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Abstract: This article presents a comprehensive analysis of the main
mechanisms of adsorption of inorganic compounds on 5A type synthetic zeolites.
The study scientifically substantiates the interrelation between ion exchange,
molecular sieve effect, physical adsorption, and chemical adsorption processes, as
well as their influence on adsorption efficiency. In addition, the key factors
affecting the adsorption process, including temperature, pH of the medium, initial
concentration, and contact time, were investigated. The obtained results
demonstrate that SA type zeolites possess high selectivity and adsorption activity
toward heavy metal ions and gaseous substances. The findings justify the effective
application of these materials in water purification, gas separation, and industrial
waste treatment processes.
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Introduction

At present, the effective separation and purification of inorganic compounds
has become one of the most pressing issues in industry, ecology, and medicine. In
particular, there is an increasing demand for highly efficient adsorbent materials to
remove heavy metal ions, toxic gases, and other harmful inorganic components
present in water and gas environments. In this regard, synthetic zeolites, especially
5A type zeolites, are of particular importance due to their high selectivity, thermal

stability, and well-developed porous structure. SA type synthetic zeolites are
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crystalline aluminosilicate materials characterized by pores of precise size
(approximately 5 A). These pores enable selective adsorption of inorganic
compounds through ion exchange and molecular sieve mechanisms. The
negatively charged aluminum centers within the zeolite crystal framework interact
with various cations, playing a crucial role in the adsorption process. The
adsorption of inorganic compounds is a complex physicochemical process that
occurs through several mechanisms, namely ion exchange, physical adsorption (via
van der Waals forces), chemical adsorption (chemisorption), and -capillary
condensation. In 5A type zeolites, ion exchange and molecular sieve effects are
predominant. This determines their ability to effectively capture heavy metal ions
(such as Ca**, Mg?*, Pb*") and small gas molecules (CO2, NHs3).

Relevance

Currently, due to the intensification of industrial activities, technogenic
pollution, and urbanization processes, the concentration of inorganic compounds,
particularly heavy metal ions and toxic gases, is increasing in the environment.
This leads to ecological imbalance, deterioration of water and air quality, and an
increase in factors negatively affecting human health. Therefore, the development
of effective methods for removing harmful inorganic substances is one of the key
directions of modern science. In this context, the use of advanced adsorbent
materials such as synthetic zeolites becomes especially relevant.

Objective

The main objective of this study is to investigate in depth the mechanisms of
adsorption of inorganic compounds on 5A type synthetic zeolites, to analyze their
physicochemical foundations, and to determine their practical application potential.
Scientific research in this direction plays an important role in improving
environmental purification technologies and developing efficient adsorbent
materials.

Main Part

5A type synthetic zeolites are crystalline aluminosilicate materials. Their

structure consists of a three-dimensional framework formed by SiOs and AlOa
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tetrahedral units. Due to the presence of aluminum atoms, the framework carries a
negative charge. This charge is typically balanced by cations such as Ca**. This
feature provides zeolites with ion exchange properties. One of the main
characteristics of 5A zeolites is their pore diameter of approximately 5 A. This
allows them to function as molecular sieves. In other words, they selectively allow
molecules of certain sizes to pass through or be retained. Zeolites possess a large
surface area, which enhances the adsorption process. They remain thermally stable
up to temperatures of 500-600 °C. They are also chemically resistant to aggressive
environments. Additionally, they have regeneration capability, allowing repeated
use. Therefore, they are widely applied in industrial and environmental
technologies.

Adsorption is defined as the accumulation of substances from a gas or liquid
phase onto the surface of a solid phase. This process occurs through both physical
and chemical mechanisms. Physical adsorption arises due to van der Waals forces.
It is generally reversible in nature. Chemical adsorption, on the other hand, is
stronger and involves the formation of chemical bonds. This process is often
irreversible. In the adsorption of inorganic ions, ion exchange plays a significant
role. In this mechanism, ions in solution are exchanged with ions present in the
adsorbent structure. Diffusion is also an important process. Molecules first reach
the external surface and then diffuse into the pores, distributing along the internal
surface. The efficiency of adsorption is influenced by temperature, pressure, and
pH conditions. Surface area and pore structure are also important factors.
Understanding these theoretical foundations is essential for improving practical
adsorption processes.

In 5A type zeolites, ion exchange is one of the main adsorption mechanisms.
The negative charges in the zeolite framework are balanced by cations. These
cations can be exchanged with ions from the surrounding environment. For
example, Pb?", Cd?**, or Cu?" ions present in a solution can replace Ca?" or Na* ions
in the zeolite structure. The process is selective in nature. The charge and ionic

radius play a significant role. The degree of hydration also affects adsorption
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efficiency. Highly charged ions are retained more effectively. The process is
kinetically controlled by diffusion. The rate at which ions enter the pores is crucial.
The pH of the medium also has a significant impact. At low pH, protons compete
with metal ions. This reduces adsorption efficiency. This mechanism is widely
applied in water purification.

The molecular sieve property of SA type zeolites is based on their porous
structure. The pores have precise dimensions. This allows only molecules of
certain sizes to enter. Small molecules penetrate into the pores and are adsorbed.
Larger molecules remain outside. This property is important in gas separation
processes. Physical adsorption occurs due to van der Waals forces. This process is
reversible in nature. As temperature increases, adsorption decreases. The large
surface area of zeolites enhances the process. The microporous structure increases
adsorption efficiency. Capillary condensation may also occur. This leads to the
liquefaction of gases within narrow pores. As a result, the degree of adsorption
increases. These mechanisms together ensure high efficiency.

Chemical adsorption in SA type zeolites occurs through strong interactions
with inorganic compounds. Compared to physical adsorption, this process is more
complex and energetically more stable. During chemisorption, chemical bonds are
formed between the adsorbate and the adsorbent. These bonds may be ionic or
covalent in nature. Active sites are present on the zeolite surface. These sites serve
as the main centers of adsorption. Inorganic ions directly interact with these active
sites. As a result, stable complexes are formed. This process is often irreversible.
An increase in temperature accelerates chemisorption. However, at very high
temperatures, desorption may also occur. Chemisorption is highly selective. This is
important for the separation of specific ions. The rate of the process depends on the
condition of the adsorbent surface. An increase in the number of active sites
enhances efficiency. The composition of the solution also plays an important role.
The presence of competing ions may slow down the process. Chemisorption is
widely used in industrial gas purification. It is especially effective in capturing

toxic gases. Therefore, a detailed study of this mechanism is essential.
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The adsorption process in 5A type zeolites depends on various external and
internal factors. Temperature is one of the most important factors. An increase in
temperature reduces physical adsorption. However, it may enhance chemical
adsorption. Pressure plays a significant role in gas-phase adsorption. An increase in
pressure increases the amount of adsorption. In solution systems, pH is a crucial
parameter. At low pH, protons compete with ions. This reduces adsorption
efficiency. High pH may lead to precipitation of metal ions. The surface area of the
adsorbent is also important. A larger surface area provides higher adsorption
capacity. The pore size and volume determine the accessibility of molecules.
Diffusion rate affects the kinetics of the process. The degree of mixing is also an
important factor. Intensive mixing enhances mass transfer. The initial concentration
of the adsorbate plays a key role. Higher concentration increases the adsorption
rate. However, once saturation is reached, the process slows down. Contact time
must also be considered. Without sufficient time, equilibrium cannot be achieved.
Therefore, all factors must be considered comprehensively.

SA type zeolites are among the most important materials widely used in
industrial and environmental technologies. They are extensively applied in gas
drying processes. In particular, they are highly effective in removing moisture from
natural gas and air. Their molecular sieve property plays a crucial role in gas
separation. For example, they are used in the separation of oxygen and nitrogen.
They are also of great importance in water purification. They demonstrate high
efficiency in the removal of heavy metal ions. They are used in the treatment of
industrial waste. In the chemical industry, they are also applied as catalysts. Their
thermal stability allows them to operate in high-temperature processes. The ability
to regenerate them increases economic efficiency. They play a significant role in
environmental purification technologies. They help reduce harmful gas emissions
into the atmosphere. They are used in the protection of water resources. They are
applied in energy-saving technologies. There is also potential for their application

in the pharmaceutical field. In biomedicine, they are being studied as carriers for
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certain substances. Therefore, SA type zeolites are considered versatile materials in
many fields.

The study of adsorption processes in SA type zeolites has great practical
significance. This process plays an important role in solving environmental
problems. It enables the improvement of water and air purification technologies. It
allows for the effective removal of heavy metal ions. It is applied in the treatment
of industrial waste. It contributes to the development of energy-efficient
technologies. It is important in gas storage and transportation. It serves as a
scientific basis for the development of new adsorbent materials. There are
prospects for integration with nanotechnologies. Modified zeolites may exhibit
higher selectivity. Their applications in the biomedical field are expanding. They
are being studied as carriers for drug delivery. They can be used in environmental
monitoring. They play an important role in the development of innovative
technologies. They contribute to increasing economic efficiency. Their
recyclability and regeneration capability help conserve resources. They open new
directions for scientific research. Therefore, this field is considered highly
promising.

Discussion and Results

In this study, the mechanisms of adsorption of inorganic compounds on 5A
type synthetic zeolites were comprehensively investigated, and the obtained results
confirmed the high adsorption activity of these materials. The findings showed that
the adsorption process is multi-stage and complex in nature. It proceeds through
the combined action of ion exchange, molecular sieve effect, physical adsorption,
and chemical adsorption mechanisms. It was determined that the ion exchange
mechanism plays a dominant role. In this process, Ca®*" cations present in the
zeolite structure are exchanged with heavy metal ions such as Pb**, Cd**, and Cu*
from the solution. The selectivity of the process was found to depend on the charge
and radius of the ions. The degree of hydration was also identified as an important

factor. Through the molecular sieve mechanism, pores with a size of approximately
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5 A selectively retain small molecules. This property ensures high efficiency in gas
separation and drying processes.

Physical adsorption was characterized by its rapid occurrence and reversible
nature. This process mainly occurs due to van der Waals forces. In contrast,
chemical adsorption was characterized by the formation of strong bonds on the
zeolite surface. This ensures stable retention of the adsorbate. During the study, the
main factors affecting adsorption efficiency were also identified. Temperature was
confirmed to be a significant factor. An increase in temperature was observed to
reduce physical adsorption. In some cases, it may enhance chemical adsorption.
The pH of the medium was also found to be highly important. Adsorption was
higher in neutral and slightly alkaline conditions. At low pH, competition from
protons reduced the efficiency. The initial concentration influenced the adsorption
rate. Higher concentrations led to faster adsorption. However, once equilibrium
was reached, the process slowed down.

It was determined that sufficient contact time is necessary to achieve
equilibrium. The importance of diffusion processes was also observed. The rate at
which ions penetrate into the pores determines the overall rate of the process. The
obtained results confirmed that 5A zeolites possess a high surface area and a well-
developed microporous structure. These properties make them highly efficient
adsorbents. In practical applications, they were found to be effective in removing
heavy metal ions from water. High performance was also observed in gas drying
and separation. Their applicability in industrial waste treatment was substantiated.
The regenerability of zeolites increases their economic efficiency. Their ability to
be reused multiple times is a significant advantage. The results of the study provide
a basis for the development of new modified zeolites. Further research is needed to
improve selectivity. This field plays an important role in addressing environmental
problems. The results once again confirm that 5A type zeolites are promising
adsorbent materials.

Conclusion
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In this study, the main mechanisms of adsorption of inorganic compounds on
5A type synthetic zeolites were comprehensively investigated, and the obtained
results confirmed the high adsorption efficiency of these materials. The findings
demonstrated that the adsorption process is characterized by multiple mechanisms
and occurs through the combined action of ion exchange, molecular sieve effect,
physical adsorption, and chemical adsorption. The ion exchange mechanism was
found to play a dominant role in the removal of heavy metal ions. The molecular
sieve property is important for the selective retention of small molecules. Physical
adsorption was identified as a rapid and reversible process. In contrast, chemical
adsorption is characterized by the formation of stable and strong bonds.

During the study, the main factors influencing adsorption efficiency were
also determined. Temperature, pH of the medium, initial concentration, and contact
time were proven to be key parameters. Under optimal conditions, a significant
increase in adsorption efficiency was observed. The well-developed microporous
structure and large surface area of 5A type zeolites ensure their effectiveness as
high-performance adsorbents. These materials were shown to be effective in
removing heavy metal ions from water. High efficiency was also observed in gas
drying and separation processes. Their potential application in industrial waste
treatment was demonstrated. The regenerability of zeolites enhances their
economic efficiency. Their reusability is considered an important advantage. Based
on the results of the study, prospects for the development of new modified
adsorbents were identified. Further research is required to improve selectivity and
optimize the adsorption process. In general, SA type synthetic zeolites can be
considered promising and efficient materials for solving environmental and
industrial problems.
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