ISSN: 2350-0328
International Journal of AdvancedResearch in Science,
Engineering and Technology
Vol. 11, Issue 12, December 2024

Differential Heat, Gibbs Energy, and the
Mechanism of Carbonyl Sulfide Adsorption on
Zeolite KA (MSS-558)

Marufjon Asfandiyorov, Mirzokhid Kokhkharov, Khayot Bakhronov

Assistant of the Tashkent University of Information Technologies named after Muhammad al-Khwarizmi, Uzbekistan,
Tashkent
Doctor of Chemical Sciences, Associate Professor, Namangan Engineering Technological Institute, Namangan,
Uzbekistan
Associate professor, Tashkent University of Information Technologies named after Muhammad al-Khwarizmi,
Tashkent, Uzbekistan.

ABSTRACT: This article presents experimentally obtained values of the differential heat of carbonyl sulfide adsorption
at 303 K on the LTA-type zeolite KA (MSS-558). The differential heat values were measured using a Tian-Calvet type
DAC-1-1A microcalorimeter connected to a high-vacuum system. A regular correlation was established between the
amount of carbonyl sulfide adsorbed on zeolite KA (MSS-558) and the corresponding differential heat values.
Furthermore, the adsorption mechanism up to the region where the differential heat decreases to the condensation heat
of carbonyl sulfide, as well as the law of volume filling of the zeolite by carbonyl sulfide molecules, was identified.
Under experimental conditions, the adsorption capacity of zeolite KA (MSS-558) for carbonyl sulfide was shown to be
0.3 mmol/g per gram of zeolite. In the initial stage, under the influence of carbonyl sulfide molecules, K* cations in the
structure of zeolite KA (MSS-558) migrate from the internal matrix to the surface, forming ion-molecular complexes
with the carbonyl sulfide molecules. It was shown that at an adsorption amount of 0.1 mmol/g, the K* cations completely
migrate to the surface of the zeolite, and the adsorption enthalpy decreases to 27 kJ/mol.
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LINTRODUCTION

In the global production of environmentally friendly fuel materials from natural gas and oil, the harmful
compounds contained in these raw materials negatively affect technological processes and the quality of the final products.
In natural gas drying processes and in the production of fuels that meet Euro standards, the removal of nitrogen- and
sulfur-containing compounds is essential. This purification is carried out using zeolites of types A, X, Y, ZSM, and others.
Therefore, the synthesis of microporous adsorbents with high sorption capacity and the achievement of new scientific
and practical results are of great importance.

The most common representatives of the zeolite group include natrolite, chabazite, heulandite, stilbite, mordenite,
clinoptilolite, and others. The crystalline structure of both natural and synthetic zeolites is formed by tetrahedral SiO;and
AIlO; groups, which are connected by shared vertices into a three-dimensional framework. This framework is penetrated
by cavities and channels (windows) ranging from 2 to 15 A in size. The open framework-cavity structure of zeolites,
[AISi]O*, carries a negative charge, which is compensated by counter-ions (such as metal cations, ammonium,
alkylammonium, and others introduced via ion-exchange mechanisms), as well as water molecules that are easily
removed by dehydration.

To date, in the development of technologies for the production of microporous adsorbents for adsorption
processes, it is necessary to justify the following scientific solutions: the selection of suitable local sorption raw materials
for the synthesis of synthetic zeolites of types A, X, Y, ZSM, and others; the determination of the crystalline structure
and the formation of ion-molecular complexes through the sorption of polar, non-polar, and quadrupole molecules on the
obtained microporous adsorbents [1-4]; the study of the quantity, distribution, and migration of cations at active centers
within micropores [5-10]; and the need to establish the complete molecular mechanism of adsorption processes on
adsorbents [11-16].
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Zeolites possess unique properties. They are microporous crystalline substances. Their crystallinity ensures
mechanical and chemical stability, as well as uniform and controllable pore, channel, and cavity sizes. These properties
enable the use of zeolites as molecular sieves, adsorbents, and detergents. The wide variability in the chemical
composition of zeolites allows for the purposeful modification of their physicochemical properties. The size of zeolite
cavities does not exceed 2 nm. The physicochemical and chemical properties of substances can change significantly under
confinement conditions—when molecules are enclosed in pores comparable in size to the molecules themselves. The
structural framework of zeolites, with its specific arrangement of defects and chemically active centers, can serve as a
matrix for conducting targeted chemical reactions. Zeolites are increasingly being used as catalysts. Zeolite-based
petroleum cracking is one of the most important industrial applications of zeolites. The nanoscale size of the cavities, the
potential for orderly arrangement of active centers, and the selective and directional effects on molecular chemical groups
make zeolites not only tools of nanotechnology, but also its objects of study [17-19].

Worldwide, research is being conducted on the adsorption processes of polar, non-polar, quadrupole, and
aromatic molecules, with a focus on determining the mechanisms and thermodynamic functions. Priority areas include
the synthesis of microporous adsorbents; improvement of their composition; synthesis of synthetic zeolites and
determination of their adsorption properties; and enhancement of their selective sorption capabilities through cation
exchange in zeolites of types A, X, Y, and ZSM [5-16].

In zeolites, all atoms accessible to the adsorbing molecules can serve as adsorption centers. Thus, adsorption
centers can include extraframework atoms such as bulky cations and hydroxyl groups, as well as framework oxygen
atoms that form the walls of the cavities. The accessibility of the framework aluminum atom depends on its coordination
state: under normal tetrahedral coordination with oxygen atoms, the aluminum is effectively shielded by oxygen; however,
under tri-coordination in areas of anionic vacancies, the aluminum atom may act as an adsorption center.

There is limited data on the mechanism and thermodynamic functions of the adsorption processes involving
sulfur-containing molecules, such as hydrogen sulfide and carbony! sulfide.

It is well known that LTA zeolites exist in several forms, including NaA (molecular sieve type 4 A), CaA
(molecular sieve type 5 A), and KA (molecular sieve type 3 A). The thermodynamic properties and adsorption
mechanisms of polar, non-polar, and quadrupole molecules on NaA and CaA zeolites have been thoroughly studied [20—
23]. Although the adsorption characteristics of various molecules with different sizes and physicochemical properties,
including sulfur-containing compounds, on KA zeolite have been investigated using X-ray and spectroscopic methods,
there is still a lack of scientific research focused on the fundamental thermodynamic characteristics of these systems.

1. SIGNIFICANCE OF THE SYSTEM

Zeolites are currently widely used for drying and purifying various natural gases, separating gases, and cleaning
toxic gases produced during combustion that cause significant environmental harm when released into the atmosphere.
They are also considered among the most important catalysts for processing hydrocarbon raw materials. In gas separation
and as catalysts, KA zeolites belong to a highly efficient group of zeolites. In this study, the methodology is explained in
Section |11, the experimental results are presented in Section 1V, and future research and conclusions are discussed in
Section V.

I1l. METHODOLOGY

For measurements of isotherms and differential adsorption heats, a system consisting of a universal high-vacuum
adsorption unit and a Tian-Calvet-type, DAC-1-1A thermally conductive differential microcalorimeter connected to it
was used, which has high accuracy and stability. The instrument's calorimeter sensitivity is extremely high, and its
reliability is high. It can be used confidently to measure the heat of processes of almost unlimited duration. The
calorimeter makes it possible to obtain the thermokinetics of the process of adsorption systems under study, which is
very important for elucidating the adsorption mechanism. The principle of operation of the adsorption-calorimetric
installation is described in detail in the works of the authors [5, 7-8, 12-14, 16].

IV. EXPERIMENTAL RESULTS
In this article, the differential heat of adsorption of carbonyl sulfide on synthetic zeolite KA (MSS-558) was

determined using an adsorption-calorimetric experimental method. The Gibbs energy was calculated based on the work
done during the change in gas volume at constant temperature, and the adsorption mechanism was described. The
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adsorption mechanism was thoroughly analyzed based on the differential heat of carbonyl sulfide adsorption on KA
(MSS-558) zeolite at 303 K. The unit cell composition of the studied zeolite is represented by the formula
Ka.63Al10.62H72NasOg1.32Si25 38. Based on its chemical composition, the amount of potassium cations in 1 gram of zeolite
is 1 mmol/g.

Table 1 presents the values of differential heat and Gibbs energy as functions of the adsorption amount.

Table 1.
No a, mmol/g Q, kJ/mol AG, kJ/mol
1. 0.008 107.2 23.8
2. 0.029 90.8 19.1
3. 0.037 73.5 17.4
4, 0.045 55.8 16.2
5. 0.055 42.9 15.0
6. 0.066 33.7 13.8
7. 0.073 35.0 12.5
8. 0.085 35.9 11.3
9. 0.104 26.9 10.2
10. 0.157 24.7 9.0
11. 0.300 22.3 7.8

The Gibbs free energy was calculated as the work done during the change in gas volume at constant temperature,
i.e., from the free energy, using the following equation:

AG=-A=-RTIn(P/Ps)=RTIn(Ps/P) 1)
where R is the universal gas constant, T is the experimental temperature, and P=11245 torr.

Figure 1 shows the differential heat of adsorption of carbonyl sulfide molecules on KA (MSS-558) zeolite. It is
known that for synthetic zeolites (MFI, MOR, FAU, LTA), the differential heat of adsorption of adsorbate molecules of
different physicochemical nature typically changes in a stepwise manner [6-24]. However, since the size of the carbonyl
sulfide molecule (2.7 A) is close to the size of the channels in KA zeolite (3 A), the sorption process occurs not within
the inner matrix of the zeolite but mainly on its surface.

In the initial stage of the sorption process, at an adsorption amount of 0.008 mmol/g, the differential heat
(enthalpy) is approximately ~107 kd/mol. This indicates that under the influence of carbonyl sulfide molecules, potassium
cations migrate from the inner matrix of the zeolite to its surface, and each carbony! sulfide molecule initially forms ion-
molecular complexes with several potassium cations. As the adsorption amount increases, the potassium cations
redistribute, and the differential heat decreases sharply as the potassium cations complete their migration to the surface
of the zeolite. At an adsorption amount of 0.03 mmol/g, the differential enthalpy decreases to 91 kJ/mol, forming a plateau.

As the sorption surface becomes saturated, the differential heat sharply decreases from 34 kJ/mol at an
adsorption level of 0.066 mmol/g. At 0.085 mmol/g adsorption, the heat value slightly increases by 2 kJ/mol to 36 kJ/mol,
forming a second plateau. This 2 kJ/mol increase in differential heat is attributed to VVan der Waals interactions between
carbonyl sulfide molecules. At an adsorption of 0.1 mmol/g, the differential heat decreases to 27 kJ/mol. This value is
ten times lower than the amount of potassium cations in the zeolite, indicating that under the influence of these cations,
the carbonyl sulfide molecules form up to 10 adsorption layers on the surface of the zeolite.
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Figure 1. Differential Heat (Qa) of Carbonyl Sulfide Molecule Adsorption on Zeolite KA (MSS-558). The
dashed line represents the condensation heat of carbonyl sulfide molecules at 303 K.

With the continued adsorption of carbonyl sulfide molecules, the differential heat linearly approaches the
condensation heat of carbonyl sulfide (20 kJ/mol). This suggests that subsequent adsorption occurs primarily via
adsorbate—adsorbate interactions. At an experimental pressure of 506 torr and an adsorption capacity of 0.3 mmol/g, the
differential heat decreases to 22 kJ/mol, marking the end of the sorption process.

Figure 2 shows the relationship between the change in Gibbs energy and the amount of carbonyl sulfide adsorbed
on zeolite KA (MSS-558). The Gibbs energy values indicate that the sorption process corresponds to physical adsorption,
and its trend closely mirrors the changes in differential heat. At 0.008 mmol/g adsorption, the change in Gibbs energy is
approximately ~24 kJ/mol. As the sorption surface becomes saturated with carbonyl sulfide molecules, Gibbs energy
sharply decreases and reaches 10 kJ/mol at 0.1 mmol/g adsorption, exhibiting a stepwise pattern. This stepwise change
corresponds to the similar stepwise behavior observed in the differential heat profile.

Based on the chemical composition of the zeolite K4 63Al10.62H72NagOo1.32Si2s 38, the amount of potassium cations
in the structure is equal to 1 mmol/g. The initially high Gibbs energy and its sharp decrease as the sorption surface
becomes saturated confirm the migration of potassium cations, as well as the formation of ion-molecular complexes
between the initial carbonyl sulfide molecules and several potassium cations.
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Figure 2. Variation of Gibbs Energy during the Adsorption of Carbonyl Sulfide Molecules on Zeolite
KA (MSS-558) at 303 K.

The subsequent redistribution of potassium cations during the adsorption of additional carbonyl sulfide
molecules is also indicated. The amount of adsorption corresponding to a decrease in Gibbs energy to 10 kJ/mol is ten
times lower than the total amount of potassium cations in the zeolite, suggesting that, like the differential heat, carbonyl
sulfide molecules form up to 10-layer structures on the surface of the zeolite. In the region between 0.1 mmol/g and the
experimental maximum of 0.3 mmol/g adsorption, the change in Gibbs energy is 2 kJ/mol, which is also equal to the 2
kJ/mol variation in differential heat. This indicates that the subsequent carbonyl sulfide molecules are adsorbed via weak
Van der Waals forces through adsorbate—adsorbate interactions.
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V. CONCLUSION AND FUTURE WORK

In the adsorption-calorimetric study, the differential heat and Gibbs energy of carbonyl sulfide molecule
adsorption on the nanostructured zeolite KA (MSS-558) were investigated. The results demonstrated that carbonyl sulfide
molecules are adsorbed on the surface of the zeolite and that the adsorption process corresponds to physical adsorption.
It was found that the differential heat of adsorption and Gibbs energy vary depending on the amount of potassium cations
in the zeolite structure. Under the influence of carbonyl sulfide molecules, the migration of potassium cations to the
surface of the zeolite was observed.
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