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ABSTRACT
Zeolites are crystalline micro porous aluminosilicate materials that have become
indispensable in modern science and industry due to their unique structural, chemical, and
catalytic properties. They possess a three-dimensional framework composed of
interconnected silicon (SiO4) and aluminum (AlQ,) tetrahedra linked through shared oxygen
atoms, creating a regular system of channels and cavities of molecular dimensions. These
pores enable zeolites to selectively adsorb molecules based on size, shape, and polarity,
making them effective molecular sieves, ion exchangers, and heterogeneous catalysts. Since
their discovery in 1756 by the Swedish mineralogist Axel Fredrik Cronstedt, zeolites have
evolved from naturally occurring minerals into highly engineered synthetic materials with
tailored compositions and pore architectures. Today, more than 250 distinct zeolite
framework types have been identified, each exhibiting unique structural characteristics and
application potential. Natural zeolites such as clinoptilolite, mordenite, and chabazite are
widely used in environmental remediation, agriculture, and water purification, whereas
synthetic zeolites such as Zeolite A, Zeolite X, Zeolite Y, Beta, and ZSM-5 dominate industrial
catalysis, petrochemical processing, gas separation, and detergent manufacturing. The
remarkable properties of zeolites—including high surface area, excellent thermal stability,
adjustable acidity, high ion-exchange capacity, and exceptional adsorption characteristics—
have established them as one of the most versatile classes of functional materials. Recent

November 2026 86|Page


http://www.vigyanvarta.in/

Vigyan Varta an International E-Magazine for Science Enthusiasts

E-ISSN: 2582-9467
Popular Article
Gautam et al. (2026)

n'a:,

< j 9:.‘

igyan Varta

www.vigyanvarta.in Vol. 7, Issue 11

advances in nanotechnology, materials engineering, and green chemistry have further
expanded their applications into energy storage, carbon dioxide capture, hydrogen
production, biomedical engineering, drug delivery, and renewable energy systems.This
review provides a detailed discussion of the historical development, crystal chemistry,
framework structure, classification, physicochemical properties, synthesis methods,
characterization techniques, catalytic mechanisms, adsorption behavior, and diverse
applications of natural and synthetic zeolites. The review also examines current research

trends, technological challenges, and future prospects for zeolite-based materials in

sustainable industrial development.

INTRODUCTION:

he term zeolite is derived from the

Greek words "zeo", meaning "to boil,"

and "lithes," meaning "stone." This
name was introduced in 1756 by the Swedish
mineralogist Axel Fredrik Cronstedt, who
observed that certain minerals released large
quantities of steam when heated. Unlike
ordinary minerals, zeolites contain significant
amounts of water molecules trapped within
their crystal framework. When heated, these
water molecules escape without destroying the
structure, giving rise to the
Zeolites

crystal
characteristic boiling appearance.
belong to the broader family of tectosilicates,
or framework silicates. Their crystal structure
consists of an interconnected network of
silicon-oxygen (SiO4) and aluminum-oxygen
(AlOs4) tetrahedra linked by shared oxygen
atoms. The substitution of silicon atoms by
atoms within the framework
generates a permanent negative charge that is
balanced by exchangeable cations such as
sodium (Na‘), potassium (K*), calcium (Ca?),
or magnesium (Mg?"). These cations are
loosely held and can be readily exchanged

aluminum

with other positively charged ions in aqueous
solutions, providing zeolites with exceptional
ion-exchange properties. The highly ordered
arrangement of tetrahedra creates a network of
microscopic channels and with
diameters ranging approximately from 0.3 to

cavities

1.2 nanometers. These pore systems enable
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selective adsorption of molecules according to
their size and geometry. Consequently,
zeolites are commonly referred to as
sieves, as they can separate
molecules that differ only slightly in molecular
dimensions.

molecular

Natural zeolites are primarily formed through
hydrothermal alteration of volcanic ash over
geological timescales. They are found in
volcanic rocks, sedimentary deposits, saline
lake sediments, and geothermal environments
throughout the world. More than fifty naturally

occurring  zeolite minerals have been
identified, with clinoptilolite, mordenite,
chabazite, erionite, and phillipsite being

among the most abundant and commercially
important. Although natural zeolites possess
numerous useful properties, their chemical
composition and purity often vary depending
on their geological origin. This limitation led
to the development of synthetic zeolites during
the mid-twentieth century. Synthetic zeolites
are manufactured under carefully controlled
hydrothermal conditions, allowing precise
control over framework composition, pore
size, crystal morphology, acidity, and catalytic
behavior. The commercialization of synthetic
zeolites revolutionized petroleum refining and
petrochemical manufacturing by enabling
highly efficient catalytic cracking processes.
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The diversity of zeolite structures 1is
extraordinary. According to the International
Zeolite Association (IZA), over 250 unique
framework types have been recognized. Each
framework is identified by a three-letter code,
such as LTA (Zeolite A), FAU (Zeolite X and
Y), MFI (ZSM-5), MOR (Mordenite), and
BEA (Beta). Although these frameworks share
the same fundamental tetrahedral building
blocks, differences in channel geometry, pore
size, and framework connectivity produce
significantly different  physicochemical
properties and industrial applications. The
performance of a zeolite is strongly influenced
by its silicon-to-aluminum (Si/Al) ratio.
Zeolites with low Si/Al ratios contain a greater
number of aluminum atoms and therefore
exhibit higher ion-exchange capacity and
stronger hydrophilic behavior. Conversely,
high-silica zeolites are more hydrophobic,
thermally stable, and resistant to acidic
environments, making them particularly
suitable for catalytic applications involving
organic compounds.

One of the defining characteristics of zeolites
is their exceptionally high internal surface
area. Although individual crystals may appear
compact, their internal pore systems generate
surface areas ranging from approximately 300
to over 900 m? g'. This extensive internal
surface provides abundant active sites for
adsorption, catalysis, and ion exchange,
contributing to their outstanding performance
in industrial processes. Zeolites have
transformed numerous industrial sectors. In
petroleum refining, zeolite catalysts are used
in  fluid catalytic cracking (FCOC),
hydrocracking, isomerization, alkylation, and
dewaxing processes to convert heavy
petroleum fractions into valuable fuels such as
gasoline, diesel, and jet fuel. In environmental
engineering, zeolites remove heavy metals,
ammonium ions, radioactive isotopes, dyes,
and organic contaminants from wastewater. In
gas separation technologies, they selectively
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adsorb carbon dioxide, nitrogen, sulfur
compounds, and water vapor, facilitating
purification of natural gas, oxygen production,
and carbon capture.

The agricultural sector also  benefits
significantly from zeolite technology. Natural
zeolites improve soil fertility by enhancing
water retention, nutrient availability, and
fertilizer efficiency while reducing nutrient
leaching. They are widely incorporated into
animal feed as toxin binders and ammonia
adsorbents, improving livestock health and
reducing environmental pollution. Biomedical
research has recently emerged as another
promising field for zeolite applications. Nano-
sized zeolites are being investigated as carriers
for controlled drug delivery, biosensors,
antimicrobial materials, tissue engineering
scaffolds, and diagnostic imaging agents.
Their biocompatibility, chemical stability, and
tunable pore structure make them attractive
materials for advanced medical technologies.

Growing environmental concerns and the
transition toward sustainable industrial
processes have stimulated renewed interest in
zeolite research. Scientists are developing
hierarchical zeolites that combine microporous
and mesoporous structures to improve
diffusion rates and catalytic efficiency. Green
synthesis methods utilizing industrial wastes
such as coal fly ash, rice husk ash, and blast
furnace slag are being explored to reduce
manufacturing costs and environmental
impacts. In addition, zeolites are being
investigated for applications in hydrogen
storage, carbon capture and utilization (CCU),
biomass conversion, renewable fuels, and
advanced energy storage systems.

1. HISTORICAL DEVELOPMENT OF

ZEOLITES

The development of zeolite science spans
more than two and a half centuries, evolving
from the study of naturally occurring minerals
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to the design of sophisticated synthetic
materials that underpin numerous industrial
processes. Advances in  mineralogy,
crystallography, chemistry, materials science,
and chemical engineering have collectively
transformed zeolites into one of the most
important classes of functional porous
materials. This section presents the historical
evolution of zeolites, highlighting major
scientific  discoveries and technological
milestones.

1.1 Discovery of Zeolites (1756)

The history of zeolites began in 1756, when
the Swedish mineralogist Axel Fredrik
Cronstedt examined the mineral stilbite.
During heating experiments, he observed that
the mineral released large quantities of water
vapor while maintaining its overall crystalline
appearance. This unusual phenomenon
inspired him to coin the term '"zeolite",
derived from the Greek words:

e Zeo ((¢w) — "to boil"
o Lithos (AiBoc) — "stone"
Thus, zeolite literally means "boiling stone."

Cronstedt recognized that the water released
from zeolites was not part of the primary
crystal framework but was instead loosely held
within internal cavities. This observation
became the foundation for understanding the
porous nature of zeolites.

Initially, zeolites attracted attention mainly as
mineralogical curiosities rather than as
technologically useful materials.

1.2 Nineteenth-Century
Studies (1800-1900)

Mineralogical

Throughout  the
mineralogists discovered numerous naturally
occurring zeolite minerals in volcanic rocks
and hydrothermal deposits. Researchers
focused on:

nineteenth century,
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e Mineral identification

e Chemical composition

e Crystal morphology

¢ Geological occurrence

o C(lassification

Several important natural zeolite minerals
identified during this period include:
e Analcime

e Chabazite

e Natrolite

e Stilbite

¢ Heulandite

o Phillipsite

e Thomsonite

e Laumontite

These discoveries demonstrated that zeolites
were widespread geological minerals formed
through hydrothermal alteration of volcanic
ash and basaltic rocks.

However, their internal crystal structures
remained unknown because modern X-ray
crystallography had not yet been developed.

1.2 Early Twentieth Century:
Understanding Crystal Structure (1900-
1940)

The invention of X-ray diffraction (XRD) by
Max von Laue and the crystallographic work
of William Henry Bragg and William
Lawrence Bragg revolutionized mineralogy.
Scientists were finally able to investigate the
atomic arrangement within zeolite crystals.

Studies revealed that zeolites consist of:
¢ Silicon-oxygen tetrahedra (SiO4)
¢ Aluminum-oxygen tetrahedra (AlO4)

These tetrahedra are linked through shared
oxygen atoms to produce highly ordered three-
dimensional frameworks containing
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interconnected pores and channels. This

discovery explained many of the unusual
properties of zeolites, including:

e Reversible dehydration
¢ lon exchange

e Molecular adsorption

o High thermal stability

1.3 Richard Barrer and the Birth of
Synthetic Zeolites (1940-1955)

The modern era of zeolite science began with
the pioneering work of Richard M. Barrer,
often regarded as the father of synthetic
zeolite chemistry.

During the 1940s, Barrer demonstrated that
zeolites could be synthesized under controlled
laboratory conditions through hydrothermal
crystallization.

His research established that:
e Temperature influences crystal growth.

e Pressure affects crystallization kinetics.

e Solution chemistry controls framework
formation.
e Alkali concentration determines zeolite

type.

Barrer successfully synthesized several zeolite
structures that closely resembled naturally
occurring minerals.

His contributions include:

¢ Hydrothermal synthesis methods
¢ lon-exchange studies

e Gas adsorption mechanisms

e Molecular sieve concepts

e Framework chemistry
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These discoveries laid the scientific foundation
for the commercial production of synthetic
zeolites.

1.4 Commercial Development of Synthetic
Zeolites (1950-1970)

During the 1950s, industrial researchers
recognized the enormous commercial potential
of synthetic zeolites. Scientists at Union
Carbide developed
important zeolites, including:

several commercially

Zeolite A (LTA)
Applications:

o Water softening

Laundry detergents

Ion exchange

Gas drying

Zeolite X (FAU)
Applications:

e  Qas separation

e  Oxygen production
e  Air purification
Zeolite Y (FAU)
Applications:

e Petroleum refining

¢ Catalytic cracking

¢ Hydrocracking
These synthetic materials possessed:
e Uniform pore sizes

o High purity

e Controlled composition
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e  Excellent reproducibility number are commercially significant due to
their abundance and favorable

Compared with natural zeolites, synthetic
zeolites offered much greater consistency and
performance.

physicochemical properties. Among these,
clinoptilolite is the most abundant and
economically  valuable natural zeolite
worldwide, accounting for approximately 70—
80% of global production. Natural zeolites

1.5 Current Research Trends

Modern research focuses on developing occur in volcanic tuffs, altered volcanic ash

zeolites for emerging technologies, including: beds, basaltic rocks, sedimentary deposits,
saline lake sediments, and geothermal regions.

« Carbon dioxide capture and storage (CCS) Their unique mineralogical characteristics
have made them important raw materials in

e Hydrogen storage . . . i
agriculture, environmental engineering,

¢ Renewable fuels construction, mining, and water purification.

e Biomass conversion 3. GEOLOGICAL FORMATION OF

NATURAL ZEOLITES

e Drug delivery

Natural zeolites are secondary minerals,
» Tissue engineering meaning they are not formed directly from
. magma but develop through the alteration of
e Controlled-release fertilizers L . .
pre-existing  volcanic  materials. The
transformation generally involves chemical

reactions between volcanic glass and alkaline

e Fuel cells

¢ Battery materials aqueous solutions.
e Water desalination The principal mechanisms of zeolite formation
include:

o Atrtificial photosynthesis

(a) Hydrothermal Alteration
2. OCCURRENCE, MINERALOGY, AND

GEOLOGICAL FORMATION OF Hydrothermal alteration is the most common
NATURAL ZEOLITES process responsible for zeolite formation.

Natural' zeolites are ?mong the most abundaflt In this process:
crystalline aluminosilicate minerals found in

the Earth's crust. They are formed through e Volcanic ash or glass reacts with hot
geological processes involving the interaction groundwater.

of  volcanic  materials with  alkaline
e Temperatures generally range between 50

groundwater or seawater under low-
and 250°C.

temperature and low-pressure hydrothermal
conditions. Their formation typically requires

. i e The reaction may continue for thousands of
thousands to millions of years, depending on

years.
environmental conditions such as temperature,

pressure, pH, and the chemical composition of e Silica and alumina dissolve from volcanic
the surrounding fluids. To date, more than 50 glass and recrystallize into stable zeolite
naturally occurring zeolite mineral species frameworks.

have been identified, although only a limited
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The simplified reaction can be represented as:

Volcanic glass + alkaline solution + water —
Zeolite + silica + clay minerals

Hydrothermal alteration commonly produces:
¢ Clinoptilolite

e Mordenite

e Chabazite

o Phillipsite

(b) Diagenesis

Diagenesis refers to the physical and chemical
changes occurring in sediments after
deposition.

During burial:
e Volcanic ash layers become compacted.

e Groundwater circulates through the
sediments.

e (lass gradually dissolves.
e Zeolite crystals nucleate and grow.

Diagenetic zeolites are commonly associated
with:

e Marine sedimentary rocks
e Lacustrine (lake) sediments
e Deep volcanic ash deposits
(¢) Burial Metamorphism

As sedimentary rocks are buried deeper,
increasing temperature and pressure promote
mineral transformations.

Clay minerals and volcanic glass may convert
into:

e Analcime

o Laumontite

November 2026

e Heulandite
o Stilbite

Burial metamorphism generally occurs at
temperatures between 100 and 300°C.

(d) Weathering Processes

In some regions, prolonged weathering of
volcanic rocks by alkaline groundwater results
in localized zeolite formation.

Although slower than hydrothermal alteration,
weathering contributes significantly to zeolite
deposits in certain volcanic terrains.

(e)Temperature
Most natural zeolites crystallize between:
o 40-250°C

Higher temperatures often favor quartz or
feldspar formation instead of zeolites.

(f) Pressure

Natural zeolite formation generally occurs
under:

e Low pressure
e Shallow crustal conditions

Excessively high pressure transforms zeolites
into denser silicate minerals.

(g) Water Availability

Water plays several essential roles:
e Dissolves silica and alumina

o Facilitates ion transport

¢ Promotes crystal growth

e Stabilizes hydrated frameworks

Without sufficient groundwater, zeolite
formation cannot occur.
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(h) pH

Most zeolites form in:

e Neutral to alkaline conditions

e pH approximately 7-11

Highly acidic environments inhibit zeolite
crystallization.

4. CHEMICAL COMPOSITION

The availability of:

e Silicon

e Aluminum

¢ Sodium

e Potassium

e Calcium

e Magnesium

determines which zeolite species will
crystallize.

5. MINERALOGICAL CHARACTERISTICS
Zeolites belong to the tectosilicate group of
minerals.

Their crystal structures consist of:

e Silicon tetrahedra (SiOa)

e Aluminumtetrahedra (AlO4)

joined together by shared oxygen atoms.
Unlike feldspars or quartz, zeolites possess:

e Open framework structures

o Large internal cavities

¢ Interconnected channels

o Exchangeable cations

¢ Reversible water adsorption

These structural characteristics distinguish

zeolites from most other silicate minerals.

7. MAJOR NATURAL ZEOLITE
MINERALS
i. Clinoptilolite

e Most abundant natural zeolite

e High ion-exchange capacity
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o Excellent thermal stability

¢ High selectivity toward ammonium ions
e Good adsorption performance
Applications

o Wastewater treatment

¢ Soil conditioner

e Animal feed additive

e Water purification

¢ Heavy metal removal

¢ Radioactive waste treatment
ii. Mordenite

¢ High silica content

o Excellent acid resistance

¢ One-dimensional pore system
¢ High thermal stability
Applications

Catalytic cracking

e Hydrocracking

¢ Qas separation

e Petroleum refining

iii. Chabazite

e Three-dimensional pore structure
¢ High CO: adsorption capacity

o Excellent ion-exchange behavior
Applications

e Carbon dioxide capture

Gas separation

Wastewater treatment

Catalysis

iv. Analcime

e Nearly cubic crystal symmetry
e Relatively dense structure

e Lower ion-exchange capacity
Applications

e Construction materials
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Ceramic production

Geological indicators

v. Heulandite

High calcium content

Moderate adsorption capacity

e Good thermal stability

Applications

¢ Soil improvement

e Water purification

e lon exchange

vi. Stilbite

Stilbite was the first zeolite studied by
Cronstedt.

e Needle-like crystals

e High water content

e Attractive crystal morphology

Applications are mainly mineralogical and
ornamental, with limited industrial use.

vii. Phillipsite

¢ Rich in potassium

e High cation exchange capacity

e Forms in volcanic tuffs

Applications:

e Agriculture

e Wastewater treatment
¢ Heavy metal removal
viii. Erionite

Erionite  possesses excellent adsorption
properties but is not used commercially
because inhalation of erionitefibers has been
associated with serious health risks, including
an increased risk of mesothelioma.
Appropriate occupational health precautions
are therefore essential when erionite-bearing

materials are encountered.
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8. GLOBAL DISTRIBUTION OF
NATURAL ZEOLITES

Natural zeolite deposits are widely distributed
across the world, especially in regions with
extensive volcanic activity.

Major producing countries include:

Country Major Zeolite Deposits
China Clinoptilolite, Mordenite
Turkey Clinoptilolite
United States | Clinoptilolite, Chabazite
Japan Clinoptilolite, Mordenite
Slovakia Clinoptilolite
Hungary Clinoptilolite
Cuba Clinoptilolite
Italy Chabazite
South Korea Clinoptilolite
Clinoptilolite and
India associated volcanic tuff
deposits

China and Turkey are among the world's

leading producers of natural zeolites due to

their  extensive  volcanic  sedimentary
formations.
9. NATURAL \%A SYNTHETIC
ZEOLITES
Propert Natural Synthetic
perty Zeolites Zeolites
Source Geologlcal Laboratpry
deposits synthesis
Purity Variable High
Cost Low Higher
iy Naturally Precisely
Composition variable controlled
Crystal Size Variable Uniform
250+
Framework ~50  natural >0
. framework
Types species
types
I ial Highl
ndustria Moderate 1g. y
Performance optimized
o Deposit Manufactured
Availabilit
varabiity dependent on demand
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Natural zeolites are generally preferred for
low-cost, large-scale applications such as
agriculture and environmental remediation,
whereas synthetic zeolites are favored for
catalysis and advanced separation processes
because of their uniformity and tailored
properties.

10. ECONOMIC IMPORTANCE

Natural zeolite become a

significant

mining has
industry due to the growing
demand for sustainable and environmentally
friendly materials.

Major commercial sectors include:

o Water treatment

o Wastewater treatment

e Agriculture

e Animal husbandry

e Aquaculture

e Construction materials

e Cement additives

¢ Qas purification

e Odor control

e Environmental remediation

The increasing emphasis on circular economy
practices has further enhanced the value of
natural zeolites, particularly for recycling
nutrients, removing pollutants, and converting
industrial by-products into useful materials.

SUMMARY

Natural zeolites are secondary aluminosilicate
minerals formed primarily through the
hydrothermal and diagenetic alteration of
volcanic materials under alkaline conditions.

November 2026

Their unique crystalline framework, high ion-
exchange capacity, reversible hydration
behavior, and molecular sieving properties
make them valuable across numerous
industrial, environmental, and agricultural
applications. Among the many naturally
occurring zeolite species, clinoptilolite is the
most abundant and economically significant.
Although natural zeolites exhibit wvariable
composition and purity, they remain an
inexpensive and sustainable source of
functional porous materials. Their widespread
occurrence, ease of mining, and versatility
continue to support growing global demand,
while synthetic zeolites complement them in

applications requiring precise structural
control.
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