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ARTICLE INFO ABSTRACT

Editor: Xin Yang Electrochemical oxidation, a powerful tool for the conversion of several of organic dye compounds using metal-
exchanged zeolite modified electrodes, has shown great potential due to its capability of high efficiency
degradation, a global priority for a sustainable environment. In this study, the role of the Fe(III)-exchanged-
zeolite-modified electrodes using two different zeolite structures (such as FAU (Y) and MFI (ZSM-5)) on the
Fenton-like oxidation of Congo Red dye (C32H22NeNax0gS2) was investigated at room temperature. To clarify the
electrocatalytic trend observed by constant potential electrolysis, the surface acidity of the catalysts prepared by
ion-exchange method was determined by microcalorimetric measurements of ammonia adsorption. The different
acid properties deriving from the presence of different cations (NH4, H' and Na%) in the case of MFI structure
were found to enhance the ion-exchange capacity as well as the oxidation reaction. MFI catalysts - Fe(Na)ZSM-5,
Fe(H)ZSM-5 and Fe(NH4)ZSM-5 - exhibited excellent activity and stability at the end of the electrolysis (within
60 min), with a total dye degradation and an higher mineralization on Fe(H)ZSM-5 (64% of TOC), compared
with Fe(Na)Ypano, Which takes twice as long (120 min) for total degradation, with 19% of TOC removal. This
work provides an effective route for the development of stable Fe(Ill)-zeolite-modified electrodes for electro-
Fenton oxidation, with a better stabilization of Fe> ions within the framework, without the aggregation of
iron and the addition of Hy0,, at room temperature.
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material are most likely contributing to electrical conductivity, and thus
improve the targeted reaction rate and selectivity [1-4]. The electrical

1. Introduction

Zeolites are a family of porous materials based in alumino-silicates
and possess a well-defined microporous (subnanometer to 2 nm) sys-
tem and a crystalline framework, which play a key role in various in-
dustrial processes owing to their multi-functional transparency of the
tuneable structure [1]. Their frameworks act as both host material and
nanoreactor, allowing an effective environment for catalytic and elec-
trocatalytic reactions. Especially, physicochemical properties of a guest

conductivity in zeolites has been ascribed to the movement and the
stabilization of the metal ions inside the structure, which confer high
specific selectivity for different applications [1,5,6]. To date, numerous
efforts have been devoted to the development of guest-host zeolite
materials as adsorbents [7,8], heterogeneous catalysts and
ion-exchangers [1-3]. In addition, due to their stability in biological
environments, these structures found applications in biomedical fields

* Corresponding authors at: CQUM - Centre of Chemistry, University of Minho, 4710-057, Portugal.
E-mail addresses: parpot@quimica.uminho.pt (P. Parpot), ineves@quimica.uminho.pt (I.C. Neves).

https://doi.org/10.1016/j.jece.2022.107891

Received 1 March 2022; Received in revised form 6 May 2022; Accepted 8 May 2022

Available online 16 May 2022

2213-3437/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:parpot@quimica.uminho.pt
mailto:ineves@quimica.uminho.pt
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2022.107891
https://doi.org/10.1016/j.jece.2022.107891
https://doi.org/10.1016/j.jece.2022.107891
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2022.107891&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Bencheqroun et al.

[9,10]. However, the use of zeolites in electrocatalysis is few explored
[11-14].

In recent years, water treatment technologies have been of economic
importance due to purified drinking water demand depending on the
rapidly increasing world population. Among the various technologies,
the electrochemical degradation process is attractive and promising for
wastewater treatment, being capable of degrading organic compounds
including synthetic dyes. In this emerging process, organic matter is
mineralized by mediated oxidation with reactive oxygen species, prin-
cipally with the hydroxyl radical (HO®) generated in situ at the surface of
the high-current anode [15]. The HO® radical is the strongest oxidant
after fluorine and its high standard redox potential (E° = 2.80 V/SHE)
permits the complete degradation of most organic matter into COo,
inorganic ions, and water. This treatment technology has different ad-
vantages such as environmental compatibility, polyvalence, energy ef-
ficiency, and cost-effectiveness [16]. In addition, the most interesting
advantage of this process is that it does not require the external addition
of reagents for the production of hydroxyl radicals [17].

The modified electrodes have the capacity to provide low potentials
and high peak current intensities, giving superior sensitivity and selec-
tivity when compared to smooth support electrodes. However, the use of
Fe-based electrodes has a major disadvantage related to the formation of
iron-containing sludge, which requires catalyst recovery after treatment,
making the process uneconomical [17]. This disadvantage can be
overcome by developing heterogeneous catalysts, through the incorpo-
ration of Fe ions in porous supports. These ions are stabilized by the
zeolite structure and generate HO® without the precipitation of iron [14,
18-20]. Fe-exchanged zeolites act as catalysts for the heterogeneous
Fenton reaction, where the reactions occur, as showed in [19], and the
redox cycle between the different valence states of Fe (Fe®t/Fe?1) is
enhanced by the presence of the host support. Recently, we reported that
Fe3* exchange in zeolite boosts the Fenton-like reaction, which confirms
that ion species promote the redox cycle of the iron [14] as described in
Egs. (1) and (2):

Fe(Ill) — zeolite + H,O,—Fe(Il) — zeolite + HO; + H* D

Fe(Il) — zeolite + HyO,—Fe(Ill) — zeolite + HO®* + OH~ 2)

Precious insights have been gained in the understanding of electro-
chemical degradation of dye compounds using different modified elec-
trodes, and the development of appropriate electrode material is crucial
to the degradation efficiency of industrial processes [20-23]. Within this
perspective, iron-exchanged zeolites were prepared by using a facile and
cost-effective ion-exchange method that introduces metal ions into the
zeolite framework. Moreover, Fe-exchanged zeolites with excellent ac-
tivity were reported using Congo Red dye, providing comprehensive
evidence to the utilization of these modified electrode materials as
anode oxidant in the electrodegradation process in electro Fenton-like
oxidation. This perspective particularly enlightens the capacity of elec-
trodegradation to maximize activity, selectivity, and durability in the
removal of organic dye compounds, as well as to provide a rational
pathway for the development and design of the metal-exchanged
zeolites.

2. Experimental
2.1. Preparation of the Fe-exchanged zeolite samples

Preparation of Fe-exchanged zeolite samples using a simple and
effective ion-exchange method with an improved process for directly
introducing ferric ions in the zeolite structures is reported in the
following. Two zeolite structures in powder form, MFI ((NH4)ZSM-5,
CBV 3024E from Zeolyst International) and FAU (NaYpan, NanoFAU-Y
from NanoScape, with nanoparticles of 150 nm) were used as pristine
supports for preparing the samples. NaYpano and (NH4)ZSM-5 were
dehydrated at 120 °C overnight before the successive preparation steps.
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HZSM-5 was prepared by calcination of (NH4)ZSM-5 at 500 °C for 8 h
under a dry air stream that allows decomposition of the ammonium ions
of the structure, whereas (Na)ZSM-5 was prepared by the ammonium
form through ion exchange of NHJ with Na* using a NaNO3 solution, as
described in [24]. Furthermore, Fe-exchanged zeolite samples (herein
labelled as Fe(Na)Ynano, Fe(NH4)ZSM-5, Fe(H)ZSM-5, and Fe(Na)
ZSM-5) were prepared by a simple protocol in order to increase the
density of catalytic sites and improve the electron transfer efficiency
[14,18]. Briefly, 3.65 mmol of Fe3* ions in aqueous solution, from the
precursor iron(IIl) nitrate nonahydrate (Fe(NO3)3.9 H20, 99.95% trace
metal basis, purchased from Sigma-Aldrich) in ultra-pure water
(18.2MQcm at 20°C) were added to an appropriate amount of
different pristine zeolites at room temperature (iron(III) solution/zeolite
weight ratio equal to 35) and the pH was adjusted to 4.0 in order to
prevent the precipitation of iron. The suspension was then maintained
under stirring (300 rpm) for 24 h in order to enhance the ion-exchange
process; finally, it was filtered off and washed several times with
ultra-pure water. The recovered solid was then dried in an oven at 80 °C
for 24 h, followed by a calcination step at 350 °C with a temperature
rate of 5 °C min! for 4 h in a static oven.

2.2. Physicochemical characterization of iron(II)-exchanged zeolites

X-ray diffraction (XRD) patterns of the samples were recorded by a
D8 Advance diffractometer in Bragg-Brentano (6-0) configuration with
CuKo radiation at the wavelength of 1.5406 A, the voltage and tube
current being 40 kV and 40 mA, respectively. The diffraction patterns
were collected in a range of 26 from 3° to 60° with a step size of 0.05°
and a fixed acquisition time of 2 min step! at room temperature. Sample
preparation for XRD analysis involved gentle grinding of the solid into a
fine powder and packing of approximately 0.5 g of the sample into the
aluminum sample holder.

Room temperature Fourier Transformed Infrared spectroscopy
(FTIR) of the samples in KBr pellets (2.0 mg of sample/200 mg of KBr)
were recorded using a Bomem MB104 spectrometer in the range
4000-500 cm™ by averaging 32 scans at a maximum resolution of 8 cm’
1

The morphology of the samples was examined by a Phenom ProX
(Phenom World B.V., Eindhoven, The Netherlands) scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray spectros-
copy (EDX) detector (Phenom World B.V.). The acquired data were
processed using the ProSuite software integrated with the Phenom
Element Identification software, which allowed the quantification of the
elements present in the samples both in weight and atomic concentra-
tion. The samples were placed into aluminum pin stubs with electrically
conductive carbon adhesive tape (PELCO Tabs™), which were subse-
quently placed inside a Phenom Charge Reduction Sample Holder
(CHR); different points were then analyzed for elemental composition
with a mapping intensity of 15 kV.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analyses were performed with a 5110 ICP-OES spectrometer (Agilent
Technologies) to determine the contents of Na, Al, Si (i.e. the typical
elements in zeolites), and Fe, according to the procedure described in
[20].

Surface area and pore volume were determined from the nitrogen
adsorption/desorption isotherms at — 196 °C, using a Carlo Erba
(Sorptomatic Instruments CE Series) gas adsorption device. Before
analysis, all samples were outgassed at 250 °C under vacuum (7.5 x107
Torr) for 12 h in order to clean the surface from any adsorbed impurities.
The isotherms were elaborated according to the BET method, applying
the procedure suggested by Rouquerol et al. [25] for the proper calcu-
lation of BET surface area of microporous materials. The external surface
area (Sext) and micropore volume (Vpjcro) Were calculated by the
t-method. The mesopore volume (Vpes0) Was calculated by the difference
between the total pore volume at P/P° = 0.99 (Viota) and Vimicro-

XPS analysis of the samples was performed using a Kratos Axis-Supra
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instrument equipped with aluminum Ko monochromatized radiation at
1486.6 eV X-ray source, within ESCApe software. Due to the not con-
ducting nature of the samples, it was necessary to use a co-axial electron
neutralizer to minimize surface charging, which performed the
neutralization by itself. XPS Photoelectrons were collected from a take-
off angle of 90° relative to the sample surface. The measurement was
done in a Constant Analyser Energy mode (CAE) with a 15 mA of
emission current and 160 eV and 40 eV pass energy for, respectively,
survey spectra and high-resolution spectra. Charge referencing was done
by setting the lower binding energy Cls photo peak at 285.0 eV Cls
hydrocarbon peak.

Microcalorimetry of ammonia adsorption was used to assess the
surface acid properties of the samples. A Tian-Calvet heat flow calo-
rimeter (Setaram) equipped with a volumetric vacuum line was used for
the microcalorimetric measurements. Prior to the successive introduc-
tion of small doses of the probe gas ammonia (NH3), a desired amount of
samples (0.100 g) was pretreated at 80 °C under vacuum (7.5 %1073
Torr) overnight. Successive small doses of NH3 were introduced onto the
samples until a final equilibrium pressure of about 1.2 Torr was ach-
ieved. The equilibrium pressure after each adsorbed dose was measured
by means of a differential pressure gauge (Datametrics) and the thermal
effect recorded. The adsorption temperature was maintained at 80 °C in
order to limit physisorption. After outgassing overnight at the same
temperature, a second run was carried out to determine the amount of
the probe gas irreversibly adsorbed by subtracting from the first one
(which allowed the assessment of the overall uptake of the probe gas)
the second isotherm, obtained after outgassing the sample. The
adsorption (amount of adsorbed probe gas vs. the corresponding equi-
librium pressure) and calorimetric (integral heat of adsorption vs. the
corresponding equilibrium pressure) isotherms were acquired from each
adsorption run. Combining the adsorption and calorimetric data, a plot
of the differential heat of adsorption (Qqjr, kJ mol™) as a function of the
adsorbed amount (na, pmol g'l) was drawn, which gives information on
the influence of the surface coverage on the energetics of the adsorption.

2.3. Electrochemistry

Electrochemical measurements were performed using a thermo-
stated three-electrode cell assembly composed of an Hg/Hg>Cly (sat.
KCl) reference electrode, a platinum foil (99.95%) counter electrode and
a Toray carbon paper (geometrical area of 4.0 cm?) working electrode.
The reference electrode was separated from the electrolyte solution by a
Habber-Luggin capillary tip. The Toray carbon paper was glued to the
platinum wire using conductive carbon cement (Quintech) and was
dried at room temperature for 24 h. All electrochemical measurements
were conducted at the controlled temperature of 25 °C. The electro-
chemical instrumentation consists of a potentiostat/galvanostat from
Amel Instruments coupled to a computer (i5) through an AD/DA con-
verter. The Labview software (National Instruments) and a PCI-MIO-
16E-4 I/0 module were used for generating and applying the potential
program as well as acquiring data such as current intensities. The cat-
alytic ink was ultrasonically prepared by dispersing the iron-zeolite
powder sample (20 mg) prepared previously in a mixture of ultra-pure
water (Millipore system, 18.2 MQ cm at 20 °C) and Nafion® suspen-
sion (5 wt% Sigma-Aldrich®). An iron-zeolite loading of 5.0 mg cm™ of
catalytic ink was homogeneously deposited onto the wet proofed Toray
carbon paper and the solvent was then evaporated at room temperature.
Prior to electrochemical measurements, the solution is de-aerated with
ultra-pure Ny (U Quality from Air Liquide) for 30 min, and a nitrogen
stream is maintained over the solution during the measurements in
order to avoid any dissolved oxygen interferences. The anodic catalytic
activity of the iron-zeolite modified electrodes was investigated by using
cyclic voltammetry (CV) both in the absence and presence of 0.036 mM
(25 ppm) of Congo Red (CR, C32H2oNgNa06Sz, 3,3'-([1,1’-biphenyl]—
4,4'-diyl)bis(4-aminonaphthalene-1-sulfonic acid C;4HgNay07S, Sigma-
Aldrich®, Scheme 1) in NaCl (0.10 mol L’l), at room temperature.
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Scheme 1. Molecular structure of Congo Red (CR) dye.

Electro Fenton-like oxidation at a constant potential of 2.0 V vs. SCE,
in the presence of CR (0.072 mM, 50 ppm), was carried out in a two-
compartment cell with an ion exchange membrane (Nafion®—-417,
membrane thickness 0.017 in.), separating the anode and cathode
compartments, at room temperature.

Electrolysis products were analyzed by high performance liquid
chromatography (HPLC) equipped with an isocratic pump (Jasco PU-
980 Inteligent HPLC Pump), and a double on-line detection including
an UV-Vis detector (Jasco Inteligent UV/vis detector) and a RI Detector
(Shimadzu). The products partition was carried out in an ion exchange
columns, Aminex HPX-87 H from Biorad (A = 210 and 260 nm) and a
reverse phase RP18 column from Merck (A = 497 nm) for HPLC. Ion
Chromatography (Dionex DX-100) with AS11HC analytical column and
guard column was used for the quantification of ionic oxidation
products.

For purposes of comparison with the electrochemical studies, the
sample Fe(H)ZSM-5 was used as heterogeneous catalyst for the oxida-
tion of CR using catalytic conditions similar to those described in [18,
20]. The reaction was performed at room temperature and 40 °C,
without addition of acid, with 12.0 mM of H50O5 and the semi-batch
reactor was filled with 250 mL of a 50 ppm CR solution and 200 mg
L of the catalyst, during 240 min.

The total organic carbon (TOC) was determined using the NPOC
method in Shimadzu’s Total Organic Carbon Analyzer TOC-L, coupled
with the ASI-L autosampler of the same brand.

3. Results and discussion
3.1. Physicochemical characterization of Fe(II)-zeolite samples

The different iron-zeolite samples based in MFI and FAU structures
were prepared by ion exchange method, which implies that the Fe(III)
counter-ions replace the pristine cations in the same location to main-
tain the electroneutrality of the structure. The Fe(III)-MFI samples were
prepared by the different pathways 1, 2 and 3 shown in Fig. 1a. Samples
obtained from routes 1 and 2 should be similar since the heat treatment
in 2 leads to the elimination of NHs. However, for the purposes of the
work, the sample from path 1 has been named as Fe(H)ZSM-5 and the
one from path 2 as Fe(NH4)ZSM-5. Likewise, the sample obtained by
direct ion exchange of the sodium ions with Fe(IIl) using NaY as the
pristine zeolite (Fig. 1b) was named Fe (Na)Ypapo. In our previous works,
we showed that the MFI and FAU zeolite structures have different
average particle sizes, herein NaYpapn, presents nanosized particles of
150 nm in size [26], whereas (NH4)ZSM-5 reveals irregular particles,
with large aggregates, medium and small particles (2500, 760 and
>100 nm, respectively) [27].

XRD diffraction patterns of representative samples ((NH4)ZSM-5, Fe
(H)ZSM-5, Fe(Na)ZSM-5, NaY,,, and Fe(Na)Ypap,) are shown in Fig. 2a.

All Fe-exchanged zeolite samples show the same peak positions of
the typical XRD patterns of highly crystalline MFI or FAU zeolites,
similar to those reported in the literature for these structures, without
evidence of the presence of new metal phases [3,28]. For the FAU-based
samples, the peaks located at 15.7, 18.7, 20.4, 23.4, 26.9, 30.6, 31.2,
and 33.8° correspond, respectively, to the reflection planes (331), (333),
(440), (533), (642), (555), (822) and (644) of the highly crystalline
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Fig. 1. Schematic representation of the different routes for preparing the Fe(Ill)-exchanged zeolite samples: a) MFI and b) FAU zeolite structures.

Y zeolite structure, which is in good agreement with the results reported
in the literature [28,29]. However, the introduction of iron species in
NaYpano reveals a decrease in the peaks intensity, suggesting that the
crystallinity of the structure was affected by the ion-exchange method
used.

Similarly, the X-ray diffraction patterns of the (NH4)ZSM-5, Fe(H)
ZSM-5 and Fe(Na)ZSM-5 samples exhibit the typical pattern of ZSM-5
crystallographic structure from MFI family. The five characteristic
diffraction peaks at about 7.8, 8.7, 22.9, 23.7 and 24.3° correspond to
(101), (020), (501), (303), and (133) reflection planes of ZSM-5 [28,30],
respectively. It is noted that the XRD patterns of the prepared
Fe-containing remain almost unchanged after the exchange with Fe(III)
ions, with a small decrease in the relative intensity of the peaks
compared to the pristine zeolites, suggesting that replacing of the orig-
inal cations by iron ions have similar preferences in their locations in
zeolite structure [3,20,31].

This conclusion is further confirmed by FTIR analysis presented in
Fig. 2b and Fig. S1, which shows that the characteristic zeolite bands
remain unchanged after the exchange with the Fe(III) ions, as confirmed
in [26,32,33]. Fig. 2b in the spectral region of 2000-500 cm’! shows the
fundamental lattice vibrations for the zeolite structures [32,33]
considering surface hydroxyl groups of Si-OH stretching (as evidenced
by the broad band at 3700-2800 cm™? reported in Fig. S1). Moreover,
the absorption bands at about 1053 and 982 em™! (MFI and FAU struc-
tures, respectively) are attributed to the internal asymmetric stretching
of Si-O-X, whereas the band centered around 784 cm™ is due to the
external symmetric stretching vibration of the X-O (X = Si or Al) bond
[32-37]. Likewise, the absorption bands at around 1209, 624 and
534 cm™ correspond to those characteristic of the five member rings of
the pentasil type MFI zeolite structure (ZSM-5) [35,37]. The band at
1628 cm! is ascribable to the typical H-O-H bending vibration mode,
resulting from water adsorbed on the zeolite structure, whose amount
becomes smaller for the ZSM-5 based zeolites, due to the high total Si/Al
ratio of this structure (SiAl = 14.90), as also confirmed by the decreased

intensity of the band at around 3458 cm? (Fig. S1). These results are
consistent with our previous studies on zeolites exchanged with copper,
nickel or silver ions [35,36]. The studies of Hammond et al. showed that
the absence of a band at 710-700 cm! suggests a migration of the Fe
ions from the framework to extra-framework positions, which could
boost the catalytic activity of the Fe(III)-MFI samples [38].

The N; adsorption/desorption isotherms acquired at — 196 °C are
reported in Fig. S2. According to the IUPAC classification, Types I plus IV
isotherms were identified for the pristine zeolites, with prevalence of
Type I, due to the mainly microporous character, even if in the presence
of a not negligible mesoporosity highlighted by the presence of hyster-
esis loops, especially in the case of NaYpnano as a consequence of the
nanospaces in the aggregates of the zeolite particles [26]. Regardless of
the ion exchange procedure used (Fig. 1), the Fe-samples retained the
same shape of the original isotherms. The resulting textural properties
are shown in Table 1.

All Fe(Il)-exchanged zeolite samples possess high surface areas (in
the range 360-394 m? g and equal to 853 m? g for MFI- and FAU-
supported samples, respectively) as well as high mesopore surface
areas (in the range 140-161 m? g™! and equal to 137 m? g! for MFI- and
FAU-supported samples, respectively), which are inferior to those of the
starting zeolites whatever the preparation procedure. However, the
good textural properties preserved after the introduction of the Fe(III)
ions suggest that such ions are homogeneously incorporated, probably
in the same locations as the original cations.

In general, in the heterogeneous catalysts the metal ions introduced
are stabilized by structure and connected to other atoms that provide
more reactivity of catalysts [39,40]. The zeolite structure with high
surface area and arranged porous arrays, boosts the better spatial
dispersion of the metal ions and promotes a fast mass transfer process,
which enhances the reactivity of these catalysts through a high acces-
sibility of the active sites by reactants from the external medium [19,
40].

SEM micrographs in Fig. 3(a-d) reveal the presence of particles
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Fig. 2. a) XRD diffraction patterns of: (NH4)ZSM-5, Fe(H)ZSM-5, Fe(Na)ZSM-5,
Fe(Na)Ypano and NaYpano; b) FTIR spectrum of Fe(NH4)ZSM-5, Fe(H)ZSM-5, Fe
(Na)ZSM-5 and Fe(Na)Ypano in the spectral region of 2000-500 em™h.

Table 1
Physicochemical properties of the pristine zeolites and Fe-exchanged zeolite
samples.

Samples S3er Viotal Séxt Vihicro Viheso
m?g"h  (m®gh)  @’g"H" (m®gh)  (m’gh)
(NH4)ZSM-5 401 0.26 185 0.09 0.17
Fe(NH4)ZSM-5 384 0.27 153 0.09 0.18
HZSM-5 455 0.28 200 0.11 0.17
Fe(H)ZSM-5 397 0.28 161 0.10 0.18
NaZSM-5 379 0.27 158 0.09 0.18
Fe(Na)ZSM-5 360 0.26 140 0.09 0.17
NaYhano 833 0.51 172 0.25 0.26
Fe(Na)Ynano 853 0.36 137 0.26 0.10

aSurface area calculated from the BET equation; "Total pore volume determined
from the amount adsorbed at P/P, = 0.99; “External surface area and micropore
volume calculated by the t-method; ‘Mesopore volume calculated by the dif-
ference Viotal-Vmicro

typical for MFI, with clumped morphology and slightly different sizes
(approximately 100 nm), which indicate that the typical morphology of
the pristine zeolite was preserved after the exchange with Fe(Ill). The
same results were obtained for the FAU sample, whose images are shown
in Fig. S3. As expected, EDX analysis of Fe(Na)ZSM-5 (Fig. 3f), as well as,
of NaYpano and Fe(Na)Ypano (Fig. S3) shows the presence of the following
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elements: O, Si, Al, Na, and Fe, confirming that the method used for the
introduction of the iron species is suitable, not drastic, and leads to
stable Fe-catalysts, in agreement with XRD, FTIR and Ns-physisorption
data.

The chemical composition of the samples was determined by ICP-
AES. For the pristine zeolites, only the presence of Si, Al and Na was
confirmed, no other metal impurities being detected (Table S1). The
calculated total Si/Al ratio was 14.90 and 1.88 for (NH4)ZSM-5 and
NaYpano, respectively. As for the Fe-containing catalysts, different
amounts of Fe ions should be exchanged due to the different ion ex-
change capacity of the MFI and FAU zeolite structures. As expected, the
iron content is higher for the NaYyano-based sample (Table 2) due to the
higher aluminum content of the structure, which allows a better ion
exchange capacity.

As expected, the amount of iron is higher for the NaYy,,,-based
sample due to the higher aluminum content of the structure which al-
lows a better ion exchange capacity. In the case of the samples prepared
from ZSM-5, the amount of iron follows the order Fe(NH4)ZSM-5 < Fe
(H)ZSM-5 < Fe(Na)ZSM-5. This outcome is related to the diffusion ca-
pacity of the counter-ion, which is better for H* and Na™ than for NHj
during the ion exchange with the ferric ions (Figurel).

The presence of ferric ions in the samples Fe(NH4)ZSM-5 and Fe(Na)
Yhano Was confirmed by XPS analysis, which can make available valuable
information regarding the oxidation state of the elements at the surface
by analyzing the binding energy (BE) regions of Si 2p, A12p,015s,C1s,
and Fe 2p. For Fe(NH4)ZSM-5 and Fe(Na)Ypano, peak deconvolution was
performed on the high-resolution spectra of the Fe 2p region (Fig. 4).
Distinct peaks in the Fe 2p; /5 and Fe 2p3,, binding energies regions are
detected for Fe(Na)Ypano in the range 725-729 eV and 710-719 eV,
respectively, which appear broadened and have a rather poor signal-to-
noise ratio, due to the low amount of iron.

Similar results were observed by Bandala et al. [41] for
Fe-containing samples based on BEA zeolites. These authors showed that
the Fe 2p core lines are distinguished into well-separated spin—orbit
doublet structures (Fe 2ps,2 and 2p; /2), with respective shake-up strong
satellites that overlap the main photoelectron lines. They also reported
that the value of BE and of the doublet splitting are strongly dependent
on the iron ionic states. In our case, the values of Fe 2p3,, binding en-
ergies are higher than 710 eV, which, according to the NIST XPS data-
base and other published works, correspond to ferric ions [41-45] in the
state of counter-ions of the negative framework. Bandala et al. suggested
that such ions are located into zeolite framework in tetrahedral sur-
roundings [41]. In the case of Fe(NH4)ZSM-5, for which the iron loading
is remarkably lower than for Fe(Na)Ypano, the peaks in the Fe 2p BE
region were not observable. From the XPS results, the amount of Fe(III)
at the surface was also quantified (Table 2). It was found that the iron
amount quantified by XPS for Fe(NH4)ZSM-5 is similar to the bulk iron
content, suggesting a homogeneous distribution of ferric ions
throughout the MFI structure. Probably, a fraction of Fe(III) ions is
located in extra-framework positions and could enhance the catalytic
activity of these samples, as suggested in the literature [38].

Concerning Fe(Na)Ypano, due to the different sites where the iron ions
can be located in the FAU structure, the lower amount at the surface
than in bulk suggests their location within the inner cavities [44].

The surface acid properties of the catalysts were determined by
adsorption microcalorimetry of ammonia. The results are reported in
Fig. 5 in terms of differential heat of adsorption (Qgiff) vs. ammonia
uptake (np), which gives information on the influence of the surface
coverage on the adsorbent-adsorbate interaction energy. All curves
show a continuously decreasing trend of Qgiff vs. ammonia coverage,
pointing out to the existence of energetically heterogeneous adsorption
sites. Very high initial values of Qgjs (in the range 270-450 kJ mol’l),
which steeply decline to lower values, can be observed, suggesting the
presence of a small number of very strong acid sites. At high coverage
values, physisorption can take place, and its contribution to the
ammonia uptake should be neglected in the assessment of the acid sites
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Fig. 3. SEM images of (NH4)ZSM-5 at different magnification (a,b), Fe(H)ZSM-5 (c), Fe(NH4)ZSM-5 (d), Fe(Na)ZSM-5 (e), and EDX spectrum of Fe(Na)ZSM-5 (f).

Table 2
Elemental composition of pristine zeolites and Fe(III)-zeolite samples.

Samples Si/AIP Fe (Wt%)? Fe (wt%)®
(NH4)ZSM-5 14.90 - -
Fe(NH,)ZSM-5 14.79 0.33 0.36
Fe(Na)ZSM-5 14.68 0.73 nd
Fe(H)ZSM-5 14.77 0.41 nd
NaYpano 1.88 - -
Fe(Na)Ynano 2.03 1.32 1.04

3Quantified by ICP-AES analysis; ®Quantified by XPS analysis; nd — not
determined.

Fe 2p1/2 Fe 2p3/2

7261 7116

Intensity (a.u.)

742 736 724 711 706

Binding Energy (BE, eV)

Fig. 4. Peak deconvolution of the high-resolution XPS spectra of the Fe 2p
region of Fe(Na)Ypano and Fe(NH4)ZSM-5.

concentration. By considering that all samples show differential
adsorption heats in the range 58-70 kJ mol ™ at high coverage, a Qgitf
value of 70 kJ mol ! has been assumed as the cut-off between specific
and non-specific adsorbent/adsorbate interactions. Such value corre-
sponds to about three times the NH3 condensation heat (20.2 kJ mol ! at
80 °C) [27,45], and thus to the heat which is typically considered to be

released during physisorption (i.e., two or three times as large as the
condensation heat of the probe molecule [45]. In view of the above, the
fraction of ammonia coverage corresponding to differential heats below
70 kJ mol'! has been neglected in the assessment of the concentration of
acid sites, which have been roughly ranked as weak (na weak, 70 < Qaitf
< 90 kJ mol™"), medium (MA,medium, 90 < Qgir < 150 kJ mol ™), and
strong (na strong, Quiff > 150 kJ mol!). The threshold value of 90 kJ mol !
to distinguish between sites of weak and medium strength has been
chosen by taking into account the lowest Qqjf value corresponding to the
irreversible adsorption of ammonia. The microcalorimetric results are
summarized in Table S2.

As for the pristine MFI zeolite, the total NH3 uptake (na op) is in the
order NaZSM-5 < HZSM-5 < NH4ZSM-5. By calculating the sites
strength distribution in terms of percentage (Fig. 6), it results that, as
expected, NaZSM-5 shows the highest percentage of weak acid sites
(72%), which falls below 50% for both NH4ZSM-5 and HZSM-5, mostly
in favor of medium strength sites that, in the case of HZSM-5, account for
60% of the total ones. Interestingly, except for HZSM-5, which possesses
a higher acidity compared to Fe(H)ZSM-5, the presence of ferric ions
leads to an increase in acidity, as can be noted by the higher percentage
of both medium and strong sites for Fe(Na)ZSM-5 and Fe(NH4)ZSM-5 in
comparison with the corresponding pristine zeolites. Regarding the Fe
(Il1)-zeolite samples, surface acidity is in the order Fe(NH4)ZSM-
5 > Fe(H)ZSM-5 > Fe(Na)ZSM-5.

Noteworthy, in the case of NaYyqapo, the curve of Fe(Na)Ypano Stays
above that of the pristine zeolite in the range of medium-strength acid
sites, clearly indicating that Fe addition makes the surface more acidic,
as already observed for the other Fe-containing ZSM-5 samples. In
particular, the acid properties of Fe(Na)Ypano are comparable to those of
(Na)ZSM-5 and Fe(Na)ZSM-5. In terms of percentage, NaYyano presents
73% of weak sites, 15% of medium-strength ones, and 12% of strong
sites, whereas the Fe-containing sample shows 65%, 29% and 6% of
weak, medium-strength, and strong acid sites, respectively, which is
comparable with NaZSM-5.

After the introduction of iron, the more acidic surface was obtained
for the samples based in MFI structure, in terms of fraction of both strong
and medium-strength sites. The samples Fe(NH4)ZSM-5 and Fe(H)ZSM-
5 show a comparable number of acid sites (Table S2), which confirms
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Fig. 5. Differential heat of adsorption as a function of NH3 coverage for the pristine () and Fe-exchanged (4p) ZSM-5 zeolites: a) NaZSM-5 and Fe(Na)ZSM-5; b)
NH4ZSM-5 and Fe(NH4)ZSM-5; ¢) HZSM-5 and Fe(H)ZSM-5; d) NaYyano (o) and Fe(Na)Ynano (@).

that the calcination step allows the decomposition of the ammonium
ions and the subsequent elimination of ammonia (NHs) leading to the
protonic form (Fig. 1). Based on their acidic properties, it was expected
that both the catalysts have the same behaviour in electro Fenton-like
oxidation.

3.2. Electrochemical degradation of congo red dye on modified iron-
zeolite samples

The presence of hydrogen peroxide (HO2) is mandatory for the
heterogeneous catalysis by Fenton reaction using solids supports [14,18,
20]. So, Fe(H)ZSM-5 was tested as heterogeneous catalyst using the
same concentration of CR as that used in electrolysis, 0.072 mM
(50 ppm). At room temperature and 12 mM H30», the degradation was
not observed, whereas at the temperature of 40 °C and the same con-
centration of HyOs, the degradation achieved 75% of conversion after
240 min, with 31% of mineralization. It is important to point out that,
the pH of the Fenton reaction was controlled by the zeolite itself, since
the MFI structure has strong acidic properties (Fig. 6).

The use of HoO; and higher applied temperatures can be avoided by
employing more sustainable methods like electrochemical ones. In this
context, the electrochemical studies were carried out with different Fe

(Il1)-zeolite samples without the addition of hydrogen peroxide, at
room temperature, for CR degradation. Blank tests were carried out
using the pristine zeolites (ZSM-5 and NaYyap,) in the presence of dye
(50 ppm), under the experimental conditions for Fenton-like catalysis
and electrocatalysis, at room temperature, both in the absence and in the
presence of HyO». It was observed that the dye degradation does not
occur in the blank tests and that the presence of iron species enhances
the catalytic activity of the modified Fe(IlI)-zeolite electrodes at room
temperature without HyO5.

3.2.1. Modified Fe(III)-MFI zeolite electrodes

The electrochemical behavior of Congo Red dye, a typical azo dye
(Scheme 1) on modified Fe(IlI)-exchanged zeolite electrodes, Fe(Na)
ZSM-5 and Fe(H)ZSM-5 was studied by cyclic voltammetry (CV) in the
presence of 25 ppm of CR, in 0.1 mol L NaCl, at room temperature.
Fig. 7 presents the cyclic voltammograms of the modified Fe(Na)ZSM-5
electrode as an example, recorded at a scan rate of 50 mVs™.

In absence of CR, two redox processes, an irreversible and a quasi-
reversible one, can be noticed in 0.10 mol L! NaCl medium, the first
one corresponding to — 1.3/— 0.65 V vs. SCE, is probably related to Fe
(0)/Fe(1I) species while, the second (0.3/0.5 V vs. SCE) can be attributed
to Fe(1I)/Fe(Ill) couple. The oxidation of CR starts at 0.8 V vs. SCE, after
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the oxidation of Fe(Il) into Fe(Ill), indicating that the presence of Fe(III)
species on the electrode surface is necessary for the oxidation of this
organic dye. Similar redox processes were observed for the other Fe(H)
ZSM-5 and Fe(NH4)ZSM-5 modified electrodes. The presence of these
redox couples was confirmed by CV obtained in Fe(III) nitrate medium,
which confirms the presence of these species (Fig. S4). Iron species
mediated oxidation can be foreseen as given in Scheme 2, as reported in
[14]:

During the reverse scan of the CV analysis, a reduction peak can be
noticed at — 0.7 V vs. SCE, due to the reduction of previously oxidized
species. Voltammetry study also provides evidence concerning the rate-
determining step of the CR oxidation process. The slope of the log(I/mA)
vs. v(mVs™!) curves in 0.10 mol L' NaCl medium corresponds to 0.60 to
Fe(Na)ZSM-5, 0.74 to Fe(H)ZSM-5 and 0.72 to Fe(NH4)ZSM-5. These
results show that the for Fe(Na)ZSM-5 kinetic of the electrochemical
reaction was governed by the diffusion step while for the other modified

20

15+
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20 -15

-1.0 -05 00 05 10 15 20

E (V vs. SCE)
Fig. 7. Cyclic voltammograms of Fe(Na)ZSM-5 modified zeolite electrode

recorded at 50 mVs™ in the absence of dye (black curve) and in the presence of
0.036 mM of Congo Red dye (red curve) in NaCl (0.10 mol L.

electrodes both diffusion and adsorption steps have influence on reac-
tion rate [14,46-48].

The electrolysis of 0.072 mM (50 ppm) CR with the Fe(Na)ZSM-5
and Fe(H)ZSM-5 modified zeolite electrodes, was carried out with an
applied potential of 2 V vs. SCE, at room temperature. The voltammo-
grams at the beginning and at the end of the electrolysis for both the
electrodes are displayed in Fig. 8. The increase in the overall current
intensities noticed at the end of the electrolysis, can be attributed to the
restructuration of the electrode surface, including an increase of the
active surface, due to the oxidative treatment during the electrolysis.
The contribution of the current intensities resulting from the oxidation
of some electrolysis products must be also foreseen.

During the electrolysis, a gradual discoloration of the electrolytic
solution was observed, indicating the degradation of the pristine dye at

0OX

Scheme 2. Schematic of the catalytic reaction of Fe(II)/Fe(IIl) and CR [14].



Z. Bencheqroun et al.

T T T
124
L4
94
64
-2
< 3
£
= o
FO0
-3
-6
T T T '2
-2 -1 0 1 2

E/V vs.SCE

Journal of Environmental Chemical Engineering 10 (2022) 107891

O] T T T T T T T
60
6]
40
4
F20
<« =
E ] =
= Fo »
0]
F-20
-2
I -40
-4 T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
E/ Vvs.SCE

Fig. 8. Cyclic voltammograms of modified zeolite electrodes, Fe(Na)ZSM-5 and Fe(H)ZSM-5 respectively, recorded at 50 mVs~! at the beginning (blue line) and at
the end of the electrolysis (black line) of 0.072 mM of Congo Red dye in NaCl (0.10 mol LY.

both modified Fe(III)-ZSM-5 electrodes. Remarkably, the lower amounts
of iron quantified in MFI samples (Table 2) are enough to trigger the
reaction. UV/vis spectra of the solutions collected, at the beginning,
during, and at the end of the electrolysis, are presented in Fig. 9. At the
end of the electrolysis an important decrease of absorbance was noticed,
in the visible region at 480 nm, which corresponds to the wavelength of
maximum absorbance for CR, due to its highly conjugated structure.
This result confirms the significant degradation of the initial substrate
due to the fragmentation of the azo bonds by oxidation, with the
consequent discoloration of the solution in the anode compartment
observed during electrolysis. In addition, the observed decrease in the
intensity of the two bands in the UV region at respectively 350 and
490 nm, are attributed to the degradation and opening of the aromatic
ring of the CR dye [49-51]. A control experiment in the absence of the
modified electrode showed that the degradation of the dye does not
occur under the same conditions.

Quantification of the products at the end of the electrolysis was
carried out by HPLC-UV and IC (ionic chromatographic) analyses. At the
end of the electrolysis, carboxylic acids coming from the opening of the
CR rings were identified as formic, oxalic, tartaric, glutaric, and oxamic
acids. The total amount of carboxylic acids corresponding to 28% and
16% of the oxidized CR were detected for Fe(Na)ZSM5 and Fe(H)ZSM5
modified electrodes, respectively. In addition, different concentrations
of the sulfate ion were found, in Fenton-like reaction, for these modified

Time (min)

25 5
10
15
- 20
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— 60
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N

200 300 400 500 600 700
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Fig. 9. UV/vis spectra of the 0.072 mM of CR dye solution at the beginning (blue

line) at different electrolysis time and at the end of the electrolysis in Fe(Na)ZSM-5
modified zeolite electrode (60 min) in 0.10 mol L' NaCl medium.

zeolite electrodes. At the end of electrolysis, the concentration of the
SO?{ ions, detected by IC, reached 0.03 mM and 0.05 mM, for Fe(Na)
ZSM5 and Fe(H)ZSM5 modified electrodes, respectively. The distribu-
tion of the products seems to be related to the acidic properties of the Fe
(II1)-MFI samples (Fig. 6). The evolution of the concentration of CR and
of the sulfate ions during the electrolysis is presented in Fig. 10.

It could be confirmed from these results that the low molecular
weight carboxylic acids that are refractory compounds, do not undergo a
further oxidation leading to mineralization. The extent of the mineral-
ization was determined by TOC analysis at the end of the electrolysis
(60 min) for the three Fe(III)-MFI modified electrodes, with a mineral-
ization degree of 64%, 40%, and 26%, for Fe(H)ZSM-5, Fe(NH4)ZSM-5
and Fe(Na)ZSM-5 modified electrodes, respectively. The higher miner-
alization observed for the first two electrodes are related to the distri-
bution of the acid sites in the modifying zeolites, for the reason that of
their preparation (Fig. 1). Remarkably, the amount of iron affects the
mineralization rate, with samples with lower Fe contents favoring
higher mineralization degrees comparing with Fe(Na)ZSM-5 (Table 2).

The kinetic curves of the reaction for CR and sulfate ions (Fig. 10)
show that a very important degradation rate was obtained in the first
10 min of reaction. After 10 min, 74% of CR was degraded at all the Fe
(III)-MFI modified electrodes. The complete conversion of dye into
oxidation products was achieved after 45 min, while the mineralization
was determined at the end of the electrolysis.

Within the first 20 min, a linear trend is observed for In C vs. t (s),
which proves that the reaction is first order with respect to CR for all MFI-
modified electrodes. The slope of the straight line gives a rate constant (k)
equal to 3.0 x 103 s'l, for both Fe(Na)ZSM-5 and Fe(H)ZSM-5, and
1.0 x 10”3 5! for Fe(NH,4)ZSM-5. The lower value of k corresponding to
the latter indicates that the reaction kinetics are slower in this case, which
can be related to the preparation of this material (Fig. 1). These results are
in agreements with those obtained from scan rate study which shows that
the reaction kinetics were governed in a different way for the first elec-
trode and for the last two electrodes. It can be also concluded that while
Fe(Na)ZSM-5 modified electrode provides higher oxidation for pristine
compound, the further oxidation of intermediate compounds are not
favored since the mineralization rate is lower in this case. This result can
be explained by the higher need of OH® radicals for the oxidation of
recalcitrant compounds like low molecular weight carboxylic acid,
depending on the acidic properties of the electrode material.

3.2.2. Modified Fe(Il)-FAU zeolite electrode

The cyclic voltammograms of the Fe(Na)Ypano-modified electrode, in
0.1 M NaCl medium, with and without CR dye at room temperature, are
displayed in Fig. 11. The anodic and cathodic peaks observed at 0.30 and
0.50 V vs. SCE, respectively, can be attributed to the redox process of the
Fe(II)/Fe(Ill) couple. The current intensities of these peaks are lower
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Fig. 11. Cyclic voltammograms of the Fe(Na)Ypano modified electrode recorded
at 50 mVs~! in the absence of dye (black curve) and in the presence of
0.036 mM of Congo Red dye (red curve) in NaCl (0.10 mol LY.

than those found for the Fe-MFI-modified electrodes. This result could
be related to the lower amount of acid sites on this zeolite, despite the
higher content of exchanged iron ions (Table 2 and Fig. 6). Contrary to
what observed for the modified electrodes with the Fe-MFI zeolites, no
significant current intensities were noticed in the presence of the CR dye.
The decrease in current intensities in 0.70 and 1.10 V vs. SCE comparing
with the previous cases was accompanied by a shift of oxygen evolution
potential. This shift can be related to the adsorption of the organic
compounds on the electrode surface, occupying the active sites neces-
sary for the oxidation of the solvent.

The electrolysis of 0.072 mM (50 ppm) of CR dye on the Fe(Na)Ypano-
modified electrode at 2.0 V vs. SCE at room temperature, provides the
total degradation of the pristine compound after 2 h. Remarkably, in the
case of the FAU structure, electrolysis takes twice as long to achieve full
dye degradation, which is probably due to the distribution of the iron
species, preferably located within the inner cavities, even though the
amount of iron is higher than Fe(II[)-MFI samples, as displayed in
Table 2. The reaction is first order with respect to CR with Fe(Na)Ynano
the rate constant being 1.2 x 103 s™%.

The total amount of oxidation products (i.e., formic, oxalic, and
glutaric acids) detected at the end of the electrolysis does not exceed
20% of the initial CR, while TOC analysis shows a mineralization extent
of 19%, lower than that found for the Fe-MFI samples. These results
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show that, for the electrode modified with Fe(Na)Ynano zeolite, the
conversion of the CR dye into oxidation products occurs easily, while
their mineralization is not easy to achieve. Considering the potential
influence of surface properties, especially pH of the electrode material
the oxidation of CR was carried out on more acidic zeolite structure.

As mentioned in our previous work, the formation of Fe(II)-
hydroperoxo species can be foreseen in this case, considering the pres-
ence of oxygen produced at 2 V vs. SCE from the oxidation of water in
the adopted oxidative conditions and the acidic reaction medium pro-
vided by the zeolite itself [14]. Since the silanol groups of the zeolite
structures are able to stabilize the different active iron species, a
Fenton-like reaction can be suggested with further steps for the pro-
duction of the reactive oxygenated radical species starting from Fe
(IIN)-hydroperoxo as described in Eqs. (3) and (4).

[Fe(IlHOOH]zeo + 0, + H' S [Fe(Il)OH]zeo + HOO® 3

4

At the final stage, the important decrease of absorbance observed
with the vanishing of the sharp bands at 350 and 490 nm (Fig. 9) show
that the main chromophores in the dye molecule were degraded by the
electro-generation of the oxygenated radical species that promote low
molecular organic acids and sulfate ions, followed by mineralization
(Fig. 12).

The oxidation of CR molecules at the Fe(IIl)-zeolite-modified elec-
trodes produce several intermediates, like aromatic by-products that
decompose to carboxylic acids, which in turn undergo total minerali-
zation. The higher mineralization rate obtained for Fe-exchanged MFI
structures most probably depends on their acidic properties, bringing
the acidic pH of the Fenton-like reaction due to the presence of isolated
catalytic sites, since the pristine zeolite has lower aluminum content.

As mentioned before, few works are reported in literature using
modified zeolite electrodes on electro Fenton-like oxidation in order to
degrade dye pollutants [11-14,52-54]. For example, in the presence of
Fe-ZSM-5 (Fe loading = 10 wt%), Acid blue 25 dye (200 ppm) was
degraded 90% in 2 h (pH = 3, I = 500 mA and catalyst concentration of
100 ppm) [53]. In the other relevant studies on electro Fenton-like
oxidation, different times of dye degradation were found: Reactive red
120 azo (10 ppm, ~ 98% in 30 min, pH = 3,1=0.10 A and 0.5 g L'! of
catalyst) [12]; Reactive black 5 (100 ppm, =~ 100% in 1.5 h,pH=2,1=
0.6 Vand 0.5 g L'! of catalyst) [54]; Acid Orange 7 (35 ppm, ~ 100% in
40 min, pH = 6.4 and 0.1 g L'! of catalyst) [13]. However, when we
compare ours Fe(IlI)-zeolite-modified electrodes prepared in this work,
the most important feature is that the total degradation of Congo Red
dye occurs in 1 h for MFI zeolite and 2 h for FAU zeolite with high
mineralization rates, without HoO- and the zeolites themselves control
the pH of the medium reaction.

[Fe(I)OOH]zeo 5 [Fe(IV)Olzeo + HO®
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Fig. 12. Proposed electro Fenton-like degradation pathway of CR using Fe(III)-zeolite-modified electrodes.

4. Conclusion

The electrocatalytic degradative oxidation of CR with high miner-
alization rate was achieved in this study with different Fe(III)-zeolite
samples prepared starting from two different structures, MFI and FAU.
The results show the effect of the Fe(III)-zeolite-modified electrodes in
Fenton-like oxidation, with special focus on the oxidation of the inter-
mediate refractory compounds. The highest mineralization yield was
obtained for the electrode modified with Fe(H)ZSM-5, with a satisfac-
tory rate constant, 1 x 10 s}, which corresponding to a fast degrada-
tion of the pristine dye. The different mineralization rates observed for
the Fe(Il)-exchanged MFI and FAU zeolite structures have been ascribed
to their surface acidic properties, as well as to the different iron amount
quantified in the samples. In fact, the acidic properties of the zeolite are
determinant for better degradation and the modified electrodes pre-
pared with MFI structure allows the best results. This study highlighted
that the electrochemical method allows faster mineralization of CR,
avoiding the use of redox agents at room temperature. For a sustainable
process, these results look promising to be applied in water treatments.
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