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iron oxide nanocomposites
prepared by ultrasonic method as
nanophotocatalysts for the degradation of organic
dyes using response surface methodology

Thandi B. Mbuyazi and Peter A. Ajibade *

Iron oxide nanocomposites (Fe3O4@BC–1, Fe3O4@BC–2, and Fe3O4@BC–3) were synthesized via an

ultrasound-assisted method at 5, 10, and 15 min to investigate their morphological, optical, and

photocatalytic properties. Powder X-ray diffraction (P-XRD) analysis confirmed the formation of Fe3O4

with a cubic spinel structure. TEM analysis revealed that Fe3O4@BC–1 exhibited irregular rod- and plate-

like structures with a particle size of 6.4 nm, Fe3O4@BC–2 displayed square-shaped particles with

a mean size of 8.3 nm, and Fe3O4@BC–3 consisted of agglomerated particles with a size of 9.8 nm.

Optical analysis showed a redshift in absorption peaks from 400 nm (2.36 eV) for Fe3O4@BC–1 to

417 nm (2.28 eV) for Fe3O4@BC–2, and 418 nm (2.32 eV) for Fe3O4@BC–3. The nanocomposites were

evaluated as photocatalysts against Congo red (CR) and crystal violet (CV) using response surface

methodology. Fe3O4@BC–3 exhibited the highest photocatalytic degradation efficiency of 99.86% of CR

under optimal conditions (120 min, 3 mg, 15 ppm, pH 3) and Fe3O4@BC–2 achieved 99.28% degradation

of CV under 90 min, 8 mg, and pH 8 for 5 ppm CV. Reactive species analysis confirmed hydroxyl (cOH)

and superoxide radicals (cO2
−) as the dominant contributors to the dye's degradation.
1. Introduction

The continuous discharge of signicant quantities of synthetic
dyes into the aquatic ecosystem poses severe environmental and
public health challenges.1,2 Most of the organic dyes used in
textiles, paper, and printing industries are major public health
concerns because they are toxic, non-biodegradable and amajor
source of environmental pollutants.3–5 Conventional wastewater
treatment techniques oen fail to effectively remove these dyes,
which necessitates the development of more efficient and
sustainable approaches.6,7 Among the advanced methodologies,
photocatalysis could completely mineralize organic dyes to
carbon dioxide and water under mild conditions and does not
rely on mass transfer.8 Photocatalysis effectiveness depends
signicantly on the choice of the photocatalyst, which should
ideally exhibit high stability, be an efficient light absorber, and
have strong interactions with pollutants.9,10 In recent years,
biochar-capped iron oxide nanocomposites have received
tremendous attention as a multifunctional material for envi-
ronmental remediation.11,12 The combination of biochar,
a carbon-rich material derived from biomass, with iron oxide
nanoparticles enhances adsorption capacity, promotes electron
transfer, and minimizes the aggregation of nanoparticles,
ity of KwaZulu-Natal, Private Bag X01,
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thereby improving photocatalytic performance.13–15 However,
the optimization of the experimental parameters governing
photocatalytic degradation remains a critical step to maximize
efficiency and practical applicability.

Statistical optimization methods, such as response surface
methodology (RSM), provide a systematic approach for evalu-
ating the complex interactions between multiple variables and
determining their optimal levels.16 The Box–Behnken design
(BBD), a widely used RSM technique, offers an efficient frame-
work for exploring these interactions while minimizing the
number of experimental runs required.17–19 By employing BBD,
researchers can identify the most inuential factors and their
interactions, thus streamlining the optimization process. This
study aims to utilize the Box–Behnken design to optimize the
photocatalytic degradation of crystal violet (CV) and Congo red
(CR) using biochar-capped iron oxide nanocomposites prepared
using ultrasonic techniques. The specic objectives include
evaluating the effects of key operational parameters, such as
pH, catalyst dosage, and dye concentration, on the degradation
efficiency and determining the optimal conditions for
maximum removal of the target dyes. By developing efficient
photocatalysts for dye removal and utilizing biochar derived
from biomass, this work contributes to SDG 6 (Clean Water and
Sanitation) which aims to improve water quality through
pollution reduction, and to SDG 12 (Responsible Consumption
and Production) by promoting the reuse of biomass waste.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Independent variables and their levels

Reaction parameters

Levels

High (+1) Central (0) Low (−1)

A: Time (min) 120 70 20
B: Catalyst dosage (mg) 12 7 2
C: Dye concentration (ppm) 25 15 5
D: pH 9 6 3
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2. Materials and methods
2.1 Reagents and materials

All chemicals used in different experimental steps, such as
FeCl2$H2O, NaOH, ethanol, Congo red, crystal violet, HCl,
methanol, acrylamide, silver nitrate, and formic acid, were ob-
tained from Sigma-Aldrich and were used without any puri-
cation. Portulacaria afra biochar was prepared as reported.20 All
reagents and nanomaterials prepared were handled with
appropriate personal protective equipment in a fume hood, and
waste was disposed of according to institutional safety guide-
lines to minimize exposure and environmental release.
2.2 Synthesis of iron oxide nanocomposites

The nanocomposites were synthesized using a one-salt
method.21 0.5 g of FeCl2$H2O was dissolved in 100 mL of
distilled water and stirred magnetically for 10 minutes. Subse-
quently, 0.5 g of biochar was added to the solution, followed by
the addition of 10 mL of 3 M NaOH. The mixture was then
sonicated for 5 minutes using a QSONICA Q700 ultrasonic
processor (700 W, 20 kHz) at 50% amplitude. The resulting
precipitate was collected, thoroughly washed four times by
centrifugation at 5000 rpm for 15 minutes with water and
ethanol. The supernatant was discarded, and the resulting
black solid was dried in an oven for 6 h. To study the effect of
ultrasonic irradiation time on the iron oxide nanocomposites,
the experiment was repeated for 10 and 15 minutes.
2.3 Physical characterization

High-resolution transmission electron microscopy (HRTEM)
micrographs, selected area electron diffraction (SAED) patterns,
and lattice fringes of the nanocomposites were obtained using
a JEOL JEM-2100 microscope. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) analyses
were carried out using a ZEISS EVO LS15 electron microscope.
Powder X-ray diffraction (XRD) patterns were recorded using
a Bruker D8 diffractometer equipped with Cu Ka radiation.
Photocatalytic experiments were conducted under an OSRAM
HQL (MBF-U) 125 W lamp. UV-vis absorbance spectra were
measured in the 200–700 nm range using a PerkinElmer
Lambda 25 spectrometer.
2.4 Photocatalytic studies

The photocatalytic activity of the Fe3O4@BC nanocomposites
was evaluated using CR and CV at concentrations ranging from
5 to 25 ppm. 2–12 mg of the nanocomposite was dispersed in
6 mL of the dye solution and sonicated for 30 minutes, followed
by stirring in the dark for 60 minutes to achieve adsorption–
desorption equilibrium. The mixture was then exposed to irra-
diation from a 125 W high-pressure mercury vapor lamp (colour
temperature 4100 K) for 120 minutes under constant stirring at
2000 rpm. The light was positioned at 15 cm above the 10 mL
borosilicate tubes. Aer irradiation, UV-vis spectra of the solu-
tions were recorded to analyse the photodegradation of the
dyes. The pH of the dye solutions was adjusted using 0.1 M HCl
© 2026 The Author(s). Published by the Royal Society of Chemistry
or 0.1 M NaOH. The study investigated the inuence of key
parameters, such as dye concentration, irradiation time, solu-
tion pH, and catalyst dosage, on the degradation efficiency
using the RSM with a BBD model.
2.5 Optimization of photocatalysis

Box–Behnken design was used to model, optimize and deter-
mine the inuences of independent variables and their inter-
actions on the photocatalytic degradation of the organic dyes
using Design-Expert 13.0.0 soware.22 Four reaction parameters
were evaluated as independent variables at three levels as
shown in Table 1. These parameters are pH, catalyst dose, dye
concentration, and contact time. Tables S2–S4 present the
design with experimental values for independent variables,
predicted, and experimental degradation efficiency.

The models follow a quadratic polynomial equation
structure:

Y = b0 +
P

biXi +
P

bijXiXj +
P

biiXi
2

where Y is degradation efficiency (%), b0 is the intercept, Xi

represents independent variables, bi denotes the main effects
(A, B, C, and D), bij represents the effects of two variables
combined and bii represents curvature effects.
2.6 Effects of scavengers

The inuence of reactive species on the photocatalysis process
were evaluated by performing scavenging experiments meth-
anol (MeOH), acrylamide (AC), silver nitrate (SN), and formic
acid (FA) were added to the reaction mixture to selectively
quench hydroxyl radicals (cOH), superoxide radicals (cO2

−),
electrons (e−), and holes (h+), respectively. The photocatalyst
and 5 mL of each scavenger (10 mM concentration) were
introduced into the dye solution. The reaction was conducted
under visible light irradiation for 120 minutes, and the progress
of the degradation process was monitored with UV-vis
spectroscopy.
2.7 Photostability studies

The recyclability and photostability of the nanocomposites were
evaluated over 6 photocatalytic cycles under the optimized
reaction conditions. The photocatalyst was isolated by
a magnetic bar aer each cycle, rinsed with distilled water and
ethanol, then dried in the oven for 2 h at 60 °C.
RSC Adv., 2026, 16, 14458–14476 | 14459
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3. Results and discussion
3.1 Structural and morphological studies

Powder X-ray diffraction patterns of the biochar-capped iron
oxide nanoparticles synthesized at different ultrasound dura-
tions are presented in Fig. 1. The XRD analysis of biochar
(Fig. S1) revealed several peaks indicative of various crystalline
phases. Stable carbonaceous material is shown by a broad peak
at 20–40°.23 The peak at 29.44° is attributed to quartz, while the
peaks at 28.23° and 41.98° correspond to sylvite.24 Additionally,
the peak at 50.91° closely matched calcite, typical of biochar
derived from biomass. The XRD patterns of the nanocomposites
prepared at different ultrasound durations conrmed the
successful synthesis of the magnetite nanoparticles. Major
diffraction peaks were indexed to the cubic spinel structure of
Fe3O4, corresponding to the JCPDS card no. 00-011-0614.25,26

The major diffraction planes identied were (111), (220), (311),
(222), (400), (511), (440), (442), (533), (622), and (444), which
Fig. 1 P-XRD patterns of magnetite nanocomposites Fe3O4@BC–1,
Fe3O4@BC–2 and Fe3O4@BC–3 synthesized at 5 min, 10 min and
15 min, respectively. * Biochar peaks.

14460 | RSC Adv., 2026, 16, 14458–14476
conrm the magnetite crystalline phase of iron oxide. The
presence of biochar peaks in all nanocomposites conrms the
successful incorporation of biochar within the composite
structure. Notably, the Fe3O4@BC–2 composite exhibited fewer
biochar peaks compared to Fe3O4@BC–1 and Fe3O4@BC–3,
resulting in more well-dened magnetite peaks. This suggests
that the sonication duration of 10 minutes facilitated better
dispersion and integration of the iron oxide phase within the
biochar matrix, reducing the dominance of biochar peaks.

The HRTEM micrographs and particle size distribution histo-
grams (Fig. 2) of the biochar-capped iron oxide nanocomposites
synthesized using ultrasound treatment at (5 min, 10 min, and 15
min), are labelled as Fe3O4@BC–1, Fe3O4@BC–2, and Fe3O4@BC–
3, respectively. Fe3O4@BC–1 exhibits irregular morphology with
some rod particles with an average diameter of 6.4 nm. This small
particle size can be attributed to the high-intensity cavitation effects
during the initial stages of ultrasound exposure, which promote
rapid nucleation and inhibit particle growth.27 Fe3O4@BC–2
micrograph reveals more dened square and irregularly shaped
particles with reduced aggregation compared to Fe3O4@BC–1. The
particles are more uniformly dispersed with an average diameter of
8.3 nm. Fe3O4@BC–3 nanocomposite shows square, rectangular,
and quasi-spherical particles with increased aggregation and larger
particles with an average size of 9.8 nm. Some areas exhibit denser
nanocomposite packing, possibly due to prolonged ultrasound
exposure facilitating growth and coalescence.28 Fig. 2(b) shows
lattice fringes of the nanocomposites where Fe3O4@BC–1 and
Fe3O4@BC–3 show ve distinct d-spaces corresponding to (220),
(222), (311), (400), and (440) planes of magnetite.29–31 In contrast,
Fe3O4@BC–2 reveals two interplanar spaces of 0.479 and 0.248 nm,
which correlate to (111) and (222) planes of magnetite.32,33 The
SAED patterns in Fig. 2(c) show rings with bright spots indicating
the polycrystallinity of the nanocomposites. The ultrasound
synthesis method used in this study provides a rapid and energy-
efficient route for preparing iron oxide nanocomposites with
diverse morphologies. However, despite these advantages, scaling
up ultrasonic synthesis remains challenging as the cavitation effect
that drives nanoparticle formation is highly localized and difficult
to reproduce uniformly in larger volumes.34

Fe3O4@BC–1 SEM image in Fig. S3 shows a biochar-capped
iron oxide nanocomposite with a heterogeneous morphology.
Rough and porous clusters of iron oxide nanocomposite with
a range of morphologies, including irregular, granular, and
some more dened polygonal shapes. Fe3O4@BC–2 SEM image
exhibits densely packed granular particles with a rough texture.
SEM image of a Fe3O4@BC–3 nanocomposite displays a smooth
morphology with multiple layers of rod-like particles and
smaller granular particles. The corresponding EDS spectra
show a clear trend in surface elemental composition.
Fe3O4@BC–1 has the lowest Fe content of 2.04%, with a domi-
nant carbon content of 54.59% and 35.12% of oxygen.
Fe3O4@BC–2 shows a slight increase in Fe to 4.93%, with a high
carbon content of 59.13% and reduced oxygen (27.83%).
Fe3O4@BC–3 exhibits a drastically high Fe on the surface
(55.34%), with a signicantly reduced carbon (18.16%) and
oxygen (10.19%). The minor elements detected are typical ash
residues from biochar precursor and show no trend with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HRTEM images (a), lattice fringes (b) and SAED patterns (c) of biochar-capped iron oxide nanocomposites.
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View Article Online
sonication time. The results show that short ultrasonic duration
provides insufficient incorporation of iron oxide nanoparticles
into biochar, whereas prolonged ultrasonication induces
agglomeration and a Fe-rich surface due to clustering.

The FTIR spectra of magnetite nanoparticles, biochar derived
from Portulacaria afra leaves, and Fe3O4@BC nanocomposites
before and aer photocatalysis are presented in Fig. S4. The bare
Fe3O4 nanoparticles exhibited a prominent absorption band
around 550 cm−1, corresponding to the Fe–O stretching vibra-
tion, which conrms the formation of the magnetite spinel
structure.35 The broad band around 3420 cm−1 is assigned to the
O–H stretching vibrations of surface hydroxyl groups and
adsorbed water, while the peak near 1610 cm−1 arises from the
© 2026 The Author(s). Published by the Royal Society of Chemistry
bending vibration of H–O–H.36 The biochar displayed several
characteristic peaks associated with oxygenated and aromatic
functionalities. The broad O–H stretching band near 3400 cm−1,
the C]O stretching vibration at 1600 cm−1, and peaks at
1450 cm−1 and 760 cm−1, corresponding to C]C stretching and
aromatic ring vibrations,37 respectively, indicate the presence of
hydroxyl, carbonyl, and aromatic groups on the biochar.

The FTIR spectrum of the Fe3O4@BC nanocomposites exhibi-
ted peaks of both magnetite and biochar, conrming successful
integration of the two materials. The biochar-derived peaks at
1450 cm−1 and 760 cm−1 were also observed in the composite but
showed a slight shi of approximately 15 cm−1, indicating strong
interfacial interactions between the Fe3O4 nanoparticles and the
RSC Adv., 2026, 16, 14458–14476 | 14461
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biochar matrix.38 The FTIR spectra of the post-catalysis nano-
composites retained the characteristic bands of both magnetite
and biochar, suggesting that the core structure of the composite
remained stable aer the photocatalytic reaction.
3.2 Optical properties

The optical properties of iron oxide nanocomposites, particu-
larly their light absorption characteristics, are crucial for
applications in photocatalysis.39,40 In this study, the absorption
wavelengths of the nanocomposites synthesized using an
ultrasound method at different time intervals were evaluated
and presented in Fig. S5(a). Optical bandgap energies were
estimated using Tauc plots in Fig. 5(b), obtained by plotting
(ahn)2 versus (hn) for the direct allowed transition.41 Fe3O4@BC–
1 exhibited an absorption peak at 400 nm, corresponding to
a bandgap energy of 2.36 eV. The smaller average particle size of
6.4 nm contributes to a wider bandgap, consistent with the
quantum connement effect.42 For Fe3O4@BC–2 the absorption
peak shied to 417 nm, corresponding to a lower bandgap
energy of 2.28 eV. This redshi in the absorption wavelength
can be attributed to the increase in average particle size. Larger
particles exhibit reduced quantum connement effects, result-
ing in a narrowing of the bandgap and absorption of longer
wavelengths.43 For Fe3O4@BC–3, the absorption peak was
observed at 418 nm, with a bandgap energy of 2.32 eV. The
marginal redshi relative to the Fe3O4@BC–2 suggests that the
shi in morphology may inuence electronic properties, further
contributing to the observed optical changes.44 The results
reveal that the ultrasonic irradiation time signicantly inu-
ences the optical properties of the nanocomposites, which may
be due to changes in their size and morphology.
4. Analysis of the Box–Behnken
design
4.1 Statistical analysis and model validation

The RSM models for CR and CV degradation show the effect of
time (A), catalyst dosage (B), dye concentration (C), and pH (D),
and their interactions on the degradation efficiency using three
iron oxide nanocomposites (Fe3O4@BC) photocatalysts. Fig. S6
shows predicted vs. actual plots for the degradation efficiency of
crystal violet and Congo red using iron oxide nanocomposites.
All plots show data points closely aligned and correlate between
predicted and actual values. The BBD model effectively predicts
degradation efficiency for all three iron oxide nanocomposites,
with minimal deviation from actual values.

The perturbation plots in Fig. S7 illustrate the sensitivity of
photodegradation efficiency to different independent variables
for iron oxide nanocomposites in the degradation of CV and CR.
A comparative analysis of the two dyes shows that the photo-
catalyst dosage consistently enhances CV degradation. In
contrast, photocatalyst dosage exhibits different effects for CR.
For Fe3O4@BC–1 and Fe3O4@BC–2, increasing catalyst dosage
positively affects degradation efficiency. However, for
Fe3O4@BC–3, catalyst dosage follows a parabolic trend, indi-
cating that excessive catalyst concentration may reduce the
14462 | RSC Adv., 2026, 16, 14458–14476
degradation efficiency. pH exerts a strong hindrance to the
photodegradation of both dyes.

The ANOVA statistical parameters for the tted quadratic
model of CR and CV dye degradation are presented in Tables S5–
S10. The results conrmed that the overall model was highly
signicant (p < 0.0001) for all catalysts and both dyes,45 indicating
that the selected variables strongly inuenced degradation effi-
ciency. For CR, reaction time, catalyst dosage, dye concentration,
and pH were consistently signicant (p < 0.0001), demonstrating
their critical roles in the reaction. Interaction effects varied across
catalysts, while AB, AD, and BC were signicant in multiple cases,
AC and CD were generally non-signicant. Quadratic effects were
particularly pronounced for B2 and D2, suggesting a nonlinear
relationship requiring optimization for maximum efficiency. For
CV, all primary factors (A, B, C, and D) remained highly signicant
(p < 0.0001) for Fe3O4@BC–1 and Fe3O4@BC–3, conrming their
strong inuence on dye degradation. However, for Fe3O4@BC–2,
reaction time and catalyst dosage were not signicant individually,
nevertheless, their interaction effects (AB, AC) played crucial roles.
Signicant two-factor interactions were observed for AB, AD, and
BC, highlighting the importance of factor interplay. Quadratic
terms were mostly signicant (p < 0.05), indicating the necessity of
optimizing each variable to achieve the highest photocatalytic
efficiency.46 These results suggest that the degradation of both
dyes is highly dependent on reaction conditions, with nonlinearity
and interaction effects playing substantial roles.
4.2 3D-Surface interactive plots analysis

The catalytic degradation of CR and CV using iron oxide
nanocomposites was studied using the Box–Behnken design.
The study evaluates the effects of catalyst dosage, dye concen-
tration, and pH on degradation efficiency over 120 minutes. The
catalyst dosage is a critical parameter in determining the pho-
tocatalytic degradation efficiency of organic dyes, as it directly
inuences the number of available active sites and the photon
utilization in the reaction.47,48 For all catalysts, increasing the
dosage initially improved degradation efficiency due to a higher
number of active sites available for the reaction and by gener-
ating more reactive species. However, beyond an optimal
dosage, the efficiency decreased. Fe3O4@BC–1 showed
a continuous increase in efficiency with increasing catalyst
dosage (Fig. 3(a)) due to the relatively smaller particle size and
better dispersion. Fe3O4@BC–2 in Fig. 4(a) reached maximum
efficiency at 8.5 mg (81.53%) but decreased beyond this point,
due to particle agglomeration, which reduces effective surface
area exposed to dye molecules and visible light, limits mass
transfer, and decreases accessible active sites.49 Fe3O4@BC–3 in
Fig. 5(a) exhibited a similar trend, with maximum efficiency at
8 mg (73.97%), decreasing to 57.60% at 12 mg due to aggrega-
tion. Excessive catalyst loading can increase solution turbidity,
leading to light scattering and reduced photon penetration,
thereby lowering the generation of photogenerated charge
carriers.50 These competing effects indicate that optimizing
catalyst dosage is crucial for achieving a balance between
maximizing available active sites and minimizing aggregation
while maintaining high degradation efficiency.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Degradation of CR by Fe3O4@BC–1 3D response surface plot of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs. pH,
(d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.
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The initial dye concentration played a signicant role in the
degradation efficiency. Fe3O4@BC–1 exhibited only a slight
decrease in efficiency with increase in CR concentration from
© 2026 The Author(s). Published by the Royal Society of Chemistry
5 ppm (86.67%) to 25 ppm (85.84%), suggesting that the catalyst
can be used in a wide range of dye concentrations (Fig. 3(b)).
Fe3O4@BC–2 in Fig. 4(b) showed a more pronounced drop in
RSC Adv., 2026, 16, 14458–14476 | 14463
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Fig. 4 Degradation of CR by Fe3O4@BC–2 3D response surface plots of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs.
pH, (d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.
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efficiency from 79.17% at 15 ppm to 40.54% at 25 ppm, sug-
gesting that higher dye concentration saturates catalyst active
sites, reducing performance.51 Fig. 5(b) shows that Fe3O4@BC–3
achieved 97.07% degradation at 5 ppm but decreased
14464 | RSC Adv., 2026, 16, 14458–14476
signicantly to 48.97% at 25 ppm, implying that excessive dye
concentration limits active site availability and radical forma-
tion.52 These trends indicate that while Fe3O4@BC–1 maintains
efficiency under higher dye loads, Fe3O4@BC–2 and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Degradation of CR by Fe3O4@BC–3 3D response surface plots of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs.
pH, (d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.
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Fig. 6 Degradation of CV by Fe3O4@BC–1 3D response surface plot of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs. pH,
(d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.
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Fe3O4@BC–3 undergo reduced performance due to competitive
adsorption effects.

Acidic conditions consistently favoured higher degradation
efficiencies across all catalysts, while alkaline conditions led to
reduced performance. Fe3O4@BC–1 in Fig. 3(c) shows only
a small decrease from 86.40% at pH 3 to 80.95% at pH 9.
Fig. 4(c) shows that Fe3O4@BC–2 shows a drastic reduction,
with efficiency dropping from 88.09% at pH 3 to 35.13% at pH 9.
Fe3O4@BC–3 has the most drastic decrease in efficiency from
99.98% at pH 3 to 19.09% at pH 9 (Fig. 5(c)).

These results suggest that surface charge interactions play
a crucial role in degradation. At low pH, the catalysts acquire
a positive charge, which enhances the electrostatic attraction
with anionic CR molecules.53 The catalytic activity of
Fe3O4@BC–1 remained high across a range of dye concentra-
tions (Fig. 3(d)). The highest efficiency of 86.67% was obtained
at 5 ppm dye concentration using 12 mg of catalyst, with only
a slight decrease to 85.84% at 25 ppm dye concentration. The
high degradation efficiency is attributed to the small particle
size, which increases the surface area and provides more active
sites for dye–catalyst interactions.54 Conversely, Fe3O4@BC–2
and Fe3O4@BC–3 demonstrated pronounced sensitivity to
changes in both catalyst dosage and dye concentration, with
reduced efficiency observed at high catalyst dosage and dye
concentration.

For the combined effects of catalyst dosage and pH,
Fe3O4@BC–1 exhibited the highest degradation efficiency,
achieving 87.82% at pH 3 with 12 mg of catalyst and main-
taining a relatively high efficiency of 83.95% at pH 9 (Fig. 3(e)).
However, Fe3O4@BC–2 in Fig. 4(e) and Fe3O4@BC–3 in Fig. 5(e)
showed stronger pH dependence, performing signicantly
better in acidic conditions at their optimal catalyst dosages. For
the combined effects of dye concentration and pH, Fe3O4@BC–
1 exhibited the highest efficiency of 87.82% at pH 3 using 12 mg
of catalyst, with a slight decrease to 83.95% at pH 9 (Fig. 3(f)).
This suggests that Fe3O4@BC–1 remains effective across a wide
pH range, potentially due to its stable surface chemistry and
reactive species generation capacity.

In contrast, Fe3O4@BC–2 in Fig. 4(f) and Fe3O4@BC–3 in
Fig. 5(f) exhibited strong pH and concentration dependence,
with signicantly lower efficiency under alkaline conditions and
at high dye concentration. The catalyst dosage signicantly
inuenced the degradation efficiency of CV, with an optimal
range observed for each catalyst. For Fe3O4@BC–1 in Fig. 6(a),
degradation efficiency increased with catalyst dosage up to 2 mg
(76.95%) but decreased at higher dosages (57.48% at 12 mg).
This decrease in efficiency is attributed to catalyst aggregation
at higher dosages, which reduces the effective surface area and
active sites.55 In contrast, Fe3O4@BC–2 in Fig. 7(a) showed
a peak efficiency at 7 mg (73.21%), followed by a decrease at
12 mg (64.51%), due to aggregation effects. However,
Fe3O4@BC–3 in Fig. 8(a) displayed a consistent increase in
degradation efficiency with increase in catalyst dosage,
achieving 99.58% efficiency at 12 mg, indicating that higher
dosages contribute positively to degradation for this catalyst.56

These results suggest the importance of optimizing catalyst
© 2026 The Author(s). Published by the Royal Society of Chemistry
dosage to balance surface area availability and aggregation
effects.

Dye concentration played a crucial role in determining the
photocatalytic activity of the nanocomposites. Fig. 6(b) shows
that Fe3O4@BC–1 degraded 97.72% of 5 ppm dye aer 120 min,
but efficiency dropped to 54.09% at 25 ppm, indicating that
high dye concentrations saturate active sites and hinder
degradation.57 Fe3O4@BC–2 showed a similar trend in Fig. 7(b),
achieving 92.04% efficiency at 5 ppm but dropping to 55.64% at
25 ppm, suggesting that excess dye molecules reduce catalyst
activity. Fe3O4@BC–3 in Fig. 8(b) exhibited 90.61% degradation
at 5 ppm, with a 16.57% decrease at 25 ppm, further supporting
the trend of lower degradation at higher concentrations. These
results indicate that an optimal dye concentration is necessary
to ensure sufficient catalyst–dye interaction without over-
loading active sites. The pH of the reaction medium had
a substantial impact on dye degradation. For Fe3O4@BC–1 in
Fig. 6(c), the highest degradation efficiency was observed at pH
9 (87.74%), while the lowest occurred at pH 3 (17.19%).
Fe3O4@BC–2 followed a similar trend, with degradation
increasing from 13.73% at pH 3 to 83.14% at pH 8, with a slight
drop at pH 9 (79.67%), indicating that pH 8 might be optimal
(Fig. 7(c)). Fe3O4@BC–3 in Fig. 8(c) showed its highest degra-
dation efficiency of 86.45% at pH 9, with minimal degradation
at pH 3 (20.73%). The improved efficiency at alkaline pH
suggests that the catalytic process benets from enhanced
oxidative degradation mechanisms in basic solution.58 In
contrast, acidic conditions (pH 3) may suppress catalytic activity
due to electrostatic interactions that hinder dye adsorption. The
relationship between catalyst dosage and dye concentration
further explains the role of active site availability and aggrega-
tion effects. Fe3O4@BC–1 showed 82.34% degradation for
5 ppm dye using 2 mg of catalyst, but degradation efficiency
decreased with higher catalyst dosages and dye concentrations
(Fig. 6(d)). Fe3O4@BC–2 reached an optimal degradation effi-
ciency of 83.46% at 5 ppm with 7 mg catalyst, with a decrease at
higher concentrations (Fig. 7(d)). Fe3O4@BC–3 in Fig. 8(d)
shows robust performance, achieving near-complete degrada-
tion (99.61% at 5 ppm and 99.36% at 25 ppm with 12 mg
catalyst), suggesting superior dispersion and active site
availability.59

The effect of catalyst dosage on degradation efficiency varied
across different pH levels was also evaluated. For Fe3O4@BC–1
in Fig. 6(e), degradation at pH 9 decreased from 81.68% (2 mg)
to 60.09% (12 mg), suggesting that excessive catalyst leads to
a decrease in efficiency.60 Fe3O4@BC–2 showed maximum
degradation at pH 9 using 8 mg catalyst (82.31%), while higher
dosages (12 mg) led to a slight decline (Fig. 7(e)). Fe3O4@BC–3
exhibited a notable increase in degradation at pH 9, achieving
96.52% efficiency with 12 mg catalyst (Fig. 8(e)). The combined
effect of dye concentration and pH further conrmed that
alkaline conditions favour degradation. Fe3O4@BC–1 degraded
99.07% of 5 ppm dye at pH 9, but efficiency dropped signi-
cantly with higher dye concentrations and acidic pH (Fig. 6(f)).
Fe3O4@BC–2 in Fig. 7(f) achieved nearly complete degradation
(99.98% at pH 9 with 5 ppm dye), but at 25 ppm, efficiency
dropped to 64.83%. Fe3O4@BC–3 followed the same trend, with
RSC Adv., 2026, 16, 14458–14476 | 14467
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Fig. 7 Degradation of CV by Fe3O4@BC–2 3D response surface plots of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs. pH,
(d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.
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Fig. 8 Degradation of CV by Fe3O4@BC–3 3D response surface plots of (a) time vs. catalyst dosage, (b) time vs. dye concentration, (c) time vs.
pH, (d) catalyst dosage vs. dye concentration, (e) catalyst dosage vs. pH and (f) dye concentration vs. pH.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 14458–14476 | 14469
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Table 2 Predicted optimum conditions for CR and CV degradation by iron oxide nanocomposites

Time
(min)

Catalyst
dosage (mg)

Dye concentration
(ppm) pH

Predicted
efficiency (%)

Experimental
efficiency (%)

CR
Fe3O4@BC–
1

98 12 20 3 89.04 96.33

Fe3O4@BC–
2

60 4 15 3 96.38 99.42

Fe3O4@BC–
3

120 3 15 3 99.98 99.86

CV
Fe3O4@BC–
1

60 3 5 9 99.35 96.53

Fe3O4@BC–
2

90 8 5 8 99.98 99.28

Fe3O4@BC–
3

60 2 25 8 99.64 99.10
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90.54% degradation at pH 8 using 5 ppm dye, suggesting that
alkaline pH enhances catalytic activity (Fig. 8(f)).

4.3 Optimization studies and kinetic analysis of CV and CV
degradation using iron oxide nanocomposites

The optimization studies were done following the ramp plots of
each catalyst (Fig. S8 and S9). The adjusted optimum conditions
are shown in Table 2. Fig. S10 shows UV-vis spectra of the CR
and CV dyes degradation. A steady decrease over time indicates
the effective degradation of both dyes. An almost at line at
time t suggests near-complete mineralization of the dyes, with
minimal residual absorption. High degradation efficiencies
ranging between 96.33% and 99.86% were observed for both CR
and CV. The narrow bandgap of Fe3O4@BC–2 optimizes light
absorption, leading to superior CV degradation.61 Biochar
enhances photocatalytic performance by serving as an electron
sink to suppress electron–hole recombination and facilitating
charge transfer.62 The synergistic effect between biochar and
iron oxide nanoparticles enhances electron mobility and the
photocatalytic efficiency.63 On the other hand, Fe3O4@BC–3
exhibited high iron content, which enhances CR degradation
due to stronger interactions with anionic CR molecules under
acidic conditions. Kinetic rate constants indicate that CV
degraded faster than CR (Fig. 9 and 10). For CV, k-values are
consistently higher (0.05271–0.05926 min−1) than for CR
(1.6439 × 10−4–0.04946 min−1), where Fe3O4@BC–2 exhibited
the fastest reaction rate for both dyes. The fast reaction kinetics
can be attributed to improved charge separation and reduced
recombination, which increases the degradation efficiency.64

The differences in reaction rates may be attributed to the
molecular structures of the dyes and their interaction with the
catalyst surface.65

To validate the reliability of the RSM optimization, triplicate
experiments were conducted under the optimized conditions,
and the obtained degradation efficiencies are presented in
Table S1. For CR degradation, Fe3O4@BC–3 achieved the
highest mean efficiency of 99.86% ± 0.03%, with individual
14470 | RSC Adv., 2026, 16, 14458–14476
trials at 99.86%, 99.83%, and 99.88%, closely matching the
predicted 99.86%. For CV degradation, Fe3O4@BC–2 yielded
a mean efficiency of 99.30% ± 0.08%, with trial efficiencies of
99.28%, 99.39%, and 99.24%, which were slightly below the
predicted 99.98% but remained highly consistent across the
three trials. The low standard deviations across all catalysts
indicate good reproducibility, conrming the reliability of the
optimized parameters.66

4.4 Comparative study

A comparative study was conducted between the Fe3O4@BC
composites and other reported catalysts for the photocatalytic
degradation of CR and CV, as shown in Table 3. Iron oxide
based nanomaterials have also been used for the degradation of
CV and CR. Jadhav et al. synthesized iron oxide nanoparticles
via the co-precipitation method for the Fenton degradation of
5 ppm crystal violet.67 Under optimal conditions (pH 7, 5 mg
catalyst, and 4 mM H2O2), the system achieved a maximum
degradation efficiency of 90% within 90 minutes. In another
study, iron oxide nanoparticles were synthesized using Camellia
sinensis leaf extract.68 The biogenic iron oxide nanoparticles
exhibited a mean particle diameter of 49.63 ± 9.23 nm. The
removal efficiency of 10 ppm crystal violet was found to be
dependent on both concentration and time, achieving
a maximum photocatalytic degradation of 99.23% aer 210
minutes of sunlight exposure with a catalyst dosage of 1.0 mg
mL−1. Cr-doped a-Fe2O3 nanoparticles were employed for the
enhanced photocatalytic degradation of 30 ppm Congo red
dye.69 A maximum removal efficiency of 95.2% was achieved
within 15 minutes of sunlight irradiation using a catalyst
dosage of 0.2 g L−1 at pH 6. Among the Fe3O4@BC composites,
Fe3O4@BC–3 achieved a degradation efficiency of 99.86% for
CR within 120 minutes, while Fe3O4@BC–2 degraded 99.98% of
CV in 90 minutes. These results suggest that the catalysts in the
present study outperform the reported catalysts, which require
higher catalyst dosages, doping or hydrogen peroxide to
degrade the same dyes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Congo red photocatalytic degradation efficiency curve and kinetic plots.
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4.5 Effect of scavengers

The identication of reactive species involved in the photo-
catalytic degradation of the dyes is necessary to understand the
© 2026 The Author(s). Published by the Royal Society of Chemistry
underlying reaction mechanisms and optimizing the process
efficiency. In this study, methanol (MeOH), acrylamide (AC),
silver nitrate (SN), and formic acid (FA) were employed as
scavengers to quench hydroxyl radicals (cOH), superoxide
RSC Adv., 2026, 16, 14458–14476 | 14471
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Fig. 10 Crystal violet photocatalytic degradation efficiency curve and kinetic plots.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 3

:1
3:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
radicals (cO2
−), electrons (e−), and photogenerated holes (h+),

respectively. The signicant decrease in the degradation effi-
ciency of CV and CR in the presence of these scavengers
14472 | RSC Adv., 2026, 16, 14458–14476
conrms the involvement of multiple reactive species in the
photodegradation process (Fig. S11). Among the scavengers,
MeOH exhibited the most pronounced inhibitory effect,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The photocatalytic degradation of CR and CV by different nanocomposites

Dye Catalyst
Light
source

Dye concentration
(mg L−1)

Catalyst dosage
(mg)

Time
(min)

Degradation
efficiency (%) Ref.

CR MnFe2O4/TA/
ZnO

Visible 16 50 90 84.2 70

ZnO-Gd Visible 10 — 120 68.32 71
Bs-CoFe2O4 UV-vis 5 35 90 84 72
Fe3O4@BC–3 Visible 15 4 120 99.86 This study

CV MgO UV 10 200 130 99.19 73
Fe-doped TiO2 Visible 10 30 180 96 74
Mn-CCMN UV 13 50 115 98.9 56
Fe3O4@BC–2 Visible 5 8 90 99.98 This study
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reducing dye degradation from 97.78% to 9.43–23.12%. This
suggests that cOH plays a dominant role in the photo degra-
dation mechanism.75 Hydroxyl radicals are highly reactive
species capable of non-selectively oxidizing organic pollutants,
and breaks them down into smaller, less toxic intermediates or
complete mineralization into CO2 and H2O.

Similarly, the addition of AC led to a signicant reduction in
degradation (10.92–24.88%), indicating that cO2

− also play
a crucial role in the photodegradation process.76,77 Superoxide
radicals are typically generated via electron transfer to molec-
ular oxygen and act as secondary oxidizing agents that
contribute to dye degradation, either directly or through further
conversion into cOH.78 The suppression of degradation in the
presence of AC highlights the importance of cO2

− in sustaining
the photocatalytic reaction. The introduction of SN, which acts
as an electron scavenger, resulted in a moderate reduction in
degradation efficiency (16.92–34.91%). This indicates that
photogenerated electrons contribute to the overall reaction by
facilitating charge transfer and promoting the formation of
reactive oxygen species such as cO2

− and cOH.79 The lower extent
of inhibition compared to MeOH and AC suggests that, while
electrons play a supporting role, their impact on degradation is
secondary to that of hydroxyl and superoxide radicals. FA, a hole
scavenger, caused the least reduction in degradation efficiency
Scheme 1 Proposed photocatalytic degradation pathway.

© 2026 The Author(s). Published by the Royal Society of Chemistry
(37.64–55.69%), suggesting that photogenerated holes (h+) are
also involved but to a lesser extent than cOH and cO2

− radicals.
Holes typically participate in direct oxidation reactions, either
by interacting with the dye molecules or generating cOH from
water molecules adsorbed on the catalyst surface.80 The rela-
tively smaller decline in degradation upon FA addition implies
that direct hole-mediated oxidation is not the predominant
degradation pathway but still plays a role in overall efficiency.

Based on the scavenger studies results, the possible photo-
catalytic degradation mechanism for the degradation of CV and
CR using the as-prepared Fe3O4@BC nanocomposites is illus-
trated in Scheme 1. Under visible light irradiation, the nano-
composites generate electron–hole pairs as the e− migrate from
the valence band to the conduction band.81 The photogenerated
e− reduce dissolved oxygen (O2) to form cO2

−, while h+ oxidize
water molecules to form cOH.82 These radicals oxidize the dye
molecules into mineralization products, carbon dioxide and
water.83
4.6 Photostability of the iron oxide nanocomposites

The graphs in Fig. S12 illustrate the recyclability of the three
catalysts (Fe3O4@BC, Fe3O4@BC–2, and Fe3O4@BC–3) used for
the degradation of CR and CV over six successive cycles. All
RSC Adv., 2026, 16, 14458–14476 | 14473
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three catalysts exhibit a progressive decrease in degradation
efficiency over successive cycles. Fe3O4@BC–2 maintains rela-
tively high degradation efficiency for the rst two cycles but
sharply declines aer the third cycle over CV. Fe3O4@BC–1 and
Fe3O4@BC–3 demonstrate good recyclability, maintaining
relatively high photodegradation efficiency over CR but with
a noticeable decrease on the h cycle. The recyclability trends
suggest some level of catalyst deactivation, which may be due to
the adsorption of degradation by products onto the catalyst
surface, blocking active sites.84

5. Conclusion

Iron oxide nanocomposites were synthesized using an ultrasound-
assisted method with varying ultrasonic irradiation time to
investigate the inuence of time on their morphological, optical,
and photocatalytic properties. TEM analysis revealed different
morphologies for the nanocomposites: Fe3O4@BC–1 exhibited
irregular rod- and plate-like structures with an average diameter of
6.4 nm, Fe3O4@BC–2 displayed square-shaped particles with
a mean size of 8.3 nm, and Fe3O4@BC–3 consisted of agglomer-
ated, irregularly shaped particles averaging 9.8 nm in size. These
ndings demonstrate that increasing sonication time signicantly
affects the particle size and shape of the iron oxide nano-
composites. The bandgap energies were determined to be 2.36 eV,
2.28 eV, and 2.32 eV for Fe3O4@BC–1, Fe3O4@BC–2, and
Fe3O4@BC–3, respectively. The nanocomposites were evaluated as
photocatalysts for the degradation of CR and CV using response
surface methodology. Fe3O4@BC–2 achieved the highest degra-
dation of CV (99.98% in 90 minutes under optimized conditions:
8 mg catalyst, 5 ppm dye, pH 8), while Fe3O4@BC–3 exhibited
superior activity for CR (99.86% in 120 minutes, 3 mg catalyst,
15 ppm dye, pH 3). Among the nanocomposites, Fe3O4@BC–2
exhibited faster degradation rates for both dyes. The high degra-
dation efficiencies demonstrate the importance of optimizing the
reaction parameters to maximize photocatalytic activity, providing
amodel for efficient and scalable wastewater treatment. Scavenger
studies were conducted to elucidate the photocatalytic mecha-
nism, revealing that cOH plays a dominant role, with cO2

− playing
a signicant secondary role in the degradation of CR and CV.
Additionally, the as-prepared nanocomposites demonstrated
excellent photostability and recyclability, making them promising
candidates for the photocatalytic degradation of organic dyes.
However, the potential for iron leaching from the nanocomposites
into the treated water was not investigated in this study, which is
a critical factor for assessing long-term environmental safety and
catalyst stability. Future work should include quantitative analysis
of iron leaching to ensure the nanocomposites meet environ-
mental safety standards. By advancing efficient photocatalytic
technologies for water purication and utilizing biochar from
agricultural biomass, this work supports SDG 6 (Clean Water and
Sanitation) by contributing to target 6.3 for improved water quality
through pollution reduction, SDG 12 (Responsible Consumption
and Production) by promoting biomass waste reuse under target
12.5, and SDG 13 (Climate Action) by fostering sustainable tech-
nologies that mitigate pollution-related environmental impacts
under target 13.3.
14474 | RSC Adv., 2026, 16, 14458–14476
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A. M. Mendoza-Mart́ınez, Int. J. Electrochem. Sci., 2025, 20,
100956.

36 B. Lesiak, N. Rangam, P. Jiricek, I. Gordeev, J. Tóth, L. Kövér,
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