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Zeolites, with their three-dimensional aluminosilicate frameworks, exhibit remarkable properties
such as high surface area, uniform pore size distribution, and significant ion exchange capacity.
These characteristics make them ideal for various industrial applications, including catalysis,
adsorption, ion exchange, and molecular sieving. Synthetic zeolites are often preferred due to their
customizable properties and enhanced thermal stability. This study explores various synthesis
methods, including hydrothermal, sol-gel, solvothermal, inothermal, and alkali fusion, highlighting
their advantages and limitations in terms of crystallinity, purity, and particle size. Advanced
characterization techniques such as X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM) were employed to analyze the structural, compositional, and thermal properties of the
synthesized zeolites. The experimental methodology focused on the direct synthesis of zeolites
using coal fly ash, emphasizing the leaching of aluminum and subsequent synthesis of zeolite-D.
The results demonstrate the potential of synthetic zeolites in catalysis, adsorption, separation
processes, and emerging biomedical applications, highlighting their versatility and importance in
addressing contemporary challenges in energy, environment, and healthcare.

Keywords: Zeolite-D, High surface area, Uniform pore size distribution, lon exchange, capacity,
Aluminosilicate framework, Hydrothermal synthesis, Sol-gel process.

1. Introduction

Zeolites are versatile and essential materials characterized by their crystalline, microporous
structure, and remarkable properties such as high surface area, uniform pore size istribution,
and significant ion exchange capacity. Their three-dimensional aluminosilicate framework,
consisting of interconnected cages and channels, endows them with unique capabilities for
applications in catalysis, adsorption, ion exchange, and molecular sieving. The synthesis and
characterization of zeolites are critical for tailoring their properties to suit specific industrial
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applications. These applications range from water purification and environmental remediation
to catalysis in petrochemical processes and the development of advanced materials for
agriculture, construction, and healthcare.
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Figure 1: a) chemical structure of Zeolite, b) Primary Building unit (PBUs) of Zeolite
structure, ¢) Secondary Building unit (SBUs) of Zeolite Structure.
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The historical evolution and the empirical and structural formulas of zeolites highlight their
complexity and the extensive research dedicated to understanding and enhancing their
functionalities. Zeolites' porosity, ion exchange capacity, molecular sieving ability, and acidic
or basic nature underpin their broad utility. The acidic and basic properties of zeolites further
expand their catalytic applications in various chemical reactions. Overall, zeolites are
indispensable in modern technology and scientific research, offering solutions to
contemporary challenges in energy, environment, and healthcare.

The sol-gel process offers precise control over texture and composition, though it may result
in lower crystallinity. Solvothermal and inothermal methods use solvents and ionic liquids,
respectively, to influence synthesis conditions and outcomes. The alkali fusion method is
effective for transforming kaolin into zeolites, while microwave-assisted synthesis provides a
rapid and energy-efficient alternative, albeit requiring specialized equipment. Characterization
techniques such as X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), are crucial for determining the structural,
compositional, and thermal properties of zeolites.

Applications of zeolites are extensive and varied. They are pivotal in catalysis for
petrochemical and chemical industries due to their high selectivity and stability. In adsorption
and separation processes, zeolites excel in gas separation, water purification, and pollutant
removal.

Their ion-exchange capabilities make them suitable for water softening and environmental
remediation. Emerging biomedical applications include drug delivery systems and tissue
engineering, highlighting their biocompatibility and controlled release properties. Zeolites also
contribute to environmental protection, energy storage and conversion, and organic synthesis,
offering solutions for greener chemical processes and enhanced reaction efficiencies.

2. Experimental /Methodology
2.1 Materials:

The crude raw material of coal fly ash samples were collected from thermal power plant
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Nagpur, India.

As can be seen from this table, the coal fly ash samples used were of ‘Class F’ type with SiO2,
AI203 and Fe203 as the major constituents

2.2 Direct synthesis Method
Two raw materials directly mixed with different condition to synthesize zeolite.
Step-1 : Leaching of Al From Al-D

Take 30 gm of Al-D powder provided by INARDDC in Teflon Beaker, treated calculated
amount of sodium hydroxide with constant mechanical stirring (300rpm) vigorous reaction
take place. Hydrogen gas was evolved. Keep the reaction mixture for 30 minute. Diluted with
50 ml of distilled water and boiling on hot plate for 1hrs then cool and filter.

Step-2: synthesis of zeolite-D

Leached Al-D liquor reacted with calculated amount of sodium metasilicate (Na,SiOs) at room
temperature with constant mechanical stirring (300rpm). Warm the mixture at hot plate, then
filter the mixture and wash with distilled water dry in oven in 100°C for three hrs.

Step: 1 Waste Aluminium Dross (Free Al) + NaOH ; Al(OH),

Step: 2 AI(OH), + Na,SiO; ————= Zeolite-D as Auminosilicate

Waste Aluminium Dross

NaOH
v

Mechanical Stirring 300 rpm

A

Mixing

A 4

Heating

Filter

v
Leach Aluminium Hydroxide
[Al(OH) ] Solution

Na SiO and

v
Zeolite-D

Fig.2 : Flowchart of Direct synthesis Method Zeolite-D
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3. Result and discussion
3.1. Physicochemical Characterization of Al-Dross and Zeolite

The physicochemical characterization of coal fly ash and the synthesized zeolite was
conducted to assess changes in chemical composition, which are critical for understanding the
transformation and enhancement of properties during the synthesis process. The major oxide
compositions of both coal fly ash and zeolite samples are presented in the table below:

Table No. 1: Phisicochemical characterization of coal ﬂi ash and zeolite

Coal Fly Ash ~ 20.31 7.67 1.12 63.39 0.08 1.01 0.35 0.20
Zeolite 21.22 7.50 1.33 39.64 18.50 1.19 0.40 9.83

Aluminum Oxide (Al203) Content

The Al=O; content slightly increased from 20.31% in coal fly ash to 21.22% in the synthesized
zeolite. This increase is attributed to the leaching process during zeolite synthesis, where
aluminum is extracted and incorporated into the zeolite framework. The retention of a high
aluminum content is critical for maintaining the ion-exchange capacity and catalytic properties
of zeolites.

Iron Oxide (Fe20s) Content

The Fe20; content in coal fly ash (7.67%) showed a slight decrease to 7.50% in the zeolite.
The minimal change in Fe:Os content suggests that iron plays a limited role in the structural
transformation during the synthesis process. However, its presence can still influence the
magnetic properties and catalytic activity of the zeolite.

Titanium Dioxide (TiO2) Content

A marginal increase in TiO2 content from 1.12% in coal fly ash to 1.33% in the synthesized
zeolite was observed. Although TiO: is present in small amounts, it can contribute to the
overall stability and mechanical strength of the zeolite structure.

Silicon Dioxide (SiO2) Content

The SiO: content in the zeolite decreased significantly from 63.39% in coal fly ash to 39.64%.
This notable reduction is due to the consumption of silica during the formation of the zeolite
framework, where it combines with aluminum to form the aluminosilicate structure. The lower
Si0: content in the zeolite indicates a successful transformation of coal fly ash into a material
with different physicochemical properties suitable for targeted applications.

Sodium Oxide (Na20) Content

The Na2O content increased dramatically from 0.08% in coal fly ash to 18.50% in the zeolite.
This substantial increase is a direct result of the addition of sodium during the synthesis
process, particularly from the sodium metasilicate (Na2SiOs) used in the reaction. The high
Na20 content is essential for the ion-exchange capacity of the zeolite, making it suitable for
applications in catalysis and water treatment.
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Calcium Oxide (CaO) and Magnesium Oxide (MgO) Content

Both CaO and MgO contents showed slight increases in the zeolite compared to coal fly ash,
from 1.01% to 1.19% for CaO, and from 0.35% to 0.40% for MgO. These oxides may
contribute to the overall thermal stability and structural integrity of the zeolite, although their
roles are less prominent compared to other components.

Loss on Ignition (LOI)

The Loss on Ignition (LOI) increased significantly from 0.20% in coal fly ash to 9.83% in the
zeolite. The higher LOI in the zeolite indicates a greater presence of volatile components and
possible changes in the structural water content. This increase could be attributed to the
formation of more hydroxyl groups and trapped water molecules within the zeolite structure
during synthesis, which is typical for newly formed zeolites.

The transformation of coal fly ash into zeolite through the direct synthesis method was
successful, as evidenced by the significant changes in chemical composition. The increase in
AlL:Os and Na20O content, along with the decrease in SiOz, is indicative of the formation of a
zeolite structure with enhanced ion-exchange capacity and catalytic potential. The
physicochemical characteristics of the synthesized zeolite suggest that it is well-suited for
applications in catalysis, adsorption, and environmental remediation, where high surface area,
uniform pore distribution, and significant ion-exchange capacity are critical.

3.2 SEM Analysis of Al-Dross and Synthesized Zeolite

The SEM images of Al-Dross provide a detailed view of the microstructure of the raw material.
Al-Dross typically consists of a complex mixture of metallic aluminum and aluminum oxides,
along with other impurities such as salts, oxides of magnesium, and trace amounts of iron and
silicon. The SEM images reveal a heterogeneous surface morphology with large, irregularly
shaped particles interspersed with finer particulate matter. The larger particles appear to have
arough and uneven surface, indicative of the oxidation and agglomeration processes that occur
during the dross formation. Additionally, some areas show a flake-like or layered structure,
which may correspond to oxide layers or intermetallic compounds formed during aluminum
processing.

The SEM analysis of the synthesized zeolite shows a significant transformation in the
material's morphology compared to the raw Al-Dross. The images display well-formed,
crystalline structures that are characteristic of zeolite materials. The particles are more uniform
in size and shape, with distinct cubic or hexagonal crystal formations. These crystals are tightly
packed, forming a dense network of interlocking particles, which contrasts with the loose,
irregular aggregates observed in Al-Dross.

The surface of the zeolite crystals appears smooth and well-defined, indicative of a high degree
of crystallinity. The presence of uniform pores and channels is evident, which is a key feature
of zeolites that enhances their adsorption and ion exchange capabilities. The crystallization
process during synthesis has led to the formation of a porous material with a high surface area,
which is critical for its intended applications in catalysis, adsorption, and molecular sieving.
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Fig 3: SEM of Al-Dross and Zeolite
3.3 X-ray diffraction patterns (XRD):

Al-Dross, reflecting the successful formation of a crystalline zeolite structure. The pattern
exhibits sharp, well-defined peaks, indicative of a high degree of crystallinity and the presence
of a single-phase zeolite. Zeolite Structure: The XRD pattern shows characteristic peaks at 26
values around 7.4°, 10.3°, 12.5°, 20.7°, 23.3°, and 27.1°, which correspond to the specific
crystallographic planes of the zeolite framework (e.g., MFI-type or LTA-type zeolite,
depending on the synthesis conditions). These peaks are indicative of the formation of a highly
crystalline, well-ordered zeolite structure. Absence of Aluminum and Oxides: The peaks
associated with metallic aluminum and aluminum oxides (a-Al:Os) present in Al-Dross are
significantly diminished or absent in the synthesized zeolite, indicating that these phases have
been successfully converted into the zeolite structure. This transformation suggests that the
aluminum from the dross has been effectively incorporated into the aluminosilicate framework
of the zeolite.
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Figure 4: XRD patterns of a) Al-Dross and b) Zeolite

4. Application- Ion-exchange
The ion-exchange capacity (meq/g) of the zeolites varies across the different types, reflecting
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the diversity in their aluminosilicate frameworks and the extent of their cation-exchange
capabilities. Zeolite D-2 exhibits the highest ion-exchange capacity (5.0 - 6.0 meq/g), making
it particularly effective in applications that demand robust ion-exchange performance, such as
catalysis and gas separation. On the other hand, Zeolite D-7 shows the lowest ion-exchange
capacity (2.2 - 2.5 meq/g), which is still significant but suggests that its utility might be more
specialized, particularly in treating wastewater and radioactive waste where specific ion
selectivity is more critical than overall capacity.

Table 2: ion-exchange capabilities make them suitable for water softening and
environmental remediation
Ion-Exchange

Zeolite Type Capacity (meq/g) Selectivity for Ions Applications
. Na<sup>+</sup>, K<sup>+</sup>, Water softening, detergent
s el Ca<sup>2+</sup>, Mg<sup>2+</sup> builders
Na<sup>+</sup>, K<sup>+</sup>,
Zeolite D-2 5.0-6.0 Ca<sup>2+</sup>, Mg<sup>2+</sup>, Catalysis, gas separation
Ba<sup>2+</sup>
Na<sup>+</sup>, K<sup>+</sup>, .
Zeolite D-3  52-58 Ca<sup>2+</sup>, tcat*t‘lyS‘st’ wastewater
NH<sub>4</sub><sup>+</sup> reatmen
. Na<sup>+</sup>, K<sup>+</sup>, Water softening,
Zeolite D-4 4.5-35.2 Ca<sup>2+</sup>, Sr<sup>2+</sup> environmental remediation
Na<sup>+</sup>, K<sup>+</sup>

Zeolite D-5 4.0-5.0 > Catalysis, gas separation

Ca<sup>2+</sup>, Ba<sup>2+</sup>
Catalysis (hydrocracking,

Zeolite D-6 3.0-45 H<sup>+</sup>, Na<sup>+</sup>, hydroisomerization),
K<sup>+</sup> S .
petrochemical industries
Zeolite D-7 22-25 NH<sub>4</sub><sup>+</sup>, waste ’trea tment soil
Pb<sup>2+</sup>, Cs<sup>+</sup> - ’
remediation

5. Conclusion

The ion-exchange capabilities of zeolites make them highly effective for various applications
such as water softening, environmental remediation, and catalysis. Their high selectivity and
capacity for different ions, along with their thermal and chemical stability, underscore their
importance in industrial and environmental processes.Advances in synthesis and
characterization continue to enhance the performance and versatility of zeolites in ion-
exchange applications. Zeolites exhibit unique catalytic properties due to their tunable acidity,
pore structure, and high surface area, making them invaluable in various industrial
applications. Their ability to selectively catalyze a wide range of chemical reactions, from
hydrocracking to NOx reduction, highlights their versatility and importance in both
petrochemical processes and environmental remediation efforts. Advances in synthesis and
modification of zeolites continue to enhance their catalytic performance, offering sustainable
and efficient solutions to modern industrial challenges.
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