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INTRODUCTION

Aluminosilicate zeolites have open channels that contain
charge-balancing extraframework cations (commonly Ca2+, Na+,
K+, and Sr2+) and molecular water. The water within the zeo-
lites helps stabilize their crystal structures (Navrotsky 1999)
as manifested by negative enthalpies of hydration of these min-
erals (between –22 200 and –57 700 J/mol relative to liquid
water; see review by Bish and Carey 2001). Similarly, zeolites
generally have negative molar entropies and volumes of hy-
dration relative to liquid water (Navrotsky 1999; Bish and Carey
2001; Neuhoff et al. 2000). Thermodynamic evaluation of zeo-
lite stability in geologic and industrial systems is complicated
by the ability of zeolites to hydrate and dehydrate continuously
in response to small changes in either temperature or pressure
(Neuhoff et al. 2000; Bish and Carey 2001), which results in
continuous changes in their activities. Therefore, explicit con-
sideration of the water content of zeolites at elevated tem-
peratures and pressures is necessary for quantitative
predictions of zeolite parageneses and stability in geologic
and industrial systems.

Most available experimentally determined hydration enthal-

pies of zeolites are integral molar enthalpies of complete hy-
dration that correspond to the average molar enthalpy of hy-
dration of multiple water sites in the respective zeolites (Johnson
et al. 1991, 1992a; Kiseleva et al. 1996a, 1996b, 1997, 2001a,
2001b; Yang et al. 2001; Ogorodova et al. 2002). However, the
applicability of average thermodynamic properties of zeolite
hydration for predictions of their water content under geologi-
cally and industrially relevant conditions is limited for many
common zeolites, including laumontite, clinoptilolite, heulan-
dite, stilbite, chabazite, yugawaralite, and mordenite. This limi-
tation results from the presence of several crystallographically
distinct water sites within their crystal structure (Alberti et al.
1982, 1986; Smyth et al. 1990; Armbruster and Gunter 1991;
Ståhl et al. 1996; Cruciani et al. 1997; Artioli et al. 2001) that
commonly have different near-atomic environments and likely
different energetic properties as well. This interpretation is sup-
ported by recent Rietveld refinements based on time-resolved
X-ray diffraction (XRD) data collected during progressive ther-
mally induced dehydration of laumontite, stilbite, and
yugawaralite (Ståhl et al. 1996; Cruciani et al. 1997; Artioli et
al. 2001) demonstrating that the continuous dehydration of the
individual water sites in these zeolites occurs at different tem-
peratures. Similarly, Rietveld refinements of clinoptilolite us-
ing XRD data collected between ~0 and 100% relative humidity* E-mail: thrainn@pangea.stanford.edu
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ABSTRACT

Isothermal vapor sorption experiments under controlled partial pressures of H2O (between 0.1
and 30 mbar, at 23.4, 30.1, 49.5, 64.5, and 79.3 ∞C) and liquid water immersion calorimetry experi-
ments at 25.0 ∞C were conducted to determine standard molar thermodynamic properties of hydra-
tion of the W1 and W5 sites in laumontite that host hydrogen-bonded water. A Langmuir adsorption
model was used in a thermodynamic analysis of the isothermal adsorption data for the W5 site
together with a symmetrical regular solution model. Resulting values for the standard molar Gibbs
energy and entropy of hydration of the W5 site relative to liquid water are –8430 ± 113 J/mol and
–16.7 ± 2.1 J/(mol·K), respectively, and the Margules parameter, WG, is 1590 ± 63 J/mol. The stan-
dard enthalpy of hydration of the W1 site was determined by liquid-water immersion calorimetry
experiments on laumontite containing vacant W1 and fully occupied W5, W2, and W8 sites. Discon-
tinuous hydration and dehydration of W1 at 23.4 ± 0.7 ∞C and 24 ± 1 mbar PH2O was used to con-
strain the molar Gibbs energy of hydration of this site. Resulting values for standard molar Gibbs
energy of hydration and enthalpy of W1 relative to liquid water are –380 ± 170 and –8800 ± 1150 J/
mol, respectively. Isothermal adsorption at 23.4 ∞C and isobaric thermogravimetric experiments
indicate that during dehydration of W1, only 0.83 moles of water are released from the crystal
structure and 0.17 moles are relocated to a disordered site that has energetic properties similar to the
W8 site. Calculations using the thermodynamic data determined in this study indicate that the water
content of laumontite in equilibrium with liquid water ranges from ~4.5 H2O per 12 framework O
atoms at room temperature and one bar pressure to ~3.5 H2O at 250 ∞C and at liquid-vapor saturation
pressure for water.


