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A MnFe,Oy/activated carbon composite (FMAC) was successfully prepared for the treatment of
perfluorooctanesulfonic acid (PFOS). Structural and compositional analyses confirmed the formation of
spinel manganese ferrite (FMO) nanoparticles and their uniform immobilization on the activated carbon
(AC) surface. XPS results revealed the coexistence of multiple oxidation states of Mn and Fe, along with
abundant oxygen-containing functional groups on the carbon support, indicating strong interfacial
interactions between FMO and the AC support. Optical measurements showed that FMO and FMAC
exhibit excellent visible-light absorption with a bandgap (Eg) of ~2.4 eV. Electrochemical studies also
demonstrated reduced charge transfer resistance and suppressed electron—hole recombination in
FMAC. Vibrating sample magnetometry (VSM) also indicated a sufficient magnetic response for recovery
of FMAC from aqueous media. Photocatalytic tests showed that FMAC with a content of 10 mg L™t
accomplished significant degradation efficiency (~94%) of PFOS in 100 ppb solution at pH 4.0 under
visible light irradiation for 90 min, which was higher than both FMO and AC under similar conditions.
Radical scavenging experiments indicated that holes and hydroxyl radicals played dominant roles, while
superoxide radicals were negligible due to unfavorable band edge potentials. Inclusively, the enhanced
performance of FMAC is attributed to improved pollutant adsorption, efficient charge separation, and
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1. Introduction

Water quality degradation has become a global concern driven
by population growth, rapid urbanization, and expanding
economic activities. Conventional wastewater treatment plants
(WWTPs) are often ineffective in removing organic micro-
pollutants, allowing these contaminants to enter surface and
groundwater systems.' Consequently, numerous emerging and
persistent pollutants are now widely detected in aquatic envi-
ronments. Among them, perfluorinated compounds (PFCs),
characterized by a perfluoroalkyl chain —~CF;-(CF,),— attached to
hydrophilic functional groups (e.g., -COOH, -SO3;H, -SO;NH-,
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strong interfacial coupling between FMO and AC.

or -CONH,), have attracted significant attention due to their
exceptional resistance to hydrolysis, photolysis, and biodegra-
dation.>* Owing to their unique surface-active and thermal
stability properties, PFCs have been extensively used in indus-
trial and consumer applications, including textile coatings,
polymer production, firefighting foams, paper treatment,
lubricants, and pesticides.* Perfluorooctane sulfonate (PFOS) is
one of the most representative and problematic PFCs. It exhibits
high persistence and long environmental and biological half-
lives (e.g., ~4.8 years in humans and up to decades in aquatic
systems).>” In 2009, PFOS was listed as a persistent organic
pollutant (POP) under the Stockholm Convention.® Despite
global restrictions, PFOS remains detectable in surface water,
groundwater, and drinking water due to its historical usage and
chemical stability.®'® Monitoring studies across major oceans
have identified PFOS as a dominant PFC, accounting for
approximately one-third of total detected PFCs worldwide.” The
persistence, bioaccumulation potential, endocrine-disrupting
effects, and toxicity of PFOS and related PFAS underscore the
urgent need for effective and economically viable treatment
technologies.

Traditional treatment methods, including adsorption,
coagulation, membrane filtration, and biological processes,
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often show limited effectiveness for PFOS removal or merely
transfer the contaminant from the aqueous phase to another
medium.” ™ To address the challenge, advanced oxidation
processes (AOPs) have emerged as promising alternatives for
the destructive treatment of diverse hazardous contaminants,
including POPs like PFCs and PFOS. AOPs depend on the in situ
formation of greatly reactive species, particularly hydroxyl
radicals ("OH), capable of breaking strong chemical bonds and
promoting partial or complete mineralization of organic
pollutants. Despite this potential, several studies have reported
negligible PFOS degradation when using common AOPs such as
ozonation or Fenton processes, even after prolonged treatment
times, which was mainly attributed to the exceptional stability
of the C-F bond.” On the other side, heterogeneous photo-
catalysis, a subclass of AOPs, has placed itself as a potentially
effective approach for destruction and mineralization of PFOS.
This process involves the activation of a semiconductor photo-
catalyst under UV or visible light, leading to the generation of
electron-hole pairs and reactive oxygen species that can oxidize
organic pollutants. Although TiO, has been the most extensively
researched photocatalyst due to its durability, cost effective-
ness, and environmentally friendliness, its broad bandgap
(~3.2 eV) limits its activity mainly to ultraviolet light, which
constitutes a minor portion (<5%) of the solar spectrum.*®

Recently, magnetic iron oxide-based materials and ferrites
with the general formula MFe,0,4 (M = Mn, Co, Ni, Zn, etc.) have
gained attention as alternative visible-light-active photo-
catalysts for treatment of various contaminants, including
POPs.” ™" MFe,0,-based materials are semiconductors with
narrow bandgaps enabling efficient absorption of visible light.*®
In addition, MFe,O, also exhibits strong magnetic nature,
facilitating catalyst recovery and reuse, as well as limiting the
generation of secondary pollutants, which are the important
advantages for water treatment applications.”*** However,
MFe,0,4-based photocatalysts may still suffer from their disad-
vantages such as particle agglomeration, low surface area, and
fast photogenerated charge recombination.'** To address these
issues, mixed-metal ferrites and composite materials have been
developed.*

Carbonaceous materials, including AC, biochar, graphene,
and carbon nanotubes, have been extensively utilized for the
removal of organic pollutants due to their high surface area,
porous structure, and strong adsorption capacity.”>>* In pho-
tocatalytic systems, carbon materials can serve multiple roles,
including concentrating pollutants near reactive sites, acting as
the center to temporarily capture excited electron to suppress
electron-hole (e7/h") recombination, and enhancing light
absorption.” The combination of ferrite photocatalysts with
carbon supports has shown synergistic effects, leading to
improved adsorption-photodegradation performance and
higher overall treatment efficiency.*

This work demonstrated the effective degradation of a highly
persistent and emerging contaminant PFOS using a cost-
effective and structurally simple photocatalyst based on
MnFe,0, (FMO). Instead of employing complex structural
modification or bandgap engineering strategies, this study
emphasizes enhancing the practical degradation performance
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of a conventional ferrite material, MnFe,O, toward an envi-
ronmentally relevant and recalcitrant pollutant. To enhance
catalytic efficiency, commercial AC was incorporated as a sup-
porting matrix for the dispersion of FMO nanoparticles and
promote the interfacial interaction. The obtained FMAC
composite was systematically characterized and evaluated for
PFOS degradation under light irradiation, with particular
emphasis on catalytic performance, stability, recyclability, and
the fundamental degradation mechanisms.

2. Experiment

2.1. Reagents

Fe(NO;);3-9H,0, Mn(NO;),-4H,0, HCl, NaOH, and polyvinyl
alcohol (PVA), were supplied by Shanghai Macklin Biochemical
Technology Co., Ltd (China). AC was domestically purchased
from Tra Bac Jsc. (Vietnam) (detail in Table S1). Methanol
(MeOH), ammonium acetate (CH;COONH,), AgNO3, ethylene-
diaminetetraacetic acid (EDTA), isopropyl alcohol (IPA), and
1,4-benzoquinone (BQ) were provided by Sigma-Aldrich. PFOS
(100 pg L") was supplied by AccuStandard (USA). All chemical
reagents at analytic grade were used without additional
purification.

2.2. Materials preparation

FMO and FMAC were synthesized by the gel combustion
method, according to a previously reported study.*® For the
preparation of FMAC composite, 4.5 mL of Fe(NO3); 0.5 mol L™
solution and 0.5 mol of Mn(NO;), 0.5 mol L™ solution were
gently added into a 100 mL beaker containing 20 mL of an as-
prepared PVA 5 wt% solution. The mixture was kept agitated
at 80 °C using a magnetic stirrer for 15 min. Afterwards, 1.0 g of
AC was dispersed into the solution and stirred vigorously for the
following 2 hours to obtain wet black gel. The gel was subse-
quently atmospheric dried at 100 °C for 8 hours before grinding
in an agate mortar and then calcined at 300 °C for 2 hours to
obtain the final dark powder. FMO was prepared with the same
procedure without the addition of AC support.

2.3. Materials characterization

Thermal behavior of FMAC sample was firstly examined in the
Labsys Evo equipment by SETARAM (France). The microstruc-
ture and morphology of the prepared materials was then
investigated via electron microscopies, including a Hitachi
S4800 (Japan) scanning electron microscope (SEM) and a JEM
2100 (Japan) transmission electron microscope (TEM). The
elemental composition and mapping of FMAC was obtained
using energy-dispersive X-ray spectroscopy (EDX), which was
integrated with SEM system. In addition, the crystal structure
and phase purity of the synthesized FMO and FMAC samples
were analyzed via X-ray diffraction (XRD) employing a Bruker D8
Advance diffractometer (Germany) with Cu Ko radiation. The
mean crystallite size was calculated from the XRD patterns
employing the Scherrer equation.”” Furthermore, the Fourier-
transform infrared (FTIR) spectra were obtained at ambient
temperature utilizing a Shimadzu FTIR spectrometer (Japan)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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within 4000-400 cm™' range. For FTIR measurement, the
materials were pelletized with KBr powder while the generated
data were calibrated with KBr background. On the other site,
the oxidation states of the elements in the catalysts were
explored via X-ray photoelectron spectroscopy (XPS) in an ESCA-
3400 apparatus (Shimadzu, Japan) with a irradiation source of
Mg Ko (1253.6 €V). The binding energy (BE) was calibrated by
the Au 4f;), peak at 84.0 eV whereas the peak fitting was per-
formed utilizing XPSPEAK41 software, employing Shirley
background subtraction and Gaussian-Lorentzian functions.
To follow, the surface areas of materials were derived from the
data of the nitrogen adsorption/desorption at —196 °C
measured in an Autosorb IQ Station based on the Brunauer-
Emmett-Teller (BET) equation. Additionally, the light absorp-
tion nature of the samples was examined by diffuse reflectance
spectroscopy (DRS) method using a UV-vis spectrophotometer
(JASCO V-500 model, Japan). Magnetic characteristics were
assessed using a vibrating sample magnetometer with a sensi-
tivity of 10™* emu, under an applied magnetic field ranging
from —12 to 12 kOe, across a temperature spectrum of 77-1000
K. The surface charge of materials was examined via the zeta
potential measuring at 25 °C using a Malvern zeta potential
analyzer (England). Electrochemical characteristics, including
the photocurrent response (PCR) and electrochemical imped-
ance spectroscopy (EIS), were assessed in a Biologic SP-300
potentiostat (French). A glassy carbon electrode (1 cm X 1 cm)
covered with the photocatalyst, a platinum wire, and an Ag/AgCl
electrode were served as the working electrode, the counter
electrode, and reference electrodes, respectively, whereas
Na,S0,4 0.5 mol L~ " was employed as the electrolyte.

2.4. Photocatalytic degradation of PFOS

The photodegradation of PFOS was carried out using the
equipment provided by ACE Glass Inc. (U.S.A.). The system
consists of a low-pressure mercury vapor lamp 450 W immersed
in a Pyrex-glass reactor. The temperature was retained by
a water stream covering outside of the reactors. Before each
reaction, 250 mL PFOS solution with the addition of photo-
catalyst was kept stirred in the darkness for 4 hours to reach the
equilibrium of PFOS adsorption/desorption on examined
materials. The reaction conditions, including the pH (3-11), the
catalyst dosage (3, 7, 10,15, and 20 mg L '), and the PFOS initial
concentration (100, 300, and 500 ppb), were adjusted for eval-
uation. After a certain time, 1 mL of reacted samples were
collected from the reactor, isolated from solid residues by
centrifugation, and then analyzed on a high-performance liquid
chromatography coupled with mass spectroscopy system
(HPLC/MS) (Agilent Technologies) for the determination of the
remaining PFOS concentration. The operation of HPLC/MS
system was programmed as in Table S2.>® The degradation
efficiency of PFOS at time ¢ is calculated using the following
equation (eqn (1))

G —C

H% = L % 100% (1)

0
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where C, and C; are the concentration of PCP at 0 and ¢ min,
respectively. In addition, the pseudo-first-order kinetic model
was employed to determine the apparent PFOS photo-
degradation rate k., (eqn (2)):

= kappt 2)

3. Results and discussion

3.1. Materials characterization

Thermal behaviors of obtained FMAC were first considered
(Fig. 1). TGA curve displayed three distinct stages of mass loss.
At the temperature below 150 °C, a slight loss in conjunction
with a weak endothermic signal was aligned to the evaporation
of physically absorbed water on the surface of materials. As the
temperature increased from 150 °C to 350 °C, the sample
experienced a significant mass loss due to the combustion of
residues of precursors, the decomposition of oxygen-containing
groups on AC, and the degradation of amorphous carbon frac-
tions. The exothermic peaks in this interval demonstrated on
DSC curve confirmed those combustions. The mass loss
continued until 600 °C with a slower rate and the appearance of
broad exothermic signal, which was assigned to the oxidation of
graphitic-like carbon domain in AC, the decomposition of
strong bound carbon. FMAC became stable after 600 °C as the
change in mass was insignificant. The remaining mass was
attributed to stable FMO. An exothermic signal near in DSC
curves at 800 °C might be due to additional recrystallization of
FMO nanoparticles.**°

The morphology of the synthesized FMO, FMAC, and AC
support was systematically investigated using SEM (Fig. 2) and
TEM (Fig. 3). As shown in Fig. 2a, the pristine FMO sample
consisted of uniformly shaped nanoparticles with a size of
<50 nm. These nanoparticles exhibited a characteristic cubic-
like morphology, which is typical of the spinel ferrite crystal
structure. However, noticeable particle agglomeration was
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Fig. 1 Thermal analyses of FMAC sample.
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Fig. 2 SEM images of (a) FMO, (b) AC, and (c and d) FMAC samples.

observed, resulting in the formation of dense and porous
clusters. This agglomeration can be attributed to the high
surface energy and magnetic interactions inherent to ferrite
nanoparticles. After immobilization onto the activated carbon
support, a distinct morphological evolution was observed. As
shown in Fig. 2¢, the FMO nanoparticles were well distributed
on the surface of AC with significantly reduced agglomeration.
This improvement was mainly ascribed to the high specific
surface area of AC and the strong interfacial interactions
between FMO nanoparticles and the surface functional groups
of the carbon matrix during crystal growth. Importantly, the
dispersion on AC does not alter the original cubic morphology
of FMO (Fig. 2d), indicating that the spinel crystal structure was
well preserved in the composite.

The TEM results further supported the SEM observations. As
shown in Fig. 3a, the AC support exhibited a thin, sheet-like
morphology with an amorphous structure, confirming its role
as a suitable carrier. In contrast, Fig. 3b reveals that FMO
nanoparticles are severely agglomerated, while retaining their
cubic shape. Notably, the FMAC composite (Fig. 3c) shows
homogeneous dispersion of FMO nanoparticles across the
surface of AC, demonstrating that the carbon support effectively
suppressed nanoparticle agglomeration. This enhanced
dispersion increased the exposure of accessible catalytic/
adsorptive sites, which is beneficial for catalytic/adsorption-
related applications. The HR-TEM image of FMAC (Fig. 3d) di-
splayed well-resolved lattice fringes with interplanar spacings of
approximately 0.305 nm and 0.259 nm, corresponding to the
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(220) and (311) crystallographic planes of spinel FMO, respec-
tively. The presence of clear lattice fringes confirmed the high
crystallinity of the FMO nanoparticles within the composite.
Meanwhile, the surrounding regions are attributed to the
amorphous AC matrix, further verifying the successful decora-
tion of amorphous AC support with crystalline FMO
nanoparticles.

The elemental composition and distribution of FMAC
sample was then analyzed and discussed. The EDX spectrum
(Fig. 4a) confirmed the presence of C, O, Mn, and Fe, verifying
the successful loading of FMO onto the AC support. Carbon was
the dominant component (89.51 wt%), originating from AC,
while oxygen (6.49 wt%) was as a part of the ferrite lattice and
surface functional groups. The Mn and Fe contents of 0.38 and
3.62 wt%, respectively, exhibited an atomic ratio consistent with
the initial Mn/Fe precursor stoichiometry, indicating good
compositional preservation. Elemental mapping of FMAC in
Fig. 4b revealed a uniform distribution of Mn and Fe across the
carbon matrix, confirming homogeneous dispersion of FMO
nanoparticles on AC carrier throughout the composite.

Fig. 5a demonstrated the XRD patterns of as-prepared FMO
and FMAC samples. FMO curve exhibited the diffraction peaks
associated with the characteristic crystal planes of spinel
MnFe,0,, including the (111), (220), (311), (222), (400), (331),
(422), (511), (440), and (531) reflections, which was in agreement
with the standard JCPDS card no. 01-073-1964.*'3> However,
additional peaks of impurity were still presence at the 26 of
31.55° and 54.23°. Those ¥ -marked diffractions were attributed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (a) AC, (b) FMO, and (c) FMAC samples. (d) HR-TEM image of FMAC sample.

to the presence of Fe,0; phase in FMO samples.** For the FMAC
composite, the diffraction peaks corresponding to FMO are still
clearly visible, indicating that the crystalline structure of FMO is
well preserved after loading onto the activated carbon support.
In addition, a broad and weak diffraction feature in the low-
angle region (centered at 22.75°) was observed, which can be
ascribed to the amorphous phase of AC.** The relatively reduced
intensity of FMO peaks in FMAC compared to reference FMO
was mainly due to the dilution effect of the carbon matrix and
the good dispersion of ferrite nanoparticles on the AC surface.
In addition, the corresponding Fe,O;-phase was not observed in
FMAC curves, possibly due to the presence of AC as reductive
agent to prevent the oxidation to Fe,03;.** Moreover, no other
strange signal was detected on FMAC diffraction curve. By using
the Scherrer equation,® the size of FMO and FMAC derived
from XRD data was calculated, resulting in the values of 6.37-
37.27 nm and 3.43-12.82 nm, respectively. This calculation
once revealed the role of AC on reducing and controlling the
size of MFO nanoparticles in the composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 5b exhibited the FTIR spectra of AC, FMO, and FMAC
sample, providing information on surface functional groups
and interfacial interactions. The FTIR spectrum of AC exhibits
a broad absorption band near 3400 cm ™, which related to the
stretching vibration of surface -OH groups or adsorbed mois-
ture. The bands observed in the range of 1600-1700 cm ™" was
assigned to C=O0 stretching vibrations of oxygen-containing
functional groups, while the peaks between 1000 and
1200 cm ' were related to C-O stretching vibrations, confirm-
ing the presence of abundant surface functionalities on acti-
vated carbon. The FMO spectrum shows characteristic
absorption bands in the low-wavenumber region, typically
below 600 cm ™", which are attributed to the stretching vibra-
tions of metal-oxygen bonds (Mn-O and Fe-O) in the tetrahe-
dral and octahedral sites of the spinel ferrite structure,®*®
confirming the formation of FMO nanoparticles. Additional
low-absorbance peaks between 800 and 1700 cm™ ' on FMO
curve were stilled observed, which were ascribed to organic
bonds or functional groups of PVA residues.*® In the curve of
FMAC composite, both the characteristic bands of AC and FMO

RSC Adv, 2026, 16, 16329-16343 | 16333
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were presented, indicating the coexistence of activated carbon
and FMO phases. Notably, slight shifts and intensity changes in
the -OH and C-O related bands were observed, suggesting
interfacial interactions between the ferrite nanoparticles and
AC support via attached oxygen-containing groups.

XPS technique was then employed to examine the oxidation
state of include elements in MFAC composite, resulting in the
presence of Fe, Mn, O, and C, aligning with EDX results. Fig. 6
displayed the detailed core level spectra of Fe 2p, Mn 2p, O 1s,
and C 1s orbitals. The Fe 2p spectrum was presented Fig. 6a
where two main peaks centered at around 711.7 eV and 725.4 eV
were assigned to Fe 2p;3,, and Fe 2p,,, respectively. The Fe 2p;,,
and Fe 2p,, were deconvoluted into four different peaks, sug-
gesting the existence of both Fe** and Fe** in FMAC composite

(a) EDX spectrum and (b) elemental mapping of FMAC sample.
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and in agreement with previous results of MnFe,O, spinel.*
The shake-up satellite peaks located at 719.2 eV and 732.4 eV
were observed, which was ascribed to the presence of Fe*" in the
a-Fe,05.** The doublet peaks located at 641.2 eV and 652.8 eV
for Mn 2p orbital were observed in Fig. 6b. Those signals cor-
responded to Mn 2p3, and Mn 2p,,, levels, respectively, were
split into five ones at 640.8 eV (m;), 642.4 eV (m,), 645.4 eV (m3),
652.5 eV (m,), and 654.0 eV (ms). While m, and m, confirmed the
presence of Mn>", m, and mjs stated the occurrence of Mn**.*2
Moreover, the satellite peak m; arised the formation of MnO, in
FMAC sample.*>** The multiple oxidation state nature of both
Mn and Fe in the composite would be advantages for the
occurrence of additional catalytic oxidation for PFOS treatment
in conjunction with the principal photocatalytic processes.***
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Fig. 5 (a) XRD and (b) FTIR analyses of prepared FMO and FMAC samples.
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Fig. 6 XPS spectra of (a) Fe 2p, (b) Mn 2p, (c) O 1s, and (d) C 1s orbitals in MFAC sample.

The XPS spectrum of O 1s orbital resulted in a peak centered
at 532.0 eV, which was the overlap of three different peaks
(Fig. 6¢). While the deconvoluted signal at 531.4 eV described
the oxygen-metal (Mn-O and Fe-O) bonds, other higher-BE
signals at 532.2 eV and 533.8 eV represented for the oxygen
vacancies or absorbed water/hydroxide groups, and the
carbonate species (C-O or C=O0 groups), respectively.*® Simi-
larly, the spectrum of C 1s orbital might also be deconvoluted
into three separated peaks at 284.4 eV, 285.4 eV, and 287.9 eV,
which were corresponding to the C-C/C=C bonds, C=0, and
O-C=0 groups*”*® (Fig. 6d). The presence of high abundant
oxygen-containing groups as described in both O 1s and C 1s
spectra provided binding sites for the immobilization of FMO
nanoparticles on AC support during preparation step and
further suppress particle aggregation as also described in the
above SEM and TEM images.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

To follow the materials characterization, DRS measurement
was conducted to survey the light absorption of prepared
powder (Fig. 7a). The FMO sample exhibited a strong absorp-
tion in the visible region, with a sharp absorption edge at
508 nm, which is typical for spinel ferrites and is related to 0>~
— Fe*/Mn’" charge-transfer transitions and d-d electronic
transitions within the ferrite lattice.”®** On the other hand, as
dispersed on AC support, along with the broadening absorption
band of FMO with the edge at 521 nm, an additional absorption
near UV light region was also observed, which was attributed to
the light absorption of AC component. The direct bandgaps (E,)
of the samples were then derived from DRS data using Kubelka-
Munk equation (eqn (3)) and presented by a Tauc plot®
(Fig. 7b).

ahv = A(hv — Eg)'? (3)
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Fig. 7 (a) DRS and corresponding (b) Tauc plot of FMO and FMAC samples.

where « is the absorption coefficient, zv is the incident photon
energy, and A is constant. The calculated E, of MFO and those
immobilized ones on AC had the values of 2.44 eV and 2.41 eV,
respectively. The slight redshift of the apparent absorption edge
as well as the alteration of E, of FMO nanoparticles indicated
the interaction between immobilized FMO nanoparticles with
AC matrix.”® In addition, the DRS studies also demonstrated the
nature of well-visible-light response of as-prepared materials
that would be beneficial to photocatalytic applications.

In the next step, the charge transfer on the surface of FMO-
based materials were then examined using electrochemical
techniques, including PCR and EIS. In Fig. 8a, the photocur-
rent-time curve of FMO showed a much higher density than AC
and sharply enhanced as FMO dispersed on AC support. To
supplement, the EIS Nyquist plot demonstrated a lower charge-
transfer resistance (R.) of FMAC composite as compared to
FMO (Fig. 8b). The results indicated that not only were more
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charged species generated but also the mobility or charge
transfer on the surface of materials were significantly facili-
tated. The data also suggested the recombination of charge
carriers was remarkably limited on FMAC composite, which
would be further beneficial to photocatalysis. The enhancement
was contributed by the presence of oxygen-containing func-
tional groups as well as the presence of unsaturated 7 bonds as
excited electron traps in AC. However, the PCR curves also
described an unstable current of all prepared materials as the
photocurrent signficantly drop after reaching the peaks.**>*

A larger surface area material generally leads to higher
photocatalytic activity because of a high density of active sites
for catalysis.*® The photocatalysts with high specific surface area
can adsorb more reactant molecules, improve light harvesting
by providing more reactive interface, and facilitate charge
transfer at the surface, thereby enhancing overall photocatalytic

efficiency. The nitrogen adsorption/desorption isotherms
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(a) PCR and (b) Nyquist plots for EIS using FMO and FMAC samples.
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(Nadsdes) in combination with BET equation were employed to
determine the surface area of prepared samples. Fig. 9 showed
the behaviors of as-prepared materials for N,q,qes investigation.
All materials illustrated the type IV isotherms with H4 hysteresis
loops, possessing the presence of both micropores and meso-
pores with slit-like pore geometry of examined samples.”” While
the hysteresis loop of FMO started at a relative pressure (P/P°) of
near 0.55, those of AC and FMAC started to appear at P/P° of 0.4.
Subsequently, the calculated Sger of those materials was
increased in the order of FMO (77.64 m* g~ ') < FMAC (698.65 m>
g ) < AC (733.67 m> g '). The obtained results indicated
a significant enhancement by nine times in Sggr of FMAC
composite as compared to FMO, suggesting the slight reduction
in Sger of AC as the oxide dispersed on was due to the filling in
the pores and the surface occupation of carriers by FMO
nanoparticles as well as the partly collapse of porous structure
during FMAC preparation.®® Overall, the adsorption behavior
once confirmed the successful integration of MnFe,O, onto the
high-surface-area AC templates, preserving a hierarchical
micro/mesoporous structure that can enhance surface accessi-
bility and mass transport for adsorption-enhanced
photocatalysis.

The magnetic properties of the prepared samples were
evaluated by VSM (Fig. 10a). The hysteresis loops indicate that
FMO and FMAC exhibit typical near-supermagnetic nature at
room temperature, commonly observed for spinel ferrite
nanoparticles with small particle size.”® Compared with FMO
(45.60 emu g '), the saturation magnetization of FMAC (16.90
emu g~ ') was significantly reduced after loading onto AC, which

280
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was hardly magnetized. This decrease can be attributed to the
dilution effect of the non-magnetic carbon matrix or surface
spin disorder at the ferrite-carbon interface. Nevertheless,
FMAC still retained sufficient magnetic responsiveness, which
was critical for its practical application to recover that
composite (Fig. 10b) to effectively limit the release of secondary
pollutants associated with nanoparticle leaching into the
aquatic environment. Therefore, the combination of photo-
catalytic functionality and magnetic separability makes the
FMAC composite a promising and environmentally friendly
material for wastewater remediation.

3.2. Investigation on photocatalytic degradation of PFOS

The photocatalytic degradation of PFOS using FMAC was
initially compared to those of FMO and AC for the first set of
experiments (Fig. 11a). In this set, PFOS 100 ppb solutions were
prepared and adjusted to be acidic at pH 4.0 in presence of
10 mg L™ of catalysts. Before illumination, the adsorptive
treatment of PFOS using AC, FMO, and FMAC in darkness for 4
hours showed the negligible removal efficiencies of 2.36%,
1.19%, and 3.65%, respectively. When turning on the light
source, while AC scarcely demonstrated their photocatalytic
activity for PFOS degradation, FMO could lower the initial PFOS
concentration by a half after the first hour. On the hand, FMAC
composite exhibited its extraordinary effectiveness for PFOS
degradation with a DE value of 81.15% in the first 60 min. As the
degradation time was prolonged to 90 min, FMAC, FMO, and AC
could reach a DE value for PFOS degradation of 92.21%,
64.93%, and 8.78%, respectively. Subsequently, the pseudo-
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Fig. 10 (a) VSM and (b) recovery tests from water of FMAC and FMO.

first-order kinetic model was utilized to elucidate the apparent
rate k,pp of PFOS degradation using those photocatalysts
(Fig. S1a). The calculated k,p, values (with the linear regression
R* = 0.99) were increased in the order of AC (0.0012 min™ ") <
FMO (0.0120 min~") < FMAC (0.0280 min~"). The investigation
for photocatalytic treatment of PFOS using different prepared
materials was as expected and in agreement with above mate-
rials characterization. FMO possibly remediates PFOS at
a moderate level since this catalyst faces the challenge of the
particle aggregation that hides or reduces the active site, and
the high electron/hole recombination rate. Meanwhile, AC
hardly photodegrades PFOS under examined conditions and
the reduction in PFOS concentration is mainly from adsorptive
removal. On the other, FMAC composite with a strong syner-
gistic effect between FMO and AC overcomes the limitation of
barely FMO for PFOS degradation by surpassing the particles
aggregation at nanoscale to release the more catalytic centers as
well as promoting the charge separation and the additional
adsorption of pollutants onto the photocatalyst.

In the following series of experiments, the factors that
commonly affect the PFOS photodegradation, including the pH,
photocatalyst dosage, and the initial PFOS concentration were
carefully evaluated. Fig. 11b illustrated the influence of initial
solution pH on the photocatalytic degradation performance of
PFOS at a concentration of 100 ppb using FMAC 10 mg L™ ". The
PFOS DE using FMAC was strongly pH-dependent since it
reached the highest DE of under acidic conditions of pH 4.0
(92.21%) to 5.0 (89.77%) before gradually decreased as the PFOS
solution became more alkaline of pH 11.0 (39.10%). Since the
reported pK, of PFOS is around —3.27,% the major form of PFOS

16338 | RSC Adv, 2026, 16, 16329-16343

— —
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in this work is anionic. Under acidic conditions, as the FMAC
composite surface was positively charged (Fig. Sib), the
adsorption of PFOS onto the catalysts' surface was remarkably
enhanced by electrostatic force, facilitating the contact between
PFOS and FMO catalytic centers for pollutant degradation.
Additionally, acidic environments favor the formation of reac-
tive oxygen species such as "OH radicals, further promoting
photocatalytic reactions. A higher pH value, above the isoelec-
tric point (IEP) of 5.8, caused the occurrence of electrostatic
repulsion between the catalyst and PFOS anions. As a result, the
limited contact between the catalytic centers (or the generated
oxidative species) led to the less effective PFOS photo-
degradation. Moreover, alkaline media of pH 9.0-11.0 could
even scavenge the active radicals.

The effect of the initial PFOS concentration was then studied
(Fig. 11c). While the pH of PFOS solution was adjusted to 4.0 in
the presence of FMAC 10 mg L', the pollutant concentrations
were controlled at 100 ppm, 300 ppm, and 500 ppm. FMAC
showed the most effectiveness for FPOS treatment at a concen-
tration of 100 ppb (92.21%) and gradually decreased with
increasing the initial PFOS concentration, although FMAC still
maintained the relatively high removal efficiency of 85.15% (300
ppb) and 76.59% (500 ppb). Since the PFOS did not absorb light
energy under established conditions,®* the reduction in DE was
due to the overload of active sites for PFOS remediation. As
concentration increased, more pollutant molecules competed
for the same number of active sites, leading to partial saturation
of the surface. Moreover, additional generated intermediates
accumulated surrounding the active sites also inhibited the
contact between PFOS and FMO for the activation of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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degradation processes. The occurences of intermediates were
confirmed by mineralization studies, which were evaluated by
the variation of TOC values for the experiment with PFOS
concentration of 300 ppb (Fig. 11d). The [TOC]/[TOC], could
drop to 0.35, corresponding to a mineralization of 65%, after

© 2026 The Author(s). Published by the Royal Society of Chemistry

90 min of reaction, and possibly reached 73% after 120 min,
which was lower than the corresponding DE value. It is sug-
gested that FMAC is effective in breaking down complex organic
molecules, but complete mineralization requires additional
irradiation times.
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Fig. 11e illustrates the influences of FMAC dosage on PFOS
DE. The increase in the catalyst dosage from 3.0 to 10.0 mg L™"
significantly enhances the treatment effectiveness from 70.14%
t0 92.69% (in 90 min), which can be attributed to the increased
number of available active sites and improved light absorption.
However, further increasing the catalyst dosage (15 mg L")
resulted in only slight improvement to 93.25%, and even
decreased to 83.92% as the composite content reached
20 mg L. This behavior may be due to light scattering and
shielding effects at higher catalyst loadings, which reduced the
effective penetration of light into the suspension or the catalytic
sites, on the other hand, were hidden by a high amount of AC
support. Therefore, a MFAC content of 10 mg L™ " ensured the
PFOS remediation under the conditions of this study.

Finally, the reusability of FMAC photocatalyst for PFOS
treatment in water was tested for several cycles. pH, the PFOS
concentration, and FMAC dosage were adjusted to 4.0, 100 ppb,
and 10 mg L™, respectively, for this examination. After each
cycle, PFOS concentration and pH were measured and re-
adjusted to the initial conditions to simulate a pseudo contin-
uous treatment process. The degradation efficiency shows only
a trivial decrease from 92.58% in the first cycle to 90.88% in the
fifth cycle without altering the catalyst's structure (Fig. S2),
indicating good stability and durability of FMAC for PFOS
photodegradation. The minor loss in photocatalytic activities
might be related to partial surface fouling by reaction inter-
mediates or slight catalyst loss by the environment during
treatment process. Combined with its magnetic recoverability
(Fig. 10), FMAC demonstrates strong potential for practical
PFOS treatment applications with minimal risk of secondary
pollution.

3.3. Study on mechanism of PFOS photodegradation using
FMAC

Firstly, the CB and VB energy potential can be derived from the
following equations® (eqn (4) and (5))

EVB:X—E"'O.SXEg (4)

Ecp = Evp — E, (5)
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(a) Scavenger test and (b) proposed degradation mechanism using FMAC photocatalyst.

where x is the electronegativity of the semiconductor in Mul-
liken scale. For MnFe,0,, x is 5.99 eV. E€ is the free electron
energy on the hydrogen electrode scale (4.5 eV), while Ecg and
Eyp are the energies of CBs and VBs, respectively. From DRS
studies, with E, in the composite of 2.41 eV, the calculated Ecg
and Eyp were 0.29 eV and 2.70 eV, respectively.

Secondly, the radical-trapping experiments that provided
direct insight into the dominant reactive species and the
charge-transfer pathway responsible for pollutant degradation
over the FMAC photocatalyst were conducted (Fig. 12). As shown
in Fig. 12a, PFOS degradation remained a high DE in the
absence of scavengers and slightly reduced from 92.33% to
88.78% by the addition of BQ as superoxide radicals. This
observation indicated that "O,  plays a negligible role in the
degradation process. This was consistent with the electronic
structure of MnFe,0,, since Ecg was relatively more positive
than the standard redox potential of ‘O, /O, and the reaction
O, + e — 'O, was thermodynamically unfavorable. As
a result, photogenerated electrons are unlikely to participate in
superoxide radical formation, explaining the weak influence of
BQ. In contrast, the introduction of hole scavengers, EDTA
reagent, halved the DE of FPOS photodegradation (50.78%).
Since Eyg of FMO was more positive than the standard redox
potential of H,O/'OH, h" possibly interact with H,O for the
generation of hydroxyl radicals "OH, which was the major
reactive species in photocatalytic degradation of diverse organic
substances. In addition, Duan et al. suggested that h* could also
react directly with PFOS for the formation of other radicals, like
‘CgH;; and 'SO;~ for the subsequent chain reactions.®
Furthermore, both "‘OH (IPA) and e~ (AgNO;) scavengers nearly
halted the PFOS degradation as the DE values reached the
bottoms of 20.55% and 17.46%, respectively. The results were in
agreement with previous studies since “OH and e~ were well-
described as the major species taking part in the defluorina-
tion (H/F exchange), desulfonation, (de)carboxylation, chain-
shortening, and ultimately mineralizing the PFOS
molecules.®*°

Finally, a plausible degradation mechanism was proposed
(eqn (6)-(9)) and summarized in Fig. 12b. Under light irradia-
tion, FMO catalytic centers in FMAC composite absorbed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photons and generated e /h* pairs. The photogenerated h* in
the VB was the key oxidative species, either directly oxidizing
the pollutant or reacting with surface-bound H,O to produce
"OH radicals to degrade the organic molecules. Although, e™ in
the CB cannot react with dissolved oxygen in the solution for the
formation of ‘O, ", they still expressed their key role in analo-
gous with "OH radicals in other reactions, including desulfo-
nation, carboxylation, chain-shortening, etc., toward the
mineralization of PFOS. The AC matrix with multiple 7w bonding
or oxygen-containing functional groups acted as an electron
acceptor and conductive support, facilitating charge separation
and suppressing the recombination, leading an enhancement
of photocatalytic activity toward PFOS degradation.

FMO/AC % FMO(e~ +h*) /AC (6)
FMO(e™ +h") + AC - FMO(h") + AC(e") (7)
FMO(h*) + H,O — H* + HO" + MFO (8)

FMO(h*) + AC(e”) + HO" + PFOS — intermediates — inor-
ganic products 9)

4. Conclusion

This work successfully prepared FMAC composite by the gel
combustion process in order to effectively overcome the
intrinsic limitations of bare ferrite photocatalysts. Structural
and surface analyses confirmed the homogeneous dispersion of
spinel FMO nanoparticles on the carbon framework, supported
by the preservation of Mn/Fe stoichiometry and effective metal-
oxygen-carbon interactions. The nature of multiple oxidation
states of Mn and Fe, together with abundant surface functional
groups, provided favorable conditions for interfacial charge
transfer and suppressed nanoparticle aggregation. Optical and
electrochemical results consistently showed that the FMAC
composite exhibits enhanced visible-light absorption, reduced
charge transfer resistance, and improved separation of
photogenerated charge carriers compared with FMO alone. The
large surface area and hierarchical pore structure of activated
carbon further promoted pollutant adsorption, increasing the
effective contact between reactive species and target molecules.
As a result, the fabrication promoted PFOS photocatalytic on
FMAC composite to reach a degradation efficiency of ~94% and
a rate constant of 0.0280 min ', which about twice higher than
bare FMO nanoparticles. In addition, the monitoring of reac-
tion condition indicated that the most effective treatment of
PFOS was obtained at pH 4.0, an initial contaminant concen-
tration of 100 ppb, and a FMAC content of 10.0 mg L™". Later,
the test for PFOS photodegradation in the presence of active
radical scavengers clarified that photogenerated h* and "OH
were the main active species responsible for degradation, while
'0O,” expressed an insignificantly role due to the relatively
positive CB position of FMO. Furthermore, the magnetic nature
of the composite allowed rapid separation from water,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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minimizing secondary pollution and improving reusability.
Overall, the synergistic integration of adsorption, light har-
vesting, and charge-transfer functions in FMAC composite,
suppressing the limitation of bare FMO nanoparticles, makes it
a promising photocatalyst for water treatment applications.
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