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Zeolite X, a low-silica aluminosilicate with notable adsorption and catalytic properties, can be synthesized from
industrial waste materials in accordance with circular economy principles. This review examines recent studies
on the production of zeolite X from coal fly ash (CFA), rice husk ash (RHA), granite stone sludge (GSS), ceramic
waste, and other waste materials. We describe the relevant synthesis methods used in these studies, including
pretreatment requirements to address compositional variability and impurity removal, as well as their influence
on crystallinity and yield. This paper highlights successful applications in gas adsorption, toxic metal removal,
and catalytic processes, among other uses, demonstrating performance comparable to conventional materials.
The review also identifies promising but underexplored waste sources such as aluminum slag, silica fume, and
biomass ash as potential alternative precursor and proposes future research directions to promote synthesis
optimization, zeolite X modification techniques, industrial adoption, and targeted applications in environmental

remediation and energy technologies.

1. Introduction

Zeolites are aluminosilicate materials characterized by a three-
dimensional framework of aluminum and silicon tetrahedra inter-
connected by shared oxygen atoms. Their unique pore structures and
precisely defined pore sizes enable a wide range of industrial and
environmental applications [1]. The silicon (Si) and aluminum (Al)
atoms in zeolites are centrally positioned, whereas the oxygen atoms are
located at the corners and are shared between the tetrahedral units. This
arrangement creates a system of pores and channels, which are essential
for the adsorption and ion exchange capabilities of zeolites. The prop-
erties of zeolites depend on their composition and structural charac-
teristics, particularly the Si/Al molar ratio. Based on this ratio, zeolite X
is classified as a low-silica zeolite, with a molar ratio of <2 [2]. Zeolites
are used in industrial applications because of their moderate pore size,
high crystallinity, substantial surface area, and other favorable chemical
properties. Zeolite X, in particular, is widely applied in gas purification
systems, such as dehumidification during natural gas reforming, as well
as in catalytic cracking processes [3].

Zeolite X, having a faujasite structure (Fig. 1). type, consists of so-
dalite cages that are associated with hexagonal prisms. The pores form of
a 12-membered ring having a relatively large diameter of 0.74 nm. The
inner cavity is 1.3 nm in diameter. The 14-hedron with 24 vertices,
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known as the sodalite cavity or f-cage, may be regarded as its principal
building block. These $-cages are connected tetrahedrally at six-rings by
bridging oxygen atoms to form double six-rings (D6Rs, hexagonal
prisms), and, at the same time, an interconnected set of even larger
cavities (supercages) accessible in three dimensions through 12-ring
(24-membered) windows. The Si and Al atoms occupy the vertices of
these polyhedra. The oxygen atoms lie approximately midway between
each pair of Si and Al atoms but are displaced from these points to give
near-tetrahedral angles about Si and Al. Single six-rings (S6Rs) are
shared by sodalite and supercage and may be regarded as the entrances
to the sodalite units. Each unit cell contains eight sodalite units, eight
supercages, 16 D6Rs, 16 12-rings, and 32 S6Rs. Exchangeable cations
that balance the negative charge of the aluminosilicate framework are
found within the zeolite cavities. They are usually found at six different
sites: site I at the centre of the D6R, I in the sodalite cavity on the
opposite side of one of the D6Rs six-rings from site I, Il inside the sodalite
cavity near an S6R, II at the centre of the S6R or displaced from this
point into a supercage, III in the supercage on a twofold axis opposite a
four-ring between two 12-rings, and III somewhat or substantially off III
(off the twofold axis) on the inner surface of the supercage [4,5].

The typical synthesis of zeolites and other mesoporous materials is
not considered eco-friendly because of the use of organic templates as
structure-directing agents [6]. To address these concerns and enhance
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Fig. 1. The framework structure of zeolite X, near the centre of each line
segment is an oxygen atom. The numbers 1-4 indicate different oxygen atoms.
Si and Al atoms alternate at the tetrahedral intersections, except that Si sub-
stitutes for Al at about 4% of the Al positions. Extra-framework cation positions
are labelled with Roman numbers. Reprinted from Journal of Catalysis, Vol.
244, Issue 2, Jince Sebastian, Krishna Mohan Jinka, Raksh Vir Jasra, "Effect of
alkali and alkaline earth metal ions on the catalytic epoxidation of styrene with
molecular oxygen using cobalt(Il)-exchanged zeolite X", Pages 208-218,
Copyright (2006), with permission from Elsevier.

the sustainability of zeolite X synthesis, recent efforts have focused on
integrating the principles of green chemistry and green technology [7].
Green technology encompasses a broad array of innovative and sus-
tainable strategies aimed at minimizing environmental harm by
reducing waste, lowering energy demands, and avoiding toxic reagents.
In the context of zeolite synthesis, this approach involves developing
eco-friendly methods that eliminate or reduce the use of hazardous
organic templates, favor water-based or solvent-free systems, and utilize
renewable or waste-derived raw materials wherever possible. These
advancements contribute to making the synthesis process more sus-
tainable while maintaining or even improving material performance
[7]. Moreover, traditional zeolite synthesis depends heavily on mineral
resources and high-purity chemical reagents, which often results in
significant economic and environmental costs [8]. Industrial waste is a
growing environmental challenge, particularly because of the increasing
global demand for materials and energy-intensive manufacturing pro-
cesses [9]. Synthesis of zeolite X using various industrial and geological
waste streams has emerged as a promising strategy within the frame-
work of the circular economy. Instead of relying on virgin chemicals,
waste materials rich in silicon and aluminum, such as fly ash, slags, and
basalt powder, are being upcycled into high-value zeolites [10]. This not
only reduces the environmental burden of waste disposal but also lowers
the cost of zeolite production. For example, the reuse of post-reaction
solutions from fly ash-based syntheses has been demonstrated to pro-
duce Na-X zeolites with high purity and surface area, closing the loop in
the synthesis process [11]. Furthermore, zeolites derived from waste are
being applied in catalytic processes to recycle plastics, contributing
directly to sustainable material cycles and circular economy goals [12].
It has been demonstrated that zeolite X can be synthesized from indus-
trial waste materials, enabling their recycling and repurposing [13]. A
diverse range of industrial waste materials, including coal combustion
waste [13-20], stone waste [21,22], agricultural waste [17,23],
aluminum scraps, sand [3], waste porcelain [24], palm oil mill fly ash
(POMFA), natural clay, and bentonite [2], has been successfully utilized
for zeolite X synthesis. These waste materials are typically rich in silica

Chemical Engineering Journal Advances 27 (2026) 101326

(SiO2) and alumina (Alz0s), the primary building blocks of zeolites,
making them suitable precursors for hydrothermal or fusion-assisted
synthesis methods [14].

The purpose of this review is to evaluate and promote the sustainable
synthesis of Zeolite X from industrial waste materials as an environ-
mentally and economically viable alternative to conventional raw ma-
terials, while identifying current challenges, research gaps, and future
opportunities for industrial application. Recent studies on the synthesis
of zeolite X from selected types of industrial waste are reviewed. Addi-
tionally, the potential applications of zeolite X derived from industrial
waste are examined, with a focus on recent research related to appli-
cations of zeolite X.

2. Industrial waste used for zeolite X synthesis

Coal fly ash (CFA), a byproduct of coal combustion, is one of the most
commonly used industrial wastes for the synthesis of zeolite X [18]. It is
a complex industrial byproduct that contains various minerals, metal
oxides, organic matter, and impurities, which poses significant chal-
lenges for its reuse. The combustion of pulverized coal in thermal power
plants produces CFA as a fine and powdery byproduct. It is captured by
electrostatic precipitators or bag filters before flue gases are released
into the atmosphere. CFA primarily consists of SiO2, Al=0s, iron oxide
(Fe203), and calcium oxide (Ca0), and its composition varies depending
on the source of coal fly ash [25]. Despite its abundance, current utili-
zation rates remain low. The main challenge in managing CFA is the lack
of space for disposal, as a large area is needed, leading to increased
financial costs for transportation and management [2]. Zeolite synthesis
from CFA presents a promising solution, offering a pathway to
high-value materials widely used in catalysis, adsorption, and separa-
tion processes. However, conventional synthesis methods often rely on
pure chemical reagents, leading to high costs and inefficient resource
use. Key challenges include enhancing the conversion efficiency of CFA
to zeolites, improving the structural stability and regeneration of the
resulting materials, and optimizing synthesis and modification protocols
to increase adsorption performance and selectivity. The success of these
efforts depends largely on the physicochemical properties of CFA, such
as particle size, specific surface area, chemical composition and miner-
alogical structure [9,26,27]. The growing academic interest in the
research of zeolite X is evident in the publication trends over the past 15
years. As illustrated in Fig. 2, the annual number of research articles
dedicated to zeolite X has experienced a steady upward trajectory since
2010.

In addition to coal fly ash, another coal combustion waste used for
zeolite X synthesis is coal-fired slag (CFS). Although it is visually
different from CFA, it has also been successfully used for zeolite X syn-
thesis [13]. Zeolite X synthesis using granite stone sludge (GSS), a type
of stone waste, has also been reported [21]. The composition of GSS
includes SiO2, Alz0s, K20, CaO, Fe20s, and other trace elements, indi-
cating its suitability for zeolite X production [21]. Rice husk (RH) is one
of the most abundant agricultural byproducts worldwide [23]. With an
annual global rice production of approximately 571 million tons,
approximately 140 million tons of RH waste are generated each year.
While RH is primarily used as a fuel source or to provide nutrients in the
soil, it is often discarded in the environment. As a renewable and sus-
tainable carbon resource, RH has gained attention for its potential in
synthesizing advanced materials for a variety of applications. It is a
lignocellulosic biomass consisting of 28-30% inorganic matter and
70-72% organic matter. The inorganic fraction is mainly composed of
SiO». In addition to its use as a fuel, RH and its ashes (RHA) have been
extensively studied for their potential as adsorbents for removing heavy
metals from wastewater. Research by Gargiulo et al. (2024) have also
shown that, compared with untreated RH, materials derived from
modified RH exhibit superior heavy metal adsorption properties [23].
Various methods, including combined pyrolysis/activation processes
and surface modifications, have been explored to increase the
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Fig. 2. Trend of zeolite X relevant research articles in the last 15 years (2010-2025). Data retrieved from OpenAlex on June 3, 2026. Figure created by the authors.

adsorption capacity of RH. A study by Jin et al. (2023) demonstrated
that zeolite X can be synthesized from RHA and used in
adsorption-related applications [17]. Another study by Chat et al. re-
ported the synthesis of zeolite X from riceberry rice husk (RRH) for the
purpose of propionic acid adsorption [28]. Unused fired products from
the ceramic industry generate a significant amount of waste ceramics.
While some of this waste is repurposed as artificial aggregates or raw
materials for cement production or is used in other minor applications, a
considerable portion is still disposed of at landfill sites. The limited ca-
pacity of these landfills poses notable social and environmental chal-
lenges. To address this issue, alternative methods for recycling ceramic
waste have been explored. For example, an earlier study by Wajima and
Ikegami (2009) reported the synthesis of zeolites from waste porcelain,
demonstrating a promising approach for valorizing ceramic waste and
reducing landfill dependence [24]. In addition to the above mentioned
industrial waste, a wide variety of other wastes have been reported and
considered for use in zeolite X synthesis, including POMFA [29],
aluminum ash [30], crushed stone powder [30], begasse fly ash [2] and
aluminum saline slag [2]. When narrowing the focus to the specific types
of industrial waste utilized as silicon and aluminum sources, a clear
preference emerges in the literature (Fig. 3). Ash (primarily coal fly ash)
is by far the most heavily investigated industrial waste.

Silica fume and other compositionally similar waste materials are
rarely used as a standalone precursor for Zeolite X because it consists of
nearly pure, amorphous silicon dioxide with virtually no inherent
aluminum content. Since Zeolite X is a faujasite-type (FAU) structure
that strictly requires a low silicon-to-aluminum ratio between 1.0 and
1.5, utilizing silica fume forces researchers to add large amounts of
external chemical aluminum sources, which reduces the economic
viability of the waste-to-zeolite process. Furthermore, the extreme
reactivity and ultra-fine particle size of silica fume cause it to dissolve
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rapidly in alkaline activators; this accelerated dissolution kinetics often
bypasses the delicate nucleation window required for Zeolite X, ther-
modynamically driving the crystalline phase transformation toward
denser, more stable impurities such as Hydroxysodalite, Zeolite P, or
Analcime. Consequently, literature naturally favors pre-balanced
aluminosilicate wastes like coal fly ash or kaolin clay over silica fume
for target FAU-type zeolitization [31-33].

3. Synthesis methods using industrial waste

As shown in Table 1, various industrial wastes can serve as sources
for the synthesis of zeolite X.

Methods for synthesizing zeolite X from industrial waste include
hydrothermal synthesis, one-step and two-step hydrothermal synthesis,

Table 1

Industrial waste and methods of synthesis of zeolite X.
Industrial waste Method of synthesis Reference
Coal fly ash Hydrothermal, microwave, ultrasound [14-20]

synthesis
Coal fired slag Hydrothermal [13]
Granite stone sludge Alkali fusion hydrothermal [21]
Rice husk ash Hydrothermal [17,23,
28]
Riceberry rice husk Hydrothermal [28]
Palm oil mill fly ash Alkali fusion hydrothermal [29]
Aluminum ash Two-step hydrothermal [30]
Crushed stone Two-step hydrothermal [30]
powder

Begasse fly ash Hydrothermal [2]
Aluminum saline slag Hydrothermal [2,33]
Bituminous fly ash Microwave [34]

-
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Fig. 3. Most researched industrial waste for zeolite x synthesis, based on OpenAlex data. Data retrieved from OpenAlex on June 3, 2026. Figure created by

the authors.
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alkali fusion-hydrothermal synthesis, microwave-assisted synthesis,
ultrasound-assisted synthesis, ionothermal synthesis, mechanochemical
synthesis, and sol-gel synthesis [8]. Hydrothermal synthesis enables the
direct conversion of pretreated raw materials into zeolites. In this
approach, pretreated materials are dissolved in an alkaline solution,
typically sodium hydroxide (NaOH) or potassium hydroxide (KOH),
facilitating the dissolution of silicates and aluminates. This is followed
by an aging process under stirring, during which additional silica or
alumina sources may be introduced to adjust the Si/Al ratio as needed.
The resulting silica-aluminate gel is then subjected to hydrothermal
crystallization in a sealed vessel. After crystallization, the zeolite prod-
uct is recovered and typically undergoes drying or activation to remove
water from the product [32].

Zeolite X has been successfully synthesized by hydrothermal method
using various types of industrial waste materials (Table 1), including
coal fly ash and slag [35]. Regarding the pretreatment of industrial
waste for the hydrothermal synthesis of zeolite X, Bilgic et al. (2023)
reported that the raw materials, including fly ash and slag, possess high
aluminum contents that are beneficial for zeolite formation, but they
require appropriate treatment [35]. The materials were pretreated by
grinding, sieving, calcination at 1073 K for 2 h, and acid leaching with
10% HCl to increase their reactivity and promote crystallization during
synthesis. Marhoon et al. (2023) described the pretreatment of CFA to
remove magnetic particles and acid washing of CFA using 20% HCI, with
an acid-to-ash ratio of 20 mL-g™'. The mixture was subjected to contin-
uous stirring at 300 rpm for 2 h at 363 K [36]. Following the treatment,
the solid residue was filtered and thoroughly washed with deionized
water until a neutral pH was achieved. The resulting sample was then
dried overnight at 383 K. Magnetic separation was also performed in
another study by Lee et al. (2024) to reduce the impurity content and
increase the Si and Al contents in nonmagnetic fly ash (NMFA) [15].

Variations in hydrothermal synthesis include one-step hydrothermal
synthesis, two-step hydrothermal synthesis, three-step activation and
alkali fusion-hydrothermal synthesis. The one-step method is straight-
forward and low-cost, combining aging and crystallization in a single
process, but may result in incomplete dissolution of waste material and
lower product purity [8]. The two-step method improves the utilization
of dissolved silicon and aluminum by separating initial hydrothermal
treatment and crystallization, allowing adjustment of Si/Al ratios to
enhance zeolite purity, although it requires additional reagents and
precise reaction control. The three-step hydrothermal activation in-
volves repeated cycles of aging, activation, and recycling of the product,
improving conversion rates up to 80% and enabling reuse of materials,
thus addressing some limitations of simpler methods. Moreover, the
alkali fusion-hydrothermal method uses high-temperature fusion pre-
treatment to break down inert phases in waste material, significantly
enhancing the reactivity and crystallinity of the zeolite; however, this
method demands greater energy input and can generate byproducts.
Each method balances the trade-offs between simplicity, efficiency, and
scalability, with ongoing optimization aimed at sustainable industrial
production [8]. In a recent study performed by de Aquino et al. (2020),
zeolite X was synthesized using alkali fusion hydrothermal method. Two
different CFA samples were used: one collected from electrostatic pre-
cipitators at a power plant and another obtained from silos exposed to
flue-gas desulfurization. Before synthesis, the molar ratios in CFA were
determined as follows: SiO2/Al20s = 3.5, Na.0/SiO: = 2.05, and
H20/Na20 = 51.4. CFA was fused with NaOH at 823 K for 1 h [18]. In
another study by Tu et al. (2014), fusion was performed at a relatively
high temperature and for a relatively long duration, i.e., 1120 K for 2 h
[16]. Excessive alkali promotes the formation of hydroxysodalite, which
is undesirable for the synthesis of zeolite X. The weight ratio of CFA to
NaOH was 1:1. The goal of alkali activation is to dissolve the raw ma-
terial, form reactive species, and direct the crystallization of zeolite X
[19]. After sodium aluminate (Na2AlOs) was added, the homogenization
process was performed under continuous agitation. Hydrothermal
treatment was carried out at room temperature for 16 h [18]. Another
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study by Jin et al. (2023) demonstrated that zeolite X can be synthesized
from RHA. A zeolite adsorbent was synthesized from coal ash and RHA
using the alkali fusion-hydrothermal method. This study examined its
optimal synthesis conditions, modifications, physical and chemical
properties, and CO2 adsorption capacity. The results revealed that the
highest crystal purity and largest surface area were achieved when the
(8i02)x-(Al20s)y/NaOH weight ratio was 1:1.4 and the hydrothermal
crystallization time was 12 h [17]. Additionally, zeolite X synthesis from
waste porcelain using alkali fusion hydrothermal synthesis was reported
earlier by Wajima and Ikegami (2009), where 10 g of ground waste
porcelain with a particle size of 1 mm and SiO, and Al,O3 contents of
69.8 wt.% and 18.5 wt.%, respectively, was mixed with 12 g of NaOH
powder, homogenized, and fused at a temperature of 873 K for 6 h. The
material was then cooled to room temperature. The fused material was
aged with vigorous agitation at room temperature for 24 h, followed by
heating at 353 K for 12 h. Subsequent filtering, washing, and drying at
333 K produced zeolite X [24]. A different study from that of Kim et al.
(2015) focused on the synthesis of zeolite A from ground windshield
waste by acid treatment followed by hydrothermal processing. Although
the primary objective was the formation of zeolite A, characterization of
the product revealed the unexpected presence of the zeolite X phase in a
sample that reacted for 48 h. These results open possibilities for further
research into optimizing the use of glass waste specifically for zeolite X
synthesis [37].

Zhao et al. (2025) described the synthesis and characterization of X-
type zeolite from Fushun oil shale ash (OSA) and investigated its
adsorption performance for Cd%*. Unlike methods that utilize industrial
waste pretreatments, this study directly used OSA without any pre-
treatment via the alkali fusion-hydrothermal method to simplify the
process, lower costs, and prevent new pollution. Single-variable exper-
iments were performed to optimize the preparation conditions. The
resulting X-type zeolite (FSZ) exhibited high crystallinity at 89.98% with
a specific surface area of 374.27 mz-g'1 [38].

Kongnoo et al. (2017), as previously stated, used palm oil mill fly ash
(POMFA) as a waste material for zeolite X synthesis. Silica was extracted
from POMFA, and the extraction process was described in the study. The
samples were purified by washing, drying, sieving, and high-
temperature calcination, followed by acid treatment with HCl to
remove impurities and improve composition. The resulting material was
further processed and used as a silica precursor for the synthesis of
zeolite 13X. The selected method for zeolite X synthesis was alkali fusion
hydrothermal synthesis. The molar ratio of SiO2/Al.0s was 3. The
sample was fused with NaOH at different fusion temperatures (823 K,
873 K, 923 K, 973 K, and 1023 K) and held at these temperatures for
60-120 min. The fused material was then agitated at 135 rpm at room
temperature for 24 h. Hydrothermal crystallization was carried out at
353 K for 12 h. The final product, with a pH near neutral, was acid-
activated. Zeolite X and acid-treated zeolite X were compared. The re-
sults showed that acid activation, also known as dealumination of zeo-
lites, had a significant positive effect on the mesopore and total pore
volumes of zeolite X, and changes in surface morphology were observed.
Analysis revealed that the acid-activated sample had a octahedral
crystallites with a rough surface, whereas the nonacid-activated zeolite
X exhibited octahedral crystallites with a smooth surface. Acid treat-
ment also had a reducing effect on the yield of zeolite X, which was
attributed to the removal of important inorganic materials [29]. Zeolite
X was also successfully synthesized from stone waste and granite stone
sludge, using alkali fusion hydrothermal method. A recent study by
Mohammadi et al. (2025) described the synthesis and characterization
of zeolite X from granite stone sludge. Sample from a stone-cutting
factory was dried at 353-363 K for 72 h until its weight stabilized.
NaOH was used as an activator for zeolite X synthesis. This synthesis
involved acid modification with hydrochloric acid (HCl) and nitric acid
(HNO3). The initial experiment did not yield zeolite X from GSS, but
after acid treatment to remove iron, zeolite X synthesis was successful.
Following acid treatment, the sample was washed with distilled water
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until the pH reached a neutral range. Twenty grams of acid-treated
sample was mixed with 24 g of NaOH (at a ratio of 1:1.2) and
calcined for 2 h in a furnace at different temperatures. The effect of
calcination was observed at 673 K, 773 K, and 873 K. Zeolite X was
detected at all temperatures, but analysis revealed the highest intensity
at 673 K. This study emphasized that 673 K can be considered the
optimal calcination temperature; however, lower temperatures were not
investigated. The fused sample was mixed with deionized water and
placed on a shaker for 24 h for homogenization. Crystallization was
carried out at 363 K for 6 h. The prepared product was washed multiple
times with deionized water to adjust the pH to 9-10. Characterization
revealed that increasing the acid concentration during the acid treat-
ment of granite stone sludge could lead to a decrease in sample crys-
tallinity, which is a negative effect. Furthermore, the peak intensities
increased with increasing aging time from 2 to 24 h, indicating that 24 h
is the optimal aging time to obtain highly crystalline zeolite without
impurity phases. Additionally, increasing the residence time in the
furnace enhanced the degree of crystallization. Zeolite X with 100%
purity was obtained under the following conditions: calcination at 673 K
for 1 h, an aging time of 24 h, a residence time of 1 h, a GSS/NaOH ratio
of 1:1.2, and crystallization at 363 K for 6 h. Further research is neces-
sary to explore the potential of using different types of stone-cutting
waste sludge for zeolite synthesis [21].

In addition to previous studies, zeolite synthesis from fly ash has
been reported to use microwave (MW) [7,20,34] and ultrasonic (US)
energies [7,39,40], resulting in improvements in the reaction time,
crystal size, and product performance over those of conventional
methods. Future studies are proposed to refine these techniques,
including the combination of MW and US for CFA zeolitization, as well
as scaling up to industrial levels for broader application [20].

Research by Truttim et al. (2023) described the MW synthesis of
zeolite X from bituminous fly ash (BFA) and its characterization. BFA
was collected from a power plant, mixed with a 3 M NaOH solution at a
solid-liquid ratio of 1:25 and treated in a 1 L stainless steel reactor under
continuous stirring at 500 rpm and a temperature of 343 K for 24 h. After
the reaction, the solid residue was separated via filtration, and the clear
filtrate was collected as the stock solution for subsequent zeolite syn-
thesis. For the synthesis of zeolite X, the Si/Al ratio in the stock solution
was adjusted to 3.0 by the addition of Na2AlOs. A 300 mL aliquot of the
stock solution was combined with a Na2AlOs solution prepared by dis-
solving 2.2 g of NazAlOs in 100 mL of NaOH solution, where the NaOH
concentration ranged from 0 to 3.0 M. This mixture produced mixtures
with final NaOH concentrations between 2.25 and 3.0 M. These mixtures
underwent an aging process at ambient temperature for 24 h, followed
by crystallization under microwave irradiation at temperatures between
338 K and 388 K, for durations ranging from 30 to 90 min. The resulting
white precipitates were separated using vacuum filtration through GF/C
filters (1.2 pm pore size) and subsequently washed with deionized water
until the effluent pH stabilized near 10. Finally, the products were dried
in an oven at 373 K for 12 h to yield zeolite X [34].

Experimental investigations conducted on three coal fly ash samples
across a temperature range of 298-333 K demonstrated that the intro-
duction of a one-hour ultrasonic pretreatment significantly lowered the
temperature required for zeolite X crystallization. The ultrasonic treat-
ment enhanced the dissolution of the aluminosilicate source material,
rapidly inducing supersaturation with respect to the Al and Si species,
which in turn promoted a high nucleation rate of the crystalline phases.
This effect is attributed primarily to acoustic cavitation, which facilitates
the formation of nucleation sites analogous to surface imperfections.
Interestingly, while the Si/Al molar ratio of the fly ash strongly influ-
enced the crystallization temperature during conventional synthesis,
this dependency was considerably reduced when sonication was
applied. The use of US pretreatment thus proved effective in enabling
low-temperature synthesis of zeolite X regardless of the initial Si/Al
ratio in the feedstock [40].

Alternative methods of synthesis include ionothermal synthesis,
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mechanochemical synthesis and sol-gel synthesis, among others. The
ionothermal synthesis process involves selecting suitable precursors and
dissolving them in an ionic liquid, followed by crystallization and re-
covery of the product. In contrast, sol-gel synthesis offers precise control
over zeolite properties through the formation of a sol using metal alk-
oxides or salts, which undergo gelation via hydrolysis and condensation
reactions. Thermal treatments such as drying and calcination promote
crystallization and pore formation [8].

The mechanochemical method (MC) offers a rapid, energy-efficient
route for synthesizing zeolite from industrial waste, enabling success-
ful transformation within just 3 h under optimized conditions without
the need for high-temperature treatment. Compared with conventional
hydrothermal methods, the MC approach significantly reduces the
synthesis time and particle size while improving the ion exchange ca-
pacity and Cd** adsorption performance of the resulting zeolite. Mech-
anochemical treatment through ball milling induces structural
activation and enhances the reactivity of coal fly ash by breaking down
stable phases such as quartz and mullite, thus facilitating the formation
of P1 zeolite under milder conditions. Optimal synthesis was achieved at
403 K, 2 mol-L™! NaOH, and a milling frequency of 30 Hz, yielding a
zeolite product with a maximum Cd?* adsorption capacity of 130.68
mg-g '. By avoiding high-temperature fusion steps and reducing energy
consumption, the MC method represents a scalable and sustainable
alternative for valorizing coal fly ash into high-performance zeolitic
adsorbents [41].

While alternative material synthesis strategies like ionothermal,
mechanochemical, and sol-gel routes offer unique advantages, they are
rarely used to synthesize Zeolite X from industrial waste. Ionothermal
methods [8] rely on ionic liquids, while mechanochemical and sol-gel
techniques struggle to yield the necessary crystalline uniformity and
framework structure when faced with the complex chemical impurities
and variable silicon-to-aluminum ratios inherent to raw waste materials.
Consequently, scientific articles focus almost exclusively on hydrother-
mal synthesis. This method serves as the only practically relevant
approach for waste utilization because its aqueous, highly alkaline
environment efficiently dissolves the rigid aluminosilicate phases of the
waste, enabling the reliable nucleation and growth of highly crystalline
Zeolite X.

As shown in the Fig. 4, various industrial waste streams can be
effectively upcycled into high-value Zeolite X (FAU framework), utiliz-
ing specific pretreatment and synthesis pathways tailored to the raw
material's composition. Industrial waste including coal fly ash, rice husk
ash, granite sludge, palm oil mill fly ash (POMFA), and porcelain/slag,
undergo distinct pretreatment steps such as magnetic separation, acid
leaching for iron removal, calcination, or alkali fusion to optimize the
reactive silica and alumina phases. Following these adjustments, the
conditioned precursors are subjected to hydrothermal crystallization
techniques, ranging from classic hydrothermal aging to microwave- or
ultrasound-assisted synthesis. Regardless of the disparate initial waste
sources and processing routes, these pathways successfully yield Zeolite
X characterized by a Si/Al molar ratio of 1.0 to 1.5, a specific surface
area (BET) spanning 115 - 900 m2.g™!, and a distinct octahedral crystal
morphology.

The development of crystalline zeolites from waste precursors relies
heavily on the chosen synthesis vector, with each methodology pre-
senting unique trade-offs between energetic inputs (Table 2), kinetic
drivers, and product yields. While classic hydrothermal synthesis offers
a low-cost, low-temperature framework (333-373 K), its reliance on
slow surface attacks by aqueous alkali severely limits its efficiency, often
yielding mixed phases with low BET surface areas over prolonged 24-
hour periods. To overcome these kinetic barriers, advanced thermal
and mechanical interventions are employed. Alkali fusion hydrothermal
processing utilizes high-temperature roasting (823-1023 K) to convert
inert quartz and mullite into highly soluble salts, ensuring complete
matrix conversion and single-phase Zeolite X with exceptional crystal-
linity, though at the cost of high energy consumption. Alternatively,



Chemical Engineering Journal Advances 27 (2026) 101326

Zeolite X synthesis pathways from industrial waste

Granite
sludge

Acid leaching,
Fe removal
and
calcination

Alkali fusion

Microwave, ultrasound, classic hydrothermal

synthesis

Zeolite X (FAU framework)

Si/Al1.0-1.5; BET 115-900 m*¢’!
octahedral crystal morphology

Fig. 4. A schematic diagram of selected synthesis pathways from different waste materials.
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Table 2

Comparison of selected syntheses.

Method and waste source Temp (K) and NaOH ratio Pretreatment Zeolite X purity and surface area (mzog‘l) Ref
time

Alkali fusion hydrothermal 333-363 (K); CFA:NaOH Magnetic separation of Fe Single phase; [15,
using coal fly ash 12 - 24h 1:1.2 (wt) impurities 425.9 m2eg! 36]

Microwave assisted 368 K Extraction with 3 M 3 M NaOH leaching at 348 K for 91.8% purity; Surface area not specified. [34]
hydrothermal using 60 min NaOH 24 h; Si/Al adjustment with
bituminous fly ash NaAlO,

Hydrothermal synthesis using 373K 3 M NaOH Alkaline fusion at 1023 K for 1 h Crystalline phase; [35]
fly ash 4h 239.5 m?eg !

Hydrothermal using coal fly 363 K CFA:NaOH = 1:1.2 (wt) Alkaline fusion at 1073 K for 2 h High crystallinity; [42]
ash 8h 487.6 m2eg!

Ultrasound assisted 333-368 K Varies based on direct Evaluated via direct conversionor ~ Narrow crystal size distribution; high phase [20]
hydrothermal Fast, compared to conversion vs. indirect indirect high-temperature fusion crystallinity; Enhanced microporous
using coal fly ash conventional fusion framework properties

decoupled hydrothermal loops isolate the extraction and crystallization
stages to maximize surface areas and eliminate bulk impurities through
precise stoichiometric adjustments, albeit using a more complex,
multistage operational design. To mitigate the intensive thermal and
structural demands of traditional frameworks, process intensification
using wave and acoustic fields has emerged as a highly efficient alter-
native. Microwave-assisted synthesis leverages volumetric dielectric
heating (2.45 GHz) and dipole-rotation-driven mass transport to dras-
tically compress crystallization times to approximately 60 min, deliv-
ering high quantitative purity and narrow crystal size distributions.
However, its industrial scale-up remains constrained by attenuation and
penetration limits in dense slurries. Similarly, ultrasound and cavitation-
assisted techniques utilize localized hotspots, mechanical shockwaves,
and radical-induced polymerization to reduce gel aging times from
hours to minutes, achieving exceptional spatial crystal dispersion and
high relative crystallinity. While these dynamic synthesis pathways
drastically accelerate dissolution and nucleation kinetics compared to

classic hydrothermal aging, they require specialized reactor designs to
mitigate severe equipment erosion, presenting an ongoing engineering
challenge for industrial waste-to-zeolite conversion [20,34-37,42].

While traditional chemical syntheses often report product yields as a
simple percentage, studies focusing on the synthesis of Zeolite X from
complex industrial and consumer waste materials utilize multi-
dimensional performance metrics instead. Because these waste pre-
cursors are highly heterogeneous and contain variable silicon and
aluminum ratios alongside distinct impurities, a simple mass percentage
fails to capture the true efficiency or success of the synthesis. Conse-
quently, researchers quantify "yield" through specialized structural,
qualitative, and functional indicators:

1. Phase Purity and Matrix Matching: Success is often defined by the
ability to isolate pure crystalline phases (e.g., optimizing structural
runs to separate Zeolite X from crystalline phases A and P) [13,16,30,
34,36].
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2. Functional Application Performance: Yield efficiency is frequently
tied directly to the material's final application capacity. This includes
measuring specific surface area paired with precise gas adsorption
capacities [18,29,56,59].

3. Catalytic Activity Frameworks: In catalytic applications, the yield
quality of the synthesized framework is evaluated by its operational
output, such as providing optimal support for catalysts to achieve
distinct hydrogen generation rates [35,36].

4. Thermal and Structural Stability: Yield optimization is also charac-
terized by the stability of the pure crystal phase under specific
thermal thresholds, where strict temperature controls are required
during calcination to prevent adverse structural phase shifts [34,47,
62].

Ultimately, studies demonstrate that the "yield" of Zeolite X synthe-
sized from waste streams is comprehensively evaluated by crystal purity,
structural integrity, and application-specific performance rather than
standard gravimetric percentages [3,15,35,42,43].

To optimize the synthesis of Zeolite X from industrial waste, a careful
trade-off between operational complexity, energy consumption, and
reaction kinetics must be considered (Table 3). Classic hydrothermal
synthesis remains highly favored for its simple operation and low
instrumentation costs, yet it is severely bottlenecked by prolonged
processing times and poor efficiency when breaking down inert waste
minerals. To circumvent these mineralogical constraints, alkali fusion
hydrothermal methods offer complete conversion of inert phases and
exceptional product crystallinity, though this comes at the expense of
high energy consumption during the high-temperature fusion stage.
Alternatively, advanced kinetic enhancement techniques such as mi-
crowave- and ultrasound/cavitation-assisted synthesis have emerged to
drastically accelerate the process, compressing crystallization and gel
aging times down to approximately 60 min and mere minutes, respec-
tively. However, these methods face practical engineering hurdles: mi-
crowave penetration attenuation limits scalability within dense
industrial slurries, while ultrasound-assisted setups require specialized,
costly reactors prone to equipment erosion.

4. Characterization and pretreatment of industrial waste and
zeolite X

Characterization of industrial waste for zeolite X synthesis represents
the first step in most of the examined studies. In a study by Boycheva
et al. (2021), the chemical composition of coal fly ash was determined
via atomic emission spectroscopy with an inductively coupled plasma
excitation source and a spectrometer, whereas the phase composition
and morphology of the ash particles were examined via X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Chemical analysis

Table 3
Main advantages and disadvantages of selected synthesis methods.
Synthesis Main advantage Main Disadvantage Ref
method
Classic Simple operation; low Long processing hours; [20,
hydrothermal instrumentation cost poor efficiency in 37,
breaking down inert 44]
waste minerals
Alkali fusion Complete conversion of Large energy [35,
hydrothermal inert waste; excellent consumption during the 36]
product crystallinity high-temperature fusion
step
Microwave Drastic reduction in Attenuation and [20,
Assisted crystallization time penetration limit scale- 34]
(approx. 60 min) up in dense industrial
slurries
Ultrasound/ Compresses gel aging Demands specialized [20,
Cavitation- times from hours down to reactors; potential issues 44]
Assisted minutes via cavitation with equipment erosion
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revealed that raw coal fly ash has high SiO- and Al:Os contents, with
notable variations in CaO, Fez0s, and Na2O contents, reflecting changes
due to the synthesis process. The study also examined structural dif-
ferences between coal fly ash from two different power plants. XRD and
SEM revealed that one sample of coal fly ash contained predominantly
cenospheres, whereas the other was composed mainly of agglomerates,
highlighting significant structural differences [45]. These findings
emphasize the importance of the detailed characterization of industrial
waste materials, as their composition directly influences their
morphology and suitability for zeolite synthesis. The study by Wajima
and Ikegami (2009) described waste porcelain used for zeolite X syn-
thesis as consisting of particles smaller than 1 mm, containing 69.8 wt%
SiOz and 18.5 wt% Al0s, with the remainder comprising Na-0O, K-O,
MgO, CaO, Fe20s, and ZnO, as mentioned previously [24]. This high-
lights the relevance of detailed compositional analysis and particle size
in evaluating waste materials for zeolite synthesis.

Hayfron et al. (2025) pretreated raw clay and prepared sodium sil-
icate (SS) from rice husk. The raw clay was cleaned, suspended in
distilled water, and subjected to sedimentation to isolate fine particles,
followed by purification, drying at 378 K for 24 h, and calcination at 723
K for 4 h to remove organic and volatile impurities. SS was prepared
from rice husk ash by washing, drying, and calcining the husks at 1073 K
for 3 h, followed by acid activation with 0.1 M HCI, washing, drying, and
alkaline treatment with 4 M NaOH; the mixture was then heated at 773
K for 1 h in a teflon-coated autoclave to yield the final SS precursor.
These procedures ensure thorough preparation and characterization of
the raw materials essential for synthesizing waste-derived Zeolite X
[46].

Thorough characterization and pretreatment of diverse industrial
waste materials, including coal fly ash, porcelain, and clay-based pre-
cursors, are critical steps that directly impact the quality and efficiency
of Zeolite X synthesis. The desired properties of Zeolite X are largely
determined by its intended applications. Its unique crystalline structure
imparts important characteristics such as ion exchange capacity,
adsorption ability, molecular sieving, and catalytic activity [47].

The chemical compositions of the waste precursors discussed in this
review are summarized in tables 3 and 4. The data reveal significant
variability in the SiO2 and Al-0s contents across waste types, which has
direct implications for the synthesis strategy, pretreatment re-
quirements, and achievable Zeolite X purity.

Coal fly ash (CFA) is the most widely studied precursor and has a
relatively consistent Si/Al molar ratio in the range of 1.64-2.02 across
samples from power plants in Bulgaria, Brazil, South Korea, and
Thailand [15,18,34,45]. This range is close to the target Si/Al ratio of
Zeolite X (< 2), making CFA inherently well suited for direct hydro-
thermal synthesis without major compositional adjustment. However,
the absolute concentrations of SiO2 and Al:Os vary between sources
(SiO2: 49.96-60.76 wt%; Al2Oa: 21.14-29.17 wt%), and the impurity
profiles differ substantially. The iron oxide (Fe203) content ranges from
4.68 to 12.99 wt%, with the highest value recorded for CFA from TPP
"AES Galabovo" [45]. Elevated Fe:Os is particularly problematic, as iron
species can substitute into the zeolite framework or precipitate as
amorphous phases, reducing crystallinity and product purity; this effect
was confirmed by FTIR analysis, which detected an additional absorp-
tion band at 660 cm™ in zeolites synthesized from untreated CFA [36].
The CaO content also varies widely (1.54-9.63 wt%), and high CaO
concentrations are associated with the formation of competing calcium
silicate phases during hydrothermal synthesis. These findings collec-
tively demonstrate that CFA cannot be treated as a compositionally
uniform precursor: the synthesis protocol must be tailored to a specific
ash source.

Granite stone sludge (GSS) presents a distinct compositional profile,
with a pretreatment Si/Al ratio of 2.55 [21]. Notably, acid treatment
with HCl and HNOs, applied to remove iron impurities, results in a
decrease in both SiO2 (from 50.7 to 40.2 wt%) and the Si/Al ratio (from
2.55 to 2.15), accompanied by a marked increase in loss on ignition
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Table 4
Chemical composition of several waste precursors (Si/Al, impurities).

Si/Al
molar
ratio

LOI
wt%

Si0y Ref

wt%

Al,O3
wt%

Key impurities
(from highest
to lowest wt%)

Waste type

CFAAgs 50.20 23.75 1.79 Fe,03, CaO, 2.16
MgO, SO3, K20,
TiO,, Nay0,
MnO, P,05
CaO, Fe,03,
K70, SOs, MgO,
TiOg, P20s,
Nay0, MnO
Fe,03, K50,
CaO, TiO,, MgO,
Nay0, SO3, P,0s
Fey03, CaO,
MgO, NayO,
K20, SO3, TiO2,
P05

Fe,03, K-0,
others not
specified

CaO, Fey0s3,
TiO,, K20, MgO,
P,0s, SO3,
Na,0, SrO

K»0, P,Os, CaO,
MgO, Fe,0s3, Cl,
Na,0, CuO, ZnO
Fe,03, CaO,
Na,0, MgO,
K20, TiO,

CaO, MgO,
Na,y0, Fe;03,
TiOg, K20

Ca0, K30, P,0s,
MgO, Fe30s,
other

[45]

CFAM3 50.80 21.33 2.02 7.80 [45]

CFAj, 60.76 25.48 2.02 [18]

CFApg 49.96 21.14 2.01 3.95 [18]

CFAgk 56.20 29.17 1.64 no [15]

data

Bituminous 53.60 25.40 1.79 [34]

fly ash

no
data

Rice husk 0.2 311.82 15.7

ash

73.5 [48]

GSSga 50.7 16.9 2.55 1.8 [21]

GSSar 2.15 20.1 [21]

POMFA 50.57 1.03 41.66 no

data

[29]

CFA,gs - Coal Fly Ash (Boycheva et al. 2021) from TPP "AES Galabovo*.
CFAy3 - Coal Fly Ash (Boycheva et al. 2021) from TPP "Maritza 3 Dimitrovgrad.
CFAyy, - Coal Fly Ash (de Aquino et al. 2020) from Jorge Lacerda power plant.
CFApg - Coal Fly Ash (de Aquino et al. 2020) from Pecém power plant.

CFAgk - Coal Fly Ash (Lee et al. 2024) from power station in South Korea.
GSSga - Granite stone sludge before acid treatment (Mohammadi et al. 2025).
GSSar - Granite stone sludge after acid treatment (Mohammadi et al. 2025).
POMFA - POMFA (Palm oil mill fly ash), Kongnoo et al. 2017.

(LOI) from 1.8 to 20.1 wt%. The increase in LOI after acid treatment
likely reflects the retention of surface hydroxyl groups and partially
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hydrated phases formed during leaching rather than residual organic
matter. Importantly, acid treatment reduced the Fe20s content from 9.1
to 3.8 wt%, which Mohammadi et al. (2025) identified as the critical
step enabling successful Zeolite X formation; synthesis without prior
iron removal did not yield the target phase [21](Table 5).

The most compositionally extreme precursors are rice husk ash
(RHA) and palm oil mill fly ash (POMFA), with Si/Al molar ratios of
311.82 and 41.66, respectively. Both materials consist predominantly of
amorphous SiO2 with negligible alumina content, which means that
external aluminum sources must be introduced during synthesis to
achieve the Si/Al ratio required for Zeolite X formation. While this adds
a reagent cost and process step, the high silica purity of RHA - combined
with low levels of iron and heavy metal impurities - may offer advan-
tages in terms of final zeolite purity compared with that of CFA-derived
materials, where contaminant management is more demanding. In
contrast, POMFA contains 15.92 wt% CaO, the highest among all the
precursors examined, which poses an additional challenge, as calcium
phases may compete with Zeolite X crystallization during hydrothermal
treatment.

Regarding the impurities' removal, acid leaching primarily functions
to eliminate interfering mineral phases and reduce structural iron im-
purities. For example, washing coal fly ash or granite stone sludge with
solutions of HCl or HNOs aggressively extracts iron oxides, which
otherwise substitute deleteriously into the aluminosilicate framework or
precipitate as amorphous clusters that stifle crystal nucleation [21,35,
36]. Furthermore, targeted acid leaching reduces the concentration of
calcium oxides, thereby suppressing the formation of competing calcium
silicate hydrates that lower final zeolite yields [21,35]. Alkali fusion acts
as a high-temperature thermal-chemical intervention (typically between
823 K and 1123 K) designed to dismantle inert crystalline phases like
quartz and mullite inherent in waste residues [7,41]. By roasting the raw
material with an activator like these, unreactive matrices are trans-
formed into highly soluble, monomeric sodium silicate and sodium
aluminate salts [18,41]. This rapid phase transformation bypasses the
slow, surface-limited aqueous dissolution of traditional hydrothermal
aging, generating a highly supersaturated gel that accelerates nucleation
rates [7,40]. However, the alkali-to-waste ratio must be strictly
controlled, as an excessive concentration of alkali shifts the framework
thermodynamics, steering the phase selection away from the faujasite
network of Zeolite X and toward denser, undesired hydroxysodalite
phases [16]. Calcination provides a multi-fold advantage depending on
the feedstock; when applied to biomass wastes like rice husk or raw clay,
it efficiently vaporizes volatile organic impurities and removes bound
structural water [46]. In stone-cutting sludges, calcination temperatures

Table 5

Impurities of several waste precursors in wt%.
Waste type wt% of impurities Other Ref

Fe,03 Cao MgO SO3 K,O TiOy NayO0 MnO P,0s

CFApEs 12.99 4.45 2.31 1.04 0.98 0.84 0.78 2.31 0.05 LOI 2.16 [45]
CFA\3 4.68 9.63 0.82 0.86 2.17 0.78 0.37 0.09 0.49 LOI 7.80 [45]
CFA;L 5.00 1.54 0.79 0.47 291 1.11 0.56 no data 0.07 LOI1.33 [18]
CFApg 8.66 6.73 3.33 1.61 1.80 0.86 1.85 no data 0.14 LOI 3.95 [18]
CFAsk 6.84 no data no data no data 0.83 no data no data no data no data no data [15]
Bituminous fly ash 5.89 8.25 0.98 0.64 1.56 1.63 0.49 no data 0.97 Sr0 0.19; etc. 0.38 [34]
Rice husk ash 0.8 1.3 1.1 no data 3.9 no data 0.4 no data 1.4 Cl1 0.7; CuO and ZnO <0.1 [48]
GSSgpa 9.1 6.4 4.1 no data 3.9 0.7 6.3 no data no data LOI 1.8 [21]
GSSaT 3.8 7.7 5.4 no data 0.7 0.7 5.4 no data no data LOI 20.1 [21]
POMFA 2.56 15.92 4.73 no data 8.45 no data no data no data 6.53 other 10.21 [29]

CFApgs - Coal Fly Ash (Boycheva et al. 2021) from TPP "AES Galabovo*.

CFAp3 - Coal Fly Ash (Boycheva et al. 2021) from TPP "Maritza 3 Dimitrovgrad.

CFAyy, - Coal Fly Ash (de Aquino et al. 2020) from Jorge Lacerda power plant.
CFApg - Coal Fly Ash (de Aquino et al. 2020) from Pecém power plant.

CFAgk - Coal Fly Ash (Lee et al. 2024) from power station in South Korea.
GSSga - Granite stone sludge before acid treatment (Mohammadi et al. 2025).
GSSar - Granite stone sludge after acid treatment (Mohammadi et al. 2025).
POMFA - POMFA (Palm oil mill fly ash), Kongnoo et al. 2017.
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directly influence the framework intensity. Observations show that
while thermal activation at 673 K yields a highly reactive precursor
optimal for high-intensity Zeolite X formation, elevating the calcination
temperature beyond this threshold can lead to localized sintering and
structural collapse, which reduces overall sample crystallinity [21].
Taken together, these data highlight that precursor composition is a
primary determinant of synthesis complexity. Precursors with Si/Al
ratios closest to the target value (CFA, GSS) require less compositional
adjustment but demand more rigorous impurity removal, particularly
for Fe and Ca species. Precursors with extreme Si/Al ratios (RHA,
POMFA) require external component supplementation but may benefit
from inherently lower contaminant loads. A systematic understanding of
these compositional trade-offs is essential for selecting appropriate
pretreatment and synthesis strategies for each waste source.

The characterization of Zeolite X synthesized from waste-derived
precursors plays a crucial role in evaluating its structural integrity,
physicochemical properties, and, importantly, its “sustainability-
related” features. These features include defect density, thermal and
hydrothermal stability, framework composition (particularly Si/Al
ratio), and textural properties, all of which directly influence the ma-
terial’s performance in catalytic, adsorption, and ion-exchange appli-
cations [49].

Evaluating the structural evolution from heterogeneous waste
matrices to highly crystalline Zeolite X requires an integrated multi-
analytical approach to confirm framework integrity, morphology, and
chemical states. XRD remains the primary technique for phase identifi-
cation, phase purity validation, and relative crystallinity determination.
Successful synthesis of Zeolite X is authenticated by the appearance of
characteristic reflections corresponding to the cubic faujasite (FAU)
topology, distinctly separating it from competing phases such as zeolite
A, zeolite P, or hydroxysodalite. Peak intensities and full-width at half-
maximum (FWHM) values are utilized to calculate crystalline size and
track the complete consumption of amorphous quartz or mullite phases
during hydrothermal conversion. FTIR is vital for functional group
analysis and mapping the secondary building units of the aluminosili-
cate network. The characteristic infrared spectrum of Zeolite X features
distinct absorption bands: asymmetric stretching of internal tetrahedra
(typically around 1000-1050 cm™), symmetric stretching (660-750
cm™!), and T-O bending vibrations (450-500 cm™). Crucially, the
presence of a double-ring vibration band near 560 cm™ serves as
definitive evidence of the double six-ring (D6R) sub-structural units
unique to the faujasite framework. FTIR is also highly sensitive to
structural impurities; for instance, unremoved iron configurations
introduce an anomalous absorption band at 660 cm™. XPS provides deep
insight into the surface chemical states and coordination environments
of elemental framework components. By mapping the binding energies
of Si 2p, Al 2p, and O 1s orbitals, XPS tracks the successful incorporation
of AI** ions into tetrahedral positions within the silica network, which
generates the net negative framework charge balanced by exchangeable
cations (e.g., Na*). It further distinguishes framework elements from
localized surface impurities or non-framework oxide residuals. Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) are essential for morphological and particle size evaluations.
Well-crystallized Zeolite X typically manifests as distinct, well-defined
octahedral crystals. Microscopic evaluations reveal that while non-
acid-activated systems exhibit smooth crystal facets, post-synthesis
acid modifications (dealumination) yield octahedral crystallites char-
acterized by rougher, highly mesoporous surfaces. TEM further details
the sub-micron pore alignment, verifying the presence of open micro/
mesopore channel networks against structural blockages caused by
unreacted waste aggregates.

A comprehensive characterization strategy integrates multiple
complementary techniques to establish structure-property relationships.
Powder XRD remains the primary method for confirming phase purity,
crystallinity, and successful formation of the FAU-type framework
characteristic of Zeolite X. It also enables semi-quantitative assessment
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of crystallization degree, which is closely linked to ion-exchange ca-
pacity and overall material performance [50]. Solid-state nuclear mag-
netic resonance (NMR), particularly 2°Si and 2’Al MAS NMR, provides
detailed insight into the local framework environment. These techniques
allow for the determination of Si/Al ratios, aluminium coordination
states, and the presence of framework defects such as silanol nests or
extra-framework aluminium species. Such defects are critical indicators
of sustainability, as lower defect densities are typically associated with
enhanced stability and longer operational lifetimes. Vibrational spec-
troscopic methods, including UV-Raman and FTIR spectroscopy, further
complement structural analysis by probing framework vibrations, T-O-T
(T = Si or Al) linkages, and the presence of hydroxyl groups or acid sites.
Raman spectroscopy, in particular, is sensitive to short-range order and
can detect subtle structural distortions or defect formation that may not
be evident from XRD alone [51]. Textural properties are typically
evaluated using nitrogen adsorption-desorption isotherms, enabling the
determination of specific surface area by the Brunauer-Emmett-Teller
(BET) method, as well as pore volume and pore size distribution.
These parameters are essential for assessing the hierarchical porosity
(micro- and mesoporosity) often targeted in waste-derived zeolites to
enhance mass transport and adsorption efficiency [52]. Electron mi-
croscopy techniques, particularly high-resolution transmission electron
microscopy (HRTEM) and SEM, provide direct visualization of crystal
morphology, particle size, and the presence of structural defects or
amorphous phases. HRTEM can additionally reveal lattice fringes and
nanoscale disorder, offering valuable information on defect density and
crystallographic coherence. Thermal and hydrothermal stability, key
indicators of sustainable performance, are typically assessed using
thermogravimetric analysis (TGA), differential thermal analysis (DTA),
and in situ XRD under elevated temperatures or steam conditions.
Waste-derived Zeolite X has been shown to exhibit high thermal stability
and significant surface area, making it suitable for industrial applica-
tions such as adsorption and catalysis [53]. In recent years, advanced
and operando characterization techniques have gained increasing
importance. These approaches allow for real-time monitoring of struc-
tural and chemical changes under working conditions, providing deeper
insight into degradation mechanisms, stability, and performance evo-
lution [54].

Comprehensive characterization is vital to confirming the phase
purity and morphological integrity of Zeolite X synthesized from various
industrial wastes (Table 6). X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) serve as the cornerstone diagnostic techniques
across most synthesis pathways to verify crystallinity and the signature
octahedral framework geometry. Advanced kinetic techniques, such as
microwave and ultrasonic hydrothermal methods, yield high phase
purity (e.g., 91.8% within 60 min) and highly uniform crystallite or
spatial dispersions due to accelerated nucleation rates. Furthermore,
chemical and thermal pretreatments strongly influence the final product
structure; acid leaching of granite stone sludge to remove iron, com-
bined with calcination at 673 K and a 24 h aging window, is required to
eliminate amorphous impurity phases and maximize XRD peak in-
tensity. Similarly, acid-dealuminated palm oil mill fly ash (POMFA) al-
ters the final material's textural properties, resulting in octahedral
crystallites with roughened surfaces and a substantial expansion in both
mesopore and total pore volume.

Overall, the integration of these techniques enables a holistic eval-
uation of Zeolite X synthesized from waste materials, linking synthesis
conditions to structural features and ultimately to performance. Such a
multi-technique approach is essential for the rational design of sus-
tainable zeolitic materials with optimized properties and reduced
environmental impact.

5. Application of waste-derived zeolite

A wide range of environmental applications of Zeolite X derived from
waste material has been reported (Fig. 5), including the removal of
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Table 6

Correlation of synthesis vectors with characterization outcomes.
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contaminants, specifically heavy metals, cations, anions, and organic
contaminants, including radioactive substances. Additionally, the
catalysis and adsorption potential are examined [55]. Research by Wang

Waste Source and Dominant Key Structural Findings  Ref
Synthesis type Characterization & Phase Outcomes et al. (2025) emphasized the use of spent fluid catalytic cracking cata-
Techniques lysts for Zeolite X synthesis. This study presents a novel low-temperature
Coal Fly Ash (Alkali  XRD, SEM, FTIR Single-phase FAU [1s, activation method for spent fluid catalytic cracking (SFCC) catalysts,
Fusion network; prominent 560 36] enabling their conversion into high-quality Zeolite X (SFCC-X-200)
Hydrothermal) cm™ double-ring FTIR under mild hydrothermal conditions. The synthesized zeolite exhibited
bands; defined xcellent tallinity, high CO: adsorption it nd rior
octahedral morphology. excellent crysta y, hig 2 adsorption capacity, and superio
Fe impurities yield a 660 selectivity for CO2/CHa and CO2/N: separation, outperforming conven-
em™! band if unseparated. tional materials. These results highlight SFCC-X-200 as a cost-effective,
Bituminous Fly Ash  XRD, Particle Size 91.8% phase purity [34] sustainable solution for industrial CO: capture and separation [56].
(Microwave Analysis achieved rapidly within A study by He et al. (2024) highlighted the potential of Zeolite X in
Hydrothermal) 60 min; highly uniform . . . . .
crystallite size advanced composite materials, demonstrating its effectiveness when
distribution. used as a core in a shell-core structured adsorbent for adsorption heat
Coal Fly Ash XRD, SEM Accelerated nucleation [20, pump (AdHP) systems. Although Zeolite X in this case was not derived
(Ultrasonic rates via acoustic 40] from waste, the demonstrated thermal stability, water regulation, and
Hydrothermal) cavitation; uniform . e .
spatial crystal dispersion energy-saving performance suggest that similarly structured materials
under low-temperature synthesized from industrial waste could offer comparable benefits in
conditions. sustainable energy and gas separation applications [57]. A recent study
Granite Stone XRD, SEM, 100% pure Zeolite X [21] by Lee et al. (2024) demonstrated the successful upcycling of coal fly ash
Sludge (Acid- Compositional obtained only after iron into high-performance zeolitic adsorbents for ammonia gas removal.
Leached Fusion) Profiling removal; calcination at Am h hesized ials. Zeolite X. derived f 11l h
673 K yields optimal 'ongt e synt] esize materla.s, eolite , derived from coal fly as1
peak intensity; longer using NaOH, exhibited outstanding adsorption capacity (64.91 mg-g™)
aging (24 h) eliminates and excellent recyclability (92% efficiency after five cycles), out-
a‘}:“’rphous impurity performing even commercial zeolite 13X. These results highlight the
phases. . } . . ; .
Palm Oil Mill Fly SEM, Porosimetry, Acid.dealuminated [20] potential of coal fly ash-derived Zeolite X as a cost-effective and

Ash (Alkali Fusion
Hydrothermal)

Morphological
Profiling

samples show octahedral
crystallites with rough
surfaces alongside a
dramatic expansion in
mesopore and total pore
volume.

energy-efficient alternative for gas purification applications [15].
Another recent study by Feudjio et al. (2025) involving Na-X zeolite
synthesized from clay demonstrated that ion exchange with K*, Mg,
and Ca?* ions can significantly alter the water adsorption properties of
the material. Despite minimal structural changes post-exchange, notable
modifications in surface area and pore volume were observed, which
were attributed to cation-induced pore blockage. In particular, Zeo-Mg-

[ GAS ADSORPTION ]

ORGANIC CONTAMINANT
ADSORPTION
WASTE
DERIVED
ZEOLITE ,

MULTI-POLLUTANT
FLUE GAS TREATMENT

TOXIC METAL
REMOVAL

Fig. 5. Reported applications of waste-derived zeolites. The figure was improved with the help of OpenAl.
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X and Zeo-Ca-X exhibited enhanced water adsorption performance and
good hydrothermal stability, highlighting the potential of modified
waste-derived zeolites in humidity control and adsorption-based appli-
cations [58].

Zeolite X synthesized from industrial waste sources such as fly ash
and slag has been investigated as a low-cost catalyst support for Co-B
catalysts in NaBH4 hydrolysis for hydrogen generation (Bilgic et al.,
2025). The catalysts, prepared via impregnation and chemical reduc-
tion, exhibited promising hydrogen production rates and good reus-
ability. The performance of these systems was influenced by the
physicochemical properties of the zeolite supports, particularly the Si/Al
ratio and surface characteristics. These findings highlight the potential
of waste-derived Zeolite X as an efficient and economically viable ma-
terial for on-demand hydrogen production, with applications in portable
proton exchange membrane fuel cells [35].

The adsorption behaviors of NO, NHg, SO2, CO2, and C7Hg from flue
gases on waste-derived Zeolite X were explored by Dai et al. (2025), and
successful conversion of coal fly ash into high-performance Zeolite X
adsorbents via optimized calcination and hydrothermal treatment was
demonstrated, resulting in an elevenfold increase in the specific surface
area. The synthesized zeolite exhibits selective adsorption of various flue
gas components, with maximum adsorption capacities at 293 K reaching
1.58 rnmol-g'1 for NHs and 1.16 mmol-g'1 for SO, significantly
exceeding those for other gases such as CO2, C7Hs, and NO In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis,
combined with density functional theory (DFT) calculations, revealed
that bridged oxygen bonds (T-O-T) within the zeolite framework act as
primary adsorption sites. These sites facilitate electron transfer through
exothermic interactions with gas molecules, increasing the adsorption
efficiency. These findings establish a sustainable approach for the
simultaneous treatment of solid waste and flue gas pollutants from coal-
fired power plants while providing molecular-level insights to guide the
rational design of waste-derived zeolite adsorbents for multipollutant
control applications. Future research should focus on optimizing the
selective adsorption properties and evaluating the long-term stability of
these materials under industrial operating conditions [42].

The comparative data in the Table 7 highlights a profound opera-
tional distinction between the synthetic benchmark and the waste-
derived alternative when subjected to consecutive thermal regenera-
tion cycles. Although the commercial 13X zeolite initially exhibits a
superior baseline adsorption capacity due to its optimized structural
purity and high concentration of accessible microporous acid sites, it
suffers from severe, irreversible thermal degradation under repeated
handling, retaining a mere 31.5% of its functionality by the fifth cycle. In
stark contrast, the fly ash-derived zeolite framework demonstrates
exceptional structural robustness and thermal resilience, maintaining an
impressive 92.0% recycling efficiency across the same evaluation span.
This stark divergence in longevity underscores a critical trade-off where
the waste-derived zeolite compensates for its marginally lower initial
capture performance by dramatically outperforming the commercial
baseline in cyclic stability, establishing itself as a far more viable and
sustainable candidate for long-term industrial gas purification and
circular-economy engineering.
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The study by Marhoon et al. (2023) aimed to evaluate the effects of
coal fly ash (CFA) pretreatment, optimize synthesis parameters, char-
acterize the resulting Zeolite X properties, and assess its efficiency in
removing the heavy metal ions Ni** and V** under various conditions.
Magnetic separation was applied to remove magnetic impurities from
raw coal fly ash. Acid washing of raw CFA effectively reduced undesir-
able metal oxides, with XRF analysis revealing a pollutant oxide content
<12% in treated CFA. XRD confirmed that under optimal synthesis
conditions (12 h, 363 K), TCFA yielded high-purity, single-phase Zeolite
X, unlike the less pure zeolite derived from RCFA. BET surface area
analysis revealed a significantly greater specific surface area for TCFA-
derived Zeolite X (452 m2~g’1) than for RCFA-derived Zeolite X (115
m2-g"!). SEM images revealed that Zeolite X-TCFA possessed enhanced
crystallinity and purity with well-defined crystals, whereas Zeolite X-
RCFA displayed signs of impurity intergrowth. FTIR further confirmed
these observations, with an additional peak at 660 cm™ in Zeolite X-
RCFA, indicating that contaminant phases were absent in the TCFA
sample. Adsorption experiments for Ni** and V°* ions demonstrated the
influence of initial concentration, contact time, zeolite dosage, and pH
on removal efficiency. Kinetic analysis favored the pseudo-second-order
model, suggesting that chemisorption was the dominant adsorption
mechanism. Isotherm studies revealed that the Langmuir model better
described the adsorption process than the Freundlich model did, indi-
cating monolayer adsorption on a homogeneous surface. Overall, this
research highlights the difference between raw and treated CFA for
Zeolite X synthesis and emphasizes the production of environmentally
friendly and cost-efficient adsorbents for heavy metal remediation [36].

Zeolite X synthesized from riceberry rice husk (RRH) was effectively
utilized for propionic acid adsorption in a study by Na Chat et al. (2022).
Among the synthesized samples, the zeolite treated with 0.5 M HCl
(0.5HCI-X) presented the highest adsorption capacity, reaching 516
mg-g! after 30 min of equilibration. Kinetic analysis indicated that the
adsorption followed a pseudo-second-order model, suggesting that
chemical adsorption governed the rate-controlling step. This work
further demonstrates the versatility of waste-derived Zeolite X materials
as efficient adsorbents, complementing other studies where Zeolite X
from CFA, slag, and rice husk precursors has been successfully applied
for removing diverse pollutants, such as heavy metals, gases, and
organic acids. Collectively, these findings highlight the potential of
converting agricultural and industrial wastes into valuable zeolite ad-
sorbents for environmental remediation and catalytic applications [28].

Waste-derived Zeolite X has exceptional versatility and efficiency
across a broad spectrum of environmental applications, including heavy
metal and organic contaminant removal, gas adsorption, catalysis, and
energy-related processes. Studies consistently show that converting in-
dustrial and agricultural wastes into Zeolite X not only provides cost-
effective and sustainable materials but also often enhances the adsorp-
tion capacity, selectivity, and catalytic performance compared with
those of their conventional counterparts. These advances underscore the
significant potential of waste-derived Zeolite X as a green solution for
pollution control, resource recovery, and clean energy technologies.

Table 7
Adsorption related data of selected studies.
Zeolite X variant Adsorption conditions Gas Adsorption Reference
Species capacity
Commercial Li-H-X Zeolite Static: 298 K, 20 bar CO, 9.6 mmol-g~! [59]
H, 0.78 mmol-g™*
Zeolite X from Bottom Ash modified with Thermogravimetric: 348 K, 1 bar CO, 0.97 mmol~g’1 [60]
polyethyleneimine
Zeolite X from Fly Ash Dynamic Flue Gas Simulation: 293.15K, 1000 ppm feed for NH3, 1500 ppm feed =~ NH3 1.58 mmol-g* [42]
for SO,, 400 pm feed for NO SO, 1.16 mmol-g*
NO 0.38 mmol-g!
Zeolite X from non magnetic fly ash Dynamic streams: 303.15 K, 1 bar total pressure NH3 3.81 mmol-g! [15]
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6. Future challenges and perspectives

Currently, several waste materials are actively being considered for
the synthesis of Zeolite X [61]. Waste materials such as fly ash [17,28,
35,45], slag [13,35], or agricultural residues [17,23,28] vary widely in
composition and impurities, which can affect reproducibility and zeolite
quality. The development of robust pretreatment and standardization
protocols is essential to ensure consistent synthesis outcomes. Trans-
lating laboratory-scale synthesis methods to large-scale, cost-effective,
and energy-efficient industrial processes remains challenging. Opti-
mizing synthesis parameters to reduce energy consumption, synthesis
time, and waste generation is critical [7,62].

Coal fly ash and other waste materials may contain hazardous ele-
ments (e.g., toxic metals) [63], raising concerns about the final zeolite
product’s safety and environmental impact. The effective removal or
immobilization of such contaminants is needed for safe applications.
Achieving precise control over Zeolite X’s physicochemical properties
(e.g., pore size, ion-exchange capacity, crystallinity) through
waste-derived synthesis routes can be difficult but is necessary to opti-
mize performance for specific applications. Ensuring that waste-derived
Zeolite X maintains structural integrity, adsorption capacity, and cata-
lytic activity under real industrial conditions over extended use is a key
challenge that requires further study.

The use of waste materials to produce high-value Zeolite X supports
resource recovery and waste minimization, advancing sustainable ma-
terial cycles and reducing the environmental footprint [8]. Combining
waste-derived Zeolite X with modification techniques such as ion ex-
change can tailor properties to emerging applications in gas separation,
catalysis, and energy storage [40,58]. Waste-derived zeolites may be
integrated into innovative systems such as adsorption heat pumps [57],
membrane reactors for thermocatalytic conversion of COy [64] or fuel
cells [43,65], broadening their practical utility. Employing data-driven
approaches [66] to predict optimal synthesis conditions and perfor-
mance on the basis of variable waste feedstock composition could
accelerate development and industrial adoption. The development of
standards and certifications for waste-derived zeolite materials could
increase market acceptance, safety, and reliability, while promoting
commercial use. Waste-derived Zeolite X has attracted significant
attention due to its wide range of current and potential applications in
environmental remediation, gas separation, catalysis, ion exchange, and
energy-related technologies. One of its most extensively investigated
applications is wastewater and water treatment, where its high
adsorption capacity enables the efficient removal of heavy metals such
as Pb*, Cd*, and Cu?*, as well as ammonium ions, organic dyes, and
radioactive contaminants [15,36,38,67]. Owing to its low production
cost and the abundance of waste-derived precursors, Zeolite X is
particularly promising for the development of affordable adsorbents in
developing countries, decentralized water purification systems, and
advanced hybrid membrane-zeolite treatment technologies [9,55].
Another rapidly growing field is gas separation and carbon capture. The
unique pore structure and high surface area of Zeolite X enable the se-
lective adsorption of gases including COz, H=S, SOz, and CHa, making it
suitable for flue gas treatment, biogas purification, natural gas upgrad-
ing, and hydrogen purification processes [18,42,45,56,60]. With
increasing global efforts to reduce greenhouse gas emissions,
waste-derived Zeolite X is emerging as a cost-effective alternative to
conventional adsorbents for industrial-scale carbon capture and storage
applications [17,62]. In the field of catalysis, Zeolite X has demonstrated
considerable potential in petroleum refining, catalytic cracking, biomass
conversion, and biodiesel production [6,10,12]. Furthermore, modifi-
cation of Zeolite X with transition metal ions can enhance its catalytic
activity, thermal stability, and reaction selectivity, expanding its
applicability in green fuel synthesis, plastic waste valorization, and
renewable energy technologies. These developments highlight the
versatility of Zeolite X as a catalyst for sustainable chemical processes
[4,12,35]. The ion-exchange properties of Zeolite X also contribute to its
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technological importance. Its ability to exchange cations such as Na*,
Ca?, Mg*, and NH.* makes it valuable for water softening, nutrient
recovery, soil amendment, and nuclear waste remediation. Such appli-
cations further support the role of waste-derived Zeolite X in promoting
circular economy principles and sustainable resource management [9,
55,71,72]. More recently, research has explored the incorporation of
Zeolite X into energy storage systems, including supercapacitors, battery
separators, and thermal energy storage materials [1,57]. Although these
applications remain at an early stage of development, they indicate
promising future opportunities for waste-derived Zeolite X in sustain-
able energy technologies, smart environmental materials, and advanced
sensor systems. Collectively, these diverse applications demonstrate that
waste-derived Zeolite X is evolving from a low-cost adsorbent into a
multifunctional material with significant potential to address environ-
mental, energy, and industrial challenges.

Further, it is necessary to explore underutilized wastes such as
aluminum saline slag [2,67], silica fume [31,68] and ceramic waste
[24]. These waste materials show promise but need further investiga-
tion. Biomass ash [69] could be investigated for high-purity Zeolite X.
The optimization of synthesis for industrial adoption and the develop-
ment of Al-driven models [70] to predict optimal synthesis conditions
constitute the next step in applying the current knowledge for the
benefit of the environment. Expanding the potential applications of
waste-derived Zeolite X in membrane reactors (e.g., for COz conversion),
adsorption heat pumps, and fuel cells, alongside investigating surface
modifications such as metal doping and acid activation to increase
selectivity, represents a key priority for future research.

Waste-derived Zeolite X has strong opportunity in water treatment,
gas separation, catalyst support, and circular-economy applications
because it combines low-cost feedstocks with high cation-exchange ca-
pacity and useful pore structure. Its main industrial appeal is that waste
streams such as fly ash, biomass ash, and other industrial residues can be
turned into higher-value materials instead of being landfilled [71,72].

The biggest challenge is feedstock variability: waste composition
changes by source, season, and preprocessing route, which makes
product quality harder to standardize. Impurities and unstable chemis-
try can reduce crystallinity, phase purity, and performance, especially
when compared with conventionally synthesized zeolites.

There is a clear market opportunity in wastewater treatment for
metals, ammonia, phosphates, and dyes, where Zeolite X can be cost-
effective and regenerable. Beyond water treatment, waste-derived
Zeolite X can be adapted for gas separation, volatile organic com-
pound adsorption, agriculture, and industrial catalysis, which broadens
its commercial relevance. A further opportunity is coupling zeolite
production with carbon and waste-reduction goals, since it supports
resource recovery and circular economy strategies.

Industrial scalability will depend on three things: reliable waste
preprocessing, simpler synthesis routes, and proof that the full process is
economically and environmentally favorable. The most scalable path-
ways are likely to use abundant, homogeneous wastes, low-temperature
or low-chemical synthesis, and closed-loop recovery of reagents and
water. Successful commercialization will also require quality control
standards so that waste-derived Zeolite X can compete with conven-
tional materials in adsorption capacity, durability, and regeneration.

In practice, waste-derived Zeolite X is most likely to scale initially in
niche industrial applications where the feedstock is local, performance
requirements are well defined, and the cost advantage is clear. Broader
adoption will follow only if manufacturers reduce variability and
demonstrate stable product specifications at pilot and full scale.

Regarding future directions, the following can be concluded:

e Greener synthesis methods: research is moving towards lower-
energy, lower-waste routes such as solvent-free, microwave-assis-
ted, and fusion-based methods.
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e Better feedstock control: future work will likely focus on achieving
more consistent product quality despite variability in waste
composition.

Higher-value applications: beyond basic adsorption, waste-derived
Zeolite X is expected to expand into gas separation, CO, capture,
ion exchange, and composite materials.

Scale-up and economics: the key challenge is progressing from lab-
oratory synthesis to reliable, industrial-scale production with
competitive cost and performance.

Conclusion

Recent studies have demonstrated the successful synthesis of Zeolite
X from diverse industrial wastes, including coal fly ash (CFA), granite
stone sludge (GSS), rice husk ash (RHA), waste porcelain, and palm oil
mill fly ash (POMFA). These waste-derived zeolites exhibit promising
performance in adsorption (toxic metals, CO2, and NHs), catalysis
(hydrogen generation), and gas separation, rivaling conventional zeo-
lites. CFA remains the most studied waste, but RHA and GSS show high
potential due to their high silica content and abundance. Alkali fusion-
hydrothermal synthesis is the dominant method, while microwave/
ultrasound-assisted techniques reduce energy and time. Pretreatment
(acid washing, magnetic separation) is critical to remove impurities and
increase zeolite purity.

The downstream application of waste-derived Zeolite X directly
dictates the selection of the initial precursor, optimal synthesis condi-
tions, and post-synthetic modifications (Table 8). For gas adsorption and
separation purposes, precursors like coal fly ash (CFA), spent FCC cat-
alysts, and rice husk ash (RHA) are typically processed via high-
temperature alkali fusion (823-1073 K) to dissolve inert phases into
highly reactive gels, often paired with microwave crystallization to
abbreviate aging time. When targeting environmental remediation,
securing 100% phase purity is paramount; this necessitates multi-step
pretreatments, including magnetic separation and intensive acid leach-
ing, to completely remove iron and calcium impurities that would
otherwise cause competing mineral phases. For catalysis and energy
storage applications, particle grinding and calcination followed by
alkaline conversion are paired with chemical impregnation to success-
fully load active metal phases, where the final framework Si/Al ratio and
surface characteristics directly dictate hydrogen generation rates and
reusability. Finally, for humidity control and thermal pump systems,
natural clays and clay-waste blends undergo thermal calcination to
remove organic matter, followed by liquid-phase ion exchange post-
synthesis to manipulate surface framework energy and pore networks,
ultimately enhancing water vapor adsorption capacity and hydrother-
mal stability.

When selecting waste precursors and synthesis conditions for specific
target applications, clear material-process—performance relationships
emerge from the reviewed literature.

e For heavy metal removal from industrial wastewater, CFA pretreated
by sequential magnetic separation and acid washing, followed by
alkali fusion and hydrothermal crystallization, consistently yields
high-purity single-phase Zeolite X. This optimized path provides a
high surface area and excellent monolayer adsorption capacities for
heavy metal ions such as nickel and vanadium [15,36].

For multi-component flue gas purification, the same CFA-derived
Zeolite X synthesized via optimized calcination followed by hydro-
thermal treatment demonstrates highly selective adsorption of
ammonia and sulfur dioxide at room temperature. This approach
outperforms other gas species through a specific framework bridging
oxygen interactions confirmed by molecular modeling [42].

For carbon dioxide capture, Zeolite X co-synthesized from rice husk
ash (RHA) and coal ash—taking advantage of the high-purity
amorphous silica content inherent to agricultural biomass-achieves
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Table 8
Most important conclusions.
Target Best Waste Optimal Key Ref
application Materials synthesis Operational
(precursors) condition Insights
Gas Adsorption Coal Fly Ash Alkali fusion Fusion breaks [15,
& Separation (CFA), Spent with at high down inert waste 17,
FCC Catalysts, temperatures phases to create 34,
Rice Husk Ash (823-1073 K), highly reactive 42,
(RHA) followed by gels. Microwave 56]
conventional or synthesis
microwave- significantly cuts
assisted crystallization
hydrothermal time down to 60
crystallization min.

Environmental Granite Stone Multi-step Complete [21,

Remediation Sludge (GSS), pretreatment removal of iron 30,
Coal Fly Ash (magnetic and calcium 36,
(CFA), separation and impurities 41]
Crushed Stone acid leaching during
Powder with or followed  pretreatment is
by aging (up to mandatory to
24 h) and prevent
hydrothermal competing
synthesis. mineral phases
and ensure 100%
phase purity.

Catalysis & Coal Fly Ash Particle The final [13,
Energy (CFA), Coal- grinding and framework Si/Al 35,
Storage Fired Slag calcination, ratio and surface 43,

(CFS) followed by characteristics 65]
alkaline directly control
conversion and the hydrogen
subsequent generation rates
chemical and guarantee
impregnation/ high structural
reduction to reusability.
load active
metal phases.

Humidity Natural Clays, Thermal Cation [57,
Control & Clay-Waste calcination of substitution 58,
Thermal Blends, Rice raw clay/ash to safely modifies 60]
Pumps Husk Ash remove organic the surface

(RHA) matter, followed framework
by liquid-phase energy and pore
ion exchange features,
post-synthesis drastically

boosting water
vapor adsorption
and
hydrothermal
stability.

a superior surface area and enhanced gas capture capacity
compared to routes utilizing coal fly ash alone [17].

Finally, for ammonia gas adsorption requiring long-term cycling
stability, a non-magnetic CFA fraction processed via high-
temperature fusion followed by hydrothermal treatment is
preferred over commercial alternatives. This material exhibits a
lower desorption temperature, which enables highly energy-efficient
regeneration and maintains strong recycling efficiency across
consecutive adsorption—desorption cycles [15].

The reviewed studies demonstrate that waste-derived Zeolite X is
gaining increasing attention as a sustainable material, with ongoing
efforts directed toward process optimization, the integration of Al-
driven modeling for synthesis control, and the expansion of applica-
tions in environmental and energy technologies. By addressing these
challenges, waste-derived Zeolite X has the potential to become a cost-
effective, sustainable alternative to conventional zeolites, supporting
circular economy goals in pollution control and clean energy.
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