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INTRODUCTION

The thermal behavior of zeolites is an important consideration 
for evaluating the consequences of temperature changes in geo-
logic, experimental, and engineered systems. Progressive, often 
reversible, dehydration accompanying heating of zeolites is well 
established (e.g., van Reeuwijk 1974; Bish and Carey 2001). 
Changes in water content of zeolites as a function of temperature 
and pressure can have a profound effect on predictions of their 
stability in geologic environments (e.g., Helgeson et al. 1978; 
Carey and Bish 1996; Neuhoff and Bird 2001; Chipera and Apps 
2001). The enthalpic consequences of dehydration and rehydra-
tion in these materials is an important consideration in modeling 
the thermal evolution of radioactive waste repositories (e.g., 
Smyth 1982; Carey and Bish 1996; Bish et al. 2003; Long and 
Ewing 2004) and are widely employed in heat-pump technolo-
gies (e.g., Boddenberg et al. 2002; Kasai et al. 1994; Petrova et 
al. 2001; Tchernev 2001).

The importance of hydration and dehydration reactions in 
zeolites has led to considerable experimental study of the en-
ergetics of this process. This is typically accomplished through 
equilibrium observations (e.g., Carey and Bish 1996; Wilkin 
and Barnes 1999; Fridriksson et al. 2003; Fialips et al. 2005; 
Jänchen et al. 2006) and calorimetric measurements (e.g., Barrer 
and Cram 1971; Johnson et al. 1982, 1991, 1992; Guliev et al. 
1989; Valueva and Goryainov 1992; Carey 1993; Mizota et al. 

1995; Kiseleva et al. 1996a, 1996b, 1997, 2001; Ogorodova et al. 
1996, 2002; Carey and Bish 1997; Muller et al. 1998; Drebush-
chak 1999; Shim et al. 1999; Yang and Navrotsky 2000; Yang 
et al. 2001; Petrova et al. 2001). Thermodynamic properties for 
reactions of the form

Z + nH2O(g) ↔ Z·nH2O (1)

where Z and Z·nH2O represent the dehydrated and hydrated 
homologs, respectively, derived from equilibrium observations 
often differ considerably from those determined calorimetrically 
(e.g., Bish and Carey 2001). In addition, the results of different 
calorimetric methods are inconsistent with each other (Barrer 
and Cram 1971; Yang et al. 2001; Bish and Carey 2001). Many 
potential causes for these discrepancies have been cited, includ-
ing differing sample compositions, different reference states, lack 
of attainment of equilibrium, and irreversible changes to samples 
during dehydration (Bish and Carey 2001; Fialips et al. 2005). 
One of the complications encountered in retrieving thermody-
namic data from equilibrium observations is that typically the 
heat-capacity change across reaction 1 [∆CP(r)] needs to be known 
independently to minimize the number of variables in the regres-
sion scheme (e.g., Carey and Bish 1996; Fridriksson et al. 2003; 
Fialips et al. 2005). As discussed below, direct determinations 
of ∆CP(r) are difÞ cult, particularly at elevated temperature. The 
numeric consequences of ∆CP(r) are most pronounced at elevated 
temperatures as this function is integrated over temperature to 
derive the enthalpy, entropy, and Gibbs energies of reaction * E-mail: neuhoff@uß .edu
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ABSTRACT

Dehydration of zeolites is a critical factor in their stability, effectiveness as storage media for 
thermal energy, and inß uence on the thermal evolution of radioactive waste repositories. Prediction 
of the hydration states of zeolites as a function of temperature, pressure, and water activity is often 
hampered by limited data on the heat capacity changes associated with (de)hydration reactions. This 
property is often assumed to be temperature invariant based on statistical-mechanical reasoning. To 
test this assumption, heat capacities of homologous hydrated and dehydrated zeolites (analcime, 
natrolite, wairakite) were measured by differential scanning calorimetry from 130 to 600 K that were 
subsequently used to calculate the heat capacity of hydration. Simultaneous monitoring of sample mass 
was used to discard data for hydrated phases affected by thermal effects associated with dehydration 
at elevated temperature. All three phases exhibited marked variations in the heat capacity of hydration 
with temperature. This behavior appears to be related to second-order phase transitions involving the 
water molecules. In wairakite, a second-order phase transition associated with a change in framework 
symmetry from monoclinic to tetragonal only occurs in the hydrated form, and leads to a prominent 
peak in the temperature dependence of the heat capacity of hydration. Above the transition tempera-
ture, the heat capacity of hydration becomes negligible. Neglecting the temperature dependence of 
the heat capacity of hydration in zeolites can have a signiÞ cant effect on thermodynamic properties 
of dehydration reactions regressed from equilibrium observations at elevated temperatures.
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