0 (2)
tary Material), while the corresponding kinetic parameters are sum- ( )
marized in Table S1. - _ -
i - . S20% +hv—S0;” +S0;™ (® =1.8) 3)
According to the results represented in Fig. 3, the photo-chemical
a) LP-Hg c) LP-Hg e) LP-Hg
HP PDS PMS
-~ DW
o ASW 1.0 1094 1.0
= AN - DW - DW
O
E 0.5 0.5 ©o- ASW 05 -0- ASW
(<X 13 o)
: 'Y
0.0 0.0+ T —— 0.0 fopo
0 50 100 150 200 0 100 150 200 0 10 20 30 40 150 200
Time (min) Time (min) Time (min)
b) UV-LED d) UV-LED f) UV-LED
HP PDS PMS
-»- DW 3
o Asw 10 109856 1.0
= . DW - DW
O, Q.
=05 05 ©5 ASW. 05 o ASW
<X
o
0.0 T T : ) 004 T - ) 0.0
50 100 150 200 0 100 150 200 [ 50 100 150 200
Time (min) Time (min) Time (min)

Fig. 2. Degradation profiles of okadaic acid in distilled water (DW) and artificial seawater (ASW), according to the UV source: LP-Hg or UV-LED and reagent:

hydrogen peroxide (HP), sodium peroxydysulfate (PDS) or potassium peroxymonosulfate (PMS). Experimental conditions: Mean irradiance: 0.378 + 0.091 mW-cm

-2

(LP-Hg); 0.072 + 0.005 mW-cm 2 (UV-LED). [H20,]; [S2037]; [HSO5] = 0.5 mM). Data represent mean values + standard deviation (SD) of three independent

replicates (n = 3). DL = 2 ng OA/mL.
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Fig. 3. Time-based kinetic rate constant of okadaic acid photodegradation in DW and ASW, with the presence of hydrogen peroxide (HP), sodium peroxydisulfate

(PDS) or potassium peroxymonosulfate (PMS) under two different UV-sourc

es: LP-Hg or UV-LED. Experimental conditions: Mean irradiance: 0.378 + 0.091

mW-cm 2 (LP-Hg); 0.072 + 0.005 mW-cm ™2 (UV-LED). [H20,]; [S,0%71; [HSO5] = 0.5 mM). Data represent mean values +95 % CI.

HSO; +hv—S0; +  OH (& = 1.04) )

In sulfate-based processes, sulfate radicals (SO} ") are generated via
the photolysis of PDS, as represented by Eq. (3). Sulfate radicals are
recognized for their higher selectivity towards electron-rich organic
compounds (Lee et al., 2020; Nihemaiti et al., 2018), which may explain
the slightly enhanced degradation of OA observed in comparison with
hydroxyl radical-based processes, under both UV sources (Fig. 3). In this
regard, the unique ability of SO}~ to induce decarboxylation reactions is
particularly relevant (Lee et al., 2020), as OA possess carboxylic acid
groups that are susceptible to this mechanism (Pan et al., 2020). Addi-
tionally, similar decarboxylation processes have been observed in aro-
matic carboxylic acids under sulfate radical attack, which further
supports the likelihood of this degradation pathway for OA (Lee et al.,
2020). Along with the carboxyl groups, the ether and hydroxyl groups in
OA represent other electron-rich sites prone to oxidative attack by SO;",
enhancing the overall degradation efficiency.

Similarly to ¢OH, SOj~ also reacts with dissolved salts, leading to the
formation of reactive halogen species through propagation reactions,
which in turn diminishes degradation efficiency in ASW (Fig. 3).
Nevertheless, the interference observed appears to be less significant
compared to HP, as the degradation of OA in ASW is more efficient with
PDS than with HP. The higher selectivity above discussed of SO}~ may
play a crucial role in this context by allowing more targeted reactions
with OA despite the presence of competitive species in the water matrix.
For instance, major ions in seawater, such as chlorides, react more
rapidly with eOH (k—=4.3-10° M~1.s™1) than with SO~ (k = 3.1-108
M~ Ls™1) (Lee et al., 2020). A similar trend is observed with bromides,
another relevant halide in seawater (K,ou.pr- = 1.1.10"° M ts7 k
SO4e—-Br- = 3.5.10° M 1:s7!) (Matthew and Anastasio, 2006; Redpath
and Willson, 1975). This selectivity may help mitigate the negative ef-
fects typically observed with hydroxyl radicals in saline environments.

In the case of PMS, both ¢OH and SO}~ can be generated initially (Eq.
(4)). However, the reactivity of PMS with chloride ions to form chlorine
species (2C1~ + HSO5 + H" » HSOF + Cl, + OH ; k=325M .57}
Cl™ + HSO35 - HCIO + S03 ; k=6.5-10"*M - s71) could significantly
enhance the overall degradation efficacy (Song et al., 2024), as it is
observed on Fig. 3. Previous studies have shown that the formation of
free chlorine species in PMS/Cl™ system is effective against microor-
ganisms and organic pollutants (Song et al., 2024). Thus, the formation
of reactive chlorine species (RCS) in this system could further participate
in the degradation of OA. In fact, the presence of chlorine, which has
been documented in prior studies (Guerra-Rodriguez et al., 2022), is also
prone to photolysis under both UV sources, further contributing to OA
degradation. At the basic pH of ASW, hypochlorite ions (OCl™) are the
dominant species and exhibit a strong absorption peak at 292 nm (e =

365 + 8 M_l-cm_l) (Yin et al., 2018). Unlike hydrogen peroxide (HP),
which requires shorter wavelengths for activation, OCl™ can be effi-
ciently activated by longer-wavelength UV light, such as that emitted by
UV-LEDs, potentially explaining the rapid degradation observed in ASW
(Pizzichetti et al., 2023). Therefore, the combined high reactivity of PMS
and Cl™ in the system, along with the UV absorption properties of the
formed OCl™ species, may explain the enhanced OA degradation
observed in ASW with UV/PMS treatment.

Most photochemical degradation studies have focused on freshwater
toxins, with limited research on marine biotoxins. For instance, He et al.
(2013) evaluated the same three photochemical processes studied here
for degrading the cyanotoxin cylindrospermopsin, reporting higher
removal with persulfate-based systems compared to HP. They also found
that radical scavengers in tap water reduced UV/HP efficiency, while
persulfate systems were less affected, supporting our findings. Similarly,
Khan et al. (2014), observed greater atrazine degradation with sulfate
radicals than with hydroxyl radicals under comparable conditions.

Literature on marine biotoxin degradation remains scarce. Camacho-
Munoz et al. (2020) reported the only study using UV/TiO, against OA,
showing a five-fold decrease in degradation rate in seawater. This aligns
with our findings for UV/HP, reinforcing that hydroxyl radicals are more
susceptible to scavenging by dissolved salts under saline conditions.

3.3. Transformation products (TPs)

To gain information on the OA-TPs present in distilled water
persulfate-based processes samples, we analyzed them in a full spectrum
scanning in positive and negative ion modes. Analysis of HP-based
processes was excluded due to their lower observed degradation rate
constant in previous sections, allowing us to focus on persulfate-based
processes for optimized analysis.

The OA and TPs identification was performed according to Section
2.4.2. and Text S3. Although the optimal mode for OA-TP detection
remains uncertain, better sensitivity is generally achieved in ESI" using
the deprotonated ion [M — H] . In our study, only the OA ion (m/z
805.477 [M + H]™) was detected in positive mode, while negative mode
[M - H] ™ enabled identification of both OA (m/z 803.459) and a known
transformation product (m/z 757.453), suggesting ESI™ as the more
sensitive approach. The identification of this TP, associated with nor-
okadanone, was further confirmed by its accurate isotopic pattern and
fragmentation spectra (Fig. S4), consistent with previously reported data
(Camacho-Munoz et al., 2020; Pan et al., 2020).

The concentration of the detected OA-TP (m/z 757.453 [M - H]-) in
the PDS treatment with LP-Hg appeared to decrease over time (from O to
30 min) and fell below the limit of quantification (< LOQ) after 45 min
(Table 2). In contrast, no consistent trend in OA-TP concentration
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changes was observed in the UV-LED PDS treatment and the two PMS
treatments (Table 2). Notably, Camacho-Munoz et al. (2020), identified
this OA-TP as the only transformation product detected, while Pan et al.
(2020) reported it as the most abundant among the OA-derived prod-
ucts. In both studies, a time-dependent decrease in this OA-TP was
observed. Pan et al. (2020) detected it at higher concentrations within
the first 20 min, after which levels rapidly declined. Camacho-Munoz
et al. (2020) detected higher concentrations at 2.5 min, with this OA-TP
becoming undetectable after 10 min. The transformation of OA into this
OA-TP seems to occur very quickly, as the OA-TP was detected at the
measured 0 min in the current study; and then transformed into another
unknown OA-TP. It is crucial to note that the detected OA-TP was absent
from the standard solution, i.e. OA Certified Reference Material (CRM)
(See Text S3), and the initial standard used to prepare the samples, i.e.
OA potassium salt.

3.4. Final toxicity: PP2A activity

The detoxification of aqueous samples containing OA was evaluated
under various photochemical treatments (HP, PDS, and PMS) using two
UV light sources (UV-LED and LP-Hg) in both DW and ASW. Tests with
HP were included despite its lower kqps values, as they allow corrobo-
ration of final toxicity. Detoxification efficiency was assessed through
PP2A activity measurements, with higher PP2A activity percentages
indicating greater detoxification (i.e., degradation of OA into lower
toxicity transformation products). Results are presented as the per-
centage of PP2A activity in Fig. 4. Notably, the highest toxicity was
observed at the start of the experiment, coinciding with OA maximum
concentration.

The detoxification efficacy of aqueous samples containing OA varied
across photochemical treatments, UV light sources, and water matrices.
Among the treatments, PDS consistently demonstrated the highest
detoxification in distilled water, particularly under LP-Hg, where PP2A
activity reached approximately 85 % within 60 min. PMS, although with
similar results than PDS in distilled water (reaching about 80 % PP2A
activity), showed remarkable performance in ASW. Under UV-LED
exposure in ASW, PMS process achieved nearly complete detoxifica-
tion, with PP2A activity approaching 99 % within just 15 min. This
suggests that PMS is highly effective in saline environments, possibly
due to the generation of additional reactive species like chlorine

Table 2
Mean concentration (ng/mL) of okadaic acid and transformation product (m/z
757.453 [M - H]-), as determined by LC-HRMS.

PDS PMS
Exposure Time [OA] [TP] Exposure Time [OA] [TP]
(min.) ng/mL ng/mL (min.) ng/mL ng/mL
LP-Hg
0 21.21 1.47 0 19.16 1.06
1 17.24 1.79 1 9.73 0.07
2 13.93 1.71 2 5.84 0.94
5 10.78 1.51 5 0.18 0.93
7.5 6.58 1.62 7.5 - 0.36
10 5.34 1.19 10 - 0.42
20 2.82 0.43 20 - 1.2
30 0.94 0.29 30 - 0.74
UV-LED
0 19.13 0.65 0 19.95 0.43
5 18.7 0.56 2.5 24.34 1.82
10 17.21 0.29 5 15.48 1.08
30 12.13 0.78 7.5 13.68 1.54
45 12.58 0.37 10 12.51 0.91
60 10.51 0.35 20 12.5 0.97
30 9.1 0.35
45 5.28 1.58
60 3.15 0.88
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radicals, which may enhance OA degradation, as explained in Section
3.2. Conversely, HP demonstrated minimal effectiveness under all con-
ditions, with PP2A activity consistently ranging between 15 and 25 % in
ASW regardless of the UV source, aligning with the observed trends in
OA degradation (Section 3.2). This low performance was particularly
pronounced in complex matrices like seawater.

The marked contrast between PDS and PMS in seawater highlights
the importance of water matrix in influencing detoxification efficiency.
PDS remained more effective in distilled water, likely due to fewer
competing ions, whereas PMS outperformed in saline environments
under UV-LED, achieving rapid and near-total detoxification. These
findings suggest that PMS may be particularly suitable for applications
in marine settings, while PDS could be preferred in simpler, distilled
water matrices. The poor performance of HP across all conditions in-
dicates it may be unsuitable as a primary agent for OA detoxification in
similar scenarios.

Photochemical processes, specially persulfate-based processes,
appear highly effective in reducing OA initial toxicity, as evidenced by
the rapid decrease in toxicity (Fig. 4). This detoxification aligns with
previous research showing up to 88 % toxicity reduction in OA solutions
following photodegradation (Murray et al., 2018). The increase in PP2A
activity observed in this study confirms not only the effective degrada-
tion of OA across photochemical treatments but also suggests that the
OA-TP formed, exhibit significantly lower toxicity compared to the
original compound. Norokadanone, identified as TP m/z 757.453 [M-
H]-, was detected as the primary TP, consistent with previous findings
by Camacho-Munoz et al. (2020). This transformation is attributed to
the decarboxylation of OA, indicating that the carboxyl functional group
plays a critical role in its diarrhetic toxicity (Lassila et al., 2015). The
removal of this group correlates with a marked reduction in toxicity, as
also reported in similar studies (Camacho-Munoz et al., 2020; Pan et al.,
2020).

4. Conclusions

The present study demonstrates that UV-assisted photochemical
processes can effectively degrade and detoxify okadaic acid (OA), with
performance influenced by the type of oxidant, UV source, and water
matrix. Among the reagents tested, PMS was the most effective, partic-
ularly in artificial seawater (ASW), where salinity significantly
enhanced its degradation capacity. In contrast, PDS performed best in
distilled water (DW), while HP showed the lowest efficacy, especially in
saline matrices and under UV-LED.

The observed degradation rate constants (kops) followed a consistent
trend: UV/PMS > UV/PDS > UV/HP, with differences more pronounced
under LP-Hg irradiation. In ASW, UV/PMS showed significantly higher
kobs values, while salinity inhibited HP and PDS by up to 89.9 % and
76.6 %, respectively. Both UV sources supported OA degradation, with
UV-LED performing comparably to LP-Hg in ASW when combined with
PMS.

Norokadanone (m/z 757.453), the main transformation product, was
formed via decarboxylation and exhibited significantly lower toxicity.
Detoxification was confirmed through PP2A activity recovery above 98
% for UV/PMS in ASW, in contrast to 18.8-20.2 % for HP and 35.7-80.3
% for PDS under similar conditions.

Overall, persulfate-based processes, especially UV/PMS, are prom-
ising for OA removal in marine environments. However, performance is
matrix-dependent: while salinity enhances PMS activity, it hinders PDS.
These findings highlight the importance of considering water chemistry
when selecting photochemical treatments.

Future studies should investigate the behavior of these processes in
natural seawater and real-world scenarios, including potential by-
products and long-term toxicity, as well as their performance in
continuous-flow reactors, where photochemical efficiency may differ
from batch systems, to support the development of safe and scalable
treatment strategies for marine biotoxins.



J. Moreno-Andrés et al.

Marine Pollution Bulletin 218 (2025) 118183

LP-Hg (DW) LP-Hg (ASW)
100 100
-o- HP
£ 754 754 = PDS
2 i i - PMS
2
S 50 50
< - -
S
o 25+ 254
o PRPRPNPNPES o
0IIIIIIIIIIIIIIIIIIIIIII 0IIIIIIIIIIIIIIIIIII
OCO0O0O0O00OMOONOOOCOT™ANNVOOO OO0 O0O0O0O0O0OONMOOOO0O ™ML
Exposure time (min) Exposure time (min)
UV-LED (DW) UV-LED (ASW)
100 100
-~ HP
9 754 754 - PDS
2 i J -~ PMS
2
© 50— 50+
< - -
S
o 25+ 25+
o S e = aa ]
OrrTrTTTTTTTTTTITTITITITITT T O T T T T T T T T T T
00000000 ONOOO0OMOOOO0OO COO0O0O0O0O0O0CO0O0O0O0O0O0OT™N®WW

Exposure time (min)

Exposure time (min)

Fig. 4. Toxicity profile (in terms of PP2A activity, %) after Okadaic Acid photodegradation in DW and ASW with the presence of Hydrogen Peroxide (HP), Sodium
peroxodysulfate (PDS) or Potassium peroxymonosulfate (PMS) under two different UV-sources: LP-Hg or LED.
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