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1. Introduction

Magnetic core—satellite Fe/Cu@Zeolite 13X
nanocomposite as an efficient catalyst:
performance in indigo carmine and
tetracycline degradation
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To apply the Fenton process to remove organic pollutants from an aqueous solution, catalysts are
needed that can decompose hydrogen peroxide (H,O,) into hydroxyl radicals and regenerate Fe?* in the
system. With this in mind, zeolite-based Fenton-type catalysts were prepared by incorporating Cu,O
and FezO,4 particles into the zeolite X matrix. The core-satellite composite materials (Fe@Zeol3X-1,
Fe@Zeol3X-2, Fe/Cu@Zeol3X-1, and Fe/Cu@Zeol3X-2) were synthesized using a hydrothermal-assisted
precipitation/co-precipitation method and characterized using X-ray diffraction (XRD), Fourier-transform
infrared (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray (EDX) and mapping,
electrochemical impedance spectroscopy (EIS), solid UV-visible and N, adsorption/desorption. The
catalytic properties of the synthesized materials on indigo carmine degradation were evaluated. The
results revealed that Fe/Cu@Zeol3X-2 exhibits the greatest catalytic activity, achieving a maximum
elimination percentage of 99.96% under the following conditions: pH = 2, 0.2 g L™ of catalyst,
50 mg L™ pollutant, 5 mL of 0.05 M H,O,, 60 minutes, and daylight. Irradiating the system with UV
radiation highlighted the photocatalytic properties of Fe/Cu@Zeol3X-2, justifying its use in optimizing
the photo-Fenton degradation of tetracycline using response surface methodology. A maximum
elimination percentage of 94.54% was obtained under the conditions (pH = 6; 1 g L™! of catalyst;
20.92 mg L~* pollutant; 5 mL of 0.5 M H,O,; 17.2 min). The first-order kinetics model seems appropriate
to describe the degradation kinetics of IC by the Fe/Cu@Zeol3X-2 catalyst (R> > 0.9). The application
of the Langmuir—Hinshelwood (LH) model confirms that the degradation process is limited by adsorp-
tion. The material showed good stability, allowing it use over several cycles.

This is a class of materials whose popularity is based on their
purity and exceptional properties, which include, among

Concerns about aquatic pollution have led to a great deal
of work on the use of synthetic zeolites in various processes.
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others, a large specific surface area, an accessible pore volume
and high cation mobility."* In addition, other properties, such
as thermal stability, acid resistivity, hydrophilicity and hydro-
phobicity can be observed in some zeolites depending on their
Si/Al ratio.® These properties, which justify the use of these
crystalline aluminosilicates of the tectosilicate family in various
physicochemical processes such as adsorption,”” ion exchange®’
and various catalytic processes,®’° result from their particular
structures. The latter are made up of a three-dimensional arrange-
ment of tetrahedrons [SiO,]'~ and [AlO,]~ linked together by
oxygen atoms, which gives rise to a porous system made up of
regularly connected channels and cages. Among the zeolites, those
with a faujasite structure (FAU) are among the most used, particu-
larly zeolite X. This type of zeolite can easily be synthesized from
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various raw materials that are widely available and inexpensive,
such as commercially available silica minerals, fly ash, rice husk
ash, and kaolin."" The particularity of the zeolite X is also based on
its high cation exchange capacity and the presence of large pores
materialized by 12-ring windows, which makes it suitable for the
elimination of metals and toxic organic molecules in aqueous
solution.”*

In the case of organic pollutants, the use of this zeolite
involves some methods such as adsorption,’* ozonation,'
photocatalysis'® and Fenton oxidation."'° In its original form,
the Fenton process consists of initiating the decomposition of
H,0, by Fe*" ions, in order to generate the hydroxyl radical
(*OH) which is very reactive towards organic compounds.'” This
decomposition can also be achieved by ferric ions and ions
from other metals such as Ti, Cr, Mn, Cu, Co and Al in ‘Fenton-
like” processes.'® Although this method is economical from an
energy and reagent point of view, and uses non-toxic sub-
stances, it is, however, faced with many difficulties, in particu-
lar those related to the low pH range, the regeneration of Fe**
ions (slow reaction between Fe** and H,0*), the recovery of the
catalyst and the management of sludge when the latter is
precipitated."®" Other limitations of this process lie in the
parasitic reactions that can occur between the *OH radicals
produced, the reaction intermediates and other molecules
present in the reaction medium.>” In response to these limita-
tions, researchers have turned their attention to heterogeneous
processes, using iron oxides, which are easier to recover.
However, due to the difficulties linked to the diffusion of
H,0, molecules on the surface of these materials, and the
ferromagnetic properties of some of these oxides, the catalytic
activity has been found to be greatly reduced.?® To address this,
alternatives using supports for the stabilization of metallic
species have been proposed by researchers. A very common
example is the incorporation of magnetite nanoparticles
(Fe;0,) into porous materials capable of coupling the oxidation
and adsorption processes. This route has been explored by
Quynh et al.,*® that obtained a 92.49% removal percentage of
methylene blue with a catalyst obtained by incorporating Fe;O,
nanoparticles into the structure of a zeolite A. Along the same
lines, Fanle et al.,® obtained a degradation percentage of 95.2%
in 15 minutes, by applying a magnetite-zeolite A composite
material to the degradation of acid blue-90 by the Fenton
process. More recently, Kenda et al,>* obtained satisfactory
results in the degradation of reactive red-198 in aqueous
solution by incorporating Fe;O, nanoparticles into the amor-
phous structure of a biochar derived from orange peels. These
authors also showed that the method of modification of the
biochar has an impact on the activity of the catalyst, in
particular a reduction in the resistance to charge transfer
favorable to the rapid formation of *OH radicals using the
coprecipitation method. Thus, the biochar modified by the
coprecipitation method using an iron(u) and iron(m) salt
showed a higher catalytic activity than the catalyst prepared
from the iron(u) salt only with an elimination percentage of
98.38% against 95.71%. Other researchers have also exploited
the electronic properties of metals to accelerate electron
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transfer in the reaction medium, in particular by combining
iron with a more reducing metal capable not only of accelerat-
ing the Fe**/Fe** cycle but also of generating *OH radicals from
H,O0,. In view of this, Tchuifon et al., synthesized the compo-
site material Cu/Fe,O;@g-C; N, by the doping of graphitic
carbon nitride with copper and iron species. The application
of this material to the Fenton-type degradation of reactive blue-
19 showed exceptional efficiency with a percentage of 96%
under optimal conditions (pH = 3, catalyst mass: m = 75 mg,
initial pollutant concentration: 100 mg L™ " and [H,0,] =1 mol L)
Similar research works have been carried out by Tanga & Wang®®
and Wang et al.”” The former incorporated Cu and Fe nanoparticles
into mesoporous carbon (FeCu@C), which degraded 100% of
sulfamethazine in 90 min. This result was far superior to that
obtained from the iron-doped carbon material (Fe@C), which
offered 51.6% removal in 180 min. The results obtained by Wang
et al,”” were more impressive. They doped an iron-based MOF
(BUC-96) with copper, which resulted in a material 20.1 times more
efficient than the starting MOF, with a degradation percentage of
100% of chloroquine (20 mg) in only 5 minutes. The reduction of
Fe*" to Fe*" can also be stimulated by irradiating the reaction
medium with ultraviolet radiation. This radiation has another
functionality, which lies in its ability to decompose H,O, by
photolysis to form *OH radicals.'® Thus, the development of
Fenton-type catalysts with improved optical properties can be an
asset for the degradation of organic pollutants in aqueous solution.
This idea is very often implemented by constructing heterojunctions
between different semiconductors. Heterojunction technology
exploits the synergistic interactions between the constituent materi-
als to improve photocatalytic efficiency. S-type architectures are
preferred because they minimize charge carrier recombination
while maintaining their high redox potential. As a result, the
Stype systems developed have a higher photocatalytic capacity than
conventional heterojunction photocatalysts.**>° As an illustration,
Wang et al.,*! synthesized Fe;04/Cu,O particles with S-type hetero-
junctions. This material showed excellent catalytic properties in the
photo-Fenton degradation of rhodamine B, offering a maximum
removal rate of 99.4% under optimal conditions. In this system,
when Cu,O nanoparticles, which are p-type semiconductors, come
into contact with Fe;O,, which is an n-type semiconductor,
a thermodynamic concentration difference results, allowing
the migration of photo-induced charge carriers and forming
an internal electric field, limiting the recombination of photo-
generated electron-hole pairs.>* The heterojunction between
Fe;0, and Cu,O nanoparticles was also exploited by Liang
et al.,”® in the development of the Cu-Fe;0,@MIL-101(Fe) compo-
site material. The latter showed excellent photocatalytic activity in
the degradation of tetracycline hydrochloride with a removal rate
of 96.86%.

This study aims to develop high-performance catalysts that
can rapidly regenerate Fe** ions through two mechanisms:
electron exchange between different metal ions and excitation
by UV radiation. To achieve this, core-satellite composite
materials were developed by doping zeolite X with Cu,O and
Fe;0, (Fe@Zeo13X and Fe/Cu@Zeol13X) in order to remove
organic pollutants in aqueous solution by Fenton-type reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This architecture is characterized by the dispersion of metal
oxide nanoparticles on the surface of the zeolite, pro-
moting the formation of heterojunctions on the latter. The
modification of zeolite was carried out using precipitation and
co-precipitation methods in order to evaluate the effect of
the modification method on the catalytic properties of the
materials. The pollutants studied in this work are tetracycline
(TC) and indigo carmine (IC), two substances widely distri-
buted throughout the world. TC is an antibiotic widely used
against infectious disease agents and as a growth promoter
in livestock.**> Despite its effectiveness against diseases such
as bone and joint infections, pneumonia, sexually transmitted
infections, skin and gastrointestinal infections, it poses a
danger to aquatic species and humans when released into
water.’*™° IC is an anionic dye widely used in the textile
industry due to its strong coloration. Its use also extends to
medicine, cosmetics and food.**™* The risks associated with
the presence of this dye in the aquatic environment are
numerous, both for fauna and flora, in the sense that it can
cause numerous diseases in humans and inhibit certain meta-
bolisms in aquatic plants.*>***> These elements justify the
need to eliminate these two molecules from aquatic systems,
especially since they are either difficult to degrade or very
soluble, which requires the use of specific treatments.3%*0:4>4
Numerous studies have been reported on the degradation of
these two pollutants in aqueous solution. This is the case of
Muzammal et al,*” who carried out the green synthesis of an
Nd,O; catalyst for the photocatalytic degradation of TC, Bene-
doue et al.,*® who studied the photocatalytic degradation of IC by
functionalized carbon nitride, and Bopda et al.,* who developed
a ferromagnetic biochar for the Fenton degradation of IC. The
study of the degradation of these organic pollutants will involve
evaluating the effect of different experimental parameters
including pH, catalyst mass, initial pollutant concentration,
contact time and H,0, concentration on the removal efficiency.
Given the resistance of TC to degradation, the optimal condi-
tions for its removal were determined by the Response Surface
Methodology (RSM) using the central composite design (CCD) in
a photo-Fenton process.

2. Materials and methods

2.1. Reagents

Several reagents from various sources were used in this study.
For this purpose, FeSO,-7H,0, FeCl;-6H,0 and CuSO,-5H,0
were all supplied by GHTECH (Guangdong Guanghua Sci-Tech
Co. Ltd, China). NaOH and colloidal silica solution were
supplied by Merk. HCl was supplied by JHD (Guangdong
Guanghua Sci-Tech Co. Ltd, China). TC was supplied by Sigma
Aldrich (Germany) while IC was supplied by PROBUS SA
BADALONA (Barcelona, Spain). The main source of silica and
alumina used in the synthesis of zeolite was kaolin, collected
in the South region of Cameroon. After collection, the kaolin
was sieved through pores smaller than 25 pm and then used
without pretreatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Hydrothermal synthesis of zeolite Na-X

The synthesis of zeolite X began with the thermal activation of
kaolin at 1173 K. The obtained metakaolin (MK), which is more
reactive than kaolin, was used to prepare an alumina silicate
solution by dissolving it in 12.5 mL of NaOH (4 M). A colloidal
gel solution, obtained by dissolving 12 mL of a colloidal silica
solution in 12.5 mL of NaOH (4 M), was then added dropwise to
the alumina silicate solution. The resulting mixture was homo-
genized by stirring for 5 hours, before being aged for 24 hours
at room temperature without stirring. The gel was subsequently
subjected to a crystallization step at 373 K for 8 hours. After
cooling, the suspension obtained was washed several times and
filtered. The final product, named Zeo13X, was obtained after
drying the residue at 363 K.

2.2.3. Synthesis of Fe@Zeol3X. The synthesis of Fe@
Zeo13X was carried out by modifying the Zeo13X material by
the precipitation method using two routes: the precipitation of
an Fe(u) salt and the co-precipitation of Fe(u) and Fe(m) salts in
the presence of NaOH, used as a precipitating agent. Thus, two
metal salt solutions (S;) and (S,) were prepared. For (S,) 5g of
FeSO,-7H,0 were dissolved in in 150 mL of distilled water while
for (S,), 5 g of FeSO,-7H,0 and 5g of FeCl;-6H,0 were dissolved
in the same volume of distilled water. Subsequently, in two
different Erlenmeyer flasks, the solutions (S;) and (S,) were
each mixed with 5 g of NaOH, then stirred for 15 min at 353 K at
a speed of 625 rpm. After 15 min of stirring, 5 g of zeolite were
added to each mixture and the whole mixture was kept under
agitation for 90 min under the same conditions. After cooling to
room temperature, the final solutions were centrifuged and the
solid residues obtained were washed several times and then
dried at 363K for 24 hours. The materials obtained using (S,) and
(S,) were named Fe@Zeo13X-1 and Fe@Zeo13X-2, respectively.

2.2.4. Synthesis of Fe/Cu@Zeo13X. The synthesis of Fe/
Cu@Zeo13X was carried out by co-precipitation of Fe(u), Fe(ur)
and Cu(u) salts onto the zeolite matrix, a process similar to that
used for Fe@Zeo13X. In this case, solutions (S;) and (S,) were
replaced by two solutions (S;) and (S,). Solution (S;) was
prepared by dissolving 5 g of FeSO,-7H,0 and 5 g of CuSO,-
5H,0 in 150 mL of distilled water while (S,) was prepared by
dissolving 5 g of FeSO,-7H,0, 5 g of FeCl;-6H,0 and 5 g of
CuS0,-5H,0 in the same volume of distilled water. The materi-
als from (S3) and (S,) were named Fe/Cu@Zeo13X-1 and Fe/
Cu@Zeo13X-2, respectively.

2.3. Characterization techniques

A multitude of analytical techniques were used to verify the
physicochemical properties of the synthesized materials,
including scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX), UV-visible spectro-
scopy, powder X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), electrochemical impedance spectro-
scopy (EIS), and N, adsorption/desorption. A TESCAN VEGA
3-LMU instrument operating at 8 kV was used for SEM and EDX
analyses. Before SEM-EDX analysis, the samples were mounted
on aluminum supports and coated with thin layers of sputtered
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gold to make them conductive. Electrochemical impedance
spectroscopy (EIS) was performed using a CORRTEST potentio-
stat (CS310M) in the frequency range of 10 mHz to 100 kHz,
with an AC signal of amplitude 10 mV peak-to-peak, at a
potential of —0.25 V. The electrolyte used was a Na,SO, solution
(10 g L™Y). An analytical powder diffractometer PAN XPERT Pro,
automated with Cu-K,; radiation filtered at the anode, was
used to record the diffraction patterns of the materials. The
radiation wavelength was (1) = 1.54056 A, the accelerating
voltage was 40 kV at 40 mA, the 20 range was 4-90°, and the
time constant was 27.5400 s with a step interval (20 per step) of
0.0260. A Jasco V750 UV-visible spectrophotometer equipped
with an integrating sphere, in absorbance mode was used to
evaluate the optical properties of the samples. The measure-
ments were performed in continuous scanning mode between
the wavelength range of 200 and 800 nm with a scanning speed
of 400 nm min~'. FT-IR spectroscopy in attenuated total
reflection mode was used to determine the surface functional
groups of the materials. A Nicolet Thermoscientific IS5 spectro-
photometer was used for this purpose, with spectra recorded in
the range of 4000 to 400 cm™'. A BELSORP MAX instrument
from Bel Japan Inc. was used to determine the textural proper-
ties of the materials, including the specific surface area, pore
size, and volume of the materials from N, adsorption/
desorption isotherms using BET/BJH models.

2.4. Degradation of IC

Before proceeding with the degradation of TC, the catalytic
properties of the materials were evaluated using them to
degrade IC in an aqueous solution. Batch mode degradation
tests were carried out by introducing 50 mg of catalyst and 5 mL
of H,0, (0.02 M) into an Erlenmeyer flask containing 250 mL of
an IC solution (50 mg L") at pH = 2. The whole was then stirred
using a magnetic stirrer and 5 mL samples were taken at
increasing time intervals of 5, 10 and then 20 min, before
filtering. After each filtration, two drops of methanol were
added to the filtrate to stop the reaction. Then, the concen-
tration of the dye at equilibrium was determined by measuring
it with a SPECTRUMLAB S-23A UV-visible spectrophotometer at
a wavelength of 610 nm. For each sample, the IC removal
efficiency was calculated using eqn (1) below:

Cy— Ce
0

R= % 100 (1)

where C. is the equilibrium concentration, C, the initial
concentration and R the percentage removal of the pollutant.

For the Fe/Cu@Zeo13X-2 catalyst that demonstrated the best
degradation performance, the experiments were repeated by
varying the experimental conditions, in order to evaluate the
effects of different factors on the degradation process. Thus, in
addition to the reaction time, the effect of pH (2-8), H,0,
concentration (0-0.05 M), mass (10-50 mg), IC concentration
(20-50 mg L") and UV radiation (60 W m ™2, Apax = 365 nm) on
the removal efficiency were studied.
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2.5. Modeling of TC degradation on Fe/Cu@Zeo13X-2 catalyst

The modeling and optimization of TC degradation from the
Fe/Cu@Zeo13X-2 catalyst was performed using the response
surface methodology (RSM). For this purpose, a four-factor
centered composite design (CCD) predicted 27 experiments to
be performed (eqn (2)), in which the response is the TC removal
efficiency. All experiments were carried out in the presence of
an UV light source (18 W m™>, Jpa = 365 nm). For each
experiment, a volume of 50 mL of TC and 5 mL of 0.5 M
H,0, were used. At the end of each experiment, the residual
antibiotic concentration was evaluated by spectrophotometric
assay at 356 nm. Table 1 presents the coded or real experi-
mental variables, whose influence on TC degradation kinetics
was studied, while specifying their respective variation
domains. These parameters, along with their interactions, were
related to the removal efficiency using the quadratic relation-
ship given by eqn (3).

N=2F+2k+n=2"+2x4+3=27 (2)

where k represents the number of experimental variables, n the
number of points in the center of the domain and N the total
number of experiments to be carried out.

4 4

4 4
R:bo+Zle,+Zb”X’2+ZZb,/X,A/j+6 (3)
i=1 i=1

i=1 j=1

where R is the theoretical value of the response; X; the coded
variable corresponding to the factor 7; b, the theoretical value of
the response at the center of the experimental domain; b; the
coefficient of the linear terms; b;; the coefficient measuring the
interaction effect between the factors i and j; b;; the coefficient
of the quadratic terms and ¢ the error between the measured
and predicted values.

Degradation kinetics

The reaction kinetics associated with the degradation of IC and
TC were studied by fitting first- and second-order kinetic
models to experimental data obtained under optimal condi-
tions. This fitting was carried out using the linear regression
method. The linear and non-linear forms associated with these
models are shown in Table 2.

In these equations, C, (mg L™ ) and C, (mg L") denote the
initial concentration and the concentration of the pollutant at
time ¢ of the reaction, respectively, while k and k' are the
reaction rate constants.

Table 1 Factors and their range of variation

Range and levels

Name Units -1 0 +1
A: pH — 3 6 9
B: TC concentration mg L~* 5 15 25
C: Mass mg 10 30 50
D: Time min 5 15 25

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Linear and nonlinear forms of kinetic models

Model Non-linear form Linear form
First order _dc_ wC ln@ — (@)
dr C;
Second order dc 1 1 (5)
——=kC? —— =K1t
dr G G

3. Results and discussion

3.1. Characterization of materials

3.1.1. X-ray diffraction and FTIR analysis. The identifi-
cation of the crystalline phases present in the materials was
carried out by XRD analysis, the results of which are illustrated
in Fig. la. On the XRD pattern of Zeo-13X, the observed
diffraction lines at 6.10, 9.99, 11.72, 15.37, 18.43, 20.08, 22.48,
23.30, 26.61, 29.22, 30.35, 30.97, 31.97, 33.59, 34.19 and 37.37°
which can be attributed to the (111), (220), (311), (331), (511),
(440), (620), (533), (642), (733), (822), (555), (840), (664), (931)
and (666) planes respectively, correspond to the data of JCPDS
sheet no 12-0228, characteristic of X-type faujasite. This obser-
vation could be considered as an indicator of a successful
hydrothermal synthesis. These characteristic lines remain visi-
ble on the XRD patterns of the modified samples, suggesting
that the structure of the zeolite is preserved after post-synthetic
treatments.> On the other hand, the modification causes a
significant reduction in the crystallinity of the zeolite, as
suggested by the significant attenuation of the diffraction lines
on the XRD patterns of the modified samples. For this purpose,
the crystallinity index obtained with the Match! 3 software was
evaluated at 30.34% for Zeo13X and at 4.85, 5.63, 5.53, and
4.76% for Fe@Zeo13X-1, Fe@Zeo013X-2, Fe/Cu@Zeo13X-1 and
Fe/Cu@Zeo13X-2, respectively. This reduction in crystallinity is
correlated with a significant change in crystallite size, as shown
by the average crystallite size values calculated by the Scherrer
formula (eqn (6)) for each sample (Table 3). Furthermore, the
characteristic iron and copper oxide lines are not easily identi-
fiable in these composite materials, probably due to the high
proportion of zeolite X, whose strong intensity of diffraction
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lines contributes to masking those of these oxides. However,
the presence of magnetite (JCPDS card no. 01-088-0315) is
illustrated by the appearance of a low intensity line around
35.7°, visible on the XRD patterns of Fe@Zeo13X-2 and Fe/
Cu@Zeo13X-1. In addition, the Fe/Cu@Zeo13X-1 sample exhi-
bits a diffraction line at 38.69°, which can be attributed to the
cuprite phase (JCPDS no. 65-3288).>>' These results suggest
that during the modification, nanoparticles of these metal
oxides were formed on the surface of the zeolite.

K
" Bcos0

(6)

where D is the crystallite size, K is a geometric factor taken as
0.9, 4 is the X-ray wavelength, 0 is the diffraction angle and f is
the full width at half maximum of the diffraction peak at 26.
The results of the FTIR (Fig. 1b) spectroscopic analyses are
in perfect agreement with those of the XRD. Indeed, the
characteristic bands of zeolite X are visible on the Zeo13X
sample and its modified forms. These include the intense band
located between 1000 and 850 cm ™, and that located between
689 and 669 cm ', which are characteristic of the asymmetric
internal Si-O and Al-O bonds of the tetrahedral [SiO4]*” and
[AlO4]’~.*** The band between 1648 cm™ ' and 1644 cm ' is
associated with the presence of physisorbed water molecules,
while the one observed around 3350 cm™ " reveals the presence
of water molecules bound to the zeolite structure. In addition,
the bands between 751 and 775 cm ' are attributed to the
symmetric stretching vibration mode of the O-Si-O and O-Al-O
groups, while those between 558 and 571 cm™ ' can be attrib-
uted to the Si-O and Al-O bonds of the six-membered rings.”*"*
However, the incorporation of Cu,O and Fe;0, leads to slight
structural modifications, illustrated by the appearance of new
adsorption bands, characteristic of Fe-O and Cu-O bonds.
To this end, the characteristic bands of Fe-O bonds were
observed between 628 and 635 cm ' on the spectra of all the
modified samples,’ while those characteristic of Cu-O bonds
were observed at 1085, 869, 770 and 730 cm ™ ',>*” on the
spectra of the Fe/Cu@Zeo13X-1 and Fe/Cu@Zeo13X-2 samples.
The presence of iron and copper oxides in the zeolite structure
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Fig. 1 XRD pattern (a) and FTIR (b) analyses of Zeol3X, Fe@Zeol3X-1, Fe@Zeol3X-2, Fe/Cu@Zeol3X-1 and Fe/Cu@Zeol3X-2.
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Table 3 Crystallinity of samples

Sample Crystallinity index (%) Average crystallite size (A)
Zeol13X 30.3 1849.9
Fe@Zeo13X-1 4.85 3283.2
Fe@Zeo13X-2 5.63 13265.7
Fe/Cu@Zeo13X-1 5.53 167 485.8
Fe/Cu@Zeo13X-2  4.76 1957.9

causes a shift of the band centered between 986 and 976 cm™*,

characteristic of Si-O and Al-O bonds, towards higher wave-
numbers. This shift is more accentuated in copper-doped
materials. These observations suggest the effective incorpora-
tion of iron and copper oxides in the structure of zeolite X.

3.1.2. SEM and EDX/EDX-mapping analysis. The morphol-
ogy of the samples given by SEM is represented by Fig. 2a.
According to the results obtained, the post-synthetic modifica-
tion leads to a significant alteration of the morphology of the
starting 13X zeolite. While the latter presents uniform particles,
the modified samples present particles of different sizes,
mostly smaller than those of the starting zeolite. This observa-
tion could be linked to the melting of the zeolite due to the high
concentration of NaOH in the reaction medium. In addition,
large agglomerations of particles are also visible on the mod-
ified samples, showing the formation of core-satellite materi-
als. These results are in perfect agreement with the XRD results.
Furthermore, the EDX elemental analysis (Fig. 2b), reveals that
the Zeo13X sample has a surface essentially made up of the
elements Si, Al, O and Na, which could be an indicator of the
purity of the synthesized zeolite. The modification of this
zeolite leads to the appearance of Cu and Fe elements on the
surface of the Fe/Cu@Zeo13X-1 and Fe/Cu@Zeo13X-2 samples
on the one hand and of the Fe element on the surface of the
Fe@Zeo13X-1 and Fe@Zeol13X-2 samples on the other hand.
These elements, whose presence in the composite materials
could be an indication of the success of the modification
process, are however distributed heterogeneously on the sur-
face of these materials as indicated by the images obtained by
EDX mapping (Fig. 2b). This observation could result from a
potential accumulation of metallic species in the pores of the
zeolite X during the post-synthetic treatment, giving rise to
regions rich in Fe and Cu.

EDX data reveal, unsurprisingly, a high presence of iron on
the surface of the Fe@Zeo13X-1 and Fe@Zeol13X-2 samples.
This atomic proportion is higher on the surface of Fe@Zeo13X-
2 with an estimated value of 19%. This result is undoubtedly
related to the high mass of ferrous and ferric salt used during
its preparation. The same reason could be sufficient to justify
the high Fe content observed on the surface of Fe/Cu@Zeo13X-
2 (15%) compared to Fe/Cu@Zeo13X-1 (10%). However, the
presence of copper contributes to reduce this proportion of iron
compared to Fe@Zeo13X-1 and Fe@Zeo13X-2. Since the decom-
position of H,0, by the Cu**/Cu" system (eqn (7) and (8)) is
slower than that using the Fe*/Fe*" system (eqn (9) and (10)),*®
this difference in proportion can substantially influence the
catalytic activity of the different materials.
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Cu' + H,0, —» Cu*' + HO®* + HO™ (?
cu®*' + H,0, —» Cu' + HO,* + H' (8)
Fe?" + H,0, — Fe*' + HO® + HO™ 9)

Fe*" + H,0, — Fe*' + HO,* + H' (10)

3.1.3. UV-visible analysis of the catalysts. The optical prop-
erties of the samples determined from UV-visible spectroscopy
reveal that the incorporation of Cu,0O and Fe;O, nanoparticles
into the zeolite structure leads to a considerable improvement
in light absorption (Fig. 3a). This improvement is correlated
with a shift of the absorption edge in the visible domain.
Furthermore, as shown by the Tauc plot ((«Av)* = f(hv)) repre-
sented in Fig. 3b, the presence of metal oxides leads to a
significant reduction in the band gab energy, from approxi-
mately 4.11 eV for Zeo13X to 2.28, 1.73, 1.82 and 1.94 eV for
Fe@Zeo13X-1, Fe/Cu@Zeol13X-1, Fe@Zeol3X-2 and Fe/
Cu@Zeo13X-2. This reduction is greater for samples modified
by coprecipitation, suggesting that the simultaneous use of
several metal salts leads to a greater reduction in the charge
recombination rate. These results suggest the idea of an
improvement in the catalytic properties of the materials follow-
ing the applied post-synthetic treatment. Similar results were
observed by Liang et al.*® Furthermore, the reduction in band
gap energy observed in the iron-modified samples (Fe@Zeo13X-
1 and Fe@Ze013X-2) suggests that this metal plays a key role in
reducing the charge recombination rate. However, the addition
of copper leads to a reduction in this energy (comparison
between Fe@Zeo13X-1 and Fe/Cu@Zeo13X-1) on the one hand,
and an increase (comparison between Fe@Zeo13X-2 and Fe/
Cu@Zeo13X-2) on the other. This observation suggests that the
reduction in band gap energy cannot be associated with the
effect of a single metal, but rather with the synergistic effect
between iron and copper oxides. Indeed, the formation of a
heterojunction between these two oxides can lead to improved
optical properties while reducing the recombination rate of
photogenerated charges.*”

3.1.4. Electrochemical impedance spectroscopy. EIS analy-
sis was used to characterize the separation and recombination
of charge carriers within the composite materials. The results
obtained allowed to plot the Nyquist and Bode diagrams
(Fig. 3c and d). Nyquist plots is an essential tool for visually
comparing the charge transfer resistances of different samples.
In this type of plot, it is established that the value of the charge
transfer resistance is determined by the radius of the arc
observed. Thus, an increase in the size of the arc radius leads
to increased charge transfer resistance.>®®® In this context, the
Fe/Cu@Zeo13X-2 material exhibits the lowest resistance to
photoexcited electron transfer, which could indicate better
catalytic properties compared to other catalysts.®® This result
suggests that there is little resistance to electron exchange
between the Fe>*, Fe’*, and Cu" ions present in this material.
Simulation of the EIS data using the equivalent circuit shown in
Table 4 confirmed this observation, providing estimates of the
charge transfer resistances. The values obtained for the Zeo13X,
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Table 4 Modeling of the equivalent EIS circuit and charge transfer resistance

Sample Charge transfer resistance (kQ) Equivalent circuit
Zeo13X 43.80
Fe@Zeo13X-1 6.90
Fe@Zeo13X-2 46.61
Fe/Cu@Zeo13X-1 57.95
Fe/Cu@Zeo13X-2 6.23

salt further improves conductivity compared to the coprecipi-
tation method, which contradicts the observations of Kenda
et al.** In addition, the high resistance of Fe/Cu@Zeo13X-1
could be indicative of a lower catalytic activity than the other
materials. The 7. values of the charge carrier lifetime were
evaluated from the relation (11), where fi,.x is the maximum
frequency,®® given by the Bode plots (Fig. 3d).

o
2N/ max

(11)

Te

Mater. Adv.

The results (Table 5) obtained show that the lifetime of
charge carriers in the Fe@Zeo13X-1 catalyst is the highest with
an estimated value of 4.49 ms, suggesting a low rate of charge
recombination of electrons of this material in the electrolyte
used.®® In addition, the Fe/Cu@Zeo13X-2 catalyst has a higher
7 value than the other samples. These results suggest that the
Fe@Zeo13X-1 and Fe/Cu@Zeo13X-2 samples could present the
best catalytic activities among the samples used. Moreover, in
addition to its high resistance to charge transfer, the Fe/
Cu@Zeo13X-1 catalyst has a low lifetime of charge carriers,
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Table 5 Crystallinity of samples

Sample Jfimax (Hz) Te (ms)
Zeol13X 89.125 1.79
Fe@Zeo13X-1 35.481 4.49
Fe/Cu@Zeo13X-1 100000 1.59 x 107°
Fe @Zeo13X-2 114.815 1.39
Fe/Cu@Zeo13X-2 70.795 2.25

which supports the idea that it could present the lowest
catalytic activity.

3.1.5. Adsorption/desorption of N,. The evaluation of the
textural properties of the samples reveals a significant
reduction in the amount of adsorbed N, (Fig. 4a), probably
due to the accumulation or agglomeration of metal oxide
nanoparticles in the pores of the modified materials, which
prevents the diffusion of atoms of these molecules. This
results in a drastic decrease in the BET surface area with a
change from 624 cm® g~ ! for the Zeo13X sample to 161, 123,
377 and 270 cm?® g~ ' for Fe@Zeo13X-1, Fe/Cu@Zeo13X-1,
Fe@Zeo13X-2 and Fe/Cu@Zeo13X-2 respectively. This obser-
vation is correlated with a significant reduction in the pore
volume as illustrated in Table 6. Similar observations were
reported by Ngomade et al.,'® when incorporating ZrO, nano-
particles into the structure of a MFI structural type zeolite.
Moreover, the reduction of BET surface area and pore volume
could be accompanied by the formation of mesopores in
Fe@Zeo13X-1 and Fe/Cu@Zeo13X-1 materials, as illustrated
by the transition from a type I isotherm for Zeo13X to a type IV
isotherm, characterized by H4 type hysteresis for these
two materials (Fig. 4b).°* In this context, pore obstruction
is identified as a factor limiting the diffusion of large mole-
cules, such as IC and TC, to active sites located inside the
pores. However, the core-satellite architecture of composite
materials is characterized by the dispersion of metal oxide
nanoparticles across the entire surface of the zeolite particles,
which constitute the central element.®® This configuration
ensures that target molecules are accessible to the nano-
particles, which constitute the active phase of the composite
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materials, thereby promoting effective interactions between
these two entities.

3.2. Application to the degradation of IC in aqueous solution

3.2.1. Evaluation of the catalytic activity of the materials.
In order to determine the impact of the modification processes
on the catalytic properties of the samples, the latter were
applied to the Fenton-type degradation of the IC dye, under
the conditions described in paragraph 2.4. The data obtained,
visualized in Fig. 5a, demonstrate that the treatments carried
out significantly improve the catalytic properties of the zeolite,
with respective removal percentages of 96.90, 87.34, 97.42 and
98.70% for Fe@Zeo13X-1, Fe/Cu@Zeo13X-1, Fe@Zeo13X-2 and
Fe/Cu@Zeo13X-2 in 60 min, compared to 25.55% for Zeo13X.
The efficiency of these composite materials is further con-
firmed by the low removal efficiency obtained by reacting
5 mL of hydrogen peroxide (0.02 M) with 250 mL of IC dye
solution (50 mg L™, pH = 2) in the absence of material in
daylight. On the other hand, as predicted by the EIS analysis
results, the Fe/Cu@Zeo13X-2 sample showed the best catalytic
activity. This material stands out from other samples probably
by the high Fe content on its surface to which is associated a
significant proportion of Cu capable of accelerating the regen-
eration of Fe** from Fe®* according to eqn (12).**°° This idea is
based on the relatively low redox potential of the Cu®‘/Cu®
couple, estimated at 0.153 V, compared to the Fe**/Fe*" couple,
estimated at 0.77 V. This difference in potential favors the
reduction of Fe*" to Fe*". Thus, the incorporation of Fe;0, and
Cu,O nanoparticles by coprecipitation of Fe(u), Fe(ur) and Cu(u)
salts constitutes the best alternative for obtaining a Fenton-type
catalyst for the degradation of organic pollutants in aqueous
solution. For this reason, the effect of different factors on the
degradation efficiency of IC by the Fe/Cu@Zeo13X-2 catalyst
was evaluated.

Cu' + Fe** -» Ccu®" + Fe?*

(12)

3.2.2. Effect of different parameters on IC degradation by
Fe/Cu@Zeo13X-2. H,O, concentration, catalyst mass and IC

30

(b)

25

- N
o o
1 1

Vads/(em’g”)
o

Fig. 4 BET (a) and BJH (b) analysis of Fe@Zeol3X-1, Fe/Cu@Zeol3X-1, Fe@Zeol3X-2 and Fe/Cu@Zeol3X-2.
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Table 6 Textural properties of samples
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Zeol13X Fe@Zeo13X-1 Fe/Cu@Zeo13X-1 Fe@Zeo13X-2 Fe/Cu@Zeo13X-2
Sger (cm® g™ ") 624 161 123 377 270
Mean pore volume (cm® g ) 0.31 0.01 0.02 0.25 0.11

solution concentration on the degradation percentage were
evaluated at room temperature conditions in the presence of
daylight to determine the optimal degradation conditions.
For this purpose, the influence of solution pH was studied by
placing 50 mg of Fe/Cu@Zeo13X-2 catalyst in contact with 250
mL of IC solution (50 mg L") and 5 mL of H,0, (0.02 M) at
different pH (2, 3, 4, 6 and 8). The results obtained, shown in
Fig. 5b, indicate the evolution of the removal efficiency for
different pH values. These results show a high catalytic activity
for pH values equal to 2 and 3, with faster degradation kinetics
at pH = 2. According to the results obtained, increasing the pH
from 2 to 8 leads to a reduction in the efficiency of the material.
Similar observations were made by Ahmad et al.,*” during the
Fenton-type degradation of ofloxacin by a zeolite loaded with
magnetite nanoparticles. This trend could result from the
favorable interactions that exist between the IC molecules
and the catalyst at low pH values. Indeed, the pH at the zero
charge point of the Fe/Cu@Zeo13X-2 catalyst was evaluated at
7.86 (Fig. 5c), which suggests the existence of attractive inter-
actions between the anionic IC dye and the positively charged
surface of this catalyst for pH values lower than 7.86. These
interactions are progressively reduced as the pH increases, due
to the progressive reduction of positive charges on the catalyst
surface, which finally becomes negative for pH values higher
than 7.86. These results highlight the essential role of the
adsorption process in Fenton-type catalytic processes in
heterogeneous phase.

The effect of catalyst mass was studied between 10 and 50
mg at pH = 2, while keeping constant the other experimental
conditions previously defined during the study of the influence
of pH. The results (Fig. 5d) obtained show a considerable
acceleration of the degradation when the catalyst load
increases, giving removal percentages of 77.77, 88.27, 96.42,
98.42 and 98.74% in 60 min for 10, 20, 30, 40 and 50 mg of
catalyst respectively. This trend may be linked to the combi-
nation of adsorption and oxidation effects. Indeed, an increase
in the catalyst mass can lead to a multiplication of active sites,
leading to an increase in effective collisions between the
catalyst and the molecules present in solution.®”**® This results
in an acceleration of the decomposition of H,0, and therefore
of the degradation of the dye. However, the maximum elimina-
tion percentage evaluated at 99.18% is obtained for a catalyst
mass of 30 mg after 80 min of reaction, probably due to the
capture of *OH radicals by the iron species present on the
surface of the catalyst, when the mass of the latter is greater,
which inhibits the catalytic activity.®

As the main source of *OH radicals, H,0, is of paramount
importance for Fenton-type reactions. Therefore, a rigorous
analysis of the impact of its concentration on the catalytic

Mater. Adv.

performance is essential. In this perspective, the effect of
H,0, concentration was evaluated by maintaining the catalyst
mass at 50 mg, the pH at 2, the dye volume at 250 mL at a
concentration of 50 mg L' and the H,0, volume at 5 mL. The
results shown in Fig. 6a illustrate the evolution of IC degrada-
tion at different H,O, concentrations. As a result, increasing
the hydrogen peroxide concentration from 0.005 M to 0.02 M
induces a substantial improvement in the degradation process,
with removal percentages of 68.85, 80.87 and 98.74% in 60 min
at 0.005, 0.01 and 0.02 M respectively. However, beyond 0.02 M,
the removal efficiency increases only marginally, with a value
estimated at and 99.96% in 60 min at 0.05 M. These are in
perfect agreement with the literature data.”®”>

The rapid increase in the removal efficiency can be attributed
to the insufficiency of *OH radicals at low H,0, concentration
and their progressive increase with increasing concentration.
However, when the concentration becomes too high, the excess
H,0, acts as a radical scavenger for HO®, leading to the
formation of hydroperoxyl radicals HO,®, according to
eqn (13).°7”? Furthermore, the low removal efficiency in the
absence of H,0, confirms the predominant role of the latter in
the process studied.

The study of the influence of the initial dye concentration
was evaluated between 20 and 50 mg L. For each experiment,
the pH of the dye solution at the appropriate concentration was
adjusted to 2, and the other parameters were maintained in the
experimental conditions previously defined during the study of
the influence of pH. The results obtained (Fig. 6b), show a
decrease in the degradation rate when the concentration
increases. This observation can be attributed to the saturation
of the active sites at high dye concentrations. Similar results
were obtained by Moosavifar et al.”*

HO* + H,0, — H,0 + H,0° (13)

3.2.3. Evaluation of photocatalytic properties of Fe/
Cu@Zeo13X-2 catalyst. The evaluation of the photocatalytic
properties of the Fe/Cu@Zeo13X-2 catalyst was carried out
through photo-Fenton degradation experiments under UV irra-
diation. For this, 250 mL of an IC solution (50 mg L") pH = 2
was treated in the presence of 50 mg of the catalyst and 5 mL of
H,0, (0.05 M). This approach demonstrated an improvement
in the catalytic efficiency of the material, reaching a degrada-
tion percentage of 99.94% in 30 minutes in the presence of UV
radiation compared to 96.50% in daylight, as illustrated in
Fig. 6¢c. In order to determine the origin of this improvement,
several other experiments were conducted. To this end, the
exposure of 250 mL of IC solution to UV light under stirring in
the absence of hydrogen peroxide and material (photolysis)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fenton-type degradation of IC: effect of post-synthetic treatment (a

does not offer any degradation indicator. Maintaining the same
experimental conditions, the application of 50 mg of catalyst to
the elimination of IC, offers a percentage of elimination of
70.87% under UV irradiation (Fig. 6d). This considerably high
percentage compared to that obtained in a daylight adsorption
process (35.99%) highlights the capacity of the material to
absorb light in the UV range. Thus, the improvement of the
degradation of IC could be linked to the generation of super-
oxide radicals (*O, ), holes (h") or *OH radicals resulting from
the excitation of the valence electrons of Cu,O and Fe;O,
nanoparticles by photons, in a purely photocatlytic process.
For more precision, reactive species trapping tests were per-
formed using several scavengers, including n-butanol for *OH,
ammonium oxalate (AO) for h', and p-benzoquinone (p-b) for
*0, . For each experiment, 5 mL of solution of each of the
above species at a concentration of 10 mM was added to the
reaction mixture (250 mL of 50 mg L™" IC solution, pH = 2, 50
mg of catalyst, 5 mL of 0.02 M H,0,) under UV irradiation. The
results obtained are shown in Fig. 7a and b. It appears that the
addition of n-butanol to the reaction medium causes a slight
reduction in the percentage of elimination, suggesting a low
contribution of *OH radicals in the photocatalytic process
studied.”” On the other hand, the addition of p-b leads to a
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significant reduction in the percentage of elimination, high-
lighting the significant role of *O, ™ radicals in the degradation
process.”®”” However, AO causes the greatest reduction in the
elimination percentage. This observation suggests that h" are
primarily responsible for the degradation of IC in the system
studied.*®

Given the presence of various inorganic ions in water con-
taminated with organic pollutants,’® it is necessary to evaluate
the effect of some of these ions on the degradation process in
order to achieve more realistic conditions. To this end, the
photo-Fenton degradation of IC by the Fe/Cu@Zeo13 catalyst
was studied in the presence of different ions: Na*, K", Mg?",
Ca*", Ba*", Cl7, CO;>", H,PO;, and SO,*". For each experi-
ment, 0.1 g of metal salt containing one of these ions was
added to the reaction mixture (250 mL of 50 mg L~ " IC solution,
pH = 2, 50 mg of catalyst, 5 mL of 0.02 M H,0,) under UV
irradiation, and the results obtained are shown in Fig. 7c-f.
These results reveal that the presence of these ions causes a
slight reduction in the percentage of IC dye removal, probably
due to interference related to the adsorption of certain ions and
the reactions that these ions have with certain reactive species,
particularly holes and hydroxyl radicals.”®”® This observation is
consistent with certain reports in the literature, which have
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revealed that inorganic ions are likely to inhibit the photode-
gradation of molecules such as bisphenol A, methyl orange,
and carbamazepine.”®%°

3.3. Application of Fe/Cu@Zeo13X-2 catalyst to optimize TC
degradation

3.3.1. Validation and analysis of the model. Due to its
exceptional catalytic and photocatalytic properties, the Fe/
Cu@Zeo13X-2 catalyst was applied to the photo-Fenton degra-
dation of TC, under the operating conditions defined in para-
graph 2.5. In this context, a central composite design was used
to evaluate the effects of variables during the degradation
process. Thus, an experimental design of 27 experiments was
implemented to determine the optimal conditions, and the
results obtained are represented in Table 7. Based on these
results, a quadratic model represented by eqn (14) was gener-
ated by the Design-Expert software to predict the evolution of
TC degradation as a function of the variables used. The choice
of the quadratic model was suggested by the software due to its
coefficient of determination R” close to unity (0.975), and that
of the R* adjusted (0.946) being close to R* as well as the value
of the predicted R®. The standard deviation for this model was

Mater. Adv.

7.24, according to the data in Table 8, which represents the
model summary statistics.

%R = 69.007 + 2.41971A + 33.2505B + 4.64469C
+2.11039D — 3.06185AB + 1.25907AC + 0.354445AD
— 1.07256BC + 0.222578BD + 2.02651CD — 10.3635A>

— 24.4225B% + 8.10534C” + 2.62698D> (14)

Eqn (14) suggests that the terms A, B, C, D, AC, AD, BD, CD,
C? and D? exert a positive influence on the TC removal
efficiency by Fe/Cu@Zeo13X-2, while the terms AB, BC, A*
and B® have a negative impact. Furthermore, it is evident from
this equation that the factor B, which represents the TC
concentration, is the most significant factor. This observation
is confirmed on the one hand by the perturbation diagram
shown in Fig. 8a (diagnostic analysis) and on the other hand by
the analysis of variance (ANOVA), which presents for this factor
the lowest p-value (Table 9). In addition to the factor B, the
terms C, A” and B” are significant, as indicated by the p-values
lower than 0.05. These p-values are correlated with high F-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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values. Furthermore, the low p-value of the model (<0.0001)
and the F-value of 33.51 confirm the applicability of the model.
The ability of this model to explore the experimental domain is
further highlighted by the adequate precision value evaluated
at 15.901 (greater than 4), which measures the signal-to-noise
ratio and compares the range of the predicted value at the
design points to the average prediction error.®!

© 2025 The Author(s). Published by the Royal Society of Chemistry

The diagnostic analysis of the model was also used to
confirm its statistical robustness and its adequacy for predic-
tion. These qualities were highlighted by the distribution curve
of predicted values as a function of actual values (Fig. 8b),
whose points follow a linear trend. The resulting residuals
present a random character as illustrated by the residual plot
as a function of experiments (Fig. 8c). The absence of apparent
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Table 7 Experimental plan
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% R
Run A: pH B: TC concentration (mg L") C: Mass (mg) D: Time (min) Actual value Predicted value Residual
1 6 15 10 15 75.63 72.47 3.16
2 9 25 10 25 78.73 73.39 5.33
3 3 15 30 15 61.38 56.22 5.16
4 3 5 50 25 20.15 14.24 5.91
5 6 25 30 15 84.36 77.84 6.53
6 9 5 50 5 20.16 19.89 0.2693
7 6 15 50 15 77.23 81.76 —4.53
8 9 25 50 25 86.69 87.11 —0.4152
9 9 15 30 15 54.54 61.06 —6.52
10 6 15 30 15 72.15 69.01 3.15
11 6 15 30 15 72.42 69.01 3.41
12 3 5 10 5 3.84 2.26 1.58
13 3 25 50 25 79.21 85.16 —5.95
14 6 15 30 15 66.54 69.01 —2.47
15 6 15 30 25 66.81 73.74 —6.94
16 9 25 50 5 77.16 77.68 —0.5156
17 6 15 30 5 75.09 69.52 5.57
18 3 25 10 25 77.38 76.48 0.8979
19 9 5 10 5 15.12 9.99 5.13
20 6 5 30 15 3.44 11.33 —7.89
21 3 25 50 5 82.70 77.15 5.54
22 3 5 50 5 0.9597 7.12 —6.16
23 3 5 10 25 0.9597 1.27 —0.3103
24 9 5 50 25 34.27 28.43 5.84
25 9 25 10 5 67.32 72.07 —4.75
26 9 5 10 25 6.05 10.42 —4.38
27 3 25 10 5 69.91 76.58 —6.67

Table 8 Fit statistics

Source Std. Dev. R Adjusted R* Predicted R*
Linear 14.71 0.8114 0.7771 0.7377
2FI 16.76 0.8218 0.7104 0.4599
Quadratic 7.24 0.9751 0.9460 0.8441
Cubic 2.98 0.9986 0.9909 0.8975

structure of the residuals as a function of the initial TC
concentration, catalyst mass, pH and time, illustrated by
Fig. S1, confirms their independence from these factors. These
results are in perfect consistency with the residual plot as a
function of predicted values, represented in Fig. 8d. The latter
reveals a random distribution of the residuals within the limits
of +4. Furthermore, the normal probability plot of the residuals
(Fig. 8e) demonstrated a linear distribution of the points,
confirming the absence of the need for transformation of the
response variable, a conclusion corroborated by the Box-Cox
plot (Fig. 8f) whose 95% confidence lambda was 1. Inspection
of the leverage plot (Fig. 8g) indicated that all observations fell
within the conventional range of 0 to 1, attesting that no data
point exerted an excessive influence on the model fit. However,
the Cook’s distance analysis (Fig. 8h) identified experiment 27
as a potentially influential point, this observation also having a
DFFITS value exceeding the threshold of acceptability. Never-
theless, the majority of quantitative indicators DFBETAS and
DFFITS (Fig. 8i and j) remained within the admissible limits
defined by the adjusted threshold, thus minimizing the impact
of outlier observations on the overall validity and reliability of
the model.®” Consequently, the developed model is considered

Mater. Adv.

suitable for the prediction of the percentage of TC degradation
with the Fe/Cu@Zeo13X-2 catalyst and for the determination of
the optimal conditions.

3.3.2. Influence of different parameters on the degradation
of TC by Fe/Cu@Zeo13X-2. The 3D and 2D representations of
the response surfaces, which give the evolution of the percen-
tage of degradation are shown in Fig. 9 and Fig. S2 respectively.
These graphs clearly illustrate the significant effect of the TC
concentration on removal efficiency. Indeed, graphs Fig. 9a, b
and e reveal that an increase in the TC concentration from 5 to
25 mg L' leads to a significant increase in the efficiency. This
trend is however modified when the pH and the catalyst mass
increase. To this end, the antagonistic effect of the AB inter-
action on the efficiency is visible in graph Fig. 9e. The evolution
of the efficiency as a function of the catalyst mass, when the
latter increases from 10 to 50 mg, presents a rather unusual
appearance according to graphs Fig. 9a, ¢ and d. This is
characterized by an initial decrease in the efficiency followed
by an increase. The observed decrease could be explained by
the increase in turbidity, which limits the penetration of UV
light into the reaction mixture, thus reducing the photocatalytic
activity of the catalyst.”* However, the lack of light in the reaction
medium can be overcome by a multiplication of active sites. This
probably explains the increase in yield that follows as the mass
continues to increase. Just like the mass, pH has an ambivalent
effect on the removal efficiency (see Fig. 9d, e and f), when it
increases from 3 to 9. An increase in pH first increases the yield to
its maximum around pH = 6, before starting to decrease. This
trend, regularly observed during the degradation of antibiotics,
could be explained by the evolution of the charges on the surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Diagnostic analysis: (a) disturbance diagram; (b) predicted vs. actual; (c) residuals vs. run; (d) normal plot of residuals; (e) normal plot of residuals;
(f) box-Cox plot for power transforms; (g) lifting vs. run; (h) cook’s distance; (i) DFFITS vs. run; (j) DFBETAS vs. run.

of the catalyst and on the TC molecule as a function of the pH of
the medium, as illustrated in Fig. 10a.>*® Indeed, the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry

three ionizable functional groups on the TC molecule gives it three

values of pK, (3.3, 7.7 et 9.7). Thus, this amphoteric molecule can
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Table 9 Analysis of variance (ANOVA) of the model used
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Std Source Sum of squares Df Mean square F-value p-Value

Model 24 604.12 14 1757.44 33.51 < 0.0001 S
21 A-pH 105.39 1 105.39 2.01 0.1818 NS
12 B-TC concentration 19900.74 1 19900.74 379.41 < 0.0001 S
17 C-mass 388.32 1 388.32 7.40 0.0186 S
13 D-time 80.17 1 80.17 1.53 0.2400 NS
20 AB 150.00 1 150.00 2.86 0.1166 NS
6 AC 25.36 1 25.36 0.4836 0.5001 NS
22 AD 2.01 1 2.01 0.0383 0.8481 NS
16 BC 18.41 1 18.41 0.3509 0.5646 NS
18 Comics 0.7927 1 0.7927 0.0151 0.9042 NS
26 CD 65.71 1 65.71 1.25 0.2849 NS
25 A? 276.18 1 276.18 5.27 0.0406 S
1 B? 1533.75 1 1533.75 29.24 0.0002 S
15 c? 168.93 1 168.93 3.22 0.0979 NS
27 D? 17.75 1 17.75 0.3383 0.5716 NS
24 Residual 629.42 12 52.45
8 Lack of fit 607.38 10 60.74 5.51 0.1633 NS
23 Pure error 22.04 2 11.02
11 Total horn 25233.55 26

S: significant; NS: not significant

be found in several different forms in aqueous solution, including
the cationic, Zwitterionic and anionic form (first monovalent to
7.7 < pH < 9.7 then divalent).** In this context, the positive
charges of the cationic form of the TC molecule and of the surface
of the Fe/Cu@Zeo13X-2 catalyst at pH < 3.3 are likely to generate
electrostatic repulsions which lead to a reduction in favorable
interactions. The same phenomenon can be observed at pH >
7.86, where both the TC molecule and the catalyst are negatively
charged. Thus, TC is more favorable to degradation in its zwitter-
ionic form where its negative charge can interact with the positive
charges on the catalyst surface to promote its degradation.

The optimization of the TC degradation process by the Fe/
Cu@Zeo13X catalyst using the response surface method made
it possible to identify the optimal degradation conditions.
It appears that a maximum removal percentage of 91.77%
can be attained by combining the following conditions: pH =
6.76; TC concentration = 20.92 mg L™'; mass = 48.66 and a time
of 17.2 min. The experiment carried out under these conditions
gives a percentage of 94.54%, which highlights the good fit
between the model and experimental results. This yield exceeds
that reported by numerous works on the degradation of both
TC and IC using various heterogeneous catalysts as shown in
Table 10.

3.4. Kinetic studies of IC and TC degradation by
Fe/Cu@Zeo13X-2

The kinetic studies of IC and TC degradation were carried out
by a linear fitting of the first (Fig. 11) and second (Fig. S3) order
models to the experimental data. For this purpose, the second
order model does not present a good fit, as illustrated by the
low values of R* (Fig. S3). The study of the kinetics of TC
degradation was carried out by evaluating the effect of the
reaction time on the removal efficiency. Samples, taken at
regular time intervals, were analyzed by UV-visible spectro-
photometry to follow the evolution of the UV-visible profile of
the solution. This evolution, illustrated in Fig. 10b, suggests the

Mater. Adv.

absence of production of impurities during the degradation
and an almost total mineralization in 30 minutes. Furthermore,
none of the kinetic models used seems to be truly suitable to
describe the degradation of TC by the Fe/Cu@Zeo13X-2 catalyst
(see Fig. S3c and Fig. 11a). In the case of IC, the modeling was
done using the data obtained during the study of the influence
of the initial concentration of this dye and H,0,. The results
obtained reveal that the first-order model can be used to
describe the degradation kinetics of IC at different concentrations
of IC and H,0,, (except for [H,O,] = 0.01 M et 0.05 M), according to
the values of R* greater than 0.9. The rate constants and half-life
times determined from this model are shown in Table 11.
It follows logically that an increase in the initial concentration of
IC between 20 and 50 mg L' leads to a reduction in the rate
constant which goes from 0.087 to 0.066 min*. This reduction in
the rate constant is correlated with an increase in the half-life time.
The opposite trend is observed when the H,0, concentration
increases from 0.02 to 0.05 M, as illustrated by the change in
the rate constant and half-life time from 0.066 to 0.137 min~ " and
from 10.502 to 5.059 min respectively.

In order to simplify the understanding of the mechanism
involved during the degradation of IC. The Langmuir-Hinshel-
wood (LH) model was associated with the first-order model,
which showed a good fit under these conditions. This model,
commonly used in heterogeneous catalysis, assumes that the
adsorption of IC and H,0, molecules constitutes the rate-
limiting step in the degradation process.®® In the absence of
data on the evolution of the hydrogen peroxide concentration
during degradation, our study was limited to the evaluation of
the behavior of the dye molecules. The LH model makes it
possible to establish a relationship between the initial concen-
tration C, of the substrate and the oxidation rate r,, according
to eqn (15)-(19) below.’>**

dC Kk C
dt ~ 1+ kC

r=

(15)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Response surface curves of percentage of degradation (% R) against effects of TC concentration and catalyst mass (a), TC concentration and time

(b), catalyst mass and time (c), pH and catalyst mass (d), pH and TC concentration (e), and pH and time (f) (18 W m~2, . = 365 nm).

where k;, ks and C represent respectively the rate constant of the
reaction taking place at the surface of the catalyst in mg L™"
min ", the equilibrium constant of adsorption of LH in mg L *
and the concentration of the dye IC in mg L™". The linear form
of this equation is given by eqn (16). The integration of eqn (15)
for C € [Cp;C] et t € [05¢], for kC « 1 leads to first-order kinetics
given by relations (17) and (18), in which k,p, is the apparent
rate constant, given previously in Table 11. Under these condi-
tions, eqn (16) can take the form of eqn (19). The latter can be
used to determine the constants k. and ks, through the

© 2025 The Author(s). Published by the Royal Society of Chemistry

representation of the graph 1/k,pp, vs. Co, where C, represents
the initial concentration of dye.

1,
r ke kiksC
T = kappC

(16)

(17)

(18)

Mater. Adv.
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Fig. 10 Relation of catalyst surface charge and TC ionic forms as a function of pH (a); UV-visible profile of TC solutions during the degradation (b).

Table 10 Comparative table of Fe/Cu@Zeol3X-2 catalyst with previous works

Catalyst  Pollutant Elimination
loading  concentration  Time percentage
Catalyst Pollutant pH H,0, (gL (mg L™ (min) Lighting (%) Ref.
Ferromagnetic biochar IC 3 5mL; 4 M 3 100 240 — 99.97 49
Iron loaded graphitic Carbon TC 43 1mM 0.02 40 10 — >83 85
Fe,V,0;,3 nanoparticle IC 4 0.3 mM 0.07 0.1 M 10 — >90 86
Cerium-Doped MIL88-A/g-C3N,  TC 7 100 mg L™* 0.5 50 100 Black 92.44 87
FeNi3/Si0,/CuS TC 5 150 mg L™ 0.005 10 200 uv 96 83
FeNi3/SiO, TC 7 200 mg Lt 0.1 20 180 — 92.3 88
Fe/Cu@Zeo13X-2 IC 2 5mL; 0.05 M 0.2 50 60 Daylight  99.96 This study
Fe/Cu@Zeo13X-2 TC 6 5mL; 0.5 M ~1 20.92 17.2 uv 94.54 This study
1 Co 1 through the reaction between generated Fe®* and Cu®
[ k—r+ Kok (19) (eqn (12)). The application of Fe/Cu@Zeo13X-2 to the photo-

The plot of Cy vs. 1/kapp shown in Fig. 11d shows a linear
trend with a coefficient of determination close to unity (R* =
0.9923). This observation reflects the good fit of the LH model
to the experimental data, thus confirming the importance of
adsorption in the degradation of IC. The resulting LH equili-
brium constant is ks = 0.0141 mg L™ " while the rate constant is
k. =7.962 mg L' min .

3.5. Mechanism of action of the Fe/Cu@Zeo13X-2 catalyst
during the degradation reaction

According to the results of the Kkinetic studies, the most
plausible mechanism of action of Fe/Cu@Zeol13X-2 for the
degradation of the two pollutants studied begins with the
adsorption of the latter in the company of H,0,. The latter
reacts with the Fe** and Cu' metal species present on the
surface of the catalysts to generate HO® radicals, which can in
turn react with the IC and TC molecules adsorbed on the
surface of the catalyst according to the mechanism described
by Bopda et al.,*® and Eltaweil et al.,*” for IC and TC respec-
tively, until mineralization which results in the formation of
CO, and H,0. The production of HO® radicals in this process is
maintained by the continuous regeneration of Fe®" species

Mater. Adv.

Fenton process leads to the formation of additional *OH
radicals to which are added superoxide radicals (*O, ") originat-
ing respectively from the reactions of H,O and O, with hole/
electron pairs resulting from the excitation of the valence
electrons of Cu,O by photons, which move towards the con-
duction band of Cu,O and Fe;0,.2%?' The results of active
species trapping tests (Section 3.2.3) established that the
photodegradation of IC is mainly attributed to h* and *0,~
radicals. Conversely, *OH radicals show only a small contribu-
tion to the process. This mechanism, involving h* and *0,~ as
the main oxidants, is undoubtedly the same as that governing
the photodegradation of the TC molecule. Fig. 12 illustrates the
mechanism of action of the catalyst.

3.6. Stability of the Fe/Cu@Zeo13X-2 catalyst

The study of catalyst reusability is an essential process to
evaluate their stability and applicability on an industrial
scale.?® In this study, after each experiment, the materials were
recovered by centrifugation and then washed several times with
distilled water and dried in an oven before being applied in a
new degradation cycle. The successive experiments carried out
under the same conditions show a slight decrease in the
degradation percentage from 94.54 to 76.01% after six TC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation cycles and from 98.74 to 87.78% after five IC
degradation cycles, as illustrated in Fig. 13a and b). These
results suggest that the Fe/Cu@Zeo13X-2 catalyst can be used

for several cycles, particularly for the removal of IC. The high

performance observed in the first cycle can be attributed to the

availability of active sites on the catalyst surface. The gradual

decline in efficiency observed from the second cycle onwards

may be due to several factors, including the gradual diffusion of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 12 Mechanism of action of Fe/Cu@Zeol3X-2 during TC and IC
photo-Fenton degradation.

the catalyst during the recovery process, and the potential
blocking of active sites by TC and IC molecules.”®®* In addition,
a gradual alteration in the structure of the material is likely to
explain the reduction in its efficiency. This latter hypothesis is
supported by the XRD pattern of the material after IC
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Fig. 13 Stability of Fe/Cu@Zeol3X-2 catalyst on the IC (a) and TC (b) degradation, XRD (c), SEM (d) and EDX-mapping (e) and (f) analyses of Fe/

Cu@Zeol3X after degradation.

degradation (Fig. 13c), which shows a significant reduction in
the diffraction lines of Fe/Cu@Zeo13X-2 and the appearance of
an intense line at 26.52°. This transformation of the XRD
pattern, to which is added a slight modification of the morphology
of the samples given by SEM (Fig. 13d), could be linked to the
adsorption of IC and H,0, molecules on the surface of the catalyst
which hinders the diffusion of X-rays. This is materialized by the
appearance of the element carbon on the surface of Fe/
Cu@Zeo13X-2, as illustrated by the images obtained by EDX
mapping (Fig. 13e and f). However, the presence of areas with

Mater. Adv.

very high Si content on the material could indicate a release of Fe
and Cu species in solution. These results contribute to positioning
the Fe/Cu@Zeo13X-2 catalyst as an alternative for the removal of
IC dye and TC antibiotic from aqueous solutions.

4. Conclusion

Heterogeneous catalysts, Fe@Zeo13X and Fe/Cu@Zeo13X, were
synthesized from a combination of zeolite X and magnetite to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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eliminate IC dye and the TC antibiotic from an aqueous
solution. These syntheses were performed using a hydro-
thermal-assisted precipitation/co-precipitation method. The
zeolite modification process was confirmed successful through
various physicochemical analyses. However, these analyses
revealed significant changes in the zeolite’s structural, mor-
phological, optical, and electrochemical properties. The cataly-
tic properties of the materials were evaluated in degradation of
IC. It appears that the Fe/Cu@Zeo13X material has the best
catalytic activity, with a maximum removal percentage of
99.96% under optimal conditions. The study of the effect of
UV radiation has highlighted the photocatalytic properties of
this material, which has motivated its application to the
optimization of the degradation of TC in aqueous solution.
The results obtained give a maximum degradation efficiency of
94.54% under optimal conditions. Kinetic studies have revealed
that the first-order model is the most appropriate to describe
the degradation kinetics of IC in aqueous solution. The appli-
cation of the Langmuir-Hinshelwood model made it possible
to highlight the preponderant role of adsorption during the
degradation of pollutants. However, none of the models used
seems appropriate to describe the degradation kinetics of TC
on Fe/Cu@Zeo13X. The study of the catalyst’s reusability high-
lighted its ability to be used multiple times in each degradation
process studied, thus confirming its stability. This stability was
further confirmed by the characterization of the material after
use. This study is part of the search for effective and less
expensive solutions for the elimination of organic pollutants
in aqueous solution.
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