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Abstract
Increasing world population, urbanization, and industrialization have led to an increase in demand in production and con-
sumption, resulting in an increase in industrial solid wastes and pollutant levels in water. These two main consequences 
have become global problems. The high Si and Al content of solid wastes suggests that they can be used as raw materials 
for the synthesis of zeolites. In this context, when the literature studies conducted to obtain synthetic zeolites are evaluated, 
it is seen that hydrothermal synthesis method is generally used. In order to improve the performance of the hydrothermal 
synthesis method in terms of energy cost, synthesis time, and even product quality, additional methods such as alkaline 
fusion, ultrasonic effect, and microwave support have been developed. The zeolites synthesized by different techniques 
exhibit superior properties such as high surface area and well-defined pore sizes, thermal stability, high cation exchange 
capacity, high regeneration ability, and catalytic activity. Due to these specific properties, zeolites are recognized as one of 
the most effective methods for the removal of pollutants. The toxic properties of heavy metals and dyes in water and their 
carcinogenic effects in long-term exposure pose a serious risk to living organisms. Therefore, they should be treated at 
specified levels before discharge to the environment. In this review study, processes including different methods developed 
for the production of zeolites from industrial solid wastes were evaluated. Studies using synthetic zeolites for the removal 
of high levels of health and environmental risks such as heavy metals and dyes are reviewed. In addition, EPMA, SEM, 
EDX, FTIR, BET, AFM, and 29Si and 27Al NMR techniques, which are characterization methods of synthetic zeolites, are 
presented and the cation exchange capacity, thermodynamics of adsorption, effect of temperature, and pH are investigated. 
It is expected that energy consumption can be reduced by large-scale applications of alternative techniques developed for 
zeolite synthesis and their introduction into the industry. It is envisaged that zeolites synthesized by utilizing wastes will 
be effective in obtaining a green technology. The use of synthesized zeolites in a wide variety of applications, especially in 
environmental problems, holds great promise.
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Introduction

Water, which is an indispensable part of life, is under the 
negative effects of industrialization and modernization (Gul 
et al. 2022). There is a great increase in the environmental 
pollution problem due to the mixing of various pollutants 
into water due to increases in industrial production. The need 
for drinking water is increasing due to population growth in 
developing countries, so studies to prevent water pollution 
are of great importance. Heavy metals and dyes, which have 
a large mass among industrial wastes, are components that 
cause serious negative effects on human health (Batubara 
et al. 2023). There are many different techniques such as 
chemical precipitation, ion exchange, oxidation, membrane 
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separation, coagulation and filtration, electrochemical pro-
cesses, and adsorption techniques to purify heavy metals and 
dyes from wastewater (Iwuozor et al. 2021). Among these 
techniques, the adsorption method is a widely used method 
in the removal of heavy metals and dyes with its advantages 
such as flexibility, ease of use and design, and low installa-
tion costs (Iwuozor et al. 2021).

In the adsorption technique, activated carbons, metal 
organic cages (MOF) (Maraddi et  al. 2024), graphene 
oxides (Adel et al. 2022), biosorbents (Li et al. 2024; Tokay 
& Akpınar 2021), biochars (Liu et al. 2023), nanoparticles, 
polymers, and clays are used (Abbou et al. 2023). Differ-
ent adsorbents are used, such as minerals (Khoshraftar et al. 
2023), composites, and zeolites (Murukutti & Jena 2022; 
Supelano et al. 2020).

Zeolites are used in water purification; removal of 
hazardous metal ions; removal of organic pollutants 
from wastewater; removal of ammonia, nitrogen, and 
phosphates from wastewater; applications in gas treat-
ment; adsorption of volatile organic compounds (VOC); 
CO2 adsorption; adsorption of other gases; applications 
in catalysis; application in agriculture; and biomedical 
applications. It has various uses (Cao et al. 2023). Zeo-
lites are materials that are naturally occurring and can be 
synthesized in the laboratory. Today, although the search 
for silica-alumina-containing raw materials suitable for the 
structure for the production of synthetic zeolites continues, 
as a result of literature research, it has been observed that 
solid wastes such as coal fly ash (Zhou et al. 2023), coal 
gangue (Yang et al. 2023), rice husk (Jin et al. 2023), and 
coal gasification slag (Cao et al. 2023) are used (Batu-
bara et al. 2023). Zeolites are commonly synthesized by 
conventional hydrothermal synthesis method, alkaline 
fusion–assisted hydrothermal synthesis method (Ayele 
et al. 2016), microwave-assisted synthesis method (Trut-
tim et al. 2023), and ultrasonic hydrothermal synthesis 
(Yin et al. 2023) methods.

Although the hydrothermal synthesis method requires a 
simple process, it has disadvantages such as long synthesis 
time and high energy consumption. For this reason, the 
method can be improved by applying additional processes 
such as alkaline fusion, ultrasonic effect, and microwave 
support (Tauanov et al. 2018). Different techniques are 
available for structural characterization of synthetic zeo-
lites. Frequently, the physical properties, thermal behavior, 
and porosity of zeolites, as well as their mineral composi-
tion, are determined by methods such as thermogravim-
etry, N2 adsorption/desorption, optical microscopic meth-
ods, XRF, XRD, SEM/EDS, and EPMA/WDS (Khosravi 
et al. 2021).

This article first introduces the physicochemical prop-
erties of potential Si- and Al-containing industrial wastes 
for zeolite synthesis. Then, it explains the synthesis 

methods of zeolites and investigates the synthesis param-
eters of the studies in the literature. It compiles the stud-
ies on the subject on the recommendation of the use of 
zeolites in the removal of heavy metals and dyestuffs 
in wastewater. It compares and examines the studies on 
heavy metal and dye removal with zeolites synthesized 
from different raw materials. It explains the potential 
application areas of zeolites, the advantages they offer 
for future studies, and suitable analysis methods for the 
structural characterization of synthetic zeolites. This 
article, which can provide an in-depth understanding of 
zeolites, may also offer new ideas for studies on waste 
recovery and wastewater treatment.

Zeolite

Zeolite is a crystalline aluminosilicate consisting of alkali 
or alkaline earth metals, with a three-dimensional micropo-
rous structure, generally formed by sharing an oxygen atom 
between [SiO4]4− (silicate) and [AlO4]5− (aluminate) tet-
rahedrons. Although zeolite can be found naturally, it is 
a material with 200 different synthetic types synthesized 
depending on the change in the Si/Al ratio in the structure. 
The structural representation of zeolites is given in Fig. 1 
(Cao et al. 2023).

Due to their properties such as well-defined pore sizes, 
compositional adjustability, and thermal stability, these 
materials, which have been used commercially in many areas 
since the 1950s, have increased their use in industrial and 
domestic applications today (Pérez-Botella et al. 2022).

It was first proposed in 1956 by Swedish mineralogist 
Alex F. Cronstedt, who observed that foam formed on 
the surface of a mineral sample by heating it. According 
to the appearance of the mineral, he defined the name 
as “zeolite,” which consists of the Greek words zein “to 
boil” and lithos “stone.” The first industrial success of 
zeolite material in subsequent times was its use as water 
softeners for laundry compositions, based on its ion 
exchange properties. This practice still continues today 
(Pérez-Botella et al. 2022). While research on the zeolite 
mineral was continuing, in 1840, it was discovered by 
Damour that the crystals of zeolite could be reversibly 
hydrated and dried without changing their transparency 
or morphology (Khaleque et al. 2020). The first zeolite 
synthesized with tetraalkylammonium cations by  Barrer 
and Marcilly (1970) remains the most efficient strategy 
to obtain new zeolitic materials to this day. Inspired by 
McBain and Barrer’s work on molecular sieving, Robert 
M. Milton attempted an adsorption method to separate 
N2 from O2 instead of conventional cryogenic distillation 
using chabazite as the adsorbent. While trying to obtain 
this zeolite, changing the synthesis conditions such as 
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lowering the temperature to 25–150 °C, using more reac-
tive silica sources, and using a more alkaline environment 
enabled the rapid preparation of zeolites A and X, along 
with other new zeolite materials. After Donald W. Breck 
joined Milton’s group in 1951, zeolite Y was discovered 
in 1954. This zeolite type is isostructural with zeolite X 
and has lower Al content (Pérez-Botella et al. 2022). In 
the following years, with the discovery of many new and 
modified zeolites, applications in the fields of adsorption, 
ion exchange, and catalysis have been intensified. Zeolites 
have crystalline aluminosilicate structures composed of 
negatively charged inorganic frameworks. Framework 
structures are characterized based on pore diameters, 
geometry of crystal internal channels, and exchangeable 
cations. The zeolitic framework consists of a three-dimen-
sional TO4 (here T aluminum or Si elements) tetrahedral 
structure by sharing an oxygen atom (Bensafi et al. 2023) 
(Fig. 2).

Zeolitic cages are formed by connecting pore openings 
varying in the range of approximately 0.3–1.0 nm in tetra-
hedral structures. The negative charges in the cage struc-
ture are neutralized by cations, creating a neutral structure. 
Their general chemical composition is “Ma/b[(AlO2)a(SiO2)
y].cH2O” (M is the alkali metal or alkaline earth metal cat-
ion, b is the earth metal cation, c is the amount of crystal-
lized water, a and y are [SiO4] in a unit cell of the zeolite. 
It is expressed as the total number of]4− and [AlO4]5− tetra-
hedral (Table 1.).

Industrial wastes from Si and Al used 
in zeolite synthesis

Although zeolites can be found as precipitates in nature, zeo-
lites with higher purity and ion exchange capacity, as well 
as more uniform size and higher thermal resistance, can be 
synthesized from various high silica and alumina-based raw 
materials and thus have superior properties. The complex 
structures, unstable chemical compositions, and impurities 

Fig. 1   Structural representation of zeolites

Fig. 2   a TO4 (where T is the elements aluminum or Si). b Two tetra-
hedral structures sharing the oxygen atom (Bensafi et al. 2023)
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of natural zeolites cause them to show lower performance 
compared to synthetic zeolites. This limitation in industrial 
applications has necessitated further study on synthetic 
zeolites. In addition to providing a significant reduction in 
process costs by using secondary resources such as waste 
materials in the process of obtaining synthetic zeolites, envi-
ronmental problems are also prevented by contributing to 
the disposal processes of waste and turning them into value-
added products. Waste materials containing Si and Al are 
becoming a source of interest in zeolite synthesis studies 
(Table 2). Figure 3 shows industrial and agricultural wastes 
that can be used as zeolite raw material sources.

Coal fly ash

The use of coal, which is the primary source of electricity 
generation, has shown a significant increasing trend over the 
years, and in this context, the increase in coal-based industrial 
waste has become remarkable. Coal fly ash (CFA) refers to 
fine mineral particles with an amorphous silica-aluminate 
structure, which are formed by burning coal in thermal 
power plants, accounting for approximately 70–90% of the 
amount of coal, and obtained from flue gases by means such 
as electrostatic and mechanical precipitation (Darmansyah 
et al. 2023; Patel et al. 2023). Transforming CFA into a 
value-added product is of great industrial interest as well as 

Table 1   Commonly synthesized zeolite types and their properties

Zeolite 
Type

Tiling arrengement Framework 
arrengement 

SEM image Synthesis 
from 
waste

BET 
specific 
surface 
area, 

Pore 
volume

Averag
e pore 
diamete
r

Ref.
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(Ma et al., 
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al., 2023; 

Yuan, Tan, 

et al., 2022)
Coal 
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n fine slag

299 

m2/g

- -

Zeolite 

A Indian 

coal fly 

ash

58.29 ± 

0.20  

m2/g

0.071 ± 0.

001  cm3/g

5.108 ± 

0.04 nm

(Li et al., 

2023; 

Murukutti & 

Jena, 2022)

Zeolite 

NaX

Huadian 

oil shale 

ash

366.867

2 m²/g

0.208501 

cm3/g

7.0101 

nm

(Shi et al., 

2023; Tran-

Nguyen et 

al., 2021)

Rice husk 

ash

388.4 

m²/g

- 12.37 Å

Zeolite 

Na-P1 Coal 

gasificatio

n fine slag

153.91 

m2/g

0.18 

cm3 / g

-

(Shu et al., 

2023; Zhou 

et al., 2023)

Table 2   Advantages and disadvantages of various industrial wastes for zeolite synthesis (Zhang et al. 2022)

Advantages Drawbacks

The synthesis of zeolite from waste is more cost-effective compared to 
conventional zeolites

CaO and carbon content in wastes can cause low zeolitization activity

The use of industrial wastes as sources of Al and/or Si leads to the val-
orization of by-products and waste recovery

It is possible to produce pure and stable zeolites suitable for industrial 
applications
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environmentally important, as it is a pollutant with toxic trace 
element content (Ahmaruzzaman 2010). This material, stored 
in waste collection sites, has become a health threat to living 
creatures living in the immediate environment.

This material, which is generally gray and black in 
color, has an alkaline structure and has refractory proper-
ties, has a high specific surface area (0.2–10 m2/g), particle 
size between 1 and 100 μm, and a porosity of 30–65%. Its 
chemical composition is Si, Al, Ca, N, P, K, Mn, Fe, etc. 
It consists of elements and their oxides. CFA amorphous 
aluminosilicate and mullite (Al2O3·2SiO2) have crystal 
mineral content such as quartz, hematite (Fe2O3), and 
magnetite (Fe3O4) (Ndlovu et al. 2023). Approximately 
0.15 t of fly ash per ton is formed during coal combustion 
(Iqbal et al. 2019) (Fig. 4).

Coal gasification slag

In the coal gasification process, a byproduct of fine slag 
(FS) from filters and coarse slag (CS) from lock chambers 
is formed (Yang et al. 2023). During the gasification pro-
cess, coal particles decompose rapidly at high tempera-
tures. Meanwhile, the minerals in the coal turn into slag. 
The molten part clinging to the gasifier wall and flowing to 
the bottom of the furnace cools and solidifies, turning into 
coarse slag. The small particles brought by the air flow are 
purified with synthesis gas and form fine slag (Cao et al. 

2023). SiO2, Al2O3, CaO, Fe2O3, and residual carbon con-
stitute the main components of gasification slag (Fig. 5). The 
concentrations of inorganic elements Si, Al, Fe, Ca, Mg, K, 
Na, and S in coal gasification slag are generally between 5 
and 132 mg/g. In addition, it contains trace elements Zn, Zr, 
Co, Pb, Ni, Cu, As, Y, Ti, Ba, Sr, Mn, Cr, and Rb at values 
of 37–4063 μg/g. Particle sizes can be between 1.13 and 
5.16 mm.

Rice husk and their ash

Rice husks are hard protective coatings with a high silica 
content of 15–28% by weight, separated from the rice 
grains during the milling process in rice production. It 
is a by-product that occurs abundantly in rice-producing 
countries (Ng et al. 2015; Singh 2018). Rice husk ash 
(RHA) is obtained by burning rice husks. RHA appears 
grayish black in color due to unburned carbon in the struc-
ture. While amorphous silica is formed at combustion tem-
peratures of 550–800 °C, crystalline silica is produced 
at higher temperatures. It generally consists of 85–98% 
silica by weight. Its purity depends on the combustion 
conditions for rice cultivation, the rice variety, and the cli-
matic and geographical conditions of the region where it is 
grown. Although its specific gravity varies between 2.11 
and 2.27, it is a highly porous and lightweight material 

Fig. 3   Industrial and agricul-
tural solid wastes used in the 
production of zeolite
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and has a very high specific surface area (Ng et al. 2015; 
Siddique et al. 2020).

Rice husk is generally not recommended for use as animal 
feed due to its low nutritional value and difficult digestibility. 
Common disposal methods include open-field incineration 
and storage, but these methods cause energy waste, green-
house gas emissions, air pollution, and land occupation (Ng 
et al. 2015). Contrary to all these problems, considering the 
high silica content of rice husk, various processes have been 
developed in which it is used as a raw material source in the 
production of zeolite, which is a value-added material, and 
studies have been carried out and are currently ongoing on 
the removal of unwanted materials with the resulting zeolite 
by the adsorption method (Chanda et al. 2023; Flores et al. 

2021; Jin et al. 2023; Lee et al. 2023a, b; Tran-Nguyen et al. 
2021).

Solar panel waste glass and sandblasting waste

As the need for energy increases, coal, natural gas, and oil 
reserves used as raw materials are depleted and the use of 
these resources causes global warming. Among alterna-
tive energy sources, solar energy technology is a promising 
technology with its environmentally friendly and renewable 
features (Lee et al. 2023a, b; Sharma et al. 2021).

A steady increase in solar energy capacity is observed 
over time, but in this regard, the disposal of waste generated 
by the end of the panel life becomes an important issue. 
The lifespan of solar panels is between 25 and 30 years, 
and the accumulation of wastes at the end of this period in 
landfills causes environmental problems due to the fact that 
they contain toxic substances such as lead, while the loss 
of valuable materials requires the recycling of these wastes 
(Prasad et al. 2023). More than 80% of these silicon-based 
solar panels consist of glass material. Different technologies 
are being developed to reduce the amount of silicon used 
in solar cells. Thin-film solar cell technology and cutting 
technologies, which are among these technologies, have con-
tributed to the decrease in the amount of silicon. However, 
sandblasting waste (SW) generated during the cutting pro-
cess also requires a disposal process. SW is rich in alumina 
as well as silicon and silicon carbide content. The content 
of solar panel waste glass and sandblasting waste brought to 
mind the idea of using zeolite as a raw material source, since 
zeolites consist of silicates and aluminates, and it has been 
observed that studies have been carried out in this context 
(Lee et al. 2022, 2023b; Lin et al. 2022).

Fig. 4   Coal fly ash production 
scheme (Technischen Fakultät 
& Toniolo 2019)

Fig. 5   Schematic diagram of slag formation in coal gasification 
(Yuan et al. 2022a, b)
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Sugarcane bagasse ash

Sugarcane is the most produced crop worldwide. Large 
amounts of wet bagasse are released during the sugar pro-
duction process, and the management of this waste is of 
great environmental importance. Applying the most com-
mon method, incineration, also creates another waste mate-
rial, sugarcane bagasse ash (SCBA) (Payá et al. 2018).

Sugar beet bagasse ash (SCBA) is an industrial waste 
material of agricultural origin, the main component of which 
is silicon dioxide (Payá et al. 2017). Although its chemical 
composition varies depending on the source of SCBA, it 
consists of approximately 53–91% silica and 12–31% alu-
mina element oxides. Due to its relatively high silica con-
tent, it is widely used in Portland cement blended mortars 
and concretes, aiming to improve the properties of concrete 
such as strength and durability (Pazouki et al. 2023; Soomro 
et al. 2023). In addition, there are studies in which SCBA 
is used as a raw material due to its SiO2 and Al2O3 content 
in order to obtain ion exchange materials at low costs. With 
techniques such as alkaline fusion, quartz particles in the 
structure can be dissolved and thus zeolites, which are sil-
ica-based materials, can be obtained (Dewajani et al. 2023; 
Hassan & Hameed 2023; Moisés et al. 2013; Oliveira et al. 
2019).

Fruit waste

Fruit production, which has a large place among biomass 
activities, is processed into different value-added products 
such as fruit juice and canned fruit, as well as for local con-
sumption. However, all these processes, such as industrial 
production or final consumption, cause waste generation. 
These wastes consist of shells, seeds, and stems and are 
mostly accumulated in landfills. As it is known, the popula-
tion continues to increase rapidly and in this context, due 
to the increasing need for food consumption, the amount of 
this type of waste is indirectly reaching gigantic sizes day 
by day (Plazzotta et al. 2017). This type of biomass waste 
is used in different sectors, and studies are continuing to 
use it in more sustainable areas. As a result of literature 
research, these wastes can be used for biogas fertilizers 
and energy production within the scope of energy recovery 
(ElMekawy et al. 2015; Shen et al. 2013), for the purpose 
of obtaining natural dyes in the textile industry (Bechtold 
et al. 2006), for composting purposes, etc. It has been 
observed that it is used directly to produce fertilizer with 
techniques (Chang et al. 2006) and as animal feed (San 
Martin et al. 2016) (Table 3).

Deionized, distilled, or industrial water is mostly used in 
zeolite synthesis studies. Few studies have analyzed the use 
of different water sources in zeolite synthesis, such as sea-
water (Belviso et al. 2009), aluminum corrosion byproduct 

(Hussar et al. 2011), industrial waste brine (Musyoka et al. 
2011), and PEO process wastewater (Behin et al. 2014). 
Industrial wastewater was examined for zeolite synthe-
sis and it was aimed to prevent high water consumption 
demand. Behin et al. (2014) studied the production of Na-A 
zeolite, a value-added product, by using CFA and PEO 
process wastewater. Plasma electrolytic oxidation (PEO) 
process is a technology that produces oxide coatings on 
the surfaces of metals and alloys such as aluminum, mag-
nesium, and titanium. However, PEO process wastewater 
is considered an environmental problem and the disposal 
process requires high costs. With this study, two industrial 
wastes, CFA and PEO process wastewater, were processed 
and converted into products, thus eliminating environmen-
tal concerns in addition to capital savings. The zeolitized 
CFA they synthesized exhibited a high CEC value, leach-
ing resistance against toxic elements, and good adsorption 
capacity. Based on the studies, it can be said that liquid 
wastes, in addition to industrial solid wastes, are promising 
candidates for zeolite synthesis. The potential to transform 
waste into value-added products is a promising field of 
study (Behin et al. 2014).

Zeolite synthesis methods

Following the discovery of natural zeolites, the origin of 
zeolites synthesized by humans is based on the claim that 
levinite was prepared in the laboratory by St Claire Dev-
ille in 1862 (Cundy & Cox 2005). Zeolites synthesized 
as they are known today are based on the work of Rich-
ard Barrer and Robert Milton in the late 1940s. Barrer 
started his synthesis studies by using very high tempera-
tures (170–270 °C) and strong salt solutions and obtained 
the first synthesized zeolite species (P and Q) (Barrer & 
Marcilly 1970). It was later determined that these syn-
thesized materials had the KFI structure determined for 
zeolite ZK-5. Although Robert Milton used more reactive 
starting materials in his synthesis studies, he carried out 
the syntheses under milder conditions. As a result of his 
studies, he discovered zeolites A and X. In the following 
years, Milton and his colleagues synthesized 20 different 
types of zeolites, 14 of which were natural.

Following these studies in which only inorganic reaction 
components were used, the range of reactants was devel-
oped to include quaternary ammonium cations, and after 
the addition of organic compounds, the first high-content 
zeolite beta was discovered in 1967, and the archetypal high-
silica zeolite type, ZSM-5, was discovered in 1972 (Cundy 
& Cox 2005).

In the following years, with the discovery of new mate-
rials and different techniques, understanding of reaction 
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mechanisms, and development of characterization tech-
niques, the discovery of new types of zeolite materials has 
continued until today, and studies are still being carried out 
with different techniques by focusing on the subject.

Conventional hydrothermal synthesis method

In general, the hydrothermal synthesis method can be 
defined as the method of synthesizing crystals depending 
on the solubility of minerals in hot water under high pres-
sure (Kafle 2020).

The hydrothermal synthesis method is the most popular 
method used in zeolite synthesis as an alternative to sol–gel 
and microemulsion methods, with its advantages such as low 
energy consumption, easy control of metastable phase for-
mation, and high level-reactivity of reagents (Jin et al. 2021).

When examined in outline, the method involves mixing 
amorphous reactants containing silica and alumina with 
a cation source, mostly in a basic environment, and then 
heating the aqueous mixture in a closed stainless steel auto-
clave at temperatures exceeding 100 °C. As the temperature 
increases, the reactants remain in an amorphous structure 
and turn into a crystal zeolite product after the induction 
period. After sufficient time, the product completely turns 
into zeolite in the crystal phase. After this stage, the prod-
uct is obtained through filtering, washing, and drying steps 
(Cundy & Cox 2005).

Microwave‑assisted hydrothermal methods

Bunmai et al. (2018) compared traditional (CH) and micro-
wave-assisted hydrothermal synthesis (MH) methods in a 
study on the extraction of silica from cogon grass and its 
use in zeolite synthesis. Considering that the CH method 
follows a relatively slow process, they aimed to shorten this 
time with the microwave-assisted method. When the study 
results were examined, higher purity could be achieved due 
to homogeneous and rapid heating by using the MH method 
when synthesizing NaY zeolite. On the other hand, zeolites 
synthesized by the CH method were found to have higher 

crystallinity, particle size, BET surface area, and total acid-
ity value. The NaY zeolite they synthesized by the MH 
method resulted in a larger outer surface and stronger acid 
strength (Bunmai et al. 2018).

Zhou et al. (2023), synthesized Na P1 zeolite from fly 
ashes formed by the combustion of domestic solid waste by 
microwave-assisted hydrothermal method, which is energy-
saving, environmentally friendly, and cost-effective, with-
out any pretreatment such as water washing, acid washing, 
or alkaline fusion. They have been carried out. Synthesis 
conditions were changed at 180 °C and for different times 
(0.5–2 h). The zeolite Na P1 they synthesized under opti-
mum experimental conditions exhibited a large BET surface 
area of 61.42 m2/g and a high total pore volume of 0.44 m3/g 
(Zhou et al. 2023).

Alkali fusion hydrothermal method

One of the most common methods used to convert materi-
als that are sources of Si and Al, such as industrial or agri-
cultural wastes, into zeolites is the hydrothermal method, 
in which they are mixed with an alkaline solution such as 
sodium hydroxide under different temperature, pressure, 
and reaction time conditions (Molina & Poole 2004).

Alkaline fusion hydrothermal synthesis method has been 
developed in order to find silica and aluminum sources in 
solid wastes, generally in inert minerals such as mullite and 
quartz, and to perform the extraction process effectively.

Ayele et al. (Ayele et al. 2016) compared traditional and 
alkaline fusion techniques in a study in which they synthe-
sized zeolite A from low-grade kaolin. With the traditional 
hydrothermal synthesis method, we obtain rounded edge 
cubic zeolite A crystals with 75% optimum crystallinity 
and 250 mg CaCO3/g CEC, while with the alkaline fusion 
method, we obtain rounded edge cubic zeolite A with 84% 
optimum crystallinity and 300 mg CaCO3/g CEC value. 
Crystals were obtained. What is seen from the results of 
this study is that the alkali fusion method showed better 
performance in terms of time, energy cost, and even product 
quality compared to the traditional hydrothermal synthesis 
method (Ayele et al. 2016).

Table 3   Chemical composition of industrial wastes

Solid waste type SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O TiO2 LOI Ref

Coal fly ash 53.02 22.74 5.86 1.82 5.75 2.07 0.10 0.94 6.4 (Moudar et al. 2022)
Coal gasification slag 53.44 17.21 10.12 1.92 11.23 2.27 1.33 - 12.55 (Ji et al. 2020)
Rice husk ash 68.28 1.28 0.37 3.59 0.54 3.14 3.78 0.07 13.33 (Abdullahi et al. 2017)
Solar panel waste glass 72.33 1.90 8.98 2.62 0.03 0.04 12.87 - 0.94 (Lin et al. 2015)
Sandblasting waste 10.25 45.60 5.47 - 12.23 0.16 1.23 21.10 - (Lin et al. 2022)
Sugarcane bagasse ash 66.28 15.10 3.75 0.51 3.40 5.15 1.55 - 2.81 (Shahnaz & Shahzadi 2016)
Fruit waste 55.98 2.71 8.95 1.08 1.36 28.72 - - 5.56 (Kilani et al. 2022)
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Ultrasonic hydrothermal method

It is a method that involves the application of ultrasonic 
waves to the hydrothermal method. In zeolite synthesis 
processes, the ultrasonic-assisted hydrothermal method is 
a technique that has been preferred in recent years and has 
become popular over time, as it provides an increase in zeo-
lite crystals and significantly shortens the synthesis time (Ng 
et al. 2019).

The application of ultrasonic-assisted hydrothermal 
synthesis provides a facile and versatile synthesis of nano- 
and microstructure compounds. There are chemical effects 
of ultrasound produced from acoustic cavitation through 
ultrasonic irradiation, which is a sonochemistry technol-
ogy. Ultrasound is a high-frequency (20 kHz–10 MHz) 
sound wave compared to the upper limits of human hear-
ing. When ultrasound is transmitted through a liquid–solid 
system, alternating expansive and compressive sound waves 
produce bubbles or voids when the pressure in the system 
drops below the vapor pressure. These cavities accumulate 
ultrasonic energy, and when they reach a certain size, they 
collapse, releasing the energy stored in the bubble in a very 
short time. The collapse of bubbles results in extremely high 
temperature, pressure, and cooling rate. This energy gener-
ated by the collapse of cavitation bubbles is sufficient for 
crystallization, and thanks to this energy, the crystal growth 
rate increases and results in an increase in the nucleation 
rate. Sonication-mediated hydrothermal process is an advan-
tageous technique to shorten crystallization time (Cao et al. 
2023; Ng et al. 2019).

It has been suggested that by using microwave and ultra-
sound energy sources, the reaction time can be reduced to 
minutes by causing homogeneous nucleation and uniform 
distribution of heat. An economically viable zeolitization 
process can be achieved by using alternative energy sources 
(Aldahri et al. 2016).

In all these methods, zeolites with different crystal struc-
tures are obtained by changing the reaction composition 
ratio, synthesis time, method heating temperature, and struc-
tural guiding chemical agents. Synthesis parameters of some 
studies that synthesized zeolite with different methods are 
given in Tables 4 and 5.

Application areas of zeolites

Zeolites commonly serve as catalysts in the conversion of 
biomass feedstocks into high-value fuels and chemicals. 
There are Brønsted acid sites, Lewis acid sites, and multi-
functional active sites in the structure of zeolites, and thanks 
to these active sites, they provide a catalyst function in reac-
tions (Dapsens et al. 2015).

Porous zeolites, also called molecular sieves, are used in 
the field of fuel cells to solve problems such as fuel transfer 
and membrane stability, to increase proton transport, to reg-
ulate fuel transitions, and to improve the flow of water in the 
electrode membrane. It serves as an electrode and catalyst in 
fuel cells and provides the transformation, reformation, and 
storage of fuel (Yeung & Han 2014).

It is important to develop systems that effectively use 
unused heat using adsorption–desorption cycles that can 
transport heat by recovering waste heat at low temperatures. 
Silica gel is generally used in closed systems to store ther-
mal energy. Systems using zeolites have also been developed 
(Fig. 6). This method is a functional method that uses the dry-
ing and heat storage properties of zeolites (Fujii et al. 2022).

Carbon capture and storage are an effective method that 
reduces the release of CO2 into the atmosphere, but it is a 
very difficult process. Among different techniques such as 
cryogenic distillation and membrane separation, the adsorp-
tion method is one of the well-established methods that 
attracts much attention. Development of suitable adsorbents 
in adsorption technique is a current research topic. Among 
adsorbents, zeolites are promising for the CO2 capture 
technique with their homogeneous pore structures, highly 
specific surface areas, thermal and chemical stability, and 
qualitative properties (Rao et al. 2024; Tao et al. 2023).

Zeolties are used for the catalytic removal of NOx, NH3, 
and VOCs such as benzene, toluene, formaldehyde, and 
chloromethane, which generally originate from combustion 
engines and industrial and domestic products, in order to 
improve air pollution (Li et al. 2017).

It has wide applications in water treatment to solve the 
global water crisis by removing pollutants such as oil, heavy 
metals, radioactive waste, dyes, oils, and salts. The adsorp-
tion and ion exchange properties of zeolites provide selective 
removal of pollutants from wastewater, while reducing the 
risks of such pollutants on human health and the environ-
ment (Daer et al. 2015; Li et al. 2017).

Zeolites are also antibacterial, biocompatible, non-toxic, 
and highly absorbent, and with these features, they are pre-
ferred materials for use in the biomedical field. It is seen 
to be used in various biomedical applications such as drug 
delivery systems, wound healing, antibacterial and antimi-
crobial products, implant coating, removal of harmful ions 
from the body, hemodialysis, regenerative medicine, and tis-
sue engineering (Serati-Nouri et al. 2020).

Heavy metal

Heavy metals are elements with atomic weights between 
63.5 and 200.6 and specific gravity over 5.0. These 23 
metal elements include bismuth, tin, thallium, gold, 
arsenic, cerium, gallium, mercury, chromium, cobalt, 
antimony, copper, iron, cadmium, lead, manganese, 



41800	 Environmental Science and Pollution Research (2024) 31:41791–41823

Ta
bl

e 
4  

P
ar

am
et

er
s o

f z
eo

lit
e 

sy
nt

he
si

s m
et

ho
ds

Pa
ra

m
et

er
s o

f c
on

ve
nt

io
na

l h
yd

ro
th

er
m

al
 sy

nt
he

si
s o

f z
eo

lit
e

R
aw

 m
at

er
ia

l
A

lk
al

i t
yp

e
C

on
c.

 o
f a

lk
al

i
H

yd
ro

th
er

m
al

 
te

m
pe

ra
tu

re
H

yd
ro

th
er

m
al

 
tim

e
Ze

ol
ite

 ty
pe

Re
f

W
as

te
 g

la
ss

 a
nd

 
al

um
in

um
 

sc
ra

ps

N
aO

H
2.

5 
M

60
 °C

6 
da

ys
N

a-
P1

(S
ay

eh
i e

t a
l. 

20
22

)

C
oa

l g
an

gu
e

N
aO

H
1.

86
 m

ol
/L

95
 °C

10
.0

8 
h

N
a-

A
 z

eo
lit

(J
in

 e
t a

l. 
20

21
)

A
lk

al
i f

us
io

n-
hy

dr
ot

he
rm

al
 sy

nt
he

si
s p

ro
ce

ss
 p

ar
am

et
er

s
R

aw
 m

at
er

ia
l

Pr
et

re
at

m
en

t
A

lk
al

i f
us

io
n 

pa
rt

H
yd

ro
th

er
m

al
 p

ar
t

Ze
ol

ite
 ty

pe
Re

f
C

al
ci

ne
A

ci
d 

le
ac

hi
ng

A
lk

al
i t

yp
e

R
at

io
 o

f A
lk

al
i/

R
M

Te
m

pe
ra

tu
re

Ti
m

e
H

yd
ro

th
er

m
al

 
te

m
pe

ra
tu

re
H

yd
ro

th
er

m
al

 
tim

e
Je

ju
 Is

la
nd

 
sc

or
ia

-
-

N
aO

H
0.

6–
2.

4
53

0 
°C

1 
h

90
 °C

5 
h

N
a-

A
 z

eo
lit

(L
ee

 e
t a

l. 
20

18
)

C
oa

l fl
y 

as
h

80
0 

°C
-1

 h
-

N
aO

H
1:

1.
2

50
0 

°C
1 

h
80

–1
00

 °C
5–

10
 h

Ze
ol

ite
 X

(S
iv

al
in

ga
m

 &
 

Se
n 

20
18

)
C

oa
l fl

y 
as

h
70

0 
°C

-4
00

 m
in

3w
t%

H
C

l 9
0 

℃
 a

ci
d 

fo
r 

1 
h

N
aO

H
1:

1
65

0 
°C

2 
h

10
0 

°C
24

 h
Ze

ol
ite

 A
(H

e 
et

 a
l. 

20
20

)

U
ltr

as
on

ic
 h

yd
ro

th
er

m
al

 a
ss

ist
ed

 z
eo

lit
e 

sy
nt

he
si

s p
ro

ce
ss

 p
ar

am
et

er
s

R
aw

 m
at

er
ia

l
A

lk
al

i t
yp

e
C

on
c.

 o
f a

lk
al

i
Po

w
er

 o
f U

S
U

S 
tim

e
H

yd
ro

th
er

m
al

 
te

m
pe

ra
tu

re
H

yd
ro

 th
er

m
al

 
tim

e
Ze

ol
ite

 ty
pe

Re
f

C
H

A
K

O
H

 o
r N

aO
H

-
20

0 
W

2 
to

 4
 h

35
3 

K
6 

to
 9

6 
h

Ze
ol

ite
 T

(Y
in

 e
t a

l. 
20

23
)

So
di

um
 a

lu
m

i-
na

te
-c

ol
lia

l 
si

lic
a

N
aO

H
-

-
30

, 6
0,

 1
20

 m
in

10
0 

°C
2 

da
ys

Ze
ol

ite
 R

H
O

(N
g 

et
 a

l. 
20

19
)

C
oa

l g
an

gu
e

N
aO

H
0–

5 
m

ol
/L

30
 W

0 
to

 1
 h

70
–1

00
 ℃

0.
5–

6 
h

H
ie

ra
rc

hi
-

ca
l p

or
ou

s 
ze

ol
ite

s

(Z
ho

u 
et

 a
l. 

20
20

)

M
ic

ro
w

av
e-

as
si

ste
d 

hy
dr

ot
he

rm
al

 sy
nt

he
si

s o
f z

eo
lit

e 
pr

oc
es

s p
ar

am
et

er
s

R
aw

 m
at

er
ia

l
A

lk
al

i t
yp

e
C

on
c.

 o
f a

lk
al

i
Po

w
er

 o
f M

W
M

W
 ti

m
e

H
yd

ro
th

er
m

al
 

te
m

pe
ra

tu
re

H
yd

ro
 th

er
m

al
 

tim
e

Ze
ol

ite
 ty

pe
Re

f

M
un

ic
ip

al
 so

lid
 

w
as

te
 in

ci
ne

ra
-

tio
n 

fly
 a

sh

N
aO

H
0–

2 
M

-
0.

5 
to

 2
 h

-
-

N
a-

P1
(Z

ho
u 

et
 a

l. 
20

23
)

SA
R

s
N

aO
H

40
0 

W
5 

to
 8

0 
m

in
19

0 
°C

0.
5 

to
 6

 h
SS

Z-
13

(K
ha

n 
et

 a
l. 

20
23

a,
 b

)
SA

R
s

K
O

H
80

0 
W

0,
5 

to
 2

4 
h

16
0 

°C
72

 h
ZS

M
-2

2
(M

ur
az

a 
et

 a
l. 

20
15

)
K

ao
lin

N
aO

H
80

0 
W

6 
m

in
-

-
Ze

ol
ite

 4
A

(L
e 

et
 a

l. 
20

23
)



41801Environmental Science and Pollution Research (2024) 31:41791–41823	

Table 5   Advantages and drawbacks of zeolite synthesis procedures (Zhang et al. 2022)

Synthesis methods Advantages Drawbacks

Conventional hydrothermal synthesis It is as simple as the process of synthesizing 
zeolite from pure materials

Hydrothermal crystallization requires a long 
reaction time. The yield and purity of the 
synthesized zeolite are lower

Alkali fusion-hydrothermal synthesis It enables efficient activation of tailings and 
zeolites with high conversion and purity are 
obtained

The high temperature required for fusion 
increases the cost of the process

Ultrasonic hydrothermal synhtesis It shortens the synthesis time of zeolite, 
improves the physicochemical properties of 
zeolite products, and can also reduce energy 
consumption

It can only promote the dissolution of the 
amorphous phase in solid waste rather than 
the crystalline phase. The mechanism of 
ultrasonically assisted crystallization is still 
not clearly understood

Microwave-assisted hydrothermal synthesis The microwave heating method makes the heat-
ing speed and uniformity better than conven-
tional heating. It effectively improves the solu-
bility of tailings and zeolitization processes

Large-scale industrial application is lacking

Fig. 6   Zeolite application areas (Serati-Nouri et al. 2020; Shubair et al. 2019)
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nickel, silver, uranium, tellurium, platinum, vanadium, 
and zinc. These metals are classified as heavy metals 
(Velusamy et al. 2022).

Especially in rapidly developing countries, due to 
the increasing production amount in metal plating, min-
ing, fertilizer, battery, and paper industries, more and 
more Sb, Cr, Cu, Pb, Zn, Co, Ni, etc. are being released 
into environmental waters. Heavy metals are mixed 
and the resulting wastewater is discharged directly or 
indirectly into the environment (Fu & Wang 2011). 
This direct discharge into sewage systems negatively 
affects biological wastewater treatment processes. It 
is known that exposure to these elements, which are 
not biodegradable and have the risk of accumulating 
in living organisms, poses a great risk for humans and 
other living things, even in trace amounts. Many heavy 
metal ions have toxic or carcinogenic effects, and the 
comparison of toxicity levels of heavy metals is as fol-
lows: “Co < Al < Cr < Pb < Ni < Zn < Cu < Cd < Hg” 
(Chipasa 2003). As heavy metals penetrate from the 
soil into the root systems of plants as a result of the 
mixing of surface waters, bioaccumulation in organ-
isms and biomagnification in animals and foods occur 
(Velusamy et al. 2022). In humans, anemia occurs as 
a result of exposure to heavy metals, vomiting due to 
overdose of Zn, convulsions, and cramps as a result 
of Cu intake, and there are cases resulting in death. 
Chromium [Cr(VI)] exposure has the effect of causing 
tumor disease by causing disruption of DNA synthesis 
and mutagenic changes (Batubara et al. 2023).

Heavy metals also cause effects such as free radical 
release, cell damage, protein conformational change, 
enzyme inhibition, neuron damage, promotion of apopto-
sis, inhibition of neurotransmitters, and deoxyribonucleic 
acid (DNA) degradation (Mohod et al. 2013).

Heavy metal detection and treatment

Many different technologies have been implemented to 
determine the concentration and toxicity value of heavy 
metals (Asaithambi et al. 2020; Velusamy et al. 2021).

When the literature studies are examined, it is seen that 
studies have been carried out on the removal of heavy met-
als by various processes such as coagulation (Skotta et al. 
2023; Zheng et al. 2021), chemical precipitation (Chen 
et al. 2018; González-Muñoz et al. 2006), ion exchange 
process (Dong et al. 2018; Zhao et al. 2019), membrane 
separation (Chen & Yang 2022; Zhao et al. 2023), reverse 
osmosis (Ozaki et al. 2002), and adsorption (El-habacha 
et al. 2023).

Among all these processes, the adsorption technique 
is a remarkable method with its advantages in heavy 

metal removal due to parameters such as low cost, easy 
and short-term applicability, and not requiring additional 
costs for sludge removal. (Anderson et al. 2022; Barakat 
2011; Velarde et al. 2023). In the adsorption technique, 
finding an adsorbent that can be applied on an industrial 
scale is an important issue. In addition to examining tech-
nical properties such as adsorption capacity, selectivity, 
adsorption–desorption kinetics, and regeneration ability, 
the adsorbent is expected to have features such as long-
term durability, low cost, and environmental friendliness 
(Velarde et al. 2023).

In the removal of heavy metals, activated carbon (Kong 
et al. 2022), carbon nanotubes (F. S. A. Khan et al. 2021), 
graphene oxides (Hosseinkhani et al. 2023), mesoporous sil-
ica, and carbon materials (Amin et al. 2023; Conte & Gómez 
2024), clay particles (Ghasemi et al. 2023; Zhang et al. 
2021), zeolites (Cheng et al. 2021a, b; Finish et al. 2023; 
Ren et al.  2022), and metal organic frameworks (Chu et al. 
2023; Ragheb et al. 2022) are used. When all these methods 
are compared, it is a remarkable technology because zeolites 
can be obtained with low costs and energy requirements and 
can be used continuously (Velarde et al. 2023).

Heavy metal adsorption mechanisms of zeolite

The adsorption mechanism of heavy metal ions on zeolites 
has different potential processes. Predominantly heavy metal 
ions exist as exchangeable ions. In this case, ion exchange is 
one of the primary mechanisms for the adsorption of heavy 
metals. In addition, additional adsorption mechanisms such 
as precipitation, electrostatic attractions, and surface com-
plexation may be effective. Aqueous oxides on the surface 
can form complexes by forming chemical bonds with metal 
ions (Fig. 7). Therefore, surface complexation occurs (Pal 
& Sen 2024).

Dye

With the increase in industrial production in recent years, 
water pollution is one of the most common environmental 
problems. Wastes mixed into water due to the widespread 
use of dyes in different sectors such as the textile indus-
try, food industry, dye industry, leather industry, cosmetics 
industry, plastic industry, and printing industry cause seri-
ous pollution (Pauletto et al. 2020). Mixing dyes into water 
prevents sunlight from penetrating into the water and pre-
vents adequate oxygenation of the water, causing damage 
to the biological activities of microorganisms living in the 
water. Serious effects are also observed on human health, 
among which are allergies, dermatitis, respiratory toxic-
ity, and it is known that it can even cause cancer (Pauletto 
et al. 2020; Somsiripan & Sangwichien 2023).
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Dye molecules consist of chromophores, which have 
the ability to give color, and auxochromes, which have the 
ability to increase the color of the dye. The wavelength 
of the light absorbed by the chromophores and auxiliary 
chromiums in the structure determines the colors of the 
dyes (Khan et al. 2023a, b).

Dyes are generally divided into two groups: natural and 
synthetic dyes. Natural dyes are dyes that can be obtained 
from a variety of sources, from plant roots to insects and 
sea snail secretions. In the mid-nineteenth century, chemi-
cally produced synthetic dyes began to be used to ensure 
mass production and meet consumer expectations, espe-
cially in the textile industry. However, although synthetic 
dyes provide advanced coloring, they also cause water pol-
lution (Mabuza et al. 2023).

It has been stated that approximately 100 t/year of dye 
enters stream waters worldwide. However, even dyes in 
amounts less than 1 ppm in water have a significant effect. 
Different chemical, physical, and biological methods are 
used to remove dyes from water (Fig. 8). These methods 
include adsorption, coagulation, membrane separation, 
chemical oxidation, photocatalytic degradation, electro-
chemical, aerobic, and anaerobic microbial degradation 
techniques (Mu & Wang 2016).

Dye treatment

Many industrial production processes, especially the tex-
tile industry, produce dye wastewater. Discharging paint 
wastewater into surface waters poses a threat to the lives of 
humans, animals, and other living things, as well as envi-
ronmental damage. Wastewater containing dyestuffs must be 
subjected to treatment processes before discharge in order 
to eliminate the risk of life-threatening environmental and 
other living things. Physical, physicochemical, and bio-
logical treatment technologies are used to treat this type of 
wastewater (Katheresan et al. 2018; Khan et al. 2023a, b).

It is known that traditionally used wastewater treatment 
technologies are ineffective in purifying synthetic textile 
dyes from wastewater due to the chemical stability of the 
dyestuffs (Forgacs et al. 2004).

Currently, there are numerous studies using various meth-
ods on dye removal in wastewater (Forgacs et al. 2004). 
Complete removal can only be achieved with treatment tech-
niques that allow large-scale dye removal without producing 
secondary pollution. The most important feature expected in 
treatment methods is the disposal of dye without producing 
more hazardous by-products than wastewater (Rodríguez-
Couto et al. 2009).

Fig. 7   Adsorption mechanism 
of heavy metals on zeolites
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On the removal of dyes, adsorption (Wang et al. 2024), 
membrane filtration (Ma et al. 2022), ion exchange (Lahiri 
et al. 2022), and coagulation-flocculation are used (Hussein 
& Jasim 2021; Nnaji et al. 2022). Various physical and phys-
icochemical treatment methods are used to purify wastewater 
by providing high removal efficiencies (Phi Long et al. 2024) 
and sonocatalytic (Phi Long et al. 2024) processes.

In the bacterial purification process, which is one of the bio-
logical purification processes, the azo bonds of azo dyes, which 
are the most frequently used dye type especially in the textile 
industry, are reduced anaerobically, and the resulting aromatic 
amines are oxidized aerobically. With this method, firstly, the 
color removal of the wastewater is achieved, and secondly, it 
leads to a decrease in mineralization and toxicity values (Fig. 9). 
For this reason, the combined anaerobic–aerobic bacterial 

treatment process is a very attractive method for the treatment 
of wastewater containing dyes (Bonakdarpour et al. 2011).

Dye adsorption mechanism of zeolite

As explained, zeolites are minerals with aluminosilicate 
structure, whose crystal structures consist of tetrahedral 
units in which [SiO4]4− and [AlO4]5− are bonded to each 
other through oxygen atoms. Thanks to the isomorphic 
substitution ability of Si4+ in the structure, which can 
replace Al3+, zeolites produce negative highs that can eas-
ily bond with other cations. These negative charges, which 
are permanent and do not depend on the pH condition 
in the structure, are capable of being replaced by posi-
tively charged ions. In this way, cationic dyes that carry a 

Fig. 8   Synthetic dyes and their chemical structure
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positive charge, such as methylene blue, can be adsorbed 
on this surface (Fig. 10). The adsorption ability of zeolite 
depends on the density of negative charges on the surface 
(Prajaputra et al. 2019).

Studies on the removal of heavy metals and dyes from 
wastewater with zeolites synthesized with different tech-
niques are compiled in Table 6, which includes adsorption 
capacities, surface areas, and pore volumes.

Characterization of the material

Importance of characterization

Characterization tests are carried out for the development 
and commercialization of new zeolites, zeolytic catalysts, 
and adsorbents. Since no single method is sufficient, a com-
bination of selective characterization techniques must be 
performed. In this section, various characterization tech-
niques that are most frequently used are included.

X‑ray diffraction (XRD) analysis

X-ray powder diffraction is a central characterization tech-
nique used to determine the structures of zeolites. With this 
technique, the synthesis of a new zeolite is proven, and con-
clusions are reached about whether the synthesized zeolite 
has the desired properties and how much crystallization has 
occurred. In addition, the powder diffraction method is prob-
ably the most widely used method in identifying impurities 
in the synthesized zeolite, understanding the effect of experi-
mental parameters such as heat treatment, and explaining the 
extent to which zeolite is bound to the catalyst or adsorbent 
pellets (Bradley et al. 2010).

XRD analysis is used for phase identification. Zeolite 
type identification can be made by taking advantage of the 
fact that zeolites of the same structure type show similar 
powder patterns. However, if there is more than one phase 
in the structure, the powder pattern is a superposition of the 
separate phases and the overall density at the peaks is related 
to the amount of each phase. For these reasons, the identity 
and quantity of each phase can be determined with the pow-
der patterns obtained from phase mixtures. The ratio of the 

Fig. 9   Treatment of dye-containing wastewater
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peaks in the powder diffraction patterns of zeolite samples 
to the same peak intensity as the reference zeolite is usually 
determined as a percentage, and this expression is defined 
as the percentage of zeolite crystallinity. In other words, this 
definition represents the amount of crystalline zeolite in the 
sample zeolite compared to the reference zeolite (Fig. 11). 
SiO2 and Al2O3 polymorphism of untreated raw material is 
determined by XRD analysis. In addition, zeolite structures 
are clarified by comparing the XRD patterns of zeolites syn-
thesized depending on different SiO2/Al2O3 molar ratios and 
by comparing the main peaks in the XRD patterns with the 
standard peaks of the zeolites (Tran-Nguyen et al. 2021).

Shu et al. (2023) compared the XRD models of samples 
to which they applied acid leaching at different concentra-
tions of 0.1, 0.5, 1.0, and 2.0 mol/L HCl in their study in 
which they synthesized Na-P1 zeolite from coal gasification 
fine slag. They observed that A-type zeolite was formed at a 
Si/Al ratio of 0.94–1.05, X-type zeolite was formed at a ratio 
of 1–3, and Na-P1 zeolite was formed at a higher Si/Al ratio. 
In the zeolite sample (CZ-1.0) studied at 1.0 mol/L HCl, 
the Si/Al ratio increased to 5.7, exceeding the critical point 
defined for zeolite X, and it was understood that relatively 
pure Na-P1 zeolite was formed. In the CZ-2.0 sample, where 
the HCl concentration was increased, it showed the same dif-
fraction peaks, although a decrease in the impurity level was 
observed. Based on the XRD results, they determined the 
acid concentration required for the synthesis of pure Na-P1 
zeolite (Shu et al. 2023).

Electron microscopy characterization of zeolitic 
systems

Electron microscopy technique is frequently used to under-
stand the structural, morphological, and compositional 
properties of zeolite materials. There are three basic appli-
cation methods of electron beam welding. Diffraction and 
high-resolution TEM imaging determine bulk and defect 
structures, surface morphology is determined by TEM and 
SEM methods, and compositional zeolite characterization is 
determined by EDS (energy dispersive X-ray spectroscopy) 
method. These imaging methods, which have been used in 
zeolite materials dating back to the 1950s, were generally 
aimed at structural and morphological characterization, and 
with the commercial use of SEM and EDX techniques in the 
1960s, the determination of surface morphology and chemi-
cal compositions became possible. With the introduction of 
the TEM imaging technique in the 1980s, it became possible 
to directly examine the details of zeolite structures. One of 
the most technologically important features of zeolites is 
their acidity, provided by hydroxyl groups due to substitu-
ent cations in their framework structures. However, imaging 
studies performed with electron microscopes are limited in 
detecting acidity in the structure and characterizing the zeo-
lite structure due to reasons such as weak scattering of the 
transmitted electron by a hydroxyl group and small atomic 
number differences of substituted cations. Fortunately, the 
acidity of zeolites can be determined by different methods 
such as NMR and FTIR (Shu et al. 2023).

Fig. 10   Dye adsorption mecha-
nism of zeolite
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Table 6.   Studies on the removal of heavy metals and dyes from wastewater with zeolites synthesized by different techniques
Source Of 
Silica And 
Aluminat

Synthesis Method Removal Adsorption 
Amounts

Surface 
Area 

Por 
Volume

SEM image Ref.

Red mund

(RD)

Red mud samples were dried and extracted by 

mixing with 5mol/L HCl solution with a solid 

to liquid ratio of 7. Impurities were removed by 

acid leaching. The solid residue was mixed 

with 1.5 times NaOH solution and subjected to 

calcination at 650oC for 60 minutes. The 

alkaline fusion sample was converted into 

soluble aluminosilicate minerals by mixing 

with water for 3 hours and then subjected to 

hydrothermal synthesis at 120oC for 7 hours in 

a stainless steel reactor to obtain NaP1 zeolite. 

The process was completed with filtration 

washing and drying processes.

Methylen

e blue 

(MB)

48.7 mg·g - 1 79.3 m2 /g 0.144 

m3/g

(Chen

g et 

al., 

2021)

Coal fly ash 

(CFA)

The fly ash sample and 2 N NaOH solution 

were placed in a continuously stirred reactor. 

The mixture was heated at 98 °C for 24 hours.  

After cooling to room temperature, the mixture 

was titrated with stirring until pH ~ 7.1 using 1 

M FeCl3 or ZrOCl2- 7H20 solution.  The 

mixture was dried in an oven at 20°C for 24 

hours. The solid phase was recovered by 

centrifugation and washed three times with 

ethanol and once with acetone. In the final 

process, the ZFA/HIO or ZFA/HZ product was 

dried in an oven at 24°C.

Methylen

e blue 

(MB)

-39.69 mg/g (heated 

five times for 

ZFA/HIO and four 

times for ZFA/HZ)

-46.35 mg/g (Five 

times heated for 

ZFA/HIO and four 

times for ZFA/HZ)

196.7 m2/g 0.34 

mL/g

(L. 

Lin et 

al., 

2016)

Coal fly ash 

(CFA)

Two different fly ashes were used as raw 

materials. In the hydrothermal synthesis 

method, the washed fly ash was treated with 2 

N sodium hydroxide solution. Zeolite materials 

were obtained by mixing in an autoclave at 150 

°C and 5 atm. After the reactions were 

completed, the suspended matter was filtered at 

constant pH and dried at 105-115 °C overnight. 

Cd2 +, 

Ni2 +, 

Cu2 +, 

Zn2 +, 

Pb2 +

238.10  mg/g (Pb2 +)

96.15  mg/g (Cu2 +)

69.93  mg/g (Zn2 +)

40.49  mg/g (Cd2 +)

23.585 mg/g ( Ni2 +)

52.49 m2/g 0.003  

cm/g

(Visa, 

2016)

The obtained zeolite materials were named as 

ZCET40 and ZDs40.

Waste 

aluminum 

cans

Aluminum waste cans were dissolved in 

sodium hydroxide solution. The resulting 

solution was filtered to remove impurities. 

Different silicon sources (silica, sodium 

metasilicate, silica gel, tetraethyl orthosilicate) 

were prepared by dissolving them in 2.5 M 

sodium hydroxide solution. The two previous 

solutions were then combined with continuous 

stirring for 30 minutes. The gel produced was 

then transferred to a Teflon-coated stainless 

autoclave and the autoclave was operated at 

150 °C for one day for hydrothermal treatment. 

The precipitates were then filtered, washed 

thoroughly several times with bidistilled water 

and dried at 120°C for 12 hours. The samples 

synthesized using fumed silica, sodium 

metasilicate, silica gel and tetraethyl 

orthosilicate were named ZF, ZM, ZS and ZT.

Malachit

e green

226.757 mg/g (ZF)

239.234 mg/g (ZM)

29.744 mg/g (ZS)

25.221 mg/g (ZT)

- -

SEM images of the zeolite nanostructures 

synthesized using fumed silica (ZF sample) (A), 

sodium metasilicate (ZM sample) (B), silica gel 

(ZS sample) (C), and tetraethyl orthosilicate (ZT 

sample) (D).

(Abd

elrah

man, 

2018)

Power plant 

rice husk ash

RHA was sieved to remove impurities and 

dried at 100oC. For the removal of silicon 

particles, RHA was mixed with various 

RHA:NaOH (1:2) weight ratios and heated for 

1 hour (300oC). After cooling to room 

temperature, it was mixed with deionized water 

at a powder:water ratio of 1:5 for 2 hours and 

filtered.  High silica extraction with Si/Al 

molar ratio ranging from 0.5 to 2.0 and sodium 

aluminate (NaAlO2) solution and supernatant. 

The mixtures were stirred for 1 h, then heated 

at 90 °C for 10-20 h in 15 ml capacity Teflon-

coated stainless steel vessels without shaking. 

In the final step, the precipitates were 

centrifuged, washed and dried. For 

identification, zeolite samples were named 

according to the rule.

Cd 2+ 736,38 mg/g (Na−A)

684.46 mg/g (Na−X)

1044 m2/g       

( Na−X)

0.465 

cc/g

SEM images of hydrotreated samples: 

Z0.5T90t10 (a) and Z1.5T90t10 (b).

(Sant

asnac

hok et 

al., 

2015)
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Scanning electron microscopy (SEM) analysis

Surface morphology studies of zeolite materials can be 
carried out comprehensively using the SEM technique. In 
addition to the stated advantages of this imaging technique, 
which does not require special preparation and is applicable 
to grain morphologies larger than a few microns, it is also 
generally easy to interpret.

Most zeolite applications require the introduction of 
a feed or absorbent into the zeolitic micropores. Assum-
ing that the crystal diameter is d, in most cases, the rate of 
occurrence of this phenomenon depends on 1/d2 in the 3D 
pore system and tends to increase with the density of pore 
openings. For these reasons, crystal morphology is a domi-
nant feature that shows the performance of the material in 
zeolite applications such as catalysis and adsorption.

Ren et al. (2020) synthesized commercial zeolite Y using 
raw coal fly ash (CFA) and evaluated the zeolite products 
they synthesized under different conditions with SEM 

Fig. 11   XRD graph of Na-P1 zeolite synthesized from coal gasifica-
tion fine slag (Shu et al. 2023)

Fig. 12   SEM images of com-
mercial zeolite Y synthesized 
using coal fly ash (CFA) (Ren 
et al. 2020)
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micrographs. They understood that the raw material CFA 
has a spherical shape (Fig. 12a), the surface changes during 
the zeolitization process, and the irregular shapes formed are 
zeolite structures. While defective octahedral particles with 
a rough surface and a wide range of sizes between 0.29 and 
1.2 μm are observed in Fig. 12c, its structure with irregular 
morphology was observed to transform into uniform sub-
micron octahedral particles with narrow particle sizes and 
highly crystallized particles in Fig. 12d. While the morphol-
ogies of Fig. 12d and f are the same, octahedral particles and 
some defective particles are observed together in Fig. 12e. 
They stated that this may be due to the re-dissolution of the 
crystal as the crystallization time increases. In the study, 
SEM and XRD results were evaluated together and consist-
ent results were obtained (Ren et al. 2020).

Take it again (2023), in their study where they synthe-
sized zeolite T by ultrasonic pretreatment of CHA and then 
hydrothermal synthesis method, the effects of using NaOH 
and KOH solutions in the pretreatment were evaluated by 
analysis. Combining the XRD results and SEM results of 
the products subjected to KOH solution, it was concluded 
that the ultrasonic treatment applied at 313 K was better than 
higher temperatures and that the appropriate ultrasonic con-
dition could not only reduce the size of the crystals but also 
increase their purity. In addition, they discovered that KOH 
and NaOH direct the structure during the interzeolite trans-
formation process. The final products were greatly affected 
by additional alkali metal ions (Yin et al. 2023).

FT‑IR analysis

One of the most commonly used methods in the exami-
nation of zeolites is FTIR (Fourier transform infrared) 

spectroscopy. It is a very successful technique in identify-
ing the mineral structures, bonds, and chemical properties of 
zeolites (Volkov et al. 2021). IR spectra are used to express 
the acidity and concentrations of functional groups attached 
to the structural chains of zeolites. In addition, the catalytic 
properties of zeolite samples can be predicted (Li 2005).

Mid-infrared spectra (4000–400 cm–1) were taken into 
account in the characterization of zeolites by FTIR. In the 
interpretation of infrared spectra, specific zeolite structure 
type, group, secondary structure units such as double rings 
and large pore openings are evaluated. The main struc-
tural groups of the zeolites synthesized in the studies are 
determined from infrared patterns. Frame structures of 
zeolites can be expressed as inside fingers. Infrared spectra 
in the 1500–400 cm−1 region are indicative of qualitative 
characterization.

Infrared spectra of zeolites in the 1300–400 cm−1 region 
generally consist of two vibration classes: (i) originating 
from the internal vibration of the TO4 tetrahedron frame-
work, which are the primary structural units in zeolite frame-
works, and (ii) vibrations arising from the external connec-
tion between tetrahedral units sensitive to the framework 
structure and the presence of secondary structural units, 
the building blocks of polyhedral such as rings and pores. 
Characteristic FTIR bands of zeolites are given in Table 7 
(Suresh Kumar 2007).

A characteristic sharp peak is observed in the FTIR spec-
tra of zeolites around 1100 cm−1. This peak is unique to 
hydrated three-dimensional networked zeolite structures, and 
this vibration is primarily associated with oxygen atoms and 
is attributed to a T–O stretching involving ← O, T →  ← O 
movements. The position of Si–O varies depending on the 
number of electronegative groups in the zeolite. Therefore, 

Table 7   Characteristic FTIR 
bands of zeolites (Suresh 
Kumar 2007)

Internal tetrahedral linkages Assignment (cm−1)

Asymmetrıc stretch
Asymmetric stretch vibrations of bridge ties—νas Si–O(Si) ve νas Si–O(Al)

1250–950

Symmetric stretch
Symmetrical stretch vibrations of bridge ties—νs Si–O-Si
Symmetrical stretch vibrations of bridge ties—νs Si–O-Al

720–650

T-O bend
Bridging OH groups in Al–OH-Si

5000–420

External linkages Assignment (cm−1)
Double ring 650–500
Pore opening 420–300
Symmetric stretch 820–750
Asymmetrıc stretch 1150–1050 shoulder
(Complex band) symmetric stretching vibrations νs of bridging bonds Si–O-Si and 

bending vibrations—δ O-Si–O
555 cm−1

Bending vibrations—δ O-Si–O occurring “antiphase” 468 cm−1

Bending vibrations—δ O-Si–O ve δ O–Al-O 377 cm−1
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the Si–O frequency is sensitive to displacement. When there 
is an OH or NH group nearby, the stretching frequency due 
to hydrogen bonding in the structure decreases to 500–800 
cm−1. The broad band around 1100 cm−1 is attributed to the 
asymmetric stretching of SiO4 tetrahedra. The transition to 
a relatively high wave number is caused by the presence 
of large amounts of different cations due to the Si–O bond 
distance being shorter than the Al-O bond distance. The 
presence of a weaker shoulder at 1000 cm−1 is attributed 
to the vibration involving ≡Al–OH gaps formed by cation 
gaps. Many different frequencies reflecting the lattice com-
position are observed in the region of 750 cm−1 and below. 
The absorption peaks at 750–700 cm−1 correspond to the 
symmetric stretching vibrations of SiO4 groups. The bands 
around 649, 544, and 468 cm−1 indicate bending vibration 
of SiO4 groups or vibration of four-membered silicate chain 
rings.

Symmetric stretching modes in the lower spectral region 
of 720–650 cm−1 shift to the higher region of 820–750 cm−1 
with the inclusion of a tetrahedral stretch. The weak absorp-
tion bands at 650 cm−1 are due to the interaction between 
the alumina tetrahedra and Al3+ in the zeolite structure, and 
the splitting state of the peak in this region indicates that 
there is high O–Si–O in the structure (Suresh Kumar 2007; 
Tabassum et al. 2018).

With lattice vibration intensities around 558 cm−1, small 
nuclei concentrations of atoms in the molecule occurring 
during the induction period can be monitored. The increase 
in this vibration represents the increase in the double ring 
numbers of T atoms. The absorptions here arise either from 
TO4 bending or from movements of the outer link of SiO4 
and AlO4 tetrahedrals. Weak bands can be observed around 
1480–1380 cm−1 due to the effect of excess alumina in the 
pores. It is possible to see the effects of water molecules 
and amines on the stretching vibration of the hydrogen 
group with wide weak bands around 4000–3000 cm−1. The 
OH stretching modes at wave numbers with the shoulder 
at 3600 cm−1 and 3626 cm−1 originate from two different 
Brönsted zones as well as 3678 cm−1 (Si–OH) and 3743 
cm−1 (Al–OH). While the bands at 3660 cm−1 correspond to 
OH groups associated with extra Al species in the cage, it is 
stated that the band at 3690 cm−1 corresponds to the Al–OH 
type, and the OH band around 3740 cm−1 may result from 
blocked OH groups on the zeolite surface. The OH band 
around 3650 cm−1 originates from non-acidic OH groups 
attached to [AlO]+ species in most cases, and the OH band 
aroundlite − 1 types have similar spectral properties, such 
as the internal tetrahedral mode, which is less sensitive to 
change in lattice structures, some structural differences can 
still be observed (Fan et al. 2012; Suresh Kumar 2007).

Solid state 29Si and 27Al magic angle spinning 
(MAS) nuclear magnetic resonance (NMR)

NMR technique, one of the spectroscopic analysis methods, 
is a powerful technique in the characterization of zeolite 
materials themselves and the adsorbate types involved in the 
chemical reaction in their applications for catalyst purposes.

With the MAS NMR technique, NMR spectra of solid 
samples have become comparable to liquids in terms of 
spectral resolution. It is an effective technique in elucidat-
ing the structural properties of solid materials such as zeo-
lite. Aluminasilicate framework characterization of vari-
ous zeolites is performed using the 29Si and 27Al MAS 
NMR technique. With this technique, the surface hydroxyl 
groups of zeolites, Brønstead acidity, porosity, and adsorp-
tion sites with adsorbed probe molecules can be identi-
fied (Stepanov 2016). Solid nuclear magnetic technique is 
an effective method used to analyze the structure of zeo-
lite frameworks. Although zeolites are highly crystalline 
materials, the small size of the crystals (usually on the 
order of a few microns) precludes the direct application 
of single crystal diffraction techniques. Solid-state NMR 
spectroscopy interrogates local geometry and short-range 
arrangements, corresponding to much longer-range perio-
dicities. In zeolites with low Si/Al ratio, five resonances are 
observed, which describe the average Si and Al distribu-
tions throughout the framework: Si-[4A1], Si[3Al,1Si], …. 
Si[4Si] (Jacobs & Santen 1989). In zeolite materials with 
high Si content, 29Si spectra are directly related to the lat-
tice structure. With the removal of Al, it can be seen that 
all silicones form a perfectly ordered system in the same 
local framework (Si-[4Si]). In this case, 29Si resonances 
are observed; quite narrowy signals are observed for struc-
tures with crystallographically non-equivalent regions that 
directly reflect the numbers and occupancy of asymmetric 
T regions in the unit cell. While the technique is known to 
be more sensitive to local arrangements than diffraction 
data, exact structure determination and the effects of tem-
perature and interaction on organic structures are clarified 
more clearly by using it together with syncrotron-based 
powder X-ray diffraction measurements (Fyfe et al. 1990).

The signal resulting from the tetrahedral aluminum in 
the zeolite structure can be distorted such that a significant 
amount of signal is lost when the zeolite is dry, which is 
related to the immobility of exchangeable cations in the 
structure and the oxygens bound to the aluminum. In the 
aluminum region, the resonance broadens with the transi-
tion from tetrahedral symmetry to trigonal–bipyramidal 
symmetry (Fig. 13). This is resolved by hydrating the sam-
ples before obtaining the 27AlNMR spectrum (Kneller et al. 
2003).
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Electronprobe micro‑analyzer (EPMA)

EPMA is a technique used for micrometer-scale quantitative 
analysis of the elemental compositions of solid samples. By 
keV electron bombardment sent onto the sample, character-
istic X-rays are excited and characterized by wavelength dis-
persive (WD) spectrometers. In addition, detailed mapping 
of the compositional contrast of the structure is provided 
with the quantitative analytical imaging technique (Llovet 
2019). It is seen that the EPMA technique is used in dif-
ferent fields, especially in geology, especially for mapping 
the spatial distribution of large and small elements in solid 
samples (Trueman et al. 2019). EPMA) technique is pre-
ferred in order to better understand the atomic substitutions 
of zeolite mineral compositions and to make geological and 
geochemical interpretations (Campbell et al. 2016). With the 
EPMA WDS mapping technique, the average element mass 
distributions on the surface of element-dispersed zeolite par-
ticles are determined. While WDS mapping spectra show the 
average mass content of elements (Si, Al, Na) completely 
quantitatively, the %mass values of the elements are reached 
(Chen et al. 2023).

As a result of EPMA WDS mapping of the zeolites 
synthesized in the studies, information is obtained about 
the homogeneity of element distribution and the average 
mass contents of the elements (Si, Al, Na) are determined. 
It offers the opportunity to compare the effects of zeolites 
synthesized under different conditions or with different raw 
material ratios on the surface framework with mass% values 
(Campbell et al. 2016) (Fig. 14).

Chen et al. (2023) synthesized pure Y (FAU) zeolite 
from coal fly ash (CFA) using the combined method 
assisted by microwave and ultrasonic irradiation. In order 
to precisely measure the element concentration on the 
surface of zeolite samples and to determine the weight 
% and mole percentage of the elements (Na, Al, and Si), 
quantitative analysis was carried out at three randomly 
selected positions with the EPMA technique. Si/Al mol% 
and Si/Na mol% ratios of CFA-Y and H-CFA-Y synthe-
sized at different temperatures and times were found. In 
addition to the CFA-Y synthesis steps, H-CFA-Y zeolite 
was subjected to ion exchange in NH4NO3 (1.0 M) solu-
tion at 60 °C for 3 h. In the EPMA results, it was under-
stood that NH4

+ ion exchange and NH4
+ calcination led 

Fig. 13   29Si MAS NNR spectra 
of some zeolites: NaX (Si/
Al = 1.47), NaY (Si/Al = 2.64), 
H–ZSM-5 (Si/Al = 13) (Kneller 
et al. 2003)
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to a significant decrease in the Si/Al mass % ratio on the 
surface framework of the H-CFA-Y zeolite and caused a 
significant removal of Na+ (Chen et al. 2023).

Atomic force microscopy (AFM)

The surface topography, average roughness value, and pore 
distribution of the synthesized zeolites are measured by 
atomic force microscopy (AFM) (Visa 2016). It reveals 
the details of the crystal growth mechanism of one-dimen-
sional nanoporous aluminosilicate structures (Fig. 15).

XRF analysis

Elements in a solid sample can be detected by X-ray fluo-
rescence (XRF) spectrometry, a multielement detection 
method. There are two types of approaches to the analyti-
cal use of XRF spectrometry: wavelength-dispersive and 
energy-dispersive XRF spectrometry. Although wavelength 
spectrometry is generally more sensitive, it has more expen-
sive equipment requirements (Suárez 2001).

Elemental analysis of raw materials before treatment can 
be performed with wavelength-dispersive X-ray fluores-
cence (XRF) spectrometry (Tan et al. 2011). It is an effec-
tive technique for analyzing co-destruction precipitates by 

Fig. 14   EPMA WDS elemental (Si, Al, Na) mapping spectra of CFA-Y and H-CFA-Y (Z. Chen et al. 2023)

Fig. 15   AFM topography, average roughness, and pore distribution: a ZCET40; b ZDs40 (Visa 2016)
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XRF spectrometry for the quantitative determination of SiO2 
and Al2O3 and determining their suitability for use as raw 
materials for hydrothermal zeolite synthesis (Somerset et al. 
2004).

This technique is also applied to characterize synthesized 
zeolites. The ionic exchange capacity, that is, the CEC value, 
of synthetic zeolites can be determined using XRF and pre-
viously described EPMA techniques. The main difference 
between the two spectroscopic techniques is the sample 
excitation mode and size. Photons are excited in the XRF 
technique and electrons are excited in the EPMA technique 
(Galván et al. 2009). XRF and EPMA techniques can be 
considered innovations as they allow to analyze the sam-
ple directly. The use of these methods is the preferred tech-
nique as they are not destructive to the structure, provide the 
opportunity to analyze with small sample amounts, and have 
other advantageous features such as short total analysis time 
(Galván et al. 2009).

ICP‑MS

ICP-MS technique can be used to more clearly understand 
the composition of zeolite filtrates after synthesis and the 
types of trace and heavy metals in the structure. This tech-
nique determines which elements remain in the structure of 
synthesized zeolites. A study is being carried out to deter-
mine the heavy metals that may be encapsulated in zeolitic 
materials during synthesis and to determine the heavy metal 
content of solid zeolite materials synthesized by the acid 
leaching method (Somerset et al. 2004).

BET

Surface area is one of the most important properties for the 
characterization of microporous materials, especially zeo-
lites. In general, experimental surface areas are character-
ized by the Langmuir surface area or the BET surface area 
technique obtained using nitrogen adsorption isotherms at 
77 K. The choice between the two surface areas depends on 
whether the pores in the structure support multilayer (BET) 
or single-layer only (Langmuir) adsorption (Bae et al. 2010).

The BET technique is used to measure the external sur-
face areas of zeolites. Surface areas are calculated from 
nitrogen isotherms using the BET equation. The shape 
of adsorption isotherms provides qualitative information 
about adsorption processes and the surface area available 
for adsorbate property.

Sorption tests
In adsorption studies of synthesized zeolites, studies are 
carried out under different experimental conditions in order 
to ensure the highest amount of removal. Experimental 
parameters are generally shaking speed, pH, contact time, 

adsorbent dosage, and initial concentration of the solution 
for removal study. Interpretations are made by evaluating the 
isotherm kinetics obtained as a result of the study. All exper-
iments are repeated several times under different conditions 
and average data are reported. “% Removal” and efficiency 
for the substance removed by adsorption study are calculated 
with the equations given below (Javadian et al. 2015).

In the equation, “Ci” is the initial concentration (mg∙g−1), 
“Ct” is the concentration value at any time “t,” “qt” is the 
amount of adsorbent per amount of adsorbent (mg g−1), V is 
the solution volume, and M is the adsorbate mass. expresses 
(Fukuda et al. 2023).

Adsorption kinetics and isotherms

For zeolite samples, graphs of change in adsorbed amount 
qt with contact time t are created. In analyzing the obtained 
adsorption kinetics, several commonly used kinetic mod-
els (pseudo-first-order kinetic model, pseudo-second-order 
kinetic model, Elovich model, and particle model) were 
used, as expressed in Eqs. (2), (3), (4), and (5), respectively. 
Intra-diffusion model is adopted.

Here, k (h–1) and k (g/(mg·h)) are the rate constants of 
adsorption. α (mg/(g·h)) and β (g/mg) are the initial adsorption 
rate and the contrast related to the size of the surface cover-
age and activation energy for chemisorption, respectively. k 
(mg/(g·h−0.5)) is the rate constant and c (mg/g) is the constant. 
Equations (2), (3), and (4) are transformed into linear forms:

(1)Removal efficiency(%) = (Ci − Ct)∕Ci × 100

(2)qt = (Ci − Ct) × V∕M

(3)qt = qe(1 − e−k1t)

(4)qt =
k2qe

2t

1 + k2qet

(5)qt =
1

�
ln(��t)

(6)qt = kit
0.5 + c

(7)ln
(

qe − qt
)

= lnqe − k1t

(8)
t

qt
=

1

k2qe
2
+

t

qe

(9)qt =
1

�
ln(��) +

1

�
lnt
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The kinetic model that fits the adsorption mechanism is 
determined with the linear graphs obtained as a result of the 
equations (Benjelloun et al. 2021).

Fukuda et al. (2023) synthesized Na-P1 zeolite by utiliz-
ing silica waste obtained from the quartz glass production 
process as an absorbent for the removal of Cs+ and Sr2+ from 
aqueous solutions. They investigated the adsorption kinetics 
and isotherms of GIS-NaP1 zeolite, which they developed by 
hydrothermal synthesis method for the removal of radioactive 
Cs+ and Sr2+ from environments, and evaluated the adsorp-
tion performance (Fukuda et al. 2023). In this study, they 
analyzed the adsorption isotherms using the Langmuir, Fre-
undlich, Temkin, and Dubinin-Radushkevich models defined 
by Eqs. (10), (11), (12), and (13), respectively.

q (mg/g) refers to the adsorption capacity of the adsorbent, 
K (L/mg) refers to the Langmuir constant, and K (L/mg) 
and n [ −] refers to the Freundlich constants. A (L/mg) and 
q (mg/g) express the adsorption equilibrium constant of the 
substance dissolved on the solid surface and the surface 
adsorption capacity per unit binding energy, respectively. 
R (J/(mol·K)) is the gas constant, T (K) is the absolute tem-
perature, and E (J/mol) is the adsorption energy (X. Chen 

(10)qe =
qmKLCe

1 + KLCe

(11)qe = KFCe
1∕n

(12)qe = qT (ln(ATCe)

(13)qe = qmexp[−
1

2E2
{RTln(1 +

1

Ce

)}
2

]

et al. 2022a, b; Javadian et al. 2015). After the operations, 
Eqs. (9)–(12) are converted into linear forms (Table 8).

In their study, Fukuda et al. (2023) plotted the exper-
imental data for Cs+ and Sr2+ linearly, according to 
Eqs. (14)–(17). As shown in Fig. 16, the graphs fit the 
Langmuir equation adsorption isotherm data well, indi-
cating that the adsorption was homogeneous monolayer 
adsorption. When the adsorption behavior of GIS-NaP1 
zeolite was examined, it was proven that it had rela-
tively small rate constants but high adsorption capacity 
and was suitable for Cs+ and Sr2+ adsorption (Fukuda 
et al. 2023).

Cation exchange capacity

The cation exchange capacity (CEC) of a zeolite depends 
on the chemical composition, structure, and cation nature 
of the zeolite. CEC is determined depending on the num-
ber of interchangeable positions, and these values vary 
depending on the SiO2/Al2O3 ratio (Galván et al. 2009).

The process of determining cation exchange capacity 
(CEC) involves the balance change of ammonium (NH4

+) 

(14)
Ce

qe
=

1

qmKL

+
Ce

qm

(15)ln qe = lnKF +
1

n
lnCe

(16)qe = qT lnAT + qT lnCe

(17)ln qe = lnqm −

�

RT
√

2E

�2

{ln

�

1 +
1

Ce

�

}

2

Table 8   Kinetics of sorption Kinetic model Ref

Morris–Weber qt = Kid(t)
0.5 + C (Chen et al. 2022a, b)

Lagergren ln
(

qe − qt
)

= lnqe − Kt (Kwon et al. 2020)
Pseudo-second order qt = k2qe

2t∕1 + k2qet (Al-Jubouri et al. 2023; Cheng et al. 
2021a, b; Huang et al. 2023)

Elovich qt = 1∕� ln(��) + 1∕�lnt (Al-Jubouri et al. 2023)
Isotherm model
Langmuir qe = qmKLCe∕(1 + KLCe)

RL = 1∕1 + KLCi

(Fukuda et al. 2023; Xiang et al. 2023)

Freundlich qe = KF(Ce)
1∕n

log
(

qe
)

= log
(

KF

)

+ (1∕n)log (Ce)

(Cheng et al. 2021a, b)

Tempkin qe = B ln (KTCe)

qe = B ln KT + B lnCe

(Zhang et al. 2011)

Dubinin-Radushkevick lnqe = lnqm − ��2

� = RTln[(1 + 1∕Ce)]

E = 1∕
√

2�

(Javadian et al. 2015)
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ions and their subsequent exchange with (K+) ions. The 
assumption in this process is that NH4

+ ions charge all active 
acid sites and are then replaced by K+ ions through the ion 
exchange process (Eq. (18).

In the equation, “C” refers to the concentration of ammo-
nium ions in the extract solution (mg/L), “Vsample” refers to the 
solution volume (mL), “Msample” refers to the zeolite adsorbent 
mass (g), and “Mr” refers to the molecular mass of NH4

+. CEC 
is determined following ASTM Standard Test Method D7503-
18 (Zijun et al. 2021) (Table 9).

Factors affecting adsorption capacity of zeolites

Time contact effect

One of the variables affecting adsorption processes is adsorp-
tion time. It can be described through so-called first- and sec-
ond-order kinetic models (Alabbad 2021).

(18)CEC

(

meq

100g

)

=

(

CN−NH3
×Vsample

Msample

)

Mr

÷ 10

(19)ln
(

Qe − Qt

)

= lnQe − k1t

Effect of pH

In adsorption processes, solution pH is extremely important 
to evaluate the behavior of adsorbent materials in solution. 
By analyzing the pH value of the material at the zero load 
point (pHpzc), the pH value at which the adsorbent surface 
remains neutral is determined. This expression enables the 
evaluation of the interactions between the adsorbent and the 
adsorbate by estimating the surface functional group ioniza-
tion. When the pH of the solution is above the pHpzc value 
(zero charge point), the adsorbent surface carries a negative 
charge, in which case it shows a tendency to affinity towards 
cations (positively charged species). Otherwise, when the 
pH of the solution is lower than pHpzc, the surface becomes 
positively charged and shows affinity for negative charges 
(Dias et al. 2023).

In a study, it was observed that due to the nature of 
the cationic dye (RhB), the removal of dye molecules 
becomes easier around pH > 8 due to the increase in elec-
trostatic interactions between the zeolite surface and RhB. 
A decrease in the pHZCP of the cobalt-doped zeolite was 

(20)
t

Qt

=
1

k2Qe
2
+

t

Qe

Fig. 16   Adsorption isotherm of 
zeolite sample for a Cs+ and b 
Sr.2+ (Fukuda et al. 2023)

Table 9   Cation exchange capacities of zeolite types synthesized from different types of raw materials

Si/Al source Synthesis method Zeolite type Cation exchange capacity Ref

Fly ash Conventional hydrothermal method Zeolite A 237.3 mmol/100 g (Fan et al. 2023)
Fly ash Alkali fusion hydrothermal method Zeolite P 497.01 mg/g (Yang et al. 2023)
Ca-Bentonite Alkali fusion hydrothermal method Zeolite HS 282 mg/g (Mamaghani et al. 2022)
Foundry dust Alkali fusion hydrothermal method Zeolite NaA 37.81 mg/g (Wang et al. 2023)
Low-grade kaolin Conventional hydrothermal method Zeolite A 250 mg/g (Ayele et al. 2016)
Low-grade kaolin Alkali fusion hydrothermal method Zeolite A 300 mg/g (Ayele et al. 2016)
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observed, and this was interpreted as resulting from the 
entry of cobalt oxide into the crystal structure. This situa-
tion leads to an increase in electrostatic interactions such 
as protonation of Co2+ ions in the alkaline pH state (Pede-
bos et al. 2024).

Effect of adsorbent dosage

In adsorption studies, the effect of adsorption dosage on 
adsorption capacity is examined. Studies show that the 
adsorbate level increases with the increase in adsorbent dos-
age. It is observed that as the adsorbent substance is added 
to a certain level, the increase in the removal amount is rapid 
up to a certain level, then slows down and is completely 
adsorbed (Javadian et al. 2015).

The thermodynamics of adsorption on zeolites

The adsorption process is analyzed by using the Van’t Hoff 
equation, changes in Gibb’s free energy (ΔG), changes in 
enthalpy (ΔH°), and entropy (ΔS°) with Eqs. (18)–(20). The 
Van’t Hoof equation is used to express the changes in the 
equilibrium constant with temperature change (Lima et al. 
2019).

Here, ΔG0 (J/mol), ΔS0 (J/(mol·K)), ΔH0 [J/mol] and 
Ke

0 [ −] are Gibbs free energy, standard entropy, stand-
ard enthalpy and thermodynamic equilibrium constant, 
respectively.

ln
(

Ke
0
)

 to 1
T
 The graph is created and while the inter-

section point expresses the change in entropy (∆S0), 
the slope expresses the change in enthalpy ∆H0. By 
expressing adsorption isotherms at different tempera-
tures, the equilibrium constant of adsorption can be 
calculated accurately. The most compatible model 
expressed at different temperatures is selected and 

(21)ΔG0 = −RTln(Ke
0)

(22)ΔG0 = ΔH0 − T .ΔS0

(23)ln
(

Ke
0
)

=
−ΔH0

R
.
1

T
+

ΔS0

R

made dimensionless so that it can be applied in the 
Van’t Hoff equation, and KL is determined (Lima et al. 
2019) (Table  10). If ∆H0 is positive, the zeolite is 
endothermic; otherwise, the zeolite is exothermic. The 
positive value of ∆S0 indicates that the affinity of cati-
ons towards zeolite is high and the randomness at the 
solid-solution interface increases.

Conclusion

In this review, recent developments in the conversion of 
industrial solid wastes into zeolites, a value-added product, 
have been evaluated. Crystallization methods of zeolites 
are among the current research topics. Compared to natural 
zeolites, synthetic zeolites exhibit highly efficient adsorp-
tion–desorption and ion exchange capability with uniform 
pore sizes, molecular sieve effect, high cation exchange 
capacity, and hydrothermal stability. Due to these proper-
ties, interest in artificial zeolites has increased today.

In recent years, the elimination of environmental prob-
lems has become the center of attention of scientists. Zeo-
lites are functional materials synthesized for this purpose.

Zeolites, which are called molecular sieves, have appli-
cations in many areas such as fuel cells; thermal energy 
storage, carbon capture, CO2 storage, air pollution reme-
diation, removal of pollutants such as oil, heavy metals, 
radioactive wastes, dyes, oils and salts from water, bio-
medical applications thanks to their porous structure, act-
ing as catalysts thanks to their Brønsted acid sites, Lewis 
acid sites and multifunctional active sites.

The adsorption isotherms, kinetics and thermodynamics 
of the removal of heavy metals and dyes from wastewa-
ter by zeolites were investigated and the characterization 
techniques of synthetic zeolites were evaluated in detail. 
As a result, it was determined that adsorption time, pH 
and initial concentration change the adsorption capacity 
of zeolites due to the change in their surface properties.

Hydrothermal synthesis method, which is the traditional 
zeolite synthesis method, has disadvantages such as long 
reaction time and inability to reach the desired purity in the 
synthesized zeolites. The hydrothermal synthesis method 
can be improved by supporting techniques such as alkaline 
fusion, ultrasonic and microwave support. Alkaline fusion 

Table 10   Thermodynamics of zeolites

Zeolite Adsorbates ΔH0[kJ∕mol] ΔS0[J∕(mol ⋅ K)] ΔG0[kJ∕mol] Qe(mg/g) Ref

Zeolite (NZ) Direct Yellow 50  − 11.814  − 26.5123  − 4.01317 83.84 (Alabbad 2021)
ZO-Co Rodamin B 55.65 20.39  − 5.47 132.56 (Pedebos et al. 2024)
ZNSC Cd(II) ions 7.80 54.46  − 8.43 324.3 (Zhang et al. 2023)
Zeolite-Ag2S HgCl2  − 10.33 0.027  − 19.13 268 (Jena et al. 2023)
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support provides higher conversion and purity, the microwave 
method significantly accelerates the synthesis time, and ultra-
sonic support shortens the zeolite synthesis time and reduces 
energy consumption. However, large-scale applications of 
these techniques are lacking. It is expected that making such 
methods available for wider industrial use would be highly 
beneficial from an environmental perspective. It will be an 
effective step towards achieving a green technology.
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