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ABSTRACT

This study evaluates the effectiveness of iron-modified biochar (Fe-BC) in fixed-bed heterogeneous Fenton
processes for levofloxacin (LFX) removal, a widely-used fluoroquinolone antibiotic. The objective is to optimize
parameters such as pH, oxidants (H20, and szog-), and biochar forms (functionalized and raw) using factorial
analysis of mixed data (FAMD) and response surface methodology (RSM). These optimizations identified the
ideal conditions for maximal LFX removal. The most effective removal with Fe-BC occurred at 2.5 mM H,0, and
pH 7.5, while the optimal S,03~ conditions were 1.6 mM at pH 2.8. Both Fe-BC and raw biochar (RBC) showed
the highest adsorption at pH 5.8. In adsorption-only, RBC and Fe-BC reduced LFX to 530 pg/L and 335 pg/L,
respectively, in 60 min. The oxidation process further decreased LFX levels to between 8.9 pg/L and 0.1 pg/L
using SgO%" and HyO, respectively. The research expanded upon a kinetic model, incorporating the calculation
of kinetic constants for both adsorption and oxidation processes, to deepen our understanding of the intricate
degradation dynamics at play. Identifying by-products was crucial in elucidating degradation pathways. These
findings are vital for environmental remediation, demonstrating the efficiency of Fe-BC in removing harmful
antibiotics from water. This research highlights the potential of modified biochar in environmental clean-up,
especially for water contaminated with antibiotics. The results emphasize the importance of optimizing treat-
ment conditions for effective antibiotic removal, contributing valuable insights to the field of environmental
remediation.

1. Introduction

resistance. Urban wastewater treatment plants (WWTPs) have emerged
as one of the primary sources responsible for the release of antibiotics

In recent times, there has been a notable rise in the utilization of
antibiotics, both in the field of human health and within intensive
livestock farming. Consequently, this surge in antibiotic usage has
resulted in an escalation of the concentration of these drugs in waste-
water effluents [1]. The emergence of antibiotic-resistant bacteria has
become a significant public health concern due to the excessive use of
antibiotics. The release of antibiotics into the environment through
wastewater effluents can further aggravate the spread of antibiotic

into various environmental compartments on a global scale [2]. LFX,
classified as a FQ antibiotic, is widely employed due to its effectiveness
[3]. In light of the COVID-19 pandemic, several therapeutic approaches
have been developed, with LFX being identified as a potent inhibitor of
SARS-CoV-2 replication through its interaction with the main binding
protease [4]. Similar to other FQs, LFX exhibits significant resistance to
conventional biological oxidation and is typically discharged into the
environment via WWTPs [5]. FQs, are prevalent antibiotics that enter
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the environment through pharmaceutical discharge, agricultural runoff,
and improper disposal, posing significant ecological and public health
challenges. Their transport and behaviour in ecosystems are influenced
by physicochemical properties, adsorption to organic and mineral sub-
strates, and interactions with environmental factors like pH and divalent
cations, which affect their mobility. The persistence of FQs, coupled
with their bioaccumulative potential, risks biomagnification across
trophic levels and fosters the development of antibiotic-resistant bac-
terial strains. This selective pressure on microbial communities leads to
the dissemination of resistance, disrupting natural ecosystems and
complicating treatment options for infections [6-9]. The concentration
of LFX in natural waters and wastewater exhibits a significant variance,
with reported values spanning from ng/L to mg/L. For instance, con-
centrations in river water and wastewater in Kenya were found to be
0.04 pg/L and 1.60 pg/L, respectively, while in Nigeria, hospital efflu-
ents contained LFX levels ranging from 0.1 to 0.3 mg/L. Further afield,
wastewater streams in Pakistan and India showed even higher concen-
trations, at 6.63 mg/L and 0.54 mg/L respectively, underscoring the
broad spectrum of LFX prevalence in aquatic environments [10]. To
mitigate the dissemination of antibiotics in the environment and water
bodies, numerous innovative techniques have been reported for the
degradation of these substances in water matrices. Notably, adsorption,
photocatalysis, and advanced oxidation processes (AOPs) have shown
great promise [11,12]. AOPs have been extensively investigated in
recent decades and can be employed as either the primary or final step in
water and wastewater treatment processes [13]. Hydroxyl radical-based
homogeneous and heterogeneous Fenton and Fenton-like processes have
been the subject of extensive research for the degradation of FQs in
wastewater in recent years [14-17]. While HyO4 has traditionally been
the most commonly used oxidizing agent in Fenton processes, there has
been a growing interest in exploring S04~ as an alternative oxidant for
the decontamination of water and wastewater from emerging contami-
nants such as antibiotics [18-21]. Among the various AOPs, the heter-
ogenous Fenton process utilizing metal catalysts supported on
carbonaceous materials with either H,O5 or szo§* is emerging as a
promising technology for the degradation of FQs [15,16,22]. Recently,
investigations have been conducted on biochar (BC)-based iron mate-
rials as activators of Fenton processes. These materials have shown the
ability to enhance the formation of SO4®~ and eOH radicals, surpassing
the capabilities of conventional activators [23-25]. BC has gained sig-
nificant attention in the scientific community due to its status as a sec-
ondary raw material derived from the biomass pyrolysis process. In
addition to its use as a soil conditioner, BC has proven to be an effective
and affordable adsorbent for both organic and inorganic contaminants
[26]. Recent studies have unveiled the potential of BC in facilitating
hydroxyl and sulphate radical based heterogeneous AOPs. This is
attributed to its high surface area, porous structure, and abundance of
active oxygen-containing functional groups, such as carboxylic and
hydroxyl groups. BC has demonstrated the capability to activate HoOo
and S,0%~ and support metals and metal oxides catalysts in the Fenton
process [27-29]. The utilization of szo,%* instead of HyO5 offers several
advantages, as SO4e ™ radicals possess a higher redox potential (2.5-3.1
V) compared to *OH (1.8-2.7 V). Consequently, they exhibit greater
selectivity for the oxidation reaction and a longer half-life period (t1/2
= 30-40 ps versus 20 ns) [30,31]. Heterogeneous technologies also
present advantages over homogeneous ones. In homogeneous Fenton
processes, the use of Fe(Il) and Fe(IIl) salts results in a significant
drawback, namely the production of a substantial amount of iron sludge
during water treatment. To address this issue, supported-metal hetero-
geneous catalysts have been developed in recent decades [32]. Among
these materials, metal-impregnated biochar shows promise as a poten-
tial Fenton catalyst at an industrial scale. However, further efforts are
required to design compact and simplified reactors [27]. Previous
studies have primarily focused on investigating the utilization of
modified BC as Fenton catalysts in batch experiments [33-35],
employing a specific quantity of suspended BC catalyst. Further research
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is needed to optimize the use of advanced oxidation processes for the
degradation of antibiotics in wastewater. This includes investigating the
use of different catalysts and oxidants, as well as developing more effi-
cient and cost-effective treatment processes [27].

The objective of this study is to explore the ideal parameters within
the fixed-bed heterogeneous Fenton process, utilizing biochar func-
tionalized with the aid of H,0, and S;0%, to effectively remove LFX
from contaminated water. This research marks the first time that bio-
char, specifically raw biochar (RBC) and iron-modified biochar (Fe-BC),
has been applied as Fenton catalysts in such a context, and includes a
critical evaluation to determine the more effective oxidant of the two.
The novelty of the chemometrics approach applied lies in the applica-
tion of Response Surface Methodology (RSM) and Factorial Analysis of
Mixed Data (FAMD) not only to optimize the process but also to
streamline it, ensuring that it is scalable for widespread application. Our
experimental design utilizes a two-level factorial framework in
conjunction with RSM, focusing on key operational variables such as
oxidant concentration, treatment duration, pH levels, and the type of
catalyst. These factors were meticulously calibrated to target the effi-
cient elimination of LFX. The adoption of a cubic model for each
response, coupled with the generation of contour plots and three-
dimensional response surfaces, provides a comprehensive visualization
of the process optimization. In this research, particular attention was
given to the mathematical representation and quantification of reaction
rates within the fixed-bed heterogeneous Fenton process, especially
focusing on the adsorption processes and the chemical oxidation re-
actions facilitated by S;03~ and Hy0,. Through rigorous experimental
design and analysis, kinetic constants (k values) were meticulously
calculated for both the adsorption process and the oxidation reactions.
This approach underscores a gap in current scientific literature, where
such detailed exploration of kinetic constants in these specific processes
remains relatively uncharted. The meticulous calculation of these con-
stants not only provides a foundation for further research but also
highlights the necessity for more in-depth studies in this area to fully
understand the dynamics and mechanisms at play. Additionally, this
research delves into the degradation pathways of LFX to enhance our
understanding of the biochemical impacts resulting from the oxidation
process. This study not only aims to achieve minimal LFX concentrations
but also aspires to set a new benchmark for the implementation of
advanced oxidation processes in water treatment technologies.

2. Materials and methods
2.1. Chemicals

Iron(Il) sulphate heptaydrate (FeSO4e7H»0), hydrogen peroxide
(H203) 30% wt, potassium persulfate (K2S20g), sulfuric acid (H3SO4) 98
%, potassium hydrogen phthalate (CgHsKOy), silver sulphate (Ag2SO4),
potassium dichromate (KyCry07), mercury sulphate (HgSO4), ethanol
(EtOH, >99 %) and tert-butyl alcohol (TBA, >99.5 %) and sodium hy-
droxide (NaOH) were purchased from Sigma Aldrich (Saint Louis, MO,
USA) and used without further purification. RBC was procured from "
RESET S.P.A." (Rome, Italy).

2.2. Experimental design

In this study, RSM was used for the experimental design of the het-
erogeneous Fenton processes. Oxidant concentration (X;), treatment
time (Xy) and initial solution pH (X3) were selected as numerical factors
while catalyst type (BC or Fe-BC) (X4) and the type of oxidant (HoO5 or
Sgog’) (Xs) were selected as categorical factor. LFX degradation (%) was
selected as target response. The experimental design involved 137 runs,
based on a two-level central composite design (CCD). Each parameter
was coded as — 1 (minimum), 0 (medium), +1 (maximum), +« and -a. In
this work a=1.682. The ranges and levels for each factor are provided in
Table 1. The rationale for the range and levels chosen for each factor,
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Table 1
Ranges and levels for each factor.

Variables Code  Range and levels
L1 L2 L3 L4 L5 L6 L7

Oxidant X - - 0 0.7 1.6 25 -

concentration

(mM)
Time (min) Xo 2 5 15 20 30 50 60
pH X5 - 28 4 5.8 75 85 -
Oxidant type X4 - - H,0, S,03 - - -
Catalyst type Xs - - BC Fe-BC - - -

detailed in Table 1, originates from a thorough review of existing
literature, preliminary experiments, and the need to encompass a wide
yet relevant spectrum of conditions for the Fenton reaction. For
instance, the oxidant concentration and treatment time were assigned
multiple levels to finely dissect their influence on LFX degradation.
Conversely, the initial solution pH, a crucial but more precisely influ-
ential variable, was assessed across five levels to capture its optimal
range without overcomplicating the design. The oxidant type and
catalyst type were categorized simplistically to directly compare the
effects of these fundamental variations in the Fenton process. The entire
RSM design is presented in Table SM1 of supporting material file (SM).

The removal efficiencies, for all the parameters, were calculated
according to the following equation (Eq. 1) [36]:

Co—C
— X

0

Ry = 100 €h)

Where:

Ry,= percentage removal;

Co= concentration at time zero;

C¢= concentration at time t.

The response was estimated through a cubic model according to the
Eq. 2:

n n n—1 n
Y=bo+ D bXi+ Y biXP+ Y Y byXiXj+e @
i=1 i=1

=1 j=1+1

Y is the response of LFX removal, by is a constant, b; correspond to
linear coefficient of X;, bj; is the second order effect on regression co-
efficients, bjj is the interaction coefficient and ¢ is the statistical error.
After the calculation of the optimal process in terms of type of oxidant,
oxidant dose, pH and treatment time and three replicates of this process
were made and the kinetic of LFX removal was calculated. For the
optimization of the process, the minimization of treatment time was
evaluated while no conditions were set for the other factors to assess the
process in its entirety. The minimization was selected as goal for final
LFX concentration response. All the processes at the optimized condi-
tions were repeated in triplicate.

2.3. Fe-BC preparation

The functionalization was made adapting the post-pyrolysis method
reported in literature [37-41]. Firstly, the BC was treated with a 15 %
H,0; solution to augment the oxygen-containing surface functional
groups at 25 °C for 24 h. After the oven-drying at 120 °C, Fe-BC was
prepared through direct hydrolysis of iron salt following the reaction
(Eq.3):

FeCl;-6H,0—Fe(OH), + 3HCI + 3H,0 3)

Solutions of iron salt, prepared by dissolving 8 g of FeCl3-6 Hy0 in 50
ml of deionized water, were mixed with 10 g of biochar for 12 h under
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continuous strong agitation using a magnetic stirrer, and then dried at
200-250 °C to allow the chlorides to be driven off as HCl and Cl; gas and
convert the metal ions to metal oxides.

2.4. Biochar characterization

Fourier Transform Infrared Spectroscopy (FTIR) spectra of RBC and
Fe-BC were acquired using a Bruker Vertex70 spectrometer. To prepare
the samples, a mixture of the powdered sample and FTIR-grade KBr was
utilized to form potassium bromide disks. These disks were used for
transmittance mode measurements in the spectral range of 600-4000
em™!, with a resolution of 4 cm ™. Before spectral acquisition, all sam-
ples were finely ground. The collected spectra were presented in
Transmittance units. X-ray diffraction (XRD) analyses on the materials
were performed using a Bruker D2 Advance automatic diffractometer
with nickel-filtered CuKa radiation. Data were recorded in the 20 range
of 10-70° with a resolution of 0.02°

2.5. Experimental set-up

The experiments were conducted in continuous-flow recirculation
mode. The experimental set-up consisted of two Pyrex glass columns
packed one with 16 g of BC and one with 16 g of Fe-BC, the quantity
needed to fill all the column (Fig. 1). Each column had an internal
diameter of 2.5 cm and a length of 40 cm. Prior to start the flow, the pH
was adjusted to the desired value and the oxidant dose was added under
stirring. LFX solution was transferred from the feed tanks to the oxida-
tion columns through a two-channel peristaltic pump. After 1 min from
oxidant adding, the pump was turned on and the process was started. For
each test 1 L of LFX solution (25 mg/L) was treated. The flow was set to
80 mL/min. The scavenging tests for optimized processes were per-
formed based on the optimized parameters. EtOH was employed as
quencher for both SO5~ and *OH, while TBA effectively quenched *OH
but not SO%". The alchols/oxidant molar ratios employed were 1/1 and
1/20 to better understand the species formed, and their behaviour, in
each process [42,43]. Specifically, in the Fe-BC/H202 experiments two
concentrations of each alcohol (EtOH and TBA) were employed (2.5 mM
and 50 mM), while 1.6 mM and 30 mM of each alcohol were employed
in Fe-BC/S,03~ experiments.

2.6. Analytical measurements

2.6.1. LFX and by-products determination

LFX concentration was evaluated with High Performance Liquid
Chromatography Diode Array Detector (HPLC-DAD) analysis through an
UltiMate 3000 system (Thermo Fisher Scientific, Waltham, MA USA),
equipped with binary pump, automatic sample injector with 100 uL loop
and column thermostat. Reversed-phase column (Luna 5y, 150 mm x 4.6
mm i.d., pore size of 5 um, Phenomenex) was used for chromatographic
separation at 25 °C. The analysis was performed in isocratic mode.
Mobile phase consisted of acetonitrile/water:70/30 v/v, a flow rate of 1
mL/min and a detection wavelength of 298 nm were used for the
chromatographic separations. This wavelength corresponds to the
maximum absorption of LFX. Calibration curves for LFX were prepared
by diluting LFX with acetonitrile/water 70/30. The limit of quantifica-
tion (LOQ) was 0.10 pg/L which was the lowest concentration of the
calibration curves (linear regression, R? > 0.99). The data were elabo-
rated using Chromeleon™ 6.8 software.

The by-products resulting from the degradation of LEV were
extracted using ethyl acetate. After extraction, the residues were dehy-
drated with anhydrous Na;SO4, subjected to evaporation until dryness,
and then dissolved in a small volume of methanol of HPLC grade.
Identification of the degradation by-products was carried out using Gas
Chromatography Mass Spectrometry (GC/MS) (Agilent 7890 (Agilent,
Palo Alto, CA, USA) equipped with the mass detector MSD 5977) with a
Supelco® SPB-5 capillary column (30 mx 250 pm x 0.25 pm). Helium
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Fig. 1. Experimental set-up.

served as the carrier gas at a flow rate of 1.0 mL min~!. The oven
temperature profile was programmed as follows: initial equilibration at
50 °C for 5 min, followed by a temperature ramp to 300 °C at a rate of 10
°C min~}, held for 10 min. The mass spectrometer operated in electron
impact ionization mode at 70 eV, producing full-scan mass spectra at a
rate of 2400 scans min~! within a mass range (m/z) of 50-400. The
source and transfer line temperatures for the mass spectrometer were set
at 230 and 280 °C, respectively. A mass spectral search was conducted
using the National Institute for Standard Technology’s (NIST) mass
spectral library. By-products were identified based on their mass spec-
trum in conjunction with the NIST library.

2.6.2. Residual oxidants and iron determination

To assess residual S,0%", spectrophotometric analysis was used,
which was based on a previously described method that involved
changing the iodometric titration methodology [44]. In summary, the
absorption spectra of a yellow-coloured solution generated by the
interaction of persulfate and iodide in the presence of sodium bicar-
bonate showed an absorbance at 352 nm with little interference from the
reagent matrix. The calibration curve demonstrated linearity from O to 1
g/L.

The residual HyO5 content was evaluated using a spectrophotometric
approach employing titanium(IV)oxysulfate, which forms a stable yel-
low complex with Hy05 and is visible at 410 nm [45]. The absorbance
measurement revealed a linear relationship with standard HyO, values
ranging from 0.1 to 100 mg/L [46]. The concentration of ferrous ions in
the solution, resulting from leaching, was determined using an adapted
1,10-phenanthroline methodology. In this process, ferrous iron forms a
coloured complex upon reacting with 1,10-phenanthroline. The quan-
tification of ferrous ion levels was achieved by measuring the absor-
bance of the formed colored complex with a UV-Vis spectrophotometer
at a wavelength of 508 nm. Additionally, the concentration of ferric ions
was assessed through the ferric-salicylic acid complexation method. For
this measurement, 5 mL of a 100 mg/L salicylic acid solution was

combined with 5 mL of a ferric solution/sample in a conical flask,
thoroughly mixed, and the resulting violet-colored solution was
analyzed at a 525 nm wavelength [47].

2.7. Kinetic study

The kinetics of HyO2, S203~ and LFX were mathematically described,
considering the reaction scheme outlined in Table 2 for oxidation and
also considering the adsorption process. The adsorption was modelled
by using a pseudo-first order (PFO) kinetic, based on the results of this
study and on the results obtained in previous literature works [48-51],
through the following equation (Eq. 4).

[LFX] = [LFX],e ™ 4)

The oxidation reaction scheme was developed based on scavenging
tests and different hypotheses from the literature [52-55]. The scheme
relies on the following assumptions:

i) The only oxidizing species considered were *OH and *OOH for Fe-
BC/H,0, while SO4°~ and *OH for Fe-BC/S,03 .
ii) The oxygen concentration is always in excess.

Then, these assumptions allowed to obtain the reaction rate ex-
pressions, for the studied species (Table 3).

The system of differential equations was solved utilizing the MAT-
LAB 2023b function "ode23s," and the model parameters were deter-
mined through the built-in optimization routine "fmincon" [58,59]. The
results of the fitting were evaluated in terms of correlation coefficient
(R2) and root mean square error (RMSE, Eq. 5).

n o~ 2
RMSE = [ Gi—y” (5)

p n

Where:
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Table 2 3. Results and discussions
Reaction schemes considered for kinetic study.
Reactions KM~ls™ Y 3.1. Biochar characterization

Fe-BC/H»0, process . . .
202p The FTIR spectra of the raw and functionalized biochar samples are
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Fig. 2. FTIR spectrum of RBC (blue line) and Fe-BC (red line).

Table 3
Reaction rates for the studied species.

Reaction rate expressions
Fe2*/1—1202 process

d[Fe**
7[& ] = —r+r—r3+rs
dFet] _ d[Fe**)
a dt
d[H,0:
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dt
diHO0"] =Try+Tr4—Ts—T7;—Tg
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d[LFX] C pr
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Fe2*/S,0% process
d[Fe*+
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d[SO4*~
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the biochar in various applications, such as wastewater treatment, soil
remediation, and energy production. Another difference is the increase
in the intensity of the C = O peak at 1720 cm™!, which suggests the
formation of carboxylic groups on the biochar surface during the func-
tionalization process. These groups can act as ligands for the iron oxide
nanoparticles and enhance the stability of the composite. They can also
increase the acidity and the cation exchange capacity of the biochar,
which can affect its interactions with other substances. The functional-
ized biochar also shows a slight decrease in the intensity of the O—H
peak at 3420 cm !, which indicates a reduction in the hydrophilicity of
the biochar surface. This can improve the performance of the biochar in
aqueous environments, as it can reduce the water uptake and the
swelling of the biochar. It can also increase the thermal stability and the
carbon content of the biochar, which can improve its energy efficiency
and its carbon sequestration potential.

The XRD patterns of the raw and functionalized biochar samples are
shown in Fig. 3. The raw biochar (black pattern) exhibits a broad peak
around 23°, which corresponds to the (002) plane of graphite. This peak
indicates the presence of crystalline carbon structures in the biochar,
which are formed during the pyrolysis process. The crystallinity of the
biochar can affect its porosity, surface area, and electrical conductivity,
which are important parameters for its applications. The functionalized
biochar (orange pattern) shows a similar peak, but also displays several
sharp peaks at 24.1°, 33.2°, 35.6°, 40.9°, 49.5°, 54.1°, 57.6°, and 62.5°,
which can be assigned to the (012), (104), (110), (113), (024), (116),
(018), and (214) planes of hematite (FepOs3), respectively. These peaks
confirm the successful loading of iron oxide nanoparticles onto the
biochar surface during the functionalization process. Iron oxide is a well-

Fe-BC
840 (o FeZCD3 [
I °
560
.
G280 . .
&
>
x=
g op
[]
<
- — RBC
780 F
520
260 -
of
o L 1 L 1 L 1 L L 1 L 1

10 20 30 40 50 60 70
20 (degree)

Fig. 3. X-ray diffractogram of RBC (black line) and Fe-BC (orange line). The
black dots are associated with Fe;O3 crystalline peaks.
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known catalyst and adsorbent that can enhance the performance of the
biochar in various applications, such as wastewater treatment, soil
remediation, and energy production. The XRD patterns also show the
effect of the functionalization process on the crystallinity of the biochar.
The functionalized biochar has a higher intensity of the graphite peak
than the raw biochar, which suggests an increase in the crystallinity of
the biochar. This can be explained by the removal of some amorphous
carbon structures and the rearrangement of some carbon atoms during
the functionalization process. The increase in the crystallinity of the
biochar can improve its thermal stability and its carbon content, which
can improve its energy efficiency and its carbon sequestration potential.

3.2. Factor analysis of mixed data

FAMD was utilized to understand the relationships among various
variables such as pH, oxidant dose, oxidant type, treatment time, bio-
char type, and the resulting LFX concentration. The first two principal
factors in the FAMD explained approximately 70 % of the variance
within the data. A clear separation of sample groups was evident along
the second dimension. The biplot (Fig. 4), which combines both the
variables and observations, highlighted a strong correlation between
treatment time, oxidant dose, and the response variable, particularly
noticeable along the first dimension. In contrast, the second dimension
showcased distinct correlations between pH levels, the type of oxidant,
and the type of biochar used.

Specifically, experiments with RBC displayed a marked variability in
response along the second dimension, indicating the significance of pH
and oxidant type in these trials. RBC and Fe-BC formed distinct clusters
on this axis, with RBC data points tending towards the positive quadrant.
Furthermore, the proximity of variable vectors in the biplot suggested a
strong correlation among them. The results from RBC trials exhibited
greater variability with different oxidants, while Fe-BC trials demon-
strated less variance and generally higher efficiencies across both oxi-
dants. Along the first dimension, there was a notable correlation
between treatment time, oxidant dose, and LFX concentration, particu-
larly in trials involving Fe-BC, where data points spread more into the
positive abscissa and negative ordinate quadrant. This indicates that the
interaction between treatment time and oxidant dose was crucial in
experiments with Fe-BC.

3.3. Experimental design and process optimization

After FAMD, the removal of LFX by fixed-bed Fenton process with BC
or Fe-BC as catalyst and HoOy and szo§* as oxidant agents was opti-
mized by RSM analysis to evaluate its applicability in CECs removal
from WW. The response values (final LFX concentration) were trans-
formed into natural-log values to better show the differences between
them and to normalize the distribution. The fitted model was cubic and
the coefficient of determination of the model was found to be
R2=0.9329. The disparities between the predicted and adjusted RZ
values were within the margin of 0.2. Fig. 5 shows the 3D response
surfaces for each condition (namely RBC/H20;, Fe-BC/H205, RBC/
S,0%~ and Fe-BC/S,0%7). All the surface plots are shown at the middle
point for pH factor (i.e., 5.8).

Fig. 5a shows the 3D response plot for LFX removal with RBC/H05.
When the Hp0; concentration was zero (thus assessing only the
adsorption effect), it was observed that the adsorption capacity was time
dependent. Specifically, from the minimum treatment time (2 min) to 30
min, there was a removal increase of LFX by 2.7-In units. After one hour
of treatment, the removal increment was 3.03-In units. With the increase
in oxidant concentration, an enhancement in removal was observed due
to the oxidation effect. Specifically, when the oxidant dose was 1.6 mM,
an increase in removal of 5.52-In units was observed after approximately
20 min, while at 60 min, there was an increase of 5.76-In units. As the
oxidant dose increased, no substantial improvement in LFX removal was
observed.
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Fig. 4. biplot showing the first two principal dimensions obtained from FAMD.

When RBC was replaced with Fe-BC in the process assisted by HoO»
(Fe-BC/H30,, Fig. 5b), an increase in LFX removal was observed,
starting from the adsorption process alone (i.e., HyO2 concentration at
zero). Specifically, after 2 min, there was a substantial increase in
removal of 3.2-In units. At 30 and 60 min, a slight additional increase in
removal of approximately 0.1-ln units was observed. The improvement
observed in adsorption is attributed to the larger surface area exhibited
by Fe-BC compared to RBC. When H,0, concentration was 1.6 mM, a
substantial increase in LFX removal was observed. Indeed, at 2 min,
there was an increase of 1.73-In units compared to the same condition in
the absence of iron, while at 30 min, the increment was 2.12-In units. At
60 min, the increase remained around 2.1-In units compared to RBC.
When H505 concentration was 2.5 mM, the increase in LFX removal was
about 0.5-In units for each treatment time. Therefore, it can be affirmed
that the contribution of heterogeneous Fenton was evident, as also
depicted graphically in Fig. 5a and b. When RBC and Fe-BC were tested
with S,0%7, a general decrease in removal efficiencies was observed.
Specifically, in the RBC/S203™ process (Fig. 5¢), at low treatment times,
the concentration maximizing LFX removal was found to be 1.6 mM.
Increasing the oxidant concentration resulted in a deterioration of
removal efficiencies. From the comparison between H,02 and S,087, it
was observed that at a treatment time of 2 min, H,O; outperforms (3.2-
In units vs. 2.6-1n units). However, increasing the oxidant dose resulted
in a decrease in LFX removal. At an oxidant concentration of 1.6 mM and
a treatment time of 30 min, an increase in LFX removal by 2.35-In units
was observed. At 60 min, the increment was 0.1-In units compared to the
30-minute time point. In the presence of Fe-BC, in the Fe-BC/S,03~

process, the response surface trend closely resembles the RBC/S,03~
process. In this case as well, the highest LFX removal was achieved at an
szo§* concentration of 1.6 mM. Concerning treatment times, a reduc-
tion in LFX of 4.31-In units was observed already at 30 min, with no
significant improvements at 60 min. At 60 min, the increment in LFX
removal in the presence of Fe-BC was approximately 1.45-In units
compared to the process employing RBC. Comparing Fe-BC/H205 and
Fe-BC/Szog’ processes, it is evident that the Fe-BC/H50, process allows
for the removal of an additional 5.5-In units of LFX.
In summary:

e The Fe-BC acted as a better adsorptive material respect to RBC.

e Fe-BC increased the LFX removal, compared to RBC, for the same
amount of oxidant and the same time of the reaction.

e Fe-BC showed also catalytical behaviour for the heterogeneous
Fenton reaction, improving the oxidation of LFX from water.

e Hy0; increased the percentage of LFX removal compared to S2037,
for the same type of biochar and the same time of the reaction.

The results obtained at each pH investigated are showed in
Table SM1. Results showed that the pH had a high influence on LFX
removal, with different effects depending on the oxidant used. Specif-
ically, Fe-BC/H30, led to better results at circumneutral pH values
while, on the contrary, S,03~ worked better at more acidic conditions.
After the RSM analysis, the best conditions resulted to be:

1) Adsorption: Fe-BC at pH 5.8
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Fig. 5. Response plots for LFX removal with RBC/H,05 (a), Fe-BC/H>0, (b) RBC/Szog’ (c) and Fe-BC/S,03 .

2) Oxidation with HyOy: Fe-BC at pH 7.5 and 2.5 mM of Hy0»
3) Oxidation with So05 : Fe-BC at pH 2.8 and 1.6 mM of szo§*

These results agree with other literature works. Several studies have
been conducted on the degradation of antibiotics by carbon-based-
functionalized materials and 5203* or HyO5 as oxidant. Yao et al.
2021 [60] studied the adsorption of LFX onto biochar/MgFe;O4 com-
posite and found a maximum LFX adsorption at pH around 5 whit a
decrease at pH < 3 and pH > 9. LFX can exist in cationic (LFX™), anionic
(LFX") or molecular (LFX®) form in aqueous solution (pKai= 6.02 and
PK,2=8.15). So, when pH < 6.02 or pH > 8.15, the adsorption of LFX can
be inhibited by electrostatic repulsion because the surface of
iron-functionalized-biochar is charged [61].

Wang et al. (2023) [62] studied the degradation of tetracycline from
aqueous solution by employing a Fe-BC obtained in a similar way
compared to the present work in combination with S,0%". They also
studied the effect of pH on the removal efficiency and found that at a pH
of 3 the removal efficiency was the highest. A possible reason can be
ascribed to the higher amount of iron released in the solution at acidic
pH which favours the activation of S203".

Surprisingly, in the case of Hy0,, the optimal condition suggests a
circumneutral pH. Again, this may be due to the increased adsorption of
LEV® at 6.02 < pH < 8.15, which favours its degradation. Furthermore,

in many cases, heterogeneous Fenton systems give the best results at a
wider pH range and, in many cases, at a circumneutral pH [27,63-65].
In literature emerges that heterogeneous Fenton process allow to an
increase in the range of pH at which the generation of *OH radicals and
the organic pollutants degradation occur [66,67]. Other authors showed
the extension of the pH range for different heterogenous Fenton pro-
cesses. In particular, Wang et al. observed same degradations for
methylene blue with heterogeneous Fenton process employing car-
bon@Fe composite and HyO, as oxidant agent at pH: 3 and pH: 7 [68].
Yao and co-workers found that Fe@activated carbon composite
exhibited remarkable catalytic activity at neutral or basic pH values
[63]. This comprehensive analysis underscores the nuanced interplay
between pH levels and the efficacy of heterogeneous Fenton processes,
highlighting the importance of optimizing environmental conditions to
enhance pollutant degradation. The contrasting optimal pH conditions
for 5203* and Hy0, further emphasize the necessity of a tailored
approach in the application of Fenton processes, catering specifically to
the chemical nature of the pollutant and the chosen oxidant.

3.4. Kinetics of optimized processes

According to FAMD and RSM analysis, the optimal conditions for
effectively removing LFX from water with each investigated process are:
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i) Fe-BC, pH: 5.8 (adsorption)
ii) Fe-BC/S20% (1.6 mM), pH: 2.8 (oxidation)
iii) Fe-BC/H20; (2.5 mM), pH: 7.5 (oxidation)

The same conditions were used also substituting Fe-BC with RBC for
comparison and to evaluate the catalytic effect of the functionalized
material. Fig. 6a and Fig. 6b show the kinetics for optimized processes
and the final LFX concentration reached by each process, respectively.

When RBC and Fe-BC were used without the oxidants (i.e., adsorp-
tion processes), the maximum LFX removal was obtained by the Fe-BC,
reaching a final concentration of about 335 pg/L in 60 min at pH of 5.8.
The RBC, instead, at the same conditions, allowed to reach a final value
of about 530 pg/L. The maximum adsorption capacity (Qmax) for Fe-BC
was 272 pg/g.

The oxidative processes enabled the attainment of excellent removal
of LFX. Fe-BC/S,03™ process allowed for a removal of LFX of approxi-
mately 5-In units (final [LFX]= 2.8 ug/L). When the RBC was used in
combination with Szog’, the removal efficiency decreased of about 1-In
unit compared to Fe-BC/S,0%", led to a final LFX concentration of 8.9
pg/L. Compared to RBC/S,03~ process, the two kinetics are very similar
but in Fe-BC/S,03 ™ one the effect of the catalyst loading (Fe) is evident.

a.
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A- RBC/S,0,2(1.6 mM, pH 2.8)
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Fig. 6. kinetics for optimized processes (a) and final LFX concentration reached
by each process (b).
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When Fe-BC/S,03~ process was replaced by Fe-BC/H;0,, higher LFX
removals (up to 4.5-In units) were obtained. Fe-BC/H30, process
allowed for a removal of LFX of approximately twice as higher as Fe-BC/
szo§* one with about 9.5-In units of removal (final [LFX]= 0.1 pg /L).
When the RBC/H;0, was tested, the removal efficiency was about 1-In
unit higher compared to Fe-BC/Sgog’, led to a final LFX concentration
of 1.2 pg/L. Compared to RBC/H20 process, the kinetics of Fe-BC/H30,
is much faster, and the effect of the catalyst loading (Fe) is more evident.
Comparing the results among themselves, it is evident that the adsorp-
tion effect with Fe-BC increases the antibiotic removal capacity by
approximately 37 % compared to RBC alone. When the oxidant is used,
the oxidative process generally leads to additional removals exceeding
99 % compared to adsorption alone. Comparing the process between the
two oxidants, it is found that with Fe-BC/H20, there are percentage
removal increases 92 % higher than the RBC/H305 process. In the case
of S,0%", the percentage increase is approximately 69 % with Fe-BC.
Furthermore, from the comparison between the two processes using
Fe-BC, it was observed that with HyO, there is a 96 % increase in the
percentage removal of LFX compared to the S,03~ process.

To better understand the mechanisms involved in the LFX oxidation
by Fe-BC/S20%  process, the degradation byproducts were detected
through GC/MS analysis and four degradation pathways were proposed
(Fig. 7. Mass spectra of the degradation products are available in
Figure SM1):

Within these pathways, we delineate four primary oxidative trans-
formation mechanisms, characterized by their specificity towards
particular molecular moieties within LFX:

1. Targeted Decarboxylation: The carboxylic acid moiety of LFX is
particularly prone to oxidative attack, leading to the formation of an
initial intermediate, designated as P1 (m/z: 317.9). This initial re-
action underscores the vulnerability of the carboxyl group to elec-
tron abstraction under oxidative stress. P1 is subject to further
oxidative stress, culminating in the ring-opening and formation of P2
(m/z: 291.1). This step signifies a pivotal transformation, indicative
of a radical chain mechanism.

2. Oxidative Ring Opening and Radical Propagation: Subsequent to
decarboxylation, In parallel, direct interaction of LFX with ¢OH and
SO4e— radicals propels the formation of P3 (m/z: 335.1), which is
then transformed into P4 (m/z: 234.1) through a combination of
decarboxylation and depiperazinylation—a process hinting at a
multistep radical substitution followed by ring cleavage.

3. Direct Decarboxylation/Depiperazinylation: This delineates a con-
current pathway where LFX is directly subjected to decarboxylation
and depiperazinylation, leading to the immediate formation of P4.
This route underscores the potential for simultaneous multiple bond
disruptions within the LFX molecule.

4. Sequential Demethylation/Defluorination: Specific methylation and
carbon-fluorine bonds within LFX are susceptible to ROS attack,
facilitating a sequence of demethylation and defluorination re-
actions. These transformations yield P5 (m/z: 281.1), indicative of a
complex radical-mediated defunctionalisation.

Collectively, these intermediates undergo further oxidative degra-
dation (P2 - depiperazinylation, P4 — 5-methyl-3,4-dihydro-2H-1,4-oxa-
zine removal, P5 — depiperazinylation/5-methyl-3,4-dihydro-2H-1,4-
oxazine removal), converging to form P6 (m/z: 191.1), which is subse-
quently reduced to smaller organic compounds (P7, P8, P9). The for-
mation of 1-methylpyrrolidin-2-one (P7) suggests a cyclization reaction
followed by a methyl group retention, indicative of the preservation of
the pyrrolidine ring from the LFX structure, which has undergone sig-
nificant deconstruction. This transformation is indicative of a rear-
rangement process, potentially through a radical-mediated pathway.
The emergence of N,N-diethylformamide (P8) denotes a significant
N—C bond cleavage and substitution reaction, implying that the LFX
molecule’s piperazine ring or other nitrogen-containing moieties
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undergo dealkylation. The presence of diethylformamide is particularly
revealing of the possible introduction of an ethyl group during the
transformation process, likely through a transamination reaction
involving the exchange of amino or amido groups. The detection of 2-
fluoro-5-nitrophenol (P9) is indicative of an electrophilic aromatic
substitution, where the nitro group has been introduced into the aro-
matic ring. The presence of both fluorine and nitro groups in P9 suggests

athway for Fe-BC/S,03™ process.

that specific regions of the LFX molecular structure remain somewhat
intact throughout the degradation process, retaining the capacity for
further substitution reactions. The fluorine atom’s retention also speaks
to the resistance of C-F bonds to complete defluorination, while the
nitration of the ring is likely a result of oxidative stress, perhaps via the
interaction with nitrate radicals or other nitrogen oxides present in the
reaction milieu. This culminates in the complete mineralization of the
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molecule, reflecting a comprehensive breakdown of the complex LFX
structure into its constituent inorganic atoms. These results are in
agreement with other literature works in which S,0%~ supported Fenton
processes were tested for LFX degradation from aqueous solutions [69,
70].

In the case of Fe-BC/H30,, four degradation pathways were pro-
posed (Fig 8, mass spectra at different times are available in
Figure SM2).

The four pathways proposed for Fe-BC/H20y process were very
similar to that proposed for Fe-BC/S,03 ™ one but the decarboxylation is
replaced by hydroxylation.

Hydroxylation, likely mediated by the highly reactive HOe radicals
generated in the Fenton reaction, typically introduces hydroxyl groups
to organic substrates, increasing their solubility and reactivity. The
production of P10 with a molecular weight of 377.1 as a result of hy-
droxylation suggests the addition of one hydroxyl groups to the LFX
molecule, which can drastically change the subsequent degradation
behaviour of the molecule. P10 undergo an oxidative ring opening/
dehydroxilation to form P3 which can undergo two different chain re-
actions to form P11(m/z: 207.1) and P12 (m/z: 195.1):

- of decarboxylation/depiperazinylation to form P4 and then P4
undergo a 5-methyl-3,4-dihydro-2H-1,4-oxazine removal to form
P12.

- decarboxylation/depiperazinylation/5-methyl-3,4-dihydro-2H-
1,4-oxazine removal.

- decarboxylation/depiperazinylation/5-methyl-3,4-dihydro-2H-
1,4-oxazine removal and defluorination to form P11.

On the other hand, P4 can undergo two different pathways to led to
the formation of both P12 and P13 (m/z: 176.1):

- the 5-methyl-3,4-dihydro-2H-1,4-oxazine removal promotes the
formation of P12.

- the chain reaction defluorination/5-methyl-3,4-dihydro-2H-1,4-
oxazine removal promotes the formation of P13.

P5, through the direct depiperazinylation and 5-methyl-3,4-dihydro-
2H-1,4-oxazine removal, could led to the formation of P13 intermediate.

In this case also benzene (P14 m/z: 78.1) was detected as smaller
byproduct. The detection of benzene is particularly noteworthy, as it
suggests the complete deconstruction of the complex LFX molecule
down to a simple aromatic hydrocarbon. This finding is intriguing, as
benzene is a relatively stable compound and its formation could imply
the occurrence of extensive ring-opening reactions followed by a re-
arrangement to reform the aromatic system, which is typical in the
degradation of complex aromatic compounds. The presence of N,N-
diethylformamide (P8) across different degradation systems further
supports the notion of a common intermediate or mechanistic pathway,
where amide and nitrogen functionalities are preserved longer in the
degradation sequence before eventually breaking down. These results
agree with other works in which different HoO, supported Fenton pro-
cesses were tested for LFX oxidative degradation [4,71-73]. The pres-
ence of HOe radicals in the system suggests a highly oxidative
environment, favoring hydroxylation over decarboxylation and poten-
tially leading to a more diverse array of intermediate products. The
formation of smaller byproducts, such as benzene, underscores the ef-
ficiency of the Fe-BC/H202 system in breaking down complex organic
molecules to their simplest forms, which has significant implications for
the treatment of LFX-contaminated water.

3.5. Identification of predominant radical species

Radical inhibition experiments were carried out to discern the
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primary radical oxidant (SO3~ vs. *OH) by investigating variations in
radical reactivity towards two distinct alcohol additives, namely ethanol
(EtOH) and tert-butyl alcohol (TBA), as detailed in prior research [74].
The reaction rate of SO3~ with TBA was notably slower (4-9.1 x 10°M ~
Is—1h compared to its reaction with EtOH (1.6-7.7 x 108~ 1s~1H.on
the other hand, *OH exhibited rapid reactivity with both EtOH and TBA.
Consequently, EtOH proved to be an effective quencher for both SO~
and *OH, while TBA effectively quenched *OH but not SO5~ [21,74].
Specifically, scavenging tests were executed to assess the degradation of
LFX in both processes (Fe-BC/H20, and Fe—BC/Szog’), aiming to pre-
vent interference from EtOH and TBA in COD measurements. Two
concentrations of each alcohol, namely 2.5 mM and 50 mM, were
employed in the Fe-BC/H30, experiments while 1.6 mM and 30 mM
were employed in Fe—BC/Szog_ experiments (Fig. 9a and Fig. 9b).

Fig. 9 illustrates the rate of LFX degradation in the presence of
quenching reagents. The addition of 2.5/1.6 mM and 50/30 mM of EtOH
significantly inhibited catalytic activity for LFX degradation in both
processes. However, the addition of TBA had a substantial impact only
on the Fe-BC/H30;, process. This outcome suggests that the predominant
radical formed in the Fe-BC/S,0%~ process is SO5~. While hydroxyl
radicals might also be present in the Fe-BC/S;0§ process, their
contribution is minimal compared to sulphate radicals.

3.6. Kinetic modelling

As can be seen from Fig. 10, the kinetic model developed in this work
well reproduced the decrease of LFX and the oxidants consumption in all
the conditions. The parameters obtained for each species in each process
are presented in Table 4.

As can be noted, kg and kj g, the kinetic constants associated with the
reactions of LFX with HO® and SO3™ respectively, are about 2 time
higher than k; o, the kinetic constant for PFO adsorption process, in both
oxidation processes, confirming that the oxidation process is more rapid
than the adsorption one. Also, it is very interesting to note that, when
performed alone, the adsorption process kinetic constant (kjg) associ-
ated at Fe-BC, is about 4 and 2.5 times lower than the k;9 of Fe-BC/H0-
and Fe-BC/S,0%~ processes respectively. The higher adsorption rate is
associated with the more rapid oxidation of LFX and the higher
adsorption of by-products (which contains several charged functional
groups as can be seen in Fig. 7 and Fig. 8) on the surface of Fe-BC. The
oxidant consumption was very high for both 5203* and H,0,, with re-
sidual concentrations < 0.1 mg/L. The high HyO2 activation rate at
neutral pH can be justified by the fact that the biochar itself is a good
H>0; activator for the generation of hydroxyl radicals [75] and because
the heterogeneous catalysts expand the pH range for Fenton processes
[66].

3.7. Iron leaching

In the context of this research, the operational effectiveness of het-
erogeneous catalysis was analyzed with a focus on iron ion leachability
and the intrinsic catalytic properties of the catalyst’s solid surface. Our
investigation delves into the dynamics of Fe-BC in a fixed-bed configu-
ration for the treatment of water contaminated with LFX, utilizing HoO>
and S,03 as oxidizing agents. Observational data from our experi-
mental setup indicated that the leached iron ion concentration within
the aqueous phase remained consistently below 1 mg/L (Fig. 11).

The results obtained allowed to confirm the occurrence of heterog-
enous oxidation. In fact, in the present work, the H202/leached—Fe2+
ratio was 274 and Hy05/leached-Fe?" one was 156. These ratios are very
low and, normally, higher HoO5/iron ratios (from 1/1 to 50/1), with a
higher iron concentration, are required to effectively perform conven-
tional homogeneous Fenton process for the degradation of lesser anti-
biotic concentration [76-78]. The significance of these findings is
twofold. Firstly, it directly addresses the concerns related to the deple-
tion of active catalytic sites due to iron leaching, a common caveat
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Table 4
Model parameters obtained for each species in each process.
Process Species  R* RMSE  SSE kol |ksg| |kso]
(%) (%) ™M~ ™M~ M~
ls—l) ls—l) ls—l)
(Fe-BC/ LFX 0.999 1 0.074 11 - 5.34
H,0,) H50, 0.987 3.1 0.048
(Fe-BC/ LFX 0.997 1.8 0.023 - 8 3.34
$,037) $,03 0988 3 0.052
(Fe-BC) LFX 0.983 4.7 1.5 - - 1.34

associated with long-term utilization of heterogeneous catalysts in
Fenton-like reactions. Secondly, it offers a possible solution to the
environmental challenge posed by the generation of sludge, a byproduct
of the iron leaching process. In homogeneous Fenton processes, the
dissolution of iron ions can lead to the formation of a substantial volume
of insoluble iron hydroxide complexes, exacerbating secondary pollu-
tion issues. Our results indicate that the Fe-BC catalyst, through its low
iron leaching profile, significantly minimizes sludge production, which
was not measurable, thereby alleviating the environmental impact.
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Fig. 11. Leaching of ferrous and ferric ions from heterogeneous Fe-
BC catalysts.

These results agree with other literature works. In particular, Rubeena
and co-workers found very similar results by employing iron-modified
BC for the removal of acid red 1 dye [34]. At the same way, Macerak
et al., found good structural stability of zero-valent-iron-BC catalyst,
showing the minimal iron leaching from the carbonaceous matrix during
wastewater treatment process [79].

4. Conclusions

In this work, the utilization of iron-modified biochar as a catalyst, in
combination with H,O5 and 5205*, was tested in the degradation and
mineralization of LFX from water with a fixed-bed configuration,
demonstrating promising potential. The results demonstrate the signif-
icant impact of various factors such as pH, oxidant type, treatment time,
and biochar type on the degradation process. The use of FAMD and RSM
provides a robust analytical framework for navigating the complexities
of experimental data and optimizing the removal of LFX. Fe-BC signifi-
cantly outperforms RBC in the removal of LFX from aqueous solutions.
The Fe-BC showcases superior adsorptive characteristics, likely due to
its larger surface area, and exhibits a catalytic prowess in the
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heterogeneous Fenton reaction, which enhances the oxidation of LFX.
Empirical evidence from the study indicates a notable increment in LFX
removal of 3.2-In units within the initial 2 min of treatment using Fe-BC
with Hy0», and a consistent removal efficiency with an increase of
approximately 2.1-In units observed at the 60-minute mark. This is in
stark contrast to the RBC/SZO?;’ process, which peaked at a 1.6 mM
oxidant concentration, beyond which a decline in removal efficiency
was noted. Comparatively, Fe-BC in conjunction with HyO achieved an
additional 5.5-In unit removal of LFX, underscoring the efficacy of HoO5
over S,03™ under identical conditions. Furthermore, our data suggest
that the pH plays a pivotal role in the removal process, with Fe-BC/H202
showing optimal results at circumneutral pH, while S;0%~ is more
effective in acidic environments. Based on the results obtained, the
optimized conditions resulted to be: i) pH: 5.8 for adsorption process
(Fe-BC only); ii) pH: 2.8 and S;0§ : 1.6 mM for Fe-BC/Szog’ process
and iii) pH: 7.5 and H30,: 2.5 mM for Fe-BC/H20;, process. Under
optimal conditions, Fe-BC demonstrated a remarkable superiority over
RBC in both adsorptive and oxidative remediation strategies. The
adsorptive capacity of Fe-BC was significantly higher, achieving a
notable LFX final LFX concentration of 335 pg/L within 60 min, while
RBC attained a lesser final concentration of 530 pg/L. In the realm of
oxidative processes, the performance of Fe-BC was exceptional; the Fe-
BC/. SZO?{ system culminated in a final LFX concentration of merely 2.8
pg/L, a substantial improvement over the 8.9 pg/L achieved by the RBC/
S,03 - system. The rapid and efficient removal of LFX by Fe-BC/S,03~
underscores the significant catalytic role played by the iron integration.
Furthermore, when coupled with H,0,, Fe-BC’s capability was once
again underscored, showing an increase in LFX removal efficiency,
measured at 9.5-In units, and a final LFX concentration of 0.1 pg/L. This
is in contrast to the Fe-BC/S,0%~ system and even surpasses the effi-
ciency of RBC/H203, which itself performed notably well, showing an
efficiency 1-In unit higher than Fe-BC/S,03", with a final LFX concen-
tration of 1.2 pg/L. These findings clearly establish the effectiveness of
Fe-BC, particularly in conjunction with Hy0, in purifying water from
LFX, and present a compelling case for its application in environmental
remediation. Fe-BC/H30, exhibited rapid kinetics, removing 50 % of
LFX in the first 2 min and reaching a plateau in just 20 min, emphasizing
the catalytic effect of Fe loading. The characterization of degradation by-
products provided valuable information on the transformation of LFX
during the oxidation process. The results of this study underscore the
significance of advanced oxidation processes in addressing the chal-
lenges associated with the presence of pharmaceutical compounds in
wastewater. The use of Fe-BC as a sustainable catalyst for environmental
remediation has the potential to reduce the environmental impact of
antibiotic residues in wastewater, especially in scenarios where efficient
and rapid removal of contaminants is paramount. Further research is
needed to optimize the use of advanced oxidation processes for the
degradation of antibiotics in wastewater and to evaluate the potential of
iron-modified BC as a catalyst for other environmental remediation
applications.
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