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A B S T R A C T

This study demonstrates a simple and scalable synthesis of α-FeOOH (goethite) intercalated Ti3C2Tx MXene 
through TMAOH treatment, targeting efficient degradation of emerging micropollutants in wastewater via an 
advanced oxidation process (AOP). Such a α-FeOOH-intercalated MXene stabilizes heterogeneous Fenton-based 
reactions which usually suffer from decreased efficiency over time due to Fe leaching, thus highlighting the 
novelty of the work. The successful integration of goethite particles in the MXene interlayer space was evidenced 
by X-ray diffraction (XRD), Fourier-transform infrared spectrometer (FTIR) and Transmission Electron Micro
scopy (TEM) analysis. X-ray photoelectron analysis (XPS) revealed notable surface oxidation along with minor 
TiFx and TiO2-xFx impurities formed via TMAOH treatment. Increased concentration of surface functional groups 
along with enhanced BET area (71.2 m2 g− 1) and porosity after TMAOH treatment enabled complete degradation 
of caffeine in ⁓ 90 min, by activation of peroxymonosulfate (PMS) under UVA light. Scavenging experiments, 
electron paramagnetic resonance (EPR) and XPS analysis indicated the degradation mechanism driven by 
Fenton-based reactions, electron transfer and interfacial surface charge transfers, with hydroxyl (•OH) and 
sulfate (SO•−

4 ) radicals identified as predominant reactive oxygen species (ROS). The assessment of the α-FeOOH- 
intercalated MXene as stable Fenton catalyst was confirmed with minimal iron leaching (3.07 wt%) during 
catalytic reactions and robust reusability over ten cycles, thus being more efficient and sustainable than con
ventional Fenton-based catalysts. Post-reaction XRD,FTIR and TEM analyses further confirmed excellent struc
tural stability of the new catalyst. These findings establish α-FeOOH-intercalated Ti3C2Tx MXene as a promising 
and durable catalyst for heterogeneous Fenton-based reactions applied to wastewaters treatment.

1. Introduction

Removing micropollutants (MPs) from surface water is a major 
environmental challenge [1]. Caffeine (CAF) is classified as pharma
ceutical active compound (PhAC) and it is widely used in the pharma
ceutical industry. CAF commonly enters aquatic systems through 
effluents from wastewater treatment plants (WWTPs) [2]. While its 
presence originates from human consumption (e.g. beverages and 

pharmaceuticals), the primary reason for its occurrence in surface water 
is the inefficiency of WWTPs in completely removing CAF [3]. In 
Europe, CAF concentration in freshwater can reach up to 3500 ng L− 1 

near WWTP [4]. In marine environment, the concentrations range from 
4.5 to 1110 ng L− 1 in the Atlantic Ocean and Adriatic Sea, whereas 
lower levels are exhibited in the Baltic Sea (0.016–0.058 ng L− 1) [5,6]. 
Therefore, CAF can be considered as widespread aquatic contaminant 
with environmental risks due to its persistence and toxicity to aquatic 

* Corresponding authors.
E-mail addresses: shalu1@uniba.sk (S. Atri), olivier.monfort@uniba.sk (O. Monfort). 

Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

https://doi.org/10.1016/j.cattod.2026.115764
Received 15 November 2025; Received in revised form 11 February 2026; Accepted 5 March 2026  

Catalysis Today 470 (2026) 115764 

Available online 14 March 2026 
0920-5861/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:shalu1@uniba.sk
mailto:olivier.monfort@uniba.sk
www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
https://doi.org/10.1016/j.cattod.2026.115764
https://doi.org/10.1016/j.cattod.2026.115764
http://creativecommons.org/licenses/by/4.0/


organisms [7]. Moreover, in 2024, the European Commission adopted a 
new directive on urban wastewater treatment (Directive No. 
2024/3019), which applies from January 2025 [8]. This directive 
mandates stricter regulations to reduce pharmaceutical MPs by 
requiring, for instance, the implementation of quaternary treatment 
processes and achieving a minimum removal efficiency of 80% for 
selected MPs [8]. Thus, the need of innovative technologies to imple
ment into WWTP allowing for MPs removal is one of the biggest chal
lenges for the protection of the water resource.

Among the promising quaternary treatment strategies, advanced 
oxidation processes (AOPs) have been identified as potential technology 
since they allow mineralization of MPs into harmless products like H2O 
and CO2 [9]. Sulfate radical-based AOPs (SR-AOPs) show great promise 
due to high oxidation potential of sulfate radicals (SO•−

4 ; E0 = 2.5–3.1V), 
along with their longer lifetime and wide pH stability from acidic to near 
neutral compared to hydroxyl radicals (•OH) [10]. To activate SR-AOPs, 
binary metal oxides, especially those based on iron, are widely investi
gated as Fenton-based catalysts, but one of their main drawbacks is their 
instability associated with metal leaching [11]. Although they can 
generate •OH and SO•−

4 , Fenton-based catalysts suffer from the poor 
stability of Fe(III)/Fe(II) redox cycle, especially in iron 
oxides/oxo-hydroxides like hematite (α-Fe2O3), magnetite (Fe3O4) or 
goethite(α-FeOOH), thus highlighting the importance of finding inno
vation for the stability of such catalysts [12]. One challenge is based on 
the design of innovative support for heterogeneous Fenton catalysts that 
tackle out the above-mentioned drawbacks and that improve surface 
area, electron transfer and reaction kinetics [13]. MXenes, which are 
referred as two-dimensional (2D) transition metal carbides/nitrides or 
carbonitrides [14], represented by the formula Mn+1XnTz (M = early 
transition metal, X = C, N, Tz = functional groups such as -OH, -F, and 
-O) can play the role of innovative support for iron 
oxides/oxo-hydroxides.

In our work, we consider Ti3C2Tx MXene as support to construct a 
hybrid catalyst [15], as it exhibits abundant surface terminations that 
facilitate intercalation, electron transfer and structural stability for host 
material [16]. To expand the MXene interlayer spacing and increase its 
surface area, tetramethyl ammonium hydroxide (TMAOH) has been 
reported as an effective reagent for delaminating multilayer Ti3C2Tx into 
few-layer nanosheets [17]. Using this strategy, we explore the possibility 
of intercalating α-FeOOH within the MXene structure, as goethite is a 
widely used Fenton catalyst with low cost and high surface area but 
strongly limited by iron leaching [18,19]. Our aim is to develop an 
efficient and stable Fenton-based catalyst by combining goethite with 
MXene’s unique properties. Herein, we report a facile, scalable and 
low-temperature synthesis of α-FeOOH-intercalated Ti3C2Tx MXene 
through TMAOH treatment. This approach uniquely harnesses α-FeOOH 
stabilization in MXene interlayer space to overcome limitations linked to 
the instability of heterogeneous Fenton-based processes, thus high
lighting a new advancement in MXene-based catalytic systems for qua
ternary wastewaters treatment. Accordingly, the key novelty of this 
work lies in the stabilization of Fenton catalytic sites through MXene 
interlayer confinement via formation of a new hybrid MXene/Fenton 
catalyst, enabling an efficient and durable heterogeneous Fenton 
process.

2. Experimental section

2.1. Preparation of α-FeOOH-intercalated Ti3C2Tx (FTTOH)

To prepare the Fe intercalated Ti3C2Tx powder (FTTOH), iron(III) 
nitrate nonahydrate (Fe(NO3)3.9H2O; ACS reagent, ≥ 98%), with Fe 
content from 0.69 wt% to 8.52 wt% (relative to Ti3C2Tx), was added in 
situ to a mixture of 0.5 g of Ti3C2Tx dispersed in 2.5 mL TMAOH and 
2.5 mL deionized water (DI) after 20 h of stirring. The mixture was then 
stirred for an additional 3 h at 25 ºC. The product was collected using 
centrifugation at 4500 rpm for 15 min (per cycle), washed with DI water 

until neutral pH was achieved, and subsequently dried at 80 ºC for 2 h.
For the control samples, α-FeOOH was synthesized by using the same 

procedure, excluding the addition of MXene. The control Ti3C2Tx pow
der (TTOH) treated by TMAOH (Thermo scientific, 1.0 M aq. Soln., ACS 
reagent) was prepared using 0.5 g of Ti3C2Tx powder which dispersed in 
a mixture of 2.5 mL TMAOH and 2.5 mL DI water. The suspension was 
stirred at room temperature for 20 h. The resulting product was washed 
repeatedly with DI water until neutral pH, and collected using centri
fugation at 4500 rpm for 15 min per cycle. The final product was dried 
at 80 ºC for 2 h. It is worth noting multilayer Ti3C2Tx MXene which was 
used during the synthesis was prepared using 1.0 g of Ti3AlC2 MAX 
phase powder (Sigma-Aldrich, ≥ 90%), which was gradually added to 
an etching solution composed of 9 mL of DI water, 18 mL of 12 M hy
drochloric acid (HCl; Merck, 37%) and 3.0 mL of 28.4 M hydrofluoric 
acid (HF; Thermo Scientific, ACS Reagent, 48-51% solution in water) in 
a plastic bottle, following a previously established procedure [20].

2.2. Characterization techniques

The structural and phase composition of the prepared Ti3C2Tx, 
TTOH, FTTOH and α-FeOOH samples were analyzed using a PANalytical 
X-ray diffractometer (XRD) equipped with Cu Kα radiation (λ =
1.5406 Å), operating over a 2θ range of 3◦–80◦. The chemical bonds of 
the MXene-based samples were analyzed using a Fourier-transform 
infrared spectrometer (FTIR; JASCO 4600) before and after reaction to 
identify chemical modifications. Morphological characteristics were 
examined using scanning electron microscopy (SEM; Tescan Lyra III) 
and transmission electron microscopy (TEM; JEOL JEM ARM 200 cF). 
The catalysts for TEM were prepared by dispersing the powder in iso
propyl alcohol, followed by 5 min of sonication and deposition onto 
thin, carbon-coated copper grids. Surface chemistry was investigated by 
X-ray photoelectron spectroscopy (XPS) using an AXIS Supra spec
trometer (Kratos Analytical Ltd., UK) equipped with a monochromatic 
Al Kα X-ray source (photon energy = 1486.6 eV, emission current =
10 mA, acceleration voltage = 15 kV). Charge compensation during XPS 
analysis was achieved using an automatic electron flood gun. Wide-scan 
and core-level spectra were acquired at pass energies of 80 eV and 
20 eV, respectively. The pressure in the XPS analysis chamber was 
maintained at approximately 10− 7 Pa during measurements. XPS spectra 
of TTOH and FTTOH were referenced to the C 1 s peak at 284.8 eV (C–Ti 
bonds) [19] leading to position of C-C/C-H signal at 285.0 (FTTOH) and 
285.1 eV (TTOH). The spectra of α-FeOOH were referenced using 
C-C/C-H signal at 285.0. Data were processed and analyzed using Casa 
XPS software. To subtract the signal of inelastically scattered electrons, 
Shirley background was employed. Nitrogen adsorption-desorption at 
77 K was measured by Sync 400 (3 P Instruments) as described previ
ously [20]. Prior to analysis, the samples were degassed in two steps: 
16 h at 423 K in a vacuum oven and 4 h at 413 K in the analyzer. Porous 
properties were calculated using ASiQwin software (Quantachrome In
struments). The BET area was calculated according to Rouquerol’s 
consistency criteria [21,22]. Micropore (< 2 nm) and mesopore 
(2–50 nm) volumes were obtained by integrating the pore size distri
bution (PSD) derived from the adsorption branch using the QSDFT 
(Quenched Solid Density Functional Theory) model, assuming 
carbon-like slit micropores and cylindrical mesopores.

2.3. Catalytic degradation of caffeine and related analyses

The degradation of CAF using peroxymonosulfate (PMS) activation 
via the synthesized catalyst under UVA light was performed in a batch 
mode in home-made box photo-reactor (Foto-Sihor) equipped with 4 
UVA lamps (Sylvania BL368–15W with a total irradiance of 1.29 cm− 2 

in the range 335 – 380 nm). For each experiment, a 50 mL solution of 
50 µM CAF contained 0.2 L− 1 of the suspended catalyst and 0.5 mM of 
PMS (OXONE®, Sigma Aldrich). Prior to the degradation experiment, 
the suspension without PMS was magnetically stirred in the dark for 
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10 min to reach adsorption-desorption equilibrium. The reaction was 
initiated by adding PMS and turning on UVA light (under continuous 
stirring). At designated time intervals, 500 µL aliquots were withdrawn, 
immediately filtered through a 0.45 µm PTFE membrane and transferred 
into a HPLC vial, containing 100 µL methanol (MeOH, CentralChem, 
Slovakia) as a quenching agent to stop residual reactions.

The experimental conditions were optimized by varying systemati
cally selected parameters, including Fe wt% in the catalyst (0.69, 1.37, 
2.93, 8.52%), catalyst dosage (0.04, 0.1, 0.2, 0.4, 0.8 L− 1), PMS con
centrations (0.1, 0.2, 0.4, 0.5 and 1.0 mM), and pH (3, 4, 5, 7, 9, 11) as 
demonstrated in Figure S1 and Text S1. Based on these results, 0.2 L− 1 of 
FTTOH catalyst (containing 2.93 wt% Fe), 0.5 mM PMS and the natural 
pH of the system (pH ~ 4) were selected for the experiments discussed in 
this work.

Concerning the monitoring of CAF degradation, its concentration 
was determined using high performance liquid chromatography (HPLC, 
1260 Infinity III Agilent), equipped with a C18 column (Hypersil Gold, 
5μm 150 mm × 4.6 mm, Thermo Fisher Scientific) and DAD detector 
(wavelength detection set at 272 nm). The mobile phase was a mixture 
of HPLC grade methanol (MeOH, Merck) and HPLC grade water (H2O, 
Merck) in gradient mode (Table S1), with a flow rate of 1.0 mL min− 1.

To identify and determine the contribution of reactive oxygen spe
cies (ROS) involved in the CAF degradation via PMS activation, scav
enging experiments were conducted using various quenchers: 10 mM 
tert-butanol (TBA, EMSURE® ACS analysis, Merck) for •OH, 10 mM 
isopropanol (ISOP, LiChrosolv®, Merck) for both •OH and SO•−

4 and a 
combination of 10 mM of ISOP and 0.5 mM of furfuryl alcohol (FFA, 
Analytical standard, Sigma Aldrich) for singlet oxygen (1O2). The con
centration of quenchers was determined based on calculations detailed 
in the Supplementary Information (Text S2 and Table S2) [23]. In 
addition, based on the apparent rate constant (kapp) obtained during the 
scavenging experiments, the contribution of the identified ROS can be 
calculated to provide better insights into the understanding of the CAF 
degradation in the investigated system (Text S3 and Table S2). Details of 
the electron paramagnetic resonance (EPR) experimental setup, 
including irradiation conditions and spectral analysis, are given in the 
Supporting Information (Text S4).

2.4. Assessment of FTTOH as stable Fenton catalyst

Catalyst reusability was assessed over ten consecutive degradation 

cycles under identical conditions (50 mL of 50 µM CAF, 0.2 L− 1 catalyst, 
0.5 mM PMS under UVA light). After each cycle, the catalyst was 
recovered via centrifugation, washed thoroughly with deionized water, 
and dried at 80 ºC for reuse. The structural stability of the catalyst was 
evaluated through XRD, TEM, FTIR and iron-leaching analysis using 
colorimetric ferrozine method, following the protocol described in the 
literature [24]. The iron leaching is considered crucial for both struc
tural integrity and assessment of heterogeneous vs. homogeneous Fen
ton reactions. The consumption of PMS during CAF degradation was also 
monitored using colorimetric KI method, according to the literature 
[25].

To tackle out the potential contribution of homogeneous Fenton re
actions, CAF degradation was performed under optimized conditions for 
FTTOH system but replacing the catalyst by iron perchlorate (Fe(ClO4)3. 
xH2O; Sigma-Aldrich) at an iron concentration equivalent to leached 
amount detected for FTTOH system. For comparison purpose, goethite 
was tested for CAF degradation under similar conditions as the opti
mized FTTOH system.

3. Results and discussion

3.1. Synthesis of FTTOH and structural characterization

The preparation of FTTOH samples involved a two-step process as 
shown in Fig. 1. First, multilayer Ti3C2Tx MXene was synthesized 
through mixed acid etching of the corresponding MAX phase. In the 
second step, the resulting MXene was exfoliated using TMAOH treat
ment (TTOH), followed by α-FeOOH-intercalation (Fig. 1).

Fig. 2 presents the XRD patterns of synthesized materials including 
Ti3C2Tx, MXene, TMAOH modified MXene (TTOH), α-FeOOH and 
α-FeOOH-intercalated MXene (FTTOH). The Ti3C2Tx MXene exhibits a 
broad (002) reflection near 8.3 ◦, characteristic of well-stacked MXene 
layers with typical interlayer spacing after etching. Upon treatment with 
TMAOH, the (002) reflection in TTOH becomes sharp and intense with a 
significant shift to a lower angle of 5.8 ◦, indicating increased interlayer 
spacing due to solvent intercalation and partial delamination, alongside 
slight disruption of layer stacking [26]. The phase identification of 
synthesized goethite (α-FeOOH) shows good agreement with the ICSD 
reference pattern (ICSD-01–081–0462) using XʼPert HighScore software 
(Fig. 2b). This confirms that α-FeOOH crystallizes in an orthorhombic 
symmetry with space group Pbnm, and the observed diffraction peaks at 

Fig. 1. Schematic representation of the preparation of TTOH and FTTOH.
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(110), (130), (111), (140), (150), (221), (231) and (151) can be indexed 
with lattice parameters a = 4.6188 Å, b = 9.9528 Å, c = 3.0236 Å [27].

Upon α-FeOOH intercalation in the FTTOH sample, the (002) peak 
becomes significantly broader and less intense while maintaining a 
similar position, reflecting increased structural disorder, variable 
interlayer distances, and lattice distortion induced by α-FeOOH incor
poration within the MXene layers (Fig. 2a). In the mid- to high-angle 
region (15◦–65◦), all three samples show broad and weak reflections 
typical of Ti3C2Tx, corresponding to higher-order basal planes ((004) 
and (006) and in-plane lattice planes (Fig. 2b). The absence of distinct 
α-FeOOH diffraction peaks in the XRD pattern of FTTOH likely arises 
from its low loading (~ 5 wt%), poor crystallinity and high dispersion 
within the Ti3C2Tx layers, which collectively reduce its diffraction in
tensity below the detection limit. Compared to the Ti3C2Tx and TTOH, 
the FTTOH sample exhibits a noticeable decrease in peak intensity and 
increased peak broadening in this region as well, consistent with 

reduced crystallinity and enhanced structural perturbations caused by 
α-FeOOH intercalation, confirming the effective modification of the 
layered structure of Ti3C2Tx MXene, that may contribute to improved 
surface accessibility and catalytic performance.

Fig. 3 displayed the FTIR spectra of both Ti3C2Tx, TTOH, α-FeOOH 
and FTTOH samples, from which largely similar vibrational features 
corresponding to typical chemical bonds forming MXene and interca
lated species can be observed (Fig. 3a-b). The characteristic bands 
associated with O-H stretching (~3430 cm− 1), H-O-H bending (~1630 
cm− 1), C-H bending (~1390 cm− 1), C-N stretching (⁓950 cm− 1), and 
Ti-O bending (⁓550–650 cm− 1) vibrations are present in both samples, 
being consistent with -OH, -O, -F terminations, intercalated water mol
ecules, and TMAOH-related organic groups [28-30]. The band centred at 
1346 cm− 1 and 619 cm− 1 corresponds to Fe-O vibrational modes in 
α-FeOOH [31]. The band observed at 3110 cm− 1 revealed O-H stretch
ing mode in the goethite structure. The characteristic band appearing at 

Fig. 2. XRD patterns of acid-etched Ti3C2Tx, TTOH, α-FeOOH and the corresponding line diagram of α-FeOOH (ICSD-01–081–0462) and FTTOH samples in the range 
of (a) 3–10̊ and (b) 15–65̊.

Fig. 3. FTIR spectra of Ti3C2Tx, TTOH, α-FeOOH and FTTOH samples.
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896 cm− 1 and 798 cm− 1 can be assigned to Fe-O-OH bending vibration 
in α-FeOOH (Fig. 3b) [27]. In addition, compared to TTOH, FTTOH 
exhibits a significantly more intense and broader absorption band in the 
400–700 cm− 1 region, reflecting modified local vibrational modes due 
to α-FeOOH intercalation. This enhanced adsorption is attributed to 
additional metal-oxygen-fluoride interactions and Fe-O stretching 
modes α-FeOOH [29]. While both TTOH and FTTOH samples retain core 
MXene surface features, α-FeOOH intercalation enriches the chemical 
environment, particularly impacting lattice vibrations linked to transi
tion metal and halide bonding. Based on FTIR studies combined with 
XRD analysis, the results confirm that α-FeOOH intercalation modifies 
the surface chemistry and metal coordination of Ti3C2Tx MXene, which 
can significantly enhance its catalytic performance by tuning the active 
sites and improving interactions with reagents.

The SEM images of Ti3C2Tx reveals the multilayered structure char
acteristic of the MXene, while α-FeOOH exhibits homogeneous granular 
morphology (Figure S2a and S2b) [32]. The SEM micrographs of TTOH 
and FTTOH show that both samples retain the characteristic layered 
MXene morphology32; however, α-FeOOH intercalation induces notable 
morphological changes (Figure S2). The TTOH sample displays 
well-defined, stacked, and relatively smooth sheets, indicative of effec
tive exfoliation and interlayer expansion (Figure S2c and S2d) [26]. In 
contrast, the FTTOH sample exhibits increased fragmentation, and 
granular features, suggesting partial disruption of the layered structure 
and incorporation of α-FeOOH species (Figure S2c and S2d). These 
morphological modifications are expected to increase the surface area 
and active site density, potentially benefiting catalytic performance.

TEM images of FTTOH show Ti3C2Tx MXene nanosheets covered 
with α-FeOOH particles (Fig. 4a and b). The MXene particles, which 
crystallize in a hexagonal symmetry with space group P63/mmc 
(Fig. 4c), exhibit a size ranging from hundreds of nanometers to mi
crometers, while the α-FeOOH nanoparticles have diameters between 
2.5 and 30 nm and tend to agglomerate on the MXene surface. Energy- 

dispersive X-ray spectroscopy (EDS) confirmed the presence of Ti3C2Tx 
with Fe content, which is close to the nominal value of 2.93 wt% 
(Figure S3). The high C content indicates an intact MXene backbone, 
while the presence of O reflects surface terminations or minor oxidation 
(Figure S3). Selected area electron diffraction (SAED) pattern confirms 
the hexagonal symmetry of the MXene, with interplanar distances of 
2.66 Å and 1.53 Å for the (100) and (110) planes, respectively (Fig. 4c) 
[33]. Additional peaks at distances of 3.52 Å and 1.89 Å corresponds to 
the (011) and (020) planes of anatase TiO2, likely due to surface 
oxidation (Fig. 4c) [34]. HRTEM image of α-FeOOH particles in FTTOH 
(Fig. 4d) reveals a region with relatively low particle density. The cor
responding FFT pattern confirms peaks with hexagonal symmetry of 
Ti3C2Tx, corresponding to the (100) and (110) planes (Fig. 4e). In 
addition to these MXene-related reflections, prominent peaks are 
observed at distances of 3.37 Å and 1.69 Å, aligned along a common 
direction in the FFT. These peaks can be indexed to the (120) and (240) 
planes of α-FeOOH [35]. An HRTEM image acquired from a region 
containing agglomerated α-FeOOH particles (Figure S4a) confirmed the 
identification of goethite phase (Figure S4b). The radial profile of the 
corresponding FFT shows good agreement with the calculated powder 
diffraction pattern, thus supporting this assignment (Figure S4b and 
S4c).

The porous properties of the TTOH and FTTOH samples were char
acterized by N2 adsorption-desorption measurements at 77 K. The cor
responding isotherms, pore size distribution (PSD) curves, BET areas, 

Fig. 4. (a) TEM and (b) STEM images of FTTOH with Ti3C2Tx MXene and iron oxide particles distributed across its surface. (c) Measured SAED pattern: the indexed 
spots of the MXene have hexagonal symmetry and are oriented along the [001] zone axis. TiO2 peaks are present due to surface oxidation. (d) HRTEM image of the 
MXene covered with iron oxide particles, along with (e) FFT pattern. The hexagonal symmetry spots in the white circles belong to the MXene (Ti3C2Tx), the spots in 
the blue circles corresponds to α-FeOOH, with a measured interlayer distances of 0.337 nm and 0.169 nm.

Table 1 
Porous properties of the TTOH and FTTOH samples derived from nitrogen 
physisorption at 77 K.

Sample BET area  
(m2 g ¡1)

Micropore volume  
(cm3 g¡1)

Mesopore volume  
(cm3 g¡1)

Porosity

TTOH 21.3 0.003 0.047 Mesoporous
FTTOH 71.2 0.009 0.131 Mesoporous
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and micro- and mesopore volumes are presented in Figure S5 and 
Table 1. Compared with pristine multilayer MXene (8.2 m2 g− 1) [36], 
the TTOH sample exhibited a markedly higher BET surface area of 
21.3 m2 g− 1 (Table 1). This enhancement can be attributed to the 
TMAOH-assisted exfoliation and surface functionalization of MXene 
layers, which increases interlayer spacing and exposes more surface. The 
interlayer spacing is predominantly mesoporous in nature, as indicated 
by a mesopore volume of 0.047 cm3 g− 1 and a broad PSD within the 
mesopore range, while microporosity is negligible. Upon α-FeOOH 
intercalation (FTTOH sample), the porous characteristics further 
improved approximately threefold, with the BET area increasing to 
71.2 m2 g− 1 and mesopore volume to 0.131 cm3 g− 1, while maintaining 
a broad PSD [37]. This substantial increase in the porous properties is 
ascribed to insertion of α-FeOOH nanostructures between Ti3C2Tx 
layers, which effectively prevents layer restacking and promotes the 
formation of additional mesopores. These results confirm that both 
TMAOH exfoliation and α-FeOOH intercalation significantly enhance 
the surface area compared to pristine MXene and α-FeOOH.

The insights into surface chemistry of FTTOH material is provided by 
XPS analysis which detects signals from the depth of approximately 
8 nm below the material interface. To compare the evolution of surface 
chemistry after preparation of FTTOH material, the comparison with 
core-level spectra of pristine TTOH and α-FeOOH materials are pre
sented in Fig. 5. Wide spectra (Figure S6) of all materials represent the 
elemental composition on the surface with the atomic concentration (at 
%) of each element presented in Table S4. The C 1 s spectrum (Fig. 5a) 
confirmed the presence of C− Ti backbone forming the Ti3C2Tx MXene 
with the signal located at 282.0 eV. The C 1 s signals at ≈ 285.1 eV, 
≈ 286.5 eV, ≈ 287.7 eV, and ≈ 289.0 eV are ascribed to C− C/C− H, 
C− O, C––O, and O− C––O bonds forming adventitious carbon or hy
drocarbon contaminants [38]. Signal from C− C/C− H species can be 
overlapped with the signal from graphitic carbon which can exists in 
MXene materials [39]. C 1 s signal at ≈ 292.3 eV is ascribed to surface 
CF3 contaminant consistent with the F 1 s signal (Fig. 5c) detected at 
≈ 689.5 eV [40]. The fundamental atomic environment of Ti atoms in 
FTTOH was similar to TTOH with additional surface species as apparent 

Fig. 5. XPS core-level spectra of TTOH, α-FeOOH and FTTOH: (a) C 1 s, (b) Ti 2p, (c) F 1 s, (d) O 1 s, and (e) Fe 2p.
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from the Ti 2p spectra in Fig. 5b. Broad Ti 2p3/2 signal at ≈ 456.0 eV 
(and 2p1/2 signal at ≈461.8 eV) with low intensity corresponds to minor 
concentration of surface terminations bonded on surface as C− Ti−
(O/F), where O/F denotes mixed contribution from oxygen and/or 
fluorine elements as discussed in work by Natu et al [19]. Contribution 
of surface oxide in the form of TiO2 most likely dopped with fluorine 
forming the compound with general formula TiO2-xF2x implies from the 
Ti 2p3/2 signal detected at ≈ 459.2 eV (and Ti 2p1/2 at ≈465.0 eV) [19]. 
The presence of C− Ti− F terminations and TiO2-xF2x oxide on the surface 
is consistent with the F 1 s signal at ≈ 685.0 eV (overlapping signals 
denoted in F 1 s spectrum as C–Ti–F/TiO2-xF2x). Other signals contrib
uting to the Ti 2p spectra are resolved at ≈ 460.2 eV (Ti 2p3/2 signal, and 

corresponding ≈466.0 eV position of Ti 2p1/2 signal) and ≈ 462.2 eV (Ti 
2p3/2 signal, and corresponding ≈468.0 eV position of Ti 2p1/2 signal) 
which are most likely ascribed to TiF3 and TiF4 materials [41-43]. The 
overlapped signal from TiF4 and TiF3 (TiF4/TiF3) is detected in F 1 s 
spectrum (Fig. 5c) at position ≈ 686.6 eV [41]. With respect to the 
detected concentration of Fe and Ti elements of ≈ 5.5 at% and ≈ 16.0 at 
%, respectively (Table S4), and pattern of detected Ti 2p and Fe 2p 
spectra (Fig. 5b and e), it is apparent that the Ti3C2Tx MXene and mostly 
TiO2-xF2x oxide are the predominant phases on the FTTOH surface. 
Therefore, these materials are expected to significantly contribute to the 
signal of O 1 s spectrum (Fig. 5d). The O 1 s spectra measured for pris
tine α-FeOOH (Fig. 5a) are consistent with the previously published 

Fig. 6. Fig. 6. (a) CAF degradation profiles using Ti3C2Tx (MXene), TTOH, α-FeOOH, FTTOH and their physical mixture under varying light and PMS conditions. (b) 
Reusability of FTTOH/Light/PMS over ten cycles, (c) Total Fe (Fe(II)+Fe(III)) leaching and Fe(II) leaching from FTTOH under UVA/PMS. (d) Effect of radical 
scavengers (TBA, IPA, IPA+FFA) on CAF degradation, confirming active species involvement. Initial conditions: [CAF] = 50 µM; [Catalyst] = 0.2 g L-1; [PMS] 
= 0.5 mM. (e) Degradation extent of CAF in real wastewater (WW) using FTTOH under UVA with varying PMS concentrations after 12 h. Initial conditions: [FTTOH] 
= 0.2 g L-1, [CAF] = 50 μM.
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results and the signals at ≈ 528.9 eV and ≈ 530.2 eV are assigned to Fe 
in lattice of material (Fe–O), and lattice OH- group (Fe–OH) [44]. These 
O 1 s signals overlap the position originating from species in MXene: the 
surface terminations bonded as C–Ti–O at position ≈ 529.1 eV [19], 
resulting overlapped signals denoted as C–Ti–(O)/Fe–O; and lattice ox
ygen in TiO2-xF2x at ≈ 530.5 eV [19], resulting signal denoted as 
TiO2-xF2x/Fe–OH. The asymmetric signal detected in TTOH positioned 
around ≈ 532.1 eV contribute to the spectra of FTTOH due to the sur
face species bonded as C–Ti–(O/F) [19] and is overlapped with the 
signal which is detected in TiO2-xF2x materials [45,46]. Unfortunately, 
the O 1 s signal is overlapped with the signals originating from C–O, 
C––O, and O–C––O species forming adventitious carbon or hydrocarbon 
contaminants (or other contaminants) and this contribution is herein not 
negligible as apparent from significant share of these signals in C 1 s 
spectra, making resolving of shares the signals from TTOH and α-FeOOH 
challenging. Among the other contaminants, which contributed to the O 
1 s signal of FTTOH, are adsorbed water (signal at ≈533.5 eV) and other 
organic impurities (signal at ≈535.2 eV) signals denoted as contami
nants [19]. The Fe 2p signal detected for pristine α-FeOOH (Fig. 5e) with 
the binding energy positions of main Fe 2p3/2 and Fe 2p1/2 signals at 
≈ 709.9 eV and 723.5 eV [47], respectively, was significantly shifted 
towards higher binding energy by ≈ 2.2 eV ascribed to changes in the 
close proximity of Fe atoms after incorporation the α-FeOOH to the 
FTTOH surface [48].

3.2. Catalytic performance

The catalytic performance of the FTTOH catalyst toward CAF 
degradation via PMS activation was assessed under optimized condi
tions. CAF degradation was compared between the different systems 
including Ti3C2Tx, TTOH, α-FeOOH and FTTOH, with particular 
emphasis on the role of UVA light and PMS (Fig. 6a). Control experi
ments with FTTOH under light without PMS (0.0032 min− 1) and in dark 
with PMS (0.0018 min− 1), showed only minor activity (Fig. 6a). Among 
all tested systems, FTTOH/Light/PMS exhibited the highest degradation 
efficiency, achieving a rate constant of 0.0442 min− 1, which was 
significantly higher than FTTOH/Dark/PMS (0.0111 min− 1), thus 
highlighting the crucial role of the UVA light. Compared to Ti3C2Tx/ 
Light/PMS (0.0007 min− 1), α-FeOOH/Light/PMS (0.0041 min− 1), 
TTOH/Light/PMS (0.0036 min− 1) and a physical mixture of the TTOH 
with α-FeOOH under Light/PMS (0.0056 min− 1), the FTTOH/Light/ 
PMS system exhibited significantly higher performance, suggesting the 
importance of the increased surface area brought by expansion of the 
MXene interlayer spacing and confirming a synergy between FTTOH and 
α-FeOOH (Figure S7). This synergy can be ascribed to dispersion of Fe 
sites in α-FeOOH on Ti3C2Tx MXene, which facilitate PMS activation 
through Fe3+/Fe2+ cycling, where UVA light promotes the photore
duction of Fe3+ to Fe2+ along with electron transfer between MXene and 
iron sites, improving charge carriers’ lifetime. Therefore, it accelerates 
the generation of ROS responsible for CAF degradation. The synergistic 
effect (SE) can be calculated by using Equation 1 (where k′ is apparent 
rate constant), yielding a value of 10.8, which represents a remarkable 
enhancement compared with similar Fe-containing systems reported in 
the literature.

SE (light) =
kʹ

UVA+PMS+FFTOH

kʹ
UVA + kʹ

PMS + kʹ
FFTOH

(1) 

For instance, Golshan et al. reported SE values of 1.5 for CuFe2O4 in 
the UV/PMS systems [49]. Similarly, Tian et al. observed SE values as 
high as 2.1 for ZnO@spinel cobalt ferrite@carbon nanotube under 
UVC/PMS conditions [50]. This comparison clearly shows that the 
current system confirms MXene has a crucial role in the enhanced syn
ergy by combining its conductive properties to the Fenton properties of 
α-FeOOH, thus promoting the generation of ROS.

3.3. FTTOH as potential stable Fenton catalyst

The reusability of the FTTOH catalyst was evaluated over ten 
consecutive cycles to assess its operational stability (Fig. 6b). CAF 
degradation efficiency remained high at approximately 80% during the 
first five cycles and gradually decreased to about 30% after ten cycles. 
This decline can be ascribed to partial deactivation of catalytic surface 
by fouling or partial oxidation as demonstrated in XPS (Fig. 5) [51]. 
However, this decrease is not due to iron leaching since a minimal 
release of Fe was observed (0.18 mg L− 1 while employing 0.2 L− 1 of 
FTTOH). This amount of leached iron corresponds to only 3.07% of the 
total nominal iron content (0.293 mg Fe in 10 mg FTTOH) intercalated 
in the MXene, indicating a low degree of leaching and high structural 
stability of the FTTOH catalyst (Table S3). To check this point, the XRD, 
FTIR and TEM characterization of the FTTOH catalyst before and after 
CAF degradation experiments was compared. The post-degradation XRD 
pattern shows diminished intensity of the (002) reflection and 
higher-angle peaks, indicating loss of long-range order and decreased 
crystallinity (Figure S8) [52]. This arises from partial oxidation and 
structural disorder, which disrupt the interlayer spacing and Fe-O-Ti 
coordination. New peaks attributed to anatase TiO2 also appear, 
including the (101) reflection at 25.28 ◦ and a weaker feature near 
48.37 ◦ (likely the (200) peak), consistent with XPS analysis (Figure S8) 
[53]. In the FTIR spectra after CAF degradation, the intensity of the -OH 
stretching and H-O-H bending modes decreases significantly (Figure S9). 
This observation suggests that surface hydroxyl groups (-OH) play an 
important role in PMS activation, accompanied by changes in the cat
alysts’s surface properties [54]. The band around 1068 cm− 1, attributed 
to C-O stretching vibrations, becomes sharper, indicating an increased 
amount of residual oxygen-containing species, possibly from adsorbed 
CAF degradation products [55]. The Ti-F vibrational band shifts 
noticeably from 950 to 750–700 cm− 1 region, consistent with coexis
tence of Ti, -O, and -F species in the MXene interlayer galleries [29]. 
Additionally, broadening of the FTIR features in the 400–700 cm− 1 re
gion after CAF degradation is likely caused by several factors including 
enhanced surface oxidation, formation of mixed Ti/Fe oxides/hydr
oxides, and increased structural disorder, thus contributing to over
lapped and broadened metal-oxygen vibrational bands [56]. The TEM 
performed after 10 cycles of CAF degradation revealed higher particle 
contamination, primarily in particle centers with cleaner edges 
(Figure S10a), while the overall morphology of the FTTOH particles 
remained unchanged (Figure S10b), with MXene Ti3C2Tx sheets covered 
by α-FeOOH nanoparticles. No significant changes in the nanoparticle 
crystallinity were observed post-degradation. Ti3C2Tx crystals oriented 
along the [001] zone axis, with d-spacings of 2.66 Å and 1.53 Å 
measured for the (100) and (110) planes, respectively. For the 
agglomerated particles (Figure S10c), interplanar spacings of 3.37 Å, 
2.45 Å, and 1.69 Å, corresponding to the (120), (111), and (240) planes 
of the goethite, were measured from the FFT. These values are consistent 
with those of the fresh catalyst, indicating no significant structural 
degradation during the TEM investigation.

Therefore, FTTOH cannot be considered as reusable catalyst due to 
these changes at its surface, especially the partial oxidation of MXene. 
On the other hand, the iron leaching is remarkably low, suggesting 
FTTOH is promising for further development as stable Fenton catalyst 
which is one of the key discoveries of the present work. Indeed, Fenton- 
based processes (either homogeneous or heterogeneous) usually suffer 
of long-term stability and efficiency in waters treatment. To confirm the 
robustness of heterogeneous Fenton reactions triggered by FTTOH, the 
potential contribution of homogeneous reactions from the leached iron 
was assessed. To this end, a system containing 1.14 mg L− 1 of Fe 
(ClO4)3⋅xH2O (corresponding to 0.18 mg L− 1 Fe, equivalent to amount 
of iron leached from FTTOH) in 50 mL of CAF solutions was prepared. 
Under UVA/PMS conditions, this system led to approximately 10% 
degradation within 120 min (Figure S11), demonstrating that hetero
geneous Fenton process is predominant in the FTTOH/Light/PMS 
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system. In addition, the CAF degradation performance, catalysts reus
ability, and iron leaching of FTTOH were compared with those of con
ventional Fe2O3 and Fe3O4 prepared under our laboratory conditions via 
a solvothermal method (Figure S12a) [57,58]. The degradation effi
ciency of Fe2O3 decreased from 34% to 27%, while that of Fe3O4 
declined from 67% to 42% after just two consecutive cycles 
(Figure S12b), suggesting significant Fe leaching. These results further 
confirm the superior degradation performance, good reusability, and 
high structural stability of FTTOH. Therefore, MXene has been proven 
here to stabilize the iron species via intercalation, thus providing stable 
and efficient active sites to trigger Fenton-based processes and degrade 
organic pollutants. However, the surface oxidation of MXene upon reuse 
should be addressed to make it more robust before considering such 
hybrid MXene-Fenton catalysts as potential sustainable materials for 
wastewaters treatment.

3.4. Mechanistic insights into PMS activation

To elucidate the activation of PMS using FTTOH catalyst, the ROS 
responsible for CAF degradation have been identified using scavenging 
studies in the presence of TBA, ISOP, and a mixture of FFA+ISOP 
(Fig. 6d). The degradation rate constants significantly decreased from 
0.0442 min− 1 to 0.0252 min− 1, 0.0017 min− 1, and 0.0003 min− 1, 
respectively, indicating that both •OH and SO•−

4 radicals are the pre
dominant ROS. The quantitative contribution of the identified ROS 
using Eqs. S1-S3 (Text S3) were 42.98% for •OH, 53.16% for SO•−

4 and 
2.9% for 1O2. Therefore, the PMS activation leads to a radical-mediated 
CAF degradation. Furthermore, the complete consumption of PMS 
during CAF degradation (Figure S13) confirms the ROS generation is 
from the PMS activation, suggesting a high density of Fenton active sites 
on the surface of FTTOH [59].

Indirect EPR techniques, including spin trapping and oxidation of 
sterically hindered amines, were employed to detect and identify tran
sient radical species in an aerated aqueous dispersion of the FTTOH 
catalyst. Fig. 7 shows EPR spectra recorded before and during contin
uous 365 nm LED irradiation of the aerated FTTOH suspension in the 
presence of PMS with 5,5-dimethyl-1-pyrolline N-oxide (DMPO, Fig. 7a) 
and 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO, 
Fig. 7b). In both systems, EPR signals were observed prior to irradiation, 
and their intensities increased markedly upon 365 nm illumination 
under the given experimental conditions.

The simulation analysis in the reaction system after LED@365 nm 

exposure with DMPO (Figure S14a) showed the formation of followed 
spin-adducts, •DMPO-OH (aN = 1.505 mT, aH

β = 1.470 mT, g = 2.0057; 
crel = 57%) and •DMPO-SO4

– (aN = 1.377 mT, aH
β = 1.005 mT, aH

γ1 =

0.141 mT, aH
γ2 = 0.073 mT, g = 2.0056; crel = 43%). The same species 

were detected in the reaction system with BMPO (Figure S14b), •BMPO- 
OH(I) (aN = 1.444 mT, aH

β = 1.590 mT, aH
γ = 0.070 mT, g = 2.0057; crel =

13%), •BMPO-OH(II) (aN = 1.419 mT, aH
β = 1.271 mT, aH

γ = 0.065 mT, g 
= 2.0057; crel = 47%) and •BMPO-SO4

– (aN = 1.301 mT, aH
β = 0.915 mT, 

aH
γ1 = 0.140 mT, aH

γ2 = 0.079 mT, g = 2.0056; crel = 40%), and the 
different substituents in position 5 on BMPO moiety resulted in the 
formation of two diastereoisomers of •BMPO-OH spin-adduct [60,61]. 
Generation of such spin-adducts were expected with the major pathway 
of spin-adducts •DMPO-OH and •DMPO-SO4

– generation via genuine spin 
trapping – reaction of •OH or SO•−

4 with spin trap moiety. This also 
correlates with the proposed mechanism (Eq. 1-3), where the Fe3+ ions 
react with PMS resulting in SO•−

4 and subsequent •OH formation in dark. 
Upon LED@365 nm exposure the homolytic cleavage of -O-O- in PMS 
served as an additional source of these radical species. These observa
tions were further confirmed using the BMPO spin trap, where the same 
radical species were detected with a similar relative ratio of 
oxygen-centered to sulfur-centered spin adducts as in the DMPO system. 
Control experiments without PMS showed only negligible spin-adduct 
formation in the aerated FTTOH/DMPO system (data not shown), 
consistent with the Fig. 6a.

The oxidation of sterically hindered amine 4-oxo-2,2,6,6-tetrame
thylpiperidine (Temp) in FTTOH/PMS system was also realized using 
EPR spectroscopy. Fig. 8 shows EPR spectra recorded before and during 
continuous 365 nm LED irradiation of aerated aqueous PMS/Temp 
(Fig. 8a) and FTTOH/PMS/Temp (Fig. 8b) systems. In both cases, the 
characteristic three-line EPR signal of the stable nitroxide radical 4-oxo- 
2,2,6,6-tetramethylpiperidin-1-oxyl (Tempone) was observed, with hfcc 
parameters aN = 1.613 mT, a13 C (6x13C) = 0.583 mT and g = 2.0057. 
Upon LED@365 nm irradiation, Tempone EPR intensity increased in 
both systems, confirming efficient oxidation of Temp, confirming the 
efficient generation of reactive species (•OH, SO•−

4 , and 1O2) in the 
FTTOH/PMS system [60]. Comparison of systems with and without 
FTTOH revealed a significant decrease in EPR intensity in the presence 
of the catalyst, attributed to the role of Fe3+ ions, which also oxidize 
Temp to Tempone, supporting the Fenton-like catalytic behaviour of 
FTTOH.

Based on the above-mentioned data, a plausible mechanism for PMS 
activation over the FTTOH catalyst under UVA irradiation is proposed 
(Fig. 9). In this system, UVA light plays a significant role in promoting 
PMS activation through the photolysis of surface Fe species, regenerat
ing Fe2+ from Fe3+. The FTTOH catalyst exhibiting higher surface area is 
triggering Fenton-based reactions by the activation of PMS reactions 
(Eqs. 2-4) [62,63]. The surface complexation between PMS on FTTOH 
can be considered (Eq. 2), thus leading to a change in the surface 
oxidation state and reduction of Fe3+ to Fe2+ [64-67]. This step aligns 
with pre-reaction XPS confirming active Fe sites and post-reaction FTIR 
showing decreased -OH groups.

The generated Fe2+ also activates PMS into SO•−
4 (Eq. 3), while SO•−

4 
can be converted into •OH by reaction with water (Eq. (4)) [64-67]. 
These radicals has been identified as the predominant ROS. In parallel, 
PMS can undergo self-decomposition to produce 1O2, which further 
contributes to pollutant degradation [64,65]. The generation of ROS and 
the participation of Fe-centred redox cycles are confirmed by EPR 
spin-trapping and Temp oxidation experiments. Moreover, the intrinsi
cally high electrical conductivity and tunable surface chemistry of 
Ti3C2Tx MXene facilitate efficient charge carrier separation and transfer, 
thereby enhancing ROS generation [68].

+ HSO−
5 +

Fe3+ + HSO−
5 →Fe2+ + SO•−

5 + H+ (3) 

Fig. 7. The sets of individual EPR spectra (magnetic field sweep width, SW = 9 
mT) monitored upon continuous LED@365 nm exposure (irradiance 15 cm− 2) 
of aerated aqueous suspension of FTTOH in the presence in the presence of PMS 
and (a) DMPO or (b) BMPO spin trapping agent. Initial concentrations: c 
(TFFOH) = 0.4 mg mL− 1, c0(PMS) = 0.5 mM, c0(DMPO) = 42 mM, 
c0(BMPO) = 10 mM.

S. Atri et al.                                                                                                                                                                                                                                      Catalysis Today 470 (2026) 115764 

9 



Fe2+ + HSO−
5 → Fe3+ + SO4

•− + OH− (4) 

SO•−
4 + H2O→SO2−

4 +•OH (5) 

This proposed mechanism aligns with the structural and vibrational 
changes observed in the XRD and FTIR analyses before and after CAF 
degradation (Figure S8 and S9), supporting the occurrence of surface 
modifications during the reaction. Overall, the proposed PMS activation 
mechanism highlights the critical role of surface chemistry modulation 
and the stabilizing effect of MXene on Fenton active sites. The syner
gistic interplay between Fenton active sites and the surface chemistry of 
Ti3C2Tx MXene results in a stable and efficient catalyst capable of effi
cent PMS activation and CAF degradation under UVA irradiation.

3.5. Evaluation of FTTOH/PMS system in real wastewaters

To assess the practical applicability of FTTOH/PMS system, CAF 
degradation was conducted in tertiary effluent collected from a munic
ipal WWTP in Bratislava (Table S5). Under optimized conditions, only ~ 
10% CAF removal was achieved in wastewater after 12h(Fig. 6e). The 
reduced catalytic performance (compared to deionized water) can be 
attributed to light attenuation by suspended matter and competitive 
between PMS and generated ROS with coexisting organic and inorganic 
constituents [69,70]. Additional experiments were performed by 
increasing the PMS dosages, that markedly enhanced CAF removal, 
reaching up to 84% degradation with 2 mM PMS (Fig. 6e). These results 
demonstrate that FTTOH remains catalytically active in real water 
matrices, supporting its potential applicability for PMS activation and 
warranting further investigations of such hybrid MXene/Fenton 

Fig. 8. The sets of individual EPR spectra (magnetic field sweep width, SW = 6 mT) monitored upon continuous LED@365 nm exposure (irradiance 15 cm− 2) of 
aerated aqueous system containing Temp and PMS (a) without catalyst and (b) with TFFOH catalyst. Initial concentrations: c(TFFOH) = 0.4 mg mL− 1, c0(PMS) 
= 0.5 mM, c0(Temp) = 0.5 mM.

Fig. 9. Proposed mechanism of CAF degradation via PMS activation using FTTOH catalysts.
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catalysts toward scale-up implementation.
As environmental safety considerations are also important to 

consider, we have been recently evaluated the ecotoxicity of Ti3C2Tx 
MXene material in aquatic systems using the freshwater alga 
S. quadricauda as a bioindicator [71]. While a detailed ecotoxicological 
assessment is beyond the scope of this study, which focuses on stabi
lizing Fenton-like catalytic sites, these efforts aim to support the safe 
deployment of hybdrid MXene/Fenton-assisted AOPs.

4. Conclusions

This work demonstrates that α-FeOOH intercalation into Ti3C2Tx 
MXene (FTTOH) produces an efficient heterogeneous Fenton-like cata
lyst for PMS activation under UVA irradiation. The intercalation-driven 
expansion of the MXene interlayers and the resulting increase in surface 
area (from 21.3 m2 g− 1 to 71.2 m2 g− 1 after α-FeOOH intercalation), 
significantly enhance the accessibility and utilization of Fenton-active 
sites, enabling complete CAF degradation within 90 min at low iron- 
loading with minimal metal leaching of 3.07 wt%. These characteris
tics directly address the major limitations of conventional Fenton pro
cesses, including secondary pollution (iron sludge), catalyst stability and 
operational costs, thereby underscoring the potential of hybrid MXene/ 
Fenton catalysts.

Beyond this specific system, the findings establish that MXenes as a 
versatile platform for heterogeneous Fenton catalysis. However, the 
surface oxidation of the MXene matrix should be addressed in future 
studies where exploration of alternative MXene compositions and other 
Fenton-active metals can be considered. Finally, the present study sug
gests hybrid MXene/Fenton heterogenous catalysts are encouraging for 
potential application in wastewaters treatment.
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