International Journal of

K

Molecular Sciences

Article

Biomass-Derived Magnetic Fe304/Biochar Nanoparticles from
Baobab Seeds for Sustainable Wastewater Dye Remediation

Samah Daffalla

check for
updates

Academic Editor: Xiaogang Li

Received: 20 August 2025
Revised: 28 August 2025
Accepted: 30 August 2025
Published: 1 September 2025

Citation: Daffalla, S. Biomass-
Derived Magnetic Fe3O4/Biochar
Nanoparticles from Baobab Seeds for
Sustainable Wastewater Dye
Remediation. Int. J. Mol. Sci. 2025, 26,
8499. https://doi.org/10.3390/
1jms26178499

Copyright: © 2025 by the author.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Environment and Agricultural Natural Resources, College of Agricultural and Food Sciences, King
Faisal University, P.O. Box 400, Al-Ahsa 31982, Saudi Arabia; sbalal@kfu.edu.sa

Abstract

This work presents the synthesis and application of magnetic Fe304 nanoparticles sup-
ported on baobab seed-derived biochar (Fe304/BSB) for removing Congo red (CR) dye
from aqueous solutions through an oxidative process. The biochar support offered a porous
structure with a surface area of 85.6 m? /g, facilitating uniform dispersion of Fe304 nanopat-
ticles and efficient oxidative activity. Fourier-transform infrared (FT-IR) spectroscopy
analysis confirmed surface fictionalization after Fe3O4 incorporation, while scanning elec-
tron microscopy (SEM) images revealed a rough, porous morphology with well-dispersed
nanoparticles. Thermogravimetric analysis (TGA) demonstrated enhanced thermal stability,
with FezOy4/BSB retaining ~40% of its mass at 600 °C compared to ~15-20% for raw baobab
seeds. Batch experiments indicated that operational factors such as pH, nanoparticles
dosage, and initial dye concentration significantly affected removal efficiency. Optimal
CR removal (94.2%) was achieved at pH 4, attributed to stronger electrostatic interactions,
whereas efficiency declined from 94.1% to 82.8% as the initial dye concentration increased
from 10 to 80 mg/L. Kinetic studies showed that the pseudo-second-order model accurately
described the oxidative degradation process. Reusability tests confirmed good stability,
with removal efficiency decreasing only from 92.6% to 80.7% after four consecutive cy-
cles. Overall, Fe304/BSB proves to be a thermally stable, magnetically recoverable, and
sustainable catalyst system for treating dye-contaminated wastewater.

Keywords: baobab seeds; magnetic biochar; nanoparticles; Congo red; oxidation processes;
environmental remediation

1. Introduction

Global population growth, combined with rapid industrialization, has intensified
anthropogenic pressures on the environment. Industrial effluents, particularly from sectors
such as cosmetics, textiles, and plastics, contain substantial loads of synthetic organic and
inorganic pollutants that contribute significantly to aquatic contamination. Elevated dye
concentrations in water bodies not only reduce light penetration and impair photosynthetic
activity but also yield biotransformation products with high toxicity to aquatic biota [1-4].
Effective removal of these contaminants prior to effluent discharge is, therefore, critical.
Congo red (CR), a widely used anionic dye in multiple industrial processes, is of particular
concern due to its persistence, ecological toxicity, and potential biological hazards.

Several techniques have been investigated for the elimination of dyes from wastewa-
ter, including adsorption, membrane separation, nanofiltration, electrochemical processes,
and advanced oxidation processes (AOPs) [1,2]. Among these, AOPs are recognized as
highly efficient due to their rapid oxidation rates, strong mineralization capacity, and lower
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likelihood of producing secondary contaminants. These processes employ potent oxidizing
agents, such as hydrogen peroxide (HyO,), ozone (often combined with H,O,), sodium
hypochlorite, potassium permanganate, and potassium ferrate (VI). Their efficiency pri-
marily arises from the in situ generation of hydroxyl radicals (¢OH), which are extremely
reactive, non-selective species capable of degrading a broad spectrum of organic pollutants.
The production of €OH radicals can occur via homogeneous reactions, like the classical
Fenton reaction, or through heterogeneous catalytic systems involving activated carbon,
graphite, metal oxides, or supported metals [5]. Owing to their high oxidative potential,
hydroxyl radicals play a pivotal role in pollutant breakdown, positioning AOPs as one of
the most promising methods for wastewater treatment. Numerous studies have demon-
strated the successful removal of dyes using AOP-based strategies such as Fenton and
photo-Fenton systems, photocatalytic degradation, ozonation, electrochemical oxidation,
sonochemical treatment, and combined oxidation processes [3,6-10].

Biochar (BC), a biomass-derived functional material, has recently gained attention as
a sustainable alternative to conventional catalysts due to its high surface activity, poros-
ity, structural versatility, and cost-effectiveness. However, its application in wastewater
treatment is constrained by challenges related to separation, regeneration, and potential
secondary pollution, as BC particles released into aquatic environments may enhance
pollutant migration and resuspension in sediments [11,12]. To address these limitations,
the development of BC-based magnetic nanoparticles has emerged as a promising strategy.
The incorporation of magnetic nanoparticles, particularly Fe3O4, can markedly improve
the separation and recyclability of BC. Fe;04 nanoparticles, which exhibit strong magnetic
properties, can be effectively loaded onto BC via methods such as co-precipitation, hy-
drothermal synthesis, and microwave-assisted processes [11,13,14]. Owing to their facile
recovery, reusability, and broad applicability, Fe30, magnetic nanoparticles (MNPs) have
attracted significant research interest [13]. Recent studies have demonstrated that FezO4—
BC composites are highly efficient in the removal of organic dyes from aqueous media
while being readily separable using an external magnetic field. Various biomass precur-
sors, including rice husk [11], sewage sludge and woodchips [15], corn straw [16], and
pomelo peel [17], have been successfully employed to produce magnetic BC adsorbents for
dye removal.

In this study, baobab seeds (Adansonia digitata) were chosen over other agricultural
biomasses due to their unique structural and chemical properties, which make them par-
ticularly suitable for dye removal. Rich in lignocellulosic content, baobab seeds produce
biochar with enhanced carbonization and surface functionality. Compared with conven-
tional agricultural wastes, baobab seed biochar exhibits exceptionally high specific surface
area, well-developed porosity, and deep voids, providing abundant active sites for ad-
sorption [18]. Its multifunctional surface chemistry, containing hydroxyl, carbonyl, and
aromatic groups, further promotes strong interactions with dye molecules and other con-
taminants [19]. These intrinsic features make baobab seed biochar an excellent support for
magnetic nanoparticles, improving dispersion, stability, and reusability in wastewater treat-
ment applications. The novelty of this work lies in the first-time synthesis of magnetic Fe3Oy
nanoparticles supported on baobab seed-derived biochar for the efficient removal of Congo
red dye from aqueous media. While previous studies have utilized agricultural wastes
for biochar production, the high surface area, well-defined porosity, and rich functional
groups of baobab seed biochar offer a superior platform for nanoparticles immobilization.
This sustainable approach not only valorizes an underutilized biowaste but also enhances
removal efficiency, magnetic recovery, and reusability—addressing key challenges in dye
wastewater treatment. This study focused on synthesizing the Fe;O,/baobab seed biochar
nanoparticles and characterizing their structural and morphological properties. This study
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also investigated the influence of operational parameters on CR degradation and examined
the degradation kinetics to understand the adsorption and catalytic behavior of the material.
Finally, the regeneration and reusability of the synthesized nanoparticles were assessed to
evaluate their potential for sustainable wastewater treatment applications.

2. Results and Discussions

2.1. Characterization
2.1.1. SEM Characterization

The SEM images in Figure 1 reveal distinct differences in the morphology of raw
baobab seeds (BS) and Fe3O4/BSB nanoparticles. In Figure 1a, the surface of BS appears
relatively irregular and rough, with layered structures and fragmented particles, reflect-
ing the inherent biochar texture after pyrolysis. The surface exhibits natural cavities and
roughness, which are advantageous for the subsequent deposition of magnetic nanopar-
ticles due to increased surface area and potential anchoring sites. In contrast, Figure 1b
shows the Fe3O,4/BSB nanoparticles, where the surface is noticeably rougher and covered
with aggregated nanoparticles. The presence of spherical Fe;O, particles on the biochar
surface is evident, indicating successful deposition of magnetic nanoparticles onto the
biochar matrix. This uniform distribution of Fe;O, enhances the surface area and pro-
vides active sites for dye adsorption and catalytic degradation [20]. Additionally, the Fe3O4
nanoparticles appear well-anchored, suggesting strong interaction with the biochar support,
which is expected to improve the stability and reusability of the composite in wastewater
treatment applications.
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Figure 1. SEM micrographs of (a) BS and (b) Fe304/BSB nanoparticles.

2.1.2. FTIR Characterization

The FTIR spectra of BS and Fe30O4/BSB nanoparticles are shown in Table 1 and Figure 2.
The spectrum of BS displayed a wide range of functional groups, many of which exhibited
reduced intensity or disappeared altogether after nanoparticle formation. A broad absorp-
tion band at approximately 3259 cm ! in the BS spectrum was attributed to O-H stretching
vibrations of hydroxyl groups, including hydrogen-bonded hydroxyls, indicating their
predominance in the raw material [21]. Additional peaks were observed at 2922 cm L,
2032 cm~!, 1743 cm !, 1541 cm ™!, and 1056 cm ™!, corresponding to C-H stretching of
hemicellulose, C=C stretching of alkynes [22], C=O stretching in lactones, ketones, and car-
boxylic anhydrides, C=C aromatic vibrations from lignin, and C-O stretching, respectively
(Figure 2a) [21-23]. In contrast, the FTIR spectrum of Fe3O4/BSB nanoparticles (Figure 2b)
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showed a noticeable reduction in peak intensities, particularly due to the decomposi-
tion of carboxyl functional groups within the 4000-2000 cm ™! region. A distinct band at
1537 cm ! suggested the retention of stable aromatic or graphitic structures [22]. As
reported in earlier studies, metal-oxygen stretching vibrations typically occur in the
range of 500-600 cm~! [23], and a characteristic Fe—O absorption band was detected at
551 cm ™!, confirming the successful incorporation of Fe30,. Moreover, the peaks origi-
nally observed at 1056 and 1710 cm !, assigned to C-O and C=O stretching, were either
significantly weakened or absent in Fe3O4/BS compared to BS. This disappearance in-
dicates that hemicelluloses, lignin, and cellulose components of the raw biomass under-
went extensive depolymerization and degradation during the pyrolysis and nanoparticle
synthesis process [23].

Table 1. FTIR functional groups on BS and Fe3O,/BSB nanoparticles.

Wavenumber (cm—1)

Functional Groups Fe;04/BSB NPs BS Reference
O-H stretching vibrations of alcohols and carboxylic groups. 3128.53 3259 3600-3400
C-H stretching vibrations of alkanes. - 2852.72,2922.16 3000-2800
C=C stretching vibrations of alkynes. 2349.34 2032.97 2260-2100
C=0 stretching vibrations (lactones, ketones, anhydrides). - 1743.65 1740-1730
C=C stretching vibrations of alkenes. 1653.70 1637.56 1650-1600
C=C aromatic ring vibrations (lignin). 1537.26 1541.12 1600-1500
C-O stretching vibrations of ether/ester. 1026.17 1056.99, 1238.30 1300-1000
C=C-H bending vibrations. 871.82 - 1000-675
Fe—-O vibrations. 551.64 - 600-500
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Figure 2. FTIR spectra of (a) BS, and (b) Fe304/BSB nanoparticles.

2.1.3. TGA Analysis

The thermogravimetric analysis (TGA) profiles of BS and Fe3O,/BSB nanoparticles
are presented in Figure S1. Both samples exhibit an initial weight loss below 150 °C,
which is mainly attributed to the evaporation of physically adsorbed moisture and volatile
compounds. In the temperature range of 200-450 °C, BS undergoes a sharp weight loss
associated with the decomposition of major organic constituents, such as cellulose, hemi-
cellulose, and lignin [22]. In contrast, the Fe304/BSB NPs show a more gradual mass
reduction in this region, reflecting the improved thermal stability of the composite. Beyond
450 °C, BS continues to degrade extensively, leaving a small residual mass (15-20% at
600 °C). On the other hand, Fe30,4/BSB NPs retain a significantly higher residue (40%
at 600 °C), which is attributed to the presence of thermally stable Fe;O3. These results
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indicate that the incorporation of Fe30, nanoparticles enhances the structural integrity
of the biomass matrix and effectively delays thermal degradation, confirming successful
interaction between the inorganic phase and the biomass support. Comparable findings
have been reported for other biomass—metal oxide systems. Similarly, Fe3O4-loaded poly-
mer composites such as LDPE /hematite blends exhibited a shift in decomposition onset
temperature by ~20 °C relative to the pure matrix, attributed to the barrier effect of iron
oxide nanoparticles restricting chain scission [24].

2.1.4. BET Analysis

The nitrogen adsorption-desorption isotherm of the Fe3O,/biochar-supported baobab
seed (Fe3O4/BSB) nanoparticles is presented in Figure 3. The isotherm profile provides
valuable insights into the textural and porous characteristics of the synthesized material.
The adsorption curve initially shows a sharp rise at low relative pressures (p/pg < 0.05),
which can be attributed to monolayer-multilayer adsorption on the surface of the nanopar-
ticles. This indicates the presence of micropores and surface adsorption sites. As the relative
pressure increases, the adsorption volume continues to rise gradually, followed by a more
pronounced increase at higher p/p( values (>0.3), suggesting the coexistence of mesopores
within the structure. The desorption branch does not fully overlap with the adsorption
curve, leading to a visible hysteresis loop, which is characteristic of mesoporous materials.
Such hysteresis behavior typically reflects capillary condensation within mesopores and
confirms the heterogeneous pore structure of the Fe304/BSB nanoparticles. The BET analy-
sis in the relative pressure range of 0.05-0.30 revealed a surface area of 85.6 m?/g, with a
total pore volume of 0.173 cm3/g and an average pore diameter of 12.6 nm. According to
TUPAC classification, these results confirm that the material is predominantly mesoporous,
while also containing microporous regions that contribute to the surface area [25]. The
relatively high surface area and hierarchical pore structure of Fe304/BSB nanoparticles are
advantageous for adsorption and catalytic applications, as they provide abundant active
sites and facilitate the diffusion of adsorbates. The mesoporosity is especially important
for accommodating larger dye molecules, such as Congo red, enhancing both adsorption
and oxidative degradation efficiency. Similar isotherm behavior has been reported for
biochar-supported magnetic nanoparticles, highlighting the role of biochar in creating
a porous matrix, while Fe3O4 nanoparticles further enrich the surface functionality and
catalytic activity [26].
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Figure 3. The Fe304/BSB NPs N, adsorption/desorption isotherms.
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2.2. Degradation Studies
2.2.1. Effect of Contact Time

To assess the role of HyO, in the decomposition system, two comparative experiments
were carried out using bare Fe304/BSB NPs, with and without HyO,. As illustrated in
Figure 4, the addition of HyO, markedly improved CR degradation, enhancing removal
efficiency by approximately 15% compared to the system without H,O,. After 4 h, CR
removal reached 77% in the presence of HyO, versus 65% in its absence. This improvement
is attributed to the generation of hydroxyl radicals (éOH) through the Fenton-like reaction
between Fe?* ions on the nanoparticle surface and H,O,, which accelerates the oxidative
breakdown of CR molecules. Based on these findings, all subsequent experiments were
performed in the presence of H,O, [27].

100
—@—Fe304 NPs/H202
—o—Fe304 NPs
80 |
= |
3 60 |
£
(]
3
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Q
N |
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20 |
0
0 30 60 90 120 150 180 210 240
Time (min)

Figure 4. Effect of addition of H,O, on the decomposition of CR under the conditions of 30 mL of
30 mg/L CR, 1 mL of HyO,, 0.1 g of Fe304/BSB NPs, 25 °C, 120 rpm for 4 h.

2.2.2. Influence of pH

The pH of the CR solution is a key factor influencing its removal, as it directly affects
the surface charge characteristics of the Fe30,/BSB NPs as well as the ionization degree
of the CR dye molecules [28]. In this study, the effect of pH (2.0-10.0) was examined
under fixed conditions: CR concentration of 30 mg/L, contact time of 24 h, and Fe;O,/BSB
NPs dosage of 0.1 g. As shown in Figure 5, the maximum removal efficiency (94.2%) was
achieved at pH 4. This high efficiency at acidic pH can be attributed to protonation of the
Fe304/BSB NPs surface functional groups, such as hydroxyl and carboxyl moieties, leading
to an overall positive surface charge. The positively charged surface strongly attracts the
negatively charged sulfonate groups of CR molecules via electrostatic attraction, promoting
rapid adsorption. However, increasing the solution pH from 4 to 10 resulted in a gradual
decrease in removal efficiency, dropping sharply to 31.7% at pH values above 8. This
decline is primarily due to deprotonation of the adsorbent surface functional groups, which
imparts a negative surface charge to the Fe30,/BSB NPs [29]. At alkaline pH, both the
adsorbent and CR molecules bear negative charges, resulting in significant electrostatic
repulsion that hinders CR molecules from approaching and binding to the adsorbent
surface. In addition, higher OH™ concentrations in alkaline solutions can compete with
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CR anions for available active sites, further reducing adsorption capacity. Similar pH-
dependent adsorption behavior for CR has been widely reported in the literature [30-32],
reinforcing the importance of surface charge control in optimizing dye removal. From a
practical perspective, this suggests that pretreatment steps involving pH adjustment could
significantly enhance CR removal efficiency in wastewater treatment applications.

100

80

60

% CR Removal

40

20

Figure 5. Effect of pH on CR degradation.

2.2.3. Influence of Adsorbent Dose

Figure 6 presents the oxidative degradation efficiency of CR at varying Fe;Oy4/biochar
nanoparticle dosages, ranging from 0.02 g to 0.1 g. The data clearly indicate that hydroxyl
radicals generated in the presence of Fe304/BSB NPs play a crucial role in breaking down
the CR dye molecules. As the Fe304/BSB NPs dosage increased from 0.02 g to 0.06 g,
the degradation efficiency rose notably from 83% to 93%, which can be attributed to the
increased number of active sites available for radical generation and dye adsorption. These
active sites facilitate enhanced interaction between the catalyst and dye molecules, leading
to more efficient oxidative breakdown. However, further increasing the dosage from 0.06 g
to 0.1 g did not result in any significant improvement in degradation efficiency, indicating
a plateau effect. This saturation could be due to particle agglomeration at higher dosages,
which reduces the available surface area and limits mass transfer between the dye molecules
and catalytic sites [32]. Similar trends have been reported in other heterogeneous catalytic
degradation studies, where optimal catalyst dosage is critical for maximizing efficiency
without introducing diffusion limitations or radical scavenging effects [27,32].
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Figure 6. Effect of Fe;0,/BSB NPs dose.

2.2.4. Influence of Initial Concentration

Figure 7 presents the influence of varying initial CR concentrations, ranging from
10 to 80 mg/L, on removal efficiency under fixed conditions: pH 3, Fe3sO4/BSB NPs
dosage of 0.1 g, and a temperature of 25 °C. The results clearly indicate a negative correla-
tion between initial CR concentration and removal efficiency. At a low concentration of
10 mg/L, the removal efficiency reached 94.1%. However, as the CR concentration in-
creased to 80 mg/L, the efficiency dropped to 82.8%. This decline can be explained by the
finite number of active sites available on the Fe;0,/BSB nanoparticle surfaces. Since the
catalyst dosage remained constant, an increase in CR concentration meant that more dye
molecules were competing for the same limited active sites. At higher concentrations, the
available sites become rapidly saturated, leaving excess CR molecules in solution without
sufficient interaction with the adsorbent [33]. Furthermore, higher dye concentrations can
lead to increased solution viscosity and hinder mass transfer, slowing the diffusion of CR
molecules to the catalyst surface. Additionally, in advanced oxidation processes, high
pollutant concentrations can act as radical scavengers, reducing the number of hydroxyl
radicals available for oxidative degradation [33-35]. These combined effects not only re-
duce removal efficiency but may also prolong the reaction time required for complete
degradation. Similar trends have been observed in previous studies, such as those by Jain
et al. [36] and Shaban et al. [37], highlighting that beyond a certain threshold, increasing
dye concentration results in diminished adsorption and degradation performance due to
both surface saturation and kinetic limitations.
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Figure 7. Effect of initial CR concentration.

2.2.5. Adsorption Kinetics

In this study, the kinetics of the oxidation process were analyzed using pseudo-first-
order and pseudo-second-order models (Equations (1) and (2)). The pseudo-first-order
model is appropriate when the concentration of reactive species, such as oxidants, is in
large excess and remains essentially constant, so that the reaction rate depends primarily on
the pollutant concentration. The pseudo-second-order model is applied when the reaction
rate is influenced by both the pollutant and interactions with the nanoparticle surface, as
commonly observed in heterogeneous catalytic systems. Together, these models provide an
effective empirical description of the degradation kinetics, allowing for the estimation of
rate constants and enabling comparison of nanoparticle performance.

C
mé = kqt (1)
1 1

where Cp and Crare the initial and final concentrations of CR; t is time (min), and k; and
ky are the rate constants. The calculated rate constants and correlation coefficients (R?)
are presented in Table 2 and Figure 8. Both models fit the experimental data well, but the
pseudo-second-order model shows a superior correlation (R* = 0.9872), indicating that
chemisorption predominates in the removal process. These kinetic results are consistent
with the observed concentration-dependent behavior: at higher dye concentrations, the
limited availability of active sites slows adsorption, as reflected in both the reduction in
removal efficiency and the pseudo-second-order kinetic model. Comparative studies on
Fe;04-based nanoparticles for CR removal also report pseudo-second-order kinetics, em-
phasizing the role of surface interactions and chemical adsorption mechanisms. Collectively,
these findings suggest that optimizing nanoparticle dosage relative to dye concentration
is essential for maintaining high removal efficiency and achieving effective wastewater
treatment [35].
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Ln (C,/C)

1.4

1.2

0.8

0.6

0.4

0.2

Table 2. Kinetic models, constant parameters, and correlation coefficients.

Pseudo First-Order Model Pseudo Second-Order Model
k1 (min—1) R? k; (L/mg min) R?
30 0.0089 0.9494 0.0006 0.9872

Initial CR Con. (mg/L)

(a)

(b)

0.1
R?=0.9494 R?=0.9872

0.08

1/¢,

20

40 60 80 100 120 0 20 40 60 80 100 120

Time (min) Time (min)
Figure 8. (a) ln(CO/Cf) and (b) 1/Cyover time (Cp = 30 mg/L, Fe304/BSB NPs = 0.1 g, pH 4).

2.2.6. Degradation Mechanism of CR Dye

The degradation mechanism of Congo red (CR) dye using Fe304/BSB nanoparticles
involves a synergistic process of adsorption followed by oxidative degradation. Initially, the
porous biochar matrix, with its abundance of functional groups, facilitates the adsorption
of CR molecules through electrostatic attraction, - interactions, and hydrogen bonding.
Once immobilized on the Fe30O4/BSB surface, the Fe30O4 nanoparticles play a catalytic role
by activating oxidants (such as HyO;), generating reactive oxygen species (ROS), including
hydroxyl radicals (¢OH) and superoxide anions (O, ). These highly reactive species attack
the azo bonds (-N=N-) and aromatic rings of CR, leading to bond cleavage, decolorization,
and subsequent breakdown into smaller intermediates. Continued oxidation mineralizes
these intermediates into low-toxicity end products such as CO,, H,O, and inorganic ions
(e.g., S042~,NO;7). The magnetic nature of the composite allows for easy recovery after
treatment, while the stability of the biochar support enhances reusability. This combined
adsorption—oxidation pathway ensures efficient and sustainable degradation of CR dye.

2.2.7. Recycling Test

An important parameter in evaluating the practical applicability of an adsorbent is its
reusability. The regeneration performance of Fe304/BSB nanoparticles for CR removal is
presented in Figure 9 over four consecutive cycles. After the first cycle, the nanoparticles
achieved a removal efficiency of 92.6%. Although this efficiency gradually decreased with
repeated use, it remained relatively high at 80.7% after the fourth cycle (Figure 9), indicating
only a modest decline. The slight reduction in regeneration efficiency can be attributed to
possible alterations in the surface structure of the nanoparticles and partial loss of active
sites or mineral components during repeated adsorption—desorption processes [38]. Nev-
ertheless, the results demonstrate that Fe;0,/BSB NPs maintain considerable structural
integrity and adsorption capacity, highlighting their stability and suitability for multiple
reuse cycles. Moreover, the ability to retain high removal efficiency over multiple cycles
has significant practical implications, as it reduces operational costs and enhances sustain-
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ability in wastewater treatment applications. The observed reusability is comparable with
other Fe3O4-based nanoparticles reported in recent studies [39,40], confirming that mag-
netic biochar nanoparticles offer a promising, cost-effective, and environmentally friendly
solution for the removal of synthetic dyes from aqueous systems.
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Figure 9. Recycling of Fe304/BSB nanoparticles for multiple adsorption-desorption of CR.

3. Materials and Methods
3.1. Chemical

Sodium hydroxide (NaOH), hydrochloric acid (HCI), sulfuric acid (HSO4), ammo-
nium hydroxide (NH4OH), ferrous sulfate heptahydrate (FeSO4-7H;0), and ferric chloride
hexahydrate (FeCl3-6H,O) were employed in the preparation of magnetic nanoparticles.
NaOH and HCl were primarily used to adjust and maintain the pH of the reaction solutions.
Congo red (CR, 98% purity) served as the model dye for degradation studies. All reagents
were of analytical grade and obtained from Merck (Rahway, NJ, USA).

3.2. Synthesis of Fe3O4/Biochar Nanoparticles

Baobab seeds (BS) were obtained from a local market, washed with distilled water, and
oven-dried at 80 °C for 24 h. The dried seeds were milled into powder, and particles sized
between 125 and 250 um were collected for further experiments. Biochar was generated by
pyrolyzing the seed powder in a furnace under oxygen-limited conditions at 600 °C with a
heating rate of 10 °C/min and a retention time of 2 h, resulting in baobab seed biochar (BSB).
The obtained BSB was then activated by soaking in 1 M HySO, at ambient temperature with
continuous stirring for 24 h, followed by repeated washing with distilled water until the
pH reached neutrality. The Fe304/BSB nanoparticles were prepared through a modified
chemical co-precipitation method [20]. Specifically, 5.56 g of FeSO4-7H,0O and 6.49 g of
FeCl3-6H,O were dissolved in 100 mL of distilled water preheated to 80 °C under constant
stirring. Subsequently, 10 mL of 25% NH4OH was slowly added to adjust the pH to ~10.
Afterward, 10 g of acid-treated BSB was introduced into the solution and stirred for 1 h,
allowing for uniform anchoring of Fe3O,4 nanoparticles on the biochar matrix. The material
was vacuum-filtered, washed with distilled water to neutrality, dried at 60 °C, and calcined
at 200 °C for 4 h to enhance stability and surface properties. Figure 10 shows the steps of
the Fe3O,4/BSB nanoparticles synthesis.
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Baobab Seeds (BS) BS after grinding
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Figure 10. Synthesize Fe304/BSB nanoparticles.

3.3. Instrument Analysis

Fourier-transform infrared (FT-IR) spectroscopy (Cary 630) in the 4000-400 cm !
range was used to identify surface functional groups. Morphological features were ex-
amined via scanning electron microscopy (SEM, FEI QUANTA FEG 250, FEI Company,
Hillsboro, OR, USA) at 15 keV. The surface area of Fe304/BSB nanocomposite was mea-
sured by nitrogen adsorption at —196 °C using Brunauer-Emmett-Teller (BET) (ASAP
2020, Micromeritics Instrument Corp., Norcross, GA, USA) after degassing at 200 °C for
4 h, with the BET method applied for calculation. Thermal stability and weight loss
were assessed through (TG-DTA, STA 6000, PerkinElmer Inc., Waltham, MA, USA) from
30-800 °C at 10°C/min under N, flow (20 mL/min). Biochar yield, calculated via
Equation (3), was 25.84%, reflecting the conversion efficiency of baobab seeds.

mass of biochar

Biochar yield (%) = piass of dried smaple x 100 3)

3.4. Experimental Procedures

Congo red (CR) degradation was carried out by treating 20 mL of a 20 mg/L dye
solution with 0.1 g of Fe3O4/BSB nanoparticles and 0.05 M H,O, at ambient conditions
(pH and 25 °C). The mixture was stirred at 100 rpm for 24 h to ensure effective contact
between the nanocomposite, oxidant, and dye. After filtration, residual dye concentra-
tion was measured at 557 nm using a UV-visible spectrophotometer (UV-1700, Shimadzu,
Corporation, Kyoto, Japan). Batch experiments were performed to study the effects of
nanocomposite dosage (0.05-0.15 g), H,O, concentration (0-0.1 M), and solution pH
(2-10, adjusted with 1 M HCl or NaOH). Kinetic studies were conducted at pH 3,
25 °C, 0.1 g nanocomposite, and 27 mg/L dye, stirring at 120 rpm, with samples collected
at predetermined intervals (0-120 min).

The reusability of the Fe304/BSB nanoparticles was evaluated over four consecutive
cycles. After each degradation experiment, the dye-laden nanoparticles were washed using
0.1 M NaOH, followed by sequential washing with distilled water and 0.1 M HCl until the
pH stabilized at approximately 7.0. The regenerated material was then reused in a fresh
dye solution under identical oxidation conditions. The removal efficiency in each cycle
was measured to assess the stability and practical applicability of the nanoparticles. Dye
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removal efficiency was calculated via Equation (4), providing quantitative insight into the
catalytic degradation process. All experiments were conducted in duplicate.

_ (CO(: <)

Remouval ef ficiency (%) = x 100 (4)

0
where Cy represents the initial CR concentration (mg/L) and Cy represents the final CR
concentration (mg/L).

4. Conclusions

This study demonstrated that Fe304/BSB nanoparticles are highly effective for remov-
ing Congo red from aqueous solutions, with performance strongly dependent on solution
pH, adsorbent dosage, and initial dye concentration. Maximum removal (94.2%) was
observed at acidic pH 4, where protonation of surface functional groups enhances electro-
static attraction between the positively charged nanoparticles and anionic CR molecules.
At higher pH, deprotonation leads to electrostatic repulsion and competition with OH™
ions, reducing adsorption efficiency. The oxidative degradation of CR increased with
Fe;0,4/BSB dosage, peaking at 0.06 g; further increases offered no improvement, likely
due to particle agglomeration, limited mass transfer, and reduced light penetration in
photo-assisted systems. Higher initial dye concentrations decreased efficiency from 94.1%
(10 mg/L) to 82.8% (80 mg/L) due to active-site saturation, hindered diffusion, and poten-
tial radical scavenging. Kinetic studies indicated a pseudo-second-order model, suggesting
chemisorption predominates. Reusability tests confirmed the nanoparticles’ practical appli-
cability, maintaining 81% removal after four cycles, demonstrating structural stability and
multi-cycle potential. Overall, Fe304/BSB nanoparticles provide a cost-effective, stable,
and sustainable solution for CR removal, with potential for industrial-scale wastewater
treatment of dye-contaminated water.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26178499 /s1.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for Grad-
uate Studies and Scientific Research, King Faisal University, Saudi Arabia [Grant No. KFU252946].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available upon request.

Conflicts of Interest: The author declares no conflict of interest.

1. Elgarahy, A.M.; Elwakeel, K.Z.; Mohammad, S.H.; Elshoubaky, G.A. A critical review of biosorption of dyes, heavy metals and
metalloids from wastewater as an efficient and green process. Clean. Eng. Technol. 2021, 4, 100209. [CrossRef]

2. Dutta, S.; Gupta, B.; Srivastava, S.K.; Gupta, A.K. Recent advances on the removal of dyes from wastewater using various
adsorbents: A critical review. Mater. Adv. 2021, 2, 4497-4531. [CrossRef]

3. Eroi, S.N,; Ello, A.S.; Diabaté, D.; Ossonon, D.B. Heterogeneous WO3/H,O; system for degradation of Indigo Carmin dye from
aqueous solution. South Afr. J. Chem. Eng. 2021, 37, 53—60. [CrossRef]

4. Yang, HR; Li, S.S.; An, Q.D.; Zhai, S.R.; Xiao, Z.Y.; Zhang, L.P. Facile transformation of carboxymethyl cellulose beads into
hollow composites for dye adsorption. Int. J. Biol. Macromol. 2021, 190, 919-926. [CrossRef]

5. Khorramfar, S.; Mahmoodi, N.M.; Arami, M.; Bahrami, H. Oxidation of dyes from colored wastewater using activated car-
bon/hydrogen peroxide. Desalination 2011, 279, 183-189. [CrossRef]

6. Deng, Y.; Zhao, R. Advanced oxidation processes (AOPs) in wastewater treatment. Curr. Pollut. Rep. 2015, 1, 167-176. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms26178499/s1
https://www.mdpi.com/article/10.3390/ijms26178499/s1
https://doi.org/10.1016/j.clet.2021.100209
https://doi.org/10.1039/D1MA00354B
https://doi.org/10.1016/j.sajce.2021.03.009
https://doi.org/10.1016/j.ijbiomac.2021.08.229
https://doi.org/10.1016/j.desal.2011.06.005
https://doi.org/10.1007/s40726-015-0015-z

Int. J. Mol. Sci. 2025, 26, 8499 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bokhari, TH.; Ahmad, N.; Jilani, M.L;; Saeed, M.; Usman, M.; Haq, A.U.; Rehman, R.; Igbal, M.; Nazir, A.; Javed, T. UV/H,0,,
UV/H;0,/5n0, and Fe/H;O; based advanced oxidation processes for the degradation of disperse violet 63 in aqueous medium.
Mater. Res. Express 2020, 7, 015531. [CrossRef]

Ma, D.; Yi, H;; Lai, C,; Liu, X,; Huo, X,; An, Z,; Li, L,; Fu, Y,; Li, B.; Zhang, M.; et al. Critical review of advanced oxidation
processes in organic wastewater treatment. Chemosphere 2021, 275, 130104. [CrossRef]

Karami, M.A ; Sharafi, K.; Asadi, A.; Bagheri, A.; Yosefvand, F; Charganeh, S.S.; Mirzaei, N.; Velayati, A. Degradation of Reactive
Red 198 (RR198) from aqueous solutions by advanced oxidation processes (AOPS): O3, HyO, /O3 and H,O, /ultrasonic. Bulg.
Chem. Commun. 2016, 48, 43-49.

Arshad, R.; Bokhari, T.H.; Javed, T.; Bhatti, .A.; Rasheed, S.; Igbal, M.; Nazir, A.; Naz, S.; Khan, M.L;; Khosa, M.K; et al.
Degradation product distribution of Reactive Red-147 dye treated by UV /H,0O,/TiO; advanced oxidation process. J. Mater. Res.
Technol. 2020, 9, 3168-3178. [CrossRef]

Ren, Z.; Chen, E; Wang, B.; Song, Z.; Zhou, Z.; Ren, D. Magnetic biochar from alkali-activated rice straw for removal of rhodamine
B from aqueous solution. Environ. Eng. Res. 2020, 25, 536-544. [CrossRef]

Qin, Y.; Luo, J.; Zhao, Y.; Yao, C.; Li, Y.; An, Q.; Xiao, Z.; Zhai, S. Dual-wastes derived biochar with tailored surface features for
highly efficient p-nitrophenol adsorption. J. Clean. Prod. 2022, 353, 131571. [CrossRef]

Wang, F; Liu, L.; Liu, F; Wang, L.; Ouyang, T.; Chang, C. Facile one-step synthesis of magnetically modified biochar with
enhanced removal capacity for hexavalent chromium from aqueous solution. ]. Taiwan Inst. Chem. Eng. 2017, 81, 414-418.
[CrossRef]

Yap, M.; Mubarak, N.; Sahu, J.; Abdullah, E. Microwave induced synthesis of magnetic biochar from agricultural biomass for
removal of lead and cadmium from wastewater. J. Ind. Eng. Chem. 2017, 45, 287-295. [CrossRef]

Santhosh, C.; Daneshvar, E.; Tripathi, K.M.; Baltrénas, P.; Kim, T.; Baltrénaite, E.; Bhatnagar, A. Synthesis and characterization of
magnetic biochar adsorbents for the removal of Cr (VI) and Acid orange 7 dye from aqueous solution. Environ. Sci. Pollut. Res.
2020, 27, 32874-32887. [CrossRef]

Eltaweil, A.S.; Mohamed, H.A.; Abd El-Monaem, E.M.; El-Subruiti, G.M. Mesoporous magnetic biochar composite for enhanced
adsorption of malachite green dye: Characterization, adsorption kinetics, thermodynamics and isotherms. Adv. Powder Technol.
2020, 31, 1253-1263. [CrossRef]

Nguyen, V.H.; Van, H.T.; Nguyen, V.Q.; Dam, X.V.; Hoang, L.P.; Ha, L.T. Magnetic Fe304 nanoparticle biochar derived from
pomelo peel for reactive Red 21 adsorption from aqueous solution. . Chem. 2020, 2020, 3080612. [CrossRef]

Mkelemi, M.].; Mwaijengo, G.N.; Rwiza, M.]. “Tree of life”: How baobab seed-derived biochar could lead to water safety for
underprivileged communities through heavy metal (Fe) removal-SDG 6. Environmental Science: Advances 2024, 3, 1735-1745.
[CrossRef]

Yahaya, N.P;; Saad, Y.A.; Abubakar, A. Adsorption Studies of Pb?*, Cu?* and Cr3* from Aqueous Solution Using Azadirachta
Indica (Neem) Seed Husk and Adansonia Digitata (Baobab) Seeds. Sci. . Chem. 2024, 12, 73-85. [CrossRef]

Zhang, M.; Gao, B.; Varnoosfaderani, S.; Hebard, A.; Yao, Y.; Inyang, M. Preparation and characterization of a novel magnetic
biochar for arsenic removal. Bioresour. Technol. 2013, 130, 457-462. [CrossRef] [PubMed]

Ahmad, M.A.; Ahmad, N.; Bello, O.S. Adsorption kinetic studies for the removal of synthetic dye using durian seed activated
carbon. |. Dispers. Sci. Technol. 2015, 36, 670-684. [CrossRef]

Urgel, ].].; Briones, ].M.; Diaz, E.B., Jr.; Dimaculangan, K.M.; Rangel, K.L.; Lopez, E.C. Removal of diesel oil from water using
biochar derived from waste banana peels as adsorbent. Carbon Res. 2024, 3, 13. [CrossRef]

Chaukura, N.; Murimba, E.C.; Gwenzi, W. Synthesis, characterisation and methyl orange adsorption capacity of ferric oxide—
biochar nano-composites derived from pulp and paper sludge. Appl. Water Sci. 2017, 7, 2175-2186. [CrossRef]

Persi¢, A.; Popov, N.; Kratofil Krehula, L.; Krehula, S. The influence of different hematite («-Fe,O3) particles on the thermal,
optical, mechanical, and barrier properties of LDPE/hematite composites. Materials 2023, 16, 706. [CrossRef]

Hossain, N.; Nizamuddin, S.; Griffin, G.; Selvakannan, P.; Mubarak, N.M.; Mahlia, T.M. Synthesis and characterization of rice husk
biochar via hydrothermal carbonization for wastewater treatment and biofuel production. Sci. Rep. 2020, 10, 18851. [CrossRef]
[PubMed]

Alsaiari, N.S.; Alsaiari, M.S.; Alzahrani, EM.; Amari, A.; Tahoon, M. A. Synthesis, characterization, and application of the novel
nanomagnet adsorbent for the removal of Cr (vi) ions. Rev. Adv. Mater. Sci. 2023, 62, 20230145. [CrossRef]

Shahwan, T.; Abu Sirriah, S.; Nairat, M.; Boyaci, E.; Eroglu, A.E.; Scott, T.B.; Hallam, K.R. Green synthesis of iron nanoparticles
and their application as a Fenton-like catalyst for the degradation of aqueous cationic and anionic dyes. Chem. Eng. J. 2011, 172,
258-266. [CrossRef]

Van, H.T.; Nguyen, TM.; Thao, V.T.; Vu, X.H.; Nguyen, T.V.; Nguyen, L.H. Applying activated carbon derived from coconut shell
loaded by silver nanoparticles to remove methylene blue in aqueous solution. Water Air Soil Pollut. 2018, 229, 393. [CrossRef]
Da’na, E.; Taha, A.; Afkar, E. Green synthesis of iron nanoparticles by Acacia nilotica pods extract and its catalytic, adsorption,
and antibacterial activities. Appl. Sci. 2018, 8, 1922. [CrossRef]


https://doi.org/10.1088/2053-1591/ab6c15
https://doi.org/10.1016/j.chemosphere.2021.130104
https://doi.org/10.1016/j.jmrt.2020.01.062
https://doi.org/10.4491/eer.2019.232
https://doi.org/10.1016/j.jclepro.2022.131571
https://doi.org/10.1016/j.jtice.2017.09.035
https://doi.org/10.1016/j.jiec.2016.09.036
https://doi.org/10.1007/s11356-020-09275-1
https://doi.org/10.1016/j.apt.2020.01.005
https://doi.org/10.1155/2020/3080612
https://doi.org/10.1039/D4VA00205A
https://doi.org/10.11648/j.sjc.20241204.12
https://doi.org/10.1016/j.biortech.2012.11.132
https://www.ncbi.nlm.nih.gov/pubmed/23313693
https://doi.org/10.1080/01932691.2014.913983
https://doi.org/10.1007/s44246-024-00100-9
https://doi.org/10.1007/s13201-016-0392-5
https://doi.org/10.3390/ma16020706
https://doi.org/10.1038/s41598-020-75936-3
https://www.ncbi.nlm.nih.gov/pubmed/33139793
https://doi.org/10.1515/rams-2023-0145
https://doi.org/10.1016/j.cej.2011.05.103
https://doi.org/10.1007/s11270-018-4043-3
https://doi.org/10.3390/app8101922

Int. J. Mol. Sci. 2025, 26, 8499 15 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jain, S.N.; Tamboli, S.R.; Sutar, D.S.; Jadhav, S.R.; Marathe, J.V.; Shaikh, A.A_; Prajapati, A.A. Batch and continuous studies for
adsorption of anionic dye onto waste tea residue: Kinetic, equilibrium, breakthrough and reusability studies. J. Clean. Prod. 2020,
252,119778. [CrossRef]

Daffalla, S.; Taha, A.; Da'na, E.; El-Aassar, M.R. Sustainable Banana-Waste-Derived Biosorbent for Congo Red Removal from
Aqueous Solutions: Kinetics, Equilibrium, and Breakthrough Studies. Water 2024, 16, 1449. [CrossRef]

Abbas, M.; Trari, M. Kinetic, equilibrium and thermodynamic study on the removal of Congo Red from aqueous solutions by
adsorption onto apricot stone. Process Saf. Environ. Prot. 2015, 98, 424—436. [CrossRef]

Nasser, A.O.; Kareem, S.L. Removal of Congo red from aqueous solution using lemon peel-Fe30, nanocomposite adsorbent.
Biomass Convers. Biorefinery 2024, 14, 23183-23193. [CrossRef]

Mahmud, N.; Yasser, L.; Mahmoud, R.B.; Benamor, A. Adsorption of Congo Red Dye Using Activated Carbon-Fe304 Composite.
In Proceedings of the 2nd International Conference on Civil Infrastructure and Construction, Doha, Qatar, 5-8 February 2023.
Mansour, D.; Alblawi, E.; Alsukaibi, A.K.; Al Shammari, B. Removal of Congo red dye by electrochemical advanced oxidation
process: Optimization, degradation pathways, and mineralization. Sustain. Water Resour. Manag. 2024, 10, 41. [CrossRef]

Jain, S.N.; Gogate, P.R. Efficient removal of Acid Green 25 dye from wastewater using activated Prunus Dulcis as biosorbent:
Batch and column studies. J. Environ. Manag. 2018, 210, 226-238. [CrossRef]

Shaban, M.; Abukhadra, M.R.; Khan, A.A.; Jibali, B.M. Removal of Congo red, methylene blue and Cr (VI) ions from water using
natural serpentine. J. Taiwan Inst. Chem. Eng. 2018, 82, 102-116. [CrossRef]

Zhao, F,; Shan, R.; Li, S.; Yuan, H.; Chen, Y. Characterization and Co-adsorption mechanism of magnetic clay-biochar composite
for de-risking Cd (II) and methyl orange contaminated water. Int. J. Mol. Sci. 2023, 24, 5755. [CrossRef]

Muhammad, H.; Tuzen, M.; Siddiqui, A.; Umar, A.R. Effective adsorption of Congo red azo dye from different water and
wastewater by using porous Fe3O4-bentonite@ chitosan nanocomposite: A multivariate optimization. Int. J. Biol. Macromol. 2025,
23,143439. [CrossRef]

Cao, V,; Cao, P.A.; Han, D.L.; Ngo, M.T.; Vuong, T.X.; Manh, H.N. The suitability of Fe304/graphene oxide nanocomposite for
adsorptive removal of methylene blue and congo red. Nat. Environ. Pollut. Technol. 2024, 23, 255-263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jclepro.2019.119778
https://doi.org/10.3390/w16101449
https://doi.org/10.1016/j.psep.2015.09.015
https://doi.org/10.1007/s13399-023-04496-z
https://doi.org/10.1007/s40899-023-01022-x
https://doi.org/10.1016/j.jenvman.2018.01.008
https://doi.org/10.1016/j.jtice.2017.10.023
https://doi.org/10.3390/ijms24065755
https://doi.org/10.1016/j.ijbiomac.2025.143439
https://doi.org/10.46488/NEPT.2024.v23i01.021

	Introduction 
	Results and Discussions 
	Characterization 
	SEM Characterization 
	FTIR Characterization 
	TGA Analysis 
	BET Analysis 

	Degradation Studies 
	Effect of Contact Time 
	Influence of pH 
	Influence of Adsorbent Dose 
	Influence of Initial Concentration 
	Adsorption Kinetics 
	Degradation Mechanism of CR Dye 
	Recycling Test 


	Materials and Methods 
	Chemical 
	Synthesis of Fe3O4/Biochar Nanoparticles 
	Instrument Analysis 
	Experimental Procedures 

	Conclusions 
	References

