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Abstract

Recently, researchers have been focused on the recycling as well as transforming of bio-
waste streams into a valuable resource. Banana peels are promising for such application,
due to their wide availability. In this context, the integration of banana peel-derived bio-
char with environmentally benign magnetite has significantly broadened its potential ap-
plications as a solar photocatalyst compared to the conventional photocatalysts. The ma-
terials are mixed in varied proportions of Ban-Char500-Mag@-(0:1), Ban-Char500@Mag-
(1:1) and Ban-Char500@Mag-(2:1) and characterized using X-ray diffraction (XRD) and
scanning electron microscopy (SEM) augmented with dispersive X-ray spectroscopy
(EDX). Such modification is leading to an improvement in its application as a solar pho-
tocatalyst using the photochemical solar collector facility. The study discusses the factors
controlling acetaminophen removal from aqueous effluent within 30 min of solar illumi-
nation time. Furthermore, the highlighted optimum parameters are pH 3.0, using 10 mg/L
of the Ban-Char500@Mag-(1:1) catalyst and 100 mg/L of the hydrogen peroxide as a Fen-
ton combination system for removing a complete acetaminophen from wastewater (100%
oxidation). Also, the temperature influence in the oxidation system is studied and the high
temperature is unfavorable, which verifies that the reaction is exothermic in nature. The
catalyst is signified as a sustainable (recoverable, recyclable and reusable) substance, and
showed a 72% removal even though it was in the six cyclic uses. Further, the kinetic study
is assessed, and the experimental results revealed the oxidation process is following the
first-order kinetic reaction. Also, the kinetic-thermodynamic parameters of activation are
investigated and it is confirmed that the oxidation is exothermic and non-spontaneous in
nature.
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1. Introduction

Globally, rapid industrial growth has been accompanied by a substantial increase in
water consumption, resulting in massive discharges of wastewater from various indus-
trial activities [1,2]. Among these, the pharmaceutical industry is one of the fastest ex-
panding sectors [3,4]. Pharmaceuticals encompass a wide range of compounds, including
antibiotics, anti-inflammatory drugs, lipid regulators, and other therapeutic agents [5-11].
The discharge of pharmaceuticals into aquatic systems is particularly concerning, as they
are increasingly recognized as emerging pollutants (EPs) due to their low biodegradabil-
ity, high persistence, and potential for bioaccumulation [12-16]. Pharmaceutical effluents
are released at different stages of their life cycle [17,18], from production to disposal, and
their persistence in aquatic environments poses risks to both human health and ecosys-
tems [19-27]. Consequently, considerable research efforts have been directed toward ad-
dressing these emerging pollutants [28-33]. Various treatment strategies—such as ad-
vanced oxidation processes, flotation, electrochemical techniques, and biological meth-
ods—have been proposed to mitigate pharmaceutical contamination in aquatic ecosys-
tems [34-39]. However, many of these approaches face limitations, including high opera-
tional and maintenance costs, as well as the potential formation of secondary toxic by-
products.

The existence of pharmaceuticals is widespread in the modern societies as emerging
chemicals [15-19], and could be as a result of several activities [20-27]. Therefore, such
pharmaceutical effluent discharge is a challenge, from their production to their elimina-
tion [26-28]. Moreover, their presence in the aqueous system is a global issue that might
cause damage to human beings as well as numerous wildlife species [29,31]. Hence, ever-
increasing efforts have been devoted to enable the emergence of those EPs [32]. Various
systems have been suggested to treat such pharmaceuticals contaminating the ecosystem,
such as oxidation, flotation, electrochemical techniques and biological managements
[33,34]. Nevertheless, such methods are not convenient because of expensive operating or
maintenance charges or generating secondary excess toxic contaminants.

Advanced oxidation processes (AOPs) are promising treatment candidates due to
their advantages, including simple operation, cost-effectiveness, and high efficiency in
both removing and mineralizing pollutants [35-42]. The current compilation in research
is looking for sustainable treatment facilities to better signify the frontiers in such a field
[17,39]. Fenton oxidation, which uses iron oxides, is suitable for AOP treatment because
pollutants can be oxidized and completely mineralized into harmless end products, such
as carbon dioxide and water, upon activation with H202. However, although the reaction
commonly requires a relatively short reaction time, homogenous Fenton process forms
iron sludge as a secondary pollutant, and it is essential to deal with it prior to final disposal
[43]. Further, not only is such sludge a drawback, but also the acidic pH, losing the iron
activity and thereby reducing the oxidation efficiency [44,45]. To avoid such parameters
that hinder the system and to attain a high removal efficiency, solar radiation might be
combined with the Fenton oxidation to increase the system activity and reach a higher
mineralization compared to the solo Fenton treatments. It is noteworthy that the opera-
tional cost of the Fenton system can be reduced by using renewable solar energy [46]. To
sum up, chemical precursors of the Fenton system are still behind the cost of the process.

Nevertheless, most published studies on the Fenton reaction do not utilize waste-
derived materials as a catalyst source. This gap highlights the novelty of the present work,
where waste is utilized as a functional material and applied for wastewater remediation,
thereby promoting sustainable resource use. Thus, to reach an economic sustainable Fen-
ton oxidation using waste sources as an ecological catalyst source coupled with magnetite
nanoparticles is essential for a substitute of metal oxides that is signified as the backbone
of the Fenton reaction [47,48]. Banana peels (Musa sapientum) generated in millions of tons
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annually as agro-industrial by-products from beverage factories, local shops, and house-
holds, represent a significant waste challenge [49-51]. Although various techniques are
dealing with such banana peel management, the common handling facility is dumping or
landfilling, so as to be an organic fertilizer, or may be to be used as animal feed
[11,52,53,54]. Converting banana peels into functional catalysts offers a win-win strategy
to simultaneously address solid waste management and water pollution

In this work, we introduce a novel approach that integrates naturally abundant agri-
cultural waste with magnetite to create a recyclable catalyst for solar photo-Fenton appli-
cations. Specifically, biochar derived from Musa sapientum was functionalized with envi-
ronmentally benign magnetite via a simple co-precipitation route. This hybrid material,
serving as a cost-effective and sustainable photocatalyst, was thoroughly characterized
and subsequently applied for the oxidation of acetaminophen in wastewater. The novelty
of this study lies in the synergistic utilization of waste-derived biochar, its integration with
magnetite, and the solar collector that assisted photo-Fenton processes to enhance solar
energy harvesting for efficient pharmaceutical wastewater remediation.

2. Results and Discussion

2.1. Structural and Morphological Characterization of Ban-Char500 Samples

XRD

XRD, X-ray diffraction patterns of magnetite and composite magnetite/biochar are
displayed in Figure 1. As exhibited in Figure 1a, the magnetite crystal structure XRD data
(JCPDS No. 89-4319) [14] appears in the pattern. The XRD pattern exhibits well-defined
sharp diffraction peaks. The peaks appear at the 20 values of 30.15, 35.61, 43.20, 57.71, and
62.81, which correspond to the plans of (220), (311), (400), (422), and (620), respectively.
Also, it is noteworthy to mention that the most intensive magnetite peaks appear in the
two samples of (b) Char500@Mag-(1:1) and (d) Ban-Char500@Mag-(2:1), with well-defined
sharp diffraction peaks that exhibit good crystalline phase. That verifies the well distrib-
uted magnetite nanoparticles in the composites, without causing damage to the magnetite
nanoparticle crystal structure. However, XRD examination of the composite containing
banana biochar, (b) Ban-Char500@Mag-(1:1), (c) Ban-Char500@Mag-(2:1) and (d) Ban-
Char500@Mag-(1:0) reveals broad peaks indicative of an amorphous carbon layer, sug-
gesting the predominantly amorphous nature of the banana peel material. Furthermore,
the inclusion of banana peel into magnetite mostly does not result in alterations to the
crystallinity or phase of the magnetite material. However, an observable change is evident
in the introduction of banana biochar into the magnetite material consequences in a re-
duction in peak intensity within the XRD pattern of the composite of Ban-Char500@Mag-
(1:1) or Ban-Char500@Mag-(2:1) materials. This could be due to the fact that banana bio-
char, which is signified as a carbon-based material, does not reveal diffraction peaks in
XRD patterns [4]. As peak intensity in XRD patterns reflects the extent of diffraction at a
specific angle, the addition of banana biochar to magnetite in different proportions could
potentially reduce the concentration of magnetite in the material campsite, due to the mix-
ing ratios, thereby leading to a deduction in the peak intensity represented in the XRD
pattern [4-6]. Additionally, the XRD pattern of Ban-Char500@Mag-(1:0) in Figure 1 (d)
signifies the diffraction peaks observed at 20 values of 23° and 42.5°, corresponding to the
(002) and (101) planes of graphitic carbon, respectively, confirming the carbonaceous
structure of the biochar.
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Figure 1. XRD of magnetite and banana biochar composites: (a) Ban-Char500@Mag-(0:1), (b) Ban-
Char500@Mag-(1:1), (c) Ban-Char500@Mag-(2:1) and (d) Ban-Char500@Mag-(1:0).

FTIR

The FTIR result of the prepared composite Ban-Char500@Mag-(1:1) is illustrated in
Figure 2. The data clearly confirms the presence of magnetite in the composite. Specifi-
cally, magnetite nanoparticles (FesOs) are signified by their characteristic Fe-O stretching
bands at 585 and 460 cm, while, simultaneously, surface O-H stretching is observed at
3400 cm™, together with the H-O-H bending mode of adsorbed water at 1635 cm™. Fur-
thermore, organic bands, including aliphatic C-H stretching at 2920-2850 cm™, a carbonyl
band around 1715 cm!, and aromatic C=C vibrations near 1600-1510 cm, as well as
strong C-O/C-O-C vibrations in the 1260-1030 cm™ region, are also present in the com-
posite. Altogether, the coexistence of Fe-O bands with biochar-derived functionalities
therefore provides evidence of successful coating and anchoring of magnetite on the car-
bonaceous surface. Hence, such results are consistent with interfacial interactions such as
hydrogen bonding and electrostatic effect between surface hydroxyl/carboxyl groups and
Fe sites.
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Figure 2. FTIR analysis of Ban-Char500@Mag-(1:1) composite material.

SEM and particle size distribution:

The SEM graph displayed in Figure 3a represents the magnetite nanoparticles and
magnetite augmented with banana biochar with different proportions of (c) Ban-
Char500@Mag-(1:1) and (e) Ban-Char500@Mag-(2:1). Ban-Char500@Mag-(0:1), which is re-
lated to magnetite nanoparticles, shows semi-spherical particle aggregates with a particle
size distribution (Figure 3b) in an average of 6.8 nm. However, the images displayed in
Figure 3c,e showed scattered grains with rough texture, as well as the presence of small
semi-spherical-like particles that maintained the same particles of magnetite. Also, the
particle size distribution is observed to be 9.77 nm (Figure 3d) and 10.42 nm (Figure 3f)
for Ban-Char500@Mag-(1:1) and 6.83 nm for (e) Ban-Char500@Mag-(2:1), respectively.
Thus, such images verify the presence of magnetite. Despite the presence of magnetite
with Ban-Char500 biochar, the molecules are retaining their shape.
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Figure 3. SEM images and particle size distribution of (a,b) Ban-Char500@Mag-(0:1), (c,d) Ban-
Char500@Mag-(1:1) and (e, f) Ban-Char500@Mag-(2:1).

EDX and mapping
The Fe content in the composites was estimated using SEM-EDX analysis, which pro-
vides semi-quantitative values based on localized surface probing. As displayed in Figure
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4a,c and their corresponding mapping graph of Figure 4b,d, the energy-dispersive X-ray
spectroscopy (EDX) analysis of a selected area of the Ban-Char500@Mag-(1:1) and Ban-
Char500@Mag-(2:1), respectively, verified the occurrence of O and Fe, elements found in
magnetite, as well as the nitrogenous base and/or sugar elements (C, N, O) present. The
corresponding EDX spectrum readily identified the presence of O and Fe, with the iron
emission energy observed at 6.405 keV, which corresponds to the Ka 1 peak. The assenting
occurrence of all the above-mentioned elements in the synthesized Ban-Char500@Mag
suggests the successful incorporation of magnetite with the banana-based biochar. Fur-
thermore, the existence of Cl on the Ban-Char500@Mag-(1:1) sample in a low amount
(0.05%) is most likely due to unreacted iron (II) and (III) chloride residues (i.e., magnetite
precursors). Notably, such an amount might be trapped in the nanoparticle crystalline
lattice during the co-precipitation synthesis.
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Figure 4. (a,b) Ban-Char500@Mag-(1:1) and (c,d) Ban-Char500@Mag-(2:1) EDS mapping graphs.

2.2. Solar Radiation and Collector Analysis

The parabolic trough solar collector represents the active constituent of the ultravio-
let initiation technique that transfers the initiation process into the tubular reactor. A typ-
ical parabolic trough-collector type is used in this current work, as illustrated in the above-
mentioned sections. The collector was placed facing south-west, according to the geo-
graphic location, and a tilt on the horizontal with an angle of 32° that suits the location.
Results are from directly measured solar energy radiation intensity, in the place of exper-
iment, during the summer season. Figure 5 illustrates that the maximum incident solar
radiation recorded during the study reached 1015 W/m?, representing the average solar
intensity over the experimental period.

In the meantime, the ambient temperature is recorded through the study, to verify
the solar intensity values. It is noteworthy to mention that temperatures and the solar
intensity increases from the early morning to reach their maximum values around the
solar noon. But the increased solar intensity begins to decline again later in the afternoon.
Thus, the favorable conducting experimental time is around the solar noon [24].
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Figure 5. Thermal analysis of the photochemical parabolic trough collector versus time, showing

the temperature profile and the solar intensity radiation.

2.3. Solar-Fenton Oxidation
2.3.1. Comparison of Illumination Time for Various Oxidation and Adsorption Systems

Initially, to evaluate and assess the suggested novel system, it is essential to compare
it with various oxidation systems, and the data is displayed in Figure 6. To properly eval-
uate the proposed Char500@Mag-based solar-Fenton system, its performance was com-
pared with adsorption and different oxidation pathways, as shown in Figure 6. The sys-
tems tested included the solo adsorption with Char500 biochar or adsorption with
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magnetite alone, dark Fenton (without irradiation), H20z/solar, Mag/solar, and the com-
plete solar-Fenton system (Char500@Mag/H2Oz/solar).

Acetaminophen removal is introduced for removing a pharmaceutical contaminate
from aqueous effluent. Experiments were executed at various irradiance and oxidation
times for all introduced systems including H20z/solar, Mag/solar, and solar-Fenton based
Ban-Char500@Mag-(1:1), and compared with the dark Fenton (without ultraviolet illumi-
nation), and the oxidation effectiveness rates were assessed. The data exhibited in Figure
6 at a natural wastewater pH condition (pH 6.8) revealed the effectiveness of the dual
treatment represented in the Fenton (dual oxidation) system, augmenting solar photons
as a source of initiation UV. The data represented a higher removal efficiency, correspond-
ing to 95% of the solar-Fenton system in comparison to 45, 30 and 14% for the H20O2/solar,
dark Fenton and Mag/solar systems, respectively. Such results verified both the roles of
the solar system and the newly supplied Fenton source in conducting the oxidation reac-
tion. Also, the reaction time that is required is only 60 min. However, it is noteworthy to
mention that the first rapid rate of oxidation is identified within the initial 10 min of oxi-
dation time. Afterwards, a steady oxidation rate within the next oxidation reaction is
achieved.

The results presented in Figure 6 demonstrate that even though the dark Fenton
showed a considerable low oxidation efficiency (30%) within one hour of reaction time, it
could still oxidize acetaminophen. However, the solar-Fenton reaction could reach 95%,
verifying the role of the presence of solar radiation. Also, the oxidation is stopped, and no
further oxidation could occur; hydrogen peroxide is consumed through the reaction time
and, thereby, no further *OH radicals are produced. This could be attributed to extra «OH
radicals being generated in the dual solar-Fenton system. Furthermore, it is noteworthy
to mention that the presence of Ban-Char500@Mag also helps in the acetaminophen mol-
ecules adsorption, as well as oxidation, since the presence of carbon acts as an adsorbent
material. Consequently, when the vacant active sites of the Ban-Char500@Mag substance
are saturated with the acetaminophen molecules, the propensity of the Char500@Mag ma-
terial to adsorb more molecules is minimized. Such data are in accordance with the previ-
ously reported data in the literature, treating wastewater containing dye adsorption using
a magnetite catalyst and adsorbent material. To sum up, the superior oxidation tendency
is achieved within the initial reaction time, which might be linked to *OH radicals’ speci-
ation [28]. *OH radicals are traced through the catalytic decomposition of the H2O2 reagent
by the Char500@Mag material.

Additionally, the results indicate that adsorption alone, whether with Char500 or
magnetite, led to only limited acetaminophen removal (<10% within 60 min), confirming
that physical uptake cannot account for the high removal observed in the composite sys-
tem. It should be noted, however, that adsorption was evaluated only for 60 min under
the present experimental conditions for direct comparison with the oxidation reactions.
Extending the contact time, together with optimizing operational parameters (e.g., pH,
dosage, and catalyst loading), could potentially enhance the adsorption performance and
lead to higher acetaminophen removal efficiency.

Hence, the effective destruction of the acetaminophen molecules, which attacked
through *OH radicals [55]. Consequently, the Char500@Mag composite containing mag-
netite possesses the advantage of being a sustainable recoverable solar photocatalyst ma-
terial.
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Figure 6. Effect of various oxidation and adsorption systems on the acetaminophen reaction time
(Char500@Mag-(1:1) 10 mg/L; H202 400 mg/L and pH 3.0).

2.3.2. Effect of Char500@Mag Composite Type

In the light of selecting the superior composite combination activity, it is essential to
evaluate the ideal combination between magnetite and Char500-activated biochar biopol-
ymer, Ban-Char500-Mag@-(1:0), Ban-Char500-Mag@-(0:1), Ban-Char500@Mag-(1:1) and
Ban-Char500@Mag-(2:1)-based solar reaction, applied as as a source of the Fenton system.
Hydrogen peroxide is supplemented to initiate the Fenton reaction. Various oxidation
combinations’ efficacy was assessed in terms of acetaminophen oxidation. Consequently,
the initial doses are the catalyst in 10 mg/L and hydrogen peroxide of 100 mg/L, which
were added to the wastewater at acidic wastewater pH conditions (pH 3.0), since the Fen-
ton reaction might work at acidic conditions, as a modified solar-Fenton oxidation test,
and the aqueous solution is subjected for solar irradiance in the photochemical reactor.
The experiments are conducted around the solar noon at the time of the study.

The results displayed in Figure 7 validate that a high % of the acetaminophen re-
moval is attained in the all applied systems, with a superior and shorter reaction time
recorded for the corresponding system-based Ban-Char500@Mag-(1:1) system. It is essen-
tial to report that the initial oxidation time in all systems reveals greater oxidation effec-
tiveness compared to exceeding the illumination time. The superiority of the solar-based
catalyst is in the order of Ban-Char500@Mag-(1:1) >> Ban-Char500@Mag-(2:1) >> Ban-
Char500@Mag-(0:1) >> Ban-Char500-Mag@-(1:0), which recorded 100, 98, 90 and 50%, re-
spectively. This behavior can be explained by the influence of magnetite content in the
reaction medium, as Fe?/Fe3 jions present in the composite act as the key reagents driving
the solar-Fenton process. The banana peel-derived biochar serves as an effective adsor-
bent, and its combination with magnetite enhances the overall surface area of the material
[18]. However, when the composite contains a higher proportion of biochar, adsorption
becomes more dominant, while the catalytic role of magnetite is reduced. Consequently,
the Ban-Char500@Mag (1:1) catalyst generates an excess of -OH radicals, which synergis-
tically supports both adsorption and oxidation, thereby improving system performance.
In contrast, Ban-Char500@Mag (0:1), containing only biochar without magnetite, relies
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solely on -OH radical generation in the reaction medium, which results in lower efficiency
compared to the combined oxidation—-adsorption mechanism [44]. Thus, in the absence of
magnetite, the composite functions primarily as a biochar -H20: system, where the deg-
radation relies largely on hydrogen peroxide alone. This results in lower oxidation effi-
ciency compared to systems incorporating magnetite, which play a crucial role in enhanc-
ing radical generation and overall performance.

1.2
~/+ Ban-Char500@Mag-{0:1)
A ~_~Ban-Char500@Mag-(1:1)
1 Ban-Char500@Mag+{2:1)

—<—Ban-Char 500@Mag-(1:0)
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0.2 &
o L J L& ) J
0 20 40 60 80
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Figure 7. Effect of various Char500@Mag composites on the solar-Fenton oxidation system on acet-

aminophen removal.

2.3.3. Effect of Acetaminophen Loading

For catching the real scalar field applications, it is essential to study the pollutant
loading on the performance of the solar oxidation suggested Ban-Char500@Mag-(1:1)-
based Fenton oxidation. The initial acetaminophen concentration is varied to evaluate the
pollutant loading on the performance of the solar catalytic-modified classical Fenton oxi-
dation system. In this regard, the loading of acetaminophen is tested to examine
H:02/Ban-Char500@Mag/solar system oxidation capabilities. Figure 8 presents the effect
of the modified Fenton oxidation process on acetaminophen at concentrations ranging
from 50 to 200 ppm, while maintaining constant operating conditions (catalyst 10 mg/L,
H202:100 mg/L, and pH 3.0). The maximal acetaminophen removal efficacy is extended to
a complete (100%) acetaminophen removal for the low concentrations, i.e., 50 ppm; when
reached, it declines from 96 to 58 when the acetaminophen is increased gradually, from
100 to 200 ppm, respectively. This can be explained by the fact that the amounts of catalyst
and H2O: were kept constant in all experiments, while the acetaminophen load was pro-
gressively increased. As a result, the generated -OH radicals were insufficient to achieve
complete oxidation at higher pollutant concentrations.

Additionally, the available active vacant adsorbent sites on the composite of Mag
(magnetite) and Ban-Char500@Mag (Banana biochar) are not sufficient to adsorb higher
acetaminophen molecules. Additionally, the high acetaminophen molecules adsorbed on
the Ban-Char500@Mag composite active sites might be causing the decline of the efficient
hydroxyl radical’s species” quantity. A similar exploration was previously reported in the
literature by [19] in oxidizing organics through Fenton, initiated by the ultraviolet system.
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Figure 8. Effect of acetaminophen dose on the modified Char500@Mag Fenton oxidation system.

2.3.4. Catalyst Effect on Modified Solar-Fenton System

It is essential to investigate Char500@Mag as a catalyst and hydrogen peroxide (H20x)
reagent validity on the oxidation of acetaminophen by the suggested Fenton reaction, to
proceed with an optimal reagent. Initially, Char500@Mag concentration is investigated,
and the results are displayed in Figure 9. The effect of the dosage of Char500@Mag-(1:1)
on the oxidation of acetaminophen was studied in the range of 5-40 mg/L. As the data
illustrated in Figure 9 revealed a Char500@Mag increase from 5 tol0 mg/L, the corre-
sponding oxidation efficacy of acetaminophen increased from 67 to 100%, respectively,
through 30 min of solar irradiance time. However, the further increase in adding
Char500@Mag in the reaction medium results in a decline in the overall oxidation to 52
and 37% for 30 and 40 mg/L, respectively. The amount of Char500@Mag elevated is pos-
sibly postulated by extra active species for acetaminophen oxidation, and hence the results
are an improvement in the oxidation proficiency.

However, when the Char500@Mag dosage is increased beyond a certain threshold
(10 mg/L), the catalyst may precipitate in the reaction medium instead of effectively react-
ing with H2O2 to generate -OH radicals. In addition, excess Char500@Mag particles can
hinder the penetration of solar UV light into the medium, thereby reducing light absorp-
tion and diminishing oxidation efficiency. For this reason, a catalyst dosage of 10 mg/L
was selected and applied in the subsequent experiments. This observed trend is consistent
with previous reports involving various pollutants [24,33].
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Figure 9. Effect of catalyst dose on the modified Char500@Mag Fenton oxidation system (H202 100
mg/L and pH 3.0).

2.3.5. H20: Effect on Modified Solar-Fenton System

The influence of hydrogen peroxide on the oxidation of acetaminophen by the mod-
ified Fenton reaction catalyzed by Char500@Mag is exhibited in Figure 10. H202 increase
results in an advance in the acetaminophen oxidation efficiency, resulting in a complete
removal when the hydrogen peroxide is elevated from 50 to 100 mg/L. The mineralization
rate reaches 100% of complete acetaminophen oxidation within 30 min of solar irradiance
time. But this further increase, rather than 100 mg/L, is not favorable. Although the H20:
is the source of the ®OH radicals, in the Char500@Mag/H:0:/solar-Fenton system, notably,
the elevation of the H202 reagent concentration from 100 to 400 mg/L results in a decline
in acetaminophen oxidation that reaches 96 and 93% when the peroxide dose is increased
to 200 and 400 mg/l, respectively.

This trend can be attributed to the enhanced generation of reactive species, particu-
larly hydroxyl radicals (-‘OH), at certain concentrations where the balance between cata-
lyst activity and oxidant availability favors radical production. However, when the H20:
dose is further increased from 100 to 400 mg/L, additional radicals such as Oz¢- and *HO:
are formed in the reaction medium. These species exhibit significantly lower oxidation
potentials compared to -OH radicals, leading to a reduction in overall acetaminophen deg-
radation efficiency. These findings are consistent with observations reported in previous
studies [36,55]. Therefore, 100 mg/L can be considered the optimum H20: dosage for ef-
fective acetaminophen oxidation and removal from aqueous media.
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Figure 10. Effect of hydrogen peroxide dose on the modified Char500@Mag Fenton oxidation system
(Char500@Mag-(1:1) 10 mg/L and pH 3.0).

2.3.6. pH Effect on Modified Solar-Fenton System

The effect of the operating pH on acetaminophen oxidation was examined by varying
the initial pH of the aqueous medium from 3.0 to 8.0, while maintaining 100 mg/L hydro-
gen peroxide and 10 mg/L Char500@Mag catalyst under solar irradiation. The data exhib-
ited in Figure 11 revealed that the acetaminophen oxidation rate is improved by a decline
in pH value and when the optimal operating pH value is in acidic (3.0) conditions. But
increasing the pH value results in a reduction in the acetaminophen oxidation rate. In
particular, higher pH values in the alkaline range were found to be unfavorable, as they
reduced the oxidation efficiency to only 78%. Notably, at pH 5.0, the system exhibited the
lowest performance, with an oxidation rate of just 52% after 30 min of reaction.

Such an oxidation change, which is related to the pH value, can be clarified by the
surface charge of the Char500@Mag catalyst. According to the previous work cited, the
point of zero charge of Char500@Mag composite is recorded at about pH 7.2. The surface
of the Char500@Mag catalyst might be charged in a negative or positive charge, due to the
dissociation of the basic character of the catalyst at the point of zero charge. Hence, the
change in the medium pH affects the surface charge of the catalyst, and thereby affects the
catalytic and adsorption tendency. Hence, this could be illustrated by the presence of low
electrostatic interactions among molecules of acetaminophen and the corresponding
Char500@Mag molecules at the alkaline pH medium, whereby the oxidation rate is de-
duced [45,53].
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Figure 11. Effect of pH on the modified Char500@Mag Fenton oxidation system (Char500@Mag-(1:1)
10 mg/L and H202 100 mg/L).

2.3.7. Temperature Effect on Modified Solar-Fenton System

To accomplish a real-life practical world, it is necessary to attain the effect of temper-
ature, since it affects reaction rates, and the aqueous effluent might be discharged in vari-
ous rates. From such a demonstration, the aqueous acetaminophen solution temperature
is increased from 26 to 60 °C in the studied range, to evaluate the temperature influence
on the oxidation reaction. The experimental data exposed in Figure 12 illustrated a reduc-
tion in the acetaminophen oxidation rate with the temperature elevation. A 100%, com-
plete acetaminophen removal is achieved in almost 30 min of solar irradiance time at 26
°C. But further temperature elevation results in a decline in acetaminophen removal, rang-
ing from 89 and 77 to 63%, with the gradual temperature increase of 40, 50 and 60 °C,
respectively. Thus, at higher temperatures, there is a decline in the OH radicals rather than
the low 26 °C room-temperature value. At elevated temperatures, a decline in hydroxyl
radical production occurs, which negatively impacts the pollutant oxidation. This effect is
further compounded by the thermal decomposition of H202 into Oz and H20, thereby re-
ducing the overall reaction rate. While some studies [23,33] have reported that higher tem-
peratures promote -OH radical formation, and consequently enhance oxidation efficiency,
other investigations suggest that temperature exerts only a marginal influence on Fenton-
based systems compared with other operational parameters. Therefore, it is verified by
the literature that the higher reaction rate for the Fenton system is around room tempera-
ture (17-38 °C), which produces high-oxidative species.
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Figure 12. Effect of temperature on the modified Char500@Mag Fenton oxidation system.

2.3.8. Oxidation Kinetics

For further examining the oxidation reaction through the modified Char500@Mag-
based solar-Fenton system, the oxidation kinetics is assessed. The kinetics calculations are
accommodating an assessment of reactor design and system control that is essential for
real-life applications. Thereby, it is assessing both underlying capital and operating ex-
penses, to evaluate the total cost of treatment. Due to the heterogeneous nature of the
Char500@Mag/H:0: system for acetaminophen oxidation and the complexity of the inter-
mediates generated during the reaction, it is not feasible to perform a detailed kinetic
analysis for each individual pathway. Hence, the kinetic study represents the overall ac-
etaminophen elimination. Acetaminophen removal as a function of time data through var-
ied temperatures is fitted to the linear integrated equations forms for the three common
kinetic models of Ot-, 1st-, and 2nd-order kinetics, according to their equations tabulated
in Table 1. Such a plot is displayed in Figure 13, and the attained data is also displayed in
Table 1.

Based on the comparison of correlation coefficients (R?) from the kinetic plots, aceta-
minophen oxidation was found to follow first-order kinetics, as indicated by the highest
R? values (0.95-0.96) compared to other kinetic models. Furthermore, the calculated half-
life times (t1/2) for the first-order model, as presented in Table 1, showed close agreement
with the experimental results. These findings are consistent with previously reported
studies [42], which also demonstrated that Fenton-based systems typically follow first-
order reaction kinetics.
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Figure 13. Plot of kinetic models of (a) Zero-order, (b) Pseudo-First-order and (c) Pseudo-Second-
order for the modified Char500@Mag Fenton oxidation system.

Table 1. Parameters of kinetic models for acetaminophen oxidation by Char500@Mag-based solar-

Fenton.
Values
Kinetic Model Parameters T, °C
26 °C 40 °C 50 °C 60 °C
Zero-order ko (mir.r1) 0.62 0.67 0.71 0.56
(€, = C, — kyt) t1/2 (min) 40.32 37.314 35.21 44.64
R2 0.53 0.81 0.95 0.96
Pseudo-First-order ki (mir'rl) 0.204 0.039 0.022 0.018
(€, = C, — ekity 12 (min) 38.5 31.5 17.76 3.39
R2 0.95 0.96 0.95 0.96
Pseudo-Second-order k2 (L-mglmin™)x102 0.4009  0.0027 0.0013  0.0006
1 1 t12 (min 0.049 7.41 15.38538  33.34
() =G) o gzz ) 062 067 071 056

Where Co and Ct are the concentrations at time 0 and time ¢; ko, k1 and k2 are the kinetic constants of

zero-and first- and second-order kinetics, respectively.

2.3.9. Activation Parameter Determination

To elucidate the influence of temperature on the oxidation process, activation param-
eters were assessed based on kinetic-thermodynamic analysis, and were evaluated based
on the 1st-order kinetic model. Two complementary approaches were employed: the Ar-
rhenius equation analysis for determining the apparent activation energy (Ea), and the
Eyring transition state theory for estimating activation enthalpy (AH'), entropy (AS’), and
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Gibbs free energy (AG') [52]. The linearized form of the Arrhenius equation is given ac-
cording to the following equation:

Lnk, = InA—22 1)

where A is the pre-exponential factor constant; Ea is the energy of activation (k] mol™); R
is the gas constant (8.314 ] mol! K™'); and T is temperature (K). The plot in Figure 14 dis-
plays the Ink: versus 1/T that is giving a linear relation, whereas its slope is corresponding
to —~Ea/R. In addition, the Eyring equation was applied:

AG’
k, = “E% R )

where kB is Boltzmann’s constant and h is Planck’s constant. From this relation, the en-
thalpy of activation was obtained using the following relation:

AH' = E, — RT 3)
Moreover, the entropy of activation was derived from Equation (4):
AS' = (AH' — AG")/T 4)

Then, from the above-mentioned relations, the kinetic-thermodynamic data are cal-
culated, and the data are tabulated in Table 2.

Based on these relations, the kinetic-thermodynamic activation parameters were in-
dependently evaluated at each temperature, and the results are summarized in Table 2.
Minor variationsin AH' and AAS’ across temperatures arise because the parameters were
calculated separately for each experimental condition, reflecting the sensitivity of the
Eyring relation to experimental data rather than true temperature dependence.

The results revealed that the Gibbs free energy of activation (AG') values were posi-
tive, as expected for chemical reactions, indicating the presence of an activation barrier
that must be overcome for the reaction to proceed. The positive enthalpy of activation
(AH'") suggests an endothermic activation step, while the negative entropy of activation
(AS") implies that the transition state is more ordered than the reactants. These findings
are consistent with earlier reports on heterogeneous Fenton-like oxidation systems [45,52].

Although the overall oxidation of acetaminophen by the Char500@Mag/H-0: system
is thermodynamically feasible and exothermic, the observed decline in removal efficiency
at elevated temperatures indicates that the process is not solely controlled by thermody-
namics. Instead, kinetic factors (such as shorter residence times of reactive species) and
mass transfer limitations may become dominant at higher temperatures, thereby reducing
the net photocatalytic activity.

Table 2. Activation parameters for acetaminophen oxidation by Char500@Mag-based solar-Fen-

ton.
Parameter L,°c
26 °C 40 °C 50 °C 60 °C
AG’  (KJ/mol) 77.18 85.22 89.57 92.98
AH'  (kJ/mol) 57.71 57.60 57.51 57.43
AS"  (J/mol K) -65.11 -88.26 -99.23 -106.75

Ea (kJ/mol) 60.20
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Figure 14. Plot of (-Ln K1) vs. 1000/T.

2.3.10. Stability and Sustainability Assays

To verify the catalyst sustainability of Ban-Char500@Mag Fenton, the catalyst reuse
is evaluated. Hence, after the oxidation test, the Ban-Char500@Mag is collected and then
filtered prior to washing and cleaning with distilled water, with successive washes. The
recovered catalyst is then oven-dried at 150 °C for one hour using an electric furnace. The
successive use of the catalyst showed its sustainability for several cycles that could reach
six cyclic uses. The data displayed in Figure 15 revealed that, compared to 100 removals
for the fresh Ban-Char500@Mag use, continuing the oxidation under solar radiation
reached 74% for the sixth cyclic use. Such a result is a considerably reasonable removal.
This may be attributed to acetaminophen molecules occupying the active sites of the com-
posite, thereby hindering further oxidation reactions. Previous cited data [33] are in ac-
cordance with such an investigation.

120%

100% ' = 89%  88%
- 2% 22 u
40% 1
20% - L
o | N
2nd

Fresh  1st 3rd 4th Sth 6th
use cycle cycle cycle cycle cycle cycle

Cycle No.

Removal, %
g

Figure 15. Catalyst recyclability activity on acetaminophen oxidation.



Catalysts 2025, 15, 955

21 of 28

2.3.11. Study Compared with the Literature

The previously related cited work is compared to the current work; the comparison
data is summarized in Table 3. The comparison is based on the operating time and the
initiation source of activation of the Fenton system-type system for various pharmaceuti-
cal types contaminating aqueous media. The literature articles are examined, and the pre-
vious work is based on the dark Fenton or initiated systems through electro Fenton and/or
ultraviolet initiation. Although the studies are based on the ultraviolet initiation, there is
a lack of literature in using the renewable solar energy for initiation. Table 3 demonstrates
that the solar-Fenton oxidation system in the present study achieved the complete re-
moval of contaminants. Similar investigations reported in the literature have also shown
high removal efficiencies in degrading various classes of pharmaceuticals, including anti-
biotics, anti-inflammatory drugs, and lipid-regulating (antilipemic) agents, effectively
transforming them into non-toxic end-products. While alternative oxidation processes
have likewise exhibited high efficiencies in eliminating such compounds, the solar-Fenton
system remains a particularly effective and sustainable approach. It is significant to men-
tion that the current work is based on a renewable costless energy-system facility in lesser
reaction time. Hence, using solar energy exhibited a dual economically wise system and
a clean renewable-energy efficient source. Additionally, it is noteworthy to mention that
the introduced study suggests the use of a Fenton-based biochar/magnetite catalyst as a
recoverable and recyclable material for sustainable use, since it is based on waste biochar
material.

Table 3. Comparison of different Fenton systems for treating varied pharmaceuticals” wastewater.

Fenton’s Reaction Type/Cata- Pharmaceutical Oxidation

lyst *

Category (%) Operating Conditions Ref.

Electro/UV/Fenton/MSWCNTs—

pH: 5, MSWCNTs-FeClz: 0.05 M, oxidation

FeCls Anti-Inflammatory ~ 71% time: 2 h [55]
UV/Fenton (Fe/Cu/TiOz) Anti-Inflammatory  41% Cu/Fe: 1 g/L, oxidation time: 1 h [56]
Dark Fenton/Fe-POM Antibiotics %97 Fe-POM: 1 g/L, oxidation time: 0.2 h [57]
Electro/UV/Fenton/CuFeS: Antibiotics 100%  pH: 3.0, CuFeSz: 0.05 g/L, oxidation time: 0.25h  [58]
Dark Fenton/MOF-Fe Antilipemic agent  62% pH: 5.1, MOF-Fe: 0.05 g/L, oxidation time:4h  [59]
Electro/UV/Fenton/ZVI/C Lipid-regulating 94% pH: 6.0, ZVI: 0.05 M, oxidation time: 1 h [59]
Dark/Fe/C Antibiotics 95% pH: 6.0, Fe/C: 1.0 g/L, oxidation time: 0.2 h [60]
Electro/UV/Fenton/Fe Antibiotics 98% pH: 3.0, Fe: 0.01 M, oxidation time: 1 h [61]
Electro/UV/Fenton/Fe/C Antibiotics 70% pH: 5.0, Fe/C: 0.05 M, oxidation time: 2 h [62]
Electro/UV/Fenton/FeS: Antibiotics 99% pH: 3.0, FeS2: 0.05 M, oxidation time: 0.3 h [63]
Electro/UV/Fenton/Fe203 Antibiotics 98% pH: 3.0, Fe20s: 0.01 M, oxidation time: 1 h [64]
Electro/Fenton/FeS2 Antibiotic 86% pH: 4.0, FeS2: 0.02 M, oxidation time: 6 h [49]
Cur-
Solar-Fenton/Ban- o o H: 3.0, Ban-Char500@Mag-(1:1): 10 mg/L, oxi-
Char500@Mag-(1:1) Antibiotic 2% T dation time(:gO.S h i ;f;:(k

* ZVI: Zero Valent Iron; MOF: Metal Organic Frame; MSWCNTs: Metallic Single-Walled Carbon

Nanotubes.

3. Materials and Methods
3.1. Materials

Wastewater:

Acetaminophen (AC) is selected to be a pharmaceutical model wastewater pollutant
simulating the pharmaceutical discharge. The acetaminophen stock solution was pre-
pared by dissolving the 1000 mg of the powder in one liter of distilled water, which is then
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further diluted to the desired concentrations. Acetaminophen raw material is supplied by
the Sigma-Aldrich Company. Sulfuric acid and/or sodium hydroxide is used to adjust the
pH of the drug solution. All the used reagents and chemicals are of analytical grade and
used as received, without further purification or treatment.

Organic waste:

Musa sapientum, which refers to banana peels, are collected from a local juice factory
in Egypt. The material is transferred to the laboratory and then rinsed with water to re-
move any debris. Afterwards, it is left for air-drying prior to treatment.

3.2. Magnetic/Biochar from Musa Sapientum

Banana peel biochar was prepared according to the previously described method
[54], with some modifications. The material was washed with distilled water to remove
any dust or impurities during the air-drying. Next, the material was then put in an oven
at 80 °C overnight, to verify the complete dryness. Afterwards, the dried material was
exposed for soaking overnight with phosphoric acid (60%). Then, the soaked material was
subjected to an electrical furnace for semi-carbonization at a temperature of 200 °C for 4
h. The resultant dried biomass was cooled to room temperature and then carbonized in a
furnace at 500 °C for 2 h for activation. The activated powder was then successively
washed with distilled water to remove any remaining phosphoric acid in it by measuring
the pH of the washing liquor that should reach neutral. Finally, the carbonized biochar
was washed with 0.1 M NaOH solution followed by distilled water rinsing, to neutralize
residual acidic groups, remove surface impurities, and enhance the exposure of active
functional sites on the biochar surface. The subsequent material was dried overnight in an
oven (105 °C) and exposed to ball mill-size reduction. The resultant treated and activated
biochar is signified as Ban-Char500.

Consistently, the co-precipitation routine as a simple, economic, and high-yield
method is applied to prepare the environmentally benign magnetite nanoparticles. In such
a technique, 2 mol of Fez(SO4)s and 1 mol of Fe(SOs) are used as a precursor to prepare
such a substance. The two salts were mixed, then dissolved in 1.5 L of distilled water.
About 8 mol of NaOH solution was added dropwise, while stirring till the pH of the so-
lution reached 12.0 (alkaline pH). Subsequently, the mixture was exposed for stirring
through heating (80 °C) and then a precipitate of nanoparticles formed. Subsequently, at-
tained nanoparticles were then repeatedly washed using distilled water, in order to reach
the neutral pH 7.0. The nanoparticles were then collected and exposed to electrical oven
drying at 60 °C overnight. The resultant powder was labelled as “Mag”.

Afterwards, mixed biochar with magnetite as a sustainable catalyst was prepared by
mixing the biochar with the prepared magnetite nanoparticles and referred to as Ban-
Char500@Mag. The mixture was added at different ratios, of 0:1, 1:1 and 2:1, and was sig-
nified as Ban-Char500-Mag@(0:1), Ban-Char500@Mag-(1:1) and Ban-Char500@Mag-(2:1),
respectively. Consequently, the powder was stored in hermetic plastic bags till use. The
preparation step is illustrated in the graphical illustration in Figure 16.
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Figure 16. Schematic representation of the banana biochar/magnetite catalyst Ban-Char500-Mag.

3.3. Experimental Methodology and Analytical Determination

A 1000 mL aliquot of the AC-water sample (at the studied concentrations in the range
of 50 to 200 ppm) was exposed for stirring and left to stand under solar illumination in
the solar photochemical reactor, to assure the Fenton photo oxidation reaction after the
addition of the catalyst and hydrogen peroxide, to initiate the oxidation system. The pilot-
scale experimental setup is mounted at the latitude (30°58’ N) and longitude (31°01' E),
which maximizes the solar radiation. The location generally enjoys dry mild and sunny
days, especially in the summer season.

The photochemical reactor in a pilot-scale manner is designed with a parabolic
trough collector to increase the parallel ray’s incident solar radiation, and designed with
a reflective sheet of stainless steel. The collector is framed facing the south, inclined from
the ground according to the latitude of the location of study in Egypt (32°). Such a reactor
consists of a tubular glass tube fabricated from silica glass fixed on a focal line of a collector
to receive the reflected radiation from the parabola trough. The tubular reactor is con-
nected to a feeding tank that includes the aliquot with the catalyst and hydrogen peroxide
(30% w/v, supplied Alpha chemicals) to initiate the Fenton reaction. Then, the mixture is
pumped to the reactor using a peristaltic dosing pump in a flow rate of 1800 mL/min. The
schematic representation of the system is exhibited in Figure 17. Also, the solar radiation
intensity is monitored using a solar meter (type: Eppley Black and White, Model: 8-48),
which is placed closest to the parabolic trough collector at the time of the experiment.

The AC-water concentrations prior to and after the solar oxidation process were as-
sessed through spectrophotometric analysis (UV-visible spectrophotometer type, model
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Unico UV-2100 spectrophotometer, UNICO, USA) at the corresponding maximum wave-
length of AC at 243 nm, at specific time intervals. All the experiments were performed on
a pilot scale in the laboratory, the data collection is conducted in a triplicate manner, and
the displayed results are the average of the three replicates.

Kinetic experiments were also conducted in a thermostatically controlled batch reac-
tor (26-60 °C) equipped with a magnetic stirrer to ensure uniform mixing. A water-circu-
lation system connected to a thermostatic bath was used to maintain the reaction temper-
ature within +1 °C at the desired set points. The initial acetaminophen concentration is 50
mg/L, whereas the fixed Char500@Mag-(1:1) dosage is 10 mg/L, and H202 at 10 mg/L. The
initial solution pH was adjusted to 3.0, using dilute NaOH or H2SOs, prior to reaction.
Then, samples were withdrawn at regular intervals and analyzed by UV-Vis spectropho-
tometry at regular intervals (0-60 min). Each experiment was repeated in triplicate, and
mean values are reported. The experimental concentration-time data were evaluated by
applying the integrated linear forms of zero-order, first-order, and second-order kinetic
models, and the rate constants, correlation coefficients (R?), and half-life values (t'2) were
calculated accordingly.

Parabolic solar collector

Tubular reacto

Peristaltic
pump

Figure 17. Schematic representation of the pilot-scale solar-photochemical oxidation system.

3.4. Ban-Char500-Mag Catalyst Characterizations

The prepared Ban-Char500 samples were described through X-ray diffraction (XRD,
D8-Find, Bruker, with CuKa radiation (1.5418 A), Madison, WI, USA), working at a cur-
rent of 40 MA, voltage of 40 kV, and step filter of 0.01° for crystalline nature. Furthermore,
the morphology of such sample is also described by field emission-scanning electron mi-
croscopy (FE-SEM), using Quanta FEG 250, FEI Company, Hillsboro, OR, USA. Also, the
dispersive X-ray spectroscopy (EDX) for elemental analysis is supplied using such an in-
strument (Quanta FEG 250). Also, Fourier-transform infrared (FTIR) analysis was per-
formed in the region of 400-4000 cm™' wavenumber, using a Jasco FTIR-4100 spectrometer.



Catalysts 2025, 15, 955 25 of 28

4. Conclusions

The Ban-Char500@Mag nanoparticle composite was synthesized through a straight-
forward route using waste banana peels as the precursor for biochar, augmented with the
environmentally benign material magnetite. The composites were prepared at different
magnetite-to-biochar ratios: Ban-Char500@Mag(0:1), Ban-Char500@Mag(1:1), and Ban-
Char500@Mag(2:1). Structural and morphological analyses, confirmed by XRD diffracto-
grams and SEM micrographs, revealed a moderately uniform distribution of magnetite
nanoparticles on the Ban-Char500 biochar matrix. The resulting hybrid materials demon-
strated multifunctional solar—photocatalytic activity, achieving up to 100% removal of ac-
etaminophen, a model pharmaceutical contaminant, from aqueous effluents. Complete
oxidation of acetaminophen was attained within only 30 min of solar irradiation in a pho-
tochemical reactor. Key operating parameters were optimized, and the reaction kinetics
and thermodynamics were systematically investigated. The kinetic study showed that the
oxidation system followed a first-order kinetic model with a global activation energy of
60.20 kJ/mol. Furthermore, recyclability tests confirmed the efficient recovery and sus-
tained catalytic performance of the composite. Overall, this work highlights a green, cost-
effective, and sustainable strategy for wastewater remediation, demonstrating the poten-
tial of waste-derived magnetite-biochar composites as highly efficient solar photocata-
lysts.
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