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MIL-53(Fe) derived magnetic CuFe2O4/Fe2O3 composite for catalytic 
oxidation of sulfamethoxazole via peroxymonsulfate activation 
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A B S T R A C T   

Design of metal–organic framework (MOF) derived metal oxides is an effective approach for environmental 
remediation. The current study describes the fabrication of MIL-53-derived perforated CuFe2O4/Fe2O3 using a 
facile, one-step, post-thermal solid-state approach by varying Cu/Fe ratios. Herein, the release of CO2 and H2O 
during the thermal treatment facilitates the incorporation of Cu2+ onto the Fe2O3 structure, forming a perforated 
hollow CuFe2O4/Fe2O3 composite via an in-situ ion-exchange mechanism. The optimised catalyst CF-0.5 displays 
a high degradation efficiency for the removal of sulfamethoxazole (SMX) by heterogeneous activation of per
oxymonsulfate (PMS), ascribing to the better textural, morphological, and elemental properties of the novel 
catalyst. Important reaction parameters such as pH, catalyst loading, PMS dosage, pollutant kind and concen
tration, and reaction temperature are further optimised to develop a cost-effective catalytic system. The 
magnetically recoverable catalyst outlines a high stability rate, and only a 9 % efficiency loss is observed even 
after the fourth cycle. Reactive oxygen species (ROS) are identified by electron paramagnetic resonance spec
troscopy (EPR) and their roles are determined by performing quenching experiments. In the end, a detailed study 
of the mineralisation ability and reaction intermediates is performed and possible pathways for the degradation 
mechanism are proposed. This study not only introduces a facile approach for the fabrication of MOF-driven 
nanomaterials but provides insights into the removal of emerging contaminants such as SMX.   

1. Introduction 

Owing to their excessive utilisation, penetration and accumulation 
into the aquatic systems, pharmaceutical pollution is posing adverse 
effects on human and marine life and therefore being enlisted under 
“Emerging Contaminants (ECs)” [1,2]. Sulfamethoxazole (SMX), a sul
fonamide antibiotic, is frequently used in both human and veterinaries 
medication against bacterial infections [3]. As a result of its effective 
control over bacterial diseases, the increased consumption of SMX has 
resulted in its accumulation and therefore continuously been detected in 
the range of 0.01 – 2 g L-1 as reported by previous studies [3,4]. Though 
the reported values are not an immediate threat, its continuous 
discharge can increase the SMX concertation, inducing chronic diseases 
and genetic mutation. Additionally, prolonged exposure can enhance 
antibiotic resistance in bacteria [5]. Therefore, it’s the need of the hour 

to exploit new routes/technologies to detoxify the aquatic environment 
from SMX pollution. 

In comparison to the traditional Fenton or Fenton-like processes, 
sulfate radical-based AOPs (SR-AOPs) have emerged as an effective 
technology to counter and eliminate persistent pollutants [6]. In prin
ciple, hydroxyl radical-based AOPs (HR-AOPs) primarily generate hy
droxyl radicals (•OH), whereas the latter enjoy the generation of 
additional sulfate radicals (SO4

•–) along with •OH, during the activation 
of peroxymonosulfate (PMS) or peroxydisulfate (PDS) [7–9]. Taking 
advantage of a longer half-life and higher redox potential (3.1 eV) of 
sulfate radicals, SR-AOPs can effectively degrade refractory contami
nants, endocrine disruptors and personal care products (PCPs) [10]. 
Moreover, SO4

•– can be generated in a wide pH range (2 – 11) and 
therefore has an extra advantage over •OH, which is most likely 
restricted to acidic conditions only [11]. Depending on nature of the 
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catalytic system, the generation of other reactive species such as su
peroxide (O2

•–) and sometimes singlet oxygen (1O2) are also well- 
reported during the activation of PMS [12]. Regardless of their low 
redox potential, these species can degrade organic contaminants to some 
extent but follow a different degradation mechanism/path [13,14]. 

Hematite (α-Fe2O3), an environment-friendly and the most abundant 
form of iron oxide, has been frequently employed for the catalytic 
activation of PMS/PS [15–17]. However, the heterogeneous catalytic 
system has its shortcomings e.g., i) poor regeneration of Fe2+, ii) excess 
amount of Fe3+ on the catalyst surface and/or, iii) metal-ions leaching in 
case of a high catalyst dosage [18]. In the past decade, the fabrication of 
spinal ferrites (MFe2O4) had emerged as a promising solution to address 
the associated problems of α-Fe2O3 catalytic systems [19]. Here, the 
synergistic effect of the coupled transition metal oxide MFe2O4 (M = Co, 
Cu, Mn, Ni…) with Fe2O3 can further tune its physicochemical proper
ties along with induced high magnetisation, resulting in the enhanced 
catalytic activity and better recycling ability [20,21]. In connection with 
the spinel family, CuFe2O4 is proven to be an efficient spinel catalytic 
material for the degradation of organic contaminants via PMS activation 
[22–24]. Apart from its efficiency in environmental remediation, its 
widespread application is limited by strong magnetisation, intermolec
ular interactions and poor electrical conductivity which can signifi
cantly affect its catalytic performance by reducing the exposed sites and 
poor electron mobility [25,26]. 

To overcome these challenges, metal–organic framework (MOF)- 
derived Fe2O3 can be one promising alternative for the fabrication of an 
efficient catalytic system [27]. Being a self-sacrificial template, MOF- 
driven catalysts enjoy the presence of carbon skeleton to some extent 
and can thus enhance the electronic conductivity of the resultant cata
lyst [28]. Additionally, the high porosity can further induce more active 
sites for the adsorption of organic contaminants onto the catalyst sur
face, resulting in the better degradation of organic contaminants 
[29,30]. Despite the extensive research available on the fabrication of 
spinel structure and MOF-driven Fe2O3, it is still a challenge to incor
porate these two materials into one another to attain maximum catalytic 
efficiency. 

Inspired by the above observation, a novel CuFe2O4/Fe2O3 (CF-x) 
perforated bipyramidal structure is fabricated by a simple one-step 
MOF-driven approach. The fabricated CF-x catalyst depicted better 
textural, morphological and elemental properties, as analysed by 
comprehensive physiochemical techniques. Afterwards, the as-prepared 
catalytic materials were employed for the degradation of SMX via PMS 
activation. Among all CF-x materials, the CF-0.5 catalyst exhibited high 
catalytic activity and was able to achieve 99.9 % removal efficiency for 
20 mg L-1 SMX in just 45 min. Important reaction parameters such as pH, 
temperature, PMS dosage and catalyst loading were further optimised to 
achieve a cost-effective but efficient catalyst system. Above all, the 
catalyst was recovered/recycled by applying an external magnet and 
depicted high stability even after four cycles. Quenching experiments 
and electron paramagnetic resonance spectra (EPR) identified and 
confirmed the presence of both radical (SO4

•–, •OH, and O2
•–) and non- 

radical (1O2) species. In the end, the mineralisation ability of the pro
posed catalytic system was analysed through total organic carbon (TOC) 
analysis and possible degradation pathways were proposed. This work 
not only exploits a facile strategy for the fabrication of magnetically 
recoverable CuFe2O4/Fe2O3 catalyst but provides deep insights into the 
removal of emerging contaminants. 

2. Materials and methods 

2.1. Chemicals and reagents 

All the chemicals and reagents with grade information are detailed in 
supplementary information as Text S1. 

2.2. Fabrication of Cu-modified MOF and CuFe2O4/Fe2O3 

MIL-53(Fe) was first prepared by a previously reported method and 
detailed in supplementary Text S2 [31]. For the synthesis of CuFe2O4/ 
Fe2O3, copper acetate and Fe-MOF were first dispersed in 30 mL abso
lute ethanol by maintaining different weight ratios of Cu content to Fe- 
MOF (Cu/MOF = x), where x  = 0.25, 0.5 and 0.75. The above mixture 
was ultrasonicated for 30 min and then placed in an oven at 80 ◦C to 
evaporate the ethanol. After that, the dried powder was placed in a 
ceramic crucible and calcined at 500 ◦C for 4 h in a muffle furnace to 
remove the impurity acetate groups. Pristine α-Fe2O3 was prepared by 
directly calcining Fe-MOF at 500 ◦C for 4 h. Whereas pure CuFe2O4 was 
fabricated by raising Cu/MOF ratio to 1.25 at similar conditions. 

2.3. Characterisation 

All the characterisation techniques with equipment specifications are 
detailed in supplementary Text S3. 

2.4. Experimental procedure 

The detailed experimental procedure and the analytical techniques 
are outlined in Text S4 and Text S5 in supplementary section. 

2.5. Theoretical chemical calculations (DFT analyses) 

The detailed visualization and chemical calculations were performed 
on VASP and are provided in supplementary information as Text S6. 

3. Results and discussion 

3.1. XRD, FT-IR, XPS, textural, and morphological analyses 

Phase identification and sample purity were analysed by X-Ray 
diffraction (XRD) patterns. Fig. S1 depicts the XRD pattern of as- 
prepared MOF which is in close resemblance with MIL-53 (Fe), indi
cating the successful formation of MIL-53(Fe). After calcination, the 
obvious peaks of MIL-53 disappeared and new peaks of α-Fe2O3 emerged 
at position 2θ = 28.08, 38.6, 41.5, 47.8, 58.09, 63.6, and 68.1, and are 
well-aligned to JCPDS 33–0664, suggesting the complete conversion of 
MIL-53 to α-Fe2O3 during the calcination process (Fig. 1a). In compar
ison to the pure Fe2O3, the addition of Cu precursor has caused the 
appearance of some explicit peaks at position 2θ = 37.9, 41.5, 45.8, 
54.7, 57.2, 63.01 and 68.8, indicating the successful interaction of Cu/ 
Fe ions to form a spinal CuFe2O4 (JCPDS 34–0425) [32]. Furthermore, a 
significant lowering in the characteristic peaks of the pure α-Fe2O3 
phase was also observed under the influence of Cu precursor, which 
further implies the formation of CuFe2O4/Fe2O3 structure by the ion- 
exchange method [33]. The successful fabrication of the CuFe2O4/ 
Fe2O3 composite could be attributed to the in-situ reactions of surface- 
coated Cu2+ ions and Fe2O3 to form CuFe2O4 on the surface of 
α-Fe2O3. As the Cu/Fe ratio in the precursor solution increases, the peak 
intensities of Fe2O3 decrease but the respective characteristic peaks of 
CuFe2O4 increase. Upon further increase of Cu/Fe ratio, the participa
tion of all Fe2O3 in the solid-state reaction was confirmed by the 
extinction of Fe2O3 peaks with the formation of CuO, whose diffraction 
peaks at 2θ = 41.5, and 45.8 are evident of a solid-state reaction be
tween surface coated Cu2+ ions and Fe2O3. 

Fourier-transform infrared (FT-IR) spectroscopy analyses were per
formed to evaluate the functional chemistry of as-prepared nano
composites. At first, MIL-53(Fe) depicted the identical spectrum as that 
in the available literature (Fig. S2). One absorption band at 1596 cm− 1, 
and two sharp vibrational modes at 1505 and 1385 cm− 1 are ascribed to 
the typical C = O, and C–O band stretching, respectively, indicating the 
successful coordination of organic linker into the MOF structure [34]. 
The respective peaks at 747 and 545 cm− 1 are found to be aligned with 
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the C–H band stretching of the benzene ring, and Fe–O band vibrations 
[35]. Furthermore, the wide band vibration at 3390 cm− 1 is assigned to 
the typical O–H stretching, which could be due to the surface adsorbed 
water molecules. However, no band vibrations of the organic linker 
were observed in the fabricated α–Fe2O3, and CF-x nanocomposites, 
indicating the removal of 1,4-BDC at high temperatures (Fig. 1b). 
Furthermore, no band stretching of acetate precursor was observed in 
the CF-x structures, suggesting the high purity of the samples. Here, the 
characteristic bands at 434, and 516 cm− 1 can be attributed to the 
typical metal–oxygen vibrational nodes (M− O; Cu–O, and Fe-O). Slight 
vibration at 896 cm− 1 was identified in the CF-x spectra, evidencing the 
formation of a typical ferrite structure [36]. The presence of two slight 
bands stretching in the 1000 – 1500 cm− 1 region can be due to the re
sidual acetate impurities (COO–), indicating the successful interaction of 
Cu/Fe with the precursor carboxylic impurities [37]. A weak vibration 
mode in the 3350–3400 cm− 1 region indicates the removal of surface 
adsorbed water molecules during the high-temperature calcination 
process. 

X-ray photoelectron spectroscopy (XPS) analyses were performed on 
CF-0.5 catalyst to have a deep insight into the chemical composition and 
oxidation states of respective elements. The catalyst composite was 
comprised of Cu, Fe and O elements. In high-resolution deconvoluted 
spectra of Fe 2p, two peaks positioned at 707.84 and 721. 6 eV were 
ascribed to the typical characteristic peaks of Fe 2p3/2 and Fe 2p1/2, 
respectively (Fig. 1c) [38]. Further deconvolution of Fe 2p3/2 revealed 
the presence of Fe2+ and Fe3+ oxidation states at a binding energy of 
707.4 and 709.6 eV, indicating the possible reduction of Fe3+ to Fe2+

during the high-temperature calcination process [39]. However, the 
appearance of a characteristic satellite peak of Fe3+ at 715.6 eV 
confirmed the obvious formation of α-Fe2O3 rather than Fe3O4 [40]. The 
high-resolution deconvoluted spectra of Cu 2p can be fitted with Cu 2p3/ 

2 at 930.9 eV, Cu 2p1/2 at 951 eV, along with the two satellite peaks of 
Cu2+ at 939.2, and 959 eV (Fig. 1d). Further fitting of Cu 2p3/2 resulted 
in two newly emerged peaks of Cu+, and Cu2+ at 930.5, and 931.7 eV, 
respectively, indicating the presence of thermally reduced Cu species on 
the catalyst surface [41]. However, the phase dominance of CuO can be 
referred to the presence of two strong characteristic Cu2+ satellite peaks, 
which would lead to the formation of the CuFe2O4 composite [42]. The 
corresponding O 1 s spectrum was further deconvoluted into two 
distinct peaks of lattice oxygen and the surface adsorbed hydroxyl 

groups (OH), centring at 526.8, and 528.4 eV, respectively (Fig. 1e) 
[43]. Here, the respective elemental XPS deconvoluted spectra of CF-0.5 
catalyst are providing conclusive evidence of the successful formation of 
CuFe2O4/Fe2O3 nanocomposite. 

Specific surface area (SSA), and porosity are well-known influential 
factors in catalytic processes. Therefore, the textural properties and 
porosity of as-fabricated structures were investigated through nitrogen 
adsorption–desorption isotherms, and are summarised in Table 1 
(Fig. S3, & Fig. 1f). As expected, MIL-53(Fe) shows a high SSA of 868.75 
m2/g with high porosity. Upon calcination, the SSA of α-Fe2O3 was 
reduced to 2.84 m2/g, ascribing to the removal of organic linker from 
the pristine structure. Moreover, the Cu-modified structures showed a 
gradual increase in the surface area w.r.t the induced Cu contents, 
suggesting the deposition and induction of Cu species to enhance the 
specific surface area. In addition, all the CF-x catalysts depicted pore 
abundancy predominantly in the range of 2 – 40 nm, suggesting the 
presence of micro-, and mesopores on the catalyst surface. However, the 
SSA of CF-0.75 catalyst was observed to decrease to 4.13 m2/g, sug
gesting the possible blocking of active sites and pores due to agglom
eration of CuO species onto the catalyst surface. The high specific 
surface area and improved textural properties of CF-0.5 are expected to 
enhance the catalytic oxidation of SMX because of its effective interac
tion (sorption) with the organic contaminant. 

The morphology of as-fabricated microstructures was first examined 
by SEM. Pristine MIL-53(Fe) depicts a polygonal structure with a smooth 
surface and cornered edges, having an average length and width of 3.2 
1.1 μm (Fig. 2 (a & b)). Upon calcination, the MOF structure ruptured 
drastically, ascribing to the escaping of carbon linker at high calcination 
temperatures. Moreover, several smaller particles of α-Fe2O3 seemed to 
be interconnected, leaving small pores in between each other, to retain 
the original bipyramidal structure (Fig. S 4 (a &b)). The pores between 

Fig. 1. a) XRD patterns of MOF-derived α-Fe2O3, and Cu-modified samples, b) FT-IR spectra of MOF-derived α-Fe2O3, and Cu-modified samples; High-resolution 
deconvoluted XPS spectra of c) Fe 2p, d) Cu 2p, and e) O 1 s of Cu-0.5 samples, and f) N2 adsorption–desorption isotherm, (inset) pore size distribution of CF- 
0.5 sample. 

Table 1 
Textural properties of MOF and MOF-derived catalytic materials.  

Catalytic Material Specific Surface Area (m2/g) Average Pore Size (nm) 

MIL-53(Fe)  868.75  22.25 
Fe2O3  2.84  18.23 
CF-0.25  3.72  20.18 
CF-0.50  6.81  14.23 
CF-0.75  4.13  15.76  
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these small particles might be helpful for the effective diffusion of water 
molecules to show a better catalytic efficiency. However, the introduc
tion of Cu precursor makes the surface coarser, as the aforesaid metal 
agglomerated on the surface of Fe2O3 (Fig. S4 (c & d)). It is evident from 
the SEM images that more the Cu-precursor is added, more agglomer
ation occurs on the surface of Cu-0.5 (Fig. 2 (c & d). After exceeding a 
certain limit of Cu-addition (CF-0.50 catalyst), the excess Cu ions 
blocked the pristine active sites in the CF-0.75 catalyst, making it least 
effective for contaminant-catalyst interaction (Fig. S4 (e & f). The results 
are also in-line with the BET surface area, where the SSA of CF-0.75 was 
observed to be smaller than the CF-0.5 catalyst. 

The structural orientation and interfacial contact between Cu and Fe 
precursors at Cu-0.5 catalyst were further verified by TEM imaging. It is 
evident from the TEM image that the CF-0.5 composite is fabricated 
through the agglomeration of several small nanoparticles, ascribing to 
the release of H2O and CO2 during the solid-state calcination process 
(Fig. 2Fig. 2e). A high-resolution TEM (HRTEM) image further revealed 
the aggregation of irregular nanoparticles with lattice spacing (d- 
spacing) of 0.271 and 0.249 nm corresponding to the lattice planes of 
(110) of α-Fe2O3 and (311) of CuFe2O4, respectively (Fig. 2 (f - h)) . 
Furthermore, the EDX survey displays a near-uniform dispersion of all 
the elements onto the catalyst surface (Fig. 2 (i – m)). This intimate 
coordination between Fe2O3 and CuFe2O4 could be helpful to enhance 
the electrical conductivity of the newly fabricated CuFe2O4/Fe2O3 
composite. Based on the aforesaid discussion, a schematic pattern for the 
fabrication of CF-0.5 catalyst is prepared and depicted in Fig. 2n. 

The separation and transfer of electrons on catalyst surface was 
further analysed by performing electron impedance spectra (EIS). 
Herein, the semi-circle radius of Nyquist curve can be related to the 
charge transfer properties of the catalytic materials. To be more specific, 

the smaller arc of the Nyquist curve can be attribute to better electrical 
conductivity and lesser resistance for electron migration [39]. Fig. 3 
represents the smallest arc radius of CF-0.5 catalyst, representing min
imal resistance for charge transfer, and the overall order of electrical 
conductivity could be represented as CF-0.5 > CF-0.75 > CuFe2O4 > CF- 
0.25 > Fe2O3. This lowest resistance of CF-0.5 can be concluded from the 
optimum ratio of (Cu/Fe), which is necessary to fabricate an efficient 
bimetallic catalyst. 

Fig. 2. SEM images of (a & b) MIL-53(Fe), and (c & d) CF-0.5 catalyst at different magnifications, (e) TEM image of CF-0.5, (f) HRTEM image of CF-0.5, (g - h) FFT 
pattern, and (i - m) EDX elemental mapping of the respective elements, and (n) schematic representation for the fabrication of CF-0.5 catalyst. 

Fig. 3. Electron impedance spectra of as-fabricated catalysts.  
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3.2. Catalytic oxidation of SMX 

The catalytic potential of as-prepared catalysts was evaluated in the 
removal of SMX via PMS activation (Fig. 4a). At first, 38 % SMX removal 
was recorded by PMS alone. This can be ascribed to the self-oxidation of 
PMS which results in the generation of singlet oxygen (1O2). Some recent 
studies have also reported the degradation of sulfonamides and other 
pharmaceutical molecules through a non-radical path during self- 
oxidation of PMS [44,45]. Moreover, the MIL-53/PMS catalytic system 
exhibited its limited effectiveness, as it only managed to remove ~ 40 % 
SMX. However, the introduction of as-prepared catalysts, SMX degra
dation efficiency is progressively enhanced. Almost 67, 68, 85 and 99.7 
% SMX degradation was observed by α-Fe2O3, CuFe2O4, CF-0.25, and 
CF-0.50 and PMS systems, respectively, and their respective reaction 
rate constants were recorded as 0.022, 0.040, 0.041 and 0.071 min− 1 

(Fig. 4b). This increase in reaction rate and degradation efficiency can be 
ascribed to better textural and morphological properties of Cu-modified 
Fe2O3 structure, which will ultimately provide more active sites with 
lesser charge migration resistance (Fig. 3). However, with a further in
crease in Cu contents, the catalytic performance of CF-0.75 for the 
degradation of SMX decreases to 90 % and its reaction rate also declined 
to 0.050 min− 1. The presence of excessive Cu contents will create a 
disordered interface with poor textural properties, resulting in the 
hampering of charge transfer properties on the catalyst surface (Fig. 3). 
The results suggest that the corresponding ratio of Cu/MOF has a 
considerable impact on the degradation efficiency of CF-x composites. 
Owing to the best performance of CF-0.5 catalyst, an adsorption 
experiment was performed under similar conditions, and only 5 % SMX 
removal was recorded by physical means. 

3.3. Influence of key reaction parameters 

To analyse the influence of key reaction parameters, the effect of 
PMS loading was first studied and examined by varying the initial PMS 
loading from 1.5 to 9 mM (Fig. 5a). A direct relationship was observed 
between PMS loading and the catalytic efficiency, as the respective 
degradation efficiencies were recorded as 73, 81, and 99.9 % for 1.5, 3 
and 6 mM in just 45 min. The increased reaction rate can be due to more 
collisions between catalyst and oxidant to produce more active species, 
resulting in enhanced degradation efficiency (Fig. 5b). However, a mild 
improvement in degradation efficiency of SMX was observed when 
initial PMS dosage was further increased from 9 to 11 mM, as the re
action rate constant was slightly increased from 0.26 min− 1 to 0.28 
min− 1, respectively. Here the excess presence of PMS could hinder the 

degradation efficiency by providing radial scavenging effect (Eq. (1). At 
the same time, self-quenching of SO4

•– species could also play a decisive 
role in the degradation kinetics (Eq. (2) [46].  

HSO5
– + SO4

•– → SO5
•–                                                                     (1)  

SO4
•– + SO4

•– → S2O8
2–                                                                      (2) 

Fig. 5c depicts the effect of catalyst dosage on SMX degradation the 
respective reaction rate constants are illustrated in Fig. 5d. From the two 
figures, it is evident that the increased catalyst loading significantly 
enhanced the degradation efficiency. Nearly 20, 16, and 99.9 % SMX 
was successfully removed in 45 min, when 0.05, 0.1, and 0.2 g L-1 of 
catalyst were added to the reaction system. Their respective reaction 
rate constants were calculated as 0.036, 0.039, and 0.071 min− 1 

(Fig. 5d). An abrupt increase in the reaction rate from 0.071 to 0.28 
min− 1 was observed upon further increasing the catalyst dosage to 0.4 g 
L-1. This increase in the degradation rate could be attributed to the 
availability of more active sites for the reaction with oxidant, acceler
ating the PMS activation efficiency (Fig. S5). Consequently, more reac
tive species would be generated to mineralise the target pollutant [47]. 

pH is a key factor for AOPs as most pharmaceutical and other pol
lutants have different pH and therefore may affect degradation effi
ciency. To evaluate this, the pH of the solution was adjusted by either 
0.1 M HCl or 0.1 M NaOH (Fig. 5e). In a strong acidic pH condition (pH 
= 3), PMS activation slightly decreased to 13 % and the reaction rate 
constant was declined to 0.042 min− 1 (Fig. 5f). This negative effect of 
lower pH might be because PMS is relatively stable under acidic con
ditions due to the presence of H+ and its stabilisation effect on the 
leading specie of PMS, i.e., HSO5

–. Furthermore, the possible bonding of 
H+ and O–O group of HSO5

– may also provide additional hindrance for 
the catalyst-oxidant interactions [48]. In addition to this, dissolution of 
metal ions could also be another influential factor as a relatively higher 
leaching of metal ions was recorded at strong acidic conditions (pH =
3.01) (Fig. S6a). Upon increasing the initial pH value to the basic con
dition (pH = 9), a slight decline in the catalytic efficiency was observed 
and the reaction rate constant was dropped to 0.049 min− 1, possibly due 
to the negative effect of OH– ions. The excess amount of OH– ions will act 
as a scavenger for the SO4

•–, leaving behind the less reactive •OH radicals 
[49]. Furthermore, free metal ions (Fe and Cu) could also from hy
droxides at higher pH values, inhibiting the overall degradation kinetics. 
Apparently, a drop in metal ions leaching was also recorded, recom
mending the stability of metallic oxide microstructure at higher pH 
values (Fig. S 6a). Another reason for the efficiency loss would be the 
adaption of non-radical (1O2) pathways, as PMS can be self-oxidised at 

Fig. 4. (a) Catalytic oxidation of SMX under different catalytic systems, and (b) respective pseudo-first-order kinetics modelling; Reaction Condition: [Catalyst]0 =

0.2 g L-1, [SMX]0 = 20 mg L-1, [PMS]0 = 6 mM, and T = 25 ◦C. 
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Fig. 5. Influence of reaction parameters (a) initial PMS concentration, (c) initial catalyst dosage, (e) initial pH, and (g) reaction temperature, (b, d, and f) the 
respective pseudo-first-order reaction kinetics, and (h) activation energy (Ea). 
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higher pH values, which would again minimise the generation of reac
tive radicals [50]. Moreover, the observed decline in degradation effi
ciency in harsh conditions (pH = 3 and11) can be attributed to the 
amphoteric nature of SMX, which exhibits two distinct pKa values (1.5 
and 5.6) [51]. To be more specific, the associated amine (–NH2) and 
amide (–NH-) groups are responsible for protonation and deprotonation 
at different pH. To better understand this, zeta potential of SMX/ 
CuFe2O4/FeO3 catalytic system was investigated (Fig. S 6b). The in
crease of negative charge in extreme conditions pH (3 and 11) can 
induce mor electrostatic repulsion, resulting in the lower removal of 
SMX is observed. Slightly acidic and neutral solutions were found to be 
the best working conditions for the catalytic system. Contrarily, the 
material can still perform under a wide pH range (3 – 11), making it a 
potential working material for real-time applications. 

The influence of reaction temperature was further evaluated by 
varying the reaction temperature in the range of 25 – 55 ◦C and depicted 
in Fig. 5g. A direct relationship between reaction temperature and re
action kinetics was recorded as the increase in reaction temperature 
significantly enhanced the reaction rate constants. Nearly, 100 % SMX 
degradation was achieved in 30, 20, and 10 min at the reaction tem
peratures of 35, 45, and 55 ◦C. Moreover, Arrhenius law was applied to 
calculate the activation energy of the CF-0.5 catalyst (Fig. 5h). The lower 
value of Ea (43.17 kJ mol− 1) strongly recommends the application of the 
catalytic system for the removal of highly persistent chemicals such as 
SMX. 

Effect of initial concentration on degradation efficiency was exam
ined by varying the SMX concentration to 5, 10 and 50 mg L-1 (Fig. 6a). 
During the experiments, the initial dosages of both catalyst and PMS 
were kept consistent, ensuring a consistent number of generated reactive 
species. Consequently, a high initial SMX concentration (40 mg L-1) will 
require an increased amount of both catalyst and PMS for achieving 
optimal degradation efficiency. In contrast, lower SMX concentrations of 
5 and 10 mg L-1 were completely degraded in just 10 and 30 min, 
respectively. This notable degradation performance can be attributed to 
the exceptional application of the proposed CF-0.5/PMS catalytic system 
across a wide range of matrices. 

The versatility of CF-0.5 catalyst was further demonstrated by 
employing the same catalytic system to target other pollutants, 
including phenol and other emerging contaminants such as p-hydroxy 
benzoic acid (p-HBA) and sulfachloropyridazine (SCP). Fig. 6b reveals 
the complete removal of these toxic pollutants within the specified time, 
illustrating the substantial efficacy of the CF-0.5/PMS catalytic system. 
This comprehensive degradation performance reinforces the versatile 
characteristics of the CF-0.5/PMS catalytic system, thus highlighting its 
potential suitability within a wide range of environmental contexts. 

3.4. Catalyst stability and reusability 

Catalyst stability and reusability are important as cost is a key factor 
in large-scale operations. To counter this factor, the catalyst was 
recovered with a magnet, thoroughly washed with ultrapure water, and 
kept at 60 ◦C for drying. The catalyst was used for three consecutive runs 
after the first use, and only 14 % efficiency loss along with a slight 
decline in the reaction rate constant was observed after 4th use (Fig. 7 (a 
& b)), ascribing to the residual occupation of active sites. Metal-ions 
leaching by Cu-0.5/PMS system was further monitored by using MP- 
AES (Fig. S 7a). In comparison to the respective iron ions leaching of 
0.97 and 1.28 mg/L in Fe2O3/PMS and MIL-53(Fe)/PMS, only 0.3 mg/L 
of iron ions along with 0.21 mg/L of copper ions were determined in the 
leached solution of CF-0.5/PMS catalytic system. Apparently, Cu- 
modification on the Fe2O3 surface significantly depressed metal ions 
leaching during the catalytic process, suggesting the high stability of the 
CF-0.5 catalyst. Moreover, a heterogeneity test was performed by adding 
the leached amount along with PMS in the SMX solution (Fig. S 7b). And 
the SMX degradation efficiency was observed to be less than 40 % under 
the leached catalytic system in 45 min. The results are in-line with the 
PMS-only catalytic system, where a similar degradation efficiency was 
recorded earlier (Fig. 4a). These results conclusively suggest the suc
cessful activation of PMS by surface-bonded metallic species rather than 
the leached ions. 

3.5. Mechanistic investigation and identification of reactive oxygen 
species 

To have a more detailed insight into the role of surface-bonded ele
ments, and the possible change in their chemical composition, XPS 
spectral analyses were performed on the fresh and used CF-0.5 catalyst. 
Apparently, all the peaks of respective elements (Cu, Fe, and O) were 
present in the survey scan of fresh and used catalysts, indicating their 
high chemical stability (Fig. 8a). In the high-resolution deconvoluted 
spectrum of Fe 2p fresh catalyst, the relative intensities of Fe+2, and Fe3+

species at binding energies of 707.4, and 709.6 eV were recorded as 42.3 
%, and 57.7 %, respectively (Fig. 8b). After the reaction, not only did the 
peak positions of the respective components slight shift to 707.5, and 
709.8 eV, but their respective relative intensities were also changed to 
37.7 %, and 62.3 %. This interconversion of the oxidation states depicts 
the partial contribution of Fe2+ species in the catalytic mechanism [52]. 

However, a dramatic change in the relative intensities of Cu species 
was observed after the reaction. In comparison to the fresh catalyst, the 
respective peaks of Cu2+, and Cu+ were shifted from 931.7 and 930.5 eV 
to 939.7 and 932.8 eV, respectively, in the used catalyst (Fig. 8c). 

Fig. 6. (a) Effect of initial SMX concentration and (b) Catalytic oxidation of other pollutants. Reaction Condition: [Catalyst]0 = 0.2 g L-1, [SMX]0 = [p-HBA]0 =

[SCP]0 = [Phenol]0 = 20 mg L-1, [PMS]0 = 6 mM, and T = 25 ◦C (In Fig. 6a SMX concentration was varied while keeping all other parameters constant). 
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Moreover, their respective relative intensities were also changed from 
79 % to 51.4 % for Cu2+, and from 21 % to 48.6 %. The substantial 
change in the Cu oxidation states provides irrefutable evidence for the 
active participation of Cu2+ species in the catalytic oxidation reaction. 
The O 1 s spectra for fresh and used catalysts were further deconvoluted 
to analyse the role of oxygen species (Fig. 8d). After the reaction, a 
moderate change in the elemental states of oxygen was monitored, as the 
respective relative peak intensities were changed from 48.4 % to 39.4 % 

for lattice O, and from 51.6 % to 63.6 % for surface adsorbed oxygen 
(O–H), indicating the hydroxylation of CuFe2O4 surface during the 
degradation reaction. The hydroxylation of the catalyst could be bene
ficial for the oxidation reaction, as the O–H sites can be served as the 
active sites for the effective generation of reactive oxygen species, which 
will ultimately boost the degradation reaction [53]. 

It is well reported that reactive oxygen species (ROS) such as SO4
•–, 

•OH, O2
•–, and 1O2 are generated, and are held accountable for the 

Fig. 7. (a) Stability test for CF-0.5, (b) the respective reaction rate constants, (inset) magnetic recovery. Reaction Condition: [Catalyst]0 = 0.2 g L-1, [SMX]0 = 20 mg 
L-1, [PMS]0 = 6 mM, and T = 25 ◦C. 

Fig. 8. Comparison of XPS spectra of fresh, and used catalyst (a) survey scan, (b) Fe 2p, (c) Cu 2p, and (d) O 1 s.  
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degradation of organic pollutants via PMS activation [12]. Therefore, 
identification of these ROS was first done by using DMPO and TEMP as 
spin trapping agents during electron paramagnetic resonance (EPR) 
analysis (Fig. 9 (a & b)). The addition of PMS without any catalyst results 
in the generation of a typical 1:2:2:1 spectrum for DMPO-SO4

•– and 
DMPO-•OH adducts even after 20 min reaction, indicating the genera
tion of SO4

•– and •OH radicals. Interestingly, a distinguishable 1:1:1 
triplet spectral signal for TEMP-1O2 adduct was also acquired, when 
TEMP was employed as a spin trapping agent. These results are 
reasonably justifying the degradation of SMX via self-oxidation of PMS 
(Fig. 4a). Moreover, the addition of the catalyst and PMS into the system 
would intensify the peak intensities of all the adducts, suggesting the 
enhanced generation of ROS by the CF-0.5 catalytic system. Addition
ally, the signal intensities of these adducts were following the order as 
DMPO-1O2 > DMPO-•OH > DMPO-SO4

•–
, suggesting the generation of 

1O2 during the PMS activation. The EPR results provide a direct evidence 
for the generation of radical (SO4

•– and •OH) and no-radical (1O2) species 
in the CF-0.5/PMS catalytic system. 

The presence and participation of these ROS were further evidenced 

by performing quenching experiments. Methanol (MeOH) can quench 
both SO4

•–, •OH radicals, whereas tert-butanol (tBA) can be used as a 
scavenger for •OH radicals [52]. At first, the added concentration of 
MeOH in the SMX solution was varied in the range of 10 – 50 mM, and a 
significant decrease in the degradation efficiency (82 % – 47 %) was 
observed (Fig. 9c). However, the degradation efficiency was dramati
cally dropped to below 10 %, when the added concentration of MeOH 
reached 100 mM. Moreover, the respective reaction rate constants were 
also recorded as 0.037, 0.0014, and 0.0008 min− 1 against the MeOH 
concertation of 10, 50, and 100 mM (Fig. S 8a). Such a drastic effect of 
MeOH on SMX degradation efficiency strongly evidences the role of free 
radicals in the degradation mechanism. It was further observed that the 
effect of tBA, as •OH inhibitor, on the degradation of SMX, was not as 
adverse as of MeOH (Fig. (9d & S 8b)). As the SMX degradation effi
ciencies were dropped to 89, 73, and 62 %, when 10, 50, and 100 mM of 
tBA was added to the reaction solution, respectively, suggesting the 
leading role of SO4

•– as a free radical species in the degradation of SMX. 
However, a minimal effect of oxygen anions (O2

•–) was observed, as the 
SMX degradation efficiency was dropped to 96, 83, and 78 %, reactively, 

Fig. 9. EPR spectra for the identification of (a) SO4
•–, •OH and (b) 1O2, and quenching tests by using (c) methanol, (d) tert-butanol, (e) p-benzoquinone and (d) NaN3. 

Reaction Condition: [Catalyst]0 = 0.2 g L-1, [SMX]0 = 20 mg L-1, [PMS]0 = 6 mM, and T = 25 ◦C. 
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under the influence of 1, 5, and 10 mM of p-BQ (Fig. 9e & S 8c)). As 
singlet oxygen (1O2) was proven to be generated in the PMS-assisted 
oxidation systems by EPR analysis. Therefore, NaN3 was added to 
analyse the possible effect of 1O2 on the degradation of SMX (Fig. 9f). 
Interestingly, SMX degradation was substantially influenced by 1O2 in
hibition, as the addition of NaN3 from 10 to 100 μM suppressed the SMX 
degradation efficiency from 86 % to 27 % along with a decline in re
action rate constant from 0.037 to 0.007 min− 1 (Fig. S 8d). The dramatic 
influence of NaN3 on SMX degradation could be due to the shorter 
lifetime of SO4

•– and •OH, leading to their transformation to 1O2 [54]. 
The EPR and quenching results indicate the decisive role of free radicals 
during the oxidation reaction and provide conclusive evidence for the 
possible conversion of free radicals to singlet oxygen and its leading role 
in the catalytic oxidation mechanism. 

It was interesting to observe that •OH might be a leading reactive 
specie that was initially generated during PMS activation, as confirmed 
by the EPR peak intensities and quenching results. At first, PMS adsorbs 
onto the CuFe2O4/Fe2O3 catalyst and starts interacting with its hy
droxylated surface to form successful PMS* complexes. Afterwards, the 
surface Fe(III) and Cu(II) species are responsible for PMS* activation via 
a single electron transfer redox mechanism, forming the •OH radicals 
(Eq. (3)–(6)) [55]. Moreover, peroxide can also be formed due to the 
reported hydrolysis equilibrium of HSO5

– species, resulting in the gen
eration of additional •OH (Eq. (7) [53]. The generated •OH radicals may 
lead to form SO4

•– radicals, following an indirect generation of SO5
•– (Eq. 

(8) & (9)). Furthermore, 1O2 can also be produced either by (i) self- 
decomposition of PMS (Eq. (10), (ii) reaction between •OH and O2

•– 

(Eq. (11) & (12)) [56], and (iii) reaction between lattice oxygen and 
added PMS (Eq. (13) [57]. Apparently, O2

•– can be formed by the reac
tion between produced peroxide and hydroxyl radicals as represented in 
Eq. (14) & (15). The overall catalytic oxidation of the SMX CuFe2O4/ 
Fe2O3/PMS catalyst system can be presented in a single equation as Eq 
0.16, where both radical and non-radical pathways are held accountable 
for the successful activation of PMS. Moreover, A graphical overview of 
the process is also depicted in Fig. 10.  

≡ Fe (III) + HSO5
– → ≡ Fe (II) + SO5

•– + H+ (3)  

≡ Cu (II) + HSO5
– → ≡ Cu (I) + SO5

•– + H+ (4)  

≡ Fe (II) + HSO5
– → ≡ Fe (III) + SO4

2– + •OH                                   (5)  

≡ Cu (I) + HSO5
– → ≡ Cu (II) + SO4

2– + •OH                                    (6)  

HSO5
– + H2O → HSO4

– + H2O2                                                         (7)  

•OH + HSO5
– → SO5

•– + H2O                                                           (8)  

2SO5
•– → 2SO4

•– + O2                                                                      (9)  

HSO5
– + SO5

2– → HSO4
– + SO4

2– + 1O2                                             (10)  

2O2
•– + 2H+ → H2O2 +

1O2                                                            (11)  

O2
•– + 2H+ → H2O2 +

1O2                                                             (12)  

Olattice + HSO5– → HSO4– + 1O2                                                     (13)  

•OH + H2O2 → HO2
• + H2O                                                           (14)  

HO2
• → H+ + O2

•–                                                                          (15)  

1O2/•OH/SO4
•– + SMX → {… Multiple Steps…} → CO2 + H2O + by-prod

ucts                                                                                             (16)  

3.6. Mineralisation ability and identification of reaction intermediates 

To further evaluate the mineralisation ability of the proposed cata
lytic system, TOC analyses were performed and are presented in 
Fig. 11a. In comparison to the respective TOC removal efficiency of 13 % 
and 29 % by pristine Fe2O3/PMS and CuFe2O4/PMS catalytic system, the 
CF-0.5/PMS catalytic system depicted a high TOC removal rate of ~ 73 
% in just 45 min. This high efficiency indicates the better ability of the 
employed catalytic system to mineralise the highly stable organic pol
lutants into less harmful mineral acids and by-products. 

To have a more detailed insight into the mineralisation ability, and to 
interpret the possible degradation mechanism of SMX, UHPLC chro
matograms were acquired and thoroughly analysed (Fig. 11b). SMX, at 
first, was identified by its well-defined peak at retention time (tR) of 
1.43 min. After the addition of PMS, four new peaks emerged at tR of 
0.85, 1.17, 1.94, and 2.90 min. These newly emerged peaks are assigned 
to the intermediates I1, I2, I3, and I4. However, previous studies reported 
multiple reaction intermediates during the degradation experiment, but 
the presence of only four intermediate peaks in the UHPLC spectra can 
be ascribed to the very short lifetime and the possible interconversion of 
those products into a relatively stable intermediate [58–60]. Having an 

Fig. 10. Proposed SMX degradation mechanism by CF-0.5/PMS catalytic system.  
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extensive literature review about the intermediates and keeping in view 
the presence of both radical (•OH, SO4

•–, O•–), and non-radical (1O2) 
species, two possible pathways are proposed for the mineralisation of 
SMX (Fig. 11c). In Route 1, continuous oxidation of SMX by 1O2 could 
yield nitroso-SMX (P1), which would be immediately oxidised to prod
ucts P2 and P3 due to the striking of free radical species [61]. Owing to 
the hydroxylation and S-N bond cleavage, further oxidation of P2, and 
P3 by ROS could yield products P4 and P4. Afterwards, the oxidation of 
P4 may yield p-Benzoquinone (p-BQ), which will ultimately go for ring- 
opening forming less harmful mineral acids, CO2, and H2O [38]. In 
Route 2, SO4

•– could directly attack the aromatic ring at aniline moiety, 
yielding a radical cation SMX* (P8), a highly unstable specie and would 
immediately be converted to SMX-OH (P9) by hydrolysis [62]. Due to 
the hydroxylation of the benzene ring, P9 could split into two fragments 
P10, and P11 [60]. Afterwards, the continuous attack of ROS will ulti
mately lead to the fragmentation towards ring-opening, and minerali
sation [63]. 

4. Conclusion 

In summary, MIL-53(Fe) derived CuFe2O4/Fe2O3 perforated micro
structures are successfully fabricated via a post solvothermal approach: 
fragmentally destroying the MIL-53(Fe) structure during a high- 
temperature in-situ ion-exchange process. All the Cu-modified Fe2O3 
microstructures are analysed through various physiochemical tech
niques and are employed for the catalytic oxidation of SMX via PMS 
activation. Among all CF-x composites, the CF-0.5 shows outstanding 
catalytic activity towards PMS activation and 99.9 % SMX removal was 
observed in just 45 min. This excellent performance is attributed to the 
better textural, morphological, and fine elemental dispersion onto the 
catalyst surface. Reaction parameters including pH, PMS loading, cata
lyst dosage, and reaction temperature were further optimised for making 
it a potential catalytic system for large-scale operations. Moreover, 
magnetic recovery and high stability are additional benefits associated 

with the CF-0.5 catalyst. Quenching experiments and EPR analyses 
further identify the presence of both radical (SO4

•–, •OH, and O2
•–) and 

non-radical (1O2) species during the degradation process. At last, min
eralisation ability was analysed through TOC analyses and possible 
routes for the mineralisation of SMX are proposed. This study not only 
provides new insight into the fabrication of MOF-sacrificed structures 
but also presents the CuFe2O4/Fe2O3 composite as an advantageous 
catalytic material for the removal of emerging contaminants such as 
SMX. 
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