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ARTICLE INFO ABSTRACT

Keywords: Antibiotics are often applied in aquaculture to prevent fish diseases. These substances can cause disturbances on
Water pollution receiving waters, when not properly eliminated from the aquaculture effluents. In this work, ozone (O3) was
aquaculture investigated as a possible oxidizing agent to remove fishery antibiotics from aquaculture effluents: florfenicol
zzgf:)tlcs (FF), oxytetracycline (OTC), sulfadimethoxine (SDM), sulfamethoxazole (SMX), and trimethoprim (TMP). Batch
zebrafish experiments were performed using ultrapure water and aquaculture effluents spiked with a mixture of target

antibiotics at relatively high concentrations (10 mg Lt each). OTC, SMX and TMP were fully removed (< 30 min)
regardless of the tested conditions, mainly by Og direct attack. In contrast, FF was partially removed in 30 min (~
10 and 60%, in aquaculture effluents and ultrapure water, respectively), but only in the presence of hydroxyl
radicals (HO®), the FF concentrations reaching levels below the detection limits in ultrapure water after 60 min.
In the case of SDM, its degradation was highly influenced by the selected water matrix, but with removals always
higher than 68%. In continuous-flow experiments applying more environmentally relevant antibiotic concen-
trations (100 ng L each) and low Os doses (1.5 mg L™1), ozonation highly removed (> 98%) all tested anti-
biotics from aquaculture effluents with a hydraulic retention time (HRT) of 10 min, except FF (68%). Although
by-products were detected in treated samples, zebrafish (Danio rerio) embryotoxicity tests did not show a toxicity
increase by applying this ozonation treatment. Ozonation is thus a possible solution to remove antibiotics from
aquaculture effluents. Still, full-scale studies in aquaculture farms are needed, and generation of HO® may be
favoured to readily oxidize the FF antibiotic.

aquaculture (Gorito et al., 2022).
The excessive application of antibiotics in aquaculture can bring
serious threats to the environment and human health, such as their

1. Introduction

In the last few years, the global fish consumption has increased more

than that of any other animal protein food (e.g., meat, dairy, and milk),
and aquaculture is one of the fastest-growing food-producing sectors
(FAO, 2020). Intensive aquaculture typically involves many cultured
organisms in confined areas, which can promote the dissemination of
parasites and bacterial infections and, consequently, considerable eco-
nomic losses for the sector (Lulijwa et al., 2020; Rigos et al., 2010). In
this context, to tackle infections and their undesirable effects, antibiotics
such as tetracyclines, trimethoprim (TMP), sulfonamides, quinolones,
pB-lactams, fluoroquinolones, and phenicols have been widely supplied in
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spread in the different environmental compartments and the possible
proliferation of antibiotic-resistant bacteria and their related genes (ARB
& ARGs), which is one of the main challenges that humans face today
(Preena et al., 2020; Schar et al., 2020; Zheng et al., 2021). Indeed, high
levels of ARB have been described in, and around, aquaculture farms
(Choi et al., 2020). Antibiotics are generally added directly to the water
through food pellets, and thus, both the unconsumed fraction of anti-
biotics and the excreta of farming organisms end up in outlet waters
(Leal et al., 2017; Pereira et al., 2013; Serrano, 2005). Moreover, water
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treatment equipment installed in aquaculture farms is not commonly
adequate for removing antibiotics, which are highly stable (Camera--
Roda et al., 2019; Zhu et al., 2020).

One alternative process that has been used to improve water quality
in aquaculture is ozonation. High removal rates of pathogens, organic
matter, solids, colour, and inorganic species can be achieved with this
treatment (Powell and Scolding, 2018; Schroeder et al., 2011; Tango and
Gagnon, 2003). However, specific information regarding antibiotics
removal in aquaculture is still very scarce — only two studies were found
in the Scopus database using the keywords “ozone/ozonation”, “antibi-
otics” and “aquaculture” (Choi et al., 2020; Kye et al., 2020). In these two
studies, ozone (O3) significantly removed the fishery antibiotics amox-
icillin (Choi et al., 2020), oxytetracycline (OTC) (Choi et al., 2020) and
oxolinic acid (Choi et al., 2020; Kye et al., 2020), but florfenicol (FF) was
very refractory to the treatment (Choi et al., 2020; Kye et al., 2020). One
of the main drawbacks of ozonation is the formation of oxidation
by-products that might have toxicological effects similar or even higher
than those of parent compounds (Prieto-Rodriguez et al., 2013). For
instance, bromate ion is a known ozonation by-product of toxicological
concern originated from Oj reaction with bromide naturally found in
water matrices (Camera-Roda et al., 2019; Gorito et al., 2021). Thus,
both physico-chemical and toxicological criteria are crucial to conclude
about ozonation efficiency and quality of treated water (Garcia--
Cambero et al., 2019; Prieto-Rodriguez et al., 2013). Specifically for
aquaculture, guaranteeing the quality of ozonated effluents is essential
when these effluents are discharged into the environment or recirculated
to feed the aquaculture facilities. Despite that, studies involving aqua-
culture effluents are only focused on antibiotics degradation without
assessment of toxicity and/or general quality of the treated effluent
(Choi et al., 2020; Kye et al., 2020), as is also the case of many other
studies dealing with ozonation for the removal of antibiotics from
different water matrices.

In this work, the possibility of applying ozonation to aquaculture
effluents aiming at the removal of different antibiotics commonly used
in these farms (FF, OTC, sulfadimethoxine (SDM), sulfamethoxazole

Table 1
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(SMX), and TMP; Table 1) was investigated. Firstly, the degradation of
target compounds was studied in batch mode, where different parame-
ters such as the role of hydroxyl radicals (HO®) and water matrix were
evaluated. Afterwards, the removal of target antibiotics was also
assessed in a continuous-flow mode for which more realistic conditions
were applied (environmentally relevant antibiotic concentrations, low
O3 concentration and short hydraulic retention time - HRT). The po-
tential toxicity effects of the continuous ozonated effluents were then
estimated using zebrafish embryo assays.

2. Materials and methods
2.1. Chemicals

All reference antibiotic standards (FF, OTC, SDM, SMX and TMP), as
well as the internal standard SDM-ds, were purchased from Sigma-
Aldrich (Steinheim, Germany). Individual stock solutions of approxi-
mately 1000 mg L™! were prepared by dissolving the appropriate mass
of each antibiotic or internal standard in methanol (MeOH), which were
then diluted to 10 and 1 mg L™} for mass spectrometry analysis opti-
mization. A working solution containing all antibiotic standards (2.5 mg
L) was also prepared by dilution in MeOH, which was used to spike the
aqueous matrix for the ozonation experiments. Likewise, a working so-
lution of SDM- ds (5 mg L™!) was prepared to be added to each sample
before the solid-phase extraction (SPE) procedure. MeOH and acetoni-
trile MS grade were purchased from VWR International (Oregon, USA),
whereas formic acid and sulphuric acid were supplied by Merck
(Darmstadt, Germany). Ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA-Na,.2H5,0) was acquired from PanReac (Castellar del
Valles, Barcelona) and ammonium formate (> 97% purity) was supplied
by Honeywell Fluka (North Carolina, USA). 3,4-dichloroaniline (98%)
was obtained from Alfa Aesar (Kandel, Germany). Ultrapure water (re-
sistivity > 18.2 MQ cm at 25°C) was supplied by a Milli-Q water system
from Millipore (Massachusetts, USA). Dechlorinated water used in
zebrafish embryo assays was obtained by a reverse osmosis system

Target antibiotics and their properties: class, molecular structure, and reaction rate kinetic constants with O3 (ko3) and HO® (kyo.) determined for each compound

individually in ultrapure/deionized water.

Antibiotic Class Compound Molecular Structure

kos M s kpoe (10° M~ 1s™h)

Phenicols Florfenicol (FF) < 10 (Choi et al., 2020)
Tetracyclines Oxytetracycline (OTC) 7 x 10° (Hopkins and Blaney, 2014)*** 5.6 (Jeong et al., 2010)**
Sulfonamides Sulfadimethoxine (SDM) o M i /0 2.7 x 10° (Ben et al., 2012)* 6.1 (Ikehata et al., 2006)
-~ A \s/
| /
" F
NH,
~
Sulfamethoxazole (SMX) 0\\ H 2.5 x 10° (Huber et al., 2003)* 5.5 (Huber et al., 2003)*
7~
% A\
\\ W
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HaN
Others Trimethoprim (TMP) \o 2.7 x 10° (Dodd et al., 2006) 6.9 (Dodd et al., 2006)
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* %20 °C; + pH 7; ** 22 °C; *** pH 9, 20-21 °C.
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(LSRO-101-A Lan Shan, Changhua County, Taiwan).
2.2. Aquaculture water samples

Aquaculture effluents were collected in a trout farm located in
Portugal. This farm is mainly designed for recreational fishing activities,
with very low production rates of fish and a high dependency of natural
conditions. After sampling, effluents were stored in pre-rinsed amber
glass bottles, transported at 4°C to the laboratory and kept refrigerated
until use (i.e.,, within 3 days after sampling). In addition, collected ef-
fluents were characterised in terms of: (i) general physico-chemical
parameters (i.e., pH, dissolved organic carbon (DOC), chemical (COD)
and biochemical (BOD) oxygen demand, total suspended (TSS) and
dissolved (TDS) solids, and several inorganic ions: ammonium, bromate,
bromide, calcium, chloride, magnesium, nitrate, nitrite, phosphate,
potassium, sodium, and sulphate) (Table S1, Supplementary Material),
(ii) concentrations of the selected antibiotics (Table S2, Supplementary
Material), and (iii) toxicity, before and after continuous-flow ozonation.

2.3. Ogzonation experiments

2.3.1. Batch mode ozonation experiments

Batch experiments were performed in a lab-scale glass reactor filled
with 500 mL of solutions (ultrapure water or aquaculture effluents)
spiked with the target antibiotics at 10 mg L ™! each. For spiking, 5 mg of
each target compound were directly added to the matrices and subjected
to sonication for 10 min. For HO® scavenging experiments, apart from
the antibiotics, a known amount of MeOH (commonly used as radical
scavenger) (Cong et al., 2015; Leresche et al., 2021; Tachikawa and
Yamanaka, 2014) was added (< 1%) to ultrapure water. The reaction
medium was always magnetically stirred at 400 rpm, approximately at
18 °C. Ozone was produced from pure oxygen in a BMT 802X O3
generator (BMT Messtechnik, Germany) at a constant flow rate (150
Nem?® min™!) and inlet gaseous concentration of approximately 50 g
Nm 3, aiming to ensure that the degradation of the target antibiotics
was conducted in the presence of an excess of Os. The O3 concentration
in the gas phase was monitored with a BMT 964 ozone analyser (BMT
Messtechnik, Germany), and the Os leaving the reactor was removed
using gas washing bottles filled with potassium iodide solution. 1 mL
aliquots were collected periodically from the reactor (i.e., 0, 1, 2, 5, 10,
12, 15, 17, 20, 30, 40, 45, and 60 min) for analysis of antibiotics con-
centrations. To remove residual Os, each sample was bubbled with air.
The collected samples were placed immediately in the fridge until
analysis.

2.3.2. Continuous-flow mode ozonation experiments

Experiments with continuous-flow ozonation were performed in a
bubble column reactor (3.0 cm internal diameter x 70 cm height) at a
temperature of approximately 17°C, applying conditions based on our
previous study dealing with ozonation for the removal of other organic
micropollutants from surface water (Gorito et al., 2021) and information
regarding ozonation at full-scale aquaculture systems for water disin-
fection (Gongalves and Gagnon, 2011; Summerfelt, 2003; Summerfelt
and Hochheimer, 1997). Briefly, for spiking the aquaculture effluents
(100 ng L™ 1), 400 pL of a methanolic solution containing all target
antibiotics (2.5 mg L~ 1) was added to an empty 10 L ISO bottle blue cap
and the residual solvent was evaporated using a nitrogen flow. After-
wards, a 10 L aliquot of the aquaculture effluent was added into the
bottle and stirred for 2 min at 600 rpm. The spiked effluent was
continuously pumped at the bottom of the reactor with a peristaltic
pump (Watson-Marlow, UK) and constantly collected at its top after the
respective treatment (i.e., one single passage in the column). The reactor
was packed with glass Raschig rings (3 mm diameter x 3 mm length,
resulting in a filling volume of 355 mL after packing), in this way pro-
moting the gas-liquid O3 mass transfer during the treatment (Graca
et al., 2020). The BMT 802X O3 generator (BMT Messtechnik, Germany)
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was used to produce O3 from pure oxygen at a constant flow rate (300
Nem® min~! in the gas phase) and inlet concentration (~ 20 g Nm™3; 1.5
mg O3 L™1), which was fed to the reactor through a ceramic diffuser. It is
important to highlight that O3 concentrations were established accord-
ing to the information mentioned above (Goncalves and Gagnon, 2011;
Gorito et al., 2021; Summerfelt, 2003; Summerfelt and Hochheimer,
1997). O3 in the gas phase was monitored by a BMT 964 ozone analyzer
(BMT Messtechnik, Germany), while dissolved O3 was measured by a
Q45H/64 probe (Analytical Technology, USA) configurated for exclu-
sive use in continuous mode (accuracy: + 0.02 mg L™1). The O3 leaving
the reactor was eliminated as described in the previous section. In a
typical run, the reactor was filled with distilled water and when the
spiked effluent starts to be pumped (t), a dilution effect is observed until
the steady state (t;), which was determined using sodium chloride as
tracer (Moreira et al., 2016). At this point (i.e., when the t; is achieved), a
first sample of 1 L was collected (blank, t;), and then the treatment
began by bubbling Os to the spiked water fed into the reactor. After that,
another period equivalent to that needed to achieve t; was considered
before the next sampling of the ozonated effluent (t2). Three 1 L samples
were withdrawn for antibiotic concentrations analysis in each experi-
ment (tzq, top, ta), these samples being immediately bubbled with air to
remove any possible residual Os. The remaining volume of treated water
was stored in the fridge for toxicity tests and other physico-chemical
analyses. The experiments were performed in triplicate, and the
removal efficiency of each antibiotic was estimated considering its
average concentration abatement between t; (without O3) and ty, b, o)
(with Og3) for the three independent ozonation experiments.

2.4. Quantification of antibiotics concentrations

The selected antibiotics (FF, OTC, SDM, SMX and TMP) were
analyzed using liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS). Regarding continuous O3 experiments (i.e., with
lower antibiotics concentration), SPE was needed prior to chromato-
graphic analyses. For that, a SPE protocol was adapted from two pre-
vious studies on the determination of veterinary antibiotics in aqueous
matrices (Tetzner and Rath, 2018; Zhou et al., 2012). In summary,
samples of 1 L were filtered through 1.2 pm glass-fiber filters (47 mm
GF/C, Whatman™, UK) and acidified to pH ~ 3 using sulphuric acid.
Moreover, SDM-dg (20 uL) was added as internal standard and EDTA--
Nay.2H50 (0.2 g) as complexing agent. The samples were then extracted
by Oasis® Hydrophilic-Lipophilic-Balanced (HLB) cartridges (150 mg, 6
mL) using an extraction manifold, both acquired from Waters (Milford,
USA). After the total sample volume was loaded onto the cartridges
(without preconditioning), they were rinsed with ultrapure water (10
mL) and dried using a vacuum pump (ILMVAC GmbH, Germany) for 60
min. The dried cartridges were eluted with 6 mL of MeOH (3 x 2 mL),
which were then evaporated in a Labconco® CentriVap (Kansas City,
USA). Finally, the residues were re-suspended in 250 pL of a MeO-
H/ultrapure water mixture (40:60, v/v). The average recovery during
SPE, accuracy, precision, and matrix effect for each target analyte are
described in Table S3 (Supplementary Material).

A Shimadzu Corporation apparatus (Tokyo, Japan) with LC (UHPLC,
Nexera) and triple quadrupole tandem mass (MS/MS) detection (LCMS-
8040) was used for chromatographic analyses. Separation was achieved
using a Kinetex ™ 1.7 pm F5 100 A column (2.1 x 100 mm) supplied by
Phenomenex, Inc. (California, USA), applying a mobile phase composed
of water and MeOH, both containing 0.1% of formic acid, at a flow rate
of 0.2 mL min~'. The chromatographic run was operated at gradient
mode consisting of 27.5% of MeOH during 4 min, a linear gradient
during 6.5 min up to 50%, after which the initial conditions were set
again in 0.5 min to condition the column during 5 min, totalizing a 16
min run. Column oven and autosampler temperatures were set at 25°C
and 4°C, respectively. The volume of injection was 5 pL. The mass
spectrometer was operated using electrospray ionization (ESI) under
positive- and negative modes, and multiple reaction monitoring (MRM)
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was used to quantify the target compounds (selected reaction moni-
toring instrument parameters can be consulted in Table S4, Supple-
mentary Material). Capillary voltage, drying gas flow rate, nebulizing
gas flow rate, desolvation and source temperature of the mass spec-
trometer were 4.5 kV, 15 dm® min~!, 3 dm® min~!, 250°C and 400°C,
respectively. The analysis was based on a triplicate matrix-matched
calibrations curve, by adding selected amounts of each antibiotic stan-
dard solution and a constant amount of internal standard solution to 1 L
of spiked matrix. Retention time, range, linearity, instrument and
method detection and quantification limits of the target antibiotics are
available in Table S5 (Supplementary Material).

2.5. Physico-chemical parameters determinations

A TOC-L analyser (Shimadzu Scientific Instruments, Japan) was used
to determine the DOC content, following the procedure 5310B of the
Standard Methods for Examination of Water and Wastewater (APHA
et al., 1998). COD, BOD, and TSS were measured following procedures
5220D, 5210B and 2540D, respectively (APHA et al., 1998). The con-
centrations of cations (ammonium, calcium, magnesium, potassium, and
sodium) and anions (bromide, chloride, nitrate, nitrite, phosphate, and
sulphate) in solution were determined by ionic chromatography using
Metrosep C4 Cationic Exchange and Metrosep A Supp 7 Anionic Ex-
change columns, respectively (250 mm x 4.0 mm) in a Metrohm 881
Compact IC Pro equipment. Bromate ions were determined by
LC-MS/MS, using a Waters™ ACQUITY UPLC® BEH Amide 1.7 pm
column (2.1 x 100 mm, Milford, USA), with a mobile phase of aceto-
nitrile/10 mM ammonium formate (80/20, v/v), operating at isocratic
mode. The pH values were measured using a pH meter pHenomenal®
pH 1100 L (VWR, Oregon, USA).

2.6. Zebrafish embryotoxicity tests

Zebrafish (Danio rerio) breeders were maintained under standard
culture conditions at CIIMAR (Matosinhos, Portugal) certified facilities
for aquatic organisms. For reproduction, males and females were placed
in a maternity inside a 30 L tank the day before reproduction. After
reproduction, shortly after the beginning of light period, embryos (0-1
hpf (h post fertilisation)) were collected, cleaned, counted, and assessed
for fertilization success (> 90%). The assays were carried out in 24 well
plates (VWR, Oregon, USA). Ten embryos were placed in each well in a
final volume of 2 mL of test solution. A total of 40 embryos (10 embryos/
well) were exposed per test condition in each assay. Each assay plate was
loaded with the test solutions for 24 h before the embryo assays were
done, to minimise contaminant losses from the test solutions to the
media by adsorption to the plates. During the assays the test solutions
were completely renewed every day. Test solutions included: (i) aqua-
culture effluents as collected; (ii) aquaculture effluents spiked with FF,
OTC, SDM, SMX and TMP (100 ng L7! of each antibiotic); (iii) spiked
aquaculture effluents after continuous ozonation treatment; (iv) dech-
lorinated water (negative control); and (v) 3,4-dichloroaniline solution
at 4 mg L' (positive control). Control groups were used for quality
control of the assay. Embryonic development was evaluated at 24, 48,
72, 96, 120 144 and 168 hpf using an inverted microscope (Nikon
Eclipse TS100, Amsterdam, Netherlands). Mortality (24, 48, 72, 96, 120
144 and 168 hpf), hatching (24, 48, 72, 96, 120 hpf), malformation in
the somites (24, 48, 72, 96 hpf), tail detachment (24, 48, 72, 96 hpf),
yolk sac (24, 48, 72, 96, 120, 144 and 168 hpf), otoliths (48, 72, 96, 120,
144 and 168 hpf), eyes (48, 72, 96, 120, 144 and 168 hpf), heartbeat
(48, 72, 96, 120, 144 and 168 hpf), blood circulation (48, 72, 96, 120,
144 and 168 hpf), skeleton (72, 96, 120, 144 and 168 hpf) and side-wise
position (144 and 168 hpf) were the endpoints observed during the as-
says. Three independent repetitions of the assays were carried out to
assess the potential embryotoxicity of the aquaculture effluent as
collected and after treatment with continuous-flow ozonation, following
the experiments described above (Section 2.3.2).
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2.7. Statistical analysis

Removal of antibiotics by ozonation was compared by single-factor
analysis of variance (ANOVA), followed by post-hoc Tukey’s test using
the software SPSS (Version 25.0 for Windows). The significance level
was set to 0.05. In toxicity assays, mortality and hatching data are
presented as cumulative frequency. The data were analyzed using the
Pearson Chi-square test, taking the duration of the exposure and the
experimental conditions as factors. When significant differences were
identified, pairwise comparisons were done using either the Chi-square
test or the Fisher Exact test, with a Bonferroni correction, to identify
their origin. The median time to hatching (HTs5q) was estimated using
the Probit method (Finney, 1971). The statistical analyses were per-
formed in SPSS 27, against a significance level of 0.05.

3. Results and discussion
3.1. Removal of antibiotics

3.1.1. Batch mode ozonation experiments

Fig. 1A shows the normalized concentrations of the target antibiotics
spiked in ultrapure water (10 mg L™! of each antibiotic) in the ozonation
experiments (60 min; ~ 50 g Nm_s; pH 6). Among the five tested an-
tibiotics (FF, OTC, SDM, SMX and TMP), only SDM was not completely
removed in 60 min (agpym*, p < 0.05), i.e., SDM was the only compound
with a concentration higher than the detection limit after 60 min of
ozonation. OTC and SMX were the compounds with faster degradation,
showing removals of 85% and 74%, respectively, in 10 min of contact
time with O3. These antibiotics and TMP were not detected in any of the
30 min treated samples. Regarding FF, a slower degradation was
observed, but it was fully removed after 60 min. In the case of SDM, a
fast removal is depicted in the first 10 min of reaction, followed by a
slower removal after that period, a maximum removal of 82% being
achieved in 60 min of ozonation.

It is well known that organic contaminants can be removed in
ozonation by direct and indirect modes, depending on whether direct
attack of Oz or reaction with generated radicals (in particular HO®)
respectively occurs (Peleg, 1976). As can be seen in Table 1, all the
studied antibiotics have reaction rate kinetic constants above 10°> M~?
s~! with O3 (kos), except FF (< 10 M1 s_l). This observation agrees
with the slower degradation observed for FF in Fig. 1A. The ko3 are
higher for the other antibiotics because the amino groups are expected
to activate the aromatic rings and double bonds of the chemical struc-
tures (Ben et al., 2012; Von Sonntag and Von Gunten, 2012). In fact,
sulfonamides, tetracyclines, and TMP are antibiotics for which ozona-
tion has demonstrated high removal efficiencies, mainly by direct
oxidation (Gireli et al., 2019; Ikehata et al., 2006; Kuang et al., 2013;
Lin et al., 2009; Wang et al., 2011), whereas poor removals have been
reported for FF (Choi et al., 2020; Khan et al., 2020; Kye et al., 2020;
Zhang et al., 2016). Thus, the degradation of FF observed in Fig. 1A
(closed circles) seems to be related to an indirect oxidation pathway by
the reaction with HO®.

To infer about the role of HO® (and other possible radicals) in the
degradation of these antibiotics, MeOH was added to ultrapure water in
the second set of experiments (Fig. 1B). The removal of FF was negligible
(5%), indicating that the indirect oxidation pathway is crucial for its
removal, as confirmed by the significant differences of ANOVA analysis
between ultrapure water with and without addition of scavenger (bgg,
Fig. 1B). It is known that HO® is generated after a series of reactions
which starts with the primary reaction between O3 and hydroxide ions
present in water (Egs. S1-14 in Supplementary Material), meaning that
the formation of HO® can be accelerated by increasing the pH (Von
Gunten, 2003). In the present study, a pH of 6 was sufficient to remove
FF in 60 min of ozonation (Fig. 1A). Unlike FF, OTC, SMX, and TMP were
removed in less time in the presence of MeOH, but the differences were
not significant (Fig. 1A vs 1B, p < 0.05). In any case, the radical
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Fig. 1. Degradation of FF, TMP, SDM, OTC and SMX in batch ozonation treating ultrapure water (A), ultrapure water with MeOH as HO® scavenger (B) and
aquaculture effluent (C), spiked with the mixture of five antibiotics. Experimental conditions: [FF, OTC, SDM, SMX, or TMP], = 10 mg L%, T =18°C, [O5] gas phase ~
50 g Nm 3, pH = 6 in (A) and (B), 8 in (C). The results correspond to the mean removals of three replicates, with the respective standard deviation. For each
compound, letters a, b and c represent significant different removals between the tested matrices, considering samples collected after 60 min of ozonation - assessed
by One-Way ANOVA followed by Tukey post hoc test p < 0.05. “* represents significant different removals among samples for each compound in the same matrix.

scavenger consumes HO® and, without regenerating the superoxide
radical ion (0%7), the O3 decomposition may be retarded (Egs. S4 and
S7, respectively), thus O3 being available for direct attack (Langlais
et al., 1991). ANOVA analysis also suggested that HO® did not affect
SDM degradation (aspm, Fig. 1B). Thus, these results confirmed that
OTC, SMX, TMP, and SDM are preferentially removed by direct
oxidation.

A set of additional experiments without MeOH was performed with
FF alone and adding each one of the other antibiotics to FF in ultrapure
water (Fig. Sla, Supplementary Material). Interestingly, these other
antibiotics affected the FF degradation when simultaneously present in
the solution, perhaps due to the readily O3 consumption by direct attack
of either parent (OTC, SMX, TMP, and SDM) or their intermediate
compounds. Complementary experiments with SDM also suggested that
the co-existence of the other four antibiotics affected its own removal
(Fig. S1b, Supplementary Material), perhaps by generating by-products
that can react with SDM.

Beyond the chemical properties of the compounds, the water matrix
can also affect the degradation of antibiotics. As shown in Fig 1C, the
matrix under analysis (i.e., aquaculture effluents) impacted considerably
the SDM removal (bgpy). The degradation of SDM increased approxi-
mately 20% when the aquaculture effluent was tested instead of ultra-
pure water. However, the potential interference of HO® favoured by the
higher pH of aquaculture effluent (8 vs 6) does not justify this
enhancement since these reactive species did not have a remarkable
removal effect in the SMD removal (Fig. 1B). These results are in
accordance with a recent study on ozonation of SDM (Shad et al., 2018),
where the important role of the water matrix in its degradation was also

highlighted. The co-existence of cations and anions (e.g., Fe>*, Cu?*,

NH{, HCO3, and NO3) in the aqueous medium may play a catalytic role
in ozonation of SDM (Shad et al., 2018), which might result in its larger
removal in the aquaculture effluents (Fig. 1C). Furthermore, FF degra-
dation was also affected by water matrix (cgg), following the tendency of
the experiments carried out in the presence of MeOH (Fig. 1C). Despite
the pH of this matrix (pH of 8) being more favourable to the decom-
position of O3 into HO®, the matrix constituents may have acted as in-
hibitors of the formation of HO® or instead, they might have consumed
the generated radicals. This also supports the higher removal of SDM in
the more complex matrix, since such HO® inhibitors can reduce the
decay of Os, leading to an accelerated degradation of SDM which is
mainly removed by O3 direct attack. The complexity and diversity of
water matrices turn difficult to predict their impact as initiator, pro-
moter, or inhibitor during ozonation (Cai and Lin, 2016; Lado Ribeiro
et al., 2019). As such, the fraction of O3 and HO® (and other possible
reactive radicals) which effectively oxidizes the antibiotics is highly
dependent on the action of all co-existing substances in the water matrix
(Staehelin and Hoigne, 1985). Thus, the collected aquaculture effluent
(with physico-chemical characterization shown in Table S1, Supple-
mentary Material) probably suppressed the effect of HO® on FF removal,
which did not exceeded 40%. In contrast, OTC, SMX, TMP, and SDM
were efficiently eliminated from the aquaculture effluent in 60 min (to
levels below method detection limits). Moreover, it is also perceptible
that aquaculture effluents had good water quality indicators (Table S1,
Supplementary Material) and, therefore, a more complex matrix (i.e.,
with higher organic content and/or ammonia concentration, among
others) could affect antibiotics kinetic degradation since a higher
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competition could occur between the species susceptible to oxidation by
Os.

3.1.2. Continuous-flow mode ozonation experiments

The degradation of antibiotics in continuous-flow ozonation was
investigated for an HRT of 10 min (corresponding to a t; of 33 min),
applying an O3 concentration of 1.5 mg L~ L. As referred above, these
selected conditions were based on the information available in the
literature regarding ozonation at full-scale aquaculture systems for
disinfection (Goncalves and Gagnon, 2011; Summerfelt, 2003; Sum-
merfelt and Hochheimer, 1997) and our previous study focused on
ozonation for the removal of several other organic micropollutants from
surface water (Gorito et al., 2021). For these experiments, the aqua-
culture effluent was spiked with 100 ng L~! of each antibiotic (FF, OTC,
SDM, SMX and TMP), i.e., the spiked level was considerably lower than
in batch experiments (hundreds of ng L ~ ! instead of tens of mg L™1),
mimicking concentrations frequently detected in aquaculture effluents
(Pereira et al., 2015; Tetzner and Rath, 2018; Zou et al., 2011). In Fig. 2
(closed circles, top axis), it is possible to verify some deviations between
the predicted and achieved concentrations of these spiked compounds (i.
e., ranging from 80 to 220 ng L’l), which can be, for instance, related to
the occurrence of the antibiotics in the collected effluent (Table S2,
Supplementary Material), matrix effects or other possible interferences.

Removals above 98% were observed for TMP, SDM, OTC, SMX,
whereas FF did not surpass 68% (Fig. 2, grey bars, p < 0.05). Therefore,
in these experiments, FF was the only compound recalcitrant to Os, its
degradation being highly influenced by the presence of HO®, as
confirmed in the previous sub-section. The action of HO® will depend on
the composition of the matrix to be treated, and thus, it is very difficult
to predict the removal extent of FF. The degradation of FF in aquaculture
waters has been also investigated by applying UV and UV-
photocatalysis, removals in the ranges of 4-85% and 98-100% being
respectively registered (Gorito et al., 2022). Thus, combining UV or
H,0, with ozonation can be an interesting alternative in future works to

Initial concentration (ng L)
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enhance the production of HO® and, consequently, the more efficient
degradation of FF; however, the respective costs should also be
considered when selecting one of these alternatives (Cuerda-Correa
et al., 2020).

3.2. Influence of continuous ozonation on the general quality of
aquaculture effluent

Among the target ions (ammonium, bromate, bromide, calcium,
chloride, magnesium, nitrate, nitrite, phosphate, potassium, sodium and
sulphate), nitrite and ammonium were never detected, while magne-
sium was always below the method quantification limit (0.4 mg L™1)
(Table S1, Supplementary Material). Before treatment, calcium, chlo-
ride, nitrate, phosphate, potassium, sodium and sulphate ions were
detected at concentrations of respectively 0.2, 6.3, 3.8, 3.2, 1.3, 6.3 and
1.1 mg L™! (Table S1, Supplementary Material); values which were
similar after ozonation, except a slight difference for potassium ion (0.3
mg L. Moreover, bromide ions were oxidized to bromates after re-
action with Oz (Fig. S2, Supplementary Material). Likewise, if nitrites
were present above the detection limits in the aquaculture effluent, it
would also be expectable that they were oxidised to nitrates (Baozhen
et al., 1989; Lin and Wu, 1996). As expected, results of ions analysis
suggested that apart from bromides and bromates, ozonation had a low
impact on the ionic composition of the spiked aquaculture effluent. The
aquaculture effluent had a very low organic load. COD was lower than
the method detection limit (3.5 mg L’l), and DOC was quantified at
approximately 2 mg L™ ! (Table S1, Supplementary Material). The
protein rich wastes from aquaculture systems typically have COD, DOC,
and ammonia concentrations often higher than those detected in the
current study. However, the selected aquaculture farm is characterized
by low rates of fish production, with an adequate distribution of or-
ganisms by ample ponds, and the water supplied to this farm comes from
a location very close to the source of the river, which probably
contributed to these originally unexpected values. Still DOC slightly

Fig. 2. Removal percentages of FF, TMP, SDM, OTC
and SMX (grey bars, average of three independent ex-
periments) in continuous-flow ozonation of spiked
aquaculture effluent (100 ng L' of each antibiotic).

0.01 0.01 1 10 100 1000 R ¢ o
PP | NPT PRI PRSPPI PR Antibiotic initial concentrations after spiking (closed
circles) are also shown for comparison purposes (top
FF = axis). Experimental conditions: T = 17 °C, HRT = 10
1 R min, [O3]gas phase ~ 20 g N2, [Os]iiquid phase = 1.5 mg
L7!, pH = 8. For each compound, letters a and b
represent significant differences among samples
assessed by One-Way ANOVA followed by Tukey post
TMP 4 4 | b hoc test p < 0.05.
SDM 4 lo b
OTC A ] b
SMX 4 ff b
1 1 T T
0 20 40 60 80 100

Removal (%)
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decreased (~ 4%) after ozonation. Typically, O3 is a powerful oxidant of
aromatic compounds. Still, it reacts slowly with low-molecular-weight
carboxylic acids that are often formed from these parent compounds,
which can lead to the accumulation of several by-products that cannot
be easily oxidized by molecular O3 (Moreira et al., 2015). In any case,
the theoretical DOC due to the five MPs corresponds to less than 0.3% of
the initial DOC content, since they are present at very low concentra-
tions (Fig, 2). Regarding the particulate matter, O3 eliminated approx-
imately 60% of TSS.

3.3. Toxicity evaluation before and after continuous ozonation

Bromates (6 ug L™!) and antibiotics by-products (Figs. S2 and S3,
Supplementary Material) were detected by LC-MS/MS in the samples
collected from the continuous ozonation reactor, highlighting the
importance of toxicological evaluation. Zebrafish is a very popular
model vertebrate used to evaluate the toxicity of water and it was used
here to verify the potential risks of removing antibiotics from aquacul-
ture effluents with Os. The assays carried out in this work fulfilled all the
validation criteria of the OECD guidelines 212 and 236 (OECD, 1998;
2013). Namely, at the end of the exposure period, the negative control
group had a low mortality (< 10%) and a hatching success above 80%,
while embryos exposed to 3,4-dichloroaniline (positive control) regis-
tered a mortality above 30% (Fig. 3). These results allowed to
completely validate the applied methodology. Results for mortality and
hatching obtained for the treated and non-treated aquaculture effluent
are presented in Fig. 3.

Focusing on the mortality (Fig. 3a), no significant mortality was
elicited either by the aquaculture effluent, the spiked effluent or the
ozonated effluent treatment. For the negative control and the tested
effluent (squares and triangles, Fig. 3a), mortality occurred mostly
during the first 48 h of exposure, which is in accordance with the ex-
pected outcome of these types of toxicological assays. The first 48 h of
zebrafish development are critical. Not only all the major gastrulation
and segmentation processes occur in this period, but also defence
mechanisms against external contamination are not fully maturated at
this time frame (Chen et al., 2020; Fischer et al., 2013; Kimmel et al.,
1995).

Hatching (Fig. 3b) occurred mainly between 48 hpf and 72hpf, as
described in the literature (Kimmel et al., 1995). However, significant
differences among experimental conditions were found in the time to
hatching, compared to the controls (Chi-square = 66.0, degrees of
freedom df = 6, p < 0.00001). The subsequent pairwise comparisons
showed that hatching was significantly anticipated in the spiked
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aquaculture effluent (Chi-square = 24.8, df = 2, p < 0.00001) and the
treated aquaculture effluent (Chi-square = 39.4, df = 2, p < 0.00001).
Table 2 shows the median time to hatching (HTs5() obtained for each
experimental condition. According to these results, embryos exposed to
the spiked effluent took 10 h less than the control to hatch, while those
exposed to the treated effluent took 13 h less.

The implications of premature hatching are yet to be fully under-
stood. It has been observed previously that premature hatching in
zebrafish may occur upon exposure to ionic stress (Ord, 2019), hypoxia
(Small et al., 2020) or toxic substances such as tributyltin (Liang et al.,
2017). The work of Ord (2019) seems to support that premature
hatching may be an adaptive response allowing for animals to escape
unfavourable conditions. In contrast, the investigation of Leite-Ferreira
et al. (2019) suggests differential sensitivity to alcohol of premature and
late hatching zebrafish larvae, with stronger responses of premature
larvae to high exposure concentrations, compared to late hatching ones.
Further investigations will help understanding the implications of such
anticipation in relation to treatment benefits to water quality.

Statistically significant differences among test conditions were
observed for the rate of malformations (Chi-square = 72.9, df = 3, p <
0.00001) (Fig. 4). The pairwise comparisons indicated a significantly
higher proportion of abnormal embryos at 168 hpf in the aquaculture
effluent (Fisher Exact test, p < 0.00001, compared to control embryos)
and the spiked aquaculture effluent (Fisher Exact test, p = 0.0005,
compared to controls) (Fig. 4d). Yolk sac malformations, side-wide po-
sition and skeletal deformities were the most prevalent abnormalities
found, all interfering with larvae swimming, and thus their ability to
feed and escape predators (Fig. 4a,b,c). Though less prevalent, alter-
ations in the blood circulation and heartbeat could also be observed
(data not shown). Nevertheless, in the group exposed to the effluent
treated with continuous ozonation, the rate of malformations was very
low and comparable to the control group (Fisher Exact test, p = 0.672).
Overall, the results suggest that the ozonation treatment would effec-
tively reduce the toxicity of the aquaculture effluent, improving water

Table 2
Median time to hatching (HTs() of embryos exposed to the tested experimental
conditions.

Experimental condition HTs0 (hours) (95% Confidence Interval)
Negative control 68 (66, 71)
Aquaculture effluent 68 (65, 70)
Spiked aquaculture effluent 58 (56, 60)
Treated aquaculture effluent 55 (53, 57)
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Fig. 3. Mortality (a) and hatching (b) recorded for embryos exposed to the aquaculture effluent and the same effluent treated with continuous ozonation. Data are

presented as cumulative frequency.
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Fig. 4. Rate of embryonic malformations detected at 168 hpf in embryos exposed to the different experimental conditions. Statistically significant differences relative
to the control group are indicated by the stars according to the results of the Fisher Exact test (** p < 0.01, *** p < 0.001).

quality for the development of the embryos.

Therefore, the by-products generated during ozonation were not
harmful to zebrafish. Bromate was detected at 6 pg L~ ! in treated
effluent samples; however, in marine aquaculture, O3 may result in
bromate concentrations considerable higher because of the large
amount of bromide in seawater (~ 60 mg L~ (Camera-Roda et al.,
2019; Kye et al., 2020). Investigation on toxicity effects of bromate ions
in zebrafish are still scarce, but studies for sodium and potassium
bromate have reported embryotoxic effects only at very high concen-
trations (> 1 g L™ 1y (Teixidé et al., 2015; Wang et al., 2016). It is
important to refer that zebrafish toxicity tests for ozonated aquaculture
effluents were performed in this study for the first time, with encour-
aging results.

4. Conclusions

Batch ozonation experiments (with antibiotics at 10 mg L™! each; 60
min of treatment) showed that this process was efficient for removing
TMP, OTC and SMX from aqueous matrices (< 30 min), and that direct
Os attack is the main degradation pathway. In contrast, FF was not
removed by direct O3 attack; however, the results of this work reveal
that FF can be successfully oxidized by the indirect reaction pathway (i.
e., through HO® generation). SDM was fully eliminated from the aqua-
culture effluent, but its degradation was highly influenced by the
selected water matrix. Additionally, in continuous-flow ozonation ex-
periments (with antibiotics at 100 ng L~ ! each; 10 min of treatment), all
antibiotics were successfully removed from the aquaculture effluent (>
98%), except FF (68%). Thus, FF removal should be enhanced by pro-
moting the formation of HO®. Complementary analysis showed that
bromates (6 pg L) and other reaction by-products are formed in the
medium during ozonation treatment. However, endpoints of the
zebrafish assays (mortality, hatching and malformations) did not reveal
toxicity after O3 treatment. Molecular, biochemical, and genetic bio-
markers (e.g, genotoxicity, oxidative stress, endocrine disruption, and
neurotoxicity) can also be used to assess the possible toxicity effects on
zebrafish, and thus, more specific analysis can be addressed in the

future.
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