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ARTICLE INFO ABSTRACT

Keywords: This study explores the effectiveness of Gaz03/UV-C photocatalysis for disinfecting recirculating aquaculture
Ac_i\./ancefl oxidation processes system (RAS) effluents, focusing on the inactivation of Enterococcus faecalis. After material characterization, the
Disinfection research optimized key parameters, including UV-C irradiation intensity, Ga20s dosage, and oxidant selection
szios (peracetic acid and peroxymonosulfate). The Ga20s/UV-C/peracetic acid (PAA) system was identified as the most
Photocatalysis effective configuration, significantly enhancing disinfection kinetics and halving treatment time compared to the

Gaz0s/UV-C system alone. In contrast, the addition of potassium peroxymonosulfate (PMS) exhibited an
antagonistic effect, indicating non-productive radical consumption pathways. Mechanistic considerations
through scavenging experiments revealed that singlet oxygen (102) played a dominant role in the bacterial
disinfection for the Ga20s/UV-C system, while hydroxyl radicals (HO®) were the primary oxidative agents in the
PAA-intensified process. The study confirmed the recyclability of Ga-0s over multiple treatment cycles, showing
sustained disinfection performance without significant loss of activity. Long-term assessments demonstrated
fewer regrowth suppression in the GasO3/UV-C/PAA system, likely due to residual oxidants like peracetic acid
and its by-products, which retain antibacterial properties post-treatment. Furthermore, validation in real
aquaculture effluents confirmed the robust performance of the optimized systems, showcasing faster inactivation
yields in fish tank water compared to simulated aquaculture water, attributed to differences in organic load.
Toxicity considerations, featuring DBPs, water quality parameters measurement and phytotoxicity assessment,
indicated promising results. This research positions Ga20s/UV-C photocatalysis, particularly when paired with
PAA, as a technically viable and sustainable alternative to conventional chemical disinfectants for RAS
applications.

Recirculating aquaculture systems

1. Introduction

Aquaculture is increasingly recognized as a vital strategy for
addressing global food security challenges [1,2]. This role is particularly
critical as the expanding human population drives a corresponding rise
in food demand, making the development of innovative production
methods essential [3]. However, conventional open-net aquaculture
faces growing scrutiny. These traditional systems are resource-intensive,
operating within the constraints of limited land and water, and are
criticized for their negative environmental footprint, which includes the
spread of disease, high water consumption, and nutrient pollution
(eutrophication) [4,5]. In contrast, Recirculating Aquaculture Systems
(RAS) provide a promising solution, facilitating intensive fish and algae
cultivation within a closed-loop system [6-8].
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However, operating RAS effectively remains challenging [9].
Although these systems allow for controlled cultivation, they are prone
to the buildup of organic matter from excretion and feed [10]. This
accumulation fosters ideal conditions for the growth of pathogenic
bacteria [11]. Two primary management strategies for this problem
present significant drawbacks. First, the frequent use of antibiotics,
which carries the risk of improper dosing [12], leads to concerns about
residual compounds. The incomplete degradation of these antibiotics or
their metabolites can contribute to antimicrobial resistance (AMR) while
also destabilizing the critical bacterial populations needed for bio-
filtration [13]. Second, conventional disinfection methods, though
effective, are associated with the risks of manipulating toxic reagents
and generating harmful disinfection by-products (DBPs), which
endanger both the environment and public health [14].
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Advanced Oxidation Processes (AOPs) are recognized as a highly
promising strategy for the remediation of persistent pollutants within
water systems [15]. The foundation of these processes is the in-situ
generation of powerful reactive oxygen species (ROS), which notably
include hydroxyl radicals (HO®), sulfate radicals (SO+*), and singlet
oxygen (02) [16,17]. These species leverage strong oxidative potential
to efficiently decompose a wide array of organic, inorganic, and
microbiological pollutants, establishing AOPs as a versatile water
treatment solution [18-20]. Their efficacy is derived from the ability to
degrade contaminants via multiple reaction pathways, such as hydrogen
abstraction, hydroxyl addition, and other redox-driven transformations
[21]. This allows for the breakdown of complex molecules into less
harmful compounds, ideally leading to their full mineralization into
water and carbon dioxide. In aquaculture, AOPs are specifically applied
to reduce organic waste, microbial pathogens, and antibiotic residues
[22-24].

Photoassisted AOPs are investigated extensively for their versatile
application in aquaculture, specifically for the removal of microorgan-
isms and antibiotics [25-27]. Their operational mechanism is based on
the radiation-based generation of ROS, which results from the reactivity
of molecular excited states. These states are formed when energetic ra-
diation (spanning the UV-C to solar range) interacts with the water
matrix. Oxidizing species are frequently added to these systems [22,28,
29], as their interaction with radiation can create a synergistic effect.
This synergy enhances the decontamination and disinfection power of
the technique [30-34].

As a subset of photoassisted AOPs, photocatalysis involves harness-
ing light energy to activate a solid semiconducting material [35,36]. The
process is initiated when the semiconductor absorbs photons possessing
energy equal to or greater than its bandgap. This absorption causes
photoexcitation, leading to the creation of electron-hole pairs, which
migrate to the catalyst's surface, where they engage in a redox cascade to
generate potent oxidizing species [37]. The method's versatility and
sustainability are key advantages, as it functions without harsh chem-
icals or high temperatures while being capable of attacking a wide array
of contaminants, including microbial pathogens ([38]; [39]. Although
titanium dioxide (TiO2) was the traditional material, focus has recently
shifted to wide-bandgap semiconductors and heterojunctions to enhance
disinfection efficiency. Studies on ZnO nanostructures [40], Ag-doped
titanium dioxide [41], and g-C3N4 composites [42] have demonstrated
the versatility of photocatalysis in inactivating resistant pathogens ins
aquaculture and wastewater matrices. In this context, the use of gallium
trioxide (Gaz0s), as a wide-bandgap photocatalyst, opens the door to
promising disinfection applications. Ga20s is notable for its excellent
photostability [43], strong oxidative power, and high responsivity to
UV-C irradiation due to its suitable bandgap (~4.8eV) [44,45]. It is
important to note that this ultra-wide bandgap inherently limits pho-
toactivation to the UV-C range (A < 258 nm), rendering visible light
ineffective for the pristine material but ensuring an exceptionally high
redox potential for deep oxidative disinfection. These properties make
Gaz0s an excellent candidate for water treatment systems designed to
inactivate waterborne pathogens. In aquaculture, where microbial
contamination presents significant health and ecological concerns [46],
Ga20s-based photocatalysis is a promising remediation pathway. Its
effectiveness under UV-C irradiation can be further enhanced by com-
bination with oxidants like peracetic acid (PAA), which promotes syn-
ergistic ROS generation [47].

The integration of such recyclable photocatalysts aligns with circular
aquaculture goals by reducing chemical consumption and environ-
mental footprint [48]. This photocatalytic approach emerges as a stra-
tegic tool for safer, low-impact disinfection in RAS, precisely because it
minimizes DBP production [49], a well-documented health concern
[50]. Conventional disinfectants, such as sodium hypochlorite (NaClO),
react with organic matter and halogens in the water. This reaction forms
toxic and carcinogenic DBPs, including chlorite (ClO27), chlorate (ClOs"),
and bromate (BrOs") [51-53].
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The primary objective of this research is to evaluate the inactivation
of Enterococcus faecalis within aquaculture matrices using a Ga20s/UV-C
photocatalytic system, which is intensified by the addition of PAA and
potassium peroxymonosulfate (PMS). After initial material character-
ization, the first experimental phase will determine the optimal radia-
tion dosage, catalyst loading, and oxidant concentration, as well as the
synergistic effect of these three components. Once optimal operational
conditions are established, a comprehensive process assessment will
follow, beginning with an evaluation of pH influence. The catalyst’s
reusability across multiple cycles will be tested, and E. faecalis regrowth
will be monitored (0-1-3-7 days). A scavenging study will be conducted
to identify the dominant ROS involved in the degradation. The process
will then be validated in a real aquaculture matrix. Finally, an initial
toxicological evaluation will be performed through three complemen-
tary analyses: monitoring for DBPs, measuring water quality parameters
(WQPs) after treatment, and assessing the phytotoxicity of the treated
effluents.

2. Materials and methods
2.1. Matrices of study

Simulated aquaculture water (SAW) is the matrix employed for the
experiments of E. faecalis inactivation, and its and its preparation fol-
lows the protocol established in our previous work [54]. The chemical
composition was designed to mimic the typical nutrient and organic
loads of intensive RAS effluents as described by Van Rijn, utilizing
ammonium chloride and yeast extract to simulate the inorganic nitrogen
(TAN) and biodegradable organic carbon fractions, respectively [24].
SAW is composed of yeast extract (Sigma; 193.35mg/L), ammonium
chloride (NH4Cl, Labkem; 26.28 mg/L), potassium dihydrogen phos-
phate (KH3POg4, Scharlau; 1.96 mg/L), sodium hydrogen carbonate,
(NaHCOg3, Sigma; 0.31 mg/L), iron citrate, FeCcHgO7 (Acros Organics;
0.31 mg/L), magnesium chloride (MgCl,, Labkem; 50.0 mg/L), calcium
chloride (CaCly-2 Hy0, Scharlau; 55.86 mg/L) and zinc sulfate (ZnSOyq,
Labkem; 0.25 mg/L). The simulated matrix is also spiked with a strain of
Enterococcus faecalis (ATCC 29212, Scharlab), prepared as detailed in
Section 2.3 below, to reach an approximate concentration of 2.5-10°
CFU/mL.

The real aquaculture matrix (Fish Tank Water, FTW) was collected
from a Recirculating Aquaculture System (RAS) located at the Escuela
Técnica Superior de Ingenieria de Montes, Forestal y del Medio Natural
(UPM, Madrid). The facility operates a closed-loop system stocking
Brown trout (Salmo trutta) and Cyprinids. The water treatment loop
(whose diagram is represented in Figure S5 of the Supplementary Ma-
terials) includes mechanical separation via a drum filter, biological
filtration for nitrification, and sand filtration, resulting in a stabilized
effluent with a Dissolved Organic Carbon (DOC) content typical of
functional RAS units (approx. 2.25mg/L). Characterization of both
matrices is available in Table S1 of the Supplementary Materials.

2.2. Chemical reagents

Reagent-grade Ga20s (Sigma-Aldrich) was employed as the semi-
conducting photocatalyst in this study. Gallium oxide (Gaz0s) exists in
several polymorphic forms, with p-Ga20s being the most thermody-
namically stable at ambient conditions [55]. This monoclinic phase is
characterized by a wide band gap of 4.8eV, making it suitable for
UV-driven photocatalytic applications [44,56]. The material was used as
purchased, without further purification or modification. The operational
range of the assayed photocatalytic dosages was 25-250 mgGayOs/L.

For the chemical intensification of the photocatalytic processes,
peracetic acid (PAA, Co2H403, 15% v/v; PanReac) and potassium per-
oxymonosulfate (PMS, KHSOs5-0.5KHSO4-0.5K3SO4, reagent grade,
Oxone®; Sigma-Aldrich) were employed. Their concentrations were
assessed in the 0.01-0.05 mM range.
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After completing the optimization of the radiation, catalyst and
oxidant dosage, a scavenging study is performed. The selection of the
scavenging agents was strictly based on their known second-order re-
action rate constants (k) with specific ROS. tert-butanol (t-BuOH) was
selected as a selective hydroxyl radical scavenger due to its high affinity
(ko* ~ 6.0-103M1s71) and negligible reaction with singlet oxygen
[57]. Methanol (MeOH) was employed to scavenge both hydroxyl and
sulfate radicals (ksoz- meorr ~ 1.1-10’M 571, k1o Meorr =
9.7-10% M~1s71). Finally, Furfuryl Alcohol (FFA) was chosen for its high
specificity towards single oxygen (k;Oy ~ 1.2-108M~1s71) [58]. The
dosage of the scavenging agents is selected with respect to the catalyst
concentration, in a 20:1 ratio, to ensure quantitative reactivity of the
generated ROS with the scavengers.

Additionally, reagent-grade quality hydrochloric acid (HCl, Sigma)
and sodium hydroxide (NaOH, PanReac) are employed, in aqueous so-
lution, to adjust the pH of the matrix for the corresponding study. Po-
tassium iodide (KI, Chem-Lab) and sodium hydrogen carbonate,
(NaHCOg, Sigma) were employed for the detection of the residual PAA
and PMS in the system.

2.3. Characterization of Gaz03

Textural properties were evaluated by nitrogen adsorp-
tion-desorption isotherms using a Micromeritics ASAP 2420 analyzer.
Measurements were performed at 77.3 K with nitrogen as the adsorptive
gas. Prior to analysis, the sample was automatically degassed at 300 °C
for 16 h. BET surface area, pore volume, and pore size distribution were
obtained through standard BET, BJH, and t-plot analyses.

Surface morphology and elemental composition were assessed by
scanning electron microscopy (SEM) coupled with energy-dispersive X-
ray spectroscopy (EDS). SEM images were acquired at different magni-
fications to evaluate particle size and morphology. EDS spectra were
collected under an accelerating voltage of 15 kV and an acquisition time
of 60 s, using a normalized quantification method. The analyses pro-
vided both morphological information and semi-quantitative determi-
nation of the elemental composition, enabling verification of sample
purity and the presence of gallium in the purchased material.

Crystalline phases were analyzed by X-ray diffraction (XRD) using Cu
Ko radiation (A = 1.5406 ;\). The diffractograms were acquired in
continuous mode over a suitable 26 range, using standard instrumental
settings to ensure phase resolution. XRD was employed in the reusability
study to corroborate the stability of the material after 4 cycles of
operation.

The point of zero charge (pHpzc) was determined using the Mass
Titration method. A catalyst concentration of 1.0 g/L was suspended in
ultrapure water and stirred for 24 h until a stable equilibrium pH was
reached. This limiting pH value is representative of the pHpyzc for pure
metal oxides, following established protocols in literature [59,60].

2.4. Experimental procedure

100 mL of the E. faecalis-spiked matrix are treated in a batch UV-C
photoreactor, which consists of a 250 mL Pyrex beaker under constant
stirring and irradiated by a PhotolabLED265-0.1er/cb UV-C Lamp (Apria
Systems, Ltd.) LED source emitting short-wave radiation with a peak at
the 254 nm band, and an irradiance range of 0.5-2.5 W/m2. 900 yL
samples were extracted at the pertinent sampling times and immediately
subjected to serial 10-fold dilutions (ranging from undiluted to 10°
diluted) in sterile saline solution (0.9 % w/v NaCl) to ensure countable
colony formation. The experimental setup is employed for all the opti-
mization and process assessment studies in this work.

For the quantification of the residual PAA and PMS after the treat-
ment, the oxidant concentration was monitored spectrophotometrically
(METLER TOLEDO) using a procedure based on the iodometric method
described by Liang et al. [61]. Briefly, sample aliquots were mixed with
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KI and sodium NaHCOs, and the absorbance of the resulting yellow
solution was measured at 351 nm.

For the Gay0s3 reutilization study, the semiconductor was decanted
after treatment application, for 60 min. Due to the micrometric particle
size and high density of the material, a 60-min decantation period was
sufficient to ensure effective separation from the supernatant. Then,
remaining reaction medium was extracted from the upper part of the
reactor with a 50 mL syringe. Catalyst was washed with 3 cycles of
10 mL with ultrapure water and then dried at 50°C for 20 min. Then, it
was resuspended in the corresponding matrix.

2.5. Microbiological analysis

The matrices were doped with a commercial Enterococcus faecalis
strain (ATCC 29212, Scharlab). E. faecalis was selected as the model
microorganism due to its role as a standard faecal indicator and its
structural similarity to Gram-positive aquaculture pathogens (e.g.,
Streptococcus spp.). Its thick peptidoglycan cell wall provides higher
resistance to oxidation compared to Gram-negative bacteria, ensuring a
robust evaluation of the disinfection potential of the photocatalytic
system.

For the preparation of the fresh bacterial stock culture, 20 mL of
Luria-Bertani nutrient medium were inoculated with 200 pL of the strain
and incubated at 37°C for 22 h. Then, the suspension was centrifugated
at 4500 r.p.m. during 15 min, and the generated bacterial pellet
reconstituted in 20 mL of sterile (0.9 % w/v) NaCl solution. 200 uL of
this stock solution were spiked in the matrix, reaching the desired initial
concentration.

For the quantification of E. faecalis in the disinfection experiments,
the drop-plate method, with a detection limit of 100 CFU/mL is
employed. A selective culture medium (Slanetz&Bartley; Condalab) is
inoculated with serial 10-fold dilutions in sterile 0.9 % NaCl buffer so-
lution; the spread plate method (Standard Method 9215 C) is employed
to extend the detection limit to 10 CFU/mL. The counting of the
appearing colonies is carried out after the incubation of the plates during
48 h at 37°C. The bacterial quantification is calculated with at least 10
replicates to ensure reproducibility and accuracy of the experiments.

For the performance of the bacterial regrowth study, the treated ef-
fluents from the optimized treatments are collected after their applica-
tion and stored in the dark, at 20°C. The quantification of E. faecalis is
performed analogously, with samples taken after 1, 3 and 7 days after
treatment, in triplicate.

2.6. Disinfection by-products (DBPs) and water quality parameters
(WQPs) determination

Ion Chromatography (IC) measurements are performed at the start-
ing point and after culmination of the optimized inactivation experi-
ments to assess the generation or abatement of anionic compounds in the
aqueous matrix. For the IC measurements, an Eco IC Ion Chromato-
graph, with Na,CO3/NaHCOg3 8.0/0.25 mM at a 0.7 mL/min flow as the
mobile phase, is employed. The detection of the ionic analytes is carried
out via conductometric measurements. The analysis targeted two groups
of anions: (i) General Water Quality Parameters, featuring chloride (Cl),
nitrite (NO3), nitrate (NO3), phosphate (PO?{), sulfate (SO‘Z{), and acetate
(CH3COOY); and (ii) Inorganic Disinfection By-Products, specifically
chlorite (Cl03), chlorate (ClO3), and bromate (BrO3).

For the determination of Total Organic Carbon (TOC) a Teledyne
Tekmar TOC Torch equipped with combustion catalytic oxidation
(700°C) + non-dispersive infrared detection (NDIR) is employed.

2.7. Phytotoxicity study
To assess the toxicity of the generated effluents, a phytotoxicity study

based on seed germination is carried out. This study is based on the
differences on the germination of different vegetal species when exposed
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to the aqueous medium prior and after the photocatalytic treatments.
Raphanus sativus (radish) and Solanum lycopersicum (tomato) were the
selected vegetal species. For carrying out the experiment, 15 seeds of
each species are placed on a Petri dish with a previously placed filtering
paper, and 10 mL of the target sample are afterwards located. The seeds
are incubated for 72h at 25 °C. After the incubation period, the
germinated seeds were counted and the mean length of the stems of the
species was measured. The germination index (GI) was calculated ac-
cording to the Eq. 1:

L
GI(%) = gs s

c*Lc* 100 @

Where Gg and G¢ are the number of seeds which have germinated after
application of the sample effluent and the control, and Lg and L are the
length (in millimetres) of the stems of such germinated plants.

2.8. Energy efficiency assessment

To evaluate the cost-effectiveness of the intensification strategy, the
Electrical Energy per Order (Egp) was calculated. This figure-of-merit,
defined by the IUPAC [62], represents the electrical energy (kWh)
required to reduce the concentration of a pollutant by one order of
magnitude in 1 m® of water. For a batch reactor, it is defined as it shows

2025/07/09 L x300

Ga203_0001 300 um

Ga203_0003

2025/07/09

Journal of Environmental Chemical Engineering 14 (2026) 121589

in Eq. 2:

P-t-:1000

Epo = e
V-60-log G

@

Where P is the nominal power of the UV-C source (0.004 kW), t is the
irradiation time (min), V is the volume of operation, and log(Co/Cs) the
achieved log-reduction.

3. Results and discussion
3.1. Characterization of the Gaz0Os material

SEM micrographs are presented in Fig. 1. The morphology and
elemental composition of the commercial Ga-Os were examined by SEM
coupled with EDS. SEM images at low magnification (x300) reveal ag-
glomerates of irregularly shaped particles distributed throughout the
surface, whereas higher magnification (x3000 and x10000) highlights
faceted grains with sharp edges and sizes in the micrometre range. These
morphologies suggest a high degree of crystallinity and a preferential
crystal growth. The EDS spectrum acquired on representative particles
confirms the exclusive presence of gallium, without detectable impu-
rities (Figure S1 in the Supplementary materials), thereby validating the
purity of the material of work.

Ga203_0002 2025/07/09 L x3.0k 30 um

L x10k

10 um

Fig. 1. Ga;03 SEM micrographs, at 3.0k and 10k magnification.
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The XRD diffractogram of the material is presented in Fig. 2,
exhibiting intense and sharp peaks that match the monoclinic $-Gaz0s
phase (JCPDS 41-1103), with no additional reflections corresponding to
secondary phases such as GaOOH or y-Ga20s. The pronounced peak
intensity confirms the high crystallinity observed by SEM. Scherrer
analysis of the main reflections (summarized in Table S2, Supplemen-
tary Materials) indicates crystallite sizes in the nanometric range, sug-
gesting that the micrometer-sized grains observed in SEM are aggregates
of smaller crystalline domains.

The nitrogen adsorption—desorption isotherms at 77 K are shown in
Fig. 3. The sample exhibited a BET surface area of 5.37 m?/g, with a pore
volume of 0.029 cm? /g and an average pore size of ~22 nm. The t-plot
analysis revealed a negligible microporous contribution, indicating that
the surface is mainly composed of external facets. These values are
within the typical range reported for crystalline p-Ga20s (<10 m?/g)
[63]. Although the surface area is relatively low compared to meso-
porous photocatalysts, the photocatalytic performance of p-Ga:0s is
largely governed by its wide bandgap, high crystallinity, and ability to
generate reactive oxygen species under UV irradiation, rather than
solely by textural properties [64,65].

Overall, SEM-EDS, XRD and BET analyses confirm that the working
material corresponds to pure, phase-stable -Ga20s, with micrometer-
sized faceted grains composed of nanocrystalline domains and a low
specific surface area. These structural and electronic features are ex-
pected to favour reproducible UV-C-assisted disinfection activity, where
crystallinity and electronic properties dominate over porosity in deter-
mining the catalytic response.

3.2. Optimization of the UV-C and Gay0Ogz dosage

As the first step in the optimization of the photocatalytic process, the
UV-C radiation dosage is optimized. The initial application range is the
1.0 - 2.5 W/m?. After light dosage assessment, the 1.0 W/m? intensity is
selected for the rest of the experiment, since it is considered to allow the
following of the bacterial inactivation kinetics while performing at a
reasonable velocity in terms of quantitative disinfection during the
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maximum operational time, set in 15 min. The results are graphically
represented in Fig. 4a.

Next, GayO3 dosage is optimized via the assessment of the bacterial
inactivation with several concentrations (ranging 0.025-0.250 g/L) of
the semiconductor under the stipulated 1.0 W/m? radiation intensity.
The Gay03 dosage optimization results are represented in Fig. 4b. As it
can be seen, the 0.025 and 0.100 gGa03/L concentrations improved the
disinfection process with respect of the sole application of radiation,
with the dosage of 0.250 gGap03/L showing a worse inactivation yield.
This underperformance can be explained considering the aggregation of
the catalyst above a threshold concentration, which diminishes its sur-
face area and thus limits the photocatalytic activity. This tendency to
aggregation has been confirmed by SEM measurements, Since the
0.025 g/L catalyst dosage is the one that exhibits a higher inactivation
yield for the 1.0 W/m? radiation dosage, it will be selected as the opti-
mum for the photocatalytic experiments.

A dark-phase inactivation study, with the only application of Ga;03
in the dosage of work, was performed, showing that the material has no
intrinsic antibacterial properties at any of the studied concentrations.
This result is consistent with the relatively low surface area exhibited by
the material. The results of the dark-phase experimentation are sum-
marized in the Supplementary Materials, in Figure S2.

3.3. PAA and PMS intensification

The role of PAA and PMS as intensification agents in the photo-
catalytic process will be studied. The assessed dosages are preliminary
selected according to a preliminary homogeneous-system study (in
which only the effect of the oxidant and the radiation effects are eval-
uated) and are between the 0.01-0.05 mM range. The results of the
preliminary homogeneous disinfection study are summarized in
Figure S3, in the Supplementary Materials.

The results of the PAA intensification study are presented in Fig. 5:

The results show that the effect of the oxidant is only patent when the
PAA dosage is at least of 0.02 mM. This oxidant concentration supposes
a slightly quicker disinfection (from 5.5 to 5 min until below-LOD-
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Fig. 2. XRD of the commercial GayOs.
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Fig. 3. Nitrogen adsorption—desorption isotherm of Gaz20s at 77 K.

inactivation). However, the 0.05 mM concentration halves the time
required for complete inactivation to 2.5 min, considerably accelerating
the application of the process without compromising the following of the
reaction. For this reason, this concentration is selected as the optimal for
the GayO3/UV-C/PAA system and will be considered for all the
following process assessment studies.

Beyond kinetic rates, the energy footprint was evaluated. The Ego
value decreased from 0.83 kWh/m? order in the Gay03/UV-C photo-
catalytic process to 0.38 kWh/m® order in the PAA-intensified system.
This > 50 % reduction in energy demand confirms that the intensifica-
tion strategy is economically advantageous for RAS applications.

PAA is known for its antimicrobial behaviour and its use in the
intensification of photocatalytic processes. Drosou et al. explored the
TiO2/UV-A/PAA system, with oxidant dosages in the 0.5-2.0 mg/L
range, for the disinfection of E. coli in sterile water, observing that the
application of PAA at levels of 1.5 mg/L supposed a 5- log reduction in
the bacterial population in 20 min of contact, while the increment in the
PAA dosage to 2.0 mg/L shortened the inactivation time to 20 min [66].

The results of the PMS intensification experimentation are presented
in Fig. 6.:

Although the combination of PMS with Ga20s was explored, the
system exhibited an antagonistic behavior compared to UV-C/PMS
alone. To elucidate the inhibitory effect observed in the GapO3/UV-C/
PMS heterogeneous system compared to homogeneous photolysis (UV-
C/PMS), oxidant consumption was quantified. PMS consumption data is
summarized in Table 1 below:

Unexpectedly, PMS decomposition was significantly lower in the
presence of the catalyst than in the UV-C-only control, for all the studied
concentrations. This empirical evidence suggests that the antagonism is
not caused by unproductive radical quenching: if the antagonism were
driven by unproductive radical quenching on the catalyst surface (cat-
alytic decomposition without disinfection), PMS consumption values
would be comparable to or higher than those of the homogeneous
system.

However, the reduced oxidant consumption correlates with the
slower bacterial inactivation, confirming that competitive photon ab-
sorption (optical shielding) is the primary inhibitory mechanism [67].
The turbidity introduced by the suspended GapO3 particles attenuates
the UV-C fluence available for PMS photolysis, hindering the homolytic
cleavage of the peroxide bond and suppressing the generation of bulk
sulfate and hydroxyl radicals [68].

The antagonism effect in the three agents renders the Gap03/UV-C/
PMS unfit for this disinfection application, so the system will not be
object of further study in this work. PAA is, in consequence, the only
oxidant selected for the intensification of the photocatalytic process.

3.4. Regrowth study

To address the long-term inactivation of E. faecalis by the systems of
interest, a regrowth study is conducted. The results of the experimental
work are summarized in Fig. 7 below:

Different conclusions can be extracted from the experimental results.
While bacterial regrowth appears in both systems since the first day of
assessment, this microorganism reappearance is much faster in the case
of the Gay03/UV-C system than in the case of the PAA-intensified pro-
cess. The regrowth patterns suggest the transition of surviving bacteria
into a Viable But Non-Culturable (VBNC) state. In the Ga203/UV-C sys-
tem, bacterial mortality may be primarily attributed to the suffering of
DNA damage, which can be enzymatically repaired, allowing for
resuscitation and subsequent proliferation [69,70].

Conversely, the PAA-intensified system imposes severe oxidative
stress on cell membranes and intracellular components, rendering repair
mechanisms less effective. Furthermore, the residual presence of PAA
and its main metabolites (acetic acid and acetate anion, which is
determined via IC measurements) in the effluent creates a bacteriostatic
environment [71]. This chemical pressure inhibits the metabolic re-
covery of VBNC cells, thereby preventing their reversion to a vegetative
state and ensuring long-term biosecurity. For this reason, and after the
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Fig. 4. UV-C (a) and Ga,03 (b) optimization dosage for the E. faecalis inacti-
vation process.

residual disinfection effect of PAA has been verified after treatment, an
additional controlled PAA dosage could be applied to the treated
effluent. According to Antonelli et al. [72], maintaining a residual
concentration in the 0.5-1.0 mg/L range is effective for prolonging
disinfection and preventing bacterial resuscitation. This polishing step
would ensure long-term matrix biosecurity without introducing eco-
toxicological risks [72].

Chong et al. addressed the regrowth of E. coli in photocatalytic sys-
tems using anatase titanate nanofibers as catalysts. They observed that
the population of the bacteria recovered their initial levels after just 24 h
of treatment for the photocatalytic system, while verified that the
increasing presence of Fe?>" ions minimized bacterial regrowth, due to
the residual generation of ROS species in the dark phase [73].

3.5. pH influence

The influence of the pH of the matrix, as the quintessential parameter
in water systems, is addressed in this work. pH plays a critical role in
photocatalysis, affecting the surface charge of the photocatalyst, as well
as the generation and reactivity of ROS. A broad pH range of 4.5-10,
selected considering the parameter range to which the microorganism is
tolerant [74], will be assessed in this work. To understand these
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interactions, the pHpzc of the GayO3 catalyst was determined to be 7.1
via the Mass Titration method.

The results of the experimentation are presented in Fig. 8.

The highest disinfection efficiency was achieved under neutral con-
ditions (pH = 7.0), where 4.4-log reductions of E. faecalis were observed
within less than 5.5 min. This optimal performance is attributed to
several factors. Specifically, at pH 7.0, the catalyst operates near its
PHpzc, resulting in a near-neutral surface charge. This condition mini-
mizes the electrostatic repulsion between the GayO3 particles and the
negatively charged bacterial cell walls [75]. This lack of an electrostatic
barrier facilitates a closer proximity between the microorganisms and
the catalyst surface, where high concentrations of short-lived ROS are
generated. This proximity, added to an enhanced ROS generation (based
on the promotion of the oxidative activity of h* and subsequent for-
mation of HO® radicals) [76], is responsible to the high disinfection yield
at pH neutrality. Disinfection performance is hindered at alkaline values
of pH (pH = 10), which may be attributable to a suppression in the
generation of 10y, a very pH sensitive process [77], to the scavenging of
ROS by HO™ ions (which can quench the HO® radicals through secondary
reactions) [78], as well as the strong electrostatic repulsion of charge
between the surface of the catalyst and the bacterial wall cell.

The results are in concordance with related photocatalytic literature,
as optimal disinfection results are obtained when operating near neutral
pH. The work carried out by Alikhani et al., where the ZnO/UV-C system
was assessed for the disinfection of E. coli, showed optimal disinfection
yields at pH values near neutrality, pointing to photochemical inacti-
vation and surface interferences when operating at acidic or alkaline
conditions [40]. In the study conducted by Sciscenko et al., where a
catalyst based SiOy/Fe3O4 coated with TiO; was employed in the
UV-photocatalytic disinfection of E. coli and C. perfringens, authors
report that the best operation conditions belonged in the circumneutral
range of pH, ensuring no reagent addition and opening the door to
catalyst recycling [79].

3.6. Gay0s3 reutilization

The capacity of maintaining the disinfection performance during
several treatment cycles is a key parameter for the assessment of a
photocatalyst. The inactivation curves for the catalyst reutilization study
are presented in Fig. 9.

A notable reusability of the material is observed. During the four
cycles of application, 4.40- log reduction of bacteria is observed in
7.5-10.5 min, which supposes an acceptable value of disinfection,
below the stipulated limit time of 15 min.

The functional stability observed during the recycling tests was
further corroborated by structural post-analysis using XRD. As shown in
Fig. 10, the diffractograms of the fresh and used catalyst (after 4 cycles)
are virtually indistinguishable. The characteristic diffraction peaks of
the monoclinic p-polymorph were preserved without many remarkable
shifts in the 26 positions or appearance of new impurity phases, with
only the intensity associated to the (111) peak experimenting a non-
negligible decrease.

The preservation of the diffraction pattern confirms that the long-
range order of the crystal lattice was maintained, ruling out phenom-
ena such as amorphization, photocorrosion, or surface hydroxylation.
This structural robustness aligns with the high thermodynamic stability
reported for the §-GapO3 phase and explains the consistent kinetic per-
formance observed throughout the reuse cycles [45].

The maintenance of antibacterial activity suggests that the p-Ga=0s
surface resists photocorrosion and irreversible fouling under the tested
conditions. This aligns with the known properties of the p-polymorph,
which is the most thermodynamically stable form of gallium oxide [55]
and exhibits excellent photostability [43]. Unlike unstable photo-
catalysts that degrade upon UV exposure, the robustness of this material
allows for effective recovery via simple washing, confirming its dura-
bility for RAS applications.
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Fig. 5. PAA intensification of the Ga;03/UV-C system. Influence of the oxidant dosage on E. faecalis inactivation.

Several studies have addressed the recyclability of the photocatalysts
they employ. In the work by Fouad et al., a reusable coated Ru/WOs/
ZrO, material for the disinfection of gram-negative and gram-positive

bacteria in presence of visible light. They observed that the recycla-
bility of the material strongly depends on the matrix composition, as
matrices with lower dissolved organic load enables a better reusability
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Fig. 6. PMS intensification of the Ga;O3/UV-C system. Influence of the oxidant dosage on E. faecalis inactivation.
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Table 1
PMS Consumption for the Ga;0O3/UV-C/PMS, UV-C/PMS and PMS systems.

Normalized PMS consumption ([PMS] /[PMS],

x100)
Initial PMS dosage (mM)  Gay03/UV-C/PMS  UV-C/PMS  PMS
0.01 19.3 39.8 4.1
0.02 28.7 53.0 6.2
0.05 45.1 62.4 8.5

of the catalyst than their stronger counterparts [80]. Tsoukleris et al.
addressed the inactivation of E. coli and other coliforms in municipal
wastewater effluents employing chemically modified photocatalysts
(N-TiO3, N,S-TiO, and Ag@N-TiO) under visible light irradiation. They
indirectly addressed the reusability of their materials by the comparison
of the photodegradation yield of RhB dye solution after the first and fifth
recycling run. While Ag@N-TiO; showed the better reusability perfor-
mance, neither of the studied materials presented internal phase alter-
ations, indicating the stability of their structure [81]. In the study by
Cheng et al., addressing the reusability of FeClO in the FeClO/PAA
system for the degradation of sulfamethoxazole. Their results point to a
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good reusability of the catalyst, since after solid washing and mild
temperature drying (30°C), antibiotic degradations of at least 80 % were
obtained, ensuring material integrity [82].

Inactivation yield stability, without major losing of photocatalytic
activity during at least 4 cycles of reuse, combined to its swift perfor-
mance, ensures the applicability of the catalyst for greater matrix
volumes.

3.7. Real-water validation

Different inactivation yields for the Ga;03/UV-C and Gap03/UV-C/
PAA appear in the SAW and FTW matrices, as presented in Fig. 11.

Both systems of interest present faster inactivation yields in the FTW
matrix than in the SAW, as it can be observed. Bacterial log 4.4 reduction
in 2.5 and 1 min is achieved for the photocatalytic and intensified pro-
cesses, respectively. This fast matrix disinfection may be explained by
the difference in the organic load of the matrix (2.25 mgro¢ /L in FTW
versus 56.68 mgroc /L in SAW). The presence of organic matter, which
has reductive properties, competes for the oxidative power generated in
the photocatalysis system, reducing its disinfection potential.
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Fig. 7. Regrowth study. E. faecalis proliferation after the application of the optimized Ga;03/UV-C and Ga;03/UV-C/PAA processes.
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Higher matrix complexities are often associated with lower disin-
fection yields. In the study conducted by Xie et al., Graphitic Carbon
Nitride semiconductor irradiated with visible light was applied for the
inactivation of MS2 bacteriophage in several matrices with different
organic loads. Their findings showed that matrices with 10 mg/L of
dissolved organic carbon (DOC) reduced the yield of disinfection in

10

32-36 % of the process, attributing this drop in the performance to light
absorption of the organic substance and the protective effect on the
microbe [83]. Birben et al. performed solar photocatalytic disinfection
on E. coli with P25-TiO;, as a photocatalyst, analyzing the performance of
the process in matrices with different complexities. They verified that
the effect of organic matter in reducing the disinfection yield is greater



P. Santiago-Espineira et al.

Journal of Environmental Chemical Engineering 14 (2026) 121589

-®- 1.0 Wm? UVC + 0.025 g/L Ga,03 (SAW)
105 ~#- 1.0 W/m® UVC + 0.025 ¢/L Ga,O3 + 0.05 mM PAA (SAW)
@ 1.0 W/m? UVC + 0.025 g/L Ga,03 (FTW)
— @ 1.0 W/m? UVC + 0.025 g/L Ga,Oj + 0.05 mM PAA (FTW)
B 1o
5 10
=
S
@« N
.S N
~
8
g 102
“~ AN
— 10 1
10°
0 1 2 3 4 5 6
Time (min)

Fig. 11. Comparison of the E. faecalis inactivation yield of the studied processes in Simulated Aquaculture Water (SAW) and Fish Tank Water (FTW).

than the impact of saline composition, as the presence of organic
matrices (in the form of humic acids), supposed a decrease in the inac-
tivation rates in 4 orders of magnitude [84]. Ensuring matrix disinfec-
tion regardless its organic loading remains a challenge.

3.8. Toxicological considerations: phytotoxicity, DBPs and WQPs

The results of the phytotoxicity study are shown below, in Fig. 12.

As shown in Fig. 12, GI values for R. sativus and S. lycopersicum
exposed to effluents from both the Ga203/UV-C and Ga20s/UV-C/PAA
treatments significantly exceeded the reference threshold of 100 %,
indicating a stimulatory effect on seed germination and root growth. The
observed phytostimulation for R. sativus and S. lycopersicum aligns with
prior findings where AOPs not only mitigated microbial and chemical
contaminants but also generated effluents with improved bioavailability
of nutrients. The addition of PAA did not introduce phytotoxic effects;
on the contrary, the intensified photocatalytic system resulted in
germination indices comparable to, or slightly higher than, the non-

intensified photocatalytic system. This suggests that the residual oxi-
dants or their transformation products do not persist in phytotoxic
concentrations, reinforcing the environmental safety of this AOP variant
(specially at very low PAA concentrations) [85].

Importantly, the increase in GI in both systems indicates that the
disinfection process did not lead to the accumulation of harmful by-
products. This finding contrasts with some conventional disinfection
techniques (e.g., chlorination), where the formation of phytotoxic halo-
genated by-products can impair germination [86]. These results support
the viability of Ga.Os-based photocatalytic systems, especially when
intensified with green oxidants like PAA, as environmentally sustainable
technologies for aquaculture water treatment, capable of ensuring
disinfection efficiency without compromising ecological thriving.

This potential of low-toxicity effluent generation is confirmed by the
quantification of DBPs: no halogenated oxyanions (ClO3, ClO3, BrO3) are
detected above the operational limit of detection (0.1 mg/L) for any of
the studied systems. While no specific legislation regulates the DBPs
levels in aquaculture systems, the absence of these nefarious species is
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an optimistic result as the first step towards the scale-up of these
advanced oxidation processes to industrial facilities.

The generation of DBPs in photocatalytic systems has gathered in-
terest over the years; Richardson et. al assessed the performance of the
UV/TiO; system in presence and absence and chlorination, observing
that the generation of DBPs greatly decreased when the disinfection of
ultrafiltered water was carried out by only application of photocatalytic
processes, with 3-methyl-2,4-hexanedione being the only organic DBP
that was detected [87]. The influence of the water matrix, addressed by
Mayer et al., appears to not be the main factor in the production of DBPs
in the TiO2/UV system. Incomplete natural organic matter (NOM)
oxidation drives the production of aromatic, humic-like DBPs, with
authors reporting that only an intensive energy application can mini-
mize the production of these residual substances [88]. The TiO2/UV
system is even a feasible approach to the treatment of disinfection
by-products, as addressed by Zhang et al. In a non-conventional
configuration of the TiO,, featuring the encapsulation of the semi-
conducting material in sodium alginate hydrogel, the authors ensured
significant (>96.4 %) removal of iodo-, bromo-, and chloroacetonitrile
in deionized water after 60 min of treatment application [49].

The analysis of WQPs confirms that the variation of the chemical
parameters in the matrix is minimal for the treatments of study. The
main variations in the indicators are the generation of acetate in the
Gap0O3/UV-C/PAA system, which is likely attributed to the chemical
reduction of PAA [20], and the slight drop in the pH values for both
treatments, which can be explained due to the generation of acidic
species in the photocatalytic treatments [89] and the acidic behaviour of
PAA. A minimal variation in the Cl" concentration is likely attributed to
the chloride appearing in the bacterial stock solution that is spiked in the
matrix. Summarized variations in WQPs for the matrices of the study
may be found in Figure S4, in the Supplementary Materials.

3.9. Scavenging study

The elucidation of the role of the different ROS taking part in the
disinfection process is conducted via a scavenging study, whose results
are presented in Fig. 13.

The disinfection profiles in presence of MeOH and tBuOH, which are
respectively HO®*/SO% and HO® radicals scavengers [90,91], are similar
for both studied processes (reaching complete disinfection at 7.5 min),
which evidences the neglectable contribution of the sulfate radical in the
systems. However, the increment in time to reach the detection limit is
much higher for the PAA intensified system (from 2.5 to 7.5 min) than
for Gag03/UV-C process (from 5.5 to 7.5 min). This notable increment in
time points to a key role of the HO® radical in the bacterial disinfection
for the Gap03/UV-C/PAA system.

FFA acts as a selective scavenger for 0, [92], a ROS having two
different roles in the two processes of interest. The increment in the time
to reach the detection limit of the PAA intensified process in presence of
FFA is only of 2.5 min (from 2.5 to 5 min), but in the case of the
Gay03/UV-C photocatalysis, complete disinfection is not only achieved
in 15 min, but also it experiments a 2-log unit decrease. This behaviour
highlights the key importance of 10, in E. faecalis disinfection for the
Gap03/UV-C system.

While no previous work has found on the mechanistic considerations
of PAA-intensified UV-C disinfection by photocatalysis, the elucidation
of the radical species involved in the UV/PAA disinfection of E. coli has
been addressed by Sun et al. Their results showed that a 3.2-log decrease
in inactivation appeared when an excess amount of t-BuOH was present
in the disinfection set-up, evidencing the role of the HO® radical in the
disinfection process. These results are in concordance with the ones in
the study conducted by Xu et al., where the UV/PAA process is applied
for the inactivation of fungal spores in several matrices. Their findings
point towards the importance of HO® as the main radical participating in
cell membrane damage [93].

10, apparition in photocatalytic systems has been attributed to the
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Fig. 13. Gap03/UV-C (a) and Gap03/UV-C/PAA (b) scavenging study for
E. faecalis inactivation.

photoreduction of superoxide anion [94]. In the study by Cruz-Ortiz
et al., the photocatalytic disinfection mechanism by Ti-graphene com-
posites under UV radiation was modelled by the assessment of the E. coli
disinfection. They concluded 10, HO® and H,0, were the main
responsible species in bacterial inactivation, with the non-detection of
superoxide anion attributable to a fast rate of !0, production [95].

3.10. Proposal of an inactivation mechanism. Synergistic considerations

The disinfection performance observed for both the Gaz0s/UV-C and
Gaz03/UV-C/PAA systems point to distinct inactivation mechanisms,
governed by the reactivity and dynamics of the generated ROS under
each set of conditions. Based on experimental findings, particularly
scavenging assays, a mechanistic proposal can be suggested to explain
the observed pathways in bacterial inactivation.

The optimized Ga20s/UV-C system achieved a complete inactivation
of E. faecalis within 5.5 min, which was further accelerated to 2.5 min
upon intensification with PAA. Scavenging tests were performed to es-
timate the contribution of different ROS. The addition of Furfuryl
Alcohol (FFA) led to a significant inhibition of the process. While FFA is
typically used as a probe for 102, it is important to note that the deep
valence band of p-Gaz0s (E°~4.0 V) thermodynamically favours the
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generation of hydroxyl radicals and direct oxidation via valence band
holes [96]. Therefore, the observed inhibition likely reflects a combined
contribution of these oxidative species rather than the exclusive action
of singlet oxygen.

Conversely, the Ga:0s/UV-C/PAA system showed an extended
inactivation time in the presence of t-BuOH and MeOH. This is consis-
tent with an intensification of the radical pathway, where the photolysis
of PAA generates a higher flux of hydroxyl and peroxyl radicals, acting
synergistically with the heterogeneous photocatalysis [97].

These observations are consistent with established ROS behaviour in
photocatalytic and PAA-driven systems. Singlet oxygen generation in
Gaz0s photocatalysis can be attributed to energy transfer from photo-
generated holes or by subsequent reduction of O:* produced at the
catalyst surface under UV-C excitation. Conversely, the presence of PAA
favours the formation of HO® through homolytic cleavage of the O-O
bond in the oxidant initiated by UV-C absorption and its subsequent
activation at the semiconductor surface.

A proposed mechanistic pathway for E. faecalis inactivation is
described below for the Ga;O3/UV-C system, where the first step is the
photocatalytic generation of electrons and holes after UV-C absorption
of the semiconductor material, as presented in Eq. 3:

Ga:0s Y %e +h 3)

Upon UV-C excitation, electron-hole pairs are generated. The high
crystallinity of the p-Ga20: phase minimizes bulk defects, enhancing
charge carrier mobility and reducing recombination [96]. The fate of
these carriers determines the ROS profile, which may be generated by
two different phenomena: the anodic and the cathodic pathway.

In the anodic pathway (h"), the high potential associated to the
valence band of the semiconductor material is significantly more posi-
tive than the redox potential for water oxidation (E°(H,0/HO®) ~

Journal of Environmental Chemical Engineering 14 (2026) 121589

[102], protein hydroxylation leading to secondary, tertiary and qua-
ternary structure loss [103], and direct DNA strand breaks causing
replication and transcription failure [104].

The Gaz0s/UV-C/PAA, in which the previously detailed reactivity
can be observed, features the PAA photoactivation as its key inactivation
feature, as detailed in Eq. 6:

CH,CO00H 2. CH,C00* + HO" )

While electron abstraction by h" or other oxidative species generated
in the photocatalytic process can occur, as shown in Eq. 7:

CH3COOOHE> radicals(HO®, CHsCOO®) (@]

HO?®, as previously detailed, acts rapidly and non-selectively on wall
cells, internal structures, and DNA strands, fastening cell death.

However, the mechanism is not limited to homogeneous photolysis.
A synergistic interaction occurs at the semiconductor interface, where
PAA acts as an electron scavenger. The photogenerated electrons in the
conduction band of p-Ga=0s are captured by the PAA molecules. This
charge transfer effectively suppresses the electron-hole recombination,
prolonging the lifetime of the oxidative holes and further enhancing the
generation ROS compared to the individual processes.

For determining the interaction between the different agents inter-
vening in the process, a calculation of the synergy index (S) is carried
out. This calculation considers the logarithmic disinfection of the pro-
cess of studied, divided by the logarithmic disinfection of the different
factors and their corresponding interactions. The value for S can be
calculated according to Eqgs. 8 and 9, for the Ga203/UV-C and Ga20s/UV-
C/PAA processes, respectively [105]:

ls)
Gay03/UV—C

+ 2.7 V). Consequently, photogenerated holes (h") vigorously oxidize 5= N v @)
surface-adsorbed water molecules or hydroxide ions to generate HO® log <N_o>G o +log (N_o) e
az03 -
radicals, which then attack the bacterial cell wall via hydrogen
abstraction and hydroxylation:
ly)
Gay 03 /UV—C/PAA (9)

S =

log (Nﬂo) + log (%) + log (Nﬂ(]) — log (N%) — log (N%) — log (N%)
Gaz03/UV—C uv—c/pAA Gaz03/PAA uv—c Gaz05 PAA

h* + H,0 - HO® + H 4

In the cathodic pathway (e-), photogenerated electrons (e-) reduce
dissolved oxygen to yield 02", as represented in Eq. 5. While superoxide
radical possesses intrinsic oxidative behaviour, scavenging insights
indicate that its primary contribution in this system is its transformation
into '0,, in a process that can occur via hole-induced oxidation or
spontaneous disproportionation [98].

e + 02— 02* - !0 5)

!0z, as an electronically excited form of molecular oxygen, may
oxidize unsaturated lipids yielding lipid peroxidation [99], modify
sulphur-containing amino acids (causing loss of enzymatic function)
[100], or damage purine bases leading to oxidative DNA lesions,
inducing mutagenesis [101].

HO® has the theoretical capacity of attacking all classes of bio-
molecules due to its great standard redox potential of 1.8-2.7 V [76].
This oxidative power may lead to the oxidation of phospholipids (which
produces structural destabilization and loss of osmoregulatory control
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The logNl0 will be calculated at the time at which below-the-detection-
level disinfection is achieved by the two systems, being it 7.5 min for the
photocatalytic system and 2.5 min for the PAA-intensified photo-
catalytic system.

Values of S are presented below, in Table 2:

As shown in Table 2, both the Gaz0s/UV-C and Ga20s/UV-C/PAA
systems display remarkable synergistic effects, with synergy indices (S)
of 1.715 and 3.945, respectively. These values confirm that the com-
bined application of disinfection agents results in significantly enhanced
bacterial inactivation compared to the additive performance of the in-
dividual components of the disinfection processes. This effect, while
very notable for the Ga;O03/UV-C process, is particularly remarkable for

Table 2
Synergy indices (S) for the Ga;03/UV-C and GayO3/UV-C/PAA systems.

System Cutoff time (min) Synergy index (S)
Gay03/UV-C 7.5 1.715
Gay03/UV-C/PAA 2.5 3.945
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the Ga203/UV-C/PAA system, which achieves nearly a four-fold increase
in log-reduction beyond the expected sum of the respective binary
contributions.

The synergistic interaction between UV-C, Gaz0s, and PAA enhances
the ROS yield (increasing the disinfection rates), which increases the
likelihood of multi-site damage and prevents bacterial recovery, as
shown in the regrowth experiments.

The origin of this synergy likely stems from multiple interacting
factors. In the case of the Ga20s/UV-C system, synergy can be attributed
to the generation of ROS on the Ga20s surface under UV-C irradiation, a
phenomenon which does not occur in the dark. Gallium oxide, a pho-
tocatalyst acting as a n-type semiconductor with a suitable band gap,
generates electron-hole pairs under UV-C exposure, producing oxidative
species such as hydroxyl radicals and singlet oxygen, which contribute
to microbial cell wall disruption and DNA oxidation [106]. These ROS
work in tandem with the photolytic effects of UV-C, explaining the
observed synergistic enhancement over UV-C or Gaz0s alone.

For the Ga203/UV-C/PAA system, the synergy is even more pro-
nounced. This intensification arises from the combined oxidative stress
imposed by both photogenerated ROS and the radicals derived from
peracetic acid decomposition, such as acetylperoxyl (CHsCOO*®) and HO®
radicals [97]. UV-C irradiation not only facilitates the direct decompo-
sition of PAA but also enhances electron transfer on the Gaz0s surface,
accelerating radical generation and sustaining oxidative attack over
time [107]. Acetate, after PAA hydrolysis, may also act as another
reducing species, accepting electrons and favouring ROS generation via
non-radical pathways [108]. These phenomena explain the near
quadrupling of the observed inactivation performance at the established
time limit.

This synergistic quantification based on log-reduction, as opposed to
alternative calculation by evaluation of the kinetic constants, offers a
robust and mechanistically meaningful framework to assess combined
disinfection processes, especially when assessing systems following
several models of microorganism abatement. Similar approaches have
been reported in previous literature assessing UV/chlorine [109] and
UV/PAA [110] systems, where synergy was calculated based on
enhanced log-reductions beyond theoretical additivity.

The shift in dominant ROS between systems is reflected in the
inactivation kinetics. The Ga.0s/UV-C system, driven primarily by 'Oz,
showed a slower but sustained inactivation rate, while the Ga20s/UV-C/
PAA system exhibited a faster log-linear decay pattern, characteristic of
HO*® dominated reactions ( [111]; [112]). The latter species is known for
its near-diffusion-limited reaction rate with biological macromolecules
(10°-10 ' M~'s!) [113], supporting the rapid microbial cell damage
observed.

4. Conclusions

This study demonstrates the high potential of Ga-0s/UV-C-based
photocatalysis as an efficient and sustainable disinfection strategy for
RAS effluents. After material characterization and through a compre-
hensive optimization process, featuring the adjusting of the irradiation
intensity, GapO3 dosage, and oxidant selection, the Ga:0s/UV-C/PAA
system was identified as the most effective configuration for the inac-
tivation of E. faecalis. Compared to UV-C irradiation alone, which
required 10 min for complete inactivation, the intensified system
reduced the treatment time to 2.5 min (a 4-fold kinetic enhancement).
The incorporation of a low concentration of PAA significantly enhanced
the disinfection kinetics, halving the required treatment time without
compromising the followability of the bacterial inactivation process.
Notably, PMS addition resulted in an antagonistic effect, emphasizing
the necessity of careful system integration and the potential for non-
productive radical consumption pathways which ultimately hinder the
disinfection of the matrix.

Mechanistic insights derived from the scavenging experiments
revealed that hydroxyl radicals and singlet oxygen play key roles in the
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microbial inactivation, with 'Oz being particularly relevant in the sole
Gaz20s/UV-C system, and HO® dominating the disinfection in the GapO3/
UV-C/PAA process. The photostability and recyclability of Ga20s were
validated through multiple treatment cycles, confirming its viability for
repeated use without significant loss of activity.

Long-term assessments highlighted the superior regrowth suppres-
sion provided by the PAA-intensified system, likely due to bacteriostatic
residual oxidants. However, to fully mitigate the observed delayed
bacterial recovery in real scenarios, two strategies are proposed: (i) the
application of a minimal downstream residual PAA dose to ensure
continuous biosecurity, or (ii) the design of recirculation loops with
hydraulic retention times shorter than the bacterial resuscitation period
(<1-3 days), ensuring retreatment before significant proliferation oc-
curs. Importantly, real-matrix validation demonstrated robust perfor-
mance of the optimized systems in authentic aquaculture effluents.

The combined assessment of phytotoxicity, DBPs generation and
WQPs evolution verified the strong potential of the Ga;03/UV-C and
Gay03/UV-C/PAA processes in real systems, as a first step towards
process scale-up.

From an economic perspective, the intensified Ga20s/UV-C/PAA
system offers a compelling trade-off for RAS applications. While the use
of Ga:0s and PAA introduces material costs, the 50 % reduction in
required contact time (2.5 min vs. 5.5 min) implies a proportional
decrease in reactor size (CAPEX) and electrical energy consumption
(OPEX). Furthermore, the segregation of the treatment unit from the
rearing tanks allows for the safe recirculation of the treated water, as the
low PAA dosage (0.05 mM) degrades into acetate, a non-toxic, biode-
gradable by-product compatible with the system's biofilters.

Altogether, this work positions Ga20s/UV-C photocatalysis, espe-
cially when intensified with peracetic acid, as a technically valid alter-
native to conventional chemical disinfectants. Its ability to combine
swift microbial inactivation and catalyst reusability paves the way for
future scale-up. While the material demonstrated excellent stability in
high-organic simulated matrices, future pilot-scale investigations should
assess long-term mechanical durability and potential biofouling under
continuous flow conditions, ensuring its seamless integration into
advanced water treatment frameworks for sustainable aquaculture.
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