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Removal: Insights intoAdsorptionandPhotocatalytic
Strategies
Hozefa Dhila,[a] Abhishek Bhapkar,[a] and Shekhar Bhame*[a]

The emergence of dye pollutants from industrial wastewater
become a major environmental concern and posing signifi-
cant threat to aquatic life and human health. Wastewater from
several industries such as textiles, food production, fabric and
leather tanning, cosmetics, paints manufacturing, paper and
printing industries extensively use synthetic dyes that are highly
resistant to degradation. Adsorption and photocatalytic degra-
dation methods have emerged as promising approaches for the
removal of dye pollutants from industrial wastewater. Various
bio-based materials have been employed for the adsorption of
dyes, among which biochar derived from various agricultural
and forestry wastes observed as a sustainable and cost-effective
material with high adsorption capacity. However, its limitation of

slower adsorption rate, challenges of surface activation, regener-
ation capacity and post-treated slurry restricted their utilization
in effective removal of dye pollutants. The loading of MFe2O4

nanoparticles on biochar produces synergistic effect of com-
bined adsorption and photocatalysis for effective degradation
of dyes. This review article delves into advancements in synthe-
sis of MFe2O4/Biochar nanocomposites by various methods and
highlight their characteristics. It further discusses the underly-
ing mechanisms of adsorption and photocatalytic degradation
of dye pollutants in the influence of various operational param-
eters such as adsorbent or photocatalyst dosage, initial dye
concentration, pH and temperature.

1. Introduction

The increasing industrialization and urbanization have led
to significant contamination of water bodies with various
pollutants.[1,2] Among several organic pollutants, synthetic dyes
are the most harmful contaminants due to their extensive use
and complex structure.[3] Many research reports have high-
lighted the existence of wide range of dye pollutants including
cationic and anionic dyes from various industries such as textile,
food production, fabric and leather tanning, paints, paper and
printing industries,[4] represented in Figure 1. Textile industries
in particular generates significant level of dye effluents account-
ing for ∼20% of global wastewater according to World Bank.[5]

Several processes in textile production involved dyeing, print-
ing, bleaching, and finishing consumes substantial amount of
water and generates various harmful effluents and residues.[6]

Since, every year thousand metric tons of dyes from these indus-
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tries have been directly disposed into water bodies leading to
water contamination due to longer persistence and resistant to
biodegradation. Several synthetic dyes including cationic dyes
such as malachite green, rhodamine B (RhB), crystal violet (CV),
methylene blue (MB) and anionic dyes such as congo red (CR),
methyl orange (MO), acid red, and direct blue (DB) are commonly
found in industrial wastewater.[7]

Conventional methods of wastewater treatment such as
filtration, ozonation, biosorption, membrane separation often
fall short in effectively removing these contaminants.[8,9] Phys-
ical methods involved separation without chemical conver-
sion and therefore, face limitations in addressing dye-specific
challenges. Filtration, including ultrafiltration and membrane-
separation such as reverse osmosis, often raise concerns asso-
ciated with membrane fouling and reduces efficiency over
time. High operational pressures, energy consumption, frequent
cleaning or replacements make these methods expensive for
large-scale applications. These methods are also very less effec-
tive in removal of soluble or low-molecular-weight dyes as well
as complex dye molecules. In addition to these issues, mem-
brane separation also generates concentrated reject streams
that pose disposal problems and further contributing to sec-
ondary pollution.[10] Chemical methods such as oxidation and
coagulation involved reactions to break down complex dye
molecules. However, these methods often lacks efficiency in cer-
tain conditions and also lead to environmental contamination.
Oxidation process employed hydrogen peroxide, persulphate
(PS) or ozone, consumes high energy and increases overall
operational cost. Oxidation process frequently produces sec-
ondary pollutants and toxic byproducts such as chlorinated
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compounds, thereby imposing additional challenges for subse-
quent treatment.[11] Coagulation method typically involved alum
or ferric salts, that generate large volumes of sludge and exhibit
low removal of disperse or vat dyes while leaving residual
toxicity in treated effluents.[12] Biological methods such as bioac-
cumulation and biosorption employ microorganisms or biomass
to degrade dyes, however these approaches are unreliable and
slow. These methods are limited by the resistance to microbial
degradation of azo dyes owing to their recalcitrant and toxic
to microbes. These methods also produce inconsistent results
due to variable enzyme production and ineffective in high dye
concentrations.[13,14]

Adsorption process involves binding dye molecules to adsor-
bent and outperforms conventional methods by providing high
removal efficiency without generation of sludge and need of
high-energy inputs.[15] These low-cost adsorbents derived from
agricultural waste such as corn stalk, sugarcane bagasse, make
it economically viable and applicable for removal of wide range
of dye molecules, including cationic and anionic dyes. Unlike
biological methods, adsorption is rapid and unaffected by tox-
icity of complex dye molecules, while also prevents generation
of secondary pollutants. Several materials such as activated
carbon (AC), graphene oxide, g-C3N4 and metal-organic frame-
works (MOFs) enable selective and high-capacity removal further
enhancing its sustainability. This method is a significant improve-
ment over physical filtration, as it handles concentrated effluents
better and requires less maintenance.[16,17] Photocatalysis stands

out as an advanced oxidation process (AOP) in wastewater
treatment.[18] It involves the activation of photocatalyst such as
transition metal oxides under the UV or visible light illumination
and generates reactive oxygen species (ROS) such as hydroxyl
and superoxide radicals that break down complex dye molecules
into simpler components like CO2 and water.[19–21] It is environ-
mentally friendly, leveraging solar energy for low operational
costs making it more sustainable than energy-intensive conven-
tional methods. High degradation rates are achieved, even for
recalcitrant dyes, outperforming biological processes in speed
and completeness.[22] Photocatalysis is characterized by high
chemical stability, allowing the catalysts to function effectively
over prolonged duration without significant degradation as well
as negligible secondary pollution.[23] Metal oxide nanoparticles
(such as ZnO, TiO2, CuO) has been widely employed as a pho-
tocatalyst due to their physicochemical characteristics such as
surface charge, high surface area-to-volume ratio, porous struc-
ture, tunable band gap, surface reactivity, and thermochemical
stability for the adsorption and degradation of dye effluents.[24,25]

However, the challenges of toxicity, reusability, and generation of
secondary pollutants associated with metal oxides have drawn
significant attention to researchers. This brings an urgency to
explore the multivalent nanoparticles, in particular, iron-based
nanoparticles, owing to its magnetic properties and high pho-
tocatalytic activity.[26]

Metal ferrites with the general formula MFe2O4 consist of
divalent metal ions (M2+, typically 3d transition metals) and
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Figure 1. Dye effluents contribution from wastewater of various industries and %BOD emissions from textile industrial wastewater across G20 countries.[41]

Reproduced under the terms of the CC BY 4.0 license. Copyright 2015, MDPI.
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trivalent iron ions (Fe3+) arranged in a spinel structure, where
the selection of M2+ significantly influences the material’s mag-
netic properties.[27] Spinel ferrites, MFe2O4 (M═Zn, Co, Ni, Cu,
Mg or Mn) also exhibit remarkable stability over a wide pH
range, more specifically in acidic pH which further support
its utilization due to their resistance to corrosion and leach-
ing for removal of pollutants from industrial wastewater.[28] In
recent years, metal ferrites have been extensively explored by
researchers as a heterogeneous photo-fenton catalyst for the
photocatalytic degradation of organic pollutants from wastew-
ater due to their intrinsic magnetic property, higher specific
surface area, chemical stability, and easy recovery.[29] The cat-
alytic activity of metal ferrites often attributed to the crystal field
stabilization energies (CFSEs), although the specific surface area
and band gap of a photocatalyst influences the catalytic activ-
ity. However the catalytic performance was also influenced by
the CFSE which reflects the redox nature, structural stability, and
photo induced charge separation efficiency.[30] Due to fine parti-
cle size, MFe2O4 easily aggregates and thus reduces the specific
surface area and pore volume. The limited photocatalytic degra-
dation efficiency of pure metal ferrites may also be attributed to
the rapid recombination of photogenerated electron–hole pairs
and slower kinetics of the redox coupling of Fe2+/Fe3+. This could
be due to relatively lower band gap of MFe2O4, compared to
commonly employed metal oxide photocatalyst such as ZnO
and TiO2 with band gap of 3.37 eV and 3.2 eV, respectively,[31]

while the band gap of ZnFe2O4, CuFe2O4, CoFe2O4, NiFe2O4 are
1.91 eV, 1.89 eV, 2.31 eV, 2.2 eV respectively.[32] These challenges
have been overcome either by suitable doping strategies or by
using biochar as a carrier to support MFe2O4 nanoparticles. The
doping of elements into crystal lattice of spinel ferrites signifi-
cantly enhances its electronic, structural, and surface properties
that influence the photocatalytic kinetics and stability of cat-
alyst. Doping strategies accelerate reaction kinetics by tuning
the bandgap, enhancing charge carrier mobility, and increas-
ing the number of active sites, which promote faster pollutant
degradation under light irradiation.[33] For instance, the dop-
ing of sulphur in CuFe2O4 decreases the bandgap from 1.80 eV
to 1.78 eV, which led to increase the degradation efficiency of
RhB dye from 65% to 99% and 64% to 98% for CR within
100 min whereas for MO from 63% to 97% in 70 min.[34] Simi-
larly, in another study, 3% sulphur doping in MnFe2O4 decreases
the bandgap gap from 2.20 eV to 2.11 eV that significantly
shows 100% degradation of methylene blue within 135 min on
exposure to sunlight. Furthermore, doping introduces interme-
diate energy levels within the band structure, narrowing the
bandgap, and extending light absorption from the UV to the
visible region. This promotes efficient electron-hole pair gener-
ation and accelerate redox reactions. The photocatalytic stability
of ferrite-based composites was highly influenced by doping in
terms of structural integrity, thermal resistance, and reusabil-
ity, however excessive doping may also result in phase impurity
as well. The sulphur doping in MnFe2O4 helps in retaining
94% degradation efficiency even after 6 cycles and possess low
charge-transfer resistance with enhanced interfacial stability.[35]

Similarly, S doping in CuFe2O4 showed excellent thermal sta-
bility and recyclability over 3 cycles for degradation of MO
dye.[34]

Biochar was utilized as a carrier owing to its higher specific
surface area and porous structure and prevent the agglomer-
ation of MFe2O4 nanoparticles. The biochar support enhances
the charge separation efficiency and thereby suppressing the
rapid recombination of e−/h+ pairs. The biochar support also
provide a medium for the migration of photogenerated elec-
trons and accelerate the redox cycling of MFe2O4, thereby
improving the overall photocatalytic degradation efficiency of
spinel ferrites.[36] The carbon-based materials such as biochar
are widely utilize and shows high efficiency in adsorption of
pollutants due to their large surface area.[37] The challenges
in improving the adsorption capacity of biochar has been an
interesting subject in recent times.[38] Several techniques have
been employed by researcher in modifying the biochar with the
suitable material to improve its adsorption capacity for reme-
diation of pollutants.[39] In these context, biochar has been
explored as a supporting material for metal ferrites (MFe2O4)
as it inhibit the agglomeration of ferrites and enhances the
adsorption capacity.[29] MFe2O4 modified biochar nanocompos-
ites have been emerged as promising materials due to their
unique properties, including high surface area, magnetic sep-
aration capabilities, surface functional groups, and enhanced
adsorption and photocatalytic activities. These nanocompos-
ites remediate various dye pollutants from industrial wastew-
ater, due to their interesting physiochemical properties. Metal
Ferrite/Biochar (MFBC) nanocomposites have exhibited excel-
lent adsorption capacity and photocatalytic activity and intrin-
sic magnetic property that ease an extraction and separa-
tion of slurry under applied magnetic field in water purifi-
cation process. In recent study, biochar derived from lemon
peels supported Mn-doped CaFe2O4 nanoparticle by hydrother-
mal method. The Mn-doping significantly enhanced the pho-
tocatalytic activity by introducing intermediate energy levels
within the band gap, preventing the rapid recombination of
e−/h+ pairs while biochar act as carrier to facilitate the elec-
tronic charge transfer. This nanocomposite employed for the
photocatalytic degradation of Rhodamine B dye under the
simulation of sunlight and shows remarkable photogradation
efficiency of 97.31% within 70 min using 0.1 g/L of photo-
catalyst dose.[40] This article review the recent advancement
and progress in the application of MFBC nanocomposites in
adsorption and photodegradation of dye pollutants. It also dis-
cusses various synthesis methods, characteristics, advancement
in adsorption capacity and photocatalytic activity, and enhance-
ment in dye removal efficiency. The underlying mechanisms
associated with MFBC employed as heterogenous Fenton-like
H2O2 and PMS/PDS-activated photocatalyst for the degrada-
tion of various dye pollutants from industrial wastewater have
been comprehensively discussed. This review also addresses
current challenges and offers insights to potential future
prospects for further advancements in development of MFBC
nanocomposites.
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Figure 2. Various biomass feedstock for biochar production.[24] Reproduced under the terms of the CC BY-NC-ND license. Copyright 2025, Elsevier.

2. Biochar: Sources and Characteristics

Biochar are carbonaceous materials produced by pyrolysis of
biomass materials in anaerobic environment at high tempera-
ture. The production of biochar from agricultural and municipal
wastes as well as from industrial and forestry residues through
pyrolysis, torrefaction, hydrothermal carbonization, and gasifi-
cation, practiced for large-scale production of biochar.[42] The
production of biochar often recognized as a sustainable solution
in managing organic waste, improving soil fertility, generation
of bioenergy, and in rehabilitate degraded sites.[43] These prepa-
ration methods not only influence the physicochemical and
functional properties but also influences the applications of
biochar. The essence of biochar-based nanocomposites has been
governed by type of biomass feedstock and pyrolysis condi-
tions that influences its properties including specific surface
area, porous structure and functional groups. The decomposi-
tion and pyrolysis of biomass over a specific temperature range
typically between 300 °C and 1200 °C significantly influence the
adsorption efficiency. However, the pyrolysis temperature used
to be maintained in a range from 300 °C to 700 °C as it helps in
retention of the nutrients, volatile matter, optimum carbon con-
tent as well as the surface functional groups that enhances the

adsorption process. Increasing the pyrolysis temperature results
in increased surface area and porosity but it may lead to the loss
of essential surface functional groups and decreasing of adsorp-
tion capacity.[44–46] Biochar derived from pyrolysis of agricultural
and industrial waste, forestry residues, sludge and municipal
waste (Figure 2) with adequate surface area, uniform pore size,
and volume and multifunctional groups has ideally remove wide
range of pollutants from industrial wastewater. The structural
and functional properties of biochar can be improved by chemi-
cal treatment by acids, alkalis, metal salts, and oxides enhancing
the adsorption capacity by the increasing specific surface area
and porosity.[47] The presence of oxy/hydroxyl-functional groups
on the surface of biochar such as carboxyl (–COOH), hydroxyl (–
OH), carbonyl (C═O), and phenol groups enhances reactivity as
well as adsorption capacity.[48]

3. Synthesis and Characterizations of Metal
Ferrite/Biochar nanocomposites

The production of biochar from renewable biomass feedstock
reduces the carbon footprint while the nontoxicity, abundancy,
and synthesis of metal ferrites via environmentally benign

ChemistrySelect 2025, 10, e04007 (5 of 31) © 2025 Wiley-VCH GmbH
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methods offer a sustainable approach for remediation of
pollutants.[49,50] Interestingly, the adsorption capacity of MFBC
nanocomposite has been much higher than pure biochar owing
to their chemical stability, porosity, and higher active sites.
The synthesis approach and the amount of precursor of metal
ferrite and biochar has significantly influence the adsorption
performance as well as the photocatalytic activity of MFBC
nanocomposites.

3.1. Synthesis of MFe2O4/BC Nanocomposites

Metal ferrites (MFe2O4) have been emerged as significant
nanoparticles in removal of contaminants such as organic pol-
lutants from textile industrial wastewater. Spinel ferrites have
gained considerable attention as a photocatalyst due to remark-
able lower energy band gaps, which make its effective utilization
on exposure to visible light.[27,32] On the other hand, Biochar
has been explored as an excellent adsorbent owing to high
porous structure, specific surface area and oxygen contain-
ing surface functional groups which enhances the interaction
of dye pollutants.[51,52] The impregnation of metal ferrites into
biochar matrix prevents aggregation while the uniform disper-
sion of MFe2O4 nanoparticles also ensures its superior stabil-
ity that accounts for its regeneration and reusability. Further,
MFe2O4 also enhances the adsorption capacity by facilitating
additional active sites for the adsorption of dye molecules.
The integration of MFe2O4 into biochar matrix has not only
decreases the band gap but also reduces the rapid recombi-
nation of photogenerated electron-hole pairs that affects the
photocatalytic activity. The synthesis of MFBC nanocomposites
involve diverse techniques and methodologies, primarily include
chemical approaches, such as co-precipitation, hydrothermal,
sol-gel, and auto-combustion. Each providing specific advan-
tages in tailoring properties such as particle size, morphology,
degree of crystallinity, phase purity, and surface properties.[53]

The stability and practical feasibility of MFBC nanocompos-
ite largely depends upon their resistance to agglomeration,
specific surface area, and desorption efficiency over multiple
regeneration cycles. For instance, MnFe2O4/OPBC synthesized by
co-precipitation method exhibited mesoporous structures with
Brunauer–Emmett–Teller (BET) surface areas ranging from 97.2 to
181.2 m2/g and pore volumes of 0.09–0.30 cm3/g. The pH adjust-
ment to 10 in co-precipitation step improved crystallinity and
prevented aggregation, leading to higher porosity with aver-
age pore sizes of 6.21–9.33 nm compared to pristine biochar
while also enhanced adsorption capacity to 46.90 mg/g.[54] The
overview, advantages, limitations and synthesis-property perfor-
mance trade-offs of various methods employed for the synthesis
of MFBC nanocomposites such as co-precipitation, hydrothermal,
sol-gel, and auto combustion summarized in Table 1.

3.1.1. Co-precipitation

The co-precipitation technique has been often employed for the
synthesis of MFBC nanocomposites due to its cost-effectiveness
and high yield. This method involves mixing metal salts (pre-

cursors) with biochar in the presence of a solvent to achieve
uniform dispersion and stabilization. However, challenges such
as controlling particle size, preventing aggregation, and ensur-
ing purity remain significant limitations of this approach. The
nanocomposite of manganese ferrite and zinc ferrite was capped
with Chromolaena odorata biochar using the co-precipitation
method, demonstrated excellent environmental and biological
compatibility by reflecting photoadsorption of indigo carmine
(IC) and methylene blue dyes in presence of solar irradiations
and also non-inhibition of bacterial growth. The co-precipitation
method yield small crystallite size that allows uniform distribu-
tion of MnFe2O4 over BC surface, leads to higher number of
active sites, while the higher BET surface area of 197.64 m2/g in
MnFe2O4/BC than ZnFe2O4/BC (92.14 m2/g) shows better adsorp-
tion capacity of 173.5 mg/g for IC and 131.6 mg/g for MB.[55]

The magnetic biochar derived from snake fruit peel synthesized
by co-precipitation method followed by carbonization under N2,
exhibited a band gap of 2.23 eV and surface area of 126 m2/g
that supports its utilization for photocatalytic degradation of RhB
dye. Furthermore, the Vibrating sample magnetometry (VSM)
analysis represent its superior magnetic characteristics with satu-
ration magnetization (Ms) of 24.2 emu g−1 enabling its reusability
over five cycles while also maintaining 99.9% RhB degradation
efficiency in 15 min under UV light.[56]

3.1.2. Sol-Gel

Sol-gel method is also an attractive and widely employed tech-
nique for the synthesis of MFBC nanocomposite due to its
versatility, homogeneity, controlled particle size and uniform
dispersion of nanoparticles.[57] Sol-gel method allows precise
control over surface morphology, crystallinity, and particle size
of nanocomposite. This method typically involves the transi-
tion of a system from a sol—a colloidal suspension of pre-
cursor particles—to a gel, characterized by a 3D network of
crosslinked metal–oxygen bonds. For instance, the synthesis of
CuFe2O4/biochar nanocomposite via sol-gel technique shows
improved morphology as CuFe2O4 scattered uniformly over the
biochar pores and also prevent agglomeration, enhancing the
photocatalytic activity for degradation of MB, MO, and Tartrazine
(TZ) dyes under visible light irradiations.[58] In another study,
Leichtweis et al., adopted similar approach to dope CuFe2O4

nanoparticles in malt bagasse biochar for degradation of RhB
dye by photo-fenton process.[59] In ZnFe2O4-based nanocompos-
ite, ZnFe2O4 NPs were supported by chitin-residue biochar and
fabricated by sol-gel method to degrade RhB dye using photo-
fenton process. It was observed that chitin biochar does not only
prevents the ZnFe2O4 nanoparticle aggregation but also facili-
tate the interaction of these nanoparticles to surface functional
groups present on its surface.[60] Zn-doped CuFe2O4@biochar
composite synthesized by sol-gel pyrolysis technique was imple-
mented as PS activator for photocatalytic degradation of CV
dye. Zn doping and Eucalyptus plant-based biochar support in
CuFe2O4 enhances the specific surface area and thus increases
the number of active sites. Further, Zn doping also leads to lat-
tice distortion and generate more oxygen vacancies whereas
it also increases magnetic properties of nanocomposites as

ChemistrySelect 2025, 10, e04007 (6 of 31) © 2025 Wiley-VCH GmbH
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observed by the increase of saturation magnetization (Ms) in
nanocomposite. The increasing number of oxygen vacancies
enhances the rapid migration of electrons to generate ROS
radicals that could enhance the overall photocatalytic activity
of nanocomposite.[61] Ultrasonic assisted sol-gel technique was
employed in loading lanthanum ferrite (LaFeO3) nanoparticles
on peanut shell derived biochar, modified the lamellar structure
of BC to a porous structure. Further, the loading of LaFeO3 also
increases the specific surface area, micropores, and pore volume
as determined by BJH method in BET analysis that enhances the
adsorption capacity. LaFeO3/BC nanocomposite was employed
as bisulfite (BS) activator to degrade MB dye.[62] A magnetic
adsorbent synthesized via sol–gel method by coating CuFe2O4

nanoparticles onto biochar derived from tea waste.

3.1.3. Hydrothermal Method

Hydrothermal synthesis involves the reactions in an aqueous
solution containing MFe2O4 and biochar precursors at high tem-
peratures and pressures within a sealed stainless-steel reactor
(autoclave). By surpassing water’s boiling point, this process
leverages the unique properties of superheated or supercriti-
cal water, enhancing reaction kinetics and precursor solubility.
Beta vulgaris (sugar beet) leaves extract was utilized to fab-
ricate CuZnFe2O4@N,S-doped biochar composite via one-pot
hydrothermal strategy. Initially, the plant extract was added to
precursors of metal ferrites and further these leaves were also
utilized to prepare N, S doped biochar. The N, S doping in pris-
tine biochar contributed in increasing the pore size by forming
aggregated irregular shapes on biochar surface that interact with
CZF nanoparticles and helps in binding and removal of azo
dyes.[63] Biochar derived from waste bamboo powder was acti-
vated using NaOH to obtain porous biochar and magnetized
by loading CoFe2O4 nanoparticles using hydrothermal method.
Further, it was modified by impregnating polyethyleneimine to
enhance the adsorption capacity. The dispersion of CoFe2O4

nanoparticles over biochar pores enhances the specific surface
area (SBET) to 42.329 m2/g from 15.113 m2/g of pristine BC as
well as pore volume from 0.016 cm3/g of pure BC to 0.142
cm3/g of CoFe2O4/BC nanocomposite, increasing the adsorption
capacity to 899.44 mg/g.[64] MnFe2O4/BC nanocomposite syn-
thesized via one-step hydrothermal strategy was employed as
ultrasonic-assisted heterogenous catalyst to degrade MB and
RhB dyes. The fine size and relatively strong magnetic prop-
erty of MnFe2O4 lead to the agglomeration and further reducing
the reactivity that affects the catalytic performance. To over-
come the challenge of aggregation, biochar derived from poplar
wood powder was utilized as a carrier that further increases
the specific surface area of nanocomposite from 41.4 m2/g
(of pure MnFe2O4) to 95.1 m2/g.[65,66] A ternary nanocomposite
of biochar/NiFe2O4/Ag3PO4 was fabricated using hydrothermal
method for removal of Hg and degradation of MB dye. Biochar
derived from sugarcane waste was used as a supporting mate-
rial for enhancing the stability of Ag3PO4 and NiFe2O4 while
also enhanced the specific surface area SBET to 79.48 m2/g as
compared to 11.27 m2/g of pure biochar. The presence of sur-
face multifunctional oxy groups and higher specific surface area

combined to enhance the adsorption capacity as well as pho-
tocatalytic degradation efficiency.[67] Amino-functionalized rice
bran biochar/MgFeAlO4 (RB@MgFeAlO4-NH2) composite synthe-
sized by one-step solvothermal approach beneficial in prevent-
ing nanoparticle aggregation, while preserving strong saturation
magnetization value of 19.78 emu/g ensures easy separation.[68]

3.1.4. One-Step Pyrolysis

One-step pyrolysis is an eco-friendly, energy efficient, and sim-
plified approach for the fabrication of MFBC nanocomposite. It
involved the direct thermal decomposition of metal precursors
and biomass in a single step under the inert N2 atmosphere. For,
e.g., Peganum harmala powder directly added to the solution
of Mn2+, Zn2+, and Fe3+ nanoparticles precursors and NaOH to
form a viscous gel solution and subjected to pyrolysis under N2

atmosphere at 600 °C to prepare Mn-ZnFe2O4/biochar nanocom-
posite for the adsorption and photocatalytic degradation of
RhB dye. The single-step impregnation and pyrolysis ensures
uniform distribution of MFe2O4 into biochar matrix while also
prevents aggregation of nanoparticles, however the preferable
morphology and retention of surface functional groups required
for adsorption of dye pollutants need to be addressed for
higher adsorption and photocatalytic degradation efficiency.[69]

In another study, Eucalyptus sawdust added between Zn+2

and Fe+3 precursor solution under constant stirring and further
pyrolyzed in tubular furnace at 600 °C under N2 atmosphere for
120 min. to form ZnFe2O4/Biochar nanocomposite for the adsorp-
tion and photo-fenton degradation of the RB and RBR dyes.[48]

In situ formation of CoFe2O4 on biochar from agricultural wastes
(sunflower husks (SH), Rice, and Peas) in one-stage process using
nitrates, ammonia, and citric acid formed octahedral crystals
with a reversal parameter (λ) of 0.1–0.9, influencing magnetic
inversion and specific surface area (83–116 m2/g). Higher λ (0.9) of
CoFe2O4/SH and CoFe2O4/Rice (0.85) form inverse spinel whereas
CoFe2O4/Peas (λ = 0.1) likely to form normal spinel and thus
inverted spinels tends to create more active sites for the adsorp-
tion. Henceforth, CoFe2O4/SH shows higher adsorption capacity
of 6.98 mg/g compared to CoFe2O4/Peas (1.22 mg/g).[70]

3.2. Characterizations of MFe2O4/Biochar Nanocomposites

The physicochemical properties, surface morphology, structural
characteristics, and elemental compositions of MFBC nanocom-
posites have been studied by various characterization tech-
niques such as Fourier transform infrared spectroscopy (FTIR),
Field emission-scanning electron microscopy (FE-SEM) and Trans-
mission electron microscopy (TEM), X–ray diffraction (XRD),
X- ray photoelectron spectroscopy (XPS), Raman spectroscopy,
VSM, and BET as shown in Figure 3 and 4. XRD analysis
determine the crystallinity index and phase purity of MFBC
nanocomposites. The broad diffraction peak indicates the amor-
phous and graphitic layered region of biochar, observed around
23° corresponds to (002) plane and 43° correspond to (100)
plane, while the sharp and well-defined peaks represent high
degree of crystallinity of ZnFe2O4 observed at 18.2°, 29.9°, 35.2°,
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Figure 3. a) XRD patterns of ZnFe2O4@BC, Reproduced with permission from[71] Copyright 2024, Elsevier. b) FTIR spectra of BC and MnFe2O4/biochar.
Reproduced with permission from[66] Copyright 2021, Elsevier. c) XPS spectra of CoFe2O4/BC and d) Raman spectra of CoFe2O4/BC, Reproduced with
permission from[75] Copyright 2024, John Wiley and Sons.

Figure 4. SEM, TEM, and element mapping of Fe, Co, and O of CoFe2O4/Biochar composite. Reproduced with permission from[78] Copyright 2025, Elsevier.

36.8°, 42.8°, 53.1°, 56.6°, 62.2° and 74.5° correspond to (111), (220),
(311), (222), (400), (422), (511), (440), (622) planes. The diffrac-
tion peaks between 23° and 29.9° suggest the formation of
hybrid ZnFe2O4/BC nanocomposite that retains the character-
istics of amorphous region of carbonaceous biochar alongside
with crystalline nature introduced by ZnFe2O4.[71]

The surface morphology and structural characteristics of
MFBC is analyzed by FE-SEM. The SEM analysis of biochar derived
from beta vulgaris leaves exhibit well-structured uniform outer
layer with interconnected nanoscale pores whereas Cu doped
ZnFe2O4 exhibit sheet-like layered structure that enhances the
surface area, while N,S-doping increases the pore size, account
for higher adsorption.[63] Conversely, it may also be challenging
to analyze the loading of ZnFe2O4 over BC surface via SEM, in
such a case HR-TEM analysis revealed the binding of ZnFe2O4

on biochar surface by demonstrating cubical structure of diam-
eter 60–80 nm, characterized lattice d-spacing between 0.44 nm
and 0.29 nm corresponding to lattice planes of (111) and (311)
of ZnFe2O4.[72] The generation of honeycomb-like structure of
pores and micropores in ZnFe2O4@AC nanocomposite analyzed
by FE-SEM, can be advantageous in enhancing the adsorption
of RhB, MO, and AY-17 dyes.[73] The SEM analysis of AC derived
from Phoenix dactylifera date stones shows rough surface, which
transformed to porous heterogeneous surface upon loading of
spherical CoFe2O4 nanoparticles increasing the adsorption of
cationic MB and MV dyes.[74]

X- ray photoelectron spectroscopy (XPS) analysis of MFBC
involved the survey spectrum that reveals the surface elemental

composition while the high-resolution spectra providing insights
to the oxidation states of each element. The XPS spectra of
MFe2O4/biochar confirms the presence of carbon (C), Oxygen
(O), Nitrogen (N), Iron (Fe), and a divalent metal (M). The C 1s
peak observed in biochar reflects the structural composition and
chemical bonding of carbon that distinguished by aromatic (sp2)
and aliphatic (sp3) carbon to understand the degree of graphi-
tization in MFBC nanocomposites. For instance, the XPS spectra
of CoFe2O4@BCNPs shows three distinct peaks in C 1s spectrum
at 285.5 eV (C═O), 284.5 eV (C–O–C), 284.1 eV (C–C/C═C). The
O 1s spectra exhibited three distinct photoelectron signals i.e.,
at 533.4 eV that correspond to adsorbed oxygen, 531.9 eV to the
oxygen vacancy, and 530.4 eV to lattice oxygen. The presence
of Co and Fe in CoFe2O4/BC nanocomposite was confirmed by
peaks of Co between 803.1 eV and 786.8 eV along with two dis-
tinct peaks of Fe between 724.3 eV and 710.3 eV correspond to
2p1/2 and Co 2p3/2 respectively. The binding energy shift suggest-
ing electron e transfer as well as interfacial interaction between
CoFe2O4 and biochar.[75]

The structural analysis of surface functional groups and
their chemical interactions in MFBC nanocomposite is observed
in FTIR spectrum.[76] Biochar exhibit characteristic absorption
peaks associated with various surface functional groups such as
carbonyl (–C═O), hydroxyl (–OH), carboxylate (O–C═O) groups
influenced by the biochar feedstock, pyrolysis temperature, and
chemical or physical modifications. These functional groups play
a crucial role in the physicochemical properties of biochar,
influencing its adsorption capacity, chemical reactivity, and inter-
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actions with other materials. In MnFe2O4/BC composite, peaks
between 459 cm−1 and 580 cm−1 were associated to Mn–O and
Fe–O stretching vibrations, respectively indicating the formation
of a spinel-type structure. The broad absorption bands in the
3450–3400 cm−1 region were assigned to –OH stretching vibra-
tions, which were more intense in the MnFe2O4/BC spectrum
than in pure BC, due to the presence of surface-bound hydroxyl
groups and metal–OH interactions, which ultimately has a key
role in radical formation during the Fenton-like reaction. The
peaks between 1640 cm−1 and 1400–1450 cm−1 corresponding
to C═C aromatic stretching and C═O stretching of carboxylic
groups, respectively. These groups are inherent to biochar and
contribute to the dispersion and stabilization of nanoparti-
cles through surface complexation. The reduction in the C–O
stretching peak (1300–1000 cm−1) intensity in the composite
compared to pure BC suggested the possible formation of M–
O–C bonds, indicating chemical interactions between MnFe2O4

and the biochar surface.[66]

Raman spectroscopy provides valuable insights into the A1g
mode correspond to symmetric stretching vibrations of metal-
oxygen bonds at tetrahedral sites in MFBC composites while
it also shows characteristic Raman peaks associated with the
defective or disordered carbon in biochar represented by the
D-band (sp3-hybridized carbon) and in-plane graphitized car-
bon vibration by G-band (sp2-hybridized carbon). For, e.g., In
CoFe2O4/biochar, the Raman spectra revealed peaks between
1340 cm−1 and 1590 cm−1, associated with the D-band and G-
band indicate the presence of defective and graphitic carbon
originating from biochar. The ID/IG ratio, which serves as an indi-
cator of carbon defect density was 1.03 for CoFe2O4/biochar,
suggesting higher level of structural disorder.[75] Similarly, the
Raman spectra of CoFe2O4/AC (AC derived from P. dactylifera
date stones) exhibits the D-band at 1355 cm−1 and the G-band
at around 1586 cm−1. The ID/IG ratio of CoFe2O4/AC nanocom-
posite and AC determined between 0.847 and 0.854 respectively,
implying that nanocomposite has lower sp2 carbon content
than AC due to the incorporation of CoFe2O4 over biochar.[74]

MnFe2O4/biochar exhibit peak at 620 cm−1 corresponding to
symmetric vibration of M–O bond and two prominent peaks
were observed between 1336 cm−1 (D-band) and 1580 cm−1 (G-
band) signifies the lattice defects and vibrational sp2-hybridized
carbon respectively.[77] Hence, Raman spectral analyses high-
light the structural modifications induced by the incorporation
of different MFe2O4 phases into biochar, influencing its disorder
and defect characteristics. Furthermore, the observed variations
in the ID/IG ratio provide critical information for evaluating the
degree of graphitization and the potential catalytic mechanisms
of MFBC nanocomposites.

4. Adsorption and Photocatalytic Properties of
MFBC Nanocomposites

4.1. Zinc Ferrite/Biochar Nanocomposites

Metal ferrites are soft magnetic materials with diversified prop-
erties that shows promising application as photocatalyst and

adsorbent material for dye remediation from wastewater. Among
various spinel ferrites, zinc ferrite has been widely investigated as
photocatalyst due to its chemical stability, nontoxicity, inherent
magnetic properties, and narrow band gap of 1.9 eV. The lower
band gap energy enables it to absorb visible light, however, the
rapid recombination of photogenerated electron-hole pairs can
reduce the photocatalytic efficiency. Therefore, researcher have
developed various nanocomposites using ZnFe2O4 with biochar
material that result in the formation of heterojunction structure
for enhance photocatalytic response under visible light. Biochar
also offers the extensive specific surface area that helps in pre-
venting aggregation of loaded ZnFe2O4 nanoparticles on biochar
surface. Table 2 represents degradation of various dye pollutants
by ZnFe2O4/BC nanocomposites.

Abdelfatah et al. investigates the effectiveness of a novel
magnetic, cleaner, and sustainable composite, CuZnFe2O4@N,S-
doped biochar (CZF@N,S-BC), in the removal of reactive black
dye 5 (RB5) as represented in Figure 5. CZF@N,S-BC exhibited
higher adsorption capacity of more than 50% and 100 mg/g
respectively for certain dyes, such as RV 03 and DGV 1. In con-
trast, the adsorption rates of other dyes, such as DBV 44, BR
19, and RR 120 were very low, less than 40% and 80 mg/g.
Furthermore, the adsorption of RB5 onto the nanocomposite
showed much higher efficiency and capacity compared to the
other dyes with an adsorption efficiency of 88.25% and a capac-
ity of 176.50 mg/g.[63] In another study, ZnFe2O4 and MnFe2O4

NPs were capped with biochar derived Chromoleana odorata
weeds for the photosorption of IC and MB dye. The biochar cap-
ping significantly reduces the band gap from 3.63 eV to 2.08 eV
for MnFe2O4/BC, while 2.53 eV for ZnFe2O4/BC, which enhances
its response to visible light. The mesoporous architecture of
MnFe2O4/BC and ZnFe2O4/BC also studied for the adsorption
behavior of IC and MB dyes by different isotherm model. The
adsorption of IC followed intraparticle diffusion kinetics and
best fitted in nonlinear Langmuir model for MnFe2O4/BC with
maximum adsorption capacity of 173.47 mg/g, while it follows
pseudo-second-order kinetics in ZnFe2O4/BC with maximum
adsorption capacity of 129.91 mg/g. In contrast, the adsorption of
MB follows pseudo-first-order kinetics and describe well by linear
Langmuir model with adsorption capacity between 131.58 mg/g
and 123.46 mg/g for MnFe2O4/BC and ZnFe2O4/BC respectively.
The narrow band gap ultimately promotes the excitation of elec-
trons as less energy required for migration from VB to CB and
lead to generate more reactive radicals for photodegradation of
IC and MB. The photocatalytic study reveals 98.60% removal of
MB (30 ppm) by ZnFe2O4@BC (1.0 g/L) and 77.65% removal of IC
(30 ppm) by MnFe2O4@BC (1.0 g/L) within 120 min under visible
light irradiation.[55] Mn substituted ZnFe2O4/magnetic biochar
nanocomposite was prepared by Alharbi et al. using one-step
pyrolysis method to remove RhB dye. The adsorption of RhB
carried out by using 3.2 g/L dosage of nanocomposite under
pH 4 and result in 82% removal of 10 ppm RhB within 90 min.
The adsorption process follows pseudo-second-order kinetics
and best described by the Langmuir isotherm with a maximum
adsorption capacity of 34.5 mg/g. The photocatalytic degrada-
tion involved photo-Fenton method and additionally H2O2 for
the removal of RhB. 2.5 g/L of nanocomposite was employed to
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Figure 5. Adsorption mechanism of RB5 dye on CZF@N, S-BC composite.[63] Reproduced under the terms of the CC BY 4.0 license. Copyright 2024, Springer
Nature.

degrade 100 ppm RhB dye under pH 4 within 60 min of visible
light irradiation.[69]

ZnFe2O4 was supported by biochar derived from residues
of coffee ground for the degradation of MB by photo-Fenton
process. The biochar support to ZnFe2O4 does not only pre-
vent aggregation of NPs but also ensures its uniform distribution
over the surface. Pure ZnFe2O4 shows low photocatalytic activity
and obtained degradation efficiency of only 38% within 60 min
under visible irradiations due to rapid recombination of e−/h+

pairs, while the equivalent ratio of ZnFe2O4 and BC accounts for
100% degradation in the similar duration.[79] Similarly, authors
have utilized chitin biochar to support ZnFe2O4 using coprecip-
itation method for degradation of ponceau red and MB dyes
by identical photo-Fenton process. ZnFe2O4/BC nanocomposite
was prepared by utilizing different mass ratios of ZnFe2O4 and
biochar in order to decrease the electron recombination rate.
The degradation mechanism of dyes relied on the generation of
ROS radicals and interaction of dye pollutants with the surface
of nanocomposite. The oxygen-rich functional groups in chitin
biochar does not only accelerate the migration of photogener-
ated electrons at the surface of ZnFe2O4 but also reduces the
e−/h+ pairs recombination.[80] In another study, similar approach
was implemented, where chitin biochar was used to support
ZnFe2O4 using sol-gel method for photocatalytic degradation of
RhB dye by photo-Fenton process. The interaction of functional
groups present on chitin biochar surface with ZnFe2O4 NPs does
not only prevent aggregation but also reduces the band gap as
well as the recombination rate of e−/h+ pairs. The mass ratio

of ZnFe2O4 to BC certainly effect the photocatalytic activity of
nanocomposite. For instance the higher amount of ferrite leads
to the uneven or poor distribution over BC surface while the
lesser amount might show the insufficiency in hydrogen perox-
ide activation leading to the decrease in photocatalytic activity.
Therefore, the equivalent ratio of 1:1 of ZnFe2O4 to BC shows
best photodegradation performance when 1.0 g/L employed to
degrade 10 ppm RhB dye under visible light at pH 3 and 50 μL
H2O2 within 20 min.[60] A single-step calcination method was
employed to prepare ZnFe2O4/BC nanocomposite for the pho-
tocatalytic degradation of MB dye. Biochar derived from banana
peels was incorporated in ZnFe2O4, enhances the visible light
absorption while also inhibit e−/h+ pairs recombination. The
photocatalytic degradation of 91.08% obtained for 10 ppm MB
dye carried out using 0.5 g/L nanocomposite on exposure to
visible light for 100 min. The photostability and significant pho-
tocatalytic activity of ZnFe2O4/BC nanocomposite was attributed
to its superior band gap, enhanced specific surface area, higher
active sites, and reduction in e−/h+ pairs recombination.[72] The
one-step carbonization activation strategy was implemented to
synthesize ZnFe2O4 loaded AC nanocomposite for the remedia-
tion of RhB, MO and AY-17 dyes.

The biowaste of Opuntia Stricta Haw. was utilized to derive
biochar as well as magnetized AC and subjected to Box–
Behnken Design (BBD)-response surface methodology (RSM)
to optimize the dye adsorption process. The Elovich model
provided the best fit for adsorption of RhB and AY-17 dye,
which indicate a chemisorption mechanism, i.e. the adsorp-

ChemistrySelect 2025, 10, e04007 (12 of 31) © 2025 Wiley-VCH GmbH
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tion rate decreases over time due to surface heterogeneity
while the adsorption of MO followed the pseudo-second-order
kinetics, suggesting that the rate of adsorption was influ-
enced by the availability of adsorption sites and MO con-
centration. ZnFe2O4@AC shows higher adsorption efficiency for
MO followed by RhB and AY-17 as predicted by Langmuir
isotherm model, which determined maximum adsorption capac-
ity of 180.51, 125.13, and 82.73 mg/g for MO, RhB, and AY-17
respectively.[73] Biochar derived pomelo peels was utilized for
the synthesis of ZnFe2O4@BC composite using one-pot thermal-
calcination method. The degradation of MB dye examined by
photocatalysis as well as photo-Fenton process using photocur-
rent tests and UV-vis diffuse reflectance spectroscopy. The addi-
tion of H2O2 promotes the electron transfer while also inhibit
the recombination of photogenerated electron-hole pairs. As an
electron acceptor, H2O2 captured electrons from ZnFe2O4@BC
and facilitate charge separation, result in higher photocurrent
in ZnFe2O4@BC/H2O2 as compared to ZnFe2O4@BC system. The
photo-Fenton degradation of MB dye performed by employ-
ing 0.5 g/L of ZnFe2O4/BC and 9 mM H2O2 to degrade 60 ppm
MB under visible light within 180 min.[81] Sngle-step pyrolysis
method was also employed to synthesize ZnFe2O4/Eucalyptus
sawdust BC nanocomposite. Synergistic effect of adsorption and
photo-Fenton degradation of RhB and reactive brilliant red X-
3B (RBR) dyes by ZnFe2O4/BC nanocomposite represented in
Figure 5. The removal efficiency of both dyes reaches up to
99% with the nanocomposite and H2O2 dosage of 0.7 g/L and
3 mmol/L respectively at a pH of 4.62 within 60 min. The photo-
Fenton degradation of RhB and RBR dyes by ZnFe2O4@BC/H2O2

system involved the excitation of e− to conduction band leaving
photogenerated holes (h+) in valence band.

ZnFe2O4+hv → ZnFe2O4(h+ + e− )

The e− in conduction band reduces H2O2 to form •OH while
the h+ in valence band oxidizes the H2O as well as OH− to
produce •OH.

h+ + H2O → H++•OH

h++OH−→•OH

H2O2 + e−→•OH + OH−

The redox coupling of Fe+3/Fe+2 e− in ZnFe2O4 also enhance
the activation of H2O2 to produce •OH and •OOH to degrade RB
and RBR dyes[71] represented in Figure 6.

Fe3+ + e− → Fe2+

Fe2+ + H2O2 → Fe3++•OH + OH−

Fe3+ + H2O2 → Fe2++•OOH+H+

4.2. Cobalt Ferrite/Biochar Nanocomposites

Cobalt ferrite has gained significant attention as a photocata-
lyst due to its sustainability, chemical stability, large saturation
magnetization, and optical band gap of ∼1.8 eV. The challenge
of faster e−/h+ pair recombination can often mitigate by cou-
pling of CoFe2O4 with biochar material that enhanced the charge
separation. Table 3 summarizes the remediation of dye effluents
by CoFe2O4/BC nanocomposites. Biochar derived from rice husk
(RHB), sunflower husk (SHB) was used to support CoFe2O4 and
nickel (II) doped cobalt (II) ferrite in single-stage in situ synthe-
sis for the oxidative degradation of MO dye. The CoFe2O4@BC
was utilized as a photo-Fenton catalyst to degrade MO dye. The
photocatalytic degradation of MO was associated with the gen-
eration of •OH and 1O2 radicals from redox cycling of Fe+2/Fe+3.
The degradation process employed 0.1 g/L CoFe2O4@BC with 3%
H2O2 to degrade 40 ppm MO dye, result in 100% degradation
by CoFe2O4/RHB within 120 min and CoFe2O4/SHB in 90 min
under visible light.[84] In one of the study, CoFe2O4 modified with
montmorillonite clay (MC) and starch for the removal of cationic
dyes such as methyl violet (MV) and MB. The response surface
methodology-central composite design (RSM-CCD) utilized to
optimize various factors affecting the uptake process. The sorp-
tion efficiency of the MC/starch/CoFe2O4 nanocomposite was
found to be significant, with more consistency observed with
the pseudo-first-order kinetic model. The factors that influence
the uptake process of MV and MB dyes include pH, temperature,
time, dye concentration, and sorbent dosage. The significance of
the solution pH identified as a key factor in the uptake process,
affecting the process through ionization and changes in func-
tional groups. Hence, the uptake process of MV and MB found
to be increased with an increase in pH from 2 to 10. Several plau-
sible mechanisms of adsorption represented in Figure 7. Among
which pore saturation can be most effective due to porous struc-
ture of MC, starch and MC/starch/CoFe2O4 confirmed by BET and
SEM analysis.[85]

Asif et al. biosynthesized four distinct ferrite/biochar
nanocomposites for the adsorption of Blue-XGRR (Basic Blue 41)
dye. The optimum conditions for the adsorption of dye were
found in pH range from 10 to 11 using 50 g/L dosage of adsorbent
with 60 min of contact time. The adsorption process follows
pseudo second order kinetics and described well by Langmuir
isotherms with maximum adsorption capacity of 46.90, 41.89,
35.33, and 25.09 mg/g for orange peels (OP)/MnFe2O4, peanut
shells (PS)/CuFe2O4, tree twigs (TT)/NiFe2O4, and wood/CoFe2O4,
respectively.[54] The AC derived from Phoenix dactylifera date
stones was modified by CoFe2O4 using co-precipitation method
for the sono-assisted adsorption of cationic dyes such as NB,
MV and MB. The adsorption process follows pseudo-second-
order kinetics and described well by Freundlich isotherm model
and shows maximum adsorption capacity of 86.24, 83.90,
and 87.48 mg/g for NB, MV and MB respectively. AC/CoFe2O4

nanocomposite shows excellent reusability unto ten adsorption-
desorption cycles while the adsorption efficiency was reduced
by only 6% even after seven times recycling.[74]

CoFe2O4@bio-carbon (CFBC) nanocomposites synthesized
by co-hydrothermal and annealing method. The bio-carbon

ChemistrySelect 2025, 10, e04007 (13 of 31) © 2025 Wiley-VCH GmbH
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Figure 6. Synergistic adsorption and photo-Fenton degradation of RB and RBR dyes by ZnFe2O4/Biochar nanocomposite. Reproduced with permission
from[71] Copyright 2024, Elsevier.

Figure 7. Adsorption mechanism of MB and MV dyes on MC/starch/CoFe2O4 nanocomposite. Reproduced with permission from[85] Copyright 2022, Elsevier.

nanoparticles derived from the apium stalks were decorated over
CF-NPs to endow multi-adsorption mechanism for the removal
of MB dye. CFBC nanocomposite possess higher specific area
and porous surficial structure that maximize the removal of
MB to 90.37% using 0.75 g/L adsorbent dosage at pH 7.[75]

Zarei et al. fabricated a CoFe2O4/BC nanocomposite by simple
co-precipitation strategy using CoFe2O4 magnetic NPs, pista-

chio biochar, and Mn-Fe-layered doubled hydroxide (LDH) for
the photodegradation of cationic (MB) and anionic (MO) dyes.
The photodegradation process was optimized using RSM by
examining various factors such as catalyst dosage, dye con-
centration and reaction time. The exposure to UV excites the
electrons on surface of CoFe2O4 and leads to the generation
of electron-hole pairs while the biochar derived from pista-

ChemistrySelect 2025, 10, e04007 (15 of 31) © 2025 Wiley-VCH GmbH
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Figure 8. Photodegradation of MB and MO dyes using PBC/CoFe2O4/Mn-Fe-LDH photocatalyst. Reproduced with permission from[86] Copyright 2023,
Elsevier.

chio shells (PBC) helps in trapping these electrons and delayed
the electron-hole recombination. The Mn-Fe LDH also prevents
the electron-hole pair recombination by creating type-II hetero-
junction, where photogenerated electrons get transferred from
CB of CoFe2O4 to CB of Mn-Fe LDH while holes from VB of
Mn-Fe LDH migrated to VB of CoFe2O4. These photogenerated
electrons combined with dissolved O2 in aqueous solution and
generate •O2

−. The superoxide radical further reacts with water
to produce hydroxyl radicals (OH•). The holes in the VB also
reacts with water molecules and generates OH•, further con-
tributing to the degradation of dyes as shown in Figure 8. The
photodegradation process carried out using 1.0 g/L of catalyst
dosage to degrade 10 ppm of MB and MO achieved 99.10%
degradation of MB and 99.89% of MO within 50 min at pH
10 and pH 2 respectively.[86] CoFe2O4 nanoparticle was incor-
porated into the matrix of biosilica (BSIL) extracted from rice
husk using coprecipitation method for the adsorption of MB
dye. The higher magnetic anisotropy and chemical stability of
cobalt ferrite along with the higher active site’s facilitation by
silanol group synergistically affect the adsorption of MB dye.
The deprotonation of silanol group with an increase in pH
over the surface of CoFe2O4 interact MB dye molecules through
electrostatic attraction and enhance the adsorption. The spe-
cific surface area and surface charge significantly influences the
adsorption capacity of CoFe2O4/BSIL. The specific surface area
of CoFe2O4/BSIL (283 m2/g) was found to be much higher than
BSIL (55 m2/g) as determined by BET method, while the surface
charge of BSIL was highly negative as compared to nanocompos-
ite. As a result, CoFe2O4/BSIL nanocomposite exhibit maximum
adsorption capacity of 253.6 mg/g, which was 5 times higher
than BSIL (52.6 mg/g).[87] A heterojunction co-hybridized g-
C3N4/Ni0.1Co0.9Fe2O4/biochar photocatalyst was fabricated using
hydrothermal calcination method for effective photocatalytic
degradation of MB dye. The photocatalytic degradation effi-
ciency of 96.7% obtained by employing 0.5 g/L photocatalyst to
degrade 20 ppm MB within 120 min on exposure to visible light.
In this ternary photocatalyst, photogenerated electrons from g-

C3N4 to Ni0.1Co0.9Fe2O4 transferred to the surface of biochar,
results in enhancing the charge separation by reducing e−/h+

pairs recombination. These electrons react with H2O2 to produce
•OH radicals. Additionally H2O2 also reacted with Ni0.1Co0.9Fe2O4

to produce hydroxyl radicals and increases the photocatalytic
efficiency.[88] Biochar derived waste bamboo powder was loaded
on CoFe2O4 and modified by polyethyleneimine (PEI) for the
adsorption of CR dye. The high adsorption capacity of PEI
ascribed to the interaction of positively charged amino groups
(generated by protonation) present in the main chain as well as
in side branches with the negatively charged sulphate groups
of CR dye. Hence, PEI modification of the magnetic biochar
composite by impregnation method significantly enhances the
adsorption capacity.

4.3. Copper Ferrite/Biochar Nanocomposites

Copper ferrites (CuFe2O4) nanoparticles have potential applica-
tion in remediation of organic pollutants due to their magnetic
properties, physical properties, and ease of separation using
external magnetic field. CuFe2O4 nanoparticles known for the
most effective visible-light sensitive photocatalyst. CuFe2O4 are
highly efficient in sulphate radical-based advanced oxidation
processes (AOPs) owing to its excellent stability and photocat-
alytic activity, high surface-to-volume ratio and low leaching
rate of metals in degradation of dye pollutants. However, the
ease of aggregation of CuFe2O4 nanoparticles reduces the avail-
ability of active sites, and thus prevented by supporting with
biochar. Additionally, the oxygen-containing functional groups
on the surface of biochar further interact with PS to generate
ROS radicals and enhance the dye degradation. Table 4 illustrates
various parameters involved in the removal of dye pollutants
using CuFe2O4/BC nanocomposites.

Biochar derived from eucalyptus sawdust was utilized to syn-
thesize CuFe2O4@Biochar nanocomposite using single-step sol-
gel pyrolysis. CuFe2O4@BC utilized for PS-activation to degrade
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malachite green (MG) dye. The photodegradation of 100 ppm
MG by employing 0.2 g/L CuFe2O4@BC and 0.25 mM of PS
under 90 min of visible light irradiation achieved 98.9% degra-
dation efficiency The increase in PS concentration from 0.1 mM
to 0.25 mM generates higher sulphate radicals to active sites and
enhances the degradation efficiency from 83.2% to 98.9%.[94] Zn-
doped CuFe2O4@biochar composite was also fabricated using
sol-gel pyrolysis method by Fan et al. to activate persulfate
(PS) for degradation of CV dye. Zn doping certainly improves
the photocatalytic activity of biochar supported CuFe2O4 by
increasing crystallite size and saturation magnetization while
also increases ratio of oxygen vacancies. These oxygen vacan-
cies certainly accelerate the migration of electrons and generates
ROS radicals for dye degradation. The optimal molar ratio of 1:9
of Zn to Cu in Zn-CuFe2O4@BC/PS shows the highest degrada-
tion of CV. The maximum degradation of 96.9% was observed
when 0.2 g/L catalyst and 0.25 mM PS utilized at pH 5.1 to
degrade 50 ppm CV dye.[61]

CuFe2O4 was supported on biochar derived from malt
bagasse by sol-gel technique for the photodegradation of MB,
MO, and TZ dyes under visible light. The photodegradation stud-
ies reveals that CuFe2O4 nanoparticles could only remove 50%,
47%, and 62% of MB, MO, and TZ, respectively. Further, the uni-
form dispersion of CuFe2O4 nanoparticles over biochar surface
prevents the agglomeration and reduces the electron-hole pair
recombination, which helps in improvement of photocatalytic
activity. The band gap of pure CuFe2O4 (1.39 eV) was found
to be decreased in CuFe2O4 supported biochar nanocompos-
ite as 1.29 eV. This decrease in band gap allows the ease of
electron migration from VB to CB and generate more ROS rad-
icals for degradation of these dyes within 60 min under visible
light.[58] In another study, Leichtweis et al. utilized similar com-
posite as CuFe2O4:BC in 1:3 ratio (CFO1B3) for the degradation
of RhB dye through photo-Fenton process. The pristine CuFe2O4

could only remove 39% of RhB dye under visible light within
60 min, whereas CFO1B3 efficiently removed ∼100% of 10 ppm
and 50 ppm RhB dye within 10 min and 20 min. respectively on
exposure to visible light.[59]

4.4. Manganese Ferrite/Biochar Nanocomposites

Manganese ferrite (MnFe2O4) stands out as soft magnetic ferrite
with interesting properties of high permeability and strong mag-
netized saturation. The spinel ferrite (MnFe2O4) consists of Mn+2

ions occupying tetrahedral sites while Fe+3 ions occupied the
octahedral sites. Table 5 represents MnFe2O4/BC nanocompos-
ites employed for the adsorption and photocatalytic degradation
of dye effluents from industrial wastewater. MnFe2O4 nanopar-
ticles synthesized via co-precipitation technique was loaded
over pinewood biochar by pre-treatment (MMNP-PrBC) and
post-treatment (MMNP-PoBC) strategies for the adsorption of Eri-
ochromie Black T (EBT) dye. The adsorption process employed
2.4 g/L adsorbent at pH of 7.5 for removal of 100 ppm EBT dye
within 160 min. The adsorption capacity of 121.95 mg/g, found
to be higher in MMNP-PoBC. The adsorption process followed
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Figure 9. Adsorption of MB dye and Hg (II) ions by MnFe2O4@Zn-Al LDHs@Cel@AGB. Reproduced with permission from[97] Copyright 2021, Elsevier.

pseudo-second-order kinetics and described well by Langmuir
isotherm model.[96]

Wood flour biochar (WFB) was used as a carrier to sup-
port MnFe2O4 (MFO) nanoparticles by single-step hydrothermal
method for photo-Fenton degradation of RhB dye. The inter-
action of MFO nanoparticles with oxygen-containing functional
group over WFB surface prevent its agglomeration and also
enhances the specific surface area from 57.78 m2/g (MFO) to 115.11
m2/g (MFO/WFB). The activation of H2O2 by MFO catalyst further
increases the RhB degradation. The photocatalytic degradation
of 97.8% achieved for 20 ppm RhB using 1 g/L of MFO/WFB cata-
lyst and 100 mM H2O2 at pH 5 on exposure to visible light within
60 min.[65] Biochar derived from poplar wood was also used as a
carrier to support MnFe2O4 by hydrothermal method to degrade
MB dye. The ultrasound-assisted heterogeneous Fenton-like pro-
cess in photocatalytic degradation of MB generates ROS radicals
by redox coupling of Fe(III)/Fe(II) and Mn(II)/Mn(III) while also
enhances the mass transfer rate at solid-liquid interface.[66]

Mahmoud et al. designed a MnFe2O4/BC nanocomposites
by fabricating MnFe2O4 nanoparticles with Zn-layered double
hydroxide on cellulose and activated biochar derived from
grapes stalks using in-situ method for the adsorption of of
MB dye and Hg(II) ion from wastewater. The adsorption of MB
primarily governed by van der Waals interactions and hydro-
gen bonding of MB molecules with surface functional groups
of nanocomposite (such as –OH, –COOH, phenolic) and π–
π interactions between the aromatic carbon of MB and the
graphitic domains of biochar. Alongside, the complexation and
ion exchange between MB and functional groups on biochar and
cellulose also contributed significantly to the adsorption process

as shown in Figure 9. The adsorption process was governed by
intraparticle diffusion mechanism and follows pseudo-second-
order kinetics while best fitted in Freundlich isotherm model
with maximum adsorption capacity of 19.28 mg/g and removal
efficiency of 97.4%.[97] Among various AOPs, the sulphate-radical
activated catalytic degradation has garner significant interest to
researcher in recent years. The PS-activated catalytic degrada-
tion of AO7 dye by Du et al., utilizes chitosan-fabricated MnFe2O4

nanocomposite. The degradation of AO7 carried out by employ-
ing 0.4 g/L nanocomposite to degrade 50 ppm AO7 under pH
7, achieve 99% removal within 30 min. The degradation fol-
lowed pseudo-first-order kinetics with a rate constant (k) of
0.14 min−1 higher than PS (k = 0.0016 min−1) or unmodified
MnFe2O4 (k = 0.0019 min−1). The electron-transfer reaction of
Mn+2/Fe+2 with S2O8

2– generated the SO4
•– radicals which fur-

ther produces •OH radicals on hydrolysis. Alongside, the redox
coupling between Fe+2/Mn+2 and Fe+3/Mn+3 also enhances the
PS activation while also generate •OH.[77]

4.5. Nickel Ferrite/Biochar Nanocomposites

Nickel ferrite (NiFe2O4) has been featured as soft ferrimagnetic
material with excellent chemical stability and low magnetic coer-
civity. The incorporation of NiFe2O4 into biochar enhances the
adsorption efficiency by providing higher active sites to adsorb
dye pollutants as well as ease of separation due to its magnetic
property. Comparative studies of NiFe2O4/BC nanocomposites
and various other ferrite/biochar nanocomposites employed for
the adsorption and photocatalytic degradation of dye pollutants
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from wastewater are discussed in Tables 6 and 7 respectively.
A ternary hybrid nanocomposite was fabricated by coupling
biochar with Ag3PO4 and NiFe2O4 using hydrothermal method
for photocatalytic removal of MB. The magnetic recoverability
and photocatalytic activity of NiFe2O4 while higher specific sur-
face area and presence of oxy/hydroxy functional groups on
biochar surface produces synergistic effect in degradation of
MB dye as well as for the adsorption of mercury. The disper-
sion of cubical structured Ag3PO4 and NiFe2O4 nanoparticles of
size 200 nm and 500–1000 nm respectively over biochar sur-
face revealed by SEM, enhances the surface area and number
of active sites. BET analysis shows an increase in specific surface
area from 11.27 m2/g of pristine BC to 79.48 m2/g of nanocompos-
ite, shows mesoporous structure with average pore diameter of
140 nm for nanocomposite. Furthermore, the stability of Ag3PO4

improved on its addition to NiFe2O4/biochar in ratio 1:2, falling
the band gap in visible region and enhances the photocat-
alytic activity. Upon exposure to visible light, electrons from
valence band easily migrate to the conduction band due to
narrow bandwidth of Ag3PO4 and NiFe2O4. The migration of elec-
trons from CB of NiFe2O4 (ECB = 0.47 eV) to the CB of Ag3PO4

(ECB = 0.56 eV) while the transfer of holes from VB of Ag3PO4

(EVB = 2.83 eV) to the VB of NiFe2O4 (EVB = 2.16 eV) enhanc-
ing charge separation of e−/h+ pairs. Further, biochar traps the
photogenerated e− from NiFe2O4 and Ag3PO4 and preventing
their recombination with holes in VB also helps in increasing
the charge separation efficiency and ensures the higher gen-
eration of O2

− for photocatalytic degradation of MB as shown
in Figure 10. The photocatalytic degradation of MB involved
2.6 g/L of nanocomposite, removing 94% MB within 90 min.[67] In
another work, AC was generated from willow catkins by chemical
activation method was loaded by NiFe2O4 to prepare nanocom-
posite using hydrothermal method for photodegradation of RhB
dye. AC modified by 45 wt.% NiFe2O4 shows excellent photo-
catalytic activity due to an increase in oxygen vacancies which
reduced the recombination of electron-hole pairs and enhances
the charge separation efficiency. The photocatalytic degradation
efficiency of 99.7% observed for 10 ppm RhB within 90 min on
exposure to sunlight.[108]

5. Adsorption Mechanism

Adsorption has been widely recognized as the most effi-
cient approach for the removal of dye effluents due to its
cost-effectiveness, ease of operation, low-energy requirement,
negligible, and high removal efficiency. The adsorption of dyes
over MFBC nanocomposite is primarily governed by electrostatic
interactions and the complexation of dyes with surface func-
tional groups of MFBC. Additionally, both physiosorption and
chemisorption driven by van der Waals forces and formation
of chemical bonds between the contaminants and the surface
functional groups play crucial roles in enhancing the overall
adsorption capacity of MFBC nanocomposites. The exceptional
physicochemical properties of MFBC nanocomposites, including
its nanostructured morphology, high surface energy, extensive Ta
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Figure 10. Photocatalytic degradation of MB dye using ternary NiFe2O4/Ag3PO4/Biochar nanocomposite. Reproduced with permission from[67] Copyright
2024, Elsevier.

specific surface area (SSA), and abundance of surface adsorption
sites, significantly contribute to its superior adsorption perfor-
mance. Furthermore, the synergistic effect between biochar and
MFe2O4 nanoparticles enhances pollutant removal by providing
additional active sites and improving the material’s stability and
reusability. The adsorption of cationic dyes such as MB and CV
dyes over MnFe2O4–Scenedesmus obliquus composite occurred
by synergistic effect of functional groups of algal biomass and
glycine-functionalized MnFe2O4, via multiple interactions in the
adsorption process. The biosorbent surface carries negative
charges at pH > PZC (point of zero charge: 7.6–8.7), facilitates
strong electrostatic interactions with the positively charged MB
and CV dyes. Further increasing in pH for, e.g., at pH 11, the neg-
atively charged surface sites at algal biomass include carboxyl,
phosphate, and hydroxyl groups also enhance dye adsorption.
The dipole-dipole hydrogen bonding exists between O–H and
N–H functional groups on the surface of composite with N-
atoms of dye molecules. Also, the Yoshida H-Bonding involving
interactions between O–H/N–H groups and the aromatic rings of
MB and CV dyes, represented in Figure 11. The lone pair electrons
of heteroatoms oxygen/nitrogen from the surface functional
groups interact with the π -electrons of the aromatic rings in MB

and CV account for n-π interactions. The intraparticle diffusion
of dye molecules on the mesoporous composite structure with
pore size 2–50 nm enhancing physisorption while the surface
complexation of functional groups of sorbent with dyes enhanc-
ing the chemisorption.[99] In another study, the adsorption of
RhB, MO, and MR dyes on NiFe2O4/AC composite. The adsorp-
tion of these dyes primarily governed by Pore-filling mechanism
which involves the retention dye molecules within the porous
matrix of the composite, based on the BET analysis that
revealed high specific surface area of 993.5 m2 g−1 and average
pore diameter of 1.99 nm of NiFe2O4/AC composite. Alongside,
the electrostatic interactions influenced by the pH-dependent
surface charge of composite, which revealed that pH < pHPZC

(pHazc ≈ 6.4) exhibits a positive surface charge that facilitates
the adsorption of anionic dyes i.e., MO and MR dyes. Conversely,
for pH > pHPZC, the negatively charged surface enhances the
adsorption of cationic dye i.e., RhB. Additionally, the H–bonding
between the oxy/hydroxyl-surface functional groups with dye
molecules and π–π interactions between the sp2-hybridized
carbon of AC matrix with aromatic rings of dye molecules
further stabilizes the adsorption process, represented in
Figure 12.[111]
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Figure 11. Possible mechanisms for the adsorption of MB and CV dyes on MnFe2O4–Scenedesmus obliquus composite. Reproduced with permission from[99]

Copyright 2024, Elsevier.

6. Photocatalytic Degradation Mechanism

The photocatalytic degradation mechanism of organic pollutants
involved various ROS radicals such as electrons, holes, hydroxyl,
and superoxide radicals that degrade pollutants by redox reac-
tion. Each of these reactive species plays significant role in
degradation of dye pollutants. In photodegradation, when the
incident photon energy equals to or less than the band gap of
photocatalyst, the photogenerated electrons from the valence
band (VB) migrate to the conduction band (CB). Further, the
reaction of holes left behind in VB and electrons in CB band with
water molecules in aqueous system will produced ROS radicals.
The photocatalytic degradation primarily operates by generation
of ROS radicals such hydroxyl (•OH), superoxide (•O2

−), and sul-
phate (SO4

•–) to degrade complex dye molecules into simpler
compounds.

Dye effluents + ROS
(•OH, •O−

2 , SO•−
4 ,h+,e−)

→ Intermediates → CO2,H2O

Among various AOPs, the sulphate radical-based peroxy-
monosulphate (PMS) activated system generates higher num-
ber of ROS over a wide pH range and improves degradation
efficiency. PMS-activated systems are growing significant atten-
tion in AOP for degradation of dye molecules due to higher
oxidation-reduction potential, selective reactivity and longer sta-
bility and lifetime. CuFe2O4@BC nanocomposite implemented
as an efficient heterogeneous catalyst to activate persulphate
(S2O8

2−) for the degradation of MG dye. The activation of PS
through redox cycling of Cu and Fe species. Cu(II) and Fe(III)
are reduced and oxidized in situ to produce highly reactive sul-
phate radicals (SO4

•–), hydroxyl radicals (•OH), and superoxide
radicals (O2

•–). The PS could also react with H2O and form HSO5
−

which reduces Cu(II) to Cu(I). Initially, Cu(II) oxidized to Cu(III) by
S2O8

2−, generating •SO4
− radicals. However, Cu(III) further reacts

to HSO5
− to reduce back to Cu (II) and allowing the continuous

redox cycling. While further reduction of Cu(II) to Cu(I) enhances
the PS activation to yield SO4

•− and OH–. Electrons then trans-
ferred from Cu(I) to dissolved oxygen, subsequently reducing it
to O2

•–.

Cu (II) + S2O8
2− → Cu (III)+SO4

•−+SO4
2−

Cu (III)+HSO5
− → Cu (II)+SO5

•− + H+

Cu (II)+HSO5
− → Cu (I)+SO4

•−+OH−

Cu (I) + S2O8
2− → Cu (II)+SO4

•−+SO4
2−

Similarly, Fe(III)/Fe(II) redox coupling with S2O8
2− and HSO5

−

generates ROS.

Fe (III)+HSO5
− → Fe (II)+SO5

•− + H+

Fe (II)+HSO5
− → Fe (III)+SO4

•−+OH−

Fe (II) + S2O8
2− → Fe (III)+SO4

•−+SO4
2−

while Cu(I) and Fe(II) also react with S2O8
2− and HSO5

− to SO4
•−

and •OH and also reduces the dissolved O2 to produce O2
•−[94]

Cu (I) + O2 → Cu (II) + O2
•−

Fe (II) + O2 → Fe (III) + O2
•−

The biochar surface facilitated the electron transfer processes
by the presence of oxygen-containing functional groups such as
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Figure 12. Different interactions such as a) pore-filling, b) electrostatic attraction, hydrogen bonding, and π–π interactions in adsorption mechanism of RhB,
MO, and MR dyes with NiFe2O4/AC composite. Reproduced with permission from[111] Copyright 2025, Elsevier.

hydroxyl (−OH) and carbonyl (−C═O) can activate the PS system
and could prevent CuFe2O4 agglomeration. The interaction of
these functional groups generate SO4

•– which further hydrolyzed
to form •OH.

BCsurface−OOH+S2O8
2− → SO4

•−+BCsurface−OO • +HSO4
−

BCsurface−OH+S2O8
2− → SO4

•−+BCsurface−O • +HSO4
−

SO4
•− + H2O → •OH + SO4

2− + H+

The MFe2O4/BC-PMS systems have great potential in gener-
ation of additional ROS such 1O2 and •O2

− along with SO4
•−

and •OH, results in enhanced degradation of dye pollutants. For

instance, the development of MnFe2O4-loaded graphitized hier-
archical porous biochar (MnFe2O4/MS) for the activation of PMS
by Fu et al., paved an excellent pathway for utilization of corn-
based biochar with MFe2O4 to degrade Orange-II dye. The degra-
dation mechanism follows both radical and nonradical pathways.
The radical-induced pathway involved the PMS activation to gen-
erate •SO4

− and •OH over the surface of MnFe2O4 nanoclusters
that provide the active sites while graphitized porous biochar
matrix enhances electron transfer reactions mediated by redox
coupling of Mn(II)/Mn(III) and Fe(II)/Fe(III).

Mn (II)+HSO5
−− → Mn (III)+•SO4

−+OH−

Mn (III)+HSO5
− → Mn (II)+ • SO5

−+OH−
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Fe (III)+•O2
− → Fe (II) + O2

Fe (II)+HSO5
− → Fe (III)+•SO4

−+OH−

Further •SO4
− can react with OH−/H2O to form •OH while

SO5
2− hydrolyzed to form •O2

−. The formation of •O2
− also

influenced by PMS decomposition and also in reduction of
Fe(III) to Fe (II) and sustaining the redox cycle. The nonradical
pathway involved the generation of singlet oxygen (1O2) by self-
decomposition of PMS, promoted by C═O functional groups on
the biochar surface while graphitized biochar matrix mediated
electron transfer from dyes (electron donors) to PMS (electron
acceptor) further enhances the degradation of Orange-II dye
molecules.[100]

SO5
2− + H2O → •O2

−+SO4
2− + H+

•SO4
− + H2O → SO4

2−+HSO4
−+ • OH+H+

HSO5
−+SO5

2− → SO4
2−+HSO4

−+1O2

The magnetic MnFe2O4-decorated graphite-like porous
biochar (KFS800) nanocomposite utilized to activate peroxy-
disulfate (PDS) for degradation of RhB dye. The redox coupling
of Mn(II)/Mn(III) and Fe(II)/Fe(III) activate PDS to generate ROS,
such as SO4

•−, •OH, •O2
−, and 1O2 radicals. Alongside, the

oxygen-containing surface functional groups on KFS800 also
activate PDS and generate SO4

•−.

Mn (II) + S2O8
2− → Mn (III)+SO4

•−+SO4
2−

Fe (II) + S22−O8
→ Fe (III)+SO4

•−+SO4
2−

(MnFe2O4/KFS800) −OH+S2O8
2− → HSO4

−+SO4
•−

+ (MnFe2O4/KFS800) − O•

The degradation mechanism involved the free radical path-
way where •OH radicals generated by SO4

•− on reaction with
H2O/OH− while S2O8

2− react with H2O to produce superoxide
radicals O2

•− , whereas the nonradical pathway involved the
generation of singlet oxygen 1O2 from O2

•− under acidic (H+)
and alkaline conditions (OH−)[101] as shown in Figure 13.

SO4
•− + H2O/OH− → HSO4

−/SO4
2−+ • OH

S2O8
2− + H2O → SO4

•− + O2
•− + H+

•O2
− + H+/OH−→1O2+OH−

MnFe2O4@BC utilized as heterogenous Fenton-like catalyst
for the activation of H2O2 to degrade RhB dye, The gen-
eration of ROS such as hydroxyl radicals (•OH) and super-
oxide radicals (•O2

−) was facilitated by the redox cycling of

≡Fe2+/≡Fe3+ and ≡Mn2+/≡Mn3+. The higher reduction poten-
tial of ≡Mn3+/≡Mn2+ (1.51 V) compared to ≡Fe3+/≡Fe2+ (0.77 V)
facilitate the electron transfer from ≡Fe2+ to ≡Mn3+, that fur-
ther regenerate the active sites ≡Fe2+ and ≡Mn2+. The porous
structure of wood flour biochar (WFB) prevents aggregation of
MnFe2O4 nanoparticles, while the π–π interactions and oxygen-
containing functional groups in WFB facilitate the migration
of electrons and ensure in stabilizing the redox cycling of Mn
and Fe.[65] The synergistic potential of ultrasound-assisted het-
erogeneous Fenton-like system employed to degrade MB dye
using MnFe2O4/biochar nanocomposite.[66] The redox coupling
of Fe(III)/Fe(II) and Mn(III)/Mn(II) to activate hydrogen peroxide
(H2O2) for generation of highly ROS; •OH and •O2

−. The reduction
of Fe(III) to Fe(II) by H2O2 generates HO2

•, which further dissoci-
ate to •O2

− while H2O2 oxidized Mn(II) to Mn (III) generate •OH.
Furthermore, HO2

• also generate •OH by reaction with H2O2, rep-
resented in Figure 14. The ultrasonic irradiation generates •OH
by dissociation of H2O2 and H2O while also promotes cavitation
and increases surface area to 95.1 m2/g from 41.4 m2/g to further
enhances the production of ROS. In another study, the degrada-
tion of MB by ZnFe2O4@BC involved a synergistic effect of visible
light-driven photocatalysis and Fenton-like process. The photo-
generated e- in CB react with O2 to produce •O2

− while the holes
(h+) oxidized H2O to •OH.

7. Factors Affecting Adsorption and
Photocatalytic Degradation

The photocatalytic degradation and adsorption process of dyes
can be affected several operational parameters including MFBC
catalytic system, catalyst loading, dye concentration and pH as
shown in Figure 15. In order to ensure the efficient degrada-
tion of dye pollutants, these parameters need to be optimized
for instance by implying RSM considering the regeneration
capability and reusability of MFBC nanocomposite.

7.1. Effect of Adsorbent/Catalyst Dose

The photocatalyst amount significantly influences the photo-
catalytic activity of MFBC nanocomposite. The increasing of
catalyst dosage often results in higher photocatalytic activity
due to increase in number of active sites for the adsorption
of pollutants, while also lead to the generation of ROS radi-
cals responsible for degradation of pollutants. For instance, the
increase in catalyst dosage from 0.3 g/L to 0.7 g/L, significantly
improved MB degradation efficiency to 99.8% within 20 min, due
to higher availability of active sites. However, further increase in
catalyst loading to 1.2 g/L decreases the degradation efficiency to
89.9%, as excessive catalyst scavenges •OH by Fe2+[66] In another
study, the increase of ZnFe2O4/BC dose from 0.5 g/L to 1.0 g/L
improved the photodegradation efficiency from 68% to 100%.
However, further increasing of ZnFe2O4/BC dosage to 2.0 g/L,
i.e., beyond the optimal value of 1.0 g/L reduces the photo-
catalytic activity due to the aggregation of nanoparticles that
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Figure 13. a) CuFe2O4@biochar/PS system for degradation of malachite green dye. Reproduced with permission from[94] Copyright 2021, Elsevier. b) PMS
activated-MnFe2O4/graphitized hierarchical porous biochar for degradation of Orange-II dye. Reproduced with permission from[100] Copyright 2019, Elsevier.
c) PDS-activated MnFe2O4–decorated Graphite-Like Porous Biochar (KFS800) heterogeneous catalyst for degradation of RhB dye.[101] Reproduced under the
terms of the CC-BY-NC-ND 4.0 license. Copyright 2024, ACS Omega.

reduces the specific surface area as well as scattered the irra-
diations required for catalyst activation, hence decreases overall
photocatalytic efficiency.[79]

7.2. Effect of Dye Concentration

The adsorption and photocatalytic degradation of dyes largely
influenced by the initial dye concentration. As the dye concen-
tration affects both, removal efficiency as well as the adsorption
capacity. The lower concentration of dye effluents leads to better
interaction of dye pollutants with the active sites on photo-
catalyst surface and achieves higher removal efficiency. The
photocatalytic degradation efficiency also affected by the gener-
ation of ROS radicals such OH, hence in case of higher pollutant
concentration, the light irradiation often largely absorbed by the
dye pollutants, restricting it’s reach to the photocatalyst surface

and thus lowers the production of ROS, reducing the removal
efficiency by MFBC nanocomposite.

7.3. Effect of pH

The pH of a solution can significantly affects the photocatalytic
degradation efficiency by influencing catalyst’s surface charge,
dye ionization, and interaction of functional groups on the active
sites. For instance, the removal of RB5 dye by CuZnFe2O4@
N,S-doped biochar nanocomposite was assessed within the pH
range from 2 to 11. Zeta potential analysis revealed that the
CZF@N,S-BC composite’s surface charge changes with pH, peak-
ing at 32 mV (pH 2) and reaching −25.3 mV (pH 11), while the
pHPZC was found to be 5.3. For pH < pHpzc, i.e., at acidic pH
(i.e., pH 2), the adsorption capacity of 176.50 mg/g was observed
for RB5 with removal efficiency of 81.1% which can attributed to
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Figure 14. a) Degradation of RhB dye by H2O2 activated-MFO-WFB nanocomposite. Reproduced with permission from[65] Copyright 2021, Elsevier. b)
Ultrasound-assisted heterogeneous Fenton-like process for degradation of MB using MnFe2O4/BC. Reproduced with permission from[66] Copyright 2021,
Elsevier. c) Proposed mechanism for MB dye degradation by ZnFe2O4@BC nanocomposite. Reproduced with permission from[81] Copyright 2024, John Wiley
and Sons.

the strong electrostatic interaction between positively charged
CZF@N,S-BC surface with negatively charged SO3

− of RB5 dye
molecules. While at pH > pHpzc, i.e., for pH 11, the adsorption
capacity gradually decreased to 46.51 mg/g with removal effi-
ciency of 23.25% results due to the interfering of OH− ions at
the binding sites.[63] In another study, the removal of MB dye
using heterogenous Fenton-based MnFe2O4/BC nanocomposite
was studied in the pH range from 3 to 11. The degradation effi-
ciency initial increases from 91.2% to 99% by varying pH from 3
to 5, but further decreases to 68.8% on increasing pH from 5 to
11. Under highly acidic conditions (pH 3), the presence of excess
H+ ions suppressed hydroxyl radical activity. While in alkaline
conditions (pH 9–11), the formation of iron hydroxide precipi-
tates and the accelerated decomposition of H2O2 limited the
production of ROS radicals.[66]

7.4. Effect of H2O2

The advanced oxidation process of catalytic dye degradation,
such as Fenton and Photo-Fenton, the generation of hydroxyl
radicals (•OH) from H2O2 has been crucial for achieving higher
degradation efficiency. However, beyond an optimal concentra-
tion, i.e., the higher H2O2 concentration may lead to decrease
the degradation efficiency due to radical quenching. For e.g
the ultrasonic assisted photo-Fenton degradation of MB using
MFBC nanocomposite shows an increase in degradation effi-

ciency from 26.5% to 99% on increasing the H2O2 concentration
from 0 mM to 15 mM within 20 min. However further increase in
H2O2 amount to 25 mM decreases the degradation efficiency to
81.1% due to scavenging effect of H2O2.[66]

8. Regeneration, Stability, and Reusability of
MFBC Nanocomposites

8.1. Stability and Reusability

Stability and reusability often considered to determine the
economic viability and sustainability of MFBC nanocompos-
ite in removal of dye pollutants from wastewater. Stability of
nanocomposite moreover refers to the efficiency of MFBC in
effective removal of dye effluents without loss of structural
integrity, surface morphology, and accessibility to active sites
when subjected to repeated cycle of adsorption and photo-
catalytic degradation with variation in pH, catalyst load, and
temperature. The tendency of aggregation of metal ferrites may
results in decreasing of active sites, however the biochar support
helps in reducing the agglomeration and uniform dispersion
that enhances the specific surface area as well as active sites
for adsorption and photocatalysis. In recent times, Spinel fer-
rites widely explored as a heterogeneous catalyst for activation
of PMS in generation of ROS for degradation of dye pollutants.
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Figure 15. Ultrasound assisted Photo-Fenton degradation of MB using different a) catalyst load, b) catalytic systems, c) initial pH, d) H2O2 concentration,
(MB concentration = 20 ppm). Reproduce with permission from[66] Copyright 2021, Elsevier.

However, under oxidative or acidic conditions, the leaching of
metal ions of MFe2O4 leads to undermine the catalyst stability
and reusability and poses significant eco-toxicological risks. To
address this issue, MFe2O4 integrated into biochar matrix to form
nanocomposite. The biochar support to MFe2O4 immobilizes the
nanoparticles preventing their aggregation and leaching while
facilitates electron transfer during PMS activation. The biochar
also offers a high surface area and porosity, enhancing the
active sites for adsorption and photocatalytic degradation. The
reusability of nanocomposite determined by its efficiency in
removal of pollutants over multiple cycles.

8.2. Regeneration

Regeneration of MFBC nanocomposites accounts for the practi-
cal applicability and its effective performance in removing dye
effluents from wastewater. The performance of these composites

often evaluated by the retention of adsorption capacity and pho-
tocatalytic activity and also the availability of active sites even
after repeated adsorption and desorption cycles. Enhancing
regenerability reduces operational cost and minimizing envi-
ronmental impact in implementation of MFBC nanocomposites
for large-scale wastewater treatment. The utilization of pure
biochar in dye wastewater treatment raises a concern of lim-
ited adsorption efficiency as well as difficulty in post-treatment
recovery. The metal ferrite modified biochar shows excellent
photocatalytic activity in presence of visible light and char-
acteristic magnetic property account for easy recovery. More
often, the challenges associated with the chemical and ther-
mal stability of MFBC nanocomposites on exposure to acidic or
alkaline eluents affects the adsorption efficiency. To overcome
such challenges, controlled synthesis of MFBC nanocomposites
that involve surface functionalization, doping or formation of
hetero-structures enhance the stability, and high surface activity.
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Additionally, the regeneration efficiency is also determined by
the extent to which desorption restores both the active sites as
well as the porous architecture of the biochar matrix. Repeated
regeneration cycles may lead to pores blockage or leaching of
metal ferrites nanoparticles and gradually decreases the adsorp-
tion capacity. The reusability and regeneration capacity of MFBCs
are critical factors in determining their techno-economic fea-
sibility in wastewater treatment. High regeneration efficiency
decreases the need for pristine adsorbents, reduces overall treat-
ment costs, and mitigates the environmental impacts associated
with adsorbent disposal.

9. Conclusions and Future Prospects

The rapid industrial expansion intensified the generation of
waste as well as the exploitation of natural resources leading
to environmental and water pollution. This review article dis-
cusses the recent advancement in wastewater treatment meth-
ods focused on mitigating the adverse impact of dye pollutants
through an eco-friendly and sustainable approaches. The con-
version of waste biomass from agricultural and forestry activities
into biochar through pyrolysis reflects a key idea in sustainable
waste management by reducing landfill volumes, diversion of
organic waste from incineration, and lowering of leachate at
waste disposal sites. Biochar has been utilized as a carrier to sup-
port metal ferrite in the development of MFBC nanocomposites.
These MFBC nanocomposites offer great potential to enhance
wastewater treatment via synergistic adsorption and photocat-
alytic dye degradation. It does not only accelerate the pho-
tocatalytic degradation of dye pollutants but also ensures the
restoration of ecological balance without producing hazardous
materials and regenerated by magnetic separation. Emerging
trends include ternary hybrids (e.g., MFBC/g-C3N4) for multiple
removal of pollutants, integration of advanced oxidation pro-
cesses, and utilization of highly produced waste-derived biochar
for sustainability. The optimizations of MFBCs could be the tran-
sition to cost-effective, eco-friendly solutions for industrial-scale
dye remediation that potentially reducing the reliance on tra-
ditional adsorbents like AC. However, realizing these prospects
requires in-depth mechanistic studies on multi-pollutant inter-
actions with MFBC nanocomposites. Large-scale production of
MFBCs encounters significant challenges, primarily associated
with synthesis strategies and structural uniformity. Chemical
methods such as co-precipitation and sol–gel synthesis is advan-
tageous in controlling particle size but yield poor crystallinity
and undesirable byproducts limiting their viability for large-scale
production. Physical methods such mechanical mixing and ball
milling produces higher yield yet compromises to structural
integrity and uniformity in particle size and often led to inten-
sify agglomeration owing to the intrinsic magnetic interactions
of ferrites. Hydrothermal and solvothermal techniques are con-
strained by equipment safety concerns and limited batch capac-
ity, while high-temperature pyrolysis during biochar production
can release hazardous volatiles increasing both environmental
risk and processing costs. Furthermore, achieving homogeneous
dispersion of ferrite nanoparticles on biochar matrices remains

a critical obstacle, hindering scalability for dye adsorption, and
photocatalytic applications. Addressing these key challenges
requires the development of environmental benign and sus-
tainable synthesis routes and cost-effective batch technologies
to ensure product uniformity and applicability at an industrial
scale.

This review article summarizes the advances and modifica-
tions implemented in the synthesis of MFBC nanocomposites
in remediation of textile dye effluents. The treatment of textile
industrial wastewater requires a great deal of research in devel-
oping cost-efficient, recyclable and effective materials that can
be employed in removing dye pollutants. The photodegrada-
tion efficiency of different MFBC nanocomposites depends on
several factors such as magnetic properties, band gap energy,
specific surface area, charge separation efficiency whereas the
adsorption capacity has been influenced by surface morphology,
functional groups interactions, surface-to-volume ratio, tempera-
ture, pH and contact time. The performance of various nanocom-
posites synthesized via different methods such as hydrothermal,
co-precipitation, sol-gel and one-step pyrolysis was assessed by
their adsorption capacity or photocatalytic activity. The syner-
gistic effect of adsorption and photocatalytic degradation paves
a significant pathway in effective removal of dye effluents. The
strategic development of MFBC nanocomposite can be focused
on enhancing the specific surface area, tunable porosity to lever-
age the active sites, and harness the visible light-harvesting
efficiency for maximum adsorption and photodegradation of
dyes. While MFBC nanocomposites offers tremendous potential
for wastewater purification due to their multifunctional capa-
bilities, their large-scale implementation is still limited. In the
near future, comprehensive research must be directed toward
evaluating their technical viability in real-world scenarios. A life
cycle assessment (LCA) is essential to evaluate the environ-
mental sustainability of nanocomposite synthesis, regeneration
and disposal. This include quantifying the energy input, carbon
footprint, and long-term ecological impacts. Attention must be
given to toxic intermediate by-products that may form during
photocatalysis or adsorption processes, which can sometimes
exhibit higher toxicity than the parent pollutants. In addition, the
reusability and recyclability of nanocomposites to remove dye
pollutants poses significant importance in wastewater treatment
process.
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