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Innovative Synthesis of Fe Doped ZnO-Zeolite Composite for Advanced Applications
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Summary: This study introduces an innovative approach for synthesizing an Fe-doped ZnO-zeolite
composite material with enhanced structural and functional properties targeting advanced
environmental and catalytic applications. The key hypothesis of this study is that Fe doping and zeolite
integration can synergistically increase the performance of ZnO by increasing the surface area,
structural stability and reactivity. Fly ash-based zeolites were synthesized by fusion-assisted
hydrothermal technique and employed as a support matrix for ZnO nanoparticles. ZnO was doped
with varying concentrations of Fe (0.5-2 wt.%) to analyze the impact of iron incorporation on
crystallinity and morphology. Subsequently, Fe-ZnO was composited with zeolite to make a hybrid
material with multifunctional characteristics. Comprehensive characterizations were performed via
SEM (to observe morphology and dispersion), FTIR (to confirm bonding and functional groups) and
XRD (to analyze crystal structure and phase purity). XRD results confirmed the presence of wurtzite
ZnO structure with no secondary phases, while SEM micrographs revealed even dispersion of Fe-ZnO
on zeolite surfaces. Notably, Fe doping caused a slight shift in the diffraction peaks and reduced the
crystallite size (~18-25 nm), confirming the successful incorporation of Fe into the ZnO lattice. FTIR
spectra validated the coexistence of Zn-O, Fe-O, and zeolitic Si—-O-Al bonds. The efficient
integration of Fe-ZnO nanoparticles into the zeolite framework is confirmed by the different peaks in
the Raman spectra at around 300, 445, 620, and 1050 cm™'. The BET studies revealed that the Fe-
ZnOJ/Zeolite composite has an average pore diameter of 4.7 nm and a balanced micro-mesoporous
structure with an intermediate surface area. These results support the hypothesis and indicate that the
Fe-ZnO/zeolite composite possesses tailored chemical and morphological properties, making it
suitable for applications in adsorption, catalysis, and environmental remediation. Future work can
explore optimization strategies and performance metrics for specific pollutant degradation or catalytic
conversions.

R nEp

Synthetic Fe-ZnO gel dryin;
Sactibes Fe-Zn0 Powder geldrying o Geldrymg Zn0 gel

—

Zinc-sulphate
solution

—
@ (i
# gl
| A _
= i 3
I g ¥ 4
) & y | —
- 1
5. 16% .
) ' ' — : mou Solution  NaOH Powder
4 2n0 synthetic Mixing of solutions

Raw coal fly ash

Zincsulphate

Fe-Zn0 gel powder
Doping of Zn0 with

Fe-ZnO\ Zeolite Fe(lll)

ion of Fe-
Zn0\Zeolite

|

Characterizations

XRD FTIR

Keywords: Fly ash; Zeolites; Fe doped ZnO; Composite; Characterization; SEM Analysis.
Introduction
Zinc oxide (ZnO) is a widely synthesized, safe and easy to work with. It is used in various

practiced and inexpensive material [1]. After iron, itis  materials, including paints, adhesives, ointments,
considered the second most common metal, which is  sealants, plastics, pigments, ceramics, cement, glass,
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lubricants, rubber, food, batteries, ferrites and fire
retardants [2]. It is an n-type semiconductor with a wide
band gap of energy 3.37 eV and a binding energy of 60
meV [3]. Wide band gap, high exciton binding energy
and significant photocatalytic activity are some of the
desired characteristics of zinc oxide (ZnO), a
semiconductor that has been extensively explored.
However, fast electron-hole recombination and low
absorption of visible light frequently restrict ZnO’s
practical effectiveness. To overcome these limitations,
doping ZnO-based systems with transition metals (such
as Fe) has been investigated as a way to modify the band
structure and increase the effectiveness of charge
separation [4-5].

ZnO has been synthesized using various
methods, including hydrothermal and combustion, as
well as the sol-gel co-precipitation method [6]. The sol-
gel method is reported to be more economical and
environmentally friendly [7]. It has been discovered that
the most efficient method for inducing structural
advancements in ZnO is metal ion doping. Doping can
induce ferromagnetism in semiconductors with a very
minute quantity of transition metal [8]. Iron (Fe-Ill) is
considered one of the best dopants for ZnO due to its
comparable ionic radius and well-reported chemical
stability. The incorporation of Fe into the ZnO structure
is relatively safe for maintaining the structural
properties of the crystal [9]. ZnO-based materials face a
drawback of reduced quantum efficiency when applied
as photocatalysts due to the recombination of electron-
hole pairs, which can waste energy as heat or light [10-
11]. Many researchers have attempted to create
composite materials by immobilizing nanoparticles on
suitable porous and inert substances such as zeolites,
silica, alumina and activated carbon [12-13]. Zeolites
are considered more suitable among the multiple
reported types of porous materials because of their
unique characteristics, which include a large surface
area, chemical properties, high heat stability and both
hydrophobic and hydrophilic attributes, as well as an
environmentally friendly nature [14].

Zeolites are crystalline, hydrated, microporous
aluminosilicates characterized by a network of linked
pores formed by a 3D structure of tetrahedral Al and Si
[15]. Synthesizing zeolites from chemical sources such
as silicates and pure aluminates is costly. Expenses can
be reduced by utilizing natural sources or byproducts as
raw materials. [16]. Researchers have been exploring
natural resources, waste products, or industrial
byproducts to produce economically viable zeolites. Fly
ash, an industrial waste, has been used in several studies
for the synthesis of zeolites. Fly ash is a well-
documented material for zeolite synthesis because it has
a composition similar to volcanic materials,
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characterized by high SiO; and Al,O3content [17]. The
hydrothermal method is often used to synthesize
zeolites from fly ash. The alkaline fusion preceding the
hydrothermal treatment involves fusing fly ash with a
specific amount of NaOH at a suitable temperature to
produce Na-zeolites [18].

Metal-doped ZnO and  ZnO-zeolite
composites have been synthesized individually in the
past. However, comprehensive research into the
synergistic coupling of Fe-doped ZnO with zeolite
frameworks is still lacking. Most of the documented
methods either produce poor dopant dispersion or lack
control over particle shape, which ultimately reduces
functional efficiency [19-20]. The fabrication of iron
(Fe)-doped zinc oxide (ZnO)/zeolite composite
materials is the primary focus of this study, aiming to
enhance the properties of ZnO for various applications
including photocatalysis, wastewater treatment and
energy storage. Additionally, integrating ZnO with
porous zeolite matrices is an effective way to improve
dispersion, prevent nanoparticle agglomeration, and
increase surface basicity, all of which can further
enhance photocatalytic and adsorptive activities [21].

Advanced  characterization  techniques,
including scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), and X-
ray diffraction (XRD), were adopted to investigate the
synthetic products. It also makes a significant
contribution to the growing field of materials and
composites.  The  successful  synthesis  and
characterization of these novel materials can pave the
way for future research on composite optimization,
scalability and photocatalytic applications.

The current work focuses on the novel
synthesis of Fe-doped ZnO-zeolite composites using a
controlled sol-gel techniqgue to address the
aforementioned gaps. In addition to provide scalability
and environmental friendliness, this method ensures
uniform doping and fine nanoparticle dispersion within
the zeolite framework, making it appealing for practical
applications. To demonstrate its potential for cutting-
edge environmental and energy-related applications, the
work aims to provide a thorough structural,
morphological and functional characterization, with a
focus on photocatalytic and adsorption performance.

Experimental
Chemicals and reagents
All the chemicals and reagents used in this

study were of analytical grade; zinc sulfate heptahydrate
(ZnSO+7H20) from Merck, iron (II) sulfate
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heptahydrate (FeSO4-7H20) from Sigma-Aldrich,
sodium hydroxide (NaOH, >98%) from Loba Chemie,
and ethanol (C2HsOH, >99.5%) from Merck. Deionized
water, produced by an in-laboratory distillation system
at the Department of Chemistry, Government College
University, Faisalabad, was used throughout all
experimental stages.

Synthesis of fly ash-based zeolites

Raw fly ash (rFA) samples were collected by
a random stratified sampling method from coal-fired
power plants located in the Faisalabad region of
Pakistan. The collected samples were sieved through an
80-micron mesh to eliminate coarse particles larger than
150-200 pm, ensuring a fine and uniform particle size
distribution. Zeolites were synthesized via a fusion-
assisted hydrothermal technique by following the
literature-reported methodology ~ with slight
modifications [22]. The sieved fly ash was fused with
sodium hydroxide (NaOH) in a 1:1 weight ratio at
550°C for 1.5 hours in a muffle furnace (B-170,
Nabertherm). Then 20 grams of the fused product were
dissolved in double-distilled water (DD-H-O) at a 1:2
weight ratio to form an amorphous gel. The resulting gel
was thoroughly washed and adjusted to a pH of 8. It was
then dried at 80°C in a microwave heating oven (ENR-
38XDG, JW-Enviro) for 12 hours and stored in
polythene air-tight bags for further experimentation.

Synthesis of Fe-doped ZnO nanoparticles

Fe-doped ZnO nanoparticles were synthesized
through a two-step process. Initially, 100 mL ofa0.5 M
zinc sulfate heptahydrate (ZnSOas-7H20) solution and
25 mL of a 0.5 M sodium hydroxide (NaOH) solution
were prepared separately. NaOH solution was added
dropwise to the zinc sulfate solution while stirring
continuously at 600 rpm until white, gel-like foam
formed. The precipitates were then filtered, washed
with distilled water and dried for 8 hours at 100°C. After
drying, the powder was ground and calcined at 500°C
[23]. Following detailed characterization and analysis,
Fe doping of ZnO powder was performed in the second
step using a reported co-precipitation method [24]. The
synthesized Fe-ZnO composite was thoroughly
characterized and analyzed, then stored in airtight
polypropylene tubes for further experiments.

Synthesis of Fe-ZnO/Zeolite composite material

The synthesized zeolites and Fe-ZnO
materials were ground to ensure homogeneous
products. An appropriate amount of Fe-doped ZnO
powder was then calculated based on the zeolite amount
to ensure that 30% of its weight was dissolved in
ethanol. The controlling agent ensures consistency and
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prevents agglomeration. After grinding for 30 minutes,
the mixture was spread on a glass plate and dried in an
oven (TK/L G 154, Ehret) at 60°C to eliminate ethanol
and moisture. Subsequently, the synthesized composite
material was characterized thoroughly [25].

Characterization

The advanced techniques were employed in
this study for the characterization of the synthesized
material. The mineralogical compositions and
crystallinity of fly ash, zeolite, ZnO, Fe-ZnO, and Fe-
doped zeolite composite were analyzed using powdered
XRD analysis (MiniFlex600-C, Japan) with Cu-Ka
radiation. The morphology of the research products was
analyzed using a Scanning Electron Microscope (Apreo
S, Thermofisher Scientific, Eindhoven, Netherlands) set
to HV =5 kV, Signal A = SE1, and a working distance
of 6.1 mm. The specific surface area of the porous
materials was measured using BET surface area
analysis. The functionality and surface chemistry of the
synthesized products were examined through FTIR
spectroscopy (Cary 630, Agilent Technologies FTIR)
within a scanning range of 4000-500 cm™. For Fe-
doped ZnO materials, the Scherrer method is a primary
technique used to estimate crystallite size. This method
relies on X-ray diffraction (XRD) peak broadening and
is described by the following formula:

D = K\/BcosH @

Here A is the X-ray wavelength, D is the
average crystallite size, K is a shape factor (calculated
as 0.9), B is the full width at half maximum (FWHM) of
the diffraction peak, and 0 is the Bragg angle [26]. This
method yields crystallite sizes that generally range from
6 to 97 nm across various investigations [27].

In contrast to the Scherrer technique, the
Williamson-Hall (W-H) method offers a more
advanced approach for analyzing crystallite size, taking
into consideration both strain-induced and size-induced
broadening in X-ray diffraction patterns. It is presumed
that crystallite size effects exclusively cause peak
broadening; the W-H analysis distinguishes between
these two contributions using equation 2 [28].

Bcos® = KA/D + 4esin® (2)

Where K is the form factor, A is the X-ray
wavelength, D is the crystallite size, & is the
macrostrain, B is the FWHM, and 6 is the Bragg angle
[28]. Both the Scherrer and Williamson-Hall
approaches have been used in this study to investigate
the crystallite properties of the synthesized composite
material.
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Fig. 1: Systematic synthesis of Fe-ZnO-zeolite composites.
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Fig. 2: FTIR specta of Fly ash, Zeolite, ZnO, Fe-ZnO and Fe-ZnO-zeolite composite.
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Results and Discussion
FTIR study of synthesized materials

FTIR spectra of fly ash (FA) and synthetic
zeolite revealed notable variations, which are shown
in Fig 2. The zeolite materials exhibited a band in the
600 cm-1 range, identified as the Si/Al-O bending
vibrations. The symmetrical stretching in the direction
of AI-O-Al and Si-O-Si indicates double ring
vibrations at about 600-670 cm™ [29-30]. The fusion
process exhibits Si-O-Si and Al-O-Al stretching
vibrations in the range of 720-610 cm™. These
vibration bands are ascribed to the zeolites and can be
linked to the alkaline activation [30]. Bending
vibrations appearing in raw fly ash in the range of 1100
to 1200 cm™* and 800 to 900 cm™* represent mullite and
quartz, and a prominent vibration band appeared at
871 cm™ in synthetic zeolite, verifying a gradual
transformation of fly ash minerals into zeolites. The
existence of aluminates and silicates in the synthetic
zeolite materials is indicated by a prominent dip that
appearsin FAat 1417 cmtand in zeolite at 1428 cm™.
The vibrations at 3200 to 3400 cm™ and 1600 to 1650
cm* indicate water molecules. The presence of water
is shown at 3276 cm* in the fly ash sample, and its
disappearance in zeolites suggests the absence of
water content [31]. In the FTIR study of synthesized
Zn0O, the region between 600 and 800 cm™ provides
information corresponding to symmetric Zn-O-Zn
vibrations. The IR dip near 769 cm™ represents
unsymmetrical stretching vibrations of Zn-O-Zn
bonds. Additionally, the dip at 1120 cm-1 indicates
the presence of Zn-OH bending vibrations [32]. The
current study suggests that Zn-O bonding often
exhibits absorption bands in the fingerprint region
below 1000 c¢cm-1, as shown in Fig 2. FTIR study
investigation of Fe-ZnO material has identical spectra
to the literature with the existence of many distinct
bands at 1102, 1650, and 3276 cm™ [33-35]. The FTIR
studies of the Fe-ZnO zeolite composite reveal
significant dips in the Si-O-Si stretching vibrations,
which are asymmetric and appear at 1090 cm™' and
some minor changes for that material appear in the
1082-1074 cm™' range. Fe-O and Zn-O stretching
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vibrations give rise to absorption bands within the
range of 600-700 cm™, indicating the presence of
metal oxides in the synthesized composite [36]. The
vibrations of Al-O-Si and Si-O-Si bonds in the zeolite
framework are represented as bands between 900 and
1100 cm™, showing the zeolite’s structural integrity is
a composite material [37]. Our findings demonstrated
that Al and Si make up the main composition of fly
ash, which can serve as precursors of aluminosilicate
for the synthesis of zeolites [38]. These properties
demonstrated the practical synthesis of Fe-ZnO/zeolite
composites, where both the metal oxides and zeolite
properties persist into the material.

SEM analysis

Fig. 3 shows the morphology of the
synthesized products and raw materials. It illustrates
the uneven shape of fly ash in contrast to the synthetic
zeolite samples. The FA composition contains the
quartz (A) and mullite (Q) phases, but also displays
amorphous silica and alumina remnants that describe
the morphological conformations, as shown in
micrographs [39]. After being treated and purified, fly
ash adopts a characteristic shape [40]. SEM images of
zeolite at magnifications of 1 and 5um in Fig. 3A
represent its crystal structure. Apart from the visible
crystals, a relatively homogeneous matrix is observed,
which is attributable to a combination of
microcrystalline phases and an amorphous bulk [41].
Fig. 3B shows the SEM images of ZnO nanoparticles
at a magnification that confirms the nanosize range of
the synthesized particles, aligning with the published
data [42]. SEM pictures of Fe-doped ZnO reveal the
aggregation of ZnO, resulting in a decrease in particle
size and a rise in characteristic surface area [43]. It
demonstrates identically sized, spherical ZnO
nanoparticles on the zeolite surface of the evaluated
material, aligning with previous studies [44]. Fig. 3E
demonstrates that the Fe-ZnO/Zeolite exhibits a
structure with rhombic dodecahedrons, having
diameter of around 80 nm [45]. The chain structure of
ZnO is not visible in the composite; instead, the ZnO
is integrated as agglomerates that are dispersed evenly
over the zeolitic surface during the stirring process.
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Fig. 3: SEM images of raw and synthesized products at 1 and 5um.
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Fig. 4: XRD analysis of raw and synthesized materials.
XRD studies to tensile stress induced by lattice deformation, also

Fly ash is primarily composed of minerals
with varying ratios of silica and alumina, as observed
in the XRD patterns (Fig. 4). The synthesized products
exhibit peaks corresponding to the crystalline phases
of hydroxyl sodalite and alumina, as reported in the
literature [39]. Previous studies have observed that the
mineral phases formerly present in fly ash were absent
in the synthesized zeolite [46]. The quartz peaks in
zeolites are more pronounced compared to those in fly
ash, suggesting that the material rearranges in an
alkaline medium [47]. The production of Na-zeolites
is noticed after an in-depth analysis. As shown in Fig.
4, ZnO exhibits prominent diffraction peaks at
approximately 31.8°, 34.4°, 36.3°, 47.5° and 56.6°,
indicating a distinctive wurtzite structure [48]. The
XRD patterns of Fe*3-doped ZnO are also shown in
Fig. 4. The diffracted peaks shifted to larger angles due

reported in the literature [24]. The presence of
additional sharp peaks at approximately 60° confirms
the presence of Fe atoms in the crystal structure, as
also elaborated in the published data [49]. The ZnO
structure is represented by the diffraction peaks at 26
=58.07° and 63.95°. In contrast, the doping material’s
structural characteristics are responsible for the
diffraction peaks at 20 = 31.81°, 34.26°, 38.97° and
47.16° in the Fe-ZnO/zeolite and are comparable with
the published data [50]. This is consistent with the
literature, as XAFS investigations indicated Fe**/Fe*
substitution into Zn sites, resulting in a shift in peak
locations and a decrease in crystallite size [51]. The
composite Fe-ZnO/Zeolite exhibits a range of peaks
from both the ZnO and zeolite phases, suggesting good
integration. The obtained results exhibited unique
properties in ZnO/zeolite composites, emphasizing
improved dispersion and synergistic benefits in
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photocatalytic and adsorption applications. The fly
ash-derived zeolite acts as a support, preventing the
agglomeration of ZnO nanoparticles and increasing
their surface area and reactivity [52]. XRD analysis of
the composite material revealed the presence of
additional peaks at angles of 20 = 10.01°, 14.89°, and
22.11°, indicating the persistence of synthetic zeolites
in the final product [51].

Scherrer and Williamson-Hall approaches

The crystallite size of the synthesized
composite was calculated using the Scherrer equation
based on the full width at half maximum (FWHM) of
notable XRD peaks, as mentioned in Fig. 4.
Calculations in this work were based on the primary
diffraction peak at around 20 = 36.57°, which
corresponds to the ZnO (101) plane. The average
crystallite size of ZnO was determined to be around 32
nm. The lattice strain suggests that controlled crystal
formation is the reason for the crystallite size to drop
to around 27 nm. The Fe-ZnO particles further
reduced their crystallite size to approximately 22—-25
nm when integrated into the zeolite matrix, indicating
improved particle dispersion and controlled size.
These findings are consistent with previous research
on ZnO nanostructures doped with metals [53]. The
line’s slope obtains the strain, and the y-intercept gives
the crystallite size. The ZnO sample showed no strain
due to its great crystallinity. Nonetheless, Fe-ZnO
showed a rise in lattice strain (about 0.004-0.006),
indicating that the dopant addition created internal
stress. The computed strain values in the Fe-
ZnO/zeolite composite were greater (about 0.005-
0.007), indicating that more substantial lattice
distortions appeared due to the interaction of ZnO
nanoparticles with the zeolite matrix. It is reported that
these strain-induced distortions produce defect states
and oxygen vacancies, which can enhance
photocatalytic performance and surface activity [54].
In contrast to earlier research, the Fe-ZnO/zeolite
composite produced in this study exhibited a smaller
crystallite size and a greater microstrain, which are
advantageous for several cutting-edge applications,
including photocatalysis, hydrogen evolution, and
adsorption procedures. In conclusion, the structural
analysis using the Williamson-Hall and Scherrer
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methods confirmed that the Fe doping into ZnO was
successful, and a well-integrated Fe—ZnO/zeolite
composite was synthesized

Raman studies

The vibrational properties of fly ash, zeolite,
ZnO, Fe-ZnO, and the synthesized Fe-ZnO/zeolite
composite were analyzed by the Raman spectra as
shown in Fig. 5. Distinctive bands at about 250-300
cm!, 460 cm™, 680 cm™!, and 1100 cm™ indicates the
presence of Si—O-Si stretching and bending vibrations
[55]. As compared to fly ash, the zeolite spectrum
shows more distinct and sharper peaks, especially at
300 cm™, 480 cm™, 620 cm™, and 1050 cm™. The
symmetric stretching of Si—O-Al and Si—O-Si bonds,
which is characteristic of crystalline aluminosilicate
frameworks, is responsible for these peaks. The
synthesis of zeolitic frameworks is confirmed by the
appearance of band at around 480 cm™, which is
linked to internal T-O-T bending vibrations (T = Si or
Al). A similar Raman activity in synthetic zeolites
made from ash has been reported in the literature [56].
ZnO has discrete peaks at 437 cm!, which are
characteristic of wurtzite ZnO. Additionally, the small
peaks associated with vibrations due to oxygen
vacancies are seen at 330 cm™ and 570 cm™. The
successful synthesis was confirmed by these
characteristics, which closely resemble to Raman
spectra of pure ZnO nanoparticles reported in
literature [57]. The Fe-doped ZnO material’s spectrum
showed somewhat shifted and wider peaks,
particularly at 445 cm™ and 575 cm™!. These changes
represent the addition of Fe ions to the ZnO crystal
matrix, as well as changes in lattice structure,
following previous literature [58]. Fe-ZnO and zeolite
characteristic peaks are combined to form the
prominent changes in the composite spectra. It is
confirmed that the Fe-ZnO nanoparticles have
successfully integrated into the zeolite matrix by the
appearance of peaks at about 300 cm™, 445 cm™, 620
cm!, and 1050 cm™. Vibrational characteristics
indicated excellent dispersion and no structural
deterioration, which is well aligned with the literature
studies on ZnO/zeolite and Fe-doped ZnO/zeolite
composite materials [58].
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BET Analysis

According to the nitrogen adsorption-
desorption studies, fly ash, zeolite, ZnO, Fe-ZnO, and
Fe-ZnO/zeolite have notably different surface
properties. Fly ash has the lowest BET surface area
(5.8 m#/g) and total pore volume (0.012 cm?3/g), which
predicts its amorphous and dense structure. The
comparatively large average pore diameter (~8.3 nm)
indicates a non-uniform mesoporous structure
composed of randomly shaped, non-crystalline
particles. Previous studies found that fly ash materials
utilized as precursors in geopolymer synthesis have
surface areas ranging from 3 to 10 m#g [59]. The
synthesized zeolite in the current study has a high BET
surface area (285.3 m2/g), dominating micropore
volume (0.185 cmd/g), and a tiny average pore
diameter (3.1 nm), indicating a microporous
crystalline aluminosilicate framework. ZnO has a
moderate surface area (19.5 mZ/g), a significant
mesopore volume (0.040 cm?/g), and a greater pore
size (~9.2 nm). The surface areas of nanorods,
nanoparticles, and other particles can range from 10 to
30 m#/g, according to the literature [60]. The Fe-ZnO
combination exhibits a slightly greater surface area
(27.4 m2/g) and enhanced mesopores (0.045 cm?3/g) as
compared to pure ZnO, which has a somewhat smaller
average pore diameter (~7.4 nm). Iron doping altered
the surface shape and reduced the particle aggregation,
thereby increasing the surface area. Previous studies
found that Fe-doped ZnO nanoparticles have surface
areas of up to ~30 m2g, depending on doping
concentration [61]. The Fe-ZnO/zeolite composites
have an intermediate BET surface area (158.7 m#/g),
which is greater than ZnO and Fe-ZnO but lower than
zeolite. The material exhibits a balanced micro-
porosity (0.098 cm3/g) and meso-porosity (0.058
cmi/g), with an average pore diameter of
approximately 4.7 nm. Previous studies have found
that similar composite materials (e.g., ZnO/zeolite or
TiO2/zeolite) have surface areas ranging from 100 to
200 m2/g, which validates the findings of the present
study [52].

Discussion along with future aspects of the study

This study describes the step-by-step
synthesis of a novel Fe-ZnO/Zeolite composite,
beginning with the modification of industrial waste
into a valuable substance. A fusion-assisted
hydrothermal technique was used to transform fly ash,
a plentiful byproduct of coal burning, into zeolite. This
approach can support the ideas of the circular
economy as the synthesized zeolite can serve as a
perfect support matrix for advanced material
composites due to its high levels of crystallinity,
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microporosity, and thermal stability. The sol-gel
process, reported for formulating homogeneous, high-
purity particles with regulated size and shape, was
used to develop ZnO nanoparticles in the second
phase. The synthesized ZnO exhibited the
characteristic  hexagonal ~ wurtzite  structure,
distinguished by its high surface activity and broad
band gap. Iron (Fe) was used to dope ZnO, to further
enhance its surface and photocatalytic properties. This
doping process changed the electrical properties and
added more surface flaws, increasing the adsorption
potential of the material (Fe-ZnO). A hybrid
composite was subsequently fabricated by integrating
the Fe-doped ZnO into the zeolite framework, and this
combination  utilized Fe-ZnO  catalytic and
semiconducting properties in addition to the zeolite’s
large surface area and ion-exchange capacity. A
material with both microporous and mesoporous
properties was produced by the interaction of two
phases, making it highly adaptable for uses such as
catalysis and pollution removal applications.

The well-known characterization methods
were used to verify the composite’s morphology and
structural integrity. The coexistence of crystalline
phases and the preservation of structural order were
verified via XRD analysis. Key functional groups and
the interaction between ZnO, Fe, and the zeolitic
matrix were disclosed by FTIR spectra. SEM pictures
revealed that the nanoparticles were uniformly
distributed and shaped throughout the zeolite surface.
Characteristic peaks in Raman spectroscopy
demonstrated the presence and integration of Fe-ZnO
into the zeolite. The balanced micro-mesoporous
structure of the composite, characterized by an
average pore diameter and intermediate surface area,
was further confirmed by BET surface analysis,
indicating improved adsorption and catalytic
performance.

This composite has a promising potential for
the future in industrial and environmental applications,
particularly in fields such as photocatalysis, gas
adsorption, and wastewater treatment. To further
improve performance, future research may focus on
optimizing synthesis factors, including pH levels,
calcination temperature, and Fe doping concentration.
To evaluate the material’s practical potential, pilot-
scale manufacture and testing in authentic
environmental settings will be essential to tailor the
composite  for specific targeted applications.
Functional modifications through additional dopants
or surface treatments may also be explored.
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Conclusion

Keeping in view the findings of this study,
there is reasonable ground to conclude that the
synthesis of zeolites from fly ash and incorporation of
Fe-doped ZnO presents a strategy/approach for
fabricating composite materials with tailored
properties. This approach not only offers an innovative
way of waste management but also meets the criteria
of matrix support for ZnO particles. The doping of
ZnO with Fe effectively enhances its applicational
potential, depending on the synergetic properties of Fe
and ZnO. This waste-to-value synthesis pathway
offers a cost-effective and sustainable approach for
producing multi-functional materials. This piece of
work can motivate young scientists to upcycle
industrial waste into multifunctional materials to
unlock the real-world applications.
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