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Abstract. In this study, the energy characteristics of water vapor adsorption in NaA and NaA(NaBO2) 
zeolites  were measured by adsorption calorimetry. Information of differential heats, isotherms, entropy and 
kinetic of adsorption in the matrix of NaA and NaA(NaBO2) zeolites were obtained. Adsorption isotherms (a) 
and differential heats of adsorption (Qd) of water vapor by NaA and NaA(NaBO2) zeolites were measured at 
303 K. The heats of adsorption are stepwise and each step corresponds to the stoichiometric formation of 
adsorption complexes of H2O molecules with Na+ or H+ ions, (H2O)n/Na+ or H+, (n = 1-4), which are located 
on the SIII, SII and SI crystallographic positions of NaA and NaA(NaBO2). Hydration mechanism of NaA and 
NaA(NaBO2) are complex and at saturation, the zeolites are occupied by the next water zeolitic host/guest 
systems: NaA – 2.2[(H2O)4/Na+III+H+], 3[(H2O)2/Na+II] and 6.6[(H2O)2/Na+I]; NaA(NaBO2) - 2[(H2O)4/Na+III], 
3[(H2O)4/Na+II] and 6.86[(H2O)/Na+I].  The complete hydration of the α- and β cages of NaA amounts thus to 
21,8 and 6,2 respectively H2O/u.c. and α-cage of NaA(NaBO2) – 26,3 H2O/u.c. The mean molar integral 
adsorption entropy of water is ~-30,5 J/mol K less than the entropy of the bulk liquid. This value nearly the 
same as entropy of crystalline water so the mobility of water in the zeolitic matrix is solidlike.  

 

1. Introduction 
Over the past several years, interest in zeolite molecular sieves has been increased [1-5]. The widespread use of 
zeolite type A as desiccant is explained by windows diameter 4.2 Å and adsorption properties. Different forms of 
H2O molecules bond in A type zeolite exist [6-9]. However, data [10] of uniformity of “zeolite water” is also 
available. Unfortunately, a detailed study has not yet been carried out in all areas of filling of either the adsorption 
isotherms or the heats of water adsorption on this practically important adsorbent. The available data for adsorption 
isotherms, as a rule, refer to high degrees of filling, since experts in the field of adsorption have not yet overcome the 
difficulties of precision measurements of low equilibrium water vapor pressures (10–10 torr). As regards the published 
data for the differential heats of adsorption of water on NaA [11, 12], they are either limited only to average 
occupancies [11] or unreliable [12] due to the long establishment of equilibrium states. 
A breakthrough in calorimetric studies of adsorption in zeolites for systems with a long “main period” of the 
calorimetric experiment was made in [13] study of water adsorption in NaA crystalline zeolite. Two kinds of 
adsorption centers were found to differ sharply in terms of energy. However, precise detailing of the energy of this 
process in the entire region of filling was impossible on the equipment used in [13], although extremely rich 
information was obtained regarding the dynamics of adsorption. In this regard, we decided to make an attempt to 
return to this system, but using a more high-precision adsorption-calorimetric setup described in [14, 15], in order to 
obtain more detailed information about the structure of ion-molecular complexes in the zeolite matrix and the patterns 
of adsorption polar water molecule at various stages of filling its cavities. 

2. Materials and Methods 
Differential molar adsorption calorimetric studies of water adsorption in NaA zeolite were carried out using the 
device described in [14, 15, 18]. The use of the method of compensation of heat fluxes by the Peltier effect made it 
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possible to increase the accuracy of measuring the heat of adsorption. Adsorption measurements were carried out on a 
unique high-vacuum volumetric setup, which made it possible to carry out adsorption measurements and dosing of 
the adsorbate with high accuracy. 
The NaA zeolite used for this study is a synthetic binder-free zeolite. Zeolite NaA(NaBO2) was obtained by the 
hydrothermal method [16] and kindly provided by Dr. J.C. Buhl from the University of Hannover. Before the inlet of 
water vapor, the sample was warmed up and subjected to high-vacuum pumping at 450°C for 10 hours. Before 
measurements, the water was carefully purified. 

3. Results and Discussion 
Figure 1 shows the adsorption isotherms at 303K of water in NaA (1) and NaA(NaBO2) (2) extending to ~10-6 of 
relative pressure p/p0 (p0 is the vapor pressure of water, p0 (303 K) = 4.24 kPa, Handbook of Chemistry and Physics, 
1975 [17]. The adsorbed amount, expressed in the unit H2O per unit cell (u.c.), was calculated from the 
experimentally determined quantity a/mmol according to N/H2O per u.c. = ka/mmol/g with k = 1,7 and 1,77 for NaA 
and NaA(BO2), respectively, taking into account the differently molar masses. Starting with a convex shape, the 
adsorption isotherms rise steeply from ~12,92 to ~21,93 water molecules per unit cell (u.c.) (~7,6 to ~12,9 mmol/g) 
(1) and from ~8,32 to ~19,29 H2O/u.c. (~4,7 to ~10,9 mmol/g) (2). Then curves sharply turn toward the ordinate and 
increase linearly up to saturation.  
Figure 2 shows the differential heat of adsorption, Qd, at 303 K of water in NaA and NaA(NaBO2) as a function of the 
amount adsorbed. For NaA, Qd, (fig 2, 1) starts at about 110 kJ/ mol and decreases to 99,2 kJ/mol  at 1,58 H2O u.c.   
(a = 0,93 mmol/g). Subsequently, Qd, forms a high energetic step from 99,2 to 66 kJ/mol in the interval of adsorption 
from 1,58-5,3 H2O u.c.  (0,93-3,12 mmol/g). Further adsorption is followed with formation of several well-defined 
steps or waves in the interval of N from 5,3 to 8,4 H2O u.c. (3,12 to 4,94 mmol/g) with Qd changing from 66,1 to 
65,51 kJ/mol; then N  8,4-10,52 H2O u.c. ( 4,94-6,19 mmol/g), Qd 65,51-65,34 kJ/mol; N 10,52-17,1 H2O u.c., (6,19-
10,06 mmol/g), Qd 65,34-66,94 kJ/mol; N = 17,1-23,3 H2O u.c. (10,06-13,71 mmol/g), Qd 66,94-62,42 kJ/mol; N 
23,3-25,67 H2O u.c. (13,71-15,1 mmol/g), Qd 62,42-56,28 kJ/mol; N 25,67-27,81 H2O u.c. (15,1-16,5 mmol/g), Qd 
56,28-43,5 kJ/mol  N 27,81-28,0 H2O u.c. Dashed line is the heat of vaporization of water at 303 K (∆vH kJ/mol = 
43,5 kJ/mol). 
Generally in the case of NaA(BO2), Qd (fig 2, 2) on 15 kJ/mol lays lower, Qd of NaA. A sharp initial decrease is not 
observed. Instead of this we see a high energetic step with wider plateau at ~95 kJ/mol and then, Qd, drops sharply to 
62 kJ/mol when N = 5,1 H2O u.c. As in the case of NaA further adsorption is followed with formation of several steps 
or waves in the intervals of N from 5,1 to 7,1 H2O u.c. with Qd changing from 61,9 to 61,95 kJ/mol; then N 7,1-10,73 
H2O u.c., Qd 61,95-60,29 kJ/mol; N 10,73-13,59 H2O u.c., Qd 60,29-62,11 kJ/mol; N 13,59-15,55 H2O/u.c., Qd 62,11-
61,6 kJ/mol; N 15,55-21,7 H2O u.c., Qd 61,6-52,4 kJ/mol; N 21,7-25,31 H2O u.c., Qd 52,4-44 kJ/mol; N 25,31-26,3 
H2O/u.c. Dashed line is the heat of vaporization of water at 303 K (∆vH kJ/mol = 43,5 kJ/mol). 
 

 
Fig. 1. Isotherm of H2O adsorption in zeolites 1 -  NaA, 2 – NaA (NaBO2) at 303 К.  ○, ∆- experimental data; ●,▲-calculated 

using VMOT 
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using VMOT 

 
Fig. 2. Differential heats of adsorption, Qd, of H2O at 303 K in NaA (1) and NaA(NaBO2)(2). The dashed line represents the heat 

of vaporization of bulk water at 303 K, ∆vH = 43.5 kJ/mol 

 
Fig. 3.  Differential entropy of adsorption, ∆Sd, of H2O at 303 K in NaA (1) and NaA(NaBO2) (2). The entropy of the bulk liquid 

was taken as being equal to zero

Figure 3 shows the molar differential adsorption entropy (ΔSd) of water in zeolites NaA(1) and NaA(NaBO2) (2). The 
entropy of the bulk liquid was taken as being equal to zero. In general, the ΔSd curves are located below the entropy 
of liquid water, except for a small section in the α range from 4 to 7.5 H2O/u.c. in zeolite NaA(NaBO2). In 
accordance with the shape of the curve of differential heats of adsorption, the entropy of water adsorption in NaA, 
starting from -110 J/mol*K, rapidly increases to -5.4 J/mol*K at 5 H2O/u.c., then smoothly and wavy decreases to 20 
H2O/u.c., after which also grows in waves until the zeolite is saturated with water. A deep minimum at low fillings 
indicates a strong localization of water molecules on the H+, NaIII, and NaII cations. The average molar integral 
entropy of water adsorption in the NaA zeolite is lower than the entropy of ice and is equal to -36.8 J/mol*K, which 
indicates a significant loss of mobility of water molecules in NaA zeolite matrix up to its complete localization. The 
curve of the molar differential entropy of water adsorption in NaA(NaBO2) zeolite generally follows the ΔSd curve of 
the H2O-NaA system and is located higher. The average molar integral entropy of water adsorption in NaA(NaBO2) 
is also higher and amounts to - 16.5 J/mol*K. The mobility of water molecules in the NaA(NaBO2) zeolite matrix is 
somewhere between the mobility of water and  ice. 
Figure 4 shows the time to establish adsorption equilibria, τ, of H2O at 303K in NaA (1) and NaA(NaBO2) (2). For 
NaA, starting from ~11.5 hours, the curve decreases in waves to 2 hours at N = 10.35 H2O/u.c., and remains almost 
constant with two waves with a maximum at 13.56 and 20.38 H2O/u.c. The second wave decreases to τ = 1.6 hours at 
N = 22.14 H2O/u.c. Finally, according to the last two steps on the Qd curve, τ remains almost constant at 1.5 h, then 
drops to 1 h. In the case of NaA(NaBO2) τ passes through a maximum (7.35 hours) at N = 2.69 H2O/u.c., then 
decreases monotonically to 10.21 H2O/u.c. (1.6 hour) and stabilizes at this level to 25 H2O/u.c. 
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Fig.  4.  The time to establish adsorption equilibria, τ, of H2O at 303 K in NaA (1) and NaA(NaBO2) (2)

4. Conclusion 
Formation of a four-dimensional complex with H+ and Na+ cations in position SIII on the τ curve in the range from 
8.14 to 10.12 H2O/u.c. characterized by a slowdown in the adsorption process. The section responsible for water 
adsorption in β-cavities is characterized by a small maximum at the moment of completion of adsorption in β-
cavities. The difficulties experienced by a water molecule to overcome the barrier of 80 kJ/mol when penetrating 
through a six-membered oxygen ring in the β-cavity are clearly seen in our earlier work [13]. The relatively large 
weight of two samples of the studied NaA zeolites (3.7 and 4.5 g) greatly slowed down the process of processing the 
charge with water, especially at low fillings (200-350 hours respectively). At large fillings, the process accelerated 
(30–40 hours), but in the region of adsorption in β-cavities, the time for establishing adsorption equilibrium τ began 
to slow down again and reached 65–90 hours. 
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