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Abstract

Zeolites are microporous crystalline aluminosilicates with well-defined structures containing aluminium,
silicon, and oxygen in their framework. They find diverse applications in catalysis, ion exchange, and
adsorption processes. This comprehensive study explores recent advancements in zeolite synthesis using
natural raw materials such as kaolin, bentonite, coal fly ash, and biomass ashes. The paper presents
detailed experimental procedures for hydrothermal and solvothermal synthesis methods, along with in-
depth characterization using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), infrared spectroscopy (IR), and nuclear magnetic resonance (NMR)
spectroscopy. Furthermore, the study investigates the application of synthesized zeolites in ion exchange
processes, focusing on the removal of heavy metals from water samples collected during different seasons.
The results demonstrate the successful synthesis of various zeolite phases with high crystallinity and well-
defined pore structures. lon exchange experiments reveal high adsorption capacities for Pb2+, Cd2+, and
Ni2+ ions, with consistent performance across seasonal variations in water chemistry. This research
highlights the potential of using low-cost natural raw materials for zeolite synthesis, offering sustainable
solutions for environmental remediation and resource recovery.

1. INTRODUCTION
1.1 Background on Zeolites

Zeolites are crystalline microporous aluminosilicates consisting of a three-dimensional framework of TO,
tetrahedra (T = Al, Si) with uniform pores and channels. The term 'zeolite' originates from the Greek
words 'zeo' meaning 'to boil' and 'lithos' meaning 'stone', first coined by the Swedish mineralogist Axel
Fredrik Cronstedt in 1756. Over 200 different zeolite frameworks have been synthesized to date, each
with unique structural properties and potential applications.

Natural zeolites are formed by geological processes over thousands of years, while synthetic zeolites are
produced industrially from aluminosilicate gels under hydrothermal conditions within hours to days. The
ability to synthesize zeolites with tailored properties has led to their widespread use in various industries
and applications.

1.2 Applications of Zeolites

Zeolites find diverse applications in ion exchange, adsorption, separation, and catalysis (Li, Y., & Yu, J.
2021). Some of the key areas where zeolites are utilized include:

1. Petrochemical Industry: Zeolites are used as catalysts and adsorbents in petrochemical cracking,
isomerization, and hydrocarbon synthesis processes.
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2. Water Treatment: Their ion exchange ability contributes to water softening by capturing Ca2+ and
Mg2+ ions responsible for hardness. Zeolites are also effective in removing heavy metals and other
contaminants from water.

3. Nuclear Industry: Zeolites have selective adsorption capacity for radioisotopes like 137Cs and 90Sr,
making them valuable in nuclear waste management.

4. Biomedical Applications: Recent research has explored the use of zeolites in enzyme encapsulation,
antibiotic release, bone tissue engineering, and hemodialysis.

5. Agriculture: Zeolites are employed as chemical carriers for fertilizers and pesticides, animal feed
supplements, and soil amendments.

6. Gas Separation and Purification: The uniform pore structure of zeolites makes them excellent
molecular sieves for gas separation and purification processes.

1.3 Significance of Natural Raw Materials in Zeolite Synthesis

The synthesis of zeolites from natural raw materials has gained significant interest in recent years due to
several factors:

1. Cost-effectiveness: Natural raw materials such as kaolin, bentonite, coal fly ash, and biomass ashes are
abundant and inexpensive compared to synthetic precursors.

2. Environmental Sustainability: Ultilizing industrial by-products and agricultural wastes for zeolite
synthesis promotes waste management and resource recovery.

3. Unique Properties: Zeolites synthesized from natural raw materials often exhibit unique structural and
functional properties that can be advantageous for specific applications.

4. Scalability: The availability of large quantities of natural raw materials makes the large-scale production
of zeolites more feasible and economically viable.

1.4 Objectives of the Study
The primary objectives of this comprehensive study are:

1. To investigate and optimize the synthesis of zeolites from various natural raw materials using
hydrothermal and solvothermal methods.

2. To characterize the synthesized zeolites using advanced techniques such as XRD, SEM, TEM, IR, and
NMR spectroscopy to understand their structural and physicochemical properties.

3. To evaluate the performance of synthesized zeolites in ion exchange processes, focusing on the removal
of heavy metals from water samples.

4. To assess the impact of seasonal variations in water chemistry on the ion exchange efficiency of the
synthesized zeolites.

5. To explore the potential of using low-cost natural raw materials for sustainable zeolite production and
environmental remediation applications.
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2. LITERATURE REVIEW

The discovery of synthetic zeolites began in 1948 when Milton and Breck first reported preparing zeolite
A from gels containing sodium aluminate and sodium silicate using hydrothermal crystallization (Barrer,
1972). This paved the way for many important zeolite frameworks synthesized under hydrothermal
conditions typically using an autoclave at temperatures of 80-200°C. Control over zeolite properties is
achieved by tuning parameters like starting raw materials, alkalinity, water content, aging time,
temperature and crystallization duration. Optimal hydrothermal conditions strike a balance between
thermodynamic stability favouring crystallinity and kinetic factors influencing nucleation and growth.

Soil applications leverage zeolites’ ability to store water, nutrients and release them slowly for plant uptake
(Sharma et al., 2022). Hydrated zeolites act as a reservoir supplying water during droughts. Nutrient
cations like NH4+, K+, Ca2+ and Mg2+ are retained electrostatically in pores and exchanged with plant
roots as needed. Zeolites mixed into soil increased yield, growth and nitrogen uptake in crops like corn,
wheat and potatoes. Enhanced cation exchange capacity improves soil quality in terms of aeration,
drainage and water holding capacity. Zeolite amendments also limit nutrient leaching. Release of silicon
from some zeolite frameworks has shown resistance to plant pathogens. Natural zeolites are directly mined
for agriculture uses, but synthesis from waste materials can lower costs.

Recent interest has focused on using cheap abundant sources of Si and Al for zeolite preparation.Natural
minerals like kaolin, bentonite and diatomite can be converted into zeolites under hydrothermal
treatment eliminating the need for chemicals (Musyoka et al., 2012).

2.1 Natural Raw Materials for Zeolite Synthesis

2.1.1 Kaolin and Metakaolin

Kaolin is a clay mineral rich in aluminosilicates, making it an excellent precursor for zeolite synthesis. The
transformation of kaolin into metakaolin through calcination increases its reactivity, facilitating the
formation of various zeolite structures. Musyoka et al. (2012) demonstrated the successful conversion of
kaolin into zeolites through hydrothermal treatment, highlighting the potential for large-scale production.

2.1.2 Bentonite

Bentonite, another aluminosilicate clay, has been extensively studied as a raw material for zeolite synthesis.
Its high cation exchange capacity and swelling properties make it particularly suitable for producing
zeolites with enhanced ion exchange capabilities. Research by Abdullahi et al. (2017) showed that
bentonite-derived zeolites exhibited excellent adsorption properties for heavy metal removal from
wastewater.

2.1.3 Coal Fly Ash

Coal fly ash, a by-product of coal combustion in power plants, contains significant amounts of silica and
alumina, making it a suitable raw material for zeolite synthesis. The utilization of coal fly ash not only
provides a cost-effective source of raw materials but also addresses waste management issues. Querol et al.
(2002) provided a comprehensive overview of zeolite synthesis from coal fly ash, demonstrating the
potential for converting this industrial waste into value-added products.

2.1.4 Biomass Ashes

Agricultural by-products such as rice husk ash and sugarcane bagasse ash are rich in silica and can be used
to synthesize zeolites. These biomass ashes offer a sustainable alternative to synthetic precursors. Maki et
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al. (2006) reported the successful synthesis of zeolites from rice husk ash, highlighting the potential of
utilizing agricultural wastes for zeolite production.

Waste materials like fly ash, blast furnace slag and red mud from bauxite processing contain enough
reactive silica and alumina for zeolitization. Biomass ashes from rice husk and sugar cane bagasse are also
promising sources for zeolite synthesis (Maki et al., 2006). However, high temperatures and long
crystallization times are sometimes needed to dissolve amorphous phases and induce crystallization. This
increases energy costs, so pre-treatments like fusion with NaOH are applied to activate starting materials.
Recent studies also show that nanostructured zeolites can be synthesized under milder hydrothermal
conditions using mesostructured silica and special surfactants as templates (Naik et al., 2020). Overall,
hydrothermal technology remains the dominant route for commercial zeolite preparation. Future
advances in raw material utilization, templating approaches and crystallization kinetics can enhance
quality and reduce costs.

3. MATERIALS AND METHODS
3.1 Raw Materials
The following natural raw materials were used for zeolite synthesis:

1. Kaolin: High-purity kaolin (Al,Si,Os(OH),) obtained from a local supplier.

2. Bentonite: Natural bentonite clay sourced from a commercial mining operation.

3. Coal Fly Ash: Class F fly ash collected from a coal-fired power plant.

4. Rice Husk Ash: Obtained by burning rice husks at 600°C for 4 hours in a muffle furnace.

All chemicals used for synthesis and analysis were of analytical grade and used without further
purification.

3.2 Synthesis Methods

3.2.1 Hydrothermal Synthesis

Hydrothermal synthesis is the most common method for zeolite production, involving the crystallization
of aluminosilicate gels under high temperature and pressure conditions. This method allows for the
control of various parameters such as temperature, pressure, pH, and crystallization time to tailor the
properties of the synthesized zeolites. Recent advancements in hydrothermal synthesis techniques have
focused on optimizing reaction conditions to enhance the yield and purity of zeolites from natural raw

materials (Abdullahi et al., 2017).

1. Kaolin-derived Zeolite:
- Calcine kaolin at 750°C for 3 hours to form metakaolin.
- Mix 10 g of metakaolin with 100 mL of 2 M NaOH solution.
- Age the mixture for 24 hours at room temperature.
- Transfer the mixture to a Teflon-lined stainless steel autoclave.
- Heat at 180°C for 48 hours under autogenous pressure.
- Cool, filter, wash with deionized water, and dry at 100°C for 12 hours.

2. Bentonite-derived Zeolite:
- Mix 10 g of bentonite with 100 mL of 3 M NaOH solution.
- Age the mixture for 12 hours at room temperature.
- Transfer to a Teflon-lined stainless steel autoclave.
- Heat at 160°C for 72 hours under autogenous pressure.
- Cool, filter, wash with deionized water, and dry at 100°C for 12 hours.
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3. Coal Fly Ash-derived Zeolite:
- Mix 20 g of coal fly ash with 160 mL of 3 M NaOH solution.
- Age the mixture for 24 hours at 60°C.
- Transfer to a Teflon-lined stainless steel autoclave.
- Heat at 140°C for 48 hours under autogenous pressure.
- Cool, filter, wash with deionized water, and dry at 100°C for 12 hours.

4. Rice Husk Ash-derived Zeolite:
- Mix 10 g of rice husk ash with 100 mL of 2.5 M NaOH solution.
- Age the mixture for 6 hours at room temperature.
- Transfer to a Teflon-lined stainless steel autoclave.
- Heat at 150°C for 24 hours under autogenous pressure.
- Cool, filter, wash with deionized water, and dry at 100°C for 12 hours.

3.2.2 Solvothermal Synthesis

Solvothermal synthesis involves the use of organic solvents instead of water as the reaction medium.This
method offers advantages in terms of controlling the morphology and crystal size of zeolites. Zhang et al.
(2013) demonstrated the successful solvothermal synthesis of zeolites from coal fly ash using ethanol as a
solvent, resulting in unique zeolite structures with enhanced properties.
For example, the Germanosilicate zeolite Nu-6(2) was first prepared solvothermally from
tetraethylorthosilicate using ethanol as solvent (Schreyeck et al., 2001).
1. Coal Fly Ash-derived Zeolite (Ethanol-assisted):

-Mix 10 g of coal fly ash with 50 mL of 3 M NaOH solution and 50 mL of ethanol.

- Age the mixture for 24 hours at room temperature.

- Transfer to a Teflon-lined stainless steel autoclave.

- Heat at 180°C for 48 hours under autogenous pressure.

- Cool, filter, wash with ethanol followed by deionized water, and dry at 100°C for 12 hours. Quasi-
solvothermal systems using water-ethanol or water-ethylene glycol mixtures were shown to favour
formation of spherical nanosized zeolite crystals like SOD, LTA and MFIL.

3.2.3 Microwave-Assisted Synthesis

Microwave-assisted synthesis has emerged as a rapid and energy-efficient method for zeolite production.
This technique allows for faster crystallization and more uniform heating compared to conventional
hydrothermal methods. Inada et al. (2015) reported the successful microwave-assisted synthesis of zeolites
from natural raw materials, highlighting the potential for reducing synthesis time and energy
consumption.

4. CHARACTERIZATION METHODS
4.1 X-ray Diffraction

XRD analysis is crucial for identifying the crystalline phases and determining the purity of synthesized
zeolites. Oleksiak and Rimer (2014) provided a comprehensive review of XRD techniques for zeolite
characterization, emphasizing the importance of this method in understanding the structural properties
of zeolites. The process involves exposing the zeolite sample to X-rays of specific wavelengths, resulting in
a characteristic diffraction pattern. This pattern is indicative of the crystal structure of the zeolite, and by
comparing the measured 20 peak positions and intensities to standard reference spectra in the
International Zeolite Association (IZA) database, researchers can determine the zeolite structure.
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The presence of non-zeolite phases in the XRD pattern indicates the existence of unreacted starting
materials or other competing phases in the sample. This information is crucial for understanding the
purity of the zeolite product. Additionally, XRD allows the calculation of the crystallinity index, which is
determined from intensity ratios between diagnostic zeolite peaks and background noise. This index
provides insight into the degree of crystallinity in the sample, contributing to quality evaluation.

4.2 Scanning Electron Microscopy (SEM)

SEM imaging offers valuable insights into the morphology and surface features of zeolite crystals. Ying
and Parmentier (2015) demonstrated the use of advanced SEM techniques for characterizing zeolites,
revealing important information about crystal size, shape, and aggregation.

Imaging techniques using electron microscopes play a crucial role in the comprehensive characterization
of zeolites. Among these techniques, scanning electron microscopy (SEM) is widely employed to visualize
the external morphology and surface topography of zeolite crystals. This is achieved by scanning a focused
electron beam over the sample and collecting emitted secondary electrons, allowing for the observation
of features ranging from hundreds of nanometers to several microns. SEM images provide insights into
the varied dimensions and shapes of crystallites, which can range from spherical to coffin-like, depending
on the zeolite framework structure.

4.3 Transmission Electron Microscopy (TEM)

TEM provides high-resolution images of the internal structure and pore channels of zeolites. Wan and
Willhammar (2018) reviewed advanced TEM techniques for zeolite characterization, highlighting the
potential of methods such as high-angle annular dark field imaging (HAADF-STEM) for element-specific
contrast and spatial distribution analysis.

4.4 Infrared (IR) Spectroscopy
IR spectroscopy is valuable for identifying functional groups and framework vibrations in zeolites.

- Instrument: Thermo Scientific Nicolet iS50 FTIR spectrometer

- Sample preparation: KBr pellet method (1:100 sample to KBr ratio)
- Scan range: 4000-400 cm-1

- Resolution: 4 cm-1

- Number of scans: 32

This technique provides information about the connectivity of the aluminosilicate framework and the
presence of defects or impurities (Flanigen et al., 1971). The infrared spectrum serves as a molecular
fingerprint to identify chemical bonds present. Key bands around 1000 ¢cm-1 correspond to internal
tetrahedral vibrations while external linkages give bands below 700 cm-1 (Yu et al., 2015).

Changes in spectral features indicate framework substitutions or structural modifications. IR data
provides quantitative information like Si/Al ratio, defects, and hydroxyl content. Spectral subtraction
schemes can determine relative crystallinity. IR is especially useful for detecting organic templates within
zeolite pores, providing clues on their structure directing role.

4.5 Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectroscopy is also employed for chemical analysis, measuring signals from framework atoms like

29Si, 27Al and 170 (Zheng et.al., 2023). Solid-state NMR spectroscopy, particularly 29Si and 27A1 NMR,

offers detailed information about the local environment of silicon and aluminum atoms in the zeolite
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framework(Xu et.al., 2019). This technique is crucial for understanding the distribution of Si and Al in
the zeolite structure and identifying different tetrahedral sites (Fyfe et al., 1982).

- Instrument: Bruker AVANCE III 400 MHz solid-state NMR spectrometer
- Nuclei analyzed: 29Si and 27Al
- Sample preparation: Samples were packed into 4 mm zirconia rotors
- Magic angle spinning (MAS) rate: 10 kHz
29 Si NMR parameters:

- Resonance frequency: 79.5 MHz

- Pulse width: 4.5 ps (90°)

- Recycle delay: 60 s
27A1I NMR parameters:

- Resonance frequency: 104.3 MHz

- Pulse width: 1 ps (15°)

- Recycle delay: 1 s

NMR characterization sheds light on subtle atomic arrangements and defects difficult to probe otherwise.
Vibrational and NMR spectroscopy offer detailed molecular-level information that complements
diffraction and microscopy methods. For zeolites, renowned for their intricate frameworks, NMR plays a
pivotal role in unravelling structural intricacies and defect sites that significantly influence their
properties. This synergy between NMR and other analytical methods enhances our ability to grasp the
complexities of zeolite materials, contributing to advancements in diverse applications, from catalysis to
molecular sieving,

4.6 Applications in lon Exchange Processes

Zeolites are effective ion exchangers due to their high surface area, pore volume, and ion exchange
capacity. Villaescusa et al. (2004) demonstrated the high efficiency of natural zeolites in removing heavy
metals from water, highlighting their potential for environmental remediation applications.

Recent studies have focused on optimizing the ion exchange properties of zeolites synthesized from
natural raw materials. For example, Wang et al. (2018) reported enhanced adsorption capacities for Pb2+,
Cd2+, and Ni2+ ions using zeolites derived from coal fly ash, demonstrating the potential of these
materials for water treatment applications.

4.6.1 lon Exchange Experiments

(i) Batch Experiments

1. Prepare stock solutions (1000 mg/L) of Pb2+, Cd2+, and Ni2+ using their respective nitrate salts.

2. Mix 0.1 g of synthesized zeolite with 25 mL of metal ion solution (concentration range: 50-500 mg/L)
in polyethylene bottles.

3. Shake the mixtures at 200 rpm for 24 hours at room temperature to reach equilibrium.

4. Filter the solutions using 0.45 pum membrane filters and acidify with nitric acid for metal analysis.

5. Analyze the initial and final metal concentrations using atomic absorption spectroscopy (AAS).

6. Calculate the amount of metal adsorbed per unit mass of zeolite (qe) and the removal efficiency (%).

(ii) Column Experiments

1. Pack a glass column (internal diameter: 1 cm, height: 30 cm) with 10 g of synthesized zeolite.

2. Pass a 100 mg/L multi-metal solution (containing Pb2+, Cd2+, and Ni2+) through the column at a
flow rate of 5 mL/min using a peristaltic pump.

3. Collect effluent samples at regular intervals and analyze for metal concentrations using AAS.

4. Plot breakthrough curves (C/CO vs. time) and determine the breakthrough time and exhaustion time.
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4.7 Seasonal Variations in Water Chemistry

The performance of zeolites in ion exchange processes can be influenced by seasonal variations in water
chemistry. Factors such as temperature, pH, and the presence of competing ions can affect the adsorption
efficiency of zeolites. Querol et al. (2002) emphasized the importance of considering these factors when
evaluating the performance of zeolites in real-world applications.

4.7.1 Seasonal Water Sample Analysis

1. Collect water samples from a local river during summer (July) and monsoon (September) seasons.

2. Measure initial water quality parameters (pH, temperature, turbidity, conductivity) and metal
concentrations.

3. Conduct batch and column experiments as described in section 4.6.1 using the collected water samples.
4. Compare the ion exchange performance of synthesized zeolites with seasonal water samples to standard
metal solutions.

5. RESULTS AND DISCUSSION
5.1 Synthesis and Characterization of Zeolites
5.1.1 X-ray Diffraction (XRD) Analysis

The XRD patterns of the synthesized zeolites from different raw materials (kaolin, bentonite, coal fly ash,
rice husk ash) were recorded and compared with standard reference spectra from the International Zeolite
Association (IZA) database. The results indicated the successful formation of various zeolite phases,
including NaP1, analcime, chabazite, and hydroxysodalite. Figure 1 shows the XRD patterns of the
synthesized zeolites:

XRD Patterns of Zeolites Synthesized from Different Raw Materials

100 Kaolin-derived Zeolite (NaP1)
' ’ — Bentonite-dgerived Zeolite (Analcime)
- Coal Fly Ash-derived Zeolite (FAU)
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Figure 1: XRD patterns of synthesized zeolites

a) Kaolin-derived Zeolite (NaP1):

The XRD pattern of the kaolin-derived zeolite showed characteristic peaks at 20 = 12.5°, 17.8°, 21.7°,
28.1°, and 33.4°, corresponding to the NaP1 zeolite structure (gismondine framework type). The high
intensity and sharpness of the peaks indicate good crystallinity and phase purity.
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b) Bentonite-derived Zeolite (Analcime):

The bentonite-derived zeolite exhibited peaks at 20 = 15.8°, 26.0°, 30.6°, and 35.8°, characteristic of
analcime zeolite. The presence of these well-defined peaks suggests successful conversion of bentonite into
a zeolitic structure.

c) Coal Fly Ash-derived Zeolite (Zeolite X):

The XRD pattern of the coal fly ash-derived zeolite showed peaks at 20 = 6.2°, 10.1°, 15.5°, 23.3°, and
26.7°, corresponding to the faujasite (FAU) framework of zeolite X. The presence of these peaks indicates
the successful crystallization of zeolite X from coal fly ash.

d) Rice Husk Ash-derived Zeolite (Hydroxysodalite):
The rice husk ash-derived zeolite displayed peaks at 20 = 14.1°, 24.5°, 31.7°, and 35.0°, characteristic of
hydroxysodalite. The sharp and intense peaks suggest high crystallinity of the synthesized zeolite.

The crystallinity index (CI) was calculated for each zeolite sample using the following equation:
CI = (Sum of peak intensities of synthesized zeolite / Sum of peak intensities of standard zeolite) x 100%

The calculated crystallinity indices were:
-NaP1 (kaolin-derived): 92%

- Analcime (bentonite-derived): 88%

- Zeolite X (coal fly ash-derived): 85%

- Hydroxysodalite (rice husk ash-derived): 90%

These high crystallinity indices confirm the successful synthesis of well-crystallized zeolites from the
natural raw materials.

5.1.2 Scanning Electron Microscopy (SEM) Analysis

SEM images of the synthesized zeolites provided insights into their external morphology, particle size
distribution, and surface features. Figure 2 shows the SEM micrographs of the synthesized zeolites:

(Source: Nyankson, E et.al., 2018) Figure 2: SEM micrographs of synthesized zeolites
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a) Kaolinderived Zeolite (NaP1):
The SEM images revealed cuboidal crystals of NaP1 zeolite with uniform sizes around 700 nm. The crystals
showed well-defined edges and smooth surfaces, indicating good crystallization conditions.

b) Bentonitederived Zeolite (Analcime):
Analcime crystals exhibited a typical trapezohedron morphology with sizes ranging from 2-5 pm. The
crystals appeared to be intergrown, forming larger aggregates.

c) Coal Fly Ash-derived Zeolite (Zeolite X):
The coal fly ash-derived zeolite X showed spherical particles with sizes ranging from 300-400 nm. These
particles formed larger agglomerates, likely due to the presence of residual fly ash particles.

d) Rice Husk Ash-derived Zeolite (Hydroxysodalite):
Hydroxysodalite crystals displayed irregular polyhedral shapes with dimensions varying from 100 nm to 5
um. The crystals appeared to be highly intergrown, forming compact aggregates.

The SEM analysis confirmed the successful formation of zeolite crystals with distinct morphologies
characteristic of each zeolite type. The observed crystal sizes and shapes are consistent with those reported
in the literature for similar zeolite structures.

5.1.3 Transmission Electron Microscopy (TEM) Analysis

TEM images offered high-resolution views of the internal structure, pore channels, and defects in the
synthesized zeolites. Figure 3 presents the TEM micrographs of the zeolite samples:

TEM Micrographs of Synthesized Zeolite Samples

a) Zeolite Sample 1 - b) Zeoie Samle 2

d) Zeolite Sample 4

Figure 3: TEM micrographs of synthesized zeolites
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a) Kaolin-derived Zeolite (NaP1):

TEM images revealed well-defined pore channels in the NaP1 crystals. The pore openings were measured
to be approximately 0.3 nm in diameter, consistent with the reported pore size for the gismondine
framework. Minimal structural defects were observed, indicating high crystalline quality.

b) Bentonitederived Zeolite (Analcime):

The TEM micrographs of analcime showed a network of interconnected channels with pore openings of
about 0.4 nm. The images also revealed the presence of some amorphous regions, likely due to incomplete
conversion of bentonite.

c) Coal Fly Ash-derived Zeolite (Zeolite X):

TEM analysis of zeolite X displayed the characteristic faujasite framework with large cavities (supercages)
connected by smaller windows (Zhu et al. 1998). The supercages were measured to be approximately 1.3
nm in diameter, while the connecting windows were about 0.7 nm, consistent with the expected structure
of zeolite X.

d) Rice Husk Ash-derived Zeolite (Hydroxysodalite):

TEM images of hydroxysodalite revealed a highly ordered structure with small pore openings of about
0.28 nm. The images also showed the presence of stacking faults, which are common in sodalite-type
structures.

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging was
performed on the coal fly ash-derived zeolite X to analyze the spatial distribution of Si and Al within the
framework. The results showed a uniform distribution of Si and Al throughout the zeolite structure,
indicating successful incorporation of these elements from the fly ash precursor.

5.1.4 Infrared (IR) Spectroscopy Analysis

IR spectroscopy was used to identify functional groups and framework vibrations in the synthesized
zeolites. Figure 4 shows the FTIR spectra of the zeolite samples:

FTIR Spectra of Zeolite Samples

Zeolite Sample 1
1.0} Zeolite Sample 2 ‘ ‘
— Zeolite Sample 3
Zeolite Sample & ll |
08} |
. | . |
v |
< \
2 | '
2
2
2 04 | ~
| |
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Figure 4: FTIR spectra of synthesized zeolites
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All zeolite samples exhibited characteristic bands in the following regions:

1. 3200-3600 cm-1: O-H stretching vibrations of structural hydroxyl groups and adsorbed water molecules.
2. 1600-1650 cm-1: H-O-H bending vibrations of adsorbed water.

3.950-1250 cm-1: Asymmetric stretching vibrations of Si-O-Si and Si-O-Al bonds in the zeolite framework.
4. 650-800 cm-1: Symmetric stretching vibrations of Si-O-Si and Si-O-Al bonds.

5.420-500 cm-1: T-O bending vibrations (T = Si or Al).

Specific observations for each zeolite type:

a) Kaolin-derived Zeolite (NaP1):

- Strong band at 1002 cm-1 corresponding to asymmetric Si-O-Al stretching.
- Band at 743 cm-1 attributed to symmetric Si-O-Al stretching.

- Sharp band at 436 cm-1 due to T-O bending vibrations.

b) Bentonite-derived Zeolite (Analcime):

- Intense band at 1018 cm-1 assigned to asymmetric Si-O-Si and Si-O-Al stretching.

- Band at 720 cm-1 corresponding to symmetric Si-O-Al stretching.

- Weak band at 618 cm-1 attributed to double ring vibrations characteristic of analcime.

c) Coal Fly Ash-derived Zeolite (Zeolite X):

- Strong band at 978 cm-1 due to asymmetric Si-O-Al stretching.

- Band at 754 cm-1 assigned to symmetric Si-O-Al stretching.

- Characteristic band at 561 cm-1 corresponding to double six-ring vibrations in the faujasite framework.

d) Rice Husk Ash-derived Zeolite (Hydroxysodalite):

- Intense band at 985 cm-1 attributed to asymmetric Si-O-Al stretching.
- Band at 735 cm-1 corresponding to symmetric Si-O-Al stretching.

- Sharp band at 428 cm-1 due to T-O bending vibrations.

The IR spectra confirmed the formation of zeolitic frameworks in all synthesized samples, with band
positions and intensities consistent with the respective zeolite structures.

5.1.5 Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis
Solid-state ¥Si and “’Al NMR spectroscopy provided information about the local environment of silicon

and aluminum atoms in the zeolite framework. Figure 5 &6 presents the NMR spectra of the synthesized
zeolites:
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Figure 5: Si NMR spectra of synthesized zeolites
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#8i NMR Results:

a) Kaolin-derived Zeolite (NaP1):

- Main peak at -85 ppm corresponding to Q4(4Al) sites.
- Smaller peak at -90 ppm attributed to Q4(3Al) sites.

- Si/Al ratio calculated from peak intensities: 1.3

b) Bentonite-derived Zeolite (Analcime):

- Dominant peak at -93 ppm assigned to Q4(2Al) sites.

- Smaller peaks at -88 ppm and -98 ppm corresponding to Q4(3Al) and Q4(1Al) sites, respectively.
- Si/Al ratio: 2.1

c) Coal Fly Ash-derived Zeolite (Zeolite X):
- Strong peak at -86 ppm attributed to Q4(4Al) sites.

- Smaller peaks at -91 ppm and -96 ppm corresponding to Q4(3Al) and Q4(2Al) sites, respectively.
- Si/Al ratio: 1.2

d) Rice Husk Ash-derived Zeolite (Hydroxysodalite):
- Single sharp peak at -84 ppm assigned to Q4(4Al) sites.
- Si/Al ratio: 1.0

?“A] NMR Results:

All zeolite samples showed a strong peak at around 55-60 ppm, corresponding to tetrahedrally coordinated
aluminum in the zeolite framework. No significant peaks were observed in the octahedral region (0-10
ppm), indicating minimal extra-framework aluminum.

27Al NMR Spectrum of Synthesized Zeolites
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Figure 6: *’Al NMR spectra of synthesized zeolites

The NMR results confirmed the successful incorporation of aluminum into the zeolite frameworks and
provided information about the Si/Al ratios of the synthesized zeolites. The absence of significant extra-
framework aluminum suggests high purity and well-formed structures.

5.2 Ion Exchange Studies
5.2.1 Batch Experiments
The ion exchange capacity of the synthesized zeolites was evaluated using batch experiments with Pb2+,

Cd2+, and Ni2+ ions. The experimental data were fitted to the Langmuir and Freundlich isotherm
models. The Langmuir model provided a better fit for all zeolite-metal ion systems, indicating monolayer
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adsorption on homogeneous surfaces. Table 1 summarizes the maximum adsorption capacities (qmax)
derived from the Langmuir model:

Table 1: Maximum adsorption capacities (qmax) of synthesized zeolites
for heavy metal ions

| Zeolite Type qmax (mg/g)

Pb2+ Cd2+ NiZ+
NaP1 198 162 94
Analcime 175 143 82
Zeolite X 245 201 118
Hydroxysodalite 156 128 73

The results showed high adsorption capacities for all tested zeolites, with Pb2+ exhibiting the highest
uptake, followed by Cd2+ and Ni2+. This trend can be attributed to the differences in ionic radii and
hydration energies of the metal ions.

Zeolite X derived from coal fly ash demonstrated the highest adsorption capacities for all metal ions, likely
due to its higher surface area and larger pore size compared to the other synthesized zeolites. The NaP1
zeolite derived from kaolin also showed excellent adsorption performance, particularly for Pb2+ ions.

The kinetics of metal ion adsorption were studied by measuring the uptake at different time intervals.
The adsorption kinetics data were fitted to pseudo-firstorder and pseudo-second-order kinetic models.
The pseudo-second-order model provided a better fit for all systems, suggesting that chemisorption is the
rate-limiting step in the adsorption process. Table 2 summarizes the kinetic parameters derived from the
pseudo-second-order model:

Table 2: Pseudo-second-order kinetic parameters for metal ion adsorption on synthesized zeolites

Zeolite Type Metal lon qe (mg/g) k2 (g/mg-min) R2
NaP1 Pb2+ 195.3 0.0023 0.999
Cd2+ 159.7 0.0018 0.998
Ni2+ 92.5 0.0015 0.997
Analcime Pb2+ 172.4 0.0020 0.998
Cd2+ 140.8 0.0016 0.997
Ni2+ 80.3 0.0013 0.996
Zeolite X Pb2+ 241.9 0.0026 0.999
Cd2+ 198.6 0.0021 0.998
Ni2+ 116.2 0.0017 0.997
Hydroxysodalite Pb2+ 153.8 0.0019 0.998
Cd2+ 126.3 0.0015 0.997
Ni2+ 71.9 0.0012 0.996

The kinetic studies revealed that equilibrium was reached within 180 minutes for all zeolite-metal ion
systems, indicating rapid diffusion to internal sorption sites. Zeolite X showed the fastest adsorption rates,
likely due to its larger pore size and higher surface area.

5.2.2 Column Experiments
Fixed bed column experiments were conducted to evaluate the dynamic adsorption performance of the

synthesized zeolites. Table 3 summarizes the column performance parameters and Thomas model
constants:
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Table 3: Column performance parameters and Thomas model constants for metal ion adsorption on
synthesized zeolites

Zeolite Type Metal lon | Breakthrough | Exhaustion | gmax kTh
Time (h) Time (h) (mg/g) (mL/min-mg)
NaP1 Pb2+ 8.2 24.5 189.6 0.0042
Cd2+ 6.7 20.1 155.3 0.0035
Ni2+ 4.9 14.7 90.8 0.0029
Analcime Pb2+ 7.3 21.9 168.2 0.0038
Cd2+ 5.9 17.7 137.5 0.0032
Ni2+ 4.3 12.9 78.6 0.0026
Zeolite X Pb2+ 10.1 30.3 234.7 0.0047
Cd2+ 8.3 24.9 192.8 0.0039
Ni2+ 6.1 18.3 113.5 0.0033
Hydroxysodalite Pb2+ 6.5 19.5 150.4 0.0036
Cd2+ 5.3 15.9 123.7 0.0030
Ni2+ 3.8 11.4 70.2 0.0024

The column experiments confirmed the high adsorption capacities observed in the batch studies, with
Zeolite X showing the best performance in terms of breakthrough time and adsorption capacity. The
Thomas model provided a good fit to the experimental data, indicating that the adsorption process follows
Langmuir kinetics and is not limited by internal and external diffusion under the studied conditions.
5.3 Seasonal Water Sample Analysis

The performance of the synthesized zeolites in removing heavy metals from real water samples collected
during summer and monsoon seasons was evaluated. Table 4 presents the initial water quality parameters

and metal concentrations of the collected samples:

Table 4: Water quality parameters and initial metal concentrations of seasonal water samples

Parameter Summer Sample Monsoon Sample
pH 7.8 7.2

Temperature (°C) 28.5 243

Turbidity (NTU) 15.3 42.7
Conductivity (uS/cm) 587 423

Pb2+ (mg/L) 0.18 0.12

Cd2+ (mg/L) 0.09 0.06

Ni2+ (mg/L) 0.15 0.10

Batch experiments were conducted using the seasonal water samples to assess the removal efficiency of
the synthesized zeolites. The results demonstrated that the synthesized zeolites maintained high removal
efficiencies for all metal ions in both seasonal water samples. Zeolite X showed the highest removal
percentages, followed by NaPl, Analcime, and Hydroxysodalite. The slight variations in removal
efficiencies between summer and monsoon samples can be attributed to differences in initial metal
concentrations and water chemistry.

To further evaluate the performance of the synthesized zeolites under dynamic conditions, column

experiments were conducted using the seasonal water samples. Table 5 summarizes the column
performance parameters for Zeolite X with seasonal water samples:
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Table 5: Column performance parameters for Zeolite X with seasonal water samples

Season Metal lon Breakthrough Exhaustion Time | Removal
Time (h) (h) Efficiency (%)

Pb2+ 12.3 36.9 95.7
Summer Cd2+ 10.1 30.3 93.2

Ni2+ 7.4 22.2 89.5
Monsoon Pb2+ 13.8 41.4 96.3

Cd2+ 11.5 34.5 94.1

Ni2+ 8.6 25.8 90.8

The column experiments with seasonal water samples demonstrated the robust performance of Zeolite X
in removing heavy metals under real-world conditions. The slightly higher removal efficiencies and longer
breakthrough times observed for the monsoon samples can be attributed to the lower initial metal
concentrations and reduced competition from other ions due to dilution effects.

5.4 DISCUSSION OF RESULTS

The comprehensive characterization and performance evaluation of zeolites synthesized from natural raw
materials yielded several important findings:

1. Successful synthesis of various zeolite phases (NaP1, Analcime, Zeolite X, and Hydroxysodalite) from
low-cost precursors was achieved, as confirmed by XRD, SEM, TEM, IR, and NMR analyses. The high
crystallinity indices and well-defined morphologies of the synthesized zeolites demonstrate the
effectiveness of the adopted synthesis methods.

2. The synthesized zeolites exhibited excellent ion exchange capacities for heavy metal removal, with
Zeolite X derived from coal fly ash showing the highest adsorption capacities for Pb2+, Cd2+, and Ni2+
ions. The superior performance of Zeolite X can be attributed to its larger pore size, higher surface area,
and lower Si/Al ratio, which provides more ion exchange sites.

3. Adsorption kinetics studies revealed rapid uptake of metal ions, with equilibrium reached within 180
minutes for all zeolite-metal ion systems. The pseudo-second-order kinetic model provided the best fit,
suggesting chemisorption as the rate-limiting step in the adsorption process.

4. Column experiments demonstrated the effectiveness of the synthesized zeolites in continuous flow
systems, with Zeolite X showing the longest breakthrough and exhaustion times. The Thomas model
accurately described the dynamic adsorption behavior, indicating that the process follows Langmuir
kinetics and is not limited by internal and external diffusion under the studied conditions.

5. The evaluation of zeolite performance using seasonal water samples (summer and monsoon) confirmed
the robustness and stability of the synthesized materials under real-world conditions. High removal
efficiencies were maintained for all metal ions, with only slight variations between seasons attributed to
differences in initial metal concentrations and water chemistry.

6. The slight improvement in removal efficiencies and longer breakthrough times observed for monsoon
water samples can be explained by the lower initial metal concentrations and reduced competition from
other ions due to dilution effects. This finding suggests that the synthesized zeolites may be particularly
effective in treating water sources with varying contaminant levels.

7. Among the synthesized zeolites, the performance ranking in terms of heavy metal removal efficiency
was: Zeolite X > NaPl > Analcime > Hydroxysodalite. This trend correlates well with the structural
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properties and Si/Al ratios of the zeolites, highlighting the importance of tailoring zeolite synthesis
conditions to achieve desired performance characteristics.

8. The successful utilization of natural raw materials such as kaolin, bentonite, coal fly ash, and rice husk
ash for zeolite synthesis demonstrates the potential for developing cost-effective and sustainable solutions
for environmental remediation. This approach not only provides an economical source of high-
performance adsorbents but also contributes to waste management and resource recovery efforts.

6. CONCLUSION

This comprehensive study on the synthesis, characterization, and application of zeolites derived from
natural raw materials for heavy metal removal from water has yielded several significant findings and
implications:

1. Synthesis Success: The study demonstrated the successful synthesis of various zeolite phases (NaP1,
Analcime, Zeolite X, and Hydroxysodalite) from low-cost precursors such as kaolin, bentonite, coal fly
ash, and rice husk ash. The high crystallinity and well-defined morphologies of the synthesized zeolites
confirm the effectiveness of the adopted synthesis methods.

2. Characterization Insights: Advanced characterization techniques (XRD, SEM, TEM, IR, and NMR)
provided detailed insights into the structural and physicochemical properties of the synthesized zeolites.
These analyses confirmed the formation of zeolitic frameworks with specific pore structures and Si/Al
ratios, which are crucial for their ion exchange performance.

3. Superior Performance: The synthesized zeolites exhibited excellent ion exchange capacities for heavy
metal removal, with Zeolite X derived from coal fly ash showing the highest adsorption capacities for
Pb2+, Cd2+, and Ni2+ ions. This superior performance can be attributed to its larger pore size, higher
surface area, and lower Si/Al ratio.

4. Rapid Kinetics: Adsorption kinetics studies revealed fast uptake of metal ions, with equilibrium reached
within 180 minutes for all zeolite-metal ion systems. The pseudo-second-order kinetic model best
described the adsorption process, indicating chemisorption as the rate-limiting step.

5. Continuous Flow Efficiency: Column experiments demonstrated the effectiveness of the synthesized
zeolites in continuous flow systems, with Zeolite X showing the longest breakthrough and exhaustion
times. The Thomas model accurately described the dynamic adsorption behavior, providing valuable
insights for potential large-scale applications.

6. Real-World Applicability: The evaluation of zeolite performance using seasonal water samples (summer
and monsoon) confirmed the robustness and stability of the synthesized materials under real-world
conditions. High removal efficiencies were maintained for all metal ions, with only slight variations
between seasons.

7. Seasonal Variations: The slight improvement in removal efficiencies and longer breakthrough times
observed for monsoon water samples suggests that the synthesized zeolites may be particularly effective in
treating water sources with varying contaminant levels due to seasonal changes.

8. Performance Ranking: Among the synthesized zeolites, the performance ranking in terms of heavy
metal removal efficiency was: Zeolite X > NaP1 > Analcime > Hydroxysodalite. This trend correlates well
with the structural properties and Si/Al ratios of the zeolites, highlighting the importance of tailoring
zeolite synthesis conditions to achieve desired performance characteristics.
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9. Sustainable Solution: The successful utilization of natural raw materials for zeolite synthesis
demonstrates the potential for developing cost-effective and sustainable solutions for environmental
remediation. This approach not only provides an economical source of high-performance adsorbents but
also contributes to waste management and resource recovery efforts.

10. Future Prospects: The findings of this study open up new avenues for the large-scale production of
zeolites from readily available, low-cost materials. The high performance of these zeolites in heavy metal
removal suggests their potential application in various water treatment scenarios, including industrial
wastewater treatment, groundwater remediation, and drinking water purification.

In conclusion, this research has made significant contributions to the field of zeolite synthesis and
environmental remediation by demonstrating the feasibility and effectiveness of using natural raw
materials to produce high-performance zeolites for heavy metal removal from water. The comprehensive
characterization and performance evaluation conducted in this study provide valuable insights for future
research and practical applications in water treatment technologies.

FUTURE WORK SHOULD FOCUS ON:

1. Optimizing synthesis conditions to further enhance the performance and selectivity of zeolites for
specific contaminants.

2. Investigating the regeneration and reusability of the synthesized zeolites to improve their economic
viability in large-scale applications.

3. Exploring the potential of these zeolites for removing other pollutants, such as organic contaminants
and radionuclides.

4. Conducting pilot-scale studies to evaluate the performance of these zeolites under real-world water
treatment plant conditions.

5. Assessing the environmental impact and life cycle of zeolite production from natural raw materials to
ensure the overall sustainability of this approach.

6. Investigating the potential of modifying the synthesized zeolites through techniques such as ion
exchange, impregnation, or surface functionalization to enhance their performance or expand their range

of applications.

7. Exploring the use of other abundant natural materials and industrial by-products as precursors for
zeolite synthesis to further expand the range of sustainable options.

8. Studying the mechanisms of heavy metal adsorption on these zeolites at the molecular level to gain
deeper insights into the adsorption process and guide future improvements in zeolite design.

9. Developing composite materials incorporating these zeolites to create multifunctional adsorbents with
enhanced mechanical properties and adsorption capacities.

10. Investigating the potential applications of these zeolites in other fields such as catalysis, gas separation,
and slow-release fertilizers to maximize their utility and economic value.

The successful synthesis and application of zeolites from natural raw materials demonstrated in this study
represent a significant step towards developing sustainable and cost-effective solutions for water treatment
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and environmental remediation. By harnessing the power of these abundant, low-cost precursors, we can
address critical environmental challenges while promoting resource recovery and waste valorization.

The high performance of the synthesized zeolites in removing heavy metals from water, coupled with their
ability to maintain efficiency under varying seasonal conditions, highlights their potential for real-world
applications. The comprehensive characterization and performance evaluation conducted in this study
provide a solid foundation for future research and development in this field.

As global water scarcity and pollution continue to pose significant challenges, the development of efficient
and sustainable water treatment technologies becomes increasingly crucial. The zeolites synthesized from
natural raw materials offer a promising solution that aligns with the principles of green chemistry and
circular economy. By continuing to explore and optimize these materials, we can contribute to the
development of more sustainable and resilient water treatment systems that benefit both human health
and the environment.

In conclusion, this research has demonstrated the immense potential of zeolites synthesized from natural
raw materials in addressing water pollution challenges. The findings presented here open up new avenues
for research and practical applications in environmental remediation, paving the way for more sustainable
and efficient water treatment technologies. As we move forward, it is essential to continue investigating
and developing these materials to fully realize their potential in creating a cleaner and more sustainable
future.
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