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Abstract

MnFe:Oq/activated carbon composites have emerged as multifunctional materials that combine the catalytic and
magnetic properties of manganese ferrite with the high surface area, porosity, and chemical stability of activated carbon.
Structural characterizations confirm the successful formation of crystalline spinel MnFe2Oa4 phases uniformly dispersed
within the carbon matrix, enhancing stability and reducing nanoparticle agglomeration. These composites exhibit
outstanding adsorption and photocatalytic efficiencies, achieving high removal rates for pesticides, antibiotics, nutrients,
and aromatic organics, while showing promise for microwave absorption, electrocatalysis, and energy conversion. Waste-
derived activated carbon precursors, such as coconut shells, coffee husks, and durian peels, further improve sustainability
and cost-effectiveness, aligning with circular economy principles. Mechanistic studies reveal synergistic pollutant
removal: MnFe>O4 provides redox-active sites and magnetic recovery, while activated carbon offers functional groups,
facilitates electron transfer, and mitigates charge recombination. Despite these advantages, challenges persist in
scalability, long-term regeneration, and real-world applications in complex wastewater matrices. Future work should
prioritize green, scalable synthesis, pilot-scale trials, and hybrid treatment systems to translate MnFe.Oa/activated carbon

composites into practical environmental and energy technologies.

Keywords: MnFe:Od/activated carbon composites, Activated carbon, Manganese ferrite, Adsorption, Photocatalysis,
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Introduction

The release of persistent and bio accumulative
pollutants has become a critical environmental and
public health concern. Many industrial contaminants,
particularly those originating from textile and
pharmaceutical  activities, are  toxic, poorly
biodegradable, and resistant to conventional treatment
methods, leading to long-term ecological damage and
severe health risks such as metabolic disorders, cancer,
and cardiovascular diseases [1-3]. The exposure to
human occurs through multiple pathways, including
inhalation, ingestion, and dermal contact, further
amplifying the global health risks [4]. These challenges
highlight the urgent need for sustainable water treatment

technologies that are capable of efficiently removing
recalcitrant pollutants while minimizing the secondary
environmental impacts [5].

Among the existing approaches, adsorption has
been widely applied because of its simplicity, cost-
effectiveness, and capability for removing a broad range
of contaminants [6]. However, the limitations related to
adsorbent regeneration and secondary waste generation
often restrict their long-term applicability. Therefore,
photocatalysis has therefore emerged as a promising
green alternative because it utilizes solar energy to
reduce the persistent pollutants into less harmful
products [7,8]. Nevertheless, many conventional

treatment techniques, including coagulation, membrane
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filtration, and biological processes, remain energy-
intensive, inefficient for refractory pollutants, and
associated with secondary sludge formation [9].
Nanotechnology has enabled the development of
functional nanomaterials with tailored surface,
electronic, and magnetic properties, offering new
opportunities for advanced and sustainable water
treatment.

Spinel ferrites, particularly manganese ferrite
(MnFe204), have attracted considerable attention
because of their high chemical stability and strong
magnetic response [10,11]. MnFe:O4 also exhibits a
relatively narrow band gap (~2 eV), enabling visible-
light activation. In addition, the mixed Mn-Fe redox
system facilitated efficient electron transfer and reactive
oxygen species generation, which are beneficial for
photocatalytic degradation [12-14]. In addition, their
magnetic properties enable facile recovery and reuse,
addressing a key limitation of many nanoscale
photocatalysts. However, the tendency of MnFe204
nanoparticles to agglomerate can significantly reduce
their active surface area and catalytic efficiency,
limiting their performance [15]. This challenge has
motivated the development of composite systems to
improve dispersion, stability, and charge separation.

Activated carbon is one of the most widely used
carbon-based materials derived from biomass wastes,
making it both sustainable and economically attractive.
Their high surface area, well-developed porosity, and
abundant surface functional groups enable strong
interactions with organic pollutants through electrostatic
attraction and hydrogen bonding [16-18]. Despite its
excellent adsorption capacity, activated carbon also
faces challenges related to its regeneration efficiency
and energy-intensive production [19]. To overcome
these limitations, increasing attention has been directed
towards integrating activated carbon with metal oxides
to form hybrid materials that combine adsorption and
catalytic functionalities.

Therefore, MnFe:Q4/activated carbon composites
have emerged as the promising candidates for
wastewater remediation. The incorporation of activated
carbon has suppressed the nanoparticle agglomeration,
enhances electron transfer, and improved structural
stability, while MnFe2O4 contributed to photocatalytic
and oxidative activity [20,21]. These synergistic effects

have enabled the effective removal of diverse pollutants,

including dyes, antibiotics, pesticides, and other
complex organic compounds [22,23]. Beyond
environmental remediation, such composites have also
demonstrated potential in energy-related applications,
such as electrocatalysis, further underscoring their
multifunctional nature.

Despite ~ growing  interest, studies  on
MnFe:Oq/activated  carbon  composites  remain
fragmented and largely pollutant-specific. Existing
review articles have independently addressed ferrite-
based photocatalysts, carbon-based adsorbents, and
magnetic carbon composites [23-26]. However, a
dedicated to
MnFe:0q/activated carbon composites encompassing

focused, integrated review

synthesis strategies, physicochemical characterization,

synergistic ~ mechanisms, and  multifunctional
applications is lacking. This review fills this gap by
systematically consolidating recent advances, critically
evaluating  synthesis strategies, physicochemical
properties, and performance, and identifying future
research directions for environmental remediation and

sustainable energy applications

Manganese ferrite (MnFe204)

Synthesis and characteristics of MnFe204

Manganese ferrite (MnFe:O4) belongs to the
family of spinel ferrites, which adopt a face- centered
cubic (FCC) crystal structure where metal cations are
distributed between tetrahedral (A) and octahedral (B)
interstitial sites. The general formula of spinel ferrites is
MFe20s, with divalent cations (M?" = Mn?*, Co?", Ni*,
Zn**, etc.) that typically occupying the A-sites, whereas
Fe*" and the remaining divalent cations occupy the B-
sites. Depending on the cation distribution, the structure
can be classified as a normal, inverse, or mixed spinel,
and this arrangement strongly governs the magnetic,
electronic, and catalytic properties. In particular,
MnFe20s4 exhibits a relatively narrow band gap (~ 2 eV),
high  chemical and thermal stability, and
superparamagnetic behavior at the nanoscale, making it
as attractive for environmental and energy-related
applications. A schematic illustration of the spinel
lattice is presented in Figure 1, highlighting the
distribution of divalent (M?") and trivalent (M?>*) cations
between the tetrahedral (A) and octahedral (B)

interstitial sites [27].
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(A)

Figure 1 Schematic of the spinel ferrite structure, showing divalent (M?*, purple) and trivalent (M3*, blue) cations

distributed between tetrahedral (A) and octahedral (B) sites, with oxygen anions (O, red) completing the lattice [27].

X-ray diffraction (XRD) typically confirmed the
crystalline nature of MnFe.Oa. As shown in Figure 2,
the XRD patterns reported in the literature have
exhibited characteristic diffraction peaks at 2 6 = 18°,
30°, 35°, 43°, 53°, 57°, and 63°, corresponding to the
(111), (220), (311), (400), (422), (511), and (440) planes
of the cubic spinel structure (Fd — 3m). The absence of
secondary phases indicated high purity. Williamson-
Hall analysis in previous studies provided quantitative
insights into crystallite size and lattice strain, revealing
crystallite sizes in the nanometer range (e.g., ~9 - 10 nm)
with measurable microstrain. These microstructural

parameters are strongly influenced by the synthesis

route: Sol-gel and co-precipitation methods, which
promote rapid nucleation, typically yield smaller
crystallite sizes and higher lattice strain, whereas
hydrothermal and solvothermal routes enhance
crystallinity, resulting in larger crystallite sizes and
reduced strain due to prolonged crystal growth. Such
variations directly affect surface reactivity and catalytic
performance [28]. Magnetic hysteresis measurements
further demonstrated the ferrimagnetic and soft
magnetic nature of MnFe20a, enabling rapid magnetic
recovery from aqueous systems. Optical analysis has
confirmed its narrow band gap (~ 2 eV), which supports

visible- light photocatalysis.
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Figure 2 Representative XRD patterns of MnFe.Os-based materials reported in the literature, showing the characteristic

diffraction peaks of the cubic spinel structure (space group Fd — 3m) [28].

Compared with other ferrites, MnFe:O4 exhibits

superior ~ magnetic susceptibility, facilitating
recyclability through external magnetic separation. Its
high dielectric response, oxidation resistance, and robust

structural stability have expanded its applications

beyond catalysis, including microwave absorption, drug
delivery, MRI contrast enhancement, and energy storage
technologies [29]. These combined advantages of
tunable magnetic properties, structural stability, and
sustainable recyclability underscore the potential of
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MnFe:Os as a

environmental and technological domains.

functional nanomaterial across

Among the various synthesis methods, the
hydrothermal route has proven particularly effective,
yielding uniform nanoparticles smaller than 20 nm with
high reproducibility and cost efficiency. Morphological
variations flakes, regular octahedra, and icosahedra
significantly influence the oxygen vacancy densities,
which in turn govern the catalytic activity and stability.
Notably,

minimal

icosahedral MnFe.Os nanoparticles with

oxygen vacancies showed  superior
functionalization with myricetin, resulting in a 4.5-fold
enhancement in size stability over 112 days [30].
Another key parameter is the cation inversion
factor (1), which describes the distribution of Mn?* and
Fe*" between tetrahedral and octahedral sites. MnFe2O4
typically exhibits normal or partially inverse spinel

configurations, with ferrimagnetic coupling between the

sublattices. Although the effect of A on magnetism is
less pronounced than in other ferrites due to the 3d°
high-spin states of Mn?*" and Fe*, theoretical and
experimental studies confirm that tuning A alters the
saturation magnetization ranging from ~5 puB (normal
spinel) to ~3 uB (inverse spinel) [31]. Bulk MnFe.0a
demonstrates saturation magnetization of 3.3 - 4.5 uB
per formula unit, higher than NiFe.O and MgFe>O4 and
comparable to FesOs and CoFe:0s. Additionally,
nanoparticle size effects can shift A, providing further
control over the physicochemical performance.
Multiple synthesis routes have been reported for
MnFe:04, each influencing particle size, morphology,
crystallinity, and ultimate performance in environmental
and energy applications. Table 1 provides a comparative
overview of the main synthetic approaches from the 6
cited references, highlighting their key features,

advantages, limitations, and outcomes.

Table 1 Comparison of synthesis methods for MnFe.Os-based composites.

Method

Key Features / Conditions

Advantages

Limitations

Representative Results

Co-precipitation

MnCl. '4H20,
FeClz2-4H20O/FeCls-6H20; base
NH4OH; ~80 °C; pH adjusted
until precipitation

Simple, low-cost, scalable;
nanoparticles ~ 30 -50 nm; >
99% Cu*" removal at pH 7

Particle size/purity
sensitive to pH and base
addition; prone to
agglomeration without
carbon support

Adsorption capacity ~
199 mg g for Cu*";
particle size 30 - 50 nm
[32]

Hydrothermal

MnCl./FeCls + NaOH;
autoclave 180 °C, 10 h; 1-step
composite with sludge biochar

Simultaneous hydrothermal
carbonization and MnFe>Oa
nucleation; prevents
agglomeration; enhanced

surface area and magnetism

Requires autoclave
(high pressure) and

long reaction time

Pb?* adsorption capacity
174.2 mg g'; Langmuir
isotherm fit [33]

Sol-gel (with

MnSO4-H20 + FeCls + citric

Homogeneous dispersion of

Requires medium-to-

DCEF adsorption capacity

pyrolysis) acid; gel formation followed by =~ MnFe2Os on biochar; high temperature 3522mg gt (~
pyrolysis at 500 - 700 °C; enriched porosity and surface  pyrolysis; outcome 3.5xcommercial AC) [34]
biochar from sawdust as functionality; higher depends on composition
support performance than and temperature
commercial activated carbon
Solvothermal Fe(acac); & Mn(acac): Narrow size distribution, Use of high-boiling RhB degradation 96%
(reflux) precursors; benzyl ether solvent monodisperse nanocrystals solvents and organic within 6 h under UV [35]

(~ 300 °C) with
oleylamine/oleic acid

surfactants; 1 h reflux

(~ 9 nm); superparamagnetic
(Ms ~ 56.4 emu g'); strong
photocatalytic activity

surfactants; high

reaction temperature

Green synthesis

Plant extract (Azadirachta
indica) as reducing/stabilizing
agent; FCC crystal structure
(Fd3m)

Eco-friendly, low-energy,
renewable;
superparamagnetic
properties; antibacterial

activity

Variable extract

composition affects
reproducibility and
particle size control

Average size ~ 59 nm;
confirmed
superparamagnetism
[36,37]
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As summarized in Table 1, each synthesis method
imparts distinct physicochemical properties to
MnFe:0a4, with direct consequences for its catalytic and
adsorptive behaviors. Co-precipitation is the most
common method because of its simplicity, scalability,
and low cost; however, the resulting particles are highly
sensitive to pH and base concentration, which requires
carbon supports to prevent agglomeration [32]. In
contrast, hydrothermal methods enable the one-pot
synthesis of MnFe.Os4 integrated with biochar,
simultaneously preventing nanoparticle agglomeration
and improving surface accessibility, albeit requiring
specialized autoclave equipment and longer reaction
times [33]. The sol-gel method, particularly when
combined with pyrolysis, produces homogeneously
dispersed MnFe2Os within  biochar frameworks,
significantly suitable in the commercial activated carbon
for pollutant adsorption, albeit at higher temperatures
[34]. Solvothermal reflux routes have excellent control
over the particle size and monodispersity, yielding
highly active nanocrystals but requiring expensive
solvents and high-temperature processing [35]. Finally,
green synthesis using plant extracts represents a
sustainable and low-energy approach, producing
superparamagnetic ~ nanoparticles ~ with  added
antibacterial ~properties, although reproducibility
remains challenging owing to the variability in natural

precursors [36,37].

Advantages and disadvantages of MnFe204
nanomaterials

The physicochemical features of manganese
ferrite (MnFe:04) provide a range of practical benefits
for catalytic and adsorption processes. Its relatively
narrow band gap allows excitation under visible light,
offering an  advantage over  wide-band-gap
semiconductors such as TiO2> or ZnO which typically
require UV irradiation. Upon illumination, MnFe.O. can
generate reactive oxygen species (ROS), that promote
the degradation of persistent pollutants including dyes,
pesticides, and pharmaceuticals. Another important
advantage is its ferrimagnetic nature, which enables
direct recovery from aqueous media using an external
magnetic field. This recyclability not only reduces
secondary waste but also represents a major

improvement compared with conventional adsorbents

that are difficult to separate after use. In addition,
MnFe:04 displays chemical and thermal stability,
biocompatibility, and relatively low toxicity, which
further broaden its potential for environmental and
biomedical applications [38,39].

Experimental reports have confirmed these
intrinsic  strengths and reveal the influence of
morphology and synthesis conditions to tailor the
performance. For example, the solvothermal preparation
of MnFe:04 yielded cubic, flake, and capsule
morphologies with distinct advantages: cubes exhibited
superior electrical conductivity, capsule-like particles
achieved the highest magnetic saturation, and flakes
delivered remarkable photocatalytic activity, removing
up to 98% of methylene blue with excellent reusability
[40]. Similarly, solvothermally synthesized myrica
rubra-like  MnFe:O4 microspheres demonstrated
exceptional microwave-assisted reduction of Cr(VI),
achieving 96% removal within ten minutes under
optimized acidic conditions substantially as commercial
catalysts [41]. Beyond these applications, theoretical
analyses emphasize multi-orbital hybridization in Mn—
O and Fe-O bonds, which has exhibited its
ferrimagnetic semiconductor behavior and unique
optical properties, making the material attractive for
optoelectronic and spintronic devices [42].

Nevertheless, several inherent drawbacks are
limiting the widespread use of MnFe:0s. At the
nanoscale, its high surface energy drives particle
agglomeration, reducing the accessible surface area and
thereby lowering the adsorption and catalytic efficiency
[38]. The narrow band gap, which is beneficial for
visible-light activation, also promotes the rapid
recombination of photo-generated charge -carriers,
leading to diminished photocatalytic performance
unless mitigated by coupling with conductive carbons,
heteroatom doping, or heterojunction [42]. By
controlling the reproducibility remains a challenge, as
variations in pH, temperature and precursor ratios can
result in size, morphology, and magnetic saturation [40].
Furthermore, although MnFe.Os is magnetically
recoverable, its different saturation magnetization can
sometimes lower than that of other ferrites, reducing the
separation efficiency in certain environmental and
biomedical contexts. Surface modification or protective

coatings are often required to enhance the stability and
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dispersibility in aqueous and physiological systems
[38].

Overall, MnFe:Os« has exhibited visible-light
activity, magnetic recyclability, and structural stability,
whereas morphology engineering further improves its
performance. However, intrinsic challenges such as
agglomeration, charge recombination, reproducibility,
and scalability must be addressed. These limitations
justify the growing emphasis on hybrid composites,
particularly MnFe.O. supported on activated carbon,
which can stabilize nanoparticles, expand accessible
surface area, and suppress charge recombination,
thereby unlocking its full potential in environmental and
technological applications.

Applications of MnFe204 (standalone)

Manganese ferrite (MnFe.04) has been widely
investigated as a promising material for environmental
catalysis, particularly in pollutant degradation. Its
Fenton-like catalytic activity facilitates the generation of
reactive oxygen species (-OH and -O2") under broad pH
conditions, which has promoted the efficient oxidation
of dyes and refractory organics. For instance, halloysite-
supported MnFe204 (HNT/MnFe204) has achieved over
90% removal of methylene blue at pH 4 - 10, showing
superior hydrogen peroxide utilization efficiency and
magnetic recoverability over multiple cycles [43].
MnFe20.

nanostructures have demonstrated a high photocatalytic

Similarly, morphology-controlled

efficiency, with flake-shaped nanoparticles achieving

nearly 98% degradation of methylene blue and retaining

stability after repeated use [40]. These results have
confirmed the potential of MnFe.Os as an effective
catalyst for wastewater purification, due to its visible-
light activity, magnetic recyclability, and ability to
operate under practical aqueous conditions.

In addition to water treatment, MnFe2O4 has also
been employed in diverse technological domains. In gas
sensing, pristine and Ni-doped MnFe.O4 nanoparticles
prepared by co-precipitation method has exhibited
efficient ammonia detection at room temperature, with
5 wt% Ni-doping enabling reliable sensing down to 200
ppm [44]. MnFe:Os has further shown excellent
electromagnetic wave absorption capabilities; when
combined with conductive carbon nanotubes, MnFe20a-
based nanocomposites enhanced absorption coefficients
by 2.5 - 3 times compared to pure ferrite across 5 - 20
GHz, making them as promising microwave absorbers
[45]. In the energy sector, MnFe204 has been explored
as an oxygen reduction reaction (ORR) electrocatalyst.
Structural engineering via eutectic molten salt treatment
has improved conductivity and increased the population
of catalytically active Mn?" sites, resulting in a positive
40 mV shift in the half-wave potential and a 2-fold
enhancement in specific activity [46]. These findings
highlight the multifunctional properties of MnFe.O4 in
environmental remediation, sensing, microwave
absorption, and energy conversion, thereby emphasizing
its role as a sustainable spinel ferrite for next-generation
technologies. A concise summary of these applications,
including system modification and key performance

metrics, is presented in Table 2.

Table 2 Selected applications of MnFe:Oa4 as a standalone material.

Application System / Modification Key Results Ref.
Dye degradation (Fenton-like) HNT/MnFe:0q 90% MB removal at pH 4 - 10; stable over 5 cycles; [43]
magnetic recovery
Photocatalysis Flake MnFe:0O4 98% MB degradation; high cycle stability [40]
morphology
Gas sensor Ni-doped MnFe:04 (5 Reliable NHs detection from 200 ppm at room [44]
wt%) temperature
Microwave absorption MnFe:O04/CNT composites 2.5 - 3 xhigher EM absorption (5 - 20 GHz) vs. pure [45]
ferrite
ORR electrocatalysis (energy) MnFe.O4 (EMS-treated) +40 mV half-wave shift; ~ 2xhigher mass/specific [46]
activity

Collectively, these applications demonstrate the

potential of MnFe:O4 in environmental remediation,

sensing, microwave absorption, and energy conversion

applications. However, to overcome fundamental
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challenges such as agglomeration, limited surface area,
and charge recombination, recent efforts have
increasingly focused on coupling MnFe.O4 with porous
supports such as activated carbon. Such hybrid systems
not only stabilize nanoparticles but also the expand
surface accessibility and improve charge separation,
thereby advancing the efficiency of pollutant removal

and energy applications.

Activated carbon

Synthesis and characteristics of activated
carbon

Activated carbon is a porous carbonaceous
material that is widely regarded as one of the most
effective adsorbents, primarily because of its
exceptionally high surface area, hierarchical pore
network, and rich surface chemistry. Activated carbon is
predominantly derived from renewable biomass
precursors, such as coconut shells, rice husks, durian
shells, wood, and other agricultural by-products, as both
cost-effective and sustainable for environmental and
industrial use [47,48]. Depending on the processing
method and intended use, activated carbon can be
produced in several physical forms, including
briquettes, granules, powders, and columnar shapes
[49]. These morphologies strongly influence handling,
surface accessibility, and adsorption kinetics, thereby
determining their suitability in specific contexts such as

adsorption, filtration, and catalysis.

A key feature of biomass-derived activated carbon
is its exceptionally high surface area and a well-
developed porosity [50]. The microporous network
provides abundant adsorption sites for small molecules,
whereas mesopores enhance diffusion pathways,
making activated carbon as highly efficient for the
removal of organic dyes, pesticides, heavy metals, and
emerging contaminants from water and air [51].
Moreover, the surface chemistry of activated carbon is
enriched with functional groups such as hydroxyl (—
OH), carboxyl (-COOH), and amino (—NHz) moieties,
which play a pivotal role in adsorption through
hydrogen bonding, electrostatic attraction, and n—=
interactions [52]. These functionalities can be further
tailored via chemical or physical activation for enhanced
selectivity towards specific pollutants.

Recent studies have emphasized that the diversity
of biomass precursors not only ensures sustainability but
also provides a pathway for tuning the morphology and
surface chemistry of activated carbon. For example, rice
husk-derived activated carbon exhibits a higher silica
content, whereas coconut shell-derived activated carbon
provides superior hardness and mechanical strength,
making it as suitable for industrial-scale adsorption and
regeneration cycles [53]. Similarly, activated carbons
prepared from unconventional feedstocks, such as
durian shells or agricultural residues demonstrate
surface areas and functional group densities, expanding
their potential for low-cost adsorption and catalytic

applications [50].
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Figure 3 FESEM micrographs of biomass-derived activated carbons at an accelerating voltage of 5 kV, showing irregular

fractured surfaces with interconnected pores that contribute to high surface area and adsorption capacity: (a) RSSAC, (b)
RSSAC1/4, (¢c) RSSAC1/2, (d) DSAC, (e) DSAC1/4, (f) DSACI1/2, (g) PPAC, (h) PPAC1/4, and (i) PPAC1/2. RSSAC,
DSAC, and PPAC represent activated carbons derived from rubber seed shell, durian shell, and palm petiole, respectively,
while “1/4” and “1/2” denote KOH-to-biomass ratios of 1:4 and 1:2 [50].

Activated carbon is conventionally synthesized
through physical or chemical activation. In physical
activation, a carbonized precursor is exposed to
oxidizing gases (steam or CO:) at elevated temperatures,
which progressively develops the pore structure.
Chemical activation, in contrast, utilizes reagents such
as KOH, ZnClz, or HsPO4 to simultaneously induce
porosity and introduce functional groups that enhance
adsorption affinity. Recently, increasing emphasis has
been placed on activated carbon production from

biomass waste, which not only reduces costs but also

aligns with circular economic frameworks and
sustainability objectives.

A wide spectrum of activation strategies was
explored to optimize the yield, porosity, and surface
chemistry. Table 3 provides a comparative overview of
the principal activation methods and highlights their
limitations, and

operating conditions, advantages,

representative results [54-61].

Table 3 Comparison of synthesis methods for activated carbon.

Activation Activated carbon Key features / Effect on carbon o Representative results &
. . A Advantages Limitations
method precursor (raw material) conditions properties performance relevance
Physical Coal, lignite, wood char Pyrolysis followed ~ Moderate surface ~ No chemical High energy Coal-based AC showed
Activation by steam or CO- area, well- additives, demand, lower enhanced pore
activation (700 - developed environmentally surface area vs development and improved
1,000 °C) macropores and benign, scalable chemical CO: uptake, suitable for
mesopores activation gas adsorption and
diffusion-controlled
catalysis [55]
Chemical Corn stigmata, biomass KOH Very high SBET, Extremely high Corrosive KOH-activated corn
Activation residues impregnation and dominant surface area, reagents, stigmata exhibited wide
(KOH) excellent pore size distribution and
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Activation Activated carbon Key features / Effect on carbon o Representative results &
. . . Advantages Limitations
method precursor (raw material) conditions properties performance relevance
carbonization (400  microporosity, adsorption wastewater high adsorption capacity
-900 °C) abundant defects capacity treatment required ~ for organic pollutants,
beneficial for adsorption—
AOP systems [56]
Chemical Coal slime, lignocellulosic ~ ZnCl» High micropore Rapid activation, Toxic Zn residues,  ZnCl:-activated coal slime
Activation waste impregnation and volume, uniform high surface area limited achieved SBET of 918
(ZnCl2) activation (400 - pore structure environmental m?/g and strong dye and
800 °C) compatibility iodine adsorption, favoring
fast adsorption kinetics
[57]
Chemical Durian shell, palm shell, Acid impregnation ~ Mixed micro— High carbon yield,  Acid handling, Biomass-derived AC
Activation coconut shell and carbonization mesoporous improved surface possible reached surface areas up to
(HsPOa) (400 - 800 °C) structure, oxygen-  functionality phosphate 2806 m*g, enhancing
containing residues adsorption via pore filling
functional groups and surface interactions,
ideal as catalyst support
[54]
Combined / Flax fiber, agricultural Pyrolysis followed  Tunable Precise pore Higher cost, Flax fiber-derived AC
Two-step biomass by alkali micro/mesopore control, improved ~ process showed enhanced porosity
Activation impregnation ratio, mass transport complexity and electrochemical

(KOH, K>COs) and
high-T activation

interconnected

pore networks

performance, relevant for
catalytic and energy-
related applications [58]

As indicated in Table 3, the activation pathways
for activated carbon differ considerably in terms of
efficiency, scalability, and environmental trade-
offs. The choice of the activation route exhibits both
performance and scalability. Physical activation offers
chemical-free processing and environmental benignity,
although it requires a high energy input and typically
produces lower yields. Recent advances such as fast
pyrolysis combined with physical activation have
improved pore architecture and CO: uptake capacity
[55]. Chemical activation is more versatile: KOH yields
extremely high surface areas but generates corrosive
waste streams [56], and ZnCl: provides rapid micropore
formation yet increased the concerns regarding toxicity
and residue management [57]. In contrast, while H;PO4
produces mesoporous carbons with high carbon yields
and easier post-treatment, proving effective for both
adsorption and energy storage [54]. More complex 2-
step activation methods allow fine-tuning of the micro
and mesoporosity, particularly advantageous when
fibrous precursors are employed [58].

Recent developments have also emphasized the
importance of predictive modeling and the role of
machine learning in activated carbon production. Zou et

al. [59] demonstrated that machine learning techniques

can effectively forecast surface area, pore volume, and
yield, highlighting the importance of process variables
such as soaking and activation temperature.
Furthermore, low-cost agricultural residues, such as
arhar stalks was successfully transformed into porous
activated carbon, proving the feasibility of scalable and
eco-friendly precursors [60]. Studies on lacquer wood
precursors have also revealed the promising outcomes
for supercapacitor applications, thereby expanding the
production of biomass-derived activated carbon [61].
These insights, together with advances in physical
activation methods [55], indicate a trend towards
integrating ~ experimental, = computational,  and
sustainability-oriented approaches into activated carbon
research.

Henceforth, these studies underscore the dynamic
progress in activated carbon production methods and
highlight a clear view towards the utilization of
renewable and waste biomass as precursors. By
combining cost effective feedstocks with tailored

activation strategies, current research not only advances

material performance but also strengthens the
integration of activated carbon production into
sustainable and circular resource management

frameworks.
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Despite the advantages of advanced synthesis
routes such as solvothermal and hydrothermal methods
- which produce MnFe:O4/activated carbon composites
with  well-controlled morphology and enhanced
performance - these approaches often involve higher
energy consumption, longer reaction times, and limited
scalability. In contrast, co-precipitation and related wet-
chemical methods offer lower cost and easier scale-up
but typically result in broader particle size distributions
and reduced control over interfacial structure. These
trade-offs highlight that superior laboratory-scale
performance does not always translate to practical
applicability; thus, synthesis route selection should
balance performance requirements with economic and

operational feasibility for the targeted application.

Advantages and disadvantages of activated
carbon

Activated carbon exhibits several notable
strengths, which make it as highly attractive for large-
scale applications. Its immense surface area and tunable
pore distribution enable the efficient adsorption of a
wide variety of pollutants, including synthetic dyes,
pesticides, antibiotics, and heavy metals [62,63]. The
adsorption performance was further enhanced by the
presence of surface functional groups (e.g., —OH, —
COOH and —NHz), which promote hydrogen bonding,
electrostatic interactions, and w—m stacking with
contaminants [70]. Another major advantage is the low
cost and wide availability of biomass precursors such as
coconut shells, rice husks, and other agricultural
byproducts, particularly in regions with abundant waste
resources [65]. These properties make activated carbon
as a sustainable material for diverse environmental and
industrial applications [63].

Despite these advantages, activated carbon has
important limitations. In aqueous systems, powdered
activated carbon is often difficult to separate and
recover, requiring additional treatment steps that may
generate secondary waste [64]. Regeneration of the
activated carbon via thermal or chemical methods can
be energy-intensive and sometimes incomplete, leading
to a gradual loss of adsorption capacity and reduced
cost-effectiveness over repeated cycles [62]. Moreover,
large-scale production is frequently constrained by the
high energy demand of the activation processes,
especially those operating at elevated temperatures or

using corrosive activating agents such as KOH or ZnClz
[66]. These drawbacks underscore the importance of
ongoing research into alternative regeneration
strategies, and the utilization of waste-derived
precursors to enhance both the sustainability and

economic viability of activated carbon.

Applications of activated carbon (standalone)

Activated carbon derived from various biomass
and waste precursors has been extensively studied for
pollutant removal applications. One of the most
common uses is the adsorption of organic dyes,
pesticides, and antibiotics. Activated carbon exhibits
high efficiency owing to its large surface area, tunable
pore structure, and abundance of surface functional
groups. Factors such as precursor type, activation
method, and surface modification significantly
influences the adsorption performance, enabling
activated carbon to effectively capture diverse organic
molecules through electrostatic interactions, hydrogen
bonding, and m—x stacking [67]. Recent advances in
modification techniques have further enhanced the
adsorption of recalcitrant contaminants, such as
antibiotics and pesticides, highlighting the activated
carbon as a sustainable adsorbent [68].

In addition to dye and antibiotic adsorption,
activated carbon has found broad applications in water
purification and industrial wastewater treatment.
Biomass-derived activated carbon has demonstrated to
efficiently remove heavy metals and other toxic
pollutants from aqueous environments, while offering
advantages such as cost-effectiveness and renewability
[69,70]. For example, its high sorption capacity and
reusability make it as particularly suitable for large-
scale wastewater treatment, in which operational
stability and selectivity are critical [71]. The continuous
development in activated carbon synthesis and
modification strategies have also expanded their
applicability in advanced wastewater remediation
processes.

In addition to conventional water treatment,
activated carbon was applied in various niche industrial
sectors. In the pharmaceutical field, activated carbon is
widely recognized as a universal antidote because of its
broad-spectrum adsorption capability, particularly

against toxic organic compounds [72]. Moreover,
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activated carbon -based systems have been explored for
aquaculture, where phosphorus recovery from water
using activated carbon composites not only reduces
nutrient pollution, but also enables resource reuse [73].
These emerging applications demonstrate that activated
carbon remains highly relevant not only in the
traditional environmental purification but also for
innovative resource management strategies across
different industries. In practice, activated carbon is
widely used in wastewater treatment for removing dyes,
pesticides, antibiotics, and other pollutants, with its

adsorption capacity proven efficient and adaptable
across diverse water matrices. Beyond environmental
remediation, it plays a key role in industrial wastewater
purification, air and gas purification, and biomedical
applications. These diverse uses underscore activated
carbon as an indispensable material. Table 4 highlights
representative studies on its performance across broad
applications. As shown, adsorption capacities vary with
precursor type, surface chemistry, and modification
method but consistently demonstrate high efficiency and

reusability in environmental and industrial contexts.

Table 4 Representative applications of standalone activated carbon in pollutant removal and industrial systems.

System / Precursor /

Application . . Key Results / Observations Ref.
Modification

Dye / pesticide / Biomass waste-derived Adsorption capacities up to 400 - 650 mg/g for dyes [67,68]
antibiotic activated carbon [67]; (e.g., methylene blue); > 90% removal of antibiotics
adsorption Modified activated carbon  and pesticides depending on precursor and

for heavy metals [68] modification
Industrial Activated carbon from Heavy metal adsorption capacities typically 50 - 250 [70,71]
wastewater agricultural residues [70]; mg/g (Pb**, Cd*" and Cr®"); > 95% removal efficiency;
treatment Biomass-derived activated  stable over multiple regeneration cycles

carbon [71]
Pharmaceutical activated carbon (general Recognized as universal antidote; rapidly adsorbs [72]
antidote application) [72] toxic organics and alkaloids in gastrointestinal tract;

high efficiency even at low doses

Aquaculture Activated carbon -based Phosphate adsorption capacity ~ 150 mg/g; > 85% [73]

water treatment

CaO: nanocomposites [73]

removal from aquaculture wastewater; potential for

phosphorus recovery and reuse

Preparation of MnFe2Oq4/activated carbon
composites

Various synthetic strategies have been employed
to fabricate MnFe.O4/ activated carbon composites,
each yielding distinct structural characteristics and
performance outcomes. Hydrothermal methods are
widely applied because they generate composites with
high crystallinity, uniform particle distribution, and
stable magnetic properties. For instance, Cao et al. [74]
have reported that hydrothermally prepared MnFe.O4/
activated carbon exhibited a larger surface area than
compared to pristine MnFe20a4 and achieved outstanding
activity in peroxydisulfate (PDS) activation, leading to
97.3% removal of norfloxacin [74]. The main advantage

of this method is its ability to suppress nanoparticle

agglomeration, although the synthesis process is
relatively more complex.

Another effective route is the solvothermal
method, which can significantly enhance the adsorption
performance. Wang et al. [75] synthesized MnFe2O4/
activated carbon in a 1:2 mass ratio using a one-pot
solvothermal process. The resulting composite has
achieved an exceptionally high acetochlor adsorption
capacity of 226 mg/g for acetochlor through
mechanisms involving pore filling, hydrogen bonding,
and n—n interactions. This demonstrates that carefully
tuned synthesis conditions can substantially improve the
pesticide removal efficiency.

The co-precipitation method offers the advantages
of simplicity and milder synthesis conditions. Sabaa et
al. [76] applied this method to obtain MnFe.O4/
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activated carbon, which was then tested as an
electrocatalyst for the oxygen reduction reaction (ORR).
Their findings revealed that MnFe.O./ activated carbon
has outperformed other ferrite-based composites such as
CuFe:04/ activated carbon and NiFe:O4/ activated
carbon. However, this technique can sometimes lead to
non-uniform particle sizes and a tendency toward
agglomeration, making the optimization of synthesis
parameters essential.

Recently, increasing attention has been directed
toward the use of waste-derived activated carbon as a
sustainable and cost-effective precursor. Nguyen et al.
[77] prepared activated carbon from durian shells, which
was subsequently combined with MnFe:04. The
resulting composite has exhibited a high surface area of
518.9 m?/g and achieved > 90% removal of indole from
aqueous solution. Similarly, Do et al. [78] utilized
coffee husks to derive activated carbon and obtained
MnFe.O4/ activated carbon with an ammonium
adsorption capacity of 15.97 mg/g. Such approaches
have highlighted the potential of agricultural by-
products to serve as low-cost feedstock while aligning
with sustainability goals.

Ashfaq et al. [79] further demonstrated that waste
biomass can produce multifunctional composites. By
employing coconut shell-derived carbon and a
hydrothermal synthesis route, they fabricated MnFe.O./
activated carbon with excellent microwave absorption

performance, achieving a minimum reflection loss of —

38.4 dB at 1.8 mm thickness. This indicates that
MnFe:0./ activated carbon composites may extend their
utility beyond environmental remediation to fields such
as energy conversion and electromagnetic shielding.

Overall, the choice of the synthesis method
strongly dictates the morphology, surface area, and
dispersion of MnFe.O4 nanoparticles on the activated
carbon matrix. The mass ratio of MnFe:Os to activated
carbon is also critical; for example, a 1:2 ratio has been
reported to be optimal for acetochlor adsorption [75].
Therefore, the combination of appropriate synthesis
strategies with sustainable precursors is therefore key to
increase the efficiency and applicability of these
composites in both environmental and energy-related
domains.

A comparative overview of reported synthesis
strategies for MnFe.Ou/activated carbon composites is
presented in Table 5. This table outlines variations in
activated carbon precursors, preparation methods, mass
ratios, and corresponding performance metrics. Such an
overview enables readers to clearly evaluate the
influence of structural properties and functional
efficiency of MnFe:Os/activated carbon composites
across different synthesis approaches. As shown in
Table 5, the preparation method and precursor type not
only determine the physicochemical characteristics of
MnFe:Oq/activated carbon but also directly affect its
adsorption and catalytic performance.

Table 5 Preparation of MnFe,O4/AC Composites and their targeted application.

Precursor Ratio
Target Application/
No Activated Method (MnFe204: . Ref
MnFe204 . Degradation
Carbon Activated Carbon)
1 MnCl2.4H-0 + Coffee Husk Hydrothermal 1:3 Ammonium Removal From [78]
FeCl3.6H20 Wastewater
2 Mn(NO3). + Activated carbon Hydrothermal 0.2:05¢g Norfloxacin (NOR) [74]
Fe(NO3)3.9H20 + Peroxydisulfate Degradation Via PDS
Activation
3 Mn(NO:3). + Carbon Vulcan Co -Precipitaion Not Mentioned ORR Catalyst in MFCs [76]
Fe(NO3)3.9H20 XC-T72R (Electrocatalysis)
4 MnCl2.4H20 + Durian Peel Impregnation - 1.29gMn+422¢g Indole (IDO) Removal [77]
Fe(NO3)3.9H20 Calcination Fe:5g AC
5 Fe*" + Mn?* Coconut Shell Onepot 1:2 Acetochlor removal & [75]
Solvothermal Degradation (PMS
Oxidation)
6 MnClz + FeCl3 Coconut Shell Hydrothermal 1:1,1:2,1:3 Microwave Absorption (EM [79]

Approach

pollution control)
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Structural characterization

Comprehensive structural characterization is
essential to verify the successful synthesis of MnFe204/
activated carbon composites and to establish
correlations between their structural properties and
functional performance. A combination of XRD,
SEM/TEM, FTIR/XPS, BET, and VSM techniques was
applied to confirm the phase formation, morphological
features, surface functionalities, porosity, and magnetic
behavior of the composites.

X-ray diffraction (XRD) has consistently
confirmed the formation of the spinel MnFe>Os phase,
with sharp and well-defined diffraction peaks indicating
high crystallinity. In several reports, the characteristic
peaks of MnFe.Os were detected alongside the broad
amorphous peaks of carbon, confirming the successful
integration of the 2 components. Moreover, the XRD
patterns show reduced agglomeration when MnFe>O4
was supported on activated carbon compared with
pristine ferrite, highlighting the stabilizing role of the
carbon matrix [74,76].

Microscopic observations using SEM and TEM
were validated further validation. SEM images typically
showed that the raw activated carbon has exhibited large
particles with irregular pores, whereas the MnFe.O4/
activated carbon composites displayed nanoparticles
uniformly distributed within the porous carbon
framework [77,78]. TEM and high-resolution TEM
studies also provided evidence of well-dispersed
nanosized MnFe.Os particles anchored onto the
activated carbon, effectively preventing particle
agglomeration [76]. Such morphological control is
critical for increasing the available surface area and
enhancing the accessibility of pollutants to active sites.

Spectroscopic analyses (FTIR and XPS) revealed
the presence of functional groups such as —OH, C=0,
and Fe—O, which contribute to adsorption and catalytic
activity [74,78,79]. The FTIR spectra showed distinct
bands assigned to Mn-O and Fe-O vibrations,
confirming the successful incorporation of ferrite into
the activated carbon support. Meanwhile, XPS analysis
provided insight into the oxidation states of Mn and Fe,
as well as the interaction between metal oxides and
surface oxygen functionalities of activated carbon,
which are vital for radical generation during advanced

oxidation processes.

BET surface area analysis demonstrated that the
incorporation of activated carbon has significantly
enhanced the porosity compared to that of pristine
MnFe:04. For example, durian shell-derived activated
carbon supported MnFe2Os has achieved a high specific
surface area of 518.9 m?/g with a pore volume of 0.106
cm?/g [83]. These properties are directly correlated with
improved adsorption capacities, as the large surface area
and hierarchical porosity facilitated pore filling,
hydrogen bonding and m—m interactions with organic
contaminants.

In addition to structural and surface
characteristics, the  magnetic  behavior  of
MnFe:Od/activated carbon composites play a crucial
role in their functional performance. Owing to the spinel
ferrite structure of MnFe»Oa, these composites typically
exhibit ferrimagnetic or superparamagnetic behavior at
the nanoscale, arising from antiparallel spin coupling
between metal cations at tetrahedral (A) and octahedral
(B) sites [80,81]. Activated carbon incorporation does
not eliminate the intrinsic magnetism of MnFe2O4 but
moderates particle agglomeration and preserves
sufficient saturation magnetization for effective
magnetic responsiveness.

This property enables rapid, efficient separation of
the composite from aqueous media using an external
magnetic field, which is highly advantageous for
practical wastewater treatment [82]. Magnetic recovery
simplifies post-treatment handling, reduces secondary
sludge formation, and enhances recyclability over
multiple  adsorption/photocatalytic ~ cycles  [83].
Compared to non-magnetic carbon-based adsorbents,
MnFe:0q/activated carbon composites offer superior
operational sustainability and cost-effectiveness [84].

Beyond environmental remediation, the magnetic
characteristics of MnFe:O4/activated carbon composites
support energy-related applications. Magnetic ferrite
domains facilitate electron transport and interfacial
charge transfer, benefiting electrocatalytic reactions
such as the oxygen reduction reaction (ORR) [85].
Furthermore, the synergy of magnetic loss from
MnFe:04 and dielectric loss from activated carbon
enhances electromagnetic wave attenuation for
microwave absorption and interference shielding [86].

Finally, magnetic measurements using VSM

highlighted the importance of magnetic properties for
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practical applications. The composites have exhibited
strong magnetization, ensuring facile separation from
the treated solutions after use [75,79]. This
characteristic provides a distinct operational advantage,
enabling easy recovery and reusability of the material
without causing secondary pollution. These structural
characterizations confirm that MnFe.O4/activated
carbon composites have successfully integrated the
physicochemical benefits of both components: the
magnetic and redox activity of MnFe.O4 and the high
surface area and functionalized porosity of the activated
carbon. The synergy between these features underpins
the superior adsorption and catalytic performance
reported in subsequent application studies.

Adsorption and photocatalytic performance

The pollutant removal performance of
MnFe:Od/activated carbon composites has been
extensively investigated, and results highlighted their
multifunctional properties. Depending on the synthesis
route, precursor materials, and operating conditions,
these composites demonstrate remarkable efficiency
relative to pristine MnFe2O4 or activated carbon alone,
although the reported performances vary significantly
depending on the synthesis route and operational
parameters. For pesticide removal, the solvothermally
synthesized MnFe.O4/activated carbon with a 1:2 mass
ratios have achieved an outstanding adsorption capacity
of 226.76 mg g for acetochlor under optimized
laboratory conditions (25 °C, adsorbent dosage 0.2 g
L™, and single-solute system) [75]. The removal process
was attributed to multiple mechanisms, including pore
filling, hydrogen bonding, and n—n interactions between
the aromatic rings of acetochlor and the carbon surface.
Importantly, regeneration tests have confirmed that the
material retained more than 90% degradation efficiency
after PMS activation, although its adsorption capacity
gets decreased by approximately 50% after repeated
cycles [75].

For antibiotic degradation, a hydrothermally
synthesized composite was shown to effectively activate
peroxydisulfate (PDS) for norfloxacin removal. The
system achieved 97.33% degradation under optimized
conditions (0.15 A current, 0.100 g L' catalyst, 10
mmol L™ PDS, and 5 mg L' NOR), which represents
idealized laboratory settings rather than realistic
wastewater conditions [74]. This result highlights the

strong potential of MnFe.Ous/activated carbon
composites in advanced oxidation processes of
pharmaceutical  pollutants.  Studies have also
demonstrated promising results for nutrient removal,
particularly ammonium. A composite prepared from
coffee husk-derived AC (ratio 1: 3) has exhibited an
adsorption capacity of 15.97 mg/g at pH 7 and an
equilibrium time of 80 min [78]. The high performance
was attributed to the abundant oxygen-containing
functional groups on the AC surface, which enhanced
the electrostatic attraction and ion exchange with
ammonium ions.

MnFe:0u4/activated carbon composites have also
depicted a high efficiency in removing organic
contaminants. A composite derived from durian shell
AC has exhibited excellent performance. Response
surface methodology (RSM) optimization has revealed
> 90% removal at near-neutral pH (7.4) in a batch
system with synthetic wastewater, indicating favorable
adsorption performance under controlled conditions
[77]. Thermodynamic analysis further confirmed the
spontaneity of the adsorption (AG® < 0).

In addition to the adsorption-driven removal, the
superior photocatalytic performance of
MnFe:0q/activated carbon composites were supported
by experimental evidence reported in recent studies.
Radical scavenging experiments employing
isopropanol, benzoquinone, and ammonium oxalate
demonstrated that hydroxyl radicals (*OH) and
photogenerated holes (h*) are the dominant reactive
species responsible for pollutant degradation, whereas
superoxide radicals (*O:) play a secondary or
condition-dependent role. Furthermore, electron spin
resonance (ESR) measurements provide direct
confirmation of *OH and *O. formation during visible-
light irradiation or oxidant activation, indicating
effective charge separation and sustained reactive
oxygen species (ROS) generation in carbon-supported
MnFe:O4 systems. These experimental findings
corroborate  that the enhanced photocatalytic
performance of MnFe:Oa/activated carbon composites,
relative to bare MnFe»Qa, originates from the improved
electron transport through the conductive carbon matrix,
suppressed electron—hole recombination, and efficient
redox cycling of Fe?*/Fe*" and Mn*/Mn*" species.

In addition to environmental applications,

MnFe:Oq/activated carbon composites have attracted
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attention for electromagnetic absorption and energy
conversion  applications. = Coconut  shell-based
composites synthesized via a hydrothermal approach
has achieved a minimum reflection loss of —38.4 dB at
1.8 mm thickness, with an effective absorption
bandwidth of 6.2 GHz in the Ku-band range [79].
Similarly, MnFe.Od+/activated carbon demonstrated
superior oxygen reduction reaction (ORR) activity
compared to NiFe.Os/ activated carbon and
CuFe204/activated carbon, with a more favorable onset
potential and current density [76]. These results suggest
that MnFe.Os/activated carbon is not limited to
wastewater treatment but may also play a role in
renewable energy and electromagnetic shielding
applications.

Although MnFe:Os/activated carbon composites
demonstrate the enhanced adsorption and photocatalytic
performance compared to their individual components,
direct comparison among reported studies remains
challenging owing to substantial variations in the
experimental conditions. Adsorption capacities are
strongly influenced by parameters such as pH, initial
pollutant concentration, contact time, and adsorbent
dosage, whereas the photocatalytic efficiency depends
on the light source, irradiation intensity, catalyst
loading, and reaction duration. High removal
efficiencies reported under optimized laboratory
conditions such as acidic media, low contaminant
concentrations, or high light intensity may therefore
overestimate the performance under realistic operational
environments. These factors highlight the importance of
evaluating MnFe:Oa/activated carbon composites in
terms of removal efficiency operational feasibility,
durability, and scalability.

To improve the comparability of the reported
performance data, the adsorption and photocatalytic
results discussed in this review were interpreted within
a common experimental context. Adsorption
performance is primarily compared using capacity
values normalized per unit mass of adsorbent (mg g™),
while considering key operating parameters such as
solution pH, initial pollutant concentration, and contact
time. Similarly, photocatalytic activity is contextualized
based on the degradation efficiency and reaction time
under comparable light sources (UV or visible) and
catalyst loadings. This contextualization allows for a

more balanced assessment of reported results while

avoiding the over interpretation of isolated high-

performance values.

Mechanism of adsorption and degradation

The adsorption and degradation efficiencies of
MnFe:0q/activated carbon composites can be attributed
to a combination of physicochemical properties,
including porosity, surface functionalities, and the redox
activity of the ferrite phase. Several complementary
mechanisms have been proposed to explain this
performance. The overall synergistic adsorption-
degradation mechanism is illustrated in Figure 4,
demonstrating the complementary roles of activated
carbon in adsorption and MnFe:04 in reactive oxygen
species generation and catalytic degradation.

The adsorption processes are primarily governed
by both physical and chemical interactions. Pore filling
is the dominant pathway, as the hierarchical porosity of
activated carbon provides abundant adsorption sites for
organic molecules and ions. Hydrogen bonding between
the surface hydroxyl or carboxyl groups and pollutant
molecules further enhances affinity [77,78]. In addition,
n-n and n-m interactions are frequently reported,
particularly in the removal of aromatic pollutants such
as acetochlor and indole, where the m-electron systems
of the contaminants interact with the aromatic domains
of the activated carbon [75,77]. Thermodynamic
analyses, including negative AG® values have confirmed
the spontaneity of these adsorption processes,
suggesting that both physisorption and chemisorption
occur simultaneously [77].

In photocatalytic and advanced oxidation
processes (AOPs), MnFe2Oa provides redox-active sites
that facilitate electron transfer, whereas activated carbon
suppresses electron—hole recombination and promotes
radical ~ generation.  Upon  activation (e.g.,
peroxydisulfate or peroxymonosulfate), reactive oxygen
species such as hydroxyl radicals (*OH) and sulfate
radicals (SOa*") are generated [74,75]. These highly
reactive species are capable of oxidizing recalcitrant
pollutants such as norfloxacin, leading to near-complete
degradation under optimized conditions. The synergistic
role of activated carbon is particularly critical: by
enhancing electron mobility and providing conductive
networks, activated carbon not only increases catalytic
activity, but also ensures that a larger number of active

sites are accessible to pollutants.
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Figure 4 Conceptual schematic of the synergistic adsorption-degradation mechanism of MnFe:.Oa./activated carbon

composites.

Compared to bare MnFe:O., incorporation of
activated carbon significantly enhances interfacial
electron transport and charge separation due to its high
electrical conductivity and efficient electron-mediating
pathways [87]. Carbonaceous substrates like biochar or
activated carbon act as electron shuttles between

MnFe:0s active sites and oxidants, altering selectivity,

improving electron transfer in advanced oxidation
processes (AOPs), and directly participating in charge
carrier dynamics and catalysis.

This role in promoting electron mobility and
suppressing electron—hole recombination is observed in
related metal—-carbon composites, where the conductive

carbon network lowers charge-transfer resistance and
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prolongs charge carrier lifetimes, yielding higher
photocatalytic degradation efficiencies than pristine
metal oxides [88].

From a charge-transfer perspective, the
MnFe:O4/activated carbon interface establishes an
efficient electron migration pathway. Upon light
irradiation or oxidant activation, electrons generated at
the MnFe.Os surface rapidly transfer to the conductive
carbon matrix, which serves as an electron acceptor and
transport medium. This directional flow promotes
charge carrier separation and delivers electrons to
surface-active sites, effectively activating oxidants such
as peroxymonosulfate (PMS) or peroxydisulfate (PDS)
[89].

At the molecular level, enhanced photocatalytic
and AOP performance stems from dual redox cycling
between Fe and Mn species in the MnFe2Os lattice,
governing oxidant activation and sustained reactive
oxygen species (ROS) generation [90]. In
heterogeneous Fenton-like reactions with H202, the
Fe?*/Fe*" couple primarily generates hydroxyl radicals
(-OH), with Fe*" reducing H.O. to —OH and Fe**,
requiring continuous regeneration of Fe?' [91]. The
Mn?*/Mn*" pair accelerates Fe*" reduction to Fe?,
boosting redox efficiency and ROS production

The magnetic  properties of MnFe.0. have
provided a further operational advantage by allowing
composites to be easily recovered from the treated
solutions using an external magnetic field [79]. This has
facilitated the reusability and minimizes the risk of
secondary pollution. Indeed, regeneration studies show
that MnFe.O./ activated carbon can maintain over 90%
degradation efficiency after multiple cycles, although
adsorption capacities may gradually decline due to
surface fouling or partial deactivation of active sites
[74][75]. Heat-assisted activation of PMS was reported
as an effective method for restoring catalytic activity,
offering practical pathways for long-term applications
[75].

particularly in carbon-supported composites that
facilitate electron transfer (e.g., MnFe.Os@honey locust
carbon) [92].

In addition to redox-active metal centers, oxygen
vacancies on the MnFeO. surface play a pivotal role in
regulating catalytic activity. These defect sites function
as electron-trapping centers and as preferential
adsorption sites for oxidants and dissolved oxygen,
thereby lowering the activation energy for electron
transfer. Oxygen vacancies also facilitate the
interconversion between Fe*/Fe’* and Mn*/Mn*
species, enhancing redox cycling -efficiency and
sustaining reactive oxygen species generation during
photocatalytic and AOP processes [93,94].

In PMS activation, surface Mn?"* directly produces
SO+ -, while Mn*" regenerates Fe** from Fe®',
increasing radical diversity and ROS density versus
single-metal catalysts. Studies on MnFe.Os-modified
biochar confirm —OH and SOs.- —as dominant species in
PDS activation, with exposed Fe/Mn sites improving
electron transfer and ROS yields [95-97]. This is
corroborated in H:0: systems, where MnFe20O4
nanocomposites (e.g., MnFe:0s@MoS:) enhance ROS
(-OH, -0z and !0:) via Fe/Mn redox cycling and
oxygen vacancies [98]

Overall, the mechanisms underlying MnFe.04/
activated carbon performance arise from a synergistic
combination: the magnetic and redox properties of
MnFe:0s4, the high porosity and functional groups of
activated carbon, and the effective suppression of charge
recombination in catalytic processes. This synergy
shows that MnFe.O4/ activated carbon consistently
outperforms, making it as a versatile and highly efficient
material for pollutant removal and related applications.

Table 6 provides a consolidated overview of
structural characterizations, adsorption performance,
and mechanistic insights, highlighting key findings and
serving as a reference for evaluating the potential of
MnFe:Oq/activated carbon composites in environmental

and energy applications.

Table 6 Structural characterizations, adsorption performances, and mechanistic insights of MnFe:Oa/activated carbon

composites.
Ref Sample / Ratio Characterization Main Results
[78] MnFex04/ activated SEM, FTIR, Adsorption SEM: Activated carbon — large particles with few pores;
carbon (Coffee Husk (batch) MnFe:O4/ activated carbon — uniformly dispersed small

activated carbon, 1:3)
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Ref Sample / Ratio

Characterization

Main Results

particles. FTIR: —OH, C-0, Fe—O groups. Adsorption:
NH4* capacity 15.97 mg/g at pH 7 (80 min, 1.5 g/L).

[74] MnFe20O4/ activated

SEM-EDS, XRD, FTIR, XPS,
carbon Adsorption/Degradation NOR

SEM/XRD: Spinel structure with reduced agglomeration.
FTIR/XPS: —OH, C=0, Fe-O groups. NOR degradation:
97.33% (optimum: 0.15 A, 0.100 g/L catalyst, 10
mmol/L PDS, 5 mg/L NOR). Stable, no secondary
pollution.

[76] MnFexO4/ activated
carbon vs (vs NiFe2O4/
activated carbon, LSV
CuFe:04/ activated

carbon)

XRD, Raman, FTIR, BJH,
SEM, HR-TEM, ESR, CV,

MnFe»O./ activated carbon showed best ORR
performance (Eonset —0.223 V, jK = —5 mA/cm?, Tafel
slope 330 mV/dec). ESR: Highest AHpp correlating with
ORR activity. Mechanism: 4e~ pathway (pH 7). Potential
Pt alternative in MFCs.

[771  MnFe204/ activated
carbon (durian shell
activated carbon)

SEM, BET, RSM optimization,
Adsorption (isotherm/kinetic)

BET: Surface area 518.9 m?/g, pore volume 0.106 cm?/g.
Indole removal: > 90% at pH 7.4. Kinetics: Elovich &
Temkin (R?> 0.99). Thermodynamics: AG® <0
(spontaneous). Mechanisms: Pore filling,

n—7, n—n, H-bonding. Reusable up to 3 cycles.

[75] MnFe204/ activated
carbon (1:2, coconut shell ~ Regeneration
AC)

XRD, SEM, Adsorption &

Acetochlor adsorption: Max 226.76 mg/g (25 °C, 0.2
g/L). Mechanisms: Pore filling, H-bonding, n—x.
Regeneration with PMS (70 °C, > 9.6 mM): > 90%
degradation but ~ 50% drop in capacity. Stable,
magnetic, easily separable.

[79] MnFe204/ activated
carbon (coconut shell Adsorption
activated carbon, ratios

1:1,1:2, 1:3)

XRD, SEM, XPS, Microwave

XRD/XPS: Cation disorder and defect structures
enhanced ionic conductivity. SEM: Nano-domain ferrite.
Microwave absorption: Optimum at 1:2 ratio, RLmin -
38.4 dB (1.8 mm), EAB 6.2 GHz (11.8 - 18 GHz, Ku-
band).

As shown in Table 6, MnFe.O./ activated carbon
composites demonstrated a synergistic enhancement of
adsorption and catalytic functions, regardless of the
pollutant type or synthesis approach. The comparative
results highlight that while different precursors and
preparation methods yield variations in performance,
the integration of MnFe.Os with activated carbon
remains as a reliable strategy to improve the efficiency.
These findings collectively reinforce the versatility of
MnFe:04/ activated carbon composites and provide a
solid foundation for their constant development for

practical applications.

Comparative adsorption and photodegradation
mechanisms

For pristine MnFe20a, the removal of pollutants
primarily occurs through catalytic and oxidative
pathways rather than via strong adsorption, owing to its
relatively limited surface area and porosity. MnFe2O4

acts as a semiconductor catalyst in advanced oxidation

processes (AOPs), where light or oxidant activation
excites electrons and generates electron-hole pairs that
facilitate redox reactions and reactive oxygen species
(ROS) formation (e.g., *OH, SO.¢"). Redox cycling
between Fe*/Fe’* and Mn?"/Mn?*" is common to these
processes, enabling pollutant degradation via oxidative
pathways, although rapid charge recombination can
limit the performance of MnFe:O4 systems. This
catalytic behavior has been documented as part of the
broader environmental applications of MnFe.Os-based
nanoparticles [99,100].

In contrast, activated carbon is a well-known
adsorbent with high surface area and hierarchical
porosity that facilitates pollutant uptake primarily
through physical and chemical interactions such as pore
filling, n—m interactions, and hydrogen bonding [101].
The strong adsorptive capacity of activated carbon
allows it to concentrate target molecules at its surface;
however, activated carbon lacks intrinsic photocatalytic

activity and cannot generate ROS without a catalytic or
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oxidant component. These adsorption mechanisms are
well established for carbonaceous materials derived
from various biomass feedstocks [102].

When MnFe:Os« doped with activated carbon,
synergistic mechanisms emerge that combine
adsorption and catalytic degradation: Activated carbon
adsorbs and concentrates on the pollutants near the
active sites of MnFe.O., by enhancing local reactant
availability, while its conductive carbon network
improves electron transport and suppresses electron-
hole recombination, leading to more efficient ROS
generation under AOP conditions [103]. This
synergistic behavior has been demonstrated in
MnFe:Od/activated carbon composites used for
peroxydisulfate activation, where quenching tests and
spectroscopic analyses reveal that both free radicals
(*OH, SO4s and +O:) and non-radical pathways
contribute to degradation, supported by enhanced
charge transfer between MnFe>O4 and the carbon matrix
[104]. MnFe:Od/activated carbon composites has
demonstrated the individual components by leveraging
adsorption-assisted  catalysis, improved charge
separation, and more sustained radical production,
illustrating that the composite’s mechanism is not a
simple sum of its parts but a true integration of

adsorption and photodegradation pathways.

Energy-related applications of MnFe.04/
activated carbon composites

In addition to environmental remediation,
MnFe:Oq/activated carbon composites have gained
increasing attention for energy-related applications,
owing to their synergistic magnetic, electronic, and
structural properties. The integration of spinel ferrite
MnFe>O4+ and conductive activated carbon creates a
hybrid system with enhanced charge transport, abundant
active sites, and tunable interfacial properties, which are
essential for electrochemical and energy conversion
applications. Furthermore, the redox ferrite nature of
MnFe:04 has been explored for energy conversion
applications such as solar-driven CO: splitting, where
redox cycling and energy integration are central to the
process [105]. Additionally, conductive carbon matrices
similar to activated carbon was observed to enhance
electron transport and catalytic efficiency in
ferrite/carbon hybrid systems, supporting the broader
relevance of carbon-supported ferrites for energy

conversion  processes  beyond  environmental
remediation [106].

From a practical perspective, production cost,
energy consumption, and environmental risks must be
considered.  Although MnFe.Os/activated carbon
composites often use low-cost biomass precursors for
activated carbon, the overall energy demand remains
significant due to high-temperature
carbonization/activation and
hydrothermal/solvothermal  ferrite  synthesis [107].
Optimizing synthesis toward lower temperatures,
shorter times, and scalable one-pot methods is essential
for economic viability. Additionally, potential release of
nanoscale ferrite particles during long-term use or
regeneration raises environmental and health concerns.
While the magnetic properties of MnFe.Os enable
efficient recovery, further studies are needed to assess
nanoparticle  stability, = metal leaching, and
ecotoxicological effects under realistic conditions [108].
Addressing these challenges is crucial for translating
laboratory success into safe, sustainable real-world

applications.

Conclusion and future perspectives

MnFe:04/activated carbon composites have
emerged as highly promising multifunctional materials,
integrating the magnetic/redox activity of manganese
ferrite with the high surface area, porosity, and rich
surface chemistry of activated carbon. Extensive studies
confirm well-dispersed crystalline spinel MnFe2O4
within carbon matrices, yielding outstanding
performance across diverse applications. These
composites exhibit high adsorption capacities for
pesticides, antibiotics, nutrients, and aromatic organics,
alongside potential in microwave absorption,
electrocatalysis, and energy conversion. Their
superiority arises from synergy: MnFe.Os provides
redox-active sites and magnetic separability, while
activated carbon facilitates electron transfer, suppresses
charge recombination, and offers abundant functional
groups for pollutant interactions. Composites also
demonstrate good recyclability, minimal metal leaching,
and stable magnetism over repeated cycles.

While most studies use synthetic wastewater in
batch reactors, limited work on related systems shows
promise in real matrices like tap/river water. However,

comprehensive assessments in complex industrial
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effluents or continuous-flow setups remain scarce, with
challenges including competing ions, natural organic
matter, fouling, residence time distribution, and
regeneration. Despite advances, translating these
materials to practical technologies requires addressing
scalable/reproducible  synthesis (especially from
heterogeneous waste precursors), long-term stability,
detailed mechanistic elucidation (e.g., ROS pathways,
intermediates via in situ characterization/modeling), and
operational constraints.

Future research should prioritize green, cost-
effective, scalable synthesis from biomass/industrial
wastes; pilot/field-scale trials for performance
validation, safety, and toxicity assessment; and hybrid
integrations (e.g., with membranes, electrochemistry, or
solar photocatalysis) for enhanced robustness.
Expanding to energy conversion, electromagnetic
shielding, and smart materials will broaden impact.

In  summary, MnFe:O4/activated  carbon
composites represent a transformative class at the nexus
of environmental remediation, energy, and advanced
technologies. Overcoming scalability, mechanistic, and
implementation challenges positions them as platforms

for sustainable solutions.
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