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Abstract:

Introduction/Purpose: Water pollution by organic compounds such as
phenol poses a major environmental risk. This study aims to compare the
catalytic efficiency of ZSM-5 and BEA zeolites, doped with iron (Fe) and
copper (Cu), for the wet oxidation of phenol using hydrogen peroxide
(H20;).

Method: BEA and ZSM-5 zeolites were synthesized via hydrothermal
methods, then ion-exchanged to incorporate Cu?*and Fe?*. The catalysts
were characterized using XRD, FTIR, SEM, and XPS. Phenol oxidation
was carried out at 80 °C in aqueous medium with an H,Ox/phenol molar
ratio ranging from 10:1 to 15:1. The reaction products were analyzed by
HPLC.

Results: The crystalline structures of the zeolites were maintained after ion
exchange. The metals were well dispersed on the surface. Fe-BEA and Fe-
ZSM-5 catalysts showed the highest activity (up to 99% conversion),
followed by Cu-BEA (88%) and Cu-ZSM-5 (68%). The pure zeolites
exhibited low activity (<10%). The optimal H,Oj/phenol ratio was 14:1. Fe-
BEA proved to be the most effective, combining high activity with enhanced
diffusion within the pores.
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Conclusion: Iron-exchanged zeolites, particularly Fe-BEA, are highly
effective catalysts for phenol oxidation in aqueous media, outperforming
both copper-doped and pure forms. The porous structure and the nature of
the metal are key factors determining catalytic performance.

Keywords: ZSM-5, BEA, hydrogen peroxide, phenol oxidation,
heterogeneous catalysis

Introduction

Water pollution is a major threat to our health, to the environment and
also to life, due to the strong industrialization which releases various toxic
pollutants into the environment. Phenol is one of the most common forms
of toxic chemical pollutants due to its frequency in waste water from
various industries such as petrochemical (Alattar et al, 2024),
pharmaceutical (Keshri & Dutt, 2021), stationery (Mohd, 2022), plastic
(Shirvani et al, 2025 ), and agrifood (Said et al, 2021) .

Various technologies of treatments are used for the removal of
phenol; the choice of treatment depends on the level of phenol
concentration, ease of control, reliability and effectiveness of the treatment
(Sun et al, 2025; Peng et al, 2023; Zhang et al, 2025; Liu et al, 2021;
Khader et al, 2024).

Wet oxidation based on solid catalysts is one of the methods used for
the treatment of organic effluents, when their concentrations are too low to
be incinerated and too high for biological treatment (Mumtaz et al, 2024;
Pan et al, 2025; Chen et al, 2025; Thomsen et al, 2022). Therefore,
researchers have studied the catalytic activity of various types of catalysts
in oxidation, which uses hydrogen peroxide under mild conditions
(Broekman & Deuss, 2024; Cao et al, 2025).

Heterogeneous zeolite catalysts have high activity in oxidation
reactions (Tian et al, 2024; Jiang et al, 2025). This efficiency depends
considerably on the chemical composition, the method of preparation and
the nature of metal species dispersed on the catalyst (Martins et al, 2022 ;
Shaida et al, 2023; Toloza-Blanco et al, 2024; Dou, 2025).

Previous studies have reported that the oxidation of phenol by
hydrogen peroxide on zeolite-based catalysts was influenced by several
factors such as pH, temperature, nature of metallic species, and method
of preparation (Jiang et al, 2017; Aziz et al, 2016; Liu et al, 2021; Saputera
et al, 2021; Villegas et al, 2024).

The zeolites of types Y, BEA and ZSM-5 have wide industrial
applications (Kumar et al, 2024; Avila et al, 2024; Diallo et al, 2016; Zang
et al, 2023; Wu et al, 2020; Liu et al, 2021; Lee et al, 2018; Liu et al, 2023).
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These zeolites have particular and interesting catalytic properties, uniform
microporous structure with a pore size perfectly calibrated (zeolites with
large and medium pores), a large specific surface area, high acidity and
high thermal stability.

Zeolites also have the property of great adaptability, while the sizes
of these pores make zeolites potentially suitable for adsorption and
conversion of large molecules with large applications in phenol oxidation
reactions (Bania & Deka, 2013; Xie et al, 2017; Ghaffari et al, 2019;
Nguyen & Carreon, 2022).

As far as the objective is concerned, the current study is the first of
such research available in the open literature on the comparison between
the two zeolites, BEA and ZSM-5, exchanged by copper and iron via the
oxidation of phenols.

The main objective of this work is to carry out a comparative study
between the catalytic performances of materials based on ZSM-5 and BEA
zeolites doped with copper and iron prepared by cation exchange in
phenol oxidation by hydrogen peroxide.

Experimental

Materials

The chemicals used in this research study are as follows: fumed silica
(99%, Cab-ail), silica gel 60 (Merck), sodium aluminate (purchased from
Reidel-Haén), tetraethylammonium hydroxide TEAOH (20%, Fluka),
tetrapropylammonium bromide (TPA-Br, 99%, Merck), sodium hydroxide
(NaOH; 98%), ammonium chloride (Sigma Aldrich), iron (Il) chloride
(Sigma Aldrich), copper (ll) chloride (Sigma Aldrich), and phenol (Flucka,
99%). Throughout all experiments, demineralized water was used.

Synthesis of zeolites

Synthesis of BEA zeolites

A quantity of sodium-aluminate was added into an aqueous solution
containing demineralized water and TEAOH under stirring at room
temperature. The fumed silica was added delicately with vigorous stirring.
The reaction mixture, containing a molar ratio of 2.07 Na2O: 20 TEA2O:
Al,O3: 110 SiO2: 1550 H2O was subjected to stirring for 4 hours at room
temperature.

The mixture was then crystallized in Teflon-lined stainless-steel
autoclave at 150 °C for 3 days. The solid and liquid phases were separated
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by centrifugation; the recovered solids were washed several times with
distilled water, then dried at 80 °C and calcined at 550 °C for 8 hours.

Synthesis of ZSM-5

The ZSM-5 zeolite was synthesized from a solution of molar
composition: NaAlOz: 100 SiO2: 12.5 Nax0:25 TPABr 1100 H:O.
Tetrapropylammonium bromide is introduced in an alkaline solution of
aluminate prepared in our laboratory from aluminum hydroxide. After
obtaining a clear solution, the silica gel was added slowly in order to avoid
the formation of lumps. The mixture formed was homogenized at room
temperature under stirring for 4 hours before the hydrothermal treatment,
then sealed in a stainless-steel autoclave. Hydrothermal crystallization
was carried out at a temperature of 150 °C for two days. The solid
recovered by filtration was washed several times with demineralized water,
then dried overnight at 80 °C. Then, the product was calcined at 550°C for
8 hours.

Preparation of catalysts

Once the BEA and ZSM-5 zeolites were synthesized, and before
copper and iron were incorporated, a first ion exchange step with
ammonium chloride 0.01 mol was performed to replace the Na* cations
present in the zeolite network by NH4*. Usually, this treatment is used to
generate the acidic form of zeolites by thermal degradation of ammonium.
The zeolite produced was subjected to calcination for 5 hours.

Chloride solutions were prepared by the introduction of copper
chloride (CuCl,) and iron chloride (FeCl,) salts into closed glass reactors
containing deionized water under agitation for a few minutes to complete
the homogenization of solutions.

Then, the adequate amount of solid (HBEA or HZSM-5) was
introduced in the reactor. The amount of solid was generally 1 g of solid in
100 cm? of 0.01 mol exchange solution. The ion exchange experiments
were carried out at room temperature with stirring. The reaction time was
set at 24 hours. The catalysts obtained are recovered by filtration, washing
with demineralized water and drying overnight at 80 °C.

Characterizations

The solids prepared by ion exchange with copper and iron were
characterized by X-ray diffraction (XRD) using a PHILIPS PW1710
diffractometer (copper tube Ik. A: = 1.54060). The surface morphology of
catalysts was examined using a scanning electron microscope (SEM)
(FEG Quanta 200F FEI / Phillips). The Fourier transform infrared (FTIR)




spectroscopy analyses were carried out on a Nicolet FTIR 320
spectrophotometer in the range 4000 and 400 cm™. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermofisher ESCALAB 250
system with Al K-alpha radiation. The spectra acquired were analyzed by
the XPS peak software.

Oxidation of phenol

The catalytic tests were carried out in a three-chamber flask,
equipped with a water condenser, a thermometer and a magnetic stirrer.
This bottle was placed in an oil bath and heated to 80°C under stirring at
500 rpm (Valkaj et al, 2011).

The reaction was carried out by dissolving 0.094 g of phenol in 100
cm? of water and transferred into a flask containing 0.01 g of catalyst. Once
the reaction mixture had reached the desired temperature, hydrogen
peroxide H2O- (0.1 mol) was added dropwise into the reactor under stirring
for 3 hours.

The samples taken during the reaction were filtered through 0.2 ym
nylon membranes to analyze the reaction mixture. The concentration of
phenol and its conversion products were analyzed by high performance
liquid chromatography (HPLC).

Results and discussion

Characterization of catalyst

X-ray diffraction

The crystal structures of the prepared catalysts were verified by XRD
analysis. Figure 1 represent the XRD spectra of the parent zeolites and
their forms exchanged by the transition metals (iron and copper).

The comparison of these spectra revealed that all the distinctive lines
of the BEA and ZSM-5 zeolites were observed after the cationic exchange,
suggesting that the crystalline structure of both zeolites was preserved
(Chen et al, 2024; Sazama et al, 2020; Gabrienko et al, 2025).

The BEA zeolite catalyst diffractograms shown in Figure 1 were
characterized by a mixture of broad and subtle lines. This indicated the
presence of a disordered structure formed by the intergrowth of two
polytypes A and B as previously reported by Camblor et al. (1996).

All these catalysts revealed the same diffraction peaks that resemble
those of the BEA zeolite at 7.8 ° and 22.5 (IZA International Zeolite
Association, 2018). At the same time, the different lines of the zeolite
catalysts ZSM-5 observed in Figure 1 exhibited the same peaks in the
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range of 26 = 7-9 ° and 23-25 ° which are corresponding to the standard
phase of the ZSM-5 zeolite (Treacy & Higgins, 2007).
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Figure 1- XRD patterns of ZSM-5 (a), Cu-ZSM-5 (b), Fe-ZSM-5 (c), BEA (d), Cu-BEA (e),
and Fe-BEA (f) catalysts

In addition, no characteristic diffraction peak of copper and iron oxide
(206 approximately 35.5) was observed by XRD analysis in the modified
samples (Ji et al, 2014; Sobus et al, 2021), meaning that these two cations
are entered into the interior of the zeolite, or they were highly dispersed on
the surface of the zeolite (Song et al, 2016; Ren et al, 2019). Also, it can
be suggested that the concentrations of Fe and Cu ions were below the
XRD limits.

Thus, the intensities of each zeolite were reduced after the dispersion
of metals Fe or Cu; this is due to the dispersion of iron or copper in ZSM-
5 and BEA zeolites with X-rays absorption and the reduction of crystal
degree of crystallinity (Sun et al, 2016).

Infrared spectroscopy

The fundamental vibration bands that characterize BEA and ZSM-5
zeolites lattice were observed in the range of 400-2000 cm™. The
comparison of the BEA zeolite catalyst spectrum exchanged with copper
and iron with those of zeolites synthesized (Figure 2) revealed the
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presence of bands related to the characteristic vibrations of theBEA zeolite
(Lin et al, 2020).

The absorption bands at 529-547 cm™ and 433-434 cm™" were due to
the double cycles (D6R) and deformation of the internal bond Si -O in the
SiO4 tetrahedron.

The ratio of band intensities at 500 and 400 cm™ was often used as
an indicator of zeolite crystallinity (Coudurier et al, 1982). The samples
exhibited a ratio ranged from 0.7 to 0.8 indicating the presence of high
crystallinity materials. According to the literature (Bok et al, 1981, pp.
38505-38514), the ratio of bands was 0.8 for all BEA zeolites.

The bands at 1064-1076 cm™ were due to the asymmetric elongation
vibrations of internal links of TO. patterns. The vibration bands of
symmetrical elongation at 628.76 cm™' were attributed to the internal Si-O-
Al bond, while the frequencies at 1226 cm™ and 797-798 cm™ were due to
the bonds of the primary structural units.

The infrared spectra of ZSM-5 zeolites obtained before and after ion
exchange with iron and copper shown in Figure 2 exhibited the
characteristic bands of the ZSM-5 zeolite.

Therefore, the bands that appeared at 545.73-546.44 cm™ were
related to the vibrations of the secondary structural units (5-1) of an MFI
zeolite.

42 | )
Y
3.7 , 1227 se7| F
! (k) . - 522 34
il I 3
3,2 i) 1236 »\ 738 o 33
= T aoT Pl o o I..-'m,
27 NT /S \ ] s
"5" b ")_.I' saf
% 22 | () 1054
= ) Tl
E 1,7 (e} 1224 1bs Fo5) 5;\ =as
E — =~ .a-"'"""“\ f
s ™\
| ol [ T o L~ .__,.-" % o~ __"’\..I II.-"
0,7 1235 \M Vi il
W Eas
0,2
1900 1400 900 400
Wavenumber Cm™

Figure 2- FTIR spectra of the samples: BEA (a), Fe-BEA (b), Cu-BEA (c), ZSM-5 (d), Fe-
ZSM-5 (e), and Cu-ZSM-5 (f)
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The asymmetric elongation vibration band at 1067.82-1068.86 cm™’
and the symmetrical elongation vibration band at 628.4-628.87 cm™ were
attributed to the internal bonds of Si-O-Al. The bands at the frequencies of
795.42-596.47 cm™ and 1224.53-1225.10 cm™ were due to the bonds of
the primary structural units. The shifting of the bands was attributed to the
exchange of hydrogen cations for cations of copper and iron.

Scanning electron microscope (SEM)

The morphology of the catalysts was examined using a scanning
electron microscope (SEM). The images of different BEA and ZSM-5
catalysts are shown in Figure 3.

As reported, the crystal morphology of the iron and copper doped BEA
zeolites revealed a large number of crystals with assemblages of very
small crystals of the BEA zeolite.

Figure 3- Scanning electron microscopy (SEM) images of BEA, Cu-BEA, Fe-BEA, ZSM-5,
Cu-ZSM-5, and Fe-ZSM-5




The uniform shape and particle size were slightly greater than those
of the parent zeolite. In fact, during the ion exchange process, the
transition metals are distributed or doped on the parent zeolites.

Based on the images of different crystallite ZSM-5 zeolites, the
images showed an agglomeration of small, medium-sized crystals of the
order of 0.5 ym with a shape characteristic of the ZSM-5 zeolite. The
particle size distribution and the morphology of the Cu-ZSM-5 and Fe-
ZSM-5 catalysts are approximately the same as those of the parent ZSM-
5 zeolite with no significant change in morphology. Furthermore, the
modified products inherit the morphology of the parent zeolite after the ion
exchange step.

X-ray photoelectron spectroscopy (XPS)

The chemical composition and the coordination between metal and
M-zeolite (Fe or Cu) zeolite were identified by XPS analysis. The
spectrums are depicted in Figure 4.

As shown in Figure 4.a, the spectra confirmed the presence of metal Fe in the
modified zeolites, the presence of binding energy around 711.88-712 and 724.68-
725.18 eV correspond to Fe 2p (3 / 2) and Fe 2p (1 / 2) (He et al, 2020),
respectively, which are bound to Fe %" ions (Lin et al, 2018).

720,885 71138 (a)

Intensity (a.u)

Intensity (aan

Pl 2pyl Fel 2p3)

725 715 705 955 945 935 925
Binding energy eV Binding energy eV

Figure 4 - X-ray photoelectron (XPS) spectra of modified zeolites (a) Fe 2p and (b) Cu 2p

The decrease in the peak intensities of Fe 2p indicated that the
decline of iron species on the ZSM-5 zeolite surface might be due to ion
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exchange causing the iron species found on the surface to become
embedded inside the zeolite.

As shown in Figure 4.b, the XPS spectra of metal Cu confirmed its
presence in the zeolites exchanged with narrow regions Cu 2p.

According to the literature (Wang et al, 2019), a binding energy of 932.5-
952.3 eV corresponds to Cu 2p (3/2) and Cu 2p (1/2) attributed to Cu * species,
while peaks Cu 2p (3/2) and Cu 2p (1/2) located at 933.7 £ 0.2 eV and 953.7 + 0.2
eV, were attributed to the Cu ?* species.

The Cu 2P (3/2) and Cu 2P (1/2) peaks shown in Figure 4.b and
located at binding energies 933.7 £ 0.2 eV and 953.2 + 0.2 eV are the
essential characteristics of Cu ?* species.

Catalytic activity

Oxidant effect

A preliminary series of experiments was carried out to examine the
behavior of zeolites containing iron, copper, and pure zeolites to
distinguish the effect of adsorption and reaction.

Table 1- Conversion of phenol on zeolites: BEA, Cu-BEA, Fe-BEA, ZSM-5, Cu-ZSM-5, and Cu-
ZSM-5) with and without oxidant (T = 80°C, Cc Ph= 0.01 mol/l, Cc H202 = 0.10 mol/l, mcat =
0.10 g/l, and pH = 4.2).

Phenol ZSM5 Cu-ZSM-5 Fe-ZSM-5
+ + Cu- + Fe- +
H.0, ZSM5 H,0, ZSM5 H,0, ZSM5 H,0,

X Ph

% 35.7 6.36 29.38 9.69 68.03 6.16 98.1
Phenol BEA Cu-BEA Fe-BEA
+ BEA + Cu-BEA + Fe-BEA | +
H20, H20, H20, H20,

X Ph

% 35.7 6.98 30.31 8.45 88.61 7.33 99.3

At a temperature of 353 K under the conditions explained in the
experimental section after 180 min of reaction, the results of these
experiments are shown in Table 1.

During the evaluation of the prepared catalysts, a preliminary
experiment showed that phenol can be oxidized by hydrogen peroxide in
the absence of catalyst. The percentage of conversion was 35% after 3 h
of reaction.

As shown in Table 1, the experiments performed with pure zeolites
produced a conversion rate of 7% for the BEA zeolite and 6% for the ZSM-
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5 zeolite in the absence of hydrogen peroxide as an oxidant. The results
were quite similar to those of the zeolites doped with iron and copper with
a slight difference between the pure BEA and ZSM-5 catalysts and the
doped catalysts.

The results mentioned that the majority of removal phenol was carried
out by adsorption while the percentage of removal by oxidation was almost
negligible. Hence, the removal rate of phenol does not exceed 10%.

On the other hand, in the presence of H.O,, BEA and ZSM-5 catalysts
exchanged with iron and copper are more active, with a conversion rate of
99% for Fe-BEA catalyst, 98% for Fe-ZSM-5 catalyst, 88% for the Cu-BEA
catalyst, and 68% for the Cu-ZSM-5 catalyst.

This can be attributed to the limitation of diffusion of molecules into
the pores.

Interestingly, phenol was removed more easily by the Fe-zeolite than
that of Cu-zeolite catalysts, indicating the diffusion of phenol in the pores
of the iron-doped zeolites rather than that of the doped zeolites of copper.
This can be attributed to the thermodynamic properties and in particular to
the electrochemical properties of iron compared to copper (Alejandre et al,
2000).

The molecular sizes of hydrogen peroxide and phenol are listed in
Table 2 (Atoguchi et al, 2004).

The comparison between the data in Table 2 and the pore dimensions
of the BEA and ZSM-5 zeolites mentioned that hydrogen peroxide and
phenol can diffuse more easily in the pores of the BEA zeolite than that in
the pores of the ZSM-5 zeolite.

Table 2 - Molecular size of phenol and hydrogen peroxide

Molecule a, nm b, nm c, nm
Phenol 0.4792 0.4908 0.5090
H202 0.2476 0.2476 0.361

It can be suggested that zeolite catalysts containing iron and copper
are active for the oxidation reaction of phenol by hydrogen peroxide.

Another suggestion is that the difference in catalyst activity is caused
by the difference in the activity of zeolites. The redox properties of
transition metal cations such as iron and copper species promoted the
production of hydroxyl groups in the presence of hydrogen peroxide.
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In addition, it is assumed that the zeolite acidity can influence the
conversion of hydrogen peroxide, i.e., the highest rate of the formation of
hydroxyl radicals is obtained with zeolites having a greater acidity
(Bahranowski et al).

Effect of the molar ratio H202: phenol
The concentration of hydrogen peroxide plays an important role in the
stability of a catalyst in the oxidation reaction. The final conversion values

after 180 min of degradation of phenol at different molar ratios (H202:
phenol) are given in Table 3.

Table 3 - Effect of the molar ratio H202: Phenol on the conversion of phenol on BEA and
ZSM-5 catalysts exchanged with iron and copper at T =80 ° C and pH = 4.2

Conversion rate (%)
H202: Phenol H202: Phenol H202: Phenol

10 :1 14 1 15:1

Cu-ZSM-5 68,03 71,43 75,81

Cu-BEA 88,61 96,96 93,36
Fe-ZSM-5

98.1 99,01 99,09

Fe-BEA 99.3 99,7 99,54

As shown in Table 3, the oxidation of phenol was carried out using
zeolite-based catalysts exchanged with iron and copper, employing three
different H,O,: phenol molar ratios (10, 14, and 15). Increasing the H,O,:
phenol molar ratio from 10:1 to 14:1 led to a significant improvement in the
phenol conversion rate for all catalysts. This enhancement is attributed to
the greater availability of hydrogen peroxide, which promotes the
generation of hydroxyl radicals (HO+)—highly reactive species capable of
effectively degrading phenol molecules. However, when the ratio reaches
15:1, a stagnation or slight decrease in performance is observed for certain
catalysts (e.g., Cu-BEA). This phenomenon is explained by the formation
of hydroperoxyl radicals (OOH¢), which are less reactive than HO+ and
result from excess H,0O, (Equation 2). Subsequently, OH+ radicals are
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scavenged by OOHe+ and transformed into H,O and O, according to
Equation 3.

- Catalyst + H,0, — OHs (1)
« OHe + H,0, — OOHs + H,0 )
« OOH* + OH* — O, + H,0 (3)
cathecho
20 - hydroquinone
N acides
0 1 B Fhe
0 Dtl':l
= 60
o
#
E 501
8
2 w0 ]
=
B 3
]
o
20 1
E | ¥ i — I —
Z5M-5 Fe-Z5M-5 Cu-Z5M-5 BEA Fe-BEA Cu-BEA

Figure 5-Distribution of by-products on catalysts based on M+/zeolites (T = 80°C, Cc Ph=
0.01 mol/l, Cc H202 = 0.10 mol/l, mcat = 0.10 g/l, and pH = 4.2)

The iron-doped catalysts (Fe-ZSM-5 and Fe-BEA) exhibit the highest
conversion rates (up to 99.7%). This is due to the superior redox activity
of iron for activating H,O, and its strong ability to generate hydroxyl
radicals. The BEA structure offers better diffusion than ZSM-5; however,
even within the more restrictive ZSM-5 framework, iron remains highly
active. The copper-doped catalysts (Cu-ZSM-5 and Cu-BEA) show lower
performance compared to iron-based catalysts. Nonetheless, Cu-BEA
outperforms Cu-ZSM-5, thanks to its more open porous structure that
facilitates easier diffusion of reactants. However, copper is less efficient
than iron in generating HO-« species. It is well known that the catalytic
oxidation of phenol in the liquid phase by hydrogen peroxide is a highly
complex process, involving a series of parallel and consecutive reactions,
with a wide range of intermediates and final products. These include
aromatic compounds such as benzoquinone, hydroquinone, catechol,
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carboxylic acids (acetic, maleic, oxalic, and fumaric acids), and other
oxygenated compounds like aldehydes and ketones. At the beginning of
the oxidation process, phenol can react with radicals generated from the
decomposition of H,O,. The reaction medium initially turns dark brown due
to the formation of by-products such as hydroquinone and catechol. Later,
the solution becomes clear, indicating the formation of various acids and
CO,, as reported by Taran et al. (2018) and Devard et al. (2019)
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Figure 6 - Conversion of phenol as a function of time on pure catalysts and M + -zeolite
catalysts (T = 80°C, CcPh= 0.01 mol/l, Cc H202 = 0.10 mol/l, mcat = 0.10 g/I, and pH =
4.2)

As depicted in Figure 6, the Fe-zeolite catalysts showed maximum
activity with a conversion rate of 55% in the first 10 minutes and over 98%
after 3 hours. The pure zeolite catalysts had a conversion rate of less than
10% during the first 10 minutes and it reached 30% after 3 hours.

On the other hand, the Cu-BEA catalyst showed an average catalytic
efficiency with a rate of conversion of 62% in the first 10 minutes and 88%
after 3 hours, while the Cu catalyst ZSM-5 showed minimal catalytic
efficiency with a rate of conversion of 20% within the first 10 minutes and
68% after 3 hours.

Catalytic tests showed the catalytic activity of the Fe-BEA catalyst
with a phenol conversion of 99%, which is very considerable compared to
the other catalysts prepared.
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The rapid decrease in the concentration of phenol can be explained
by its adsorption on the catalyst. It is evident that zeolites doped with transit
metals increased the conversion of phenol more than five times at the
initial stage of the process.

According to this study, the BEA zeolite exhibited excellent results via
the oxidation of phenol due to its structure with large pores and cavities
resulting from the interconnection of its channels, the dimensions of pores
being (6.4 - 7.6) A2 along the axis [001] and (4.5 - 5.5 A) along the axis
[100]), at their high specific surface area (2. 400 m?/ g) (Selvam, 2003; Zhou
et al, 2019), and its ion exchange capacity via transition metals.

Conclusion

The objective of this study was the wet oxidation of phenol with
hydrogen peroxide on heterogeneous catalysts containing iron and copper
under mild conditions.

The X-ray diffraction spectra indicated that the most of prepared
zeolite catalysts exchanged with copper or iron exhibited diffraction peaks
similar to those of pure zeolites. Then, the crystal structure was preserved
during cation exchange for all catalysts based on exchanged zeolites.

Infrared, SEM, and XPS analyses confirmed the good dispersion of
metals within the zeolite structure and the stability of the active phases on
the catalyst surface. These characterizations also provided better insight
into the interaction between the metals and the zeolitic support.

It can be concluded that all catalysts based on BEA and ZSM-5
zeolites doped with iron and copper are potentially active, in comparison
with catalysts based on pure zeolites. They demonstrated high stability in
aqueous media and are therefore suitable for use without causing metal
pollution issues.

Regarding catalytic activity, phenol conversion rates reached
approximately 70-90% for the ZSM-5 exchanged with copper and iron,
while the doped BEA zeolites showed even higher conversions of 90—99%.
In contrast, the pure zeolites exhibited significantly lower conversion rates,
below 35%, thus confirming the beneficial effect of introducing transition
metals, which are therefore favorable to be used without causing problems
of metal pollution.

The efficiency of phenol oxidation strongly depends on two key
factors:

v" The H,0,: phenol ratio, a moderate excess of oxidant enhances
conversion up to an optimal threshold.
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v" The nature of the metal cation, iron promotes the formation of
oxidizing radicals more effectively than copper.

The most efficient combination is achieved with the Fe-BEA catalyst,
which combines high catalytic activity with a porous structure that ensures
optimal diffusion of reactants.
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KomnapaTtueHa cTyavja asa pasnuyuta 3eonuta, BEA n ZSM-5,
MoaudukoBaHa 6akpom n reoxhem TOKOM okcuaauuje geHona
BOOOHMK-NEPOKCUAOM

®amuxa Tanxayun?, aytop 3a npenucky, ®amuxa Xamngn@, ®paHcucko

MepguHa®

2 YHUBEP3UTET Hayka u TexHonorunje ,Myxamen byavjad”, Xemujcku dakynTer,
Na6opaTopwuja pyHKLUMOHANHMX N HAHOCTPYKTYpUpPaHUX ekomartepujana,
OpaH, Amxup.

6 KaTeapa 3a XeMMWjCKO NHXeHEepCTBO, YHuUBepauTeT ,Posupa u Buprunn”,
AsuHryaa genc lNMaucoc KatanaHc, 26, 43007, TaparoHa, LUnaHuja.

OBJIACT: maTtepwvjanu, xemujcka TexHomnorvja
BPCTA UJIAHKA: opurMHanHun HayyHu pag,

Pe3ume:

YB0o0/yurb: Sacalier-e 800e opaaHCKUM jedureruMa Kao wmo je ¢heHorn
npedcmaerba 3HayajaH eKormowKu pusuk. Lurb osoe ucmpaxusearsa 6uo
Jje da ce ynopedu kamanumuydka egpukacHocm 3eonuma ZSM-5 u BEA,
moducgpurkosaHux eeoxhem (Fe) u 6akpom (Cu), y Mokpojokcudayuju
gheHorna kopuwher-em 8000HUK-repokcuda (H;0;).

Memod: 3eonumu BEA u ZSM-5 cusmemucaHu cy xudpomepmarHum
memodama, a 3amum rod8paHymu jOHCKOj pasmeHu padu yHowera Cu?*
u Fe?’. Kamanuzamopu cy okapakmepucaHu mexHukama XRD, FTIR,
SEM u XPS. Okcudauyuja ¢beHona useoheHa je Ha 80°C y 600eHOf
cpeduHu, ca morapHum odHocom H.O./cbeHon usmehy 10:1 u 15:1.
PeakyuoHu npouseodu aHanusupaHu cy memodom HPLC.

Pesynmamu: KpucmarnHa cmpykmypa 3eosiuma o4y8aHa je HakoH jOHCKe
pa3meHe. Memarnu cy 6unu pasHoMepHO pacriopefjeHu Ha MOoBPUIUHU.
Kamanusamopu Fe-BEA u Fe-ZSM-5 nokasanu cy Hajeehy akmusHocm
(0o 99% koHeepsuje), 3amum Cu-BEA (88%) u Cu-ZSM-5 (68%). Yucmu
3eonumu rokasasnu cy Hucky akmusHocm (<10%). OnmumarnaH 0OHOC
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H,O./peHon 6uo je 14:1. Fe-BEA ce nokaszao Kao HajeghukacHuju
Kamarnu3zamop, KoMOuHyjyhu eucoky akmueHocm u 6orby Ougbysujy y
rnopama.

Sakrbyyak: 3eonumu  modugbukosaHu eeoxhem, nocebHo Fe-BEA,
npedcmaerbajy 8eoMa eghukacHe kamarusamope 3a okcudayujy cheHona
y 800eHoj cpeduHu, Hadmauyjyhu kako y3opke mMolugbukosaHe bakpom,
mako u qyucme 3eonume. [lopo3Hocm cmpykmype u npupoda memarna
KIby4YHU Cy ghakmopu Koju 0dpeRyjy kamanumuyke nepghopmaHce.

KmbyuHe peyu: ZSM-5, BEA, sodoHuk-nepokcud, okcudauuja ¢heHona,
XxemepoeeHa kamarnu3sa
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