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Abstract

Contamination of surrounding waters with antibiotics by aquaculture effluents can be
problematic, due to the possible increase of bacterial resistance, making it crucial the
efficient treatment of those effluents before their release into the environment. In this
work, the application of waste-based magnetic biochar/titanium dioxide (BC/TiO>)
composite materials on the photodegradation of two antibiotics widely used in
aquaculture (sulfadiazine (SDZ) and oxolinic acid (OXA)) was assessed. Four materials
were synthesized: BCMag (magnetized BC), BCMag_TiO> (BCMag functionalized with
TiO2), BC_TiO2_Magin and BC _TiO,_MagEx (BC functionalized with TiO. and
afterwards magnetized by in-situ and ex-situ approaches, respectively). SDZ half-life time
(ti2) noticeably decreased 3.9 and 3.4 times in presence of BCMag TiO, and
BC_TiO2_MagEXx, respectively. In the case of OXA, even though differences were not so
substantial, the produced photocatalysts also allowed for a decrease in ti» (2.6 and 1.7
times, in presence of BCMag_TiO2 and BC_TiO>_MagEXx, respectively). Overall, the
here synthesized BC/TiO2 magnetic nanocomposites through a circular economy process
are promising photocatalysts for a sustainable solar-driven removal of antibiotics from

aquaculture effluents.

Keywords: Synthetic photocatalysts, photodegradation, carbonaceous nanocomposites,

water treatment, waste valorization.
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1. INTRODUCTION

Agquaculture has strongly developed in recent decades and has been considered the
fastest growing food production industry. Powered by governmental and technological
impulsion, this sector is set to increase by further 60-100% over the next 20-30 years.
Like most human food-production activities, aquaculture has been raising several issues
related to environmental welfare and consumer safety. For instance, the increasing of
aquaculture production to give response to the growing demand for fish products that
follows the depletion of natural resources, has led to the wide application of antibiotics
for both prevention and treatment of bacterial diseases (Fedorova et al., 2014; Seoane et
al., 2014). Medicated feeds are the main route of drug administration due to low cost and
easiness of application, but a considerable portion of the administered food may not be
eaten or absorbed by fish, reaching the aquatic environment (Seoane et al., 2014).
Besides, administered pharmaceuticals are not fully metabolized, being excreted in their
original form and released into receiving waters. Antibiotics, such as oxolinic acid (OXA)
and sulfadiazine (SDZ), have been detected in surface waters as a result of their
widespread use in fish farms (Lai and Lin, 2009). Losses of OXA from sparids farmings
to the environment were already estimated to be around 1900 kg/year (Rigos et al., 2004),
while for SDZ, concentrations of 4 ng L™ in surface water were related to its use in
freshwater aquaculture facilities (Giang et al., 2015). Moreover, the Frontiers 2017 report
from the United Nations, stated that up to 75 % of antibiotics used in aquaculture may be
lost into the surrounding environment (UNEP, 2017). This massive use of antibiotics,
linked to their discharge into the environment, may lead to the increase of antimicrobial
resistance (AMR), which is considered a major public health problem of the 21% century

(UNEP, 2017; WHO, 2020).
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Photolysis has been shown to be a relevant pathway for the natural attenuation of
aquaculture antibiotics in surface waters (Louros et al., 2020a,b). Thus, the application of
phototreatments using solar radiation could be an interesting and green option for the
removal of antibiotics in aquaculture effluents, not only before their discharge into the
environment but also from recirculating aquaculture systems (RAS). In what concerns
RAS, the use of phototreatments may increase the sustainability of this industry in
conjugation with the water recirculation/reutilization. Phototreatments may allow
substituting pre-existent processes considered either expensive, such as UV treatment, or
harmful, such as ozonation (formation of toxic by-products, such as bromate (BrOz") and
bromoform (CHBr3), resulting from the reaction between ozone and natural constituents
of salty water aquaculture) (Gongalves and Gagnon, 2011). However, since low
efficiency may be a drawback, the utilization of synthetic photosensitizers (SPS) may
offer advanced opportunities for the implementation of such phototreatments in the above
referred contexts. Among the most widely used SPS, especially under solar radiation, is
titanium dioxide (TiO>), as for its availability, high photocatalytic activity, great stability,
non-environmental impact, and cost-effectiveness (Basha et al., 2011; Do et al., 2019).
Novel strategies to improve the practical application of TiO2, include the use of
carbonaceous materials-TiO2 composites, which have already been used in the removal
of pharmaceuticals from water (e.g. Basha et al., 2011; Briche et al., 2020; Khraisheh et
al., 2013; Lazarotto et al., 2020; Murgolo et al., 2015; Nawaz et al., 2017; Xie et al., 2019;
Zhang et al., 2017). Although the inclusion of magnetic particles in these composites has
already been assessed (Chen et al., 2020), to the best of authors’ knowledge, the
application of such materials on the removal of pharmaceuticals has not been evaluated.

Carbonaceous-TiO> materials present several advantages: (i) have higher

photocatalytic activity relatively to bare TiOz, since the high specific surface area of
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carbonaceous materials help to harvest the pharmaceuticals and concentrate them close
to the TiO> active site; (ii) act as electron scavengers (due to their large electron storage
capacity) as well as sensitizers (providing electrons to TiO>); and (iii) reduce the band
gap and extend the absorption band into the lower energy range due to the presence of
carbon-oxygen-titanium linkages in the composite system (Awfa et al., 2018). However,
these carbonaceous materials-TiO> composites reported in literature do not present
magnetic properties, which is a major drawback. The magnetization of these composites
can be a feasible solution, essential to improve their after-use separation by simply
applying an external low strength magnetic field. Between carbonaceous materials,
biochar (BC) deserves special attention owing to its low-cost, and stability. Moreover, it
is environmentally friendly, and it can be produced from a wide range of biomass and
industrial wastes (Kwon et al., 2021; Lazarotto et al., 2020; Mian and Liu, 2018). Sludge
from pulp and paper industry is among industrial wastes and its use as raw material to
produce BC has already been shown to be feasible (Calisto et al., 2014; Ferreira et al.,
2017). Indeed, such a production represents an alternative management option for these
residues, in line with the circular economy paradigm, by replacing the end-of-life concept
(where the waste is thought to be discarded, constituting an environmental problem itself)
with upcycling (by adding value to an otherwise end-of-life product).

In the above-described context, the main objectives of this work were: (i) the synthesis
and characterization of BC-TiO2 magnetic composites produced by functionalization of
BC, derived from paper mill sludge, through different magnetization processes; and (ii)
the evaluation of the resulting composites’ performance as SPS in order to increase the
photodegradation rate of two antibiotics largely used in aquaculture (sulfadiazine (SDZ)

and OXA). Moreover, this work also aimed to contribute for the development of a
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sustainable photocatalytic process for antibiotics removal from water, by conjugating

solar radiation and the use of waste-based SPS.

2. MATERIALS AND METHODS

2.1. Chemicals and solutions

SDZ (> 99%) and OXA (> 98%) were provided from TCI Europe and Fisher
Scientific, respectively. Phosphate buffer stock solution (1 L) was prepared using 0.05
mol of sodium dihydrogen phosphate dihydrate (Fluka, Biochemika, > 99.5%) and 0.05
mol of di-sodium hydrogen phosphate dihydrate (Fluka, Biochemika, > 99%), which was
diluted to 0.001 mol L and pH adjusted to 7.3 using hydrochloric acid (NormaPur, 37%).
SDZ stock solution was prepared in ultrapure water and OXA stock solution was prepared
by dissolving the compound in 0.03 mol L sodium hydroxide solution and sonicated for
60 min. Then, SDZ and OXA working solutions were prepared in 0.001 mol L™
phosphate buffer and pH was adjusted to 7.3 using hydrochloric acid (NormaPur, 37%).
Titanium(1V) n-butoxide (Ti(OBu)s; > 99%) was provided by Alfa Aesar, while ethanol
(> 99%) was from Riedel-de-Haén. Ferric chloride hexahydrate (FeClz-6H20, > 99%)
and ferrous sulphate heptahydrate (FeSO4-7H20, > 99%) were purchased from Chem-
Lab. Potassium hydroxide (> 86%) was obtained from LABCHEM. For high-
performance liquid chromatography with a UV-visible detector (HPLC-UV) analysis,
methanol (Fisher Scientific, HPLC grade) and formic acid (Sigma-Aldrich, > 98%) were
used. Ultrapure water was obtained using a purification water system Elga Purelab Flex

4 from Elga (Veolia).
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2.2. Preparation of carbonaceous magnetic nanocomposites

2.2.1. BC production

BC was produced by conventional pyrolysis of primary paper mill sludge, which was
collected from a factory operating with eucalyptus wood (Eucalyptus globulus) and kraft
elemental chlorine free production process. Sludge was dried at room temperature
followed by a 24 h period at 105 °C in an oven, and it was then grinded with a blade mill.
The pyrolysis was carried out under nitrogen-controlled atmosphere at 800 °C, for 150
min, according to the procedure described in Calisto et al. (2014). The resulting BC was
washed with 1.2 mol Lt HCI, followed by distilled water until the washing leachate
reached neutral pH, allowing to remove ashes generated during pyrolysis and other
inorganic components present in the raw material. Finally, BC was oven-dried at 105 °C
for 24 h, sieved (<180 pm), and stored until use. The BC obtained through the above-
described procedure was used as precursor of the magnetic nanocomposites, as described

in sections 2.2.2 and 2.2.3.

2.2.2. Magnetization procedure

Magnetic nanoparticles were prepared via co-precipitation as described by Pereira et
al. (2021). Briefly, a mixture of Fe?* and Fe®" salts (FeCls.6H,0:FeS04.7H20, 1:3 w/w)
was dissolved in 50 mL of previously deoxygenized distilled water, under N2 stream, to
which it was added a 0.5 mol L™t KOH solution (50 mL) dropwise. The mixture was kept
at 70-80 °C for 1 h under constant mechanical agitation. A black precipitate (magnetic
iron oxides) was magnetically decanted, washed with distilled water until neutral pH and
dried at 40 °C overnight or until completely dry.

Magnetization of carbonaceous precursors by co-precipitation can be achieved via

two distinct synthesis routes: in-situ or ex-situ (Rocha et al., 2020). In this work, magnetic

7
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BC (BCMag) was prepared via in-situ, while BC/TiO. heterostructures (BC_TiOy)
(which synthesis is described in section 2.2.3) were impregnated with magnetic particles
using both in-situ (BC_TiO2_Magln) and ex-situ (BC_TiO._MagEXx) synthesis routes. In
the in-situ procedure, BC or BC_TiO, was added to the iron salt mixture mentioned
above, before the addition of the alkali solution (0.5 mol L* KOH), at 1:6 (w/w) mass
ratio in relation to the iron salt content. Alternatively, the ex-situ route involved the
suspension of both magnetic nanoparticles and BC_TiO; in deoxygenized water (1:1
w/w), under N2 stream. Subsequently, the pH was adjusted to 5-5.50, which is between
the points of zero charge (PZC) of BC_TiO, (PCZ < 5, determined according to the
procedure described in Pereira et al. (2020) and magnetite (PZC (~6.4-8.0, determined by

Kosmulski (2016)), thus promoting surface attraction.

Finally, for all materials, magnetic separation from solution was performed using a

neodymium rod-shaped magnet (1 cm diameter; 4 cm height; 1.26-1.29 T).

2.2.3. Synthesis of BC/TiOz2 heterostructures

BC/TiO2 and magnetic BC/TiO2 heterostructures were obtained following a
solvothermal synthesis, adapted from Pefias-Garzon et al. (2019). BC or BCMag (58 mg)
were suspended in 45 mL of ethanol for 5 min, at room temperature (solution A). At the
same time, solution B was prepared by adding 1 mL of Ti(OBu)4 (Ti precursor) to 15 mL
of ethanol, which was then stirred for 5 min. Then, solution B was added dropwise, under
continuous stirring, to solution A. To promote the hydrolysis of Ti(OBu)s, a third
solution, containing 3 mL of ultrapure water and 15 mL of ethanol, was added dropwise
to the previous mixture, and stirred for 5 min. The final solution was transferred to a
Teflon-lined stainless-steel autoclave and heated for 3 h at 160 °C. After this procedure,

the mixture was centrifuged for 10 min at 5500 rpm. The supernatant was discarded and
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the solid was washed 3 times with water and with ethanol. Finally, the resulting material
was dried at 60 °C overnight. BCMag_TiO> was stored until use in a desiccator, while
BC_TiO2 was subjected to the magnetization procedure previously described (section

2.2.2) and stored until use in a desiccator.

2.3. Characterization of carbonaceous magnetic nanocomposites

Scanning electron microscopy (SEM) images were obtained using a scanning
electron microscope, analytical and high resolution Schottky emission (HR-SEM-SE),
Hitachi model SU-70, equipped with energy dispersive X-ray microanalysis (EDS),
Bruker model Quantax 400.

X-ray diffraction (XRD), conducted to evaluate the structural properties of the
synthesized powders, was acquired using a Malvern Panalytical, Empyrean
diffractometer with the Cu (Ka) radiation in a 20 range of 8—70°.

The magnetization measurements were carried out in a vibrating sample
magnetometer (VSM EV9), with an applied magnetic field to a maximum of 22 kOe. By
plotting the magnetic moment as a function of the applied magnetic field, it was possible
to determine the saturation magnetization (Ms) of each synthesised nanocomposite,
dividing the plateau found for the magnetic moment by the mass of material. The sample
(ca.10 mg) was encapsulated in an acrylic cylindrical vessel (5.85 mm diameter x 2.60
mm height), which was coupled to the linear motor of the VSM EV9 instrument, centred
between the two polar heads of the electromagnet used to provide the magnetic field.
Prior to the analysis, the instrument was calibrated with a disk of pure nickel and applying
a magnetic field of ca.1 Oe and with dispersion on the magnetic moment inferior to 0.5%.

The determination of the TiO2 and Fe,Os; percentages in the synthesised materials was

determined by wavelength-dispersive X-ray fluorescence (WDXRF). The XRF analysis
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was performed using an Axios, MalvernPanalytical spectrometer, under inert atmosphere
(He) and applying a maximum voltage of 36, 50 and 60 kV, and a maximum current of

60, 72 and100 mA.

2.4. Chromatographic and dissolved organic carbon analyses

Chromatographic analysis of SDZ and OXA was performed using a Water Alliance
2695 Separation Module equipped with a Waters 2487 Dual Absorbance detector.
Samples (20 uL) were injected in an ACE® C18 column-PFP (150 mm x 4.6 mm i.d. with
5 um particle size) connected to a 4.6 mm i.d. ACE® 5 C18 guard, which was maintained
at 25 °C. The mobile phase consisted of methanol:0.1% formic acid, 20:80 (v/v) or 45:55
(v/v), for the analysis of SDZ and OXA, respectively. A flow rate of 0.9 mL min* was
used, and the detection of both compounds was performed at 270 nm. Before use as
mobile phase, methanol and 0.1% formic acid aqueous solutions were filtered through a
0.2 pm polyamide membrane filter (Whatman).

Mineralization of OXA and SDZ during photodegradation was determined by
measuring the remaining dissolved organic carbon (DOC) in solution along irradiation.
For the analysis of DOC, a Total Organic Carbon analyser, TOC-Vcpn, from Shimadzu
was used. Previously to the analysis, samples were acidified with 2% (v/v) of HCI 2 mol
L. Calibration curve was performed using standard solutions of potassium hydrogen
phthalate (KHCsH404) (diluting proper amounts of the 1000 mg L™* KHCgH4O4 stock
solution in ultrapure water) with concentrations ranging from 0.0 to 10.0 mg L*
KHCgH404. The coefficient of determination (R?) and limit of detection (LOD) for the
obtained calibration curve were 0.9984 and 0.613 mg L™ C, respectively. Daily and prior
to the analysis of the samples, the calibration curve stability was evaluated, using a newly

prepared standard solution of 5.0 mg L™ KHCgH4O4.
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2.5. Photolysis experiments

Experiments on the photodegradation of SDZ and OXA in the absence or presence
of the synthesized nanocomposites were carried out under simulated solar irradiation
using a Solarbox 1500 (Co.fo.me.gra, Italy). The irradiation device contained an arc
xenon lamp (1500 W) and outdoor UV filters that limited the transmission of light with
wavelengths below 290 nm. The irradiance of the lamp was 55 W m2 (290-400 nm),
which was kept constant throughout all the experiments. Likewise, the device was
refrigerated by an air-cooled system to keep a constant temperature inside. To monitor
the irradiance level and temperature, a multimeter (Co.fo.me.gra, Italy) equipped with a
UV 290-400 nm large band sensor and a black standard temperature sensor, were used.
Furthermore, a parabolic reflection system guaranteed the uniformity of the irradiation
inside the chamber.

Solutions of either SDZ or OXA, in the absence or presence of any of the synthesized
materials, were transferred into quartz tubes (1.8 cm internal diameter x 20 cm height).
To hold the quartz tubes suspended inside the irradiation chamber, a home-made metallic
holder was used, which allowed for homogeneous irradiation. For each set of
experiments, four tubes were introduced into the Solarbox: three of them were exposed
to radiation and one was covered with several layers of aluminum foil to protect it from
light (dark control). The dark control was kept inside the Solarbox during the same time
as the irradiated solutions and was used to determine adsorption of the corresponding
antibiotic onto the nanocomposite under study.

Photodegradation of SDZ and OXA was studied in the absence or presence of the
different synthesized nanocomposites. Initially, solutions of SDZ (5 mg L) and OXA
(10 mg L) were irradiated in absence of any material for 14 h and 1 h, respectively.

Then, solutions with the same concentrations were irradiated in presence of 25, 50 and
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100 mg L* of each nanocomposite for the same time, as preliminary tests to find out their
respective efficiencies.

Next, SDZ (5 mg L) and OXA (10 mg L1) solutions were irradiated for 5 h and 15
min, respectively, in absence of any material and in presence of the two selected most
efficient SPS (BCMag_TiO: and BC_TiO2_MagEXx) at higher concentrations (100, 250
and 500 mg L1). After the corresponding irradiation time, photodegradation was
determined by comparing the antibiotic concentration in the irradiated solution (C) with
the concentration in the corresponding dark control (Co). Adsorption onto each SPS was
determined by comparing initial SDZ and OXA concentrations (Ci) before the addition
of the SPS with Co.

Finally, SDZ and OXA photodegradation kinetic experiments were performed using
10 mg L™ (Ci) solutions in the absence and presence of the two most efficient SPS at the
selected concentration from results of the previous set of experiments: For each irradiation
time, aliquots from the three irradiated tubes and from the dark control were collected and

analysed for the concentration of the corresponding antibiotic and DOC.

3. RESULTS AND DISCUSSION

3.1. Characterization of carbonaceous magnetic nanocomposites

The SEM images of BCMag, BCMag TiO;, BC TiO2 Magin and

BC_TiO,_MagEx are depicted in Figure S1, in Supplementary Material (SM).

Porous structure of the different composites was revealed in the nanoscale image.
BCMag appeared as micrometer size granules (1-10 um) with smaller spherical-like
morphology particles on their surface (less than 100 nm). Smoother granules with ca. 500
nm were observed when the Ti precursor was added in the preparation, namely in the case

of BCMag_TiO», which can be attributed to the TiO coating. Materials in which the
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magnetization was performed after the TiO. incorporation, viz. BC_TiO2_Magin and
BC_TiO2_MagEXx, presented a rougher surface than BCMag_TiO2, in which TiO; was
introduced after the magnetization procedure. The roughness of BC_TiO,_Magln and
BC_TiO2_MagEx could be attributed to the iron nanoparticles loaded on the TiO surface.
Indeed, the relatively high iron content of BC_TiO,_Magin e BC_TiO,_MagEXx, as
compared to BCMag_TiO2, was confirmed by EDS analysis, which results are presented
in Table S1.

The higher iron content and Ms of BC_TiO2_Magln and BC_TiO,_MagEX, in which
TiO2was incorporated before magnetization, as compared with BCMag_TiO, was further
confirmed by WDXRF and VSM analyses, which results are presented in Table S2.
Compared to the materials containing TiO2, BCMag presented a higher iron content, as
well as a higher Ms. Moreover, comparing BCMag and BCMag_TiO2, which
magnetization was in-situ in both cases, it may be concluded that the incorporation of
TiO2 in BCMag originated the loss of iron content, as well as a decrease in Ms. Anyway,
complete and fast magnetic separation from aqueous medium was verified for the three
SPS here produced.

XRD analysis (Figure S2, in SM) showed that BCMag consisted of iron oxides
matching magnetite main reflections at 30.16 (220); 35.53 (311); 37.29 (222); 43.27
(400); 53.60 (422); 57.11 (511); 62.69 (440) (JCPDS card No. 89-691). The incorporation
of TiO2 in BCMag_TiO2 was in the form of anatase, as it matched the main crystalline
anatase reflections at 25.30 (101); 37.90 (004); 48.12 (200); 55.34 (211) (JCPDS card no.
21-1272), clearly observed along with the peaks from magnetite phase. The contributions
from the anatase phase were also observed for BC_TiO._Magin and BC_TiO>_MagEX,
in smaller amounts when compared with BCMag_TiO2, which confirmed the

quantification of the phases as determined by WDXRF (Table S2).
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3.2. OXA and SDZ photolysis
3.2.1. Evaluation of the carbonaceous magnetic nanocomposites’

performance

The performance of the four produced materials was evaluated by studying the effect
of their presence on SDZ and OXA photodegradation. Figure 1 presents the removal
percentage for SDZ and OXA in absence and presence of these nanocomposites at
different concentrations. As it may be seen, the presence of all of them increased the
removal percentage of both antibiotics as compared with their absence. However, in the
case of BCMag, its presence increased the antibiotics overall removal percentage
(especially for SDZ, from 50 to 69% for 25 and 100 mg L BCMag, respectively) but not
their photodegradation. Therefore, the antibiotics removal increase was assigned
exclusively to their adsorption onto BCMag. Furthermore, the adsorption percentage of
both antibiotics increased with BCMag concentration, reaching 33% for SDZ and 16%
for OXA. The materials with TiO2 onto BC surface caused the increase of the antibiotics’
photodegradation while adsorptive removal onto these SPS was very small or negligible.
This might be due to the blockage of the BC adsorption sites and/or occupation of pore
space by Ti nanoparticles so reducing the adsorption capacity of these materials. For
BCMag_TiO; and BC_TiO. MagEX, the increase of SPS concentration increased the
photodegradation removal percentage of both antibiotics. Differently, for
BC_TiO2 Magln, there was no obvious effect of the SPS concentration and, particularly
for OXA, even a photodegradation decrease was observed.

From the four nanocomposites produced and concentrations tested, the highest
removal percentages were observed for 100 mg L' BCMag_TiO2, with a removal
assigned to photodegradation of 87% for SDZ and 98% for OXA, followed by 100 mg L~

1BC_TiO, MagEx, with 76% for SDZ and 69% for OXA. These results may be explained
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by the larger TiO. content of BCMag_TiO,, followed by BC_TiO, MagEx, as

demonstrated by WDXRF analysis (Table S2).
Figure 1

Since for BCMag_TiO2 and BC_TiO>_MagEx an increase in the SPS concentration
originated an increase in the photodegradation of both SDZ and OXA, higher
concentrations were tested to verify if this increase could be even higher and compensate
the materials expenditure and associated economic costs. The obtained results, presented
in Figure 2, demonstrated that for SDZ, the increase in the BCMag_TiO, concentration
did not cause a significant increase of photodegradation percentage. Meanwhile, the
increase in the BC_TiO2_MagEx concentration resulted in a slight increase in SDZ
removal, not only by photodegradation but also by adsorption. For OXA, the removal
percentage slightly increased with the concentration rise from 100 to 250 mg L for both
SPS, and also from 250 to 500 mg L* for BC_TiO,_MagEXx; however, such enlargements

were mainly due to the increase of the adsorption percentage.
Figure 2

In view of results shown in Figure 2 and considering that increasing the concentration
of the selected SPS did not result in a proportional removal increase for any antibiotic,
kinetic studies next carried out were done at a concentration of 100 mg L™ of either

BCMag_TiO; or BC_TiO,_MagEXx.

3.2.2. Photocatalytic kinetic studies
Kinetic experimental results on the photodegradation of SDZ and OXA throughout
time, in the absence and presence of 100 mg L of BCMag_TiO, or BC_TiO,_MagEX,

together with the corresponding fittings to the pseudo-first order equation C/Co = €™ (in
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which k is the rate constant (h™!), t is time, and C and Co are the concentration of the
antibiotic at a given irradiation time and the concentration in the corresponding dark
control, respectively) are presented in Figure 3. Also, data on k, determination coefficient
(R?) and half-life time (ti2 (h); calculated as In(2)/k), obtained for SDZ and OXA in
presence and absence of SPS are presented on Table 1.

Figure 3

Figure 3 clearly evidences the slower photodegradation of either SDZ or OXA
in the absence of any SPS. In the case of SDZ, both BCMag_TiO, and BC_TiO,>_MagEx
accelerate photodegradation in a very similar way, while BCMag_TiO> was more
efficient than BC_TiO>_MagEXx in the case of OXA. Nonetheless, for both antibiotics,
kinetic experimental results were adequately described by the pseudo-first order equation

either in the absence or in the presence of the selected SPS.
Table 1

Results in Table 1 confirm the increase in the antibiotics’ photodegradation rate in
the presence of either BCMag_TiO, or BC_TiO,_MagEx and that kinetic experimental
results fitted the pseudo-first order equation in all cases (R?>0.99). For SDZ, k increased
from 0.062 + 0.003 h'* in absence of SPS to 0.236 + 0.008 h™* in presence of BCMag_TiO:
and 0.213 + 0.007 h't in presence of BC_TiO,_MagEx. Corroborating results in Figure
3, k obtained for SDZ in presence of BCMag_TiO. and BC_TiO>_MagEx were only
slightly different. In what concerns ti2, a considerable decrease was observed from 11.2
+ 0.5 h in absence of SPS t0 2.9 £ 0.1 h in presence of BCMag_TiO2 and 3.3+ 0.1 hin
presence of BC_TiO,_MagEXx.

For OXA, an increase of k was also observed for both SPS. However, better results
were obtained using BCMag_TiO, with an increase from 0.57 + 0.04 h! in absence of

SPS to 1.51 + 0.03 h'! in presence of that SPS. Regarding ti, although the decrease was
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not as noticeable as for SDZ, it was also observed for OXA in presence of both SPS: 1.21
+ 0.08 h in absence of SPS decreasing to 0.71 + 0.03 h in presence of BC_TiO,_MagEx
and to 0.46 £ 0.01 h in presence of BCMag_TiO. Still, comparing to SDZ, ty» for OXA
were all quite shorter.

Ideally, full mineralization of the target antibiotics, which means their complete
conversion into CO. and H.O, would be the final goal of a phototreatment. Thus,
mineralization along the photocatalytic degradation of OXA and SDZ was followed by
measuring DOC. Figure 4 presents results on the percentage of SDZ mineralization at
each of the irradiation times in the Kinetic experiment, as shown in Figure 3. For this
antibiotic and in absence of SPS, it was possible to observe 13.1 £ 0.2 % of mineralization
after 2 h of irradiation; however, in presence of BCMag_TiO2, mineralization was 27 + 2
%, while for BC_TiO>_MagEXx no increase in the mineralization was observed for such a
short irradiation time. Mineralization of SDZ in absence of SPS increased very slightly
along irradiation time and, after 32 h, only 20.3 £ 0.4 % of SDZ was mineralized. For the
same time, but in presence of SPS, a significant increase in the mineralization percentage
was observed: for BCMag_TiO, the mineralization reached 70 = 2 %, while for
BC_TiO>_MagEx, a mineralization of 58 + 4 % was observed. The obtained
mineralization percentages are similar to values reported in literature, also for the

degradation of SDZ promoted by a magnetic photocatalyst (Dhiman et al., 2019).

Figure 4

For OXA, no mineralization was observed during the irradiation time used to follow
the photodegradation kinetics (4 h, as displayed in Figure 3), not even in presence of SPS
(results not shown). Therefore, a correspondence between OXA mineralization

percentage and the photodegradation rate was not verified. In fact, although OXA
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photodegradation kinetics was quite faster than that of SDZ, its mineralization was much
lower. When irradiation was extended until the longest time used for SDZ, namely 32 h,
no OXA mineralization was observed in absence of SPS (while SDZ mineralized 20.3 +
0.4 %) and mineralization percentages of 65 £ 1 % using BCMag_TiOzand of 44 + 1 %
using BC_TiO2_MagEx were attained (compared to 70 £ 2% and 58 + 4 %, respectively,
for SDZ). Thus, while no OXA mineralization was verified in the absence of SPS and
even under longer irradiation times, the use of here produced nanocomposites allowed for
a significant increase in mineralization. Still, mineralization results obtained for OXA
contrast with the relatively fast photocatalytic degradation of this antibiotic (Figure 3).
Mineralization not going along with the photodegradation was also observed by
Belhouchet et al. (2019) for tetracycline using a calcite/TiO2 photocatalyst. This was
related with the possibility of antibiotic molecules degrading along irradiation into small
intermediate metabolites of lower molecular weight (Belhouchet et al., 2019). Overall,
obtained results showed that either BCMag_TiO2 or BC_TiO2_MagEx allowed for a
significant acceleration of SDZ and OXA photodegradation, which demonstrate that these
nanocomposites are promising SPS for application in the solar driven removal of
aquaculture antibiotics from water. However, in the case of OXA, such photodegradation
was not accompanied by equivalent mineralization, which points to the generation of
intermediates during irradiation. Then, a main question is if these intermediates retain the
antibacterial activity of the parent compound. Determination of photoproducts, their
toxicity and antibacterial activity will be the aim of future work, together with the

assessment of photodegradation mechanism.

To the best of authors’ knowledge there are no results in literature on the application
of BC-TiO2 magnetic nanocomposites on the photocatalysis of OXA and SDZ under

simulated solar irradiation. However, some studies on the photocatalysed degradation of
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these antibiotics performed with other systems may be found. For instance, Naciri et al.
(2020) studied the degradation of SDZ by UV light and Zn3(PO4)./BiPO4 composites,
concluding that the complete degradation of the antibiotic is accomplished for only 240
min. Authors also studied the mineralization concluding that the mineralization power of
the composite was considerably greater than that of the components alone (3 times greater
than that of Zn3(PO4)2 and 1.5 greater than that of BiPOa). As for OXA, Giraldo et al.
(2010) used TiO2 merely in suspension, results indicating that 30 min were sufficient to
eliminate both the antibiotic and the antimicrobial activity. On the other hand, Gaeta et
al. (2020) used different porphyrins to functionalize TiO2 nanomaterials, with results
showing that none of the systems used was better than TiO> alone, for which the increase
in photodegradation in comparison with absence of any kind of material was evident.
Likewise, studies on the utilization of TiO2- or BC-TiO2-based nanomaterials (non-
magnetic) for the removal of antibiotics (not including OXA or SDZ) may be found in
literature (Do et al, 2019; Zhang et al., 2017). Results show that these materials degraded
the antibiotics fast (most antibiotics were completely removed after 20 min under
irradiation) (Zhang et al., 2017) and with higher removal efficiency than the pure TiO>

powder under UV light irradiation (Do et al., 2019).

Overall, even though the comparison between this work and others in literature
cannot be directly performed since conditions and systems are different, it may be stated
that the SPS herein produced and applied favourably compare with other options. Also,
it is important to highlight that the magnetization feature is a very important achievement
of this work’s composites, which constitute an easy way to recover the material after

treatment.
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4. CONCLUSIONS

Four different carbonaceous magnetic nanocomposites (BCMag (magnetized BC),
BCMag _TiO, (BCMag functionalized with TiO2), BC_TiO,_Magin and
BC_TiO2_MagEx (BC functionalized with TiO2 and afterwards magnetized by in-situ
and ex-situ approaches, respectively)) were successfully produced in this work using
biochar (BC) produced from paper mill sludge. The characterization of these materials
pointed to large differences on their respective TiO, and iron contents and
photodegradation results demonstrated that all of them improved the removal percentage
of the aquaculture antibiotics under study, viz. OXA and SDZ. BCMag_TiO- and the
BC_TiO2_MagEx were the materials that allowed for a larger photodegradation increase
for both antibiotics and therefore were selected for kinetic photocatalytic experiments.
Under the presence of these materials, the t1» were 3-4 times shorter for SDZ and around
2 times shorter for OXA than in absence of the materials. However, no correlation was
observed between photodegradation kinetics and mineralization rate in the case of OXA.
Indeed, although OXA displayed a much faster photodegradation than SDZ, its
mineralization rate was much slower and only possible in presence of SPS. Globally, the
novel BC-TiO2 magnetic nanocomposites produced in this work demonstrated high
potential for application in the photocatalytic removal of antibiotics from aquaculture
effluents. Moreover, the synthesis and subsequent application of these nanocomposite
materials offers a variety of benefits that include sustainability, cost lowering and the

fulfilment of the circular economy paradigm.
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