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Abstract: This article presents the experimentally obtained values of the adsorption isotherm of ammonia molecules on 

zeolitite СаА (MSS-622) at a temperature of 303 K. The isotherm was measured using a DAC-1-1A microcalorimeter connected to 

a universal high-vacuum device. The relationship between the amount of ammonia adsorption and its energetic characteristics on 

СаА (MSS-622) zeolite was established. Additionally, the sorption mechanism from the initial adsorption stage to the experimental 

range and the filling behavior of ammonia molecules in the zeolite's volume were determined. Under experimental conditions, the 

adsorption capacity of this zeolite for ammonia was found to be 10.2 mmol/g per gram of zeolite. It was determined that 43% of 

the total adsorption occurs at an equilibrium pressure of 0.33 torr, 53% at 1.4 torr, 71% at 25 torr, 80% at 200 torr, 98% at 476 torr, 

and 100% at 614 torr. The adsorption isotherm was reinterpreted using the three-term equation of the volumetric filling theory of 

micropores (VMOT), and the theoretically calculated values were shown to fully match the experimental data. It was proven that 

ammonia molecules initially form tetrameric ion-molecular complexes 4NH3:Na+ with sodium cations and subsequently trimeric 

complexes 3NH3:Ca2+ with calcium cations in the first coordination sphere of the zeolite. 

 

Keywords: adsorption, enthalpy, free energy, isotherm, pressure, relative pressure, microcalorimeter, ammonia. 

  

Introduction. To prevent environmental pollution, it is essential to purify natural 

gases by removing moisture, sulfur, and nitrogen compounds, as well as to mitigate 

ecological issues caused by the release of carbon dioxide (CO₂) into the atmosphere. One 
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of the most effective solutions to these problems is the use of synthetic zeolites, which 

possess exceptional sorption and catalytic properties not found in nature. Scientific 

research focused on synthesizing new generations of highly adsorptive and catalytically 

active zeolites, as well as enhancing their selectivity, enables their practical application in 

industrial processes. 

The family of synthetic zeolites with high sorption and catalytic properties includes 

aluminosilicate zeolites such as MFI, MOR, FAU, and LTA. The sorption and catalytic 

characteristics of these zeolites can be modified by replacing aluminum and silicon atoms 

in their structure with chemically similar elements from groups III, IV, and V of the 

periodic table, such as gallium, germanium, and phosphorus [1]. One of the unique 

features of zeolites is the presence of water molecules in their crystalline structure, which 

can evaporate upon heating up to 450°C without disrupting the crystal lattice. 

Additionally, the mobility of alkali and alkaline earth metal cations, as well as water 

molecules, enables ion exchange, further enhancing their versatility [2-4]. 

The sorption and catalytic properties of MFI, MOR, FAU, and LTA zeolites vary due 

to differences in their crystal lattice structure and composition [5-17]. In LTA-type 

zeolites, particularly СаА (M-22), СаА (M-34), Са5Na3A (MSS-624), and Са4Na4A (Horst-

50/50), Са2+ and Na+ cations serve as the primary active centers. The adsorption capacity 

of these zeolites depends significantly on the ratio of these cations, influencing the 

amount of adsorbed molecules. By studying the sorption of probe molecules such as 

water, ammonia, benzene (as an aromatic hydrocarbon), and carbon dioxide (as a binary 

acid oxide), it is possible to determine the number, nature, and strength of energetically 

active adsorption centers in specific crystallographic positions. For instance, the number 

of adsorbed water molecules per unit cell in СаА (M-22), СаА (M-34), and Са4Na4A 

(Horst-50/50) zeolites has been found to be 22H2O/u.c., 28H2O/u.c., and 30H2O/u.c., 

respectively. Similarly, the formation of ion-molecular complexes with carbon dioxide 

molecules follows a stepwise adsorption pattern, with СаА (M-22), СаА (M-34), Са5Na3A 

(MSS-624), and Са4Na4A (Horst-50/50) adsorbing 7CO₂/u.c., 6CO2/u.c., 8CO2/u.c., and 

9CO2/u.c., respectively [18-27]. 

This study presents the adsorption isotherm of ammonia on synthetic СаА (MSS-

622) zeolite, obtained through an adsorption-calorimetric experimental method. The 

logarithmic and relative pressure values of the adsorption isotherm, as well as the 

adsorption mechanism, are discussed in detail. 

Methods and Materials. The adsorption-calorimetric method used in this study 

allows for obtaining the fundamental thermodynamic characteristics (ΔH, ΔG, ΔS) and 

provides a detailed understanding of the sorption mechanisms in zeolites. The 

experiments were conducted using a high-vacuum adsorption-calorimetric apparatus, 

which was adapted for measuring the amount of adsorbate using gas-volume and 

volumetric-liquid methods. A modified Tian-Calvet type DAC-1-1A microcalorimeter, 

known for its high precision and stability, was used as the microcalorimetric component. 

The adsorption behavior of ammonia on CaA (MSS-622) zeolite at a temperature of 

303 K was investigated, and the adsorption isotherm and mechanism were thoroughly 
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analyzed. The elemental unit cell composition of this zeolite is expressed as 

Ca5Na3[(AlO2)12(SiO2)12]). Based on its chemical composition, as well as the crystal lattice 

structure and the presence of active adsorption positions SI, SII, and SIII in the zeolite, the 

amount of calcium cations in 1 g of zeolite is 1.9 mmol/g (total calcium content across all 

positions is 2.95 mmol/g), while the amount of sodium cations is 1.1 mmol/g (total sodium 

content across all positions is 1.77 mmol/g). 

Results. The adsorption isotherm of ammonia on Ca5Na3A (MSS-624) zeolite in 

logarithmic coordinates is shown in Figure 1. 

 

 
Figure 1. Adsorption isotherm of ammonia on СаА (MSS-624) zeolite at 303 K. ♢–

experimental data, –values from the general equation of the micropore volume filling 

theory (VMOT) 

 

At small adsorption saturation levels, an adsorption amount of 0.1 mmol/g 

corresponds to an equilibrium relative pressure logarithm of LnP/Ps=-15.5 (P/Ps=8.1110-7 

or P=0.00674 torr). Here, Ps=8750 torr represents the saturation pressure of ammonia at 

303 K. Due to the relatively high ammonia pressure, the experiment was carried out up 

to 614 torr, and the adsorption isotherm reached an adsorption amount of 10.2 mmol/g 

at a relative pressure of P/Ps=0.07 (or P=614 torr). The initial region of the adsorption 

isotherm indicates that the cations within the zeolite matrix form strong ion-molecular 

complex bonds with ammonia molecules. Initially, the isotherm approaches the abscissa 

axis up to P/Ps=2.510-7 (P=0.0022 torr) at an adsorption amount of approximately 1.14 
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mmol/g. Based on the chemical composition of the zeolite, the sodium cation content is 

1.1 mmol/g, meaning that at an adsorption amount of ~1.14 mmol/g, ammonia molecules 

form a 1NH3:Na+ monomer ion-molecular complex with the sodium cations in the zeolite. 

The isotherm then follows a linear progression up to LnP/Ps=-7.96 (P/Ps=0.000038 or 

P=0.33 torr), sequentially forming 2NH3:Na+ dimer, 3NH3:Na+ trimer, and 4NH3:Na+ 

tetramer ion-molecular complexes at an adsorption amount of approximately 4.4 

mmol/g. 

During the subsequent adsorption of ammonia molecules, the isotherm changes 

independently of the sodium cation content in the zeolite. This indicates that the 

adsorption process of ammonia molecules within the first coordination sphere of sodium 

cations has been completed. The gradual increase in equilibrium pressure following the 

formation of the 4NH3:Na+ tetramer ion-molecular complex also confirms this 

phenomenon. 

The linear and systematic change in the isotherm at the active centers of the zeolite 

corresponds to the second active center of its structure, which is the calcium cations (~1.9 

mmol/g). This means that ammonia molecules begin to adsorb at the Ca2+ cation sites of 

the zeolite. At a relative pressure of LnP/Ps=-5.7 (P/Ps=0.000755 or P=6.6 torr) and an 

adsorption amount of 6.3 mmol/g, ammonia molecules form the 1NH3:Ca2+ monomer 

complex with the calcium cations in the zeolite. At LnP/Ps=-2.55 (P/Ps=0.023 or P=201 torr) 

and an adsorption amount of 8.2 mmol/g, the 2NH3:Ca2+ dimer complex is formed. At an 

adsorption amount of 10.1 mmol/g, the 3NH3:Ca2+ trimer complex is formed, marking the 

completion of ammonia adsorption on calcium cations and the linear transformation of 

the isotherm. The sorption process within the experimental range is completed at an 

adsorption amount of 10.2 mmol/g. 

From the adsorption isotherm, it is evident that ammonia molecules form a 

4NH3:Na+ tetramer complex with sodium cations and a 3NH3:Ca2+ trimer complex with 

calcium cations in the Ca5Na3A (MSS-624) zeolite, ultimately leading to the formation of 

the 7NH3:Ca5Na3A (MSS-624) complex as the final adsorbate/adsorbent structure. 

The adsorption isotherm of ammonia on the CaA (MSS-624) zeolite is fully 

characterized by the three-term equation of the micropore volume filling theory (VMOT) 

[28]. 

a=5.12exp[-(A/34.4)5]+3.77exp[-(A/20.57)3]+3.94exp[-(A/9.07)3]  (1) 

Here, а – represents the adsorption value (mmol/g), while А=RTlnPs/P denotes the 

free energy, which expresses the work performed (kJ/mol) to transfer the gas into the 

equilibrium gas phase. From Figure 1, it can be observed that the values calculated based 

on the micropore volume filling theory (VMOT) completely correspond to the 

experimentally obtained adsorption amount of 10.2 mmol/g. The first term of the 

equation represents the adsorption of ammonia molecules at the sodium cation active 

sites of the zeolite, the second term corresponds to the calcium cation sites, and the third 

term, obtained from the extrapolation of the isotherm in the VMOT equation, expresses 

the adsorption amount at relative pressures up to the saturation pressure of ammonia. 
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Since the adsorption process follows an exponential equation, the second term of 

Equation 1 has almost no effect up to the relative pressure of P/Ps=0.0000377 (P=0.33 torr) 

at low saturation pressure, while the third term has almost no effect up to the relative 

pressure of P/Ps=0.03 (P=260 torr) at low saturation pressure. Figure 2 presents the 

experimentally obtained values of the adsorption isotherm of ammonia molecules on 

CaA (MSS-624) zeolite as a function of relative pressure in P/Ps coordinates, along with 

the isotherm recalculated based on the general equation of the micropore volume filling 

theory (VMOT). The isotherm corresponds to Type I classification according to Brunauer, 

indicating that the studied zeolite consists solely of micropores, where ammonia 

molecules are adsorbed within the micropores of the zeolite. The isotherm in P/Ps 

coordinates confirms the sorption mechanism derived from the isotherm presented in 

logarithmic coordinates (Figure 2). 

At the initial stage, the equilibrium relative pressure P/Ps=3,810-5 (P=0.33 torr) 

increases rather slowly up to an adsorption amount of 4.4 mmol/g. This is due to the 

relatively strong interaction between the adsorbate and the zeolite. On the other hand, 

the adsorption amount of 4.4 mmol/g is four times greater than the amount of sodium 

cations in the zeolite (1.1 mmol/g). Thus, as explained in the logarithmic coordinate graph 

of the isotherm, ammonia molecules form a tetramer 4NH₃:Na⁺ ion-molecular complex 

with sodium cations in the zeolite, and the sorption process is completed at the sodium 

cations in the first coordination sphere of the zeolite. This complex corresponds to an 

equilibrium pressure of P=0.33 torr and 43% of the total adsorption. 
 

 
Figure 2. Adsorption isotherm of ammonia molecules on CaA (MSS-624) zeolite at 303 

K in P/Ps coordinates. ♢–experimental data, –values from the general equation of the 

micropore volume filling theory (VMOT) 
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With the increase in adsorption volume saturation, the next ammonia molecules are 

adsorbed on calcium cations. In forming the monomer 1NH3:Ca2+ ion-molecular 

mechanism, the equilibrium relative pressure starts to increase significantly. When the 

monomer 1NH3:Ca2+ mechanism is fully formed, the adsorption reaches 6.3 mmol/g, and 

the relative pressure increases up to P/Ps=7.55×10-3 (P=6.6 torr). The adsorption amount 

corresponding to this complex accounts for 62% of the total adsorption. The formation of 

the dimer 2NH3:Ca2+ ion-molecular complex mechanism occurs with a sharp increase in 

equilibrium relative pressure at P/Ps=0.023 (P=201 torr), and at 8.2 mmol/g adsorption, 

the 2:1 ratio adsorbate/zeolite complex is fully formed. 

The adsorption amount associated with this complex corresponds to 80% of the total 

adsorption. The small bend in the isotherm at 8.2 mmol/g adsorption also confirms the 

complete formation of the dimer ion-molecular complex of ammonia molecules with 

calcium cations in the zeolite, as well as the change in the amount of calcium cations, 

which are the second active center of the zeolite (1.9 mmol/g), in multiples. 

The next ammonia molecules increase in adsorption at an equilibrium relative 

pressure from P/Ps=0.023 (P=201 torr) to P/Ps=0.07 (P=615 torr), forming the trimer 

3NH3:Ca2+ ion-molecular complex at 10.1 mmol/g adsorption. In general, the sorption 

process in this zeolite ends with the formation of the 7NH3:Ca5Na3A (MSS-624) ion-

molecular mechanism with metal cations in the zeolite. 

In the Ca5Na3A (MSS-624) nanostructured zeolite, the coefficients in the equation of 

the mathematical apparatus of the isotherm were calculated based on the experimentally 

obtained adsorption isotherm values of ammonia molecules and the general formula of 

the Volume Micro Pore Theory (VMOT). It was determined that the adsorption isotherm 

varies proportionally and systematically with the amount of Na+ and Ca2+ cations in the 

zeolite (Figure 2). It was proven based on the VMOT equation that in the SI and SII 

positions of the zeolite, sodium cations in the first coordination sphere form a tetramer 

4NH3:Na+, and calcium cations in the first coordination sphere form a trimer 3NH3:Ca2+ 

ion-molecular complex. 

Conclusion. The adsorption isotherm of ammonia molecules on the nanostructured 

zeolite Са5Na3A (MSS-624) was studied, and the free energy values were calculated. It 

was determined that in the SI and SII positions of the zeolite, sodium cations form a 

tetrameric ion-molecular complex (4NH3:Na+) in the first coordination sphere, while 

calcium cations form a trimeric ion-molecular complex (3NH3:Ca2+) in the first 

coordination sphere. The adsorption amount coefficients obtained based on the 

volumetric micropore filling theory (VMOT) were found to be in full agreement with the 

experimentally observed adsorption mechanism. At a pressure of 0.33 torr, 43% of the 

total adsorption was observed, corresponding to the formation of a 4NH3:Na+ tetrameric 

complex with sodium cations. At 6.6 torr, 61% of the adsorption was recorded, 

corresponding to the formation of a 1NH3:Ca2+ monomeric complex. At 201 torr, 80% of 

the total adsorption took place, forming a 2NH3:Ca2+ dimeric complex, while at 614 torr, 

the ammonia molecules formed a 3NH3:Ca2+ trimeric ion-molecular complex. 
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