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• Successful Fe-MOF nanofiber mem-
branes created with cutting-edge
electrospinning.

• Fe-MOF nanofiber proves high catalytic
activity for electro-Fenton drug
degradation.

• Remarkable stability and durability of
the membrane under batch and contin-
uous system.

• In-silico analysis of intermediates con-
firms the toxicity reduction in treated
water.
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A B S T R A C T

In this study, an iron metal-organic framework (Fe-MOF) was synthesized and immobilized by electrospinning
technique with the objective of obtaining a membrane composed of nanofibers of this material (Fe-MOF nano-
fiber membrane). The characterization performed by XRD, TEM, SEM, EDS mapping and FTIR confirmed the
correct synthesis of Fe-MOF as well as its correct retention in the elaborated membranes. The usefulness and
effectiveness of the Fe-MOF nanofiber membrane as a catalyst for the electro-Fenton process was evaluated by
performing sulfamethoxazole degradation tests. Different parameters such as the effect of intensity (25 and 100
mA), the effect of the drug initial concentration (10–50 mg/L) and the reusability of membranes were studied.
Then, the degradation of a drug mixture formed by sulfamethoxazole and antipyrine was evaluated, reaching a
degradation of 92.10 % and 87.43 % respectively for each drug in 4 h at 25 mA. In addition, the identification of
reactive oxygen species was ascertained by scavenger assays. The study of degradation products was also carried
out and their toxicity was predicted by ECOSAR program, concluding that the environmental toxicity would
disappear with mineralization. Finally, given the good results obtained in batch tests, the behavior of the process
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was studied in a system that works continuously, achieving a stable degradation of 83.10 % in the case of
treatment with a mixture of drugs. This confirmed the stability of the Fe-MOF nanofiber membrane, as well as, its
catalytic activity, making it suitable for long-term treatments.

1. Introduction

According to the World Health Organization, $1170 billion was
spent on global pharmaceuticals in 2021 alone, highlighting their
widespread. Effluents from the pharmaceutical industry, hospitals and
homes are primary sources of environmental contamination, with
inadequate disposal contributing less (dos Santos et al., 2021; Huang
et al., 2019; Szekeres et al., 2018). Water pollution from pharmaceuti-
cals poses a serious environmental concern, driving the need for inno-
vative remediation technologies (Gopinath et al., 2022a). Advanced
oxidation processes (AOPs) stand out as a promising solution in the field
of efficacy in eliminating a wide range of environmental pollutants
(Tang et al., 2024). Heterogeneous electro-Fenton processes have
received significant attention in several studies for their high efficiency
(Liu et al., 2023b, 2023c; Song et al., 2022). These processes harness the
power of electrochemistry to generate highly reactive hydroxyl radicals
on the surface of solid catalysts, which effectively degrade recalcitrant
organic pollutants in water (Brillas, 2022; Heidari et al., 2023). Its
heterogeneous nature facilitates the catalyst recycling and broader
operational parameters, such as pH, widening its applicability (Brillas,
2022; Gopinath et al., 2022).

One of the key parameters in these processes is the proper selection
of the catalyst. Metal-Organic Frameworks (MOFs) stands out due to
their exceptional properties (Badea and Niculescu, 2022; Rojas and
Horcajada, 2020). MOFs are a class of porous crystalline materials
constructed from groups of metal ions coordinated with organic linkers
(Fdez-Sanromán et al., 2022; Jin et al., 2020). They exhibit clear ad-
vantages, including a highly adjustable porosity, vast surface areas and
many functional groups (Liu et al., 2023a; Oladoye et al., 2021). Due to
their excellent properties, they are widely used in a variety of applica-
tions, such as energy and gas storage, environmental treatment or
biomedicine (Boorboor Ajdari et al., 2020; Petit, 2018; Sharabati et al.,
2022). Initially, these MOFs were synthesized with a single metal in the
center of the structure. Nowadays, some studies reinforce the catalytic
properties of these materials by adding one or more metals to the
structure (Fdez-Sanromán et al., 2023b). Among them, iron-derived
MOFs, characterized by highly adjustable porosity, a large surface and
open metal sites, have attracted the attention of the scientific commu-
nity as catalysts and adsorbents (Du and Zhou, 2021; Sirés and Brillas,
2021). These materials provided excellent performance in modified
cathodes and suspension catalysts for environmental remediation (Du
et al., 2022, 2023), but more studies are needed to improve these ma-
terials and advance their applicability in electro-Fenton processes.
Despite its remarkable properties, their powder form hinders continuous
flow system operations, necessitating effective immobilization tech-
niques. Electrospinning emerges as a versatile fabricationmethod for the
immobilization of MOFs, producing nanofibers with high surface
area-to-volume ratios (Subash et al., 2022; Uddin et al., 2022). By this
method, nanofibers are produced, forming an interconnected pore ma-
trix by applying an electric field to a jet of a polymer solution (Khalf and
Madihally, 2017; Li et al., 2021). A great diversity of polymers (natural,
synthetic, or a mixture of both) can be used for their formation (Agarwal
et al., 2008). The process is influenced by various parameters among
which stand out the properties of polymer solution (conductivity, vis-
cosity, surface tension andmolecular weight), applied electric field, flow
rate, tip-distance collector, temperature and humidity of the environ-
ment. Thus, depending on these parameters the type of fiber that can be
obtained can be totally different (Bhardwaj and Kundu, 2010; Subash
et al., 2022). By leveraging electrospinning, researchers have success-
fully developed fibers with exceptional features such as large surface

area, high porosity and the ability to be functionalized with various
substances, making this technology a cornerstone in the development of
advanced materials (Zhang et al., 2023). In particular, the immobiliza-
tion of metals on electrospinning nanofibers has revolutionized appli-
cations such as environmental remediation, catalysis, and sensing (Gong
et al., 2020; Yu et al., 2021).

This work delves into the synthesis of a mixed matrix membrane of
Fe-MOF nanofiber. The incorporation of Fe-MOF into the membrane not
only addresses the problems related to the practical use of MOF pow-
ders, such as poor separation and recyclability, but also synergistically
could improve the overall degradation performance of the system
operating in a continuous flow system. In this study, the correct
immobilization of Fe-MOF in the polymeric matrix was assessed by
analyzing the characteristics of the resulting membrane and evaluating
its efficiency in removing two pharmaceuticals, sulfamethoxazole (SMX)
and antipyrine (ANT). All of this with the final aim of operating in a
continuous flow system, thus offering a cutting-edge solution to a
pressing environmental problem.

2. Materials and methods

2.1. Materials and reagents

The reagents used for the synthesis of the catalytic system were N, N-
dimethylformamide (DMF, 99%), 2-aminotereptallic acid (NH2BDC),
iron (II) sulphate heptahydrate (FeSO4•7H2O), polyacrylonitrile (PAN)
and ethanol. SMX and ANT were used as model contaminants and so-
dium sulphate anhydrous (Na2SO4) as electrolyte. For the determination
of specific reactive oxygen species (ROS), tert-butanol (TBA, ≥99%),
furfural (FFA, 99%) and p-benzoquinone (PBQ, ≥98%) were used. All
these reagents were supplied by Sigma Aldrich (Madrid, Spain).

2.2. Synthesis of Fe-MOF nanofiber membrane

To carry out the Fe-MOF synthesis, the procedure indicated in the
study by Fu et al. (2022) was followed with slight modifications. Its
immobilization was conducted using the electrospinning technique
(Fdez-Sanromán et al., 2023a). Initially, 0.8 g of PAN were homoge-
neously dissolved with 10 mL of DMF for 4 h at 70 ◦C. Subsequently, 0.1
g of Fe-MOF were mixed for 12 h until complete homogenization
(Figure SM1).

2.3. Characterization of the Fe-MOF nanofiber membrane

The surface characterization of the catalyst and synthesized nano-
fibers was performed by scanning electron microscopy and energy
dispersive spectrometry (SEM/EDS) using a JEOL JSM6010LA with EDS
Oxford AZtecOne SEM and a JEOL JEM-1010 (100 kV). Fourier trans-
form infrared spectroscopy (FTIR) was performed on a Nicolet 6700
spectrometer. Finally, X-ray diffraction (XRD) was conducted using a
Siemens D5000 diffractometer (Ks Analytical Systems, United States).

The wettability of the nanofibers surface was determined by
measuring the water contact angle with a Kruss MobileDrop HG11
equipment together with the DSA2 software.

2.4. Degradation experimental methods

2.4.1. Batch system setup
Anodic oxidation and electro-Fenton tests were performed with each

drug (SMX and ANT) and with a mixture of both. All experiments were
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performed in a 100 mL cylindrical cell with an operating volume of 75
mL. The anode selected was a boron doped diamond electrode (BDD,
Boromond) and the cathode a titanium electrode (Polymet) with
modified surface by sandblasting. The size of both electrodes was 3 × 4
cm and the separation between them was 2 cm. The electric field was
applied through a power supply (E3612A 30W, Agilent). All solutions
used in the experiments had a concentration of 10 mM of Na2SO4 to
improve their conductivity. Fe-MOF nanofiber was only added in
electro-Fenton tests. The amount of Fe-MOF nanofiber used in each test
was 0.10 g and was placed between both electrodes. Moreover, in the
electro-Fenton the aeration was supplied by a tank pump (APS300,
Tetra), maintaining a constant flow rate of 0.5 L/min. Samples were
collected during the experiment to determine the progress of drug
elimination. All the results are the average of duplicated assays, and the
standard deviations were below 5%.

2.4.2. Continuous system setup
Figure SM2 shows a diagram with the numbered elements of the

corresponding assembly for the continuous test. The electrochemical
cell was similar that described in batch procedure. The flow rate was
established to operate at two residence time of the polluted water, 3.35
and 8.5 h.

2.4.3. Scavengers assays
The effects of ROS on drug degradation were determined to better

understand its mechanism. To do that, performingmasking experiments,
in the same working conditions as descripted in section 2.4.1. and 25
mA. TBA (50 mM), FFA (50 mM) and PBQ (10 mM) were used because
they react with hydroxyl (HO⋅), singlet (1O2) and hydroxyl, and super-
oxide (O2

⋅-), respectively.

2.5. Analytical procedures

2.5.1. HPLC determination
The concentration of drugs, carboxylic acids and phenols were

determined with HPLC Agilent 1260 equipped with a ZORBAX Eclipse
XDB-C8, Rezex™ ROA-Organic Acid H+ and Synergi™ Polar-RP 80 Å
columns, respectively. The detector used was a Diode Array Detector
operating at 263 nm for SMX, 242 nm for ANT and 210 nm for carboxylic
acids. Phenols were detected at 266, 290, 274, 276 and 256 nm.

2.5.2. Identification of degradation intermediates
The degradation intermediates of the electro-Fenton process were

identified by Liquid Chromatography-Mass Spectrometry using a
Hewlett-Packard 5989 equipped with a ZORBAX Eclipse XDB-C18.

2.5.3. Iron determination
The determination of the iron content after experiments was carried

out by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES), using a Thermo Scientific™ iCAP™ PRO XP DUO.

2.6. Toxicity evaluation

Acute (LC50) and chronic (ChV) toxicity endpoints for fish, aquatic
invertebrates (Daphnia), and aquatic plants (Green algae) of the SMX,
ANT and their intermediates were ascertained using an Estimation
Software Tool, ECOSAR 2.2 (EPA).

3. Results and discussion

3.1. Fe-MOF nanofiber membrane preparation and characterization

Initially, the synthesized Fe-MOF was characterized to analyze its
structure and check the correct formation of the catalyst (Figure SM3).
Once the correct synthesis of the Fe-MOF was confirmed (Figure SM3),
the Fe-MOF nanofiber membrane was prepared, varying three

conditions: flow rate, voltage and distance between needle and collec-
tor. Thus, flow rates from 1 to 2.5 mL/h were tested, the voltage was
varied in a range of 15–20 kV and three distances between the needle
and the collector were tried: 12, 15 and 21 cm. Finally, after several
failed tests (Table SM1), it was determined that the optimal conditions
for the elaboration of the Fe-MOF nanofiber membranes were: flow rate
of 2 mL/h, voltage of 18 kV and needle-collector distance of 15 cm.

The Fe-MOF nanofiber membrane was then characterized to verify a
proper immobilization. For this purpose, the functional groups of Fe-
MOF, PAN membrane and Fe-MOF nanofiber membrane were
explored through FTIR spectra (Fig. 1a). The spectra of the compounds
revealed vibration bands characteristic of Fe-MOF and PAN, confirming
that the composite fibers were a blend of the source materials. In the Fe-
MOFmembrane, the sharp and strong intensity of the absorption peak at
2243 cm− 1 was attributed to the presence of the nitrile functional group
(C ≡ N) (Hussain et al., 2021; Pujiarti et al., 2023; Zhang et al., 2020).
Peaks appearing in the range 2851 cm− 1-2922 cm− 1 indicate C–H bond
stresses in CH2 and CH3 groups, while those present between 1070
cm− 1-900 cm− 1 would correspond to bond stresses C–C and C–CN
(Fdez-Sanromán et al., 2024; Hussain et al., 2021). Peaks at 1623, 1492
and 1255 cm− 1 are related to the presence of Fe-MOF corresponding to
the frame stretching vibration, the C––C vibration, and amine groups
C–N vibration of the benzene ring. The band at 750 cm− 1 was assigned to
the vibrations of the C–H and the band at 513 cm− 1 correspond to the
Fe–O stretching mode due to the bonding of iron centers and organic
ligands. Thus, the presence of characteristic peaks associated with
Fe-MOF and with the PAN polymer material used for immobilization in
the Fe-MOF nanofiber membrane spectrum confirmed the generation
and stability of Fe-MOF in the membrane made using the electro-
spinning technique.

SEM was used to determine the morphology of the prepared mem-
branes. Fig. 1b and c presents the SEM images of the PANmembrane and
the Fe-MOF nanofiber membrane, respectively. The images revealed
that the PANmembrane is composed of long fibers that were continuous
and cylindrically shaped (Fig. 1b). By adding the Fe-MOF to the polymer
matrix the fibers showed a larger diameter and more roughness
compared to the PAN fibers (Fig. 1c). In addition, small agglomerations
can be seen in this same figure which confirmed that the Fe-MOF par-
ticles were incorporated into the membrane providing more active sites
for the removal of contaminants. The morphology and shape of the fi-
bers observed are consistent with other studies already conducted by
different authors (Ramezani et al., 2020; Zhang et al., 2024). Fig. 1d
shows in more detail a portion of the Fe-MOF membrane, clearly dis-
tinguishing the Fe-MOF structure wrapped and covered by the nano-
fibers. To confirm the attachment of Fe-MOF on the surface of the
polymer fibers, an EDS mapping was performed. The results for C, O and
Fe are presented in Fig. 1e, where the distribution of Fe is shown, with a
higher concentration of this element found in small agglomerations
evenly distributed on the membrane.

To complete the determination of the membrane composition,
elemental analysis was carried out. Fig. 1e contains the table with the
weight of each of the elements present in the Fe-MOF nanofiber mem-
brane and the iron content resulted in 5%. With these results it was
concluded that Fe-MOF was successfully retained in the membrane.

The wettability of the membrane was also ascertained that revealed
that the membrane was completely hydrophilic, with the drop dis-
appearing in 5 s. Fig. 1f shows an image of the drop on the fiber at 2 s
into the test. As can see, the drop is penetrating the membrane, with the
contact angle between the drop and the membrane at that time being
62.38◦ (Fig. 1g). Since this angle is less than 90◦, it confirmed the hy-
drophilicity of the membrane and its high wettability. The wettability of
a membrane relies on the functional groups on its surface, and the
presence of amino groups in the NH2-MIL-88(Fe) could lead to the
detected enhancement (Shakiba et al., 2023).
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3.2. Heterogeneous electro-Fenton batch process

3.2.1. Heterogeneous electro-Fenton process vs anodic oxidation
Once confirmed the correct retention of the Fe-MOF on the mem-

brane, the first step was the evaluation of SMX removal by electro-
Fenton using this nanofiber membrane as a catalyst and its compari-
son with the simplest advanced oxidation process, anodic oxidation at

25 mA.
Prior to investigating the degradation, the SMX removal by adsorp-

tion on the Fe-MOF nanofiber membrane was ascertained resulting in a
lesser part of the removal (<8%) can be due to this. This slight fraction
of adsorption can be related to electrostatic interactions with the SMX
molecules which are mostly neutral at the solution pH ~ 4.5–5.5 (pKa1
= 5.86 and pKa2 = 1.97) and only a small fraction is negatively charged.

Fig. 1. Characterization results of obtained nanofiber membranes: a) FTIR spectra of Fe-MOF (black line), PAN membrane (orange line) and Fe-MOF nanofiber
membrane (green line); b-d) SEM images of PAN membrane, and Fe-MOF nanofiber membrane with magnifications of×2,500 and ×5,000, respectively; e) Elemental
mapping of the Fe-MOF nanofiber membrane corresponding to the elements C, O, and Fe; f) Hydrophilicity test; g) Measurement of the contact angle in the hy-
drophilicity test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Meanwhile, PAN membrane and NH2-MIL-88B(Fe) particles tend to be
positively charged at pH< 6.8 and 8.0, respectively (Guo et al., 2022; Ye
et al., 2022). Moreover, this adsorption can be also affected by the hy-
drophilic nature of the membrane and the nature of the SMX (log Kow =

0.89).
Once the adsorption was evaluated, the SMX removal by electro-

Fenton using the Fe-MOF nanofiber membrane in comparison with the
anodic oxidation at 25 mA was assessed (Fig. 2a). The profile of SMX
concentration decreased exponentially involving a reaction with hy-
droxyl radicals and agreeing with of pseudo-first order kinetic model
(Equation SM1).

The kinetic constants calculated for each of the treatments are pre-
sented in Fig. 2b and their values were 0.012 and 0.0267 min− 1,

respectively. It is clear the positive effect of electro-Fenton and its ki-
netic coefficient being twice that obtained for anodic oxidation. In
addition, energy consumption (EC) decreased almost 40% when the
electro-Fenton process was carried out in comparison with the anodic
oxidation (Table SM2). These facts confirmed the occurrence of het-
erogeneous Fenton’s reaction and confirmed the good catalytic activity
of the elaborated Fe-MOF nanofiber membrane to decompose H2O2 to
•OH radicals as reported also by He et al. (2018) in the degradation of
methylene blue by Fenton catalyzed reaction.

When the results are compared with the previous ones at 25 mA, the
increase in applied current intensity improved SMX decay, resulting in a
final degradation of 98.54% for 100 mA after 1.5 h of treatment in
comparison with the attained 92.19% for 25 mA. The generation of

Fig. 2. a) Profiles of SMX degradation obtained from anodic oxidation and electro-Fenton at 25 and 100 mA; c) Profiles of SMX concentration at different initial
concentration 50 -10 mg/L; d) Concentration of SMX using Fe-MOF nanofiber membrane in successive cycles at different time; e) Profiles of drugs degradation
obtained for electro-Fenton treatment of individual and the mixture of 50 ppm SMX and 50 ppm ANT. Dashed lines depict the pseudo-first order kinetic fitting for all
experiments with a R2 > 99 %. b) and f) Apparent pseudo-first order constant (k) values for each experiment.
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H2O2 in the cathode surface can be increased when the electron transfer
is increased with enough current intensity and thus the generation of
hydroxyl radicals (Liu et al., 2023a). The difference in the degradation
under these conditions can also be related to a greater number of
generated intermediates when operating at the higher current intensity
applied (Lebik-Elhadi et al., 2018; Moreira et al., 2017). Even there was
an increase of 4-folds in the current intensity the attained degradation
only slightly increased (less than 10%) and the kinetics were studied
with an observed improvement in the reaction rate of less than 30%.
Operating at a current intensity of 100mA, the energy consumption (EC)
was almost seven times higher than 25 mA to achieve only a 6%
improvement in SMX elimination (Table SM2). In this case considering
the elimination of SMX and EC, it was determined that a current in-
tensity of 25 mA was the best alternative, ensuring a good efficiency of
the process in removing SMX while maintaining a low energy con-
sumption. A similar behavior related to the effect of current intensity on
the degradation of pollutants was reported by del Alamo et al. (Cruz del
Álamo et al., 2024) in the degradation of carbamazepine, where a 50%
increase in the current intensity led to a small increase in pollutant
removal by electro-Fenton.

3.2.2. Effect of the SMX concentration
The behavior of the system was studied by testing initial concen-

trations of SMX of 10–50 mg/L without varying the amount of catalyst
and obtaining their degradation profiles (Fig. 2c). The results indicated
that, as the initial SMX concentration increased its degradation effi-
ciency showed a decreasing trend at the same reaction times. In
particular, the initial SMX concentrations of 10, 25 and 50 mg/L
decreased to 1.96, 7.64 and 14.30 mg/L respectively after 1 h of treat-
ment. The SMX degradation followed a pseudo-first order kinetic with
the rate constants showing the same trend. Increasing the concentration
of SMX requires the presence of more hydroxyl radicals in the solution
for the degradation reaction to take place. At the same time, increased
initial SMX concentration led to increased intermediates formed during
the degradation process, which would compete with SMX by radicals
(Song et al., 2024; Zou et al., 2022). These two reasons mainly influence
the slowness of the process when the initial pollutant concentration is
increased. Even so, the system showed a significant and high oxidation
potential for a high concentration of contaminant, which allowed an
efficient elimination of the drug in a short treatment duration.

The EC was also affected by the increase in the initial concentration
of SMX (Table SM2). After 90 min of treatment at 25 mA, the EC values
obtained for 10, 25 and 50 mg/L of SMX were 0.299, 0.113 and 0.064
kWh/g respectively. The results indicated that as the initial pollutant
concentration increased, consumption decreased, but the degradation
obtained was also lower.

3.2.3. Stability and reusability of the Fe-MOF nanofiber membranes
To evaluate the reusability of this material, three electro-Fenton

cycles were carried out at the highest evaluated current intensity
(100 mA) to ensure the behavior and resistance of the fiber in order to
simulate the more extreme conditions than would be used to perform the
continuous system (Fig. 2d).

As seen in Fig. 2d, the catalytic capacity of Fe-MOF fiber membrane
maintains practically constant during the three cycles carried out,
achieving almost total degradation of the contaminant, which makes it
suitable for multiple reuses. The slight loss in the performance of the Fe-
MOF nanofiber membrane could be related to the deactivation and
exfoliation of some of Fe-MOF particles retained into the membrane (Ye
et al., 2022). In addition, an analysis of the iron content in the liquid
phase was carried out for each cycle to determine possible leaching of
the material, and it was found a minimal release of this metal, less than
0.5%, which explains the small variation in drug elimination efficiency.
Moreover, during this study, it was observed that the Fe-MOF nanofiber
membrane remains intact after being used several times; it didn’t un-
dergo breakage or deformations. Therefore, the viability of this material

to be used in a continuous electro-Fenton system was confirmed.

3.2.4. Effect of the mixture of drugs (SMX and ANT) on the removal
Normally, wastewater contains more than one pollutant. So, before

implementing the continuously system, a test was made with a mixture
of two drugs, SMX and ANT. Thus, the degradation profiles resulting
from electro-Fenton treatment are presented for each drug separately
and for the mixture of both (Fig. 2e). The corresponding kinetic con-
stants, calculated by a pseudo-first order kinetic adjustment, are shown
in Fig. 2f.

Analyzing the values obtained for the SMX, it was clearly seen that
the degradation is much faster when treated individually than in the
mixture (Fig. 2e), being the value of the kinetic constant obtained
practically double, 0.0199 min− 1 for individual treatment versus 0.0106
min− 1 for mixing. Also, individual treatment obtained a degradation of
96.07% after 3 h of treatment, while in the case of the mixture 92.10%
degradation of SMX was achieved at the end of the treatment
(Table SM3). However, in the case of ANT the difference was not so
remarkable, the degradation profiles were quite similar in both cases
throughout the treatment, reaching a final degradation of 92.54% and
87.43% when treated individually and in the mixture respectively.
Therefore, efficiency in the case of ANT decreased by 5.1%when treated
in the mixture.

On the other hand, when the results obtained for both drugs present
in the mixture were compared, it could be seen that the degradation
profile obtained throughout the treatment was very similar for both,
reaching a final degradation of 92.10% SMX and 87.43% ANT. The
apparent kinetic constants for both molecules were very close, being
0.0106 min− 1 and 0.0087 min− 1 for SMX and ANT, respectively. This
shows that hydroxyl radicals really acted as non-selective oxidants in
this case.

Finally, analyzing the calculated consumption for these trials
(Table SM3) it was observed that the total consumption in the case of the
mixture (0.318 kWh/g) was greater than in the individual treatment of
the drugs. This is justifiable given that the total load of pollutants to be
treated was double. In addition, if the consumption values obtained for
the individual electro-Fenton of SMX and ANT are added, a result of
0.317 kWh/g is obtained, practically the same as in the case of the
mixture, since the degradation achieved is very similar in both cases for
both drugs.

3.2.5. Degradation pathway of SMX and ANT
The degradation process involves the participation of several ROS

that can be generated in the electro-Fenton process. Thus, scavenging
assays were conducted to evaluate the major oxidizing species during
drug oxidation. Different quenchers agents were used, TBA for hydroxyl
radicals, FFA for both hydroxyl radicals and singlet, and PBQ for su-
peroxide radicals (Larralde-Piña et al., 2023; Zhang et al., 2022). It is
possible to evaluate their relative contribution to the drug degradation
mechanism. In the case study, TBA showed an inhibitory effect of 78.6%,
which confirms that hydroxyl radicals are the main contributors to drug
degradation and underscores the efficiency of the electro-Fenton process
in generating these radicals from H2O2. In the case of superoxide its
contribution was lower inhibiting 13.1% and, finally, singlet was the one
that showed a lower effect, with 8.3% (Figure SM4).

The transformation of the pollutants mixture into the mineralized
products was monitored by the TOC reduction profile. As shown in
Fig. 3a, the TOC decreased along the time, and this decrease was related
to the appearance phenols (Fig. 3b) and carboxylic acids which were the
last step before mineralization. It can be observed that the carboxylic
acids appeared at the beginning (15 min), increased until 90 min and
after that decreased following a mineralization process. The reached
TOC removal after 240 min was higher than 70% with the of carboxylic
acids being almost 90% of the organic content of the sample. This fact
indicated that the pollutants were almost completely degraded, and the
generated intermediates mostly mineralized.
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Fig. 3. a) TOC profiles including carboxylic acids obtained for electro-Fenton treatment of the mixture of 50 ppm SMX and 50 ppm ANT; b) Intermediate phenol
profiles obtained for electro-Fenton treatment of the mixture of 50 ppm SMX and 50 ppm ANT; c) Proposed degradation pathway for electro-Fenton treatment of the
mixture of 50 ppm SMX and 50 ppm ANT; d) LC50 toxicity and ChV toxicity obtained via ECOSAR 2.2. Values < 1 mg/L would mean very toxic, 1–10 mg/L toxic,
10–100 mg/L harmful and >100 not harmful.
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Based on the different degradation intermediates identified during
the degradation process, a plausible degradation pathway was proposed
(Fig. 3c). Different intermediates related to SMX (compounds P1–P8)
and ANT (compounds P10–P14) degradation, as well as common in-
termediates to both (compounds P9 and P15–P23), appeared during the
degradation process. These compounds suggested that different degra-
dation pathways were followed in the presence of the hydroxyl radicals.

In a final step, these intermediates undergo the rupture and opening
of the aromatic ring, which leads to the production of short-chain car-
boxylic acids and inorganic ions (Liu et al., 2023a; Tesnim et al., 2024).
Several carboxylic acids were identified such as oxalic, succinic, formic
and acetic acid (P20–P23). Analyzing the results obtained for carboxylic
acids, their concentration showed a slight tendency to increase and then
decrease (Figure SM5). Specifically, these acids will degrade into CO2
and H2O. Therefore, the detection of these products, phenols and car-
boxylic, confirmed the progressive degradation of the drugs.

3.2.6. Toxicity evaluation
The toxicity of the pollutants and their degradation products needs to

be evaluated. In some cases, the generated intermediates are more
harmful that the parent compounds (Song et al., 2024). Therefore, the
environmental impact assessment of the pollutants and their identified
intermediates was predicted by ECOSAR program (Fig. 3d and
Table SM4). It should be considered that the lower the values of
LC50toxicity and ChV toxicity, the higher the toxicity of the in-
termediates (Song et al., 2024; Wang et al., 2022). Thus, values < 1
mg/L would mean very toxic, 1–10 mg/L toxic, 10–100 mg/L harmful
and >100 not harmful.

Analyzing the results obtained for LC50 toxicity, was observed that
ANT was more harmful than SMX for the three cases, fish, Daphnia and
Green Algae. Accordingly, ANT intermediates showed higher toxicity,
with P14 being the most notable. In the case of ChV toxicity, both SMX
and ANT showed a higher toxicity, as well as their intermediates prod-
ucts, being mostly very toxic, toxic or harmful for the three individuals
studied. The degradation of these intermediates products resulted in the
formation of phenols and carboxylic acids. The results of the predicted
ecotoxicity showed that the detected phenols and the carboxylic acids
(P15-23) were not harmful. Thus, the toxicity to the environment would
disappear with the mineralization.

3.3. Continuous electro-Fenton process

Nowadays, most industrial processes operate continuously, gener-
ating constant flows of pollutants, as would be the case with wastewater
from the pharmaceutical industry. Therefore, it is necessary to test the
materials obtained at laboratory level in long-lasting systems and

processes to assess the feasibility of their application on a larger scale
(Rosales et al., 2009).

The system configuration as well as the parameters used were
explained in section 2.4.2. In this case, the Fe-MOF nanofiber membrane
had to fulfill two functions. First, act as a filter since the contaminating
solution must pass through it, retaining the larger particles and, sec-
ondly, act as catalyst of the electro-Fenton process.

Two tests were performed operating continuously. The system was
first tested using an inlet solution with a concentration of 50 ppm SMX
and a residence time of 3.35 h. Then, it was tested with a mixture of 50
ppm SMX and 50 ppm ANT with a residence time of 8.5 h. Fig. 4a and b
show the degradation profiles over the treatment time after the system
reached stabilization for each of the tests, respectively.

Analyzing the results obtained, in both tests it can be seen how, once
the system reached stabilization, the degradation remained constant
throughout the experiment, indicating that the membrane maintained
its catalytic activity during this time. In the case of SMX solution
(Fig. 4a), degradation remained between 78 and 82% during the 5 days.
For the mixture of SMX and ANT (Fig. 4b), the pollutant load was higher,
so the residence time was increased to achieve a degradation similar to
that of the first test. The degradation obtained for each of the drugs
varied between 80 and 85% during the 4 days. In both cases, the
membrane was recovered at the end of the experiment, it was observed
that the material didn’t present damage or deformations, remaining
intact throughout the treatment. This confirms that the membrane is
resistant and maintains its catalytic activity in long-term treatments.

Finally, the formation of carboxylic acids resulting from the oxida-
tive degradation of drugs in the processes carried out continuously were
analyzed (Figure SM6). In both cases, the same trend was observed, the
quantity of each of the acids remained constant during the process, since
it is a continuous process, this trend is consistent. In addition, should be
noted that in the case of 50 ppm SMX continuous treatment, the TOC
went from 20.7 mg/L to 5.6 mg/L after the experiment, of this amount
1.59 mg/L correspond to carboxylic acids. In the case of the treatment of
the mixture formed by 50 ppm of SMX and 50 ppm of ANT the TOC
decreases from 55.7 mg/L to 8.75 mg/L, representing the carboxylic
acids 2.15 mg/L of that amount. Therefore, can be concluded that in
both cases the reduction of TOC is highly significant, which implies a
good degradation of the drugs and therefore a good continuous func-
tioning of the electro-Fenton system incorporating the synthesized Fe-
MOF nanofiber membrane as catalyzed.

4. Conclusions

In this work, the synthesis and successful integration of a Fe-MOF
into a nanofiber membrane were achieved via the electrospinning

Fig. 4. Profiles of pollutant degradation obtained from the continuous electro-Fenton process once the system reached stability for an initial inlet solution of: a) 50
ppm SMX; b) A mixture consisting of 50 ppm SMX and 50 ppm ANT.
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technique. Characterization confirmed Fe-MOF presence and stability
within the membrane nanofibers. Moreover, this nanofiber membrane
demonstrated significant catalytic activity in the heterogeneous electro-
Fenton process, effectively degrading contaminants such as SMX and
ANT in batch assays. The study revealed that several operational pa-
rameters, including current intensity and initial drug concentration,
significantly impact the efficiency of the electro-Fenton degradation
process. Optimal operational conditions ensured high efficiency in the
elimination of SMX and ANT while maintaining low energy
consumption.

The influence of ROS on the degradation mechanism was also
investigated, highlighting hydroxyl radicals as the primary contributors
to mineralization process and underscores the efficiency of the electro-
Fenton process in the toxicity reduction availed by in-silico assays.

Additionally, the membrane proved high reusability and stability
that was confirmed by its feasible application in continuous electro-
Fenton systems and attaining significant degradation over extended
periods. This work provides a foundation for future research into opti-
mizing and scaling this technology for broader environmental
applications.
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Szekeres, E., Chiriac, C.M., Baricz, A., Szőke-Nagy, T., Lung, I., Soran, M.L., Rudi, K.,
Dragos, N., Coman, C., 2018. Investigating antibiotics, antibiotic resistance genes,
and microbial contaminants in groundwater in relation to the proximity of urban
areas. Environ Pollut 236, 734–744. https://doi.org/10.1016/j.envpol.2018.01.107.

Tang, M., Wan, J., Wang, Y., Ye, G., Yan, Z., Ma, Y., Sun, J., 2024. Overlooked role of
void-nanoconfined effect in emerging pollutant degradation: modulating the
electronic structure of active sites to accelerate catalytic oxidation. Water Res. 249.
https://doi.org/10.1016/j.watres.2023.120950.
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