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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fe-MOF as heterogeneous catalyst for 
electro-Fenton process. 

• Optimization of key parameters for 
antipyrine degradation by Fe-MOF 
electro-Fenton. 

• Fe-MOF utility for the synthesis of elec
trocatalyst: Composite and electro
spinning fibre. 

• Composite green synthesis showed great 
strength and high removal efficiency. 

• Fiber Fe-MOF exhibited good perfor
mance, high stability and durability.  
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A B S T R A C T   

In recent years, heterogeneous electro-Fenton processes have gained considerable attention as an alternative to 
homogeneous processes. In this context, the aim of this study is the use of a commercial iron metal-organic 
framework (Fe-MOF), Basolite® F-300, as a base material for the design of a heterogeneous electro-Fenton 
treatment system for the removal of antipyrine. Initially, the catalyst was applied as powder in aqueous solu
tion and three key parameters of the electro-Fenton process (pH, Fe-MOF concentration and current density) 
were evaluated and optimized by a Central Composite Design Face Centred (CCD-FC) using antipyrine removal 
and energy consumption as response functions. Near complete antipyrine removal (94%) was achieved under 
optimal conditions: pH 3, Fe-MOF 157.78 mg/L and current density 6.67 mA/cm2, obtaining an energy con
sumption of 0.29 W⋅h per mg of antipyrine removed. Later, two electrocatalysts (Fe-MOF functionalized cath
odes), prepared by different Fe-MOF immobilisation approaches (composite of carbon black/ 
polytetrafluoroethylene or by electrospinning on Ni foam), were synthesized. Their characterisation showed 
notable Fe-MOF incorporation into the material and favourable properties as electrocatalysts. Both Fe-MOF 
functionalized cathodes were evaluated in the removal of antipyrine at different pH (acidic and natural) and 
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current density (27.78 and 55.56 mA/cm2), achieving in the best conditions removal levels around 80% in 1 h 
without any operational problems. In addition, several intermediates generated during the treatment were 
identified and their toxicity estimated. According to the obtained results, the degradation compounds have less 
toxicity than the parent compounds, confirming the effectiveness of the treatment.   

1. Introduction 

A societal demand that has become increasingly important over the 
last few years is ensuring the availability and sustainable management 
of water that is threatened by persistent pollutants. The treatment of 
wastewater can be tackled by different physical and/or chemical alter
natives, but electrochemical advanced oxidation processes (electro- 
Fenton, photoelectro-Fenton) have arisen as feasible options. 

It is well-known that electro-Fenton is an efficient technology for the 
degradation of organic contaminants in wastewater that are recalcitrant. 
Several studies conducted up to date suggested that this technique can 
be ameliorated by the use of heterogeneous catalysts, which may 
improve Fenton’s reactions because of: i) their higher activity at a wide 
range of pH conditions; ii) higher stability; and iii) capability of being 
reused than commonly used soluble iron salts (Casado, 2019; Poza-No
gueiras et al., 2018). Fenton reactions are promoted at catalyst surfaces 
by the generation of oxidant radicals, mainly hydroxyl radicals. These 
radicals generated by Fenton-related processes can degrade a wide range 
of pollutants such as pesticides (Fdez-Sanromán et al., 2020), polycyclic 
aromatic hydrocarbons (Gou et al., 2022), pharmaceutical (Cuervo 
Lumbaque et al., 2021) and personal care products (Pisharody et al., 
2022). 

In heterogeneous electro-Fenton processes, insoluble iron-containing 
species are dispersed randomly in the aqueous medium or supported on 
a variety of materials or functionalized cathodes (electrocatalysts) for in- 
situ generation of Fenton’s reagents. In both cases, catalysts are easily 
handled, stored safely, and recovered from sewage effluents 
(Fdez-Sanromán et al., 2021; Lama et al., 2022; Poza-Nogueiras et al., 
2018, 2022). In recent years, the development of these heterogeneous 
electro-Fenton treatments has attracted great interest in the treatment of 
synthetic and real wastewater (Brillas, 2022), and suggests that the new 
cornerstone will be the search for new materials and composites that 
improve current processes for application in real contaminated envi
ronments. Among them, metal-organic frameworks (MOF), especially 
iron-MOF (Fe-MOF) and Fe-MOF derived carbons, characterized by 
highly tuneable porosity, large surface area, and open metal sites, have 
attracted the attention of the scientific community as adsorbents or a 
catalysts (Du and Zhou, 2021; Fdez-Sanromán et al., 2022; Sirés and 
Brillas, 2021). Iron-carbon composites derived from MOFs provided 
excellent performance in both suspension catalysts and modified cath
odes for environmental remediation (Du et al., 2022, 2023), but more 
studies are needed to advance in the improvement of these materials for 
electro-Fenton processes. 

Herein, this study is focused on the development of a Fe-MOF based 
heterogeneous electro-Fenton treatment of pharmaceutical compounds 
using antipyrine as target pollutant. This pharmaceutical product is an 
anti-inflammatory analgesic drug commonly used for treating fever, 
headaches, and general pain (Ouiriemmi et al., 2022). As result of its 
limited adsorption in the human body, antipyrine is released in signifi
cant amounts and, thus, commonly found into aquatic environments 
(Gomes et al., 2019; Reddersen et al., 2002). It was estimated that 
conventional wastewater treatment plants remove only about 30% of 
antipyrine from their effluent (Deblonde et al., 2011). Because of the 
potential harm it can cause in aquatic systems, it is important to search 
technologies that can remove this pollutant at low concentrations. 

For this purpose, the evaluation of a commercial Fe-MOF, called 
Basolite® F-300, as heterogeneous catalysts in aqueous media or elec
trocatalysts using Fe-MOF functionalized cathodes was performed. 
Initially, the heterogeneous electro-Fenton process by adding Fe-MOF to 

the reaction medium was studied and optimized by using a Central 
Composite Design Face Centred (CCD-FC). Three key parameters (pH, 
Fe-MOF concentration and current density), using antipyrine removal 
and energy consumption as response functions, were evaluated. In 
addition, this Fe-MOF was used to fabricate two electrocatalysts (Fe- 
MOF functionalized cathodes): i) composite by mixing with carbon 
black (CB) and polytetrafluoroethylene (PTFE); or ii) by direct appli
cation of electrospinning technology. Both Fe-MOF functionalized 
cathodes were characterized and investigated for their ability to degrade 
antipyrine, to determine their behaviour, and their key advantages. 

2. Materials and methods 

2.1. Reagents 

All reagents used in the synthesis and degradation process can be 
found in the Supplementary material. 

2.2. Electrocatalyst preparation 

Two types of Fe-MOF functionalized cathodes were produced by 
applying two different immobilisation techniques: i) Fe-MOF was 
incorporated into a composite containing CB and PTFE, resulting an 
electrocatalyst named Fe-MOF@CB-PTFE-C, and ii) electrospinning by 
embedding Fe-MOF into the internal filaments of the polyacrylonitrile 
(PAN) fibre, which was supported on Nickel Foam (NF), referred to as 
Fe-MOF-CB@PAN-NF. 

2.2.1. Fe-MOF@CB-PTFE-C 
A doughy solid was prepared by the mixture of CB and PTFE solution 

as an organic binder with a mass percentage of 40 wt% adapted from 
Cruz del Álamo et al. (2023). For this reason, the quantities used to make 
this mass were: 0.16 g CB, 0.05 g PTFE and 0.5 g ultrapure water. Af
terwards, 0.2 g Fe-MOF was added to generate the composite, which was 
hand-pressed using a mould to produce a rectangular flat-plate electrode 
with a surface area of 2 cm2 and a thickness of 2 mm. Finally, 
Fe-MOF@CB-PTFE-C electrode was dried at 80 ◦C for 2 h. Another 
control composite electrode (CB-PTFE-C) was also synthesized using the 
same procedure without Fe-MOF. 

2.2.2. Fe-MOF-CB@PAN-NF 
In the electrospinning synthesis, it is essential to establish the 

appropriate ratio of reagents. Therefore, preliminary experiments were 
conducted using varying concentrations: PAN (5–7%), CB (4–6%), and 
Fe-MOF (2–3%). Firstly, PAN was dissolved in DMF at 60 ◦C, and then 
thoroughly mixed with Fe-MOF for 12 h using magnetic stirring at 400 
rpm. Subsequently, CB was added, and the mixture was further stirred 
for 24 h at 400 rpm. The resulting solution was sonicated using a Fish
erbrand FB11203 sonicator (Fisher Scientific, Spain) for 30 min and fed 
through a stainless needle using a syringe pump at a rate ranging from 
0.3 to 1.4 mL/h. To fabricate Fe-MOF-CB@PAN-NF nanofiber mats, an 
aluminium foil collector with NF was positioned at a distance of 10–20 
cm from the needle, and voltages between 13 and 20 kV were applied. 
This process produced various Fe-MOF-nonwoven mats of PAN nano
fibers on the NF. Additionally, to highlight the differences, PAN fibres 
were also synthesized without the incorporation of Fe-MOF, using PAN 
concentrations within the range of 5–7%. The concentration range of the 
reagents was chosen because it was impossible to synthesize fibres with 
other combinations of these compounds. A reason for this could be due 

A. Fdez-Sanromán et al.                                                                                                                                                                                                                       



Chemosphere 340 (2023) 139942

3

to the density and rheology of the solution, which makes it impossible to 
move the solution or make an electrospray process. 

2.3. Characterisation 

2.3.1. Physicochemical characterisation 
X-ray diffraction (XRD) was performed on a Siemens D5000 

diffractometer (Ks Analytical Systems, United States) to study the crys
talline composition of the Fe-MOF functionalized cathode. Scanning 
Electron Microscopy and Energy Dispersive Spectrometry (SEM-EDS) 
were conducted on a JEOL JSM6010LA (Jeol, Japan) equipped with an 
EDS Oxford AZtecOne SEM (Oxford Instruments, England). To identify 
all functional groups and bindings formed inside the electrodes, Fourier 
transform infrared spectroscopy (FTIR) was carried out on a Nicolet 
6700 spectrometer (Thermo Fisher Scientific Inc., United States). A 
thermobalance (SETSYS Evolution 1750, Setaram, France) was used to 
perform the thermogravimetric analysis (TGA) of the electrodes and 
fibres. About 11 mg of sample were heated up to 800 ◦C (10 ◦C/min) 
under constant air flow (30 mL/min). All equipment mentioned above 
was used on Centro de Apoio Científico-Tecnolóxico ́a Investigación (CACTI, 
University of Vigo, Spain). The hydrophobicity/hydrophilicity of the 
two electrocatalysts was assessed by water contact angle. A goniometer 
Mobile Drop Analyzer (Krüss GmbH, Germany) was used to measure the 
contact angle of one drop of ultrapure water on the surface of electro
catalysts. DSA2 software (Krüss GmbH, Germany) was utilized to anal
yse the drop shape. Water contact angle measurements were performed 
after water drop deposition with intervals of 30 s for 5 min. 

2.3.2. Electrochemical characterisation 
Cyclic voltammetry (CV) was used to determine the electrochemical 

properties of the functional catalysts. For this purpose, a potentiostat 
PGSTAT302 N (Metrohm Autolab, The Netherlands) working with a 
three-electrode cell was used with an Ag/AgCl reference electrode, a 
platinum wire (0.5 × 100 mm) as the counter electrode, and the func
tional electrode as working electrode. CV was performed under a po
tential between − 1.0 and 1.0 V, and it has been carried out in a 100 mL 
sodium sulphate (Na2SO4) solution (0.5 M). 

2.4. Degradation assays 

2.4.1. Antipyrine degradation using Fe-MOF as catalyst 
In this study, the electro-Fenton process was carried out in a glass 

cylindrical reactor (150 mL) with magnetic stirring (300 rpm) contain
ing 50 mL of antipyrine (50 mg/L), which contained Na2SO4 (10 mM) as 
electrolyte. Before starting the experiment, solution pH was adjusted 
with 0.1 M H2SO4 to the desired value, if required, and the solution is 
saturated with air by constant bubbling (0.75 L/min). Boron Doped 
Diamond (BDD) was selected as anode and NF or Carbon Felt (CF) were 
evaluated as cathodes, all with the same dimensions (5 × 2.5 × 0.2 cm). 
Initially, the system was operated at current density 13.33 mA/cm2, pH 
7 and Fe-MOF 76 mg/L, which will be modified in the optimization. 

The treatment efficiency was assessed considering antipyrine 
removal and energy consumption (Equations (1) and (2)).  

Antipyrine removal (%) = 100⋅((C0-Ct)/C0)                                          (1)  

Energy consumption (W⋅h) = I⋅Vm⋅t                                                   (2) 

where Ct corresponds to the concentration of antipyrine during the 
experiment (mg/L), C0 to its initial concentration (mg/L), I to the cur
rent intensity (A), Vm is the average voltage of the experiment and t 
sample time which was always 1 h. 

2.4.2. Antipyrine degradation using Fe-MOF functionalized cathodes 
A similar experimental setup that described above was used in this 

system with a BDD anode and different Fe-MOF functionalized cathodes 
(Fe-MOF@CB-PTFE-C or Fe-MOF-CB@PAN-NF) (1.7 × 1.2 × 0.2 cm) 

positioned at 2 cm and a certain current density (55.56 mA/cm2 or 
27.28 mA/cm2) was applied. 

2.5. Analytical determination 

2.5.1. Pollutant concentration 
HPLC Agilent 1260 (equipped with a Diode Array Detector at 242 

nm) was used to measure antipyrine degradation in both electro-Fenton 
experiments. Chromatographic separation was carried out using a Zor
bax Eclipse, XDB-C8, column (dimensions: 150 × 4.6 mm, 5 μm, Agilent 
Technologies, USA) at room temperature. The mobile phase, 1.5% acetic 
acid and acetonitrile (90:10 v/v) was pumped at a flow rate of 1 mL/ 
min. Each sample was filtered through 0.45 mm PVDF filters before 
chromatographic analysis. 

2.5.2. Hydrogen peroxide concentration 
Hydrogen peroxide was detected by spectrophotometry following 

the formation of titanium (IV)-peroxide complexes at 400 nm, in the 
electro-Fenton experiments. Accordingly, 2 mL of solution was com
bined with 0.25 mL H2SO4 (1:17), 0.20 mL of 50 g/L potassium titanium 
oxide oxalate dihydrate and 0.05 mL of water. After 5 min, the mixture’s 
absorbance was measured. 

2.5.3. Identification of degradation products 
To determine the degradation pathway of the target pollutant, Liquid 

Chromatography-Mass Spectrometry (LC-MS) technique was used 
through a Hewlett-Packard 1050 with a MS Detector Hewlett-Packard 
5989 B (C.A.C.T.I., University of Vigo, Spain). In this case, the used 
column was the Zorbax Eclipse Rapid Resolution XDB-C18 (dimensions: 
2.1 × 100 mm, 1.8 μm, Agilent Technologies, USA). 

2.6. Statistical analysis and optimization 

The electro-Fenton process using the Fe-MOF as a catalyst was 
optimized by a response surface methodology (RSM) with CCD-FC. The 
system consisted of a 23 with three factors evaluated at two levels: initial 
pH, X1, 3 and 7; Fe-MOF concentration, X2, 2.63 and 157.78 mg/L; and 
current density, X3, 6.67 and 13.33 mA/cm2. Two responses were 
selected: percentage of antipyrine removal and energy consumption (for 
more information see supplementary section). The model’s statistical 
analysis and analysis of variance (ANOVA) were conducted using Design 
Expert® 8.0.0 software (Stat-Ease Inc. Minneapolis, USA). 

2.7. Toxicity 

Toxicity Estimation Software Tool (TEST) version 5.1.2 (US Envi
ronmental Protection Agency) was used to estimate antipyrine by- 
product toxicity. These predictions were realized from chemical struc
tures’ physical properties through quantitative structure–activity re
lationships (QSAR) (Sai et al., 2023). The toxicity endpoints were 
assessed at: (i) the 50% lethal concentration (LC50) of Fathead minnows 
(Pimephales promelas) in 4 days (96 h), (ii) the LC50 of Daphnia magna, a 
water flea, in 48 h, (iii) the amount of the chemical that, when orally 
ingested, is lethal to half (LD50) of the rats, called oral rat LD50. A 
consensus-based QSAR approach was used to study the impact of input 
chemicals on model parameters. 

3. Results and discussion 

3.1. Degradation of antipyrine by Fe-MOF electro-Fenton process 

3.1.1. Selection of electrodes 
Initially, the selection of the cathode material was carried out in the 

Fe-MOF electro-Fenton process considering NF-BDD and CF-BDD 
(Fig. S1) as alternatives cathode-anode (subsection 2.4.1). Before the 
electro-Fenton degradation experiments, adsorption experiments on Fe- 
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MOF were required as control in order to determine the possible removal 
of antipyrine by adsorption. However, no antipyrine adsorption on the 
Fe-MOF was detected and, thus, the removal detected in the electro- 
Fenton in presence of Fe-MOF is due to the AOP process performed. 
Both electrodes’ combinations exhibited a different degradation rate, 
with NF-BDD achieving a higher level of removal (around 55%) than CF- 
BDD (47%). The kinetic of the reaction was also studied by adjusting it 
to a first or second order model. First model fitted well to the data (R2 >

0.99) showing a higher kinetic constant for NF-BDD system (0.014 
min− 1) in comparison with CF-BDD (0.0115 min− 1). The difference 
could be explained due to the hydrogen peroxide production levels in 
the cathode and consequent hydroxyl radicals’ production by Fenton’s 
reaction. This fact was confirmed by measuring the hydrogen peroxide 
production where it was confirmed that by using NF-BDD a higher 
hydrogen peroxide production of 11.04 mg/L (Fig. S2) was achieved 
(Sun et al., 2018). Therefore, the NF-BDD configuration was selected as 
the best alternative with a higher removal and degradation rate 
compared to anodic oxidation (Fig. S3). 

3.1.2. Experimental design model 
Once the electrochemical configurations were selected, the treat

ment was improved by studying the influence of key parameters in the 
degradation process using an RSM: initial pH (X1), Fe-MOF concentra
tion (X2) and current density (X3). A two-level-three-factor CCD-FC 
approach was applied resulting in 19 runs with antipyrine’s removal and 
energy consumption as responses(Table S1). 

ANOVA analysis was performed for each response (Tables S2 and 
S3). First, the antipyrine’s removal response was analysed. It was 
demonstrated that quadratic model (equation (3)), in which the 
response is described as a function of the variables as coded factors, 
fitted well to the experimental results. Thus, the high value of R2 

(0.9927) indicates a high correlation between the predicted and 
experimental values. In addition, the predicted R2 (0.8954) was in 
reasonable agreement with the adjusted R2 (0.9855).  

Antipyrine removal (%) = 73.44 – 7.70⋅X1 + 8.38⋅X2 + 2.25⋅X3 – 0.92⋅X1⋅X2 - 
1.08⋅X1⋅X3 – 0.22⋅X2⋅X3 + 0.70⋅X1

2 – 2.02⋅X2
2 + 1.02⋅X3

2                       (3) 

The significant terms were X1, X2, X3, X1⋅X2, X1⋅X3 and X2
2. Thus, the 

increase in catalyst concentration and current density favoured 
pollutant removal while the increase in pH had the opposite behaviour 
(Figs. S4a and S4b). 

With respect to the o ther studied response, energy consumption, 
there was also a good correlation (Table S2) with a quadratic model R2 

(0.9924) and, a good agreement between the predicted R2 (0.9847) and 
the adjusted correlation coefficient R2 (0.9033). In this case, the coded 
relation between response and the factors evaluated can be described by 
equation (4).  

Energy Consumption (W⋅h) = 1.02 + 0.083⋅X1 – 0.002⋅X2 + 0.47⋅X3 – 
0.009⋅X1⋅X2 + 0.015⋅X1⋅X3 + 0.042⋅X2⋅X3 – 0.029⋅X1

2 + 0.079⋅X2
2 – 

0.11⋅X3
2                                                                                          (4) 

The significant terms of the energy consumption response were X1, 
X3, X2⋅X3, X2

2 and X3
2 with the current density as logically the most 

important variable in the final energy consumption of the electro-Fenton 
process. When evaluating the response surface plots corresponding to 
X1⋅X2 (Fig. S5a) and X2⋅X3 (Fig. S5b) terms, the X3 term is mainly the one 
that sets the upper (red colour) and lower (blue colour) values of the 
energy consumption response. 

3.1.3. Optimization of the degradation process 
Once the quadratic model was obtained for each response, it was 

desired to establish which were the optimal conditions in this NF-BDD 
electro-Fenton system using Fe-MOF as a catalyst in suspension. To 
optimize multiple responses and provide the best value of compromise 
in the desirable joint response (Fig. S6), the desirability function was 

used. It was established as conditions the maximum pollutant removal 
and minimum energy consumption. The optimum conditions resulted in 
pH 3, the current density of 6.67 mA/cm2 and Fe-MOF concentration of 
157.78 mg/L. Operating at these conditions it was possible to eliminate 
up to 86.97% and a consumption of 0.196 W⋅h per mg of antipyrine 
removed was obtained. Under these conditions, the model predicted an 
antipyrine removal around 87.09% after 1 h with a consumption of 
0.194 W⋅h per mg of antipyrine removed, so the relative error was 
0.14% and 0.95%, respectively. These results highlight the efficiency of 
this proposed process in comparison to others such as the photo
degradation, in which for complete removal was achieved after 6 h 
(Peñas-Garzón et al., 2020) or ozonation in presence of nanoparticles 
catalyst (Fe3O4@SiO2@CeO2) with removal rate of 88% after 2 h (Chen 
et al., 2021). 

Even though the heterogeneous catalyst gave promising results, it 
presented some operational difficulties due to its small size, which 
makes it difficult to retain inside the electrochemical cell in flow sys
tems. With the aim to avoid these operational problems, improve its life 
cycle and sustainability, and facilitate its recovery from aqueous media, 
Fe-MOF was immobilised by different techniques. The synthesized ma
terial was tested as electrocatalyst using a Fe-MOF functionalized 
cathode without the presence on Fe-MOF into the aqueous media. 

3.2. Characterisation of Fe-MOF functionalized cathodes 

As explained in the previous section, to improve the stability of Fe- 
MOF, two immobilisation techniques were used to obtain two 
different types of electrocatalysts used as cathode. Initially, the catalyst 
was incorporated into a composite electrode containing CB and PTFE 
resulting in an electrocatalyst Fe-MOF@CB-PTFE-C. While the other 
immobilisation procedure used electrospinning to adhere the catalyst to 
the fibre’s internal filaments before it was deposited on a NF (Fe-MOF- 
CB@PAN-NF). After their synthesis, both materials were characterized 
to determine their suitability for their use as catalyst and cathode. 

3.2.1. Fe-MOF@CB-PTFE-C 

3.2.1.1. Physicochemical characterisation. Firstly, the analysis of the Fe- 
MOF@CB-PTFE-C and the composite without the Fe-MOF (CB-PTFE-C) 
surface by SEM and the corresponding mapping were carried out (Fig. 1a 
and b). As can be seen, MOF@CB-PTFE-C showed a relatively smooth 
surface and presents a homogeneous distribution of carbon, oxygen, and 
iron confirming the correct fixation of the catalyst in the produced 
composite in comparison with CB-PTFE-C. Also, the fluorine element 
was present in the mapping because it is provided by PTFE. 

The FTIR spectra of Fe-MOF@CB-PTFE-C is displayed in Fig. 1c. The 
data confirmed the fixation of the Fe-MOF in the electrocatalyst. It was 
observed the presence in the composite of conformational environment 
of Fe-MOF, 1,3,5-benzenetricarboxylate (BTC) linker molecules as vi
brations in the 700–1720 cm− 1 range. Bands placed at 1191 and 1143 
cm− 1 were assigned to the asymmetric bridge C–O–C and the broad 
signal observed at 1023 cm− 1 corresponding to O–C stretching of the 
BTC ligand (Rivera-Torrente et al., 2018). The peaks in the range 
1300–1700 cm− 1 were related to the carboxylate groups indicating BTC 
coordination to the metal sites (Conde-González et al., 2021). 

In addition, the XRD technique allowed for the identification of the 
presence of Fe-MOF in Fe-MOF@CB-PTFE-C (Fig. 1d). The characteristic 
peak at 2θ = 11◦ from Fe-MOF was not clearly observed, but an increase 
in this region was shown in comparison with the CB-PTFE-C due to its 
presence. Due to the Fe-MOF semiamorphous nature, it exhibited non- 
crystalline solid characteristics (Ursueguía et al., 2020). The peak at 
2θ = 18◦ was related to the PTFE (Sippel et al., 2013) and 2θ = 26◦, it 
was a characteristic peak of CB (Lee et al., 2021). Moreover, these two 
peaks coincided with those reported by Karatas et al. (2022), who pre
pared a CB electrode using PTFE as a blinder and the reported results for 
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CB-PTFE-C. As it can be expected these peaks decreased with the pres
ence of the Fe-MOF. 

The electrode’s stability to possible thermal reactions or physical 
transformations was analysed by TGA. Fig. 1e shows both composite 
electrodes undergo multi-stage decomposition. In Fe-MOF@CB-PTFE-C 
(grey line), its behaviour differed from the composite without catalyst 
considerably. The first mass loss occurred from 20 ◦C to 100 ◦C due to 
the evaporation of water molecules from the Fe-MOF itself. This drop 
was not observed on the CB-PTFE-C curve. This mass loss was reported 
in other works such as Nguyen et al. (2021). In their work they syn
thesized a novel nanoscale MOF material with Ytterbium and BTC li
gands. When performing the TGA analysis they associated the mass loss 
below 100 ◦C to the depletion of adsorbed moisture and water molecules 
bound tightly to organic frameworks. Another mass loss shared with 
Nguyen et al. (2021) occurred from 300 to 335 ◦C, and was attributed to 
organic ligands, including the BTC. The last section of the TGA curve, 
which was from 500 to 660 ◦C, was due to the composition of PTFE and 
CB due to the similarity of the curve in this temperature range. This 

association was possible because of works such as Hondred et al. (2013) 
analysed the degradation kinetics of two widely used 
fluorocarbon-based polymers, poly (ethylene-alt-tetrafluoroethylene) 
and PTFE. In this study, they analysed the various TGA curves of PTFE 
obtained at different heating rates. It was found that PTFE shows a 
one-step degradation process. On CB, the curve obtained from TGA 
analysis depends mainly on the purity of the carbonaceous material. In 
normal circumstances, combustion occurs when this analysis was per
formed with an air atmosphere above 600 ◦C (Shamsudin et al., 2013). 
Finally, the differences in mass loss found at temperatures above 700 ◦C 
were due to the presence of the iron element, as it was not possible to 
combust the inorganic part of the Fe-MOF@CB-PTFE-C, as was achieved 
with CB-PTFE-C. 

3.2.1.2. Electrochemical characterisation. Once it has been ensured that 
the catalyst is immobilised on the electrode, it is worthwhile to study the 
feasibility of its use as an electrocatalyst by studying the effect in the 
electroactive surface area and its effect on the generation of hydrogen 

Fig. 1. SEM images and corresponding mappings of the composite electrodes (a) CB-PTFE-C and (b) Fe-MOF@CB-PTFE-C; (c) FTIR, (d) XRD, (e) TGA and (f) CV. 
Black and grey lines represent the results of CB-PTFE-C and Fe-MOF@CB-PTFE-C, respectively. 
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peroxide by following the cathodic peak attributed to the oxygen 
reduction. Therefore, a CV study was needed. According to Fig. 1f, when 
Fe-MOF was absent, a peak higher than − 0.4 V appeared, which was 
associated with hydrogen peroxide production when the potential is 
applied. This peak has also been identified in several materials charac
terizations. Thus, Li et al. (2018) and Sivakumar et al. (2017) identified 
the production of hydrogen peroxide at potentials of − 0.5 and − 0.4 V 
from nitrogen doped carbon@reduced graphene oxide and V2O5 flakes, 
respectively. However, when this Fe-MOF was present, the peak was no 
longer observed, which can be due to the appearance of a wider region 
in the presence of the Fe-MOF that overlaps this peak and also may 
indicate the existing peroxide production was consumed by the Fenton 
reaction. The ≡Fe2+/≡Fe+3 redox couple could be found in the 
Fe-MOF@CB-PTFE-C curve (grey line). Thus, the presence of Fe in the 
MOF (≡Fe) started the Fenton reaction and hydroxyl radicals were 

produced through the following reaction (equation (5)) (Fdez-Sanromán 
et al., 2020).  

H2O2 + ≡Fe+2 + H+ → ≡Fe3+ + H2O + ●OH                                  (5) 

According to literature, the catalytic production of ●OH by H2O2 on 
several electro catalysts has been also proved. Thus, the CV curve after 
addition of H2O2 using Fe/Mn@carbon cloth as cathode showed that co- 
doping can speed up the reaction rate of H2O2 on the electrode, thus 
accelerating the ●OH formation (Li et al., 2022). Similarly, in our pre
vious study (Cruz del Álamo et al., 2023) by the incorporation of 
perovskite by direct deposition over cathode surface induced the 
hydrogen peroxide decomposition into ●OH. Cui et al. (2020) deter
mined by linear sweep voltammetry that the reduction of H2O2 pro
duction of the composite cathode synthesized can be explained by the 
presence of Fe3O4 nanoparticles. 

Fig. 2. SEM images and mappings of (a) PAN fibres and (b) Fe-MOF-CB@PAN fibres, (c) FTIR, (d) XRD, (e) TGA and (f) CV. Black and grey lines represent the results 
of PAN fibre and Fe-MOF-CB@PAN, respectively. 
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Thus, the obtained results demonstrated the potential of the pro
posed composite electrocatalyst for its application in an electro-Fenton 
treatment as first alterative. 

3.2.2. Fe-MOF-CB@PAN-NF 
According to section 2.2.2, initially, electrospinning was performed 

using different ratios of PAN, CB and Fe-MOF reagents to produce fibres. 
It was determined that using a ratio of PAN, CB and Fe-MOF of 7:5:2% 
(w/w) a Fe-MOF-CB@PAN fibre was successful formed on NF surface 
(Fe-MOF-CB@PAN-NF). Prior its use as cathode, the fibre characterisa
tion was carried out to assess its viability as electrocatalyst. 

3.2.2.1. Physicochemical characterisation. The surface of the fibre elec
trode was analysed by electronic microscopy coupled with EDS and 
compared with a filamented PAN fibre (Fig. 2a and b). It can be easily 
observed the addition of CB and Fe-MOF changing the filaments 
morphology and, thus, the material’s physical-chemical properties. The 
mapping of the Fe-MOF-CB@PAN displayed a higher carbon and iron 
content caused by the incorporation of CB and Fe-MOF into the PAN 
fibre. 

These facts were also confirmed by FTIR analysis (Fig. 2c). In the Fe- 
MOF-CB@PAN samples, due to the synergistic effect of tensions between 
PAN, CB, and Fe-MOF, several peaks were more pronounced. Thus, the 
peaks detected between 1446 and 1381 cm− 1 were due to the sym
metrical tension of the COO- and the bending of CH2 and CH3 groups. An 
aromatic CH bending and bond stresses between C–C, C–CN, and C–O 
fell within the range of 1151-1039 cm− 1. This increase is largely due to 
active carbon as it favours more bonds of these types, especially C–O. As 
a matter of fact, Jiang et al. (2022) performed FTIR analysis of Fe-BTC 
immobilised on PAN. In this analysis, they fabricated a membrane 
containing a Fe-MOF of the same structure as the one used in this study. 
So, their FTIR analysis confirmed the correct assignment of the Fe-MOF, 
PAN, and CB peaks. Other characteristic peaks of PAN were also 
detected, such as the stresses of the O–H bonds between 3420 and 3443 
cm− 1, in addition to the tensions of the bond between nitrogen and 
carbon (C–––N), which appeared at 2240 cm− 1. It was also detected 
around the wavenumber of 2852–2965 cm− 1, indicating tensions in the 
C–H bonds mainly due to the CH2–CH3 bonds (Hussain et al., 2021). 

Regarding the XRD spectrum shown in Fig. 2d, it was possible to 
clearly distinguish the characteristic peaks of the PAN fibre (black line) 
and the Fe-MOF-CB@PAN fibre (grey line). It has been possible to 
identify as characteristic peaks of the PAN what appeared at 2θ on 17◦, 
27◦ and 40◦. These peaks were also found in the works of Jiang et al. 
(2022) and Samimi-Sohrforozani et al. (2021). When the 
Fe-MOF-CB@PAN fibre was analysed, only the peak of the PAN material 
was identified at 2θ = 17◦. In the case of the peaks 2θ = 26◦ and 2θ = 43◦

they were associated with the CB material, and the peak in 2θ = 11◦ with 
the Fe-MOF. This was done with XRD characterisation of the composite 
electrode. 

As in the case of the electrode composite, the same TGA analysis was 
performed (Fig. 2e). The two fibres presented a loss of mass between 50 
and 200 ◦C due to intermolecular volatiles that are thought to be present 
within the PAN fibre, as Yang et al. (2022) showed with their pristine 
PAN nanofibers, or that provide the catalyst, as demonstrated previously 
in the Fe-MOF@CB-PTFE-C fibres. The next loss of mass, detected at a 
temperature above 280-360 ◦C, was due to the beginning of the 
decomposition of the PAN fibre. As Samimi-Sohrforozani et al. (2021) 
showed, this temperature can be slightly increased due to water content 
or when the fibre was doped with materials such as graphene oxide. As 
can be seen in Fig. 2e, the pure PAN fibre was completely degraded 
when a 600 ◦C temperature was reached. In contrast, 
Fe-MOF-CB@PAN-NF did not reach this level of decomposition due to 
the inorganic part of the fibre. This difference in behaviour was also 
found in the work of Yang et al. (2022), which compared pure PAN fibre 
with different ratios of bamboo shoot cellulose nanowhisker and carbon 

nanotube. It showed that as the amount of these compounds increased, 
the final total decomposition of the material decreased. Furthermore, 
this behaviour was also analysed with the Fe-MOF@CB-PTFE-C mate
rial. It should be noted that because PAN was the main component of 
fibre, some of the mass losses due to CB and Fe-MOF, which was found in 
the grey curve of Fig. 1e, were not clearly reflected in the grey curve of 
Fig. 2e. 

3.2.2.2. Electrochemical characterisation. In contrast to the previous 
characterizations, this CV compared the NF electrode with and without 
fibre revealing significant differences (Fig. 2f). The first was that the 
peaks found, around 0.4–0.6 V, in the NF, which corresponded to the Ni 
(II)/Ni (III) reduction pair, did not appear when covered by this fibre 
(Liu et al., 2017). 

Another found difference was that the electrode covered by the fibre 
showed a change in behaviour at potentials applied below 0.2 V, as the 
current generated by this electrode was significant. One of the reasons 
for this change may be the incorporation of CB into the fibre. This 
increased the conductivity of the fibre produced from the NF. Similarly, 
it was reported that CB presence in modified graphite felt of Fe–Mn 
binary oxide increased the catalytic activity of oxygen reduction and the 
conductivity of cathode (Huang et al., 2021). Besides, it was detected a 
remarkably increase of the linear sweep voltammetry response, of the 
mixture of CB with Mn/Fe@porous carbon, could be attributed to the 
mutual promotion of CB and catalyst (Zhou et al., 2020). Due to these 
changes, NF could be used as supporting material to generate a cathode 
cover with fibre. 

3.3. Antipyrine degradation using Fe-MOF functionalized cathodes 

Both developed electrocatalysts that had been prepared and char
acterized were evaluated in the degradation of the antipyrine by electro- 
Fenton process. 

3.3.1. Fe-MOF@CB-PTFE-C 
The feasibility of the developed electrocatalyst Fe-MOF@CB-PTFE-C 

was ascertained in the electro-Fenton process at different operational 
conditions of current density and initial pH (Fig. 3a). 

The impact of current density is fundamental for the elimination of 
pollutant. Consistent with previous studies (Gao et al., 2020) the system 
had the highest pollutant removal efficiency operating at the lowest 
value. Thus, a pollutant removal of 35.6% and 32.43% were obtained for 
pH 7 and 3, respectively. These values sharply raised to 67.3 and 75.4%, 
respectively, when operating at 55.54 mA/cm2. Although 
electro-Fenton process produced better results at pH close to 3, the 
capability of the synthesized electrocatalyst to operate at natural pH 
without modification before the treatment, also avoids the need for 
subsequent effluent neutralization before discharging it into the 
environment. 

The main explanation for these results may be that at high current 
intensities more hydrogen peroxide was produced. The differences in the 
results attained at different pH were very small proving the efficiency of 
the electrocatalyst in both conditions. It should be noted that Fe- 
MOF@CB-PTFE-C had a certain hydrophobicity with an average con
tact angle of 103.13◦. Similar behaviour were found in the studies of 
Karatas et al. (2022) and Huang et al. (2021), in which CB and PTFE 
electrodes were synthesized. In both studies, it was reported that the 
hydrophobicity of these electrodes favoured peroxide production, which 
can be explained by the fact that the mass transference of oxygen in gas 
phase, supplied constantly through the bubbling, was higher and it 
reduced on the cathode to hydrogen peroxide. In addition, if more 
hydrogen peroxide was produced at pH close to 3, the electro-Fenton 
process was favoured so the removal of the pollutant would be higher. 
However, this was limited by the availability of the immobilised Fe-MOF 
to react. Only the catalyst allocated on the surface of the 
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Fe-MOF@CB-PTFE-C, electrode will react as the surface hydrophobicity 
of the electrode did not allow the liquid to pass through and the Fenton 
reaction took place. 

It is highlighted that the decomposition of antipyrine was due to the 
presence of Fe-MOF in Fe-MOF@CB-PTFE-C, as with CB-PTFE-C, the 
achieved elimination was less than half that obtained with the func
tionalized cathode. In the literature modified cathodes showed similar 
behaviour as in Dong et al. (2021). Thus, Fe (Fe-MOF, MIL-101) and Mn 
were selected for in-situ growth on the carbon fibre paper electrode 
CFP@MnO2-MIL-101. In this case, the difference between the control 
and the functionalized cathode (CFP@MnO2-MIL-101) was found 43.2% 
for the tetracycline degradation. The first order kinetic model fitted well 
to the experimental profiles obtained using CFP@MnO2-MIL-101 
(0.0168 min− 1) with similar values to ours results by 
Fe-MOF@CB-PTFE-C (0.02 min− 1). 

Thus, this cathode played a bifunctional role in the electro-Fenton 
process similar to the found by Xie et al. (2022) when 
rGO/MIL-88A/CF cathode was used. They accelerated the oxygen 
reduction reaction that occurred on the cathode to form the 
electro-generated H2O2, which can then be decomposed and activated 
simultaneously to form the ●OH radicals. The positive effect of the in
clusion of MOF into the cathode was also determined by Wang et al. 
(2023) who synthesized a MOF-derived carbon material containing 

CoFe alloy (Co/Fe@NPC) by calcining N-doped Co/Fe bimetallic MOF at 
a lower temperature. It was also confirmed that the degradation effi
ciency of ceftazidime gradually increased with the increase of applied 
current from 10 to 80 mA. Similar to our results, this fact could be 
explained due to higher application current density could effectively 
promote the production of H2O2 and accelerate the recycling of 
≡Fe+2/+3 (Liu et al., 2022). 

3.3.2. Fe-MOF-CB@PAN-NF 
To compare with previous Fe-MOF functionalized cathode, Fe-MOF- 

CB@PAN-NF electrocatalyst was also ascertained at the same working 
conditions (Fig. 3b). 

Operating at the same pH, the removal efficiency was increased from 
15.66% to 18.30% with the increase in current density. These results are 
explained by the fact that when the current density was increased, 
electron transfer becomes faster. This enhanced the oxygen reduction 
reaction and hydrogen peroxide production (Fdez-Sanromán et al., 
2020, 2021). Additionally, the intensities tested enhanced anodic 
oxidation without secondary reactions that could reduce the current 
efficiency (Dinh et al., 2019). 

As shown in Fig. 3b, the removal antipyrine efficiency at pH 3 and 
55.56 mA/cm2 was the highest, indicating a removal rate of 82.50%. 
The porosity of the electrode could explain this, as the hydrogen 

Fig. 3. Profile of antipyrine removal and first order kinetic parameters (inside figures) using (a) Fe-MOF@CB-PTFE-C and (b) Fe-MOF-CB@PAN-NF. (c) Reusing of 
the two Fe-MOF functionalized cathodes working at pH 3 and density 55.56 mA/cm2 for 60 min. (d) As part of the electro-Fenton process, degradation products were 
identified, along with the corresponding antipyrine degradation route. 
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peroxide in the aqueous medium more easily accessed the iron. Similar 
behaviour was found by Chen et al. (2019), who synthesized a sponge of 
zero-valent iron nanoparticles in a nanofiber network to remove sulfa
thiazole. The authors reported that the synthesized material was a 
highly porous sponge allowing having many catalytic active sites for the 
Fenton reaction took place. Furthermore, they mentioned that under 
acidic conditions the conversion of Fe+3 to Fe+2 on the surface was 
weakened and the release of iron species in the solution prevented. In 
this study, almost no iron leaching was detected (lower than 1%) and 
consequently with the heterogeneous catalysis being the main one. 

When the prepared electrocatalyst (Fe-MOF@CB-PTFE-C and Fe- 
MOF@CB@PAN-NF) were compared, it can be observed that both 
resulted in good removals with the best conditions at acidic pH and 
higher current intensities attaining removal values around 80% in 1 h. 
Both electrocatalyst can operate at different pH and comparing the ki
netic data shown in Fig. 3a and b, the process took place faster when Fe- 
MOF@CB@PAN-NF was used. Fe-MOF-CB@PAN-NF electrocatalyst 
showed slighter changes as a function of pH and current density. Similar 
behaviour was reported by Barhoum et al. (2021) who using 
nitrogen-doped carbon nanofiber electrodes incorporating Co/CoOx 
nanoparticles for the decolourization of Acid Orange 7 obtained very 
close results at a pH 3 and pH 6. 

Several cycle reuses were performed (Fig. 3c) to analyse the stability 
of the Fe-MOF functionalized cathodes. Fig. 3c shows that both Fe-MOF 
functionalized cathodes were highly stable at low pH and high current. 
Throughout the four cycles, neither efficiency dropped below 5% nor 
energy consumption changed. This behaviour is similar than other 
electrocatalysts such as MIL-53(Fe)-MOF derived Fe3O4@C (MIL-53(Fe) 
@Fe3O4@C) in which the CV analysis and reusability test of cathode 
catalyst showed only 8.03% drop of current density at the end of the 
20th cycle and 5% drop of degradation efficiency after 6th cycle with 
low leaching of iron (Priyadarshini et al., 2023). 

Because of their high stability along the time, the viability in their 
reuses and ability to remove persistent pollutants, Fe-MOF functional
ized cathodes are promising alternatives. These cathodes manifest more 
cost-effective performance, lower energy consumption and higher oxy
gen utilization efficiency for H2O2, higher than gas diffusion electrodes 
(GDEs) (Wang et al., 2021). 

3.4. Degradation products and toxicity estimation 

The degradation intermediates of the electro-Fenton treatment for 
both electrocatalysts were followed. Eight antipyrine degradation 
products were detected in both cases (Fig. 3d). Some of these degrada
tion products were understood to have cleavage mechanisms such as P1, 
which was obtained by hydroxylation of antipyrine, and P2, by phe
nylation. Both were found in Miao et al. (2015), in which antipyrine was 
removed using ozone. Two other products that were also produced by 
hydroxylation, P3 and P4, were found in the work of Gong et al. (2017). 
As in Gong et al. (2017) work, only mono-hydroxylation of antipyrine at 
different positions was detected and not di- or tri-hydroxylation prod
ucts, which was corroborated because their retention times in HPLC-MS 
were close and they had the same chemical formula, as can be seen in 
Fig. 3d. With respect to P5, its detection could explain how antipyrine 
was broken to produce the products P2 and P5, since when the bond 
between the heterocycle and the aromatic ring was broken, these com
pounds were obtained, respectively. Finally, the products P6, P7 and P8 
were small molecules resulting from the cleavage of the previous mol
ecules and are common end products of advanced oxidation processes. 

Once these degradation products were identified, three theoretical 
toxicological analyses of the products were performed using the TEST 
program: 96 h Fathead minnow LC50, 48 h Daphnia magna LC50 and 
oral rat LD50 (Table S4). The selected endpoints, including the Fathead 
minnow LC50, oral rat LD50, and Daphnia magna LC50, were chosen for 
their ability to provide crucial information regarding the potential 
harms and risks associated with substances to various organisms and 

ecosystems. The Fathead minnow LC50 is instrumental in assessing the 
risk substances pose to fish populations, aiding in regulatory decisions 
aimed at environmental protection. On the other hand, the oral rat LD50 
assists in determining safe exposure levels for humans, thereby guiding 
regulatory decisions concerning consumer product safety and occupa
tional health. Lastly, the Daphnia magna LC50 is significant due to the 
species’ importance in freshwater ecosystems, serving as an indicator of 
the potential impact of substances on non-target organisms. 

According to the theoretical toxicological results for antipyrine, the 
initial concentration of the pollutant in the assays (50 mg/L) meant this 
value was higher than the determined by the Daphnia magna LC50 19.29 
mg/L showing a short-term poisoning potential (acute toxicity). The 
same behaviour, with a value that could be over the toxicity threshold, 
was also observed for P1. When the other two theoretical toxicological 
analyses were considered, the selected initial concentration was below 
the determined thresholds, barely for Fathead minnow LC50 and 
significantly for oral rat LD50. The comparison was performed then 
between the antipyrine and the generated intermediates. As shown in 
Table S4, most of the detected intermediate products are less toxic than 
the parent compound for the three endpoints selected. Applying the 
Daphnia magna LC50, all degradation products are less hazardous than 
antipyrine (19.29 mg/L) and the determined concentrations were over 
the threshold value. However, for the Fathead minnow LC50 and oral rat 
LD50 models, it has been found that the P1 and P3 intermediates are 
slightly more toxic. Intermediate P1 only shows a higher toxicity 
(986.11 mg/L) in the oral rat LD50, while P3 has a higher toxicity in the 
two endpoints mentioned above (1011.32 mg/L oral rat LD50 and 25.18 
mg/L Fathead minnow LC50). Anyway, all the intermediates concen
tration were below these determined values. However, to ensure this 
lower toxicity in aqueous media, further analyses are required. 

4. Conclusions 

In conclusion, the commercial Fe-MOF, Basolite® F-300, was shown 
to be an effective heterogeneous catalyst able to operate in suspension or 
as part of an electrocatalyst. In suspension, the relationship between pH, 
catalyst concentration, and current density was optimized to achieve the 
highest removal of antipyrine (94%) with low energy consumption 
(0.29 W⋅h per mg of antipyrine removed) under specific conditions: pH 
3, Fe-MOF concentration of 157.78 mg/L, and current density of 6.67 
mA/cm2. Moreover, two Fe-MOF immobilisation techniques were suc
cessfully developed for the preparation of electrocatalysts used as 
cathodes in electro-Fenton processes. The composites and fibres gener
ated from these techniques showed promising results, with antipyrine 
elimination rates of 75.4% and 82.5%, respectively. The porous fibres 
offer a highly hydrophilic material that enhances the accessibility of Fe- 
MOF for the reactions, so further investigations are required to fully 
explore their potential. In addition, the intermediates have been deter
mined and the toxicity of these products estimated to be less noxious 
than the parent compounds. 
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