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Zeolites are among the most important rock-forming and environmental minerals in 

the surface and near-surface regions of the Earth. The open structures of zeolite 

frameworks give rise to high ion-exchange capacities in many zeolites that play an 

important role in rock-fluid interaction. Review of previous studies on the 

thermodynamics of ion-exchanged zeolties illuminates that water molecule behavior is 

an essential aspect of the ion exchange reactions in zeolites. Mordenite, one of the 

most common rock-forming zeolites exhibiting exchangeable ion solutions independent 

of Si/Al ratio, was used as the primary material for the experimental portions of this 

study. Thermogravimetric and calorimetric observations of mordenite solid solutions 

reveal that there are two energetically distinct sets of water molecules in mordenite: W1 

(relatively less energetic) and W2 (relatively high energetic). The water content of W2 is 

independent of cation composition, whereas the occupancy of W1 decreases as the 

mole fraction of K+ increases. The enthalpy of hydration of W1 appears to be essentially 

independent of cation contents, but W2 hydration becomes less exothermic with 

increasing mole fraction of K+. Binary ion exchange experiments involving Na+, K+, and 

Ca2+ were performed using endmember Na- and K-mordenite at 298.15 K. Ion 
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exchange involving Ca2+ in mordenite is incomplete; maximum Ca2+ mole fraction of ~ 

0.44 was observed, which is consistent with natural mordenite sample compositions. 

Mordenite exhibits preference for K+ over Na+ and Ca2+, but the selectivity between Na+ 

and Ca2+ varies with the equivalent fraction of Ca2+ in the aqueous phase. A 

thermodynamic model was built for the temperature dependence of ion exchange in 

mordenite. The predictions by the model is consistent with the experimental results at 

elevated temperatures. In addition, thermodynamic fits to the binary isotherm data were 

used to develop models of mordenite compositions in equilibrium with aqueous 

solutions. These calculations suggest that the extraframework cation compositions of 

mordenites observed in marine settings are consistent with equilibration close to dilluted 

seawater, whereas mordenites formed in alkaline lakes and meteoric hydrothermal 

systems exhibit different cation contents reflecting the fluid compositions in these 

environments.    

 



 

CHAPTER 1 
INTRODUCTION 

Zeolites are aluminosilicates whose structures are characterized by a tectosilicate 

framework of Si- and Al-centered tetrahedra arranged to form 2-10 Å channels that 

contain water molecules and extraframework cations (Gottardi and Galli 1985). The 

open structure of the zeolite framework and the requirement of charge balance provide 

many zeolites with high ion-exchange capacities. The abundance of zeolites in Earth’s 

crust and the generally rapid kinetics of ion exchange reactions make this process an 

essential aspect of fluid-rock interaction. Because of the common occurrence of zeolites 

in low-grade metamorphic and sedimentary environments with aqueous solutions, ion 

exchange of zeolites plays an important role in controlling the chemical compositions of 

rocks and natural fluids both in geologic system (e.g., Sturchio et al. 1989) and in 

passive engineering applications like at Yucca Mountain (e.g., Broxton et al. 1987; Bish 

1984; Pabalan 1994). For example, in zeolite-bearing, volcanic aquifers the effects of 

ion exchange have been shown to deplete groundwaters in Ca2+, Sr2+, Mg2+ relative to 

Na+ and K+ (e.g., White et al. 1980; Broxton et al. 1987; Vaniman et al. 2001) and 

geothermal solutions in Cs+, Ra+ and Ba2+ relative to Na+, K+, and Ca2+ (e.g., Keith et al. 

1983; Sturchio et al. 1989). Similarly, zeolite compositions in these systems often reflect 

modification through ion exchange (e.g., Ogihara1996; Vaniman et al. 2001). As a 

consequence, description and prediction of the fate of geochemical processes during 

mineral-water interaction requires detailed knowledge of the behavior of ion exchange 

processes acting in concert with other homogeneous (i.e., aqueous phase) and 

heterogeneous reactions in fluid-rock systems (e.g., dissolution, precipitation, surface 

adsorption). 
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Considerable experimental data are available for assessing partitioning of elements 

during ion exchange reactions at room temperature, but the understanding of the 

temperature dependence of ion-exchange equilibria and the nature of mixing between 

ion-exchanged forms of zeolites is very limited. Previous thermodynamic studies of ion 

exchange in zeolites focused on derivation of isothermal, isobaric (usually 298.15 K, 1 

bar) equilibrium constants by applying standard aqueous-phase activity coefficient 

calculations (e.g., extended Debye-Hückel or Pitzer formulations) and assuming regular 

solution behavior for the mixing between zeolite components (e.g., Ames 1964a, 1964b; 

Fletcher et al. 1984; Shibue 1998; Pabalan 1994; Fridriksson et al. 2004). However, 

zeolites generally occur at temperatures above 298.15 K and some under pressures 

greater than 1 bar. In a situation like at Yucca Mountain, the zeolites are exposed to 

considerably higher temperatures. Extension of previous isothermal studies to geologic 

and engineered environments thus requires rigorous thermodynamic models that 

provides for quantitative assessment of the thermodynamic properties of ion exchange 

of zeolites as a function of temperature and pressure. As the conditions for reaction of 

zeolites with aqueous solutions are not constant, accurate prediction of temperature 

dependence of ion exchange in zeolites can be key to understanding their solid solution 

and selectivity sequences in different geologic environments.   

Occurrence and Industrial Applications of Zeolites 

Zeolites occur in a wide variety of environments, including two major types of 

occurrences: 1) macroscopic and microscopic crystals, often in veins, fractures, and 

vugs within plutonic and volcanic rocks and their metamorphosed equivalents; 2) 

submicroscopic crystals, commonly distributed in vitroclastic sediments which have 

undergone diagenetic or low-grade metamorphic processes (Passaglia and Sheppard 
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2001). Zeolites can also occur during reactions of aqueous fluids with marine sediments 

(e.g., Boles and Coombs 1977), saline lake sediments (e.g., Hay and Moiola 1963), 

volcanic tuffs (e.g., Hay and Sheppard 2001) and soils (e.g., Baldar and Whittig 1968). 

Hydrothermal systems often produce zeolites as well with complex parageneses caused 

by overprinting of diagenetic and metamorphic occurrences (e.g., Gottardi 1989; 

Neuhoff et al. 1999).  

Zeolites are widely used in industry because of their high ion-exchange capacities 

and water sorption capabilities. For instance, the favorable ion-exchange selectivity of 

natural zeolites for certain cations such as Ca2+, Cs+, Sr2+, NH4
+ have been applied in 

water softening, catalysis, and wastewater treatment (Mumpton 1977). The relatively 

large energy storage density of zeolites makes them useful in energy storage and heat 

pump technologies, where their use instead of activated alumina or silica gel can result 

in significant reduction of storage weight (e.g., Shigeishi et al. 1979; Scarmozzino et al. 

1980; Gopal et al. 1982; Selvidge and Miaoulis 1990). In agriculture, natural zeolites 

have been used as soil conditioners, carriers for insecticides and herbicides, 

remediation agents in contaminated soils, slow-release fertilizers, and dietary 

supplements in animal nutrition because of their capability of cation exchange, 

adsorption and their abundance in near surface, sedimentary deposits (Ming 1987; Ming 

and Mumpton 1989; Boettinger et al. 1995). The surface area of a zeolite-rich rock is 

~10 m2/g, much bigger than that of sand (~0.01 m2/g), thus the filtration efficiency of a 

sand bed can be increased by mixing porous zeolitic rock with it (e.g., Grigorieva et al. 

1988; Galindo et al. 2000). Zeolites and associated authigenic clay minerals can 

significantly reduce the porosity and permeability of hydrocarbon reservoir rocks, and 
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their presence is often regarded as an economic basement of exploration for oil and gas 

(e.g., McCulloh et al. 1973; McCulloh and Stewart 1980). In addition, they are frequently 

considered as passive barriers in radioactive waste repositories both as sorptive 

barriers to radionuclide migration and consumption of thermal energy (e.g., Carey and 

Bish 1996; Bish et al. 2003). Zeolites are being used in more and more new 

technologies, and these potential applications provide numerous possibilities to improve 

the environment. 

Mineralogical Nature of Zeolites 

The general chemical formula for natural zeolites is  

(Li, Na, K)a(Mg, Ca, Sr, Ba)d[Al(a+2d)Sin-(a+2d)O2n]·mH2O 

where the portion in square brackets represents the framework and rest of the species 

reside within the channels, a, and d are the stoichiometries of monovalent and divalent 

cations respectively, and m is the number of water molecules in the unit cell (Gottardi 

and Gallli 1985). While modification of the framework composition requires dissolution 

and precipitation of the mineral, the extraframework cations are readily exchangeable 

(e.g., Newell and Rees 1983) and water molecules can be reversibly removed from the 

structure at elevated temperatures (e.g., van Reeuwijk 1974). 

Three distinct, yet coupled, types of solid solution are present in zeolites (e.g., 

Passaglia and Sheppard 2001; Armbruster and Gunter 2001; Neuhoff and Ruhl 2006). 

Many zeolites exhibit variable Si and Al contents, with Si/Al ratios generally ranging 

from 1 to 5 (e.g., Passaglia and Sheppard 2001). The amount of extraframework cations 

is determined by the Al content of the framework, which effectively fixes the theoretical 

ion exchange capacity (e.g., Pabalan and Bertetti 2001). Although a few zeolite species 

exhibit coupled NaSi-CaAl substitution as observed in plagioclase feldspars (notably 

18 



 

phillipsite and thomsonite; Galli and Ghittoni 1972; Ross et al. 1992), in most cases 

extraframework cations variation is independent of Si-Al substitution (Neuhoff and Ruhl 

2006). Water contents often co-vary with both Si-Al and extraframework cation 

substitutions (in addition to being sensitive to temperature, pressure, and humidity), 

although this variation is generally not well characterized. As a general rule, however, 

water contents increase with increasing Si/Al ratio, increasing extraframework cation 

charge, and decreasing cation size (e.g., Neuhoff and Ruhl 2006). Outside of the study 

by Hovis et al. (2002) of Rb-Na and Cs-Na series in analcime (pollucite), there have 

been no careful studies of the water content across an ion exchange series in a zeolite. 

The ease of ion exchange and selectivity for specific ions in zeolites is controlled 

by a variety of factors including the framework topology (channel configuration and 

dimensions), ion size and shape (polarizability), charge density of the anionic framework, 

ionic charge, Si/Al ordering, and concentration of the external electrolyte solution 

(Barrer 1978). Thermal and pressure effects on the zeolite lattice, as well as 

macroscopic thermodynamic differences in the enthalpies and molar volumes of ions 

between the zeolitic and aqueous states may significantly affect these factors. For 

instance, high temperatures can offset the effect of large ionic radius and facilitate 

replacement of Na+ in zeolites by large cations like K+, Ag+, Tl+ and NH4
+ (Vaughan 

1978). This is borne out by the limited experimental observations of zeolite ion-

exchange equilibria at variable temperatures (e.g., Shibue 1981; Fridriksson et al. 2004) 

which show a temperature effect on the cation selectivity and ion-exchange kinetics. In 

addition, differences in the hydration state as a function of exchangeable ion content 

may significantly influence ion exchange energetics (e.g., Fletcher et al. 1984; Carey 
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and Bish 1996; Yang et al 2001). Charge and size differences between competing 

cations can lead to marked variations in water content of natural and ion-exchanged 

zeolites with large-cation forms being generally less hydrous and endmembers with 

divalent cations being more hydrous than monovalent forms (e.g., Neuhoff and Ruhl 

2006). 

Crystal Chemistry of Mordenite 

Mordenite, with ideal formula (Ca,Na2,K2)Al2Si10O24·7(H2O), often coexists with 

other zeolites in vugs of volcanic (andesite, basalt, dolerite, porphyrite, and rhyolite) and 

intrusive (granite) rocks (e.g., Sukheswala et al. 1974; Vezzalini et al. 1994). It also 

occurs as a diagenetic product of silicic tuff, pitchstone and volcanic marine sediments 

(Passaglia and Sheppard 2001). Mordenite shows a high Si/Al ratio from 4.2 to 5.9, and 

has high thermal stability (Passaglia 1975). The framework structure of mordenite 

exhibits little change after dehydration, and is retained upon heating up to 1173 K 

(Tsitsishvili et al. 1992). Crystal chemistry studies on numerous natural mordenite 

indicate that the extraframework cations in mordenite are mainly Na+, Ca2+, and K+, and 

the content is generally Na+>Ca2+>K+ (Passaglia and Sheppard 2001). 

The results of structure refinement for mordenite are shown in Figure 1-1. The 

mordenite structure can be envisioned as puckered sheets composed of six-membered 

rings of tetrahedra, which are parallel to (100) (e.g., Meier 1978; Armbruster and Gunter 

2001; Simoncic and Armbruster 2004). These sheets are connected along b by four-

membered ring pillars so that large channels of twelve-membered rings and strongly 

compressed eight-membered rings are formed along c (e.g., Armbruster and Gunter 

2001; Simoncic and Armbruster 2004). Mortier (1982) suggested that there were three 

major cation sites A, D, and E in the extraframework of mordenite, and water molecules 
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could be accommodated into sites B, C, D, E, G, H, and J. Previous results indicated 

that site A was occupied only by small cations like Na+ (Schlenker et al. 1979) and Ca2+ 

(Mortier et al. 1978), and it became empty when mordenite was exchanged with large 

cations like K+ (e.g., Mortier et al. 1978). Site B may be co-occupied by K+ and H2O, and 

the mixed occupancy is also possible for site C when mordenite contains Ca2+ (Martucci 

et al. 2003). In addition, Martucci et al (2003) also found that in mordenite containing 

Ca2+ (i.e., CaNa-mordenite) only site B could not be completely dehydrated above 

903.15 K. 

Contributions of Present Study 

The present study focuses on thermodynamic behavior of ion exchange processes 

in zeolites, with a specific emphasis on elucidating the nature of solid solutions that lead 

to this behavior. This task is accomplished through theoretical, calorimetric, equilibrium, 

and crystallographic methods that are integrated to develop rigorous, consistent 

thermodynamic models of both ion exchange reactions and exchangeable ion solutions 

in zeolites. The zeolite used in this study is mordenite, one of the most common rock-

forming zeolites exhibiting exchangeable ion solutions independent of Si/Al ratio (e.g., 

Neuhoff and Ruhl 2006). The thermodynamic models for the ion exchange and solid 

solutions of mordenite serves as natural component to the earlier studies, and facilitates 

evaluation of chemical and thermodynamic consequences of the whole range of solid 

solutions observed in zeolites. At the same time, this study greatly facilitate 

understanding of water behavior in zeolite solid solutions and and temperature 

dependence of ion exchange reactions, which have received relatively little rigorous 

attention. This study consists of six chapters: Chapter 1 (this chapter) provides relevant 

background material; Chapter 2 reviews the thermodynamic constraints of ion exchange 
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in zeolites based on the literature results; Chapter 3 demonstrates the relationship 

between the water molecule behavior and cation composition in mordenite; Chapter 4 

presents thermodynamics of ion exchange and the mixing properties of mordenite solid 

solutions; Chapter 5 shows the experimental investigation of Ca2+-bearing solid 

solutions in mordenite and its controls on natural mordenite compositions; Chapter 6 is 

the concluding remarks of this study and proposes some problems for future research. 
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Figure 1-1.  View of the crystal structure of a synthetic Na-mordenite projected along the 

c axis (modified from Martucci et al. 2003; Simoncic and Armbruster 2004). 
The gray boxes delineate the unit cell boundaries. The tetrahedra contain Si 
or Al surrounded by four oxygens. The big and samll spheres denote the 
positions of Na+ and water molecules, respectively. 

 



 

CHAPTER 2 
THERMODYNAMIC CONSTRAINTS ON THE ION EXCHANGE OF ZEOLITES 

Introduction 

Ion exchange reactions are an integral aspect of fluid-rock interaction in many 

geologic and engineered environments. Zeolites, characterized by unique sorption 

capabilities and high ion-exchange capacities, are among the most common rock-

forming minerals readily participating in ion exchange reactions with aqueous solutions 

in natural systems (e.g., Helfferich 1962; Sposito 1981). The abundance of zeolites in 

the Earth’s crust and the generally rapid kinetics of ion exchange reactions (e.g.,Rao 

and Rees 1966; Yang et al. 1997) make this process quantitatively important in many 

geochemical systems. For instance, because of the common occurrence of zeolites in 

low-grade metamorphic rocks and a variety of sedimentary rocks associated with 

aqueous solutions, ion exchange of zeolites plays an important role in controlling 

groundwater chemistry both in natural systems (e.g., Sturchio et al. 1989) and in 

passive engineering applications like Yucca Mountain (e.g., Bish 1984; Broxton et al. 

1987; Pabalan 1994). Thus, description and prediction of the geochemical processes in 

the geochemical systems requires detailed knowledge of the behavior of ion exchange 

between zeolites and aqueous solutions. 

Considerable experimental data are available for assessing partitioning of 

elements during ion exchange reactions at room temperature, but the understanding of 

the temperature and pressure dependence of ion-exchange equilibria and the behavior 

of water molecules in zeolites during the ion exchange reaction is very limited. Previous 

thermodynamic studies of ion exchange in zeolites focused on derivation of isothermal, 

isobaric (usually 298.15 K, 1 bar) equilibrium constants by applying standard aqueous-
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phase activity coefficient calculations (e.g., extended Debye-Hückel or Pitzer 

formulations) and assuming regular solution behavior for the mixing between zeolite 

components (e.g., Ames 1964a, 1964b; Fletcher et al. 1984; Shibue 1998; Pabalan 

1994; Fridriksson et al. 2004). However, zeolites generally occur at temperatures above 

298.15 K and pressures greater than 1 bar. Furthermore, most thermodynamic studies 

of ion exchange in zeolites ignored the change of water content in zeolites across the 

reaction, which may lead to large errors in calculating the thermodynamic properties of 

reaction. Consequently, extension of previous isothermal studies to geologic and 

engineered environments requires rigorous thermodynamic models that provides for 

quantitative assessment of the thermodynamic properties of ion exchange of zeolites as 

a function of temperature and pressure. 

The objective of this study is to illuminate the significance of temperature and 

pressure dependence of ion exchange in zeolites. Literature data pertaining to the 

compositions, volumes, and thermodynamic properties of ion-exchanged zeolites were 

compiled and synthesized to assess the effect of temperature and pressure on ion 

exchange equilibria and selectivities. Explicit in this analysis are the consequences of 

the variation of water content with exchangeable ion content in zeolties.  

Crystal Chemistry of Ion-exchanged Zeolites 

Zeolites are tectosilicates whose structures are characterized by frameworks of Si- 

and Al-centered tetrahedra surrounding 2-10 Å channels that contain water molecules 

and cations (e.g., Gottardi and Galli 1985; Armbruster and Gunter 2001). The 

compositions of zeolites can be represented by the general chemical formula  

(Az+)y/zAlySixO2(x+y)·nH2O 

25 



 

where Az+ represents extraframework cations of charge z+ (generally alkali or alkaline 

earth cations), n is the number of moles of interchannel water molecules, and x and y 

are stoichiometric coefficients for Si and Al, respectively. The extraframework cations 

are generally coordinated by a combination of framework oxygens and water molecules 

and serve to balance the net negative charge brought about by the presence of 

tetrahedral sites (e.g., Armbruster and Gunter 2001). Substitution of Fe3+ or Be3+ for Al3+ 

occurs in the tetrahedral sites of some zeolites, but is ignored here as the extent of 

these subititutions tends to be limited in rock-forming zeolites. The relatively weak, 

largely ionic, bonds between extraframework cations and framework water oxygens, 

along with the porous nature of zeolite frameworks, result in the ready cation exchange 

properties of zeolites. 

The extent of framework and extraframework solid solution in zeolites is limited by 

charge balance and structural constrains, and the substitutions between framework and 

extraframework sites follow some discrete rules (Neuhoff and Ruhl 2006). Many zeolites 

exhibit variable Si and Al contents, with Si/Al in natural materials generally ranging from 

1 to 5 (e.g., Passaglia and Sheppard 2001). The amount of extraframework cations is 

determined by the Al content of the framework, which effectively fixes the theoretical ion 

exchange capacity (e.g., Pabalan and Bertetti 2001). Although a few zeolite species 

exhibit coupled NaSi-CaAl substitution as observed in plagioclase feldspars (notably 

phillipsite and thomsonite; Galli and Ghittoni 1972; Ross et al. 1992), in most cases 

extraframework cations variation is independent of Si-Al substitution (Neuhoff and Ruhl 

2006). In the case of ion exchange in zeolites, there is no variation of Si or Al in the 
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aqueous solution, and the Si/Al ratio is constant for the zeolite endmembers during the 

ion exchange.  

Ion exchange in zeolites should have significant impact on the water content of the 

minerals due to the similar occupancies and limited space in the extraframework sites. 

Zeolites exhibiting induced ion exchange have variable water stoichiometries due to 

cation loading and cation size. For instance, the different forms of ion exchanged 

clinoptilolite (Na-, K-, and Ca-) show various maximum H2O-sorption capacities (Carey 

and Bish 1996). Substitution of large cations such as K+ into extraframework sites often 

leads to reduced water content (e.g., Fridriksson et al. 2001; Yang et al. 2001; Simoncic 

et al. 2004). An extreme example of this is provided by pollucite–analcime solid 

solutions, in which the water content is inversely related to Cs content because Cs 

occupies the water site and not the Na site in this solution (e.g., Armbruster and Gunter 

2001; Hovis et al. 2002). Generally, water contents of zeolites increase with increasing 

cation charge and decreasing cation size. 

The relationship described above between extraframework cations and water 

molecules necessitates a modification of chemical equations used to describe ion 

exchange reactions in zeolites. Most of previous thermodynamic studies of ion 

exchange in zeolites assumed constant water contents in zeolites during the reaction to 

reduce the number of species in the reaction (e.g., Ames 1964a, 1964b; Fletcher et al. 

1984; Shibue 1998; Pabalan 1994). However, as ntoed above, ion exchange leads to a 

partial de/hydration in zeolites, which is an essential part in the thermodynamics of this 

reaction. Because the exchange generally occurs between the cations with large 

difference in effective size per mole of charge, the amount of H2O participating in the 
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reaction is non-negligible. The thermodynamic properties of H2O are in the same 

magnitude as those of the other species in the reaction. Ignoring this species not only 

violates the first law of thermodynamics, but also causes a significant error in 

determining the thermodynamic properties of reaction. Consequently, exchange of ions 

(Aa+ and Bb+) between a zeolite and an aqueous solution should be expressed as 

+ ++ ⋅ = + ⋅ + −1/ 2 1/ 2 2
1 1B A Z H O A B Z H O ( )H Ob a

a bn m n
b a

m    (2-1) 

where a and b are the valences of the respective cations, Z is defined as a portion of 

zeolite framework holding unit negative charge. Thus, A1/aZ⋅nH2O and B1/bZ⋅mH2O can 

be considered as the homoionic exchangeable cation endmembers of the zeolite solid 

solution, and n, m refer to the number of water molecules of the two cation endmembers, 

respectively, at a given temperature. Standard states for the homoionic zeolite forms 

and liquid water are unit activity of the pure phase at all temperatures and pressures. 

For the aqueous ions, the standard state corresponds to unit activity of a hypothetical 

one molar solution of the ion referenced to infinite dilution at all temperatures and 

pressures. 

Thermodynamic Formalism 

Temperature (T) and pressure (P) dependence of ion exchange in zeolties was 

interpreted based on the thermodynamic properties of reaction 2-1, including enthalpy 

of reaction ( ), entropy of reaction ( ), Gibbs free energy of reaction 

( ), heat capacity of reaction ( ), and volume of reaction ( ). However, 

the thermodynamic properties of ion exchange in zeolites have not been systematically 

Δ o
R,T,PH Δ o

R,T,PS

 RΔ o
R,T,PG Δ o

P,C Δ o
R,T,PV
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studied so far, the properties of reaction ( ) thus could only be calculated i

from those of individual species in the reaction using the equation 

ΔΞo
R,T,P

Δ oC dT

ndirectly 

dP

υΔΞ ΔΞ∑o
R, = o

T,P j j,T,P
j

         (2-2) 

where the summation is over all species j, υj is the stoichiometric reaction coefficient for 

species j (taken to be positive for products and negative for reactants) and ΔΞ  is the 

corresponding standard state property of the substance: the standard state enthalpy of 

formation ( ), absolute entropy ( ), Gibbs energy of formation ( ), heat capacity 

( ), or volume ( ) of the substance at T and P. Literature data of the thermodynamic 

properties for some common zeolites and cations are summarized and the ion-

exchange properties are then interpreted in the following parts. Due to the different 

materials and experimental methods, the quality of the literature data is not reviewed. 

The derived thermodynamic properties of ion exchange in zeolites are systematically 

studied.  

o
R,T,P

Δ o
fH oS o

fG

o
PC oV

The equilibrium constant (K) for reaction 2-1 were calculated as a function of 

temperature and pressure from the synthesized thermodynamic properties of ion 

exchange. With known properties at Tr and Pr (i.e., , Δ ) and , 

 can be calculated as a function of temperature and pressure for some zeolites 

via the relationship  

Δ
r r

o
R,T ,PH

r r

o
R,T ,PS Δ o

P, RC

Δ o
R,T,PG

Δ = Δ −Δ − + − Δ + Δ∫ ∫ ∫r r r r
r r

o o o o o
R, R, R, r P, R P, R R( ) ln

T T P

T,P T ,P T ,P T T P
G G S T T T C d T V   (2-3) 

And K is related to  at the same T and P by Δ o
R,T,PG
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Δ = −o
R, lnT,PG RT K          (2-4) 

where R is the gas constant (8.314 J/mol K). 

Summary and Critique of the Thermoynamic Properties of Ion Exchange in 
Zeolites 

Enthalpy of Ion Exchange 

The  of ion exchange in zeolites were calculated from the standard 

enthalpy of formation ( ) of the individual species (including zeolite endmembers, 

cations, and H2O). The available data of 

Δ o
R,T,PH

Δ o
fH

Δ o
fH  for some natural and synthetic zeolties in 

different cation forms (Table 2-1) were used with those of the common cations to 

calculate the  of ion exchange in several zeolites (Table 2-3). Some  of 

dehydrated zeolites were also collected for the investigation of the ion exchange without 

H2O. Comparing the chemical compositions of the zeolite samples shows that the water 

content in zeolite of different cation forms was variable. This observation is coincident 

with the assumption that ion exchange can cause partial de/hydration of zeolites. It can 

be seen that zeolites with large size of cations basically have less water contents than 

those in the form of small cations (Figure 2-1). For instance, the water content in 

clinoptilolite increases with decreasing cation size (K+ > Na+ > Ca2+).  

Δ o
R,H T,P Δ o

fH

The disparities between the  of ion exchange in hydrated and dehydrated 

zeolites indicates that H2O has a significant impact on the thermodynamics of reaction. 

The  of ion exchange in zeolites is considered to include two components: the 

heat of ion exchange and the heat of partial de/hydration, which appear to be able to 

offset one another. This offset effect is obviously observed in ion exchange of the 

zeolites having relatively large extent of partial de/hydration associated with cation 

Δ o
R,T,PH

Δ o
R,T,PH
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substitution. This offset effect makes  of ion exchange in most zeolites become 

relatively low energetic (Table 2-3). Because K of reaction 2-1 is related to  as by 

the van’t Hoff equation: 

Δ o
R,T,PH

Δ o
R,T,PH

o
R,

2

ln T,PHd K
dT RT

Δ
=          (2-5) 

the smaller the magnitude of , the less temperature dependence of K. As a 

consequence, the offset effect reduces the temperature dependence of ion exchange in 

zeolites. In the case of dehydrated zeolites, without the heat of partial de/hydration 

during the ion exchange, the values of  show large discrepancy from those of ion 

exchange in zeolites (Table 2-3). Some of the  are different in magnitude, some 

are even reversed (the exchange between the same cation pair is exothermal in 

hydrated zeolites but endothermal in dehydrated zeolites). Consequently, the change of 

water content in zeolites across the ion exchange is of significance for the 

thermodynamics of reaction. 

Δ o
R,T,PH

Δ o
R,T,H P

Δ o
R,T,PH

Entropy of Ion Exchange 

The discussion of  of ion exchange in this study was restricted due to the 

limited literature data S  for ion-exchanged zeolites. The  at reference temperature 

(Tr=298.15 K) and pressure (Pr=1 bar) is represented by the expression 

Δ o
R,T,PS

o oS

= + +∫r r

298.15 o
o o oSP

CON PHASE
0

T ,P
CS dT S
T

       (2-6) 

where  is the configurational entropy which results from mixing on exchangeable 

cations with the same energy; and  is the entropy change associated with any 

o
CONS

o
PHASES
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phase transition between 0 and 298.15 K. No discontinuities have been observed in the 

temperature dependence of  of zeolties below 298.15 K, and thus  are equal to 

zero for these minerals. The part integrated from  is thermal entropy at 298.15 K 

( ). The  may be calculated from crystal structure determiniation and can vary 

substantially between individual specimens of a given zeolite. The  is independent 

of temperature, making the contribution from S  dominate the calculation of  

as a function of temperature.  

o
PC

o
298.15

o
298.15

Δ

o
R,T,P

o
PHASES

o
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o
29S

o
PC

8.15

C

o
298.15S o

CONS

S

15

o
29 Δ o

R,T,PG

o
298.15S

Δ o
R,T,PS

Direct calculation of S  is difficult because  of most zeolites are unknown. In 

order to overcome this limitation,  of ion-exchanged zeolite endmembers were 

estimated using the algorithms suggested by Neuhoff (2000). Comparing  of ion-

exchanged zeolites (e.g., clinoptilolite and merlinolite, Table 2-1) indicates that  

increases with decreasing cation size (e.g., K+ < Na+ < Ca2+). The data of natrolite, 

mesolite, scolecite, and merlinoite show that the difference of S  among the ion-

exchanged zeolites is relatively small compared to that of cations and H2O. The  

of ion exchange in zeolites is thus dependent on the  of cation pairs and H2O. 

However, the variations of S  in these two components are usually in opposite 

direction. For instance, the substitution of a larger cation like K+ for a smaller one like 

Na+ in the merlinoite reduces , whereas the partial dehydration associated with 

the ion exchange leads to the conversion of water molecules in the merlinoite to liquid 

phase, which increases Δ . For the exchange occurring between the common 

o
P

o
29S

o
298.15S

o
R,T,P

8.15

o
298.

8.15

S

S
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cation pairs in zeolites, the contribution of H2O to  is generally smaller than that 

of cation pair. As a consequence, the substitution of large cations for the small cations 

in zeolites usually results in a negative . 

Δ o
R,T,PS

Δ o
R,H

zeolite

Δ o
R,T,PS

o
PC

o
P,HC

Heat Capacity of Ion Exchange 

The  of the phases in the reaction as a function of temperature are required in 

order to calculate  and ultimately evaluate the temperature integrals in Eq. 2-3. 

The numeric consequences of  are most pronounced at elevated temperatures as 

this function is integrated over temperature to derive , , and . Thus, 

the assumptions concerning the magnitude of  can have an important effect on the 

magnitudes of other thermodynamic properties regressed from phase equilibrium 

observations, particularly those made at elevated temperatures. 

o
PC

Δ o
P, RC

o
PC

T,P Δ o
R,T,PS Δ o

R,T,PG

o
PC

The temperature dependence of  above 298.15 K is typically represented by 

empiracle polynomial expressions such as the Maier-Kelley (1932) function 

o
PC = a + bT + cT 

-2         (2-7) 

where a, b, and c are empirical fitting coefficients and the unit of T is K. The difference 

between  of hydrated and dehydrated zeolites can be considered as the heat 

capacity of water molecules in the zeolties ( ), which varies somewhat between 

zeolties. The reported can be used to assess the  of the other zeolites by 

assuming that the Δ  is negligible for a constructive reaction between structurally 

related zeolites and the oxides (cf. Eq. 2-2; Helgeson et al. 1978). For hydrated zeolites, 

the reliability of estimated  generated using this method (as well as other published 
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PC
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2 zeolite

o
P,H OC

o
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o
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o
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estimation algorithms; Berman and Brown 1985; Robinson and Haas 1983) is 

dependent on the similarity of between the minerals participating in the 

algorithm. Using two zeolites with significantly different as structural analogs for 

each other would lead to large uncertainties in  estimates. This source of error is 

generally minimized when this method is used for the structurally similar zeolites. The 

estimated coefficients for  of the ion-exchanged zeolites (except  of merlinoite, the 

coefficients for which were regressed from the directly measured  at different 

temperatures by Donahoe et al. 1990) are listed in Table 2-2. The  of cations and 

H2O were calculated with the aid of the computer code SUPCRT92 (Johnson et al. 

1992). Knowing the  of all the species in reaction 2-1,  of the ion exchange 

were then calculated via equation 2-2 (Table 2-3). 

2 zeolite

o
P,H OC

ΔV

2 zeolite

o
P,H OC

Δ o
P, RC

o
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o
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o
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o
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C

o
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oV

Volume of Ion Exchange 

Zeolites tend to be well crystallized, affording reliable determination of the 

standard volumes ( ) by x-ray diffraction (XRD) measurements of unit cell parameters. 

The  of some ion-exchanged zeolites were calculated from the unit cell parameters 

(Table 2-1). The data for clinoptilolite were actually the difference of total space 

occupied by both cations and water molecules between the Na-clinoptilolite and the 

other cation forms of clinoptilolite (Yang et al. 2001). These values were estimated by 

the moles of water molecules and the cation radii in a six-fold coordination in the 

clinoptilolite, their errors are thus relatively greater than those of the other. Note that the 

cation exchange within the extraframework of zeolites usually cause insignificant 

variations in . It thus appears that  depends primarily on the  of cations and 

oV

oV o
R,T,P
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H2O.  The results of  of cations and H2O as a function of temperature and pressure 

computed by SUPCRT92 indicate that they are insensitive to temperature. An offset 

effect similar to that in Δ  has also been observed in . For instance, the 

substitution of K+ for Na+ in merlinoite causes partial dehydration. The change of  

from K+ to Na+ is negative, whereas that from H2O is positive. Although these two parts 

of  depend on the size difference of cation pair as well as the framework (Si/Al ratio) 

of zeolites (as shown by the merlinoite samples with different Si/Al ratios), their 

contributions to the  become rather small due to the offset effect, and have the 

same order of magnitude as the volume change of ion-exchanged zeolites. As a result, 

the  of ion exchange in zeolites are generally very small. Because the ion-

exchanged zeolites of different charge cations have greater volume change than those 

of same charge cations, the  of the former is correspondingly larger than that of 

the latter. 

oV

Δ o
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Temperature and Pressure Dependence of Reaction 

The lnK for ion exchange in clinoptilolite, chabazite, and merlinoite were calculated 

as a function of temperature (Figure 2-2, 2-3, and 2-4). The results illustrate a significant 

temperature dependence of the reaction. The exchange between different cation pairs 

in the same zeolite also behaves quite differently with temperature. The selectivity of 

zeolites on certain cations can even be reversed with increasing temperature, such as 

Ca2+/K+ in clinoptilolite (Figure 2-2) and K+/Na+ in chabazite (Figure 2-3). Comparison of 

the lnK of merlinoite having different Si/Al ratio (Figure 2-4) indicates that Si/Al ratio can 

influence the selectivity of zeolites, as well as the behavior of lnK with temperature. It 
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seems that the sample with lower Si/Al ratio (P-9) is more sensitive to the one with 

higher Si/Al ratio (P-8). 

    The temperature dependence of ion exchange in clinoptilolite was also 

interpreted from the solubility data of the clinoptilolite endmembers. The solubilities of 

Na- and K-clinoptilolite were determined by Wilkin and Barnes (1998) in dilute solutions 

under 573.15 K, and that of Ca-clinoptilolite was measured by Benning et al. (2000) 

between 298.15 and 548.15 K. The equilibrium constant of solubility was determined as 

a function of temperature for these homoionic clinoptilolite. The lnK of ion exchange in 

clinoptilolite (K+/Na+, Ca2+/Na+, and Ca2+/K+) could thus be calculated as a function of 

temperature from the equilibrium constants of solubility of the clinoptilolite endmembers 

(Figure 2-5). These thermodynamic results, particularly for K+/Na+ are generally in 

agreement with those calculated from the thermodynamic properties of ion exchange 

(Figure 2-3). However, the lnK of Ca2+/Na+ and Ca2+/K+ calculated from solubilities 

change more dramatically with temperature than those from thermodynamic properties. 

This discrepancy may result from several aspects. The different chemical compositions 

(including the Si/Al ratio and water content) between the clinoptiolite samples in these 

studies can cause the different behaviors of ion exchange. The Ca-clinoptilolite studied 

by Yang et al. (2001) contains Mg2+, which was involved in the thermodynamic 

calculations, whereas the minor cations were not taken into considerations in the 

solubility studies. Inspection of solubility study for Ca-clinoptilolite indicated that its 

equilibrium constant of solubility as a function of temperature was regressed from the 

data at limited number of different temperatures (only two for the temperature below 

373.15 K). Large uncertainties might exist in the regression of limited data points. In 
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addition, the  of the clinoptilolite endmembers in this study were not experimental 

results, which could to some extent affect the thermodynamic calculations of lnK.  

Δ o
P, RC

    The pressure dependence of ion exchange in zeolites is relevent to , and 

the results are shown in terms of lnK at different pressures (Figure 2-2, 2-4). When 

 is positive, the higher P leads to a lower lnK; and a negative  results in a 

greater lnK at higher P. As discussed above, the Δ  of ion exchange in zeolites is 

generally small and insensitive to the temperature and pressure. The little change in 

volume during the reaction leads to a negligible impact of P on the ion exchange of 

zeolites. However, for some zeolites like clinoptilolite the Δ  may be relatively large 

(although with uncertainties), so the high pressure can cause relatively big change in 

lnK.  

Δ o
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Δ o
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o
R,T,PV

o
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Geological Implications 

Zeolites are common authigenic minerals in deep oceanic sediments, and believed 

to play an important role in the interaction between the sediments and hydrothermal 

fluids because of their high ion-exchange capacities. Most zeolites in the deep sea are 

formed by hydrothermal alteration of volcanic glass, and are commonly zoned vertically 

with depth, temperature, and interacting fluids (Alt et al. 1986). For instance, James and 

Silver (1988) studied the cores and cutting samples from the Cajon Pass Deep Drillhole, 

and found that zeolites occurred most intensely in faulted and fractured zones. This 

observation was consistent with the suggestion that the San Andreas fault was marked 

by fractured rocks with abundant high-temperature geothermal fluids permitting 

extensive zeolitic alteration (Wang 1984; Wang et al. 1986). Evans and Chester (1995) 
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investigated the variations of fluid-rock interactions in rock at different sites on the San 

Gabriel fault of the San Andreas system, and the results showed that the cataclasite 

evolved with fluid-rock interaction during slip contained clays and zeolite veins which 

were enriched in Fe, Mg, Mn, and Ti relative to the average composition of the protolith. 

Authigenic formation of zeolites were also observed in the basal sediments on the 

Eastern Flank of the Juan de Fuca Ridge, and vertical advection of basement fluid 

through the sediment column was required to produce the zeolitic alteration (Buatier et 

al. 2001). 

The thermodynamic models of ion exchange in zeolites as a function of 

temperature and pressure can help understand the zonation of zeolites enriched in 

different cations. The temperature and pressure varies in the hydrothermal occurrence 

of zeolites, and the impact of these factors on the cation selectivity of zeolites has to be 

considered in the studies of zeolite-fluid interaction. For example, Ogihara and Iijima 

(1989) investigated the chemistry of zeolite zones in Japanese arc-related basins and 

found several trends of clinoptilolite composition with depth: in some areas NaK-

clinoptilolite was gradually converted to Na-clinoptilolite with increasing depth whereas 

in others Na-clinoptilolite was converted to Ca-clinoptilolite with depth. Similarly, 

petrologic studies at Yucca Mountain by Broxton et al. (1987) demonstrated that 

clinoptilolites were generally K-rich at shallow levels but became more Na- or Ca-rich 

with depth. Broxton et al. (1987) hypothesized that the exchangeable cation contents 

were influenced by the differences in the composition of groundwaters and/or the 

mineral’s cation exchange properties. However, Ogihara (2000) found that the 

clinoptilolite in calcite-cemented tuff at 1100 m depth in the offshore MITI-Somaoki 
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borehole was not Ca-rich, although it had certainly been in contact with Ca-rich pore 

water during calcite cementation. The discrepancies of these observations can be 

explained by the temperature and pressure dependence of cation selectivity in 

clinoptilolite. The pressure for the above formations of clinoptilolite is generally lower 

than 1 kbar, consequently the temperature dominates the ion exchange of clinoptilolite 

with depth. It can be seen in Figure 2-2 that clinoptilolite has a cation selectivity of 

K+>Ca2+>Na+ at 298.15 K. However, with increasing depth the temperature goes up, 

clinoptilolite becomes more selective for Na+ than Ca2+, and its preference for K+ to Na+ 

decreases. This interpretation is consistent with Ogihara and Iijima (1989)’s 

observations in Japanese arc-related basins. In the Yucca Mountain the present 

temperature of Ca-clinoptilolite zone is no higher than 328.15 K (Broxton et al. 1987), 

and clinoptilolite should have great preference for K+ rather than Ca2+ under this 

condition (Figure 2-3). It is believed that the present diagenetic zones at Yucca 

Mountain were established during an earlier period of higher geothermal gradient when 

the upper crustal magma chambers replaced the Timber Mountain-Oasis Valley caldera 

complex to the north (Byers et al. 1976). The much higher temperature in that period 

might lead to the enrichment of Ca in clinoptilolite. In the case of the clinoptilolite in the 

offshore MITI-Somaoki borehole, the temperature at the depth where clinoptlolite 

appears is 318.15 K. Therefore, even if the pore water was Ca-rich during the calcite 

cementation, if the concentration of K+ reached an appropriate level, clinoptilolite could 

become K-rich due to the high preference for K+ at low temperatures (Figure 2-2). In 

addition, the large proportion of Na+ in seawater might have constrained the absorption 

of Ca2+ into the clinoptilolite.     
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Another significant application of the thermodynamic models might be tracing the 

geochemistry of the latest pore fluid that had contact with the sediments. The high ion 

exchange capacities make zeolites easily absorb certain cations from hydrothermal fluid 

in a short period. Spooner et al. (1977) investigated the strontium isotopic contamination 

during ocean floor hydrothermal metamorphism of the ophiolitic rocks of the Troodos 

Massif, Cyprus. Among the strontium isotope analyses of the hydrothermally 

metamorphosed basalts and dolerites, the 87Sr/86Sr ratio in the zeolite sample was 

closest to that in the source of contamination (Campanian sea water). Besides, the 

Rb/Sr ratio in the zeolite sample was 0.013, indicating that the zeolite sample had great 

selectivity of Sr to Rb. These observations demonstrate that zeolites can be good media 

to record the isotopic signatures of the hydrothermal fluid during water-rock interaction. 

The thermodynamic models of ion exchange in zeolties can be used to determine the 

cation selectivity of zeolites at certain temperature and pressure, which makes it clear 

that which isotopes and trace elements can be absorbed by zeolites during the 

hydrothermal alteration. In addition, the geochemistry of the fluid can be reconstructed 

based on the isotopic analyses of the zeolite samples. 



 

Table 2-1.  Literature data for the thermodynamic properties of the ion-exchanged zeolite 

Zeolite Chemical composition Δ o
f,HyH e  

(kJ/mol) 
Δ o

f,AnhyH f  
(kJ/mol) 

Δ o
HydH g 

(kJ/mol-H2O)

o
298.15S  

(J/mol/K ) 

oV   
(cm3/mol)

Natroltiea Na2Al2Si3O10·2H2O -5718.6±5.0   359.73±0.72 1353.77 

Mesolitea Na0.67Ca0.67Al2Si3O10·2.67H2O -5947.1±5.4   363±2 4107.10 

Scolecitea CaAl2Si3O10·3H2O -6049±5.0   367.42±0.72 1378.47 

Na-Clinoptiloliteb Na0.182Al0.182Si0.818O2·0.572H2O -1130.05±1.00 -949.25±1.60 -30.24 80.46±1.5 10.80h 

NaK-Clinoptiloliteb Na0.097K0.085Al0.182Si0.818O2·0.495H2O -1109.49±1.04 -953.99±2.20 -28.30 75.91±1.5 9.74h 

K-Clinoptiloliteb K

K

K

K

K

0.182Al0.182Si0.818O2·0.433H2O -1094.21±1.12 -957.06±2.32 -30.91 72.47±1.5 9.01h 

CaClinoptiloliteb Ca0.084Mg0.008Al0.182Si0.818O2·0.646H2O -1153.78±1.07 -951.52±1.60 -27.25 82.16±1.5 11.88h 

Na-Chabazitec Na3.33K0.01Si8.69Al3.31O24·11.69H2O -15235.8±27.9 -11624.29±27.9 -23.1   

K-Chabazitec 3.23Si8.69Al3.31O2·4 8.9H2O -14529.8±22.2 -11770.44±22.2 -24.2   

Li-Chabazitec Li3.75Na0.15K0.02Si7.11Al4.89O24·12.52H2O -15929.4±19.8 -12021.41±19.8 -26.3   

K-Chabazitec 4.79Si7.11Al4.89O24·10.63H2O -15439.8±19.0 -12053.72±19.0 -32.7   

NaK-Merlinoited Na0.81K0.19AlSi1.94O5.88·2.13H2O -3591.2±2.9   282.4±0.4 1204.43 

KNa-Merlinoited 0.8Na0.2AlSi1.94O5.88·1.81H2O -3519±2.9   276.6±0.4 1217.68 

K-Merlinoited KAlSi1.94O5.88·1.69H2O -3481.8±3.0   274.3±0.4 1209.25 

NaK-Merlinoited Na0.81K0.19AlSi1.81O5.62·2.18H2O -3488.3±2.8   274.6±0.4 1229.12 

KNa-Merlinoited 0.91Na0.09AlSi1.81O5.62·1.79H2O -3387.3±2.8   260.5±0.3 1211.66 

K-Merlinoited KAlSi1.81O5.62·1.69H2O -3360±2.8   259.7±0.3 1198.41 
aJohnson et al. (1983). bYang et al. (2001). cShim et al. (1999). dDonahoe et al. (1990). e Δ o

fH  of hydrous zeolites. f Δ o
fH  of 

anhydrous zeolites. gEnthalpy of hdyration. hThe overall volume occupied by water molecules and cations.
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Table 2-2.  Mair and Kelley coefficients (Eq. 2-4) describing the temperature 
dependence of heat capacity for zeolites 

Zeolite a b×103 c×10-5 Tmax  
(K) 

Natroltie 279.69 452.8 -46.0513 403 

Mesolite 201.21 660.3 -20.3342 473 

Scolecite 151.17 801.6 -6.1505 473 

Na-Clinoptilolite 83.76 80.9 -19.6075 498 

K-Clinoptilolite 77.55 67.9 -18.5218 498 

Ca-Clinoptilolite 81.54 86.3 -18.7859 498 

Na-Chabazite 1191.58 877.9 -143.8627 313 

K-Chabazite 976.51 1434.3 -255.7210 313 

Li-Chabazite 1242.41 1834.5 -348.1166 313 

K-Chabazite 1230.76 1656.2 -304.9686 313 

NaK-Merlinoitea -6.39 1068.1 -0.0004 318 

KNa-Merlinoitea 4.35 942.4 -0.0037 343 

K-Merlinoitea 5.68 920.0 -0.0040 315 

NaK-Merlinoiteb -7.36 1050.4 0.0000 313 

KNa-Merlinoiteb 5.60 872.0 -0.0039 316 

K-Merlinoiteb 7.55 850.1 -0.0045 320 
aMerlinoite with Si/Al rations of 1.94 (P-9). bMerlinoite with Si/Al rations of 1.81 (P-8). 
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Table 2-3.  Thermodynamic properties of ion exchange in zeolites 
Δ o

P, RC  
(J/mol K) Ion exchange reaction (Bb+/Aa+)a 

Δ o
R,T,PH  

(kJ/mol) 
Δ o

R,T,PS  
(J/mol K) 

Δ o
R,T,PG  

(kJ/mol) 
Δ o

R,T,PV  
(cm3/mol)

a b×103 c×10-5 

Natrolite (Ca2+/Na+)↔Mesolite 2.78 56.48 -14.06 0.76 70.43 62.6 -37.9751 

Natrolite (Ca2+/Na+)↔Scolecite 8.88 54.13 -7.26 0.51 65.03 81.4 -37.3125 

Chabazite (K+/Na+) -15.68 -30.13 -6.69  162.63 -141.8 -101.8404 

Chabazite (K+/Li+) 17.57 105.58 -13.91  9.17 -33.8 18.3434 

Dehydrated Chabazite (K+/Na+) -32.09 -85.18 -6.69  170.59  -52.3  -112.5329 

Dehydrated Chabazite (K+/Li+) -33.22 -64.77 -13.91  13.77  18.0  12.1587  

Clinoptilolite (K+/Na+) -9.58 -3.63 -8.50 -6.25 191.02 -381.1 -62.4065 

Clinoptilolite (Ca2+/Na+) 16.64 61.12 -1.58 6.14 95.41 -17.3 -43.0188 

Clinoptilolite (Ca2+/ K+) 26.22 64.74 6.92 12.38 -95.60 363.6 19.3873 

Dehydrated Clinoptilolite (K+/Na+) -31.11  -33.35  -8.50   193.20  -315.0  -63.6713  

Dehydrated Clinoptilolite (Ca2+/Na+) 18.33  71.30  -1.58   94.25  -52.5  -42.3455  

Dehydrated Clinoptilolite (Ca2+/ K+) 49.44  104.65  6.92   -131.69  247.1  19.3873  

Merlinoite(P-9) (K+/Na+) -8.41 -14.77 -4.14 0.06 233.88 -495.6 -68.7417 

Merlinoite(P-8) (K+/Na+) -2.72 -18.85 2.95 -2.63 239.11 -559.3 -68.6406 
aBb+/Aa+ means the substitution of Bb+ for Aa+ in zeolites.
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Figure 2-1.  The water contents of ion-exchaged zeolites: clinoptilolite (Yang et al. 2001), 

chabazite (Shim et al. 1999), merlinoite (Donahoe et al. 1990), zeolite-Y 
(Yang and Navrotsky 2000), natrolite-mesolite-scolecite (Johnson et al. 1983). 
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Figure 2-2.  The lnK of ion exchange in clinoptilolite as a function of temperature. The 

cation before the slash substitutes the one after it. The solid curves represent 
the reactions under 1 bar, and the dashed ones represent those under 3 kbar. 
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Figure 2-3.  The lnK of ion exchange in chabazite as a function of temperature. See the 

caption of Figure 2-2 for explanation of symbols. 
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Figure 2-4.  Temperature and pressure dependence of lnK for ion exchange in 

merlinoite. See figure captions of Figure 2-2 for explanation of symbols and 
curves. 

47 



 

48 

 
 
Figure 2-5.  The behavior of lnK with temperature for ion exchange in clinoptilolite. The 

curves were calculated from the solubility data of clinoptilolite endmembers 
(Wilkin and Barnes 1998; Benning et al. 2000). 

 



 

CHAPTER 3 
SYNTHESIS, COMPOSITIONAL VARIATION, AND MIXING PROPERTIES IN NA-K 

MORDENITE SOLID SOLUTIONS 

Introduction 

The energetics of water within zeolites exerts a profound influence on their stability 

and behavior in natural and engineered systems. Due to the high water content in 

zeolites, the equilibria between zeolites and water are important to their stability in 

diagenetic and low-grade metamorphic environments, which may be used to determine 

the conditions of metamorphism (Carey and Bish 1996). For instance, the partial 

dehydration of laumontite during metamorphism and diagenesis leads to the formation 

of leonhardite. Consideration of leonhardite as a mineral species distinct from 

laumontite facilitates prediction of relative stability of zeolites in geologic systems 

(Neuhoff and Bird 2001). In addition, the hydration capacity and energetics of zeolites 

are integral to the heat evolution at radioactive waste repository like Yucca Mountain. 

The hydration state of zeolites in response to the thermal energy consumption plays a 

large role in water heat budgets after waste burial (e.g., Bish et al. 2003; Long and 

Ewing 2004; Wang and Neuhoff 2008b). Besides the environmental conditions, the 

properties of zeolites themselves such as chemical composition can also cause large 

difference in the water behavior. 

Previous studies on the thermodynamic properties of zeolties indicate that the 

amount and behavior of zeolitic water vary due to the extraframework cation 

compositions in zeolites. Carey and Bish (1996) performed clinoptilolite-water 

equilibrium experiments, and the results showed that the maximum water sorption 

capacities for the Na-, K-, and Ca-exchanged clinoptilolite samples were different. Yang 

et al. (2001) also studied the thermodynamics of natural and ion-exchanged clinoptilolite 
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by high-temperature calorimetry. They suggested that the average ionic potential of the 

extraframework cations not only affects the hydration capacity of clinoptilolite, but also 

has significant impact on its energetics. Another example of the relationship between 

cations and water molecules in zeolites is provided by natrolite and scolecite (e.g., 

Johnson et al. 1983; Passaglia and Sheppard 2001). These two natural zeolites have 

identical framework, but the different extraframework cations lead to distinct water 

contents and energetics. Most of previous studies about the thermodynamics of ion-

exchanged zeolites focused on the endmembers in terms of the cations. However, the 

fact is that most rock-forming zeolites are solid solutions of mixing cations, and the 

energetics of water are heterogeneous and vary with the cation composition. As a 

consequence, detailed information for the relationship between cations and water 

molecules in the zeolite solid solutions is thus required for better understanding the 

stability of zeolites in the geologic systems.  

The present study investigates the relationship between the cation mixing and 

water content and behavior in mordenite. Mordenite is one of the most common rock-

forming zeolites exhibiting exchangeable ion solutions independent of Si/Al ratio (e.g., 

Neuhoff and Ruhl 2006). Mordenite solid solutions involving Na+ and K+ were generated 

by binary ion exchange experiments. The thermodynamic properties and water contents 

of mordenite solid solutions between homoionic Na and K-forms were determined to 

interpret the effect of cation mixing on the energetics and site occupancy of the water 

molecules. In addition, enthalpies of formation (ΔHf) for mordenite endmembers and 

solid solutions were determined to assess the mixing properties of mordenite solid 

solutions. 
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Experimental Methods 

Sample and Characterization 

The zeolite sample used in this study was synthetic Na-mordenite powder (CBV 

10A) obtained from Zeolyst International. X-ray powder diffraction (XRD) data collection 

of mordenite sample was performed at 25 °C on a Rigaku Ultima IV X-ray diffractometer 

with Ni-filtered CuKα radiation generated at 40 kV and 44 mA. Sample purity and phase 

identity were confirmed by the XRD data. Homoionic K-mordenite was produced by 

immersing ~ 50 g of Na-mordenite in 500 ml of 1 N KCl solution. High-density 

polyethylene (HDPE) bottles containing Na-mordenite powder and KCl solution was 

kept in an oven at 80±1 °C. Bottles were shaken frequently to ensure mixing between 

the powder and solution. The KCl solution was replaced every week, and the progress 

of the homoionic exchange was monitored by inspecting the Na+ concentrations in the 

replaced chloride solutions using a Denver Instrument sodium ion selective electrode 

(ISE) and a Denver Instrument electrochemistry meter 250. Large interferences caused 

by the high concentrations of K+ in the replaced solutions were detected in the ISE 

measurements. However, the concentration of Na+ was found to decrease in each 

replaced solution. After twelve weeks, the accomplishment of the homoionic exchange 

was suggested by nearly constant values of Na+ concentrations in three or more 

replaced chloride solutions and ultimately confirmed by analysis of the resultant 

mordenite samples (see below). Finally, the ion-exchanged mordenite powder was 

separated from the solution by centrifuge, then washed with deionized water and dried 

naturally at room temperature. 

Mordenite solid solutions of mixed Na+ and K+ content were generated by binary 

ion exchange of Na-mordenite with 0.1 N chloride solutions containing Na+ and K+ in a 
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known equivalent concentration ratio. Well-mixed suspensions of these solutions and 

Na-mordenite powder in 250 mL HDPE bottles were kept in a climate-controlled lab with 

constant room temperature at 25±1 °C, and frequently shaken for at least one week. 

The consistent results of reversed experiments starting with K-mordenite indicated that 

the binary ion exchange experiments had reached equilibrium. The mass of Na-

mordenite and the equivalent concentration ratios of Na+ and K+ were adjusted to yield 

five mordenite solid solutions of different mole fraction of K+ (XK+). The cation 

concentrations of the chloride solutions after ion exchange were analyzed on a Dionex 

ion chromatography (IC) system in the hydrochemistry lab of the University of Florida 

and subsequently used to determine (by mass balance) the compositions of the 

resultant mordenite solid solutions.  

Mordenite endmembers and solid solutions were analyzed using a battery of 

analytical methods to assess sample purity, composition, and structure. The samples of 

mordenite endmembers and solid solutions were analyzed by XRD to verify sample 

purity (absence of newly-formed phases) and determine unit cell parameters. Bulk 

compositions of dehydrated mordenite endmembers and solid solutions were 

determined by x-ray fluorescence (XRF) at the Department of Geociences, University of 

Wisconsin-Milwaukee (e.g., McHenry 2009).  

Thermogravimetry  

The thermogravimetric analyses (TGA) for the mordenite samples were conducted 

on a Netzsch STA 449C Jupiter simultaneous thermal analysis system and a TA 

Instruments Q5000 sorption analyzer in the physical geochemistry lab of the University 

of Florida. The former instrument can monitor the mass change and differential 

scanning calorimetric (DSC) signal of a sample simultaneously in a wide range of 
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temperatures (up to 675 °C), and the latter can be used to measure the mass of a 

sample over the full range of relative humidity (RH) from 0 to 98% between 5 and 85 °C. 

Temperature and caloric calibrations for Netzsch STA 449C Jupiter simultaneous 

thermal analysis system were performed using data based on the DSC response of 

standard materials. A multipoint temperature calibration curve was developed using the 

melting points of H2O, Ga, In, Sn, Bi, Zn, and Al along with the solid-solid transition 

points of CsCl and quartz (Cammenga et al. 1993; Gmelin and Sarge 2000; Hohne et al. 

1990; Sabbah et al. 1999). Because these materials are incompatible with the Pt-Rh 

crucible used in the experiments, temperature calibration was conducted in identical 

crucibles lined with a sub-millimeter thick insert of alumina. Caloric calibration was 

accomplished by the heat-flow rate method (Gmelin and Sarge 2000) using the DSC 

response of synthetic sapphire (Gmelin and Sarge 2000; Sabbah et al. 1999; Sarge et 

al. 1994; Stolen et al. 1996). The background-corrected DSC response of a synthetic 

sapphire disk similar in mass to the experimental charges was measured at heating 

rates of 5, 10, 15, and 20 K/min over the range of temperatures encountered in this 

study. Caloric calibration factors calculated from results at each heating rate agreed 

within 1% and were a nearly linear function of temperature. A gravimetric measurement 

of deliquescent salts (NaBr in this study) was used to verify the humidity control at 25 °C 

over the range of 5 to 98%RH for Q5000 sorption analyzer (Greenspan 1977). The RH 

for NaBr was decreased linearly from 98 to 5% at a humidity ramp rate of 0.2%RH/min. 

The calibration was accomplished by obtaining a deliquescence point (defined as the 

percent relative humidity where the derivative of mass change with respect to the RH is 

zero) of NaBr that was consistent with the theoretical value (57.6±2%RH).  
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Water contents of mordenite were found to be sensitive to the RH between 0 and 

98%RH at 25 °C. Two types of experiments were thus conducted. First, complete 

dehydration of mordenite was conducted on the Jupiter system by heating 20-30 mg of 

sample to 650 °C (e.g., Neuhoff and Wang 2007a, 2007b; Wang and Neuhoff 2008b) 

after the sample was first equilibrated at ~ 40%RH (the maximum humidity conditions 

obtainable in the Jupiter system at room temperature). Second, the mass change of the 

same sample was measured as a function of RH using the TA sorption analyzer at room 

temperature to determine the maximum sorption capacity at 25 °C.  

Mordenite-H2O equilibrium experiments were conducted on the TA instrument 

sorption analyzer. The RH of the chamber was provided by mixing dry N2 gas with 

water-saturated N2, and it was adjusted by the automated RH control. The experiments 

were performed based on the methods designed by Carey and Bish (1996). For each 

experiment, 5-10 mg of sample was placed in a metal-coated quartz crucible, and 

equilibrated at 40%RH and experimental temperature. Then the RH was decreased to 

0% and the sample was stabilized until no mass change was detected. The RH was 

then stepped up to 95%RH and then down back to 0%RH with an interval of 5%RH. 

The sample was allowed to reach equilibrium at each RH, and the mass was monitored 

during the whole experiment. Each sample was run at five different temperatures to 

investigate the effect of temperature on the equilibrium. 

Calorimetry 

The enthalpy of hydration (ΔHHyd) of mordenite was determined using an 

isothermal DSC-based immersion technique (Neuhoff and Wang, 2007b) using the 

Netzsch STA 449C Jupiter device previously described. This technique included two 

parts: complete dehydration by scanning heating and then rehydration under isothermal 
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conditions. Caloric and thermal calibration of the instrument is described above. For 

each experiment, 20-30 mg of mordenite sample was placed into a Pt-Rh crucible with 

unsealed, perforated lids. During the dehydration part, the system was evacuated under 

vacuum and then kept dry under ultra-pure N2 with a constant flowing rate of ∼100 

mL/min. The sample was fully dehydrated by scanning heating to 650 °C at the rate of 

15 K/min and then allowed to cool to the 25 °C. After instrument signals stabilized at 25 

°C, the gas stream was changed to humidified N2 which was generated by bubbling 

ultra-pure N2 gas through a saturated NaCl solution (note that a dry protective gas 

stream was maintained at all times flowing into the base of the sample chamber to 

protect the balance; this gas mixes with the humidified gas resulting in a lower RH than 

that fixed by the solution). The flow rate of humidified gas was maintained at ∼20 

mL/min which resulted in an average water vapor pressure (PH2O) of 13-15 mbar in the 

sample chamber during hydration steps (RH was monitored continuously on the gas 

stream exiting the system using a flow-through humidity meter manufactured by Sable 

Systems). Under this condition the sample was allowed to react until the DSC readings 

stabilized. The mass change during rehydration was exactly the same as that of 

dehydration, and repeated experiments on one mordenite sample gave virtually 

identical results, indicating that the sorption capacity and behavior of mordenite was not 

affected by dehydration and rehydration. 

The enthalpy of solution (ΔHSol,50) in hydrofluoric acid (HF) of endmember and 

intermediate mordenite compositions was determined at Lafayette College (cf. Hovis 

and Roux 1993; Hovis et al. 1998). Sample weights for individual calorimetric 

experiments in the present study ranged from 70 to 100 mg. Each sample was 
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dissolved in 910.1 g (about one liter) of 20.1 weight percent hydrofluoric acid (HF) at 50 

± 0.05 °C, under isoperibolic conditions (meaning that the temperature of the medium 

surrounding the calorimeter was held constant) utilizing an internal sample container 

(Waldbaum and Robie 1970). Either one or two dissolution experiments were performed 

in each liter of acid. Multiple experiments in the same solution had no detectable effect 

on the data, because of the high dilution of dissolved ions in the acid. Due to the high 

water content and sensitivity of mordenite to relative humidity, these samples were not 

dried in a dessicator before the experiments. The samples in this study were fine-

grained powders that dissolved rapidly, but it is not known if such small grain sizes 

produce heat effects related to surface area (Nitkiewicz et al. 1983). Although the 

calorimetric experiments were conducted at 50 °C and 100%RH, sample mass was 

measured at 25 °C and 55-66%RH. Even though the difference between the mass at 

these two conditions was included in the calculations of ΔHSol,50 and ΔHf, the variation of 

surface water content adds uncertainty to the experimental results. 

Results 

Chemical Composition of Mordenite 

The XRF results for major elements for all mordenite samples are reported in 

Table 3-1. Compositions are normalized to LOI-free 100 wt.%, and then converted to 

the number of cations per 24 framework O (Table 3-1). Note that the concentrations of 

Mg, P, and Ca are so small that they are negligible. The amounts of Ti and Fe are 

relatively small compared to those of Na and K, and they are generally constant in all 

samples. Because Ti and Fe are rarely observed in the framework of mordenite, the two 

oxides of these two elements indicated in XRF results were believed to be outside 

impurities. Therefore, Ti and Fe were not included in the formula calculation of 
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mordenite. The results for the mordenite endmembers show the minor cation (K+ in Na-

mordenite, Na+ in K-mordenite) is negligible compared to the major cation, indicating 

that both mordenite endmembers are homoionic. The XK+ of mordenite solid solutions 

calculated from XRF data were compared to those from IC analyses (Table 3-1), and 

both results show great agreement within the uncertainties. The average values of the 

two groups of results were used to calculate the chemical formulae for mordenite solid 

solutions (Table 3-2). 

X-ray diffraction data were used to determine unit-cell dimensions and volumes. 

The XRD pattern of mordenite was recorded between 5 and 65° (2θ) in continuous 

scanning mode with a scanning rate of 2°/min. Unit-cell parameters refinement for all 

samples were carried out with the program using JADE 9.0. A model with orthorhombic 

Cmc21 structure (Alberti et al. 1986) was chosen for the refinement. Unit-cell 

dimensions for all mordenite samples are reported in Table 3-2, and they are within the 

range of previous results: a = 18.052-18.168, b = 20.404-20.527, c = 7.501-7.537 

(Passaglia 1975). Mordenite is the only natural zeolite with a lattice rigid enough to 

withstand significant deformation during dehydration (van Reeuwijk 1974). Therefore, 

the unit cell determinations are not significantly impacted by the hydration state of the 

mordenite samples. It can be seen that the unit cell dimensions in mordenite vary non-

linearly with cation composition (Figure 3-1). The three unit cell parameters generally 

decrease and then increase with increasing XK+. The variation of parameter c is smaller 

than the other two. The molar volume of mordenite solid solution also shows 

nonlinearity with cation composition, indicating the existence of excess volume of mixing 

(Vex) in mordenite solid solutions. The Vex is negative, suggesting that mixing of Na+ and 
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K+ in extraframework tends to reduce the volume of mordenite. The maximum Vex is 

estimated to be ~ -10 cm3/mol for mordentie solid solution.  

Dehydration of Mordenite 

The dehydration behavior of mordenite is illustrated in Figure 3-2. The broad 

endotherm apparent in the DSC signal reflects the heat of dehydration. The behavior of 

the DSC signal mirrors that of the first derivative of TGA (dTGA) curve almost exactly. It 

can be seen that besides the major peak there is another small one shown by both DSC 

and dTGA curves at ~ 300 °C. The small peak in dTGA of mordenite suggests an 

abrupt change in the rate of dehydration. The two peaks shown by the DSC curve 

suggest that there are two energetically distinct sets of water molecules in mordenite: 1) 

a relatively less energetic set of water molecules (W1) resulting in the endotherm at ~ 

120 °C; and 2) a relatively more energetic set of water molecules (W2), the dehydration 

of which is related to the endotherm at ~ 300 °C. The peak center around ~ 300 °C 

becomes less pronounced with increasing XK+ in mordenite. In order to better 

demonstrate the existence of W2, dehydration experiments were performed on the 

partially rehydrated Na- and K-mordenite, which were generated by allowing the 

dehydrated samples to absorb only a small amount of water. Unlike the fully hydrated 

mordenite, the partially rehydrated samples appeared to be very stable and no mass 

change was observed at 25 °C under dry condition (nearly 0%RH). The DSC curves for 

the dehydration of partially rehydrated samples both show only one obvious peak 

(Figure 3-3), indicating that the early rehydration only occurs at W2.  

Hydration of Mordenite 

Both dehydrated Na- and K-mordenite show a strong water sorption capability in a 

humid environment, but they behaved somewhat differently during hydration. 
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Dehydrated mordenite samples could become easily hydrated at 25 °C and ~ 40%RH, 

and repeated cycling of the same sample through the dehydration and rehydration steps 

of this procedure did not affect the sorption capacity of mordenite. The hydration 

behaviors of Na- and K-mordenite are presented in Figure 3-4. The dTGA curve of K-

mordenite shows that its hydration rate is relatively constant for the majority of reaction 

(near-zero order) after initial exposure to humid gas until the final portion of the reaction, 

where the rate of reaction decreases exponentially. As for Na-mordenite, the dTGA 

curve shows a general constant hydration rate during the first half of major portion of 

reaction, but the abrupt increase indicates that the second half has a higher rate of 

hydration than the first half. It thus appears that the difference between the energetics of 

W1 and W2 is greater in Na-mordenite than in K-mordenite, which is consistent with the 

dehydration results presented above. 

The heat flow during hydration of mordenite is proportional to the area under the 

DSC curve, which allows a calculation of the integral enthalpy of hydration ( ) by 

the equation: 

HydHΔ

Hyd
gain

18.015UH
km

−
Δ =          (3-1) 

where U is the area under the DSC curve, mgain is the mass gained in the rehydration 

and k is the caloric calibration factor. Calculated  of mordenite (Table 3-3) from 

the results shown in Figure 3-4 (as well as those not shown for intermediate 

compositions) is a linear function of XK+ (Figure 3-5). The result of  for Na-

mordenite is within error of previous literature data (Table 3-3).  

HydHΔ

HydHΔ
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Energetics of W1 and W2 

The different behaviors of W1 and W2 observed in both dehydration and hydration 

of mordentie can also be reflected by partial molar enthalpy of hydration ( HydHΔ ) (e.g., 

Fialips et al. 2005; Neuhoff and Wang 2007b), which can be determined by taking finite 

difference derivatives of the TGA curve and the area under the DSC curve in Figure 3-4 

(Neuhoff and Wang, 2007b). Partial molar enthalpy of hydration was thus calculated as 

a function of water content for mordenite (Figure 3-6), which clearly indicates the 

presence of energetically distinct water types in mordenite. The data demonstrate that 

the water is absorbed into W2 and W1 sequentially. The first occurs between water 

contents of 0 and ~ 3 H2O per formula unit (pfu) of mordenite, for which Δ HydH  is 

generally constant, and this part corresponds to the absorption in W2. Between water 

contents of ~ 3 and ~ 6 H2O pfu, Δ HydH  increases gradually and then becomes relatively 

constant until reaction ceases. The scatter in the data at the highest water contents is a 

consequence of the relatively large errors associated with integrating and differentiating 

the small DSC and dTGA signals, respectively, at the end of the experiment. The high 

degree part of hydration is relatively less energetic and represents the absorption in W1. 

In addition, the results shown in Figure 3-6 (as well as those not shown for mordenite 

solid solutions) suggest that the amount of water in W2 is insensitive to cation content at 

3 H2O pfu. 

The total heat evolved during the course of hydration was plotted as a function of 

mass absorbed for both Na- and K-mordenite (Figure 3-7). It can be seen that the 

cumulative heat of Na-mordenite appears to include two different linear parts (Figure 3-

7A), whereas the difference between the slopes of the two linear parts in K-mordenite is 
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relatively less obvious (Figure 3-7B). In comparison with Δ HydH data (Figure 3-6), the two 

linear parts (low-dgree and high-degree hydration) represent water absorption in W2 

and W1, respectively. And the average ΔHHdy of W1 (ΔHHyd,W1) and W2 (ΔHHyd,W2) can 

be calculated from the slopes of linear regressions for high-degree and low-degree 

hydration, respectively (Table 3-4).  

Mordenite-H2O Equilibrium 

Isothermal TGA data for Na- and K-mordenite were collected at 25, 35, 50, and 60 

°C as a function of PH2O (Figure 3-8) to investigate the role of PH2O in the mordenite-H2O 

equilibrium. The results show that the water contents of Na- and K-mordenite never 

reached a level below 3 H2O pfu in these experiments. Therefore, only water molecules 

in W1 exhibited de/hydration under the conditions of these experiments. Figure 3-8 

shows that when the saturation vapor pressure was approached, the apparent water 

content of mordenite increased dramatically at 25 °C, and to a lesser extent at 35 and 

50 °C. However, the mass of mordenite had a more remarkable increase at 60 °C than 

at the lower temperatures, and could not stabilize readily. The increase in water content 

at high vapor pressures likely reflects intercrystalline condensation and not water 

molecules absorbed into mordenite (e.g., Carey and Bish 1996). Hysteretic sorption 

behavior was observed at relatively high PH2O in all experiments, suggesting that part of 

W1 in mordenite is similar to the water in nm-scale pores and clay interlayers. The 

comparison between the results of Na- and K-mordenite shows that the behaviors of 

W1 in these two endmembers are quite similar to one another in response to PH2O, and 

the only difference is that the water content of W1 in Na-mordenite is systematically 

greater than that in K-mordentie. 
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The maximum water content (nH2O) of mordenite endmembers and solid solutions 

at saturated PH2O were extrapolated from the isotherms of mordenite-H2O equilibrium at 

25 °C. Because the increase of water content at relatively high PH2O (e.g., > 22.13 mbar 

for Na-mordenite) was caused by the intercrystalline condensation effect, it was 

necessary to exclude this part of data for extrapolation. A power function regression 

was performed for the data at relatively low PH2O, and the function was used to calculate 

nH2O with saturated PH2O. The results of nH2O for the mordenite endmembers and solid 

solutions are listed in Table 3-2 and shown as a function of XK+ in Figure 3-9. An 

excellent linear relationship has been observed between nH2O and XK+ within the 

uncertainties. As a consequence, the nH2O of mordenite were adjusted in accordance 

with the linear regression in Figure 3-9 for the future thermodynamic analysis of 

mordenite solid solutions (Table 3-2). 

Enthalpy of Formation 

HF solution calorimetric data for all samples are reported in Table 3-5. In order to 

gain a sense for calorimetric precision, twice the standard deviation of the ΔHSol,50 for all 

experiments on each sample were computed, and then divided by the heat of solution 

for each sample (average of ΔHSol,50 calculated from the heat capacity before and after 

dissolution of the sample). Calculated in this way the spread in calorimetric data for 

each of the various samples ranged from about 0.26 to 0.87% of the mean heat-of-

solution values, and averaged 0.51% among all samples. This average error constitutes 

a high degree of calorimetric precision that enabled the detection of energy differences 

associated with variations in cation composition among the samples. The results show 

that ΔHSol,50 of mordenite generally becomes less exothermic with increasing XK+.  
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Enthalpy of formation of mordenite endmembers and solid solutions were 

calculated by deriving thermochemical cycles based on the ΔHSol,50 of various minerals 

with established heats of formation. The following reaction scheme was used to 

compute the ΔHf of mordenite: 

(1.67-x)NaAlSi3O8 + xKAlSi3O8 + 5.32SiO2 + nSolH2O(liquid) =  
albite            sanidine            quartz 

Na(1.67-x)KxAl1.67Si10.33O24·nSolH2O  (3-2) 
mordenite 

In this formulation x and represent the number of moles of K+ in mordenite sample, and 

nSol is the water content of sample at 25 °C and the RH of laboratory (Table 3-5). 

Recalling that ΔHSol,50 and ΔHf,50 for reactants (left side of a reaction) and products (right 

side of a reaction) were related to one another as:   

ΣΔHSol,50 (reactants) - ΣΔHSol,50 (products) =  

     ΣΔHf,50 (products) - ΣΔHf,50 (reactants)  (3-3) 

In Eq. 3-3, ΔHSol,50 of mordenite (this study) and the other species (previous studies) 

have been determined (Table 3-6), ΔHf,50 of mordenite is thus the only unknown 

quantity. Because the temperature of the calorimetric measurements (50 °C) differs 

from the reference temperature for most compilations of thermodynamic data (25 °C), 

enthalpies of formation must be adjusted to account for the difference in heat content 

and water content between these temperatures. As a consequence, three steps were 

take to calculate the actual enthalpy of hydrated mordenite (ΔHf,hydrated) of mordenite. 

First, enthalpy of formation of mordenite at 25 °C with water content of nSol (ΔHf,25) was 

estimated by the following equation: 

50

f,50 f,25 P25
H H C dΔ = Δ + ∫ T         (3-4) 
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where CP is the heat capacity of mordenite, the integral represents the change in heat 

content of the mineral from 25 to 50 °C. Heat capacity of zeolites can be assessed by 

assuming that the heat capacity of reaction is negligible for a constructive reaction 

between structurally related zeolites and the oxides (cf. equation 2; Helgeson et al., 

1978). For hydrated zeolites, the reliability of estimated CP generated using this method 

(as well as other published estimation algorithms; Berman and Brown 1985; Robinson 

and Haas 1983) is dependent on the similarity of CP, H2O(zeolite) between the zeolites 

participating in the algorithm. Using two zeolites with significantly different CP, H2O(zeolite) as 

structural analogs for each other would lead to large uncertainties in CP estimates. This 

source of error is generally minimized when this method is used for the structurally 

similar zeolites. The CP of mordenite solid solutions at 25 °C (Table 3-6) were thus 

estimated from the CP of a natural mordenite (Johnson et al. 1992) using the above 

method. In addition, the difference between the CP of mordenite at 25 to 50 °C is very 

small, and the impact of the change in CP on the results of ΔHf is negligible. As a 

consequence, in assuming that the CP of mordenite is independent of temperature, 

ΔHf,25 of mordenite can be calculated by Eq. 3-4. Second, because mordenite exhibited 

different water content when RH changes, enthalpy of formation of dehydrated 

mordenite (ΔHf,dehydrated) was derived from ΔHf,25 and nSol based on the results of 

hydration in mordenite (ΔHHyd,W1 and ΔHHyd,W2 in Table 3-4). Third, ΔHf,hydrated was 

calculated for fully hydrated mordenite from the results of ΔHf,dehydrated. 

The data of ΔHf,hydrated are shown as a function of XK+ for mordenite in Figure 3-10. 

Note that ΔHf,hydrated generally becomes less exothermic with increasing XK+, which is 

consistent with previous observations that enthalpies of formation of zeolites become 
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less exothermic when the average ionic potential of their extraframework cations 

decreases (Yang and Navrotsky 2000). Enthalpy of formation for dehydrated mordenite 

in this study was also assessed using the linear relationship between ΔHf and aluminum 

content derived by Navrotsky and Tian (2001). The results are in agreement with those 

determined in this study (Table 3-6). An excellent linear fit of points in Figure 3-10 

indicates that the cation mixture in mordenite is nearly ideal.  Because excess enthalpy 

(Hex) is defined as the difference between the measured enthalpy of a given 

composition and that of an isochemical mechanical mixture of relevant endmember 

compositions, a line of “ideal mixing” was computed from the observed ΔHf,hydrated of 

mordenite endmembers (Figure 3-10). Excess enthalpy was thus determined by 

substracting heat of mechanic mixing from ΔHf,hydrated of mordenite solid solutions along 

the line of “ideal mixing”. The maximum Hex is 0.73 kJ/mol at XK+ of 0.5, which is within 

the uncertainty of ΔHf,hydrated. Mordenite containing Na+ and K+ is thus essentially an 

ideal solid solution. 

Discussion 

Comparison with Structure Refinement Results 

The thermogravimetric and calorimetric observations on the behavior of water 

molecules in mordenite were compared with previous results of structure refinement for 

better understanding the energetically distinct sets of water molecules in mordenite. 

According to the notation of Mortier (1982), there are three major cation sites A, D, and 

E in the extraframework of mordenite, and water molecules can be accommodated into 

sites B, C, D, E, G, H, and J. Martucci et al (2003) studied the step by step thermal 

dehydration process of mordenite from Pashan (Poona, India) using the time-resolved 

synchrotron powder diffraction. They found that sites C, D, G, and H dehydrated 
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completely below 300 °C, whereas water was removed from site B, J, and E above this 

temperature. In comparison with the observations in this study, water sites C, D, G, H 

correspond to W1, and water sites B, J, E are similar to W2. The results of the structure 

refinement also illustrate that the water sites belonging to W2 are generally more closely 

associated to the extraframework cations, leading to the relatively higher energetic 

properties than associated with W1. Mortier et al. (1978) observed that site A became 

empty in K-mordenite, and K+ possibly co-occupied site B with water molecules. The co-

occupancy of K+ and water molecules in site B should influence the energetics of W2 to 

some extent, which is in agreement with the calorimetric results of W2 in mordenite 

solid solutions. 

Hydration Thermodynamics of W1 

The isotherms on Figure 3-8 also allow calculation of standard-state 

thermodynamic properties for hydration in W1 (e.g., Carey and Bish 1996; Fridriksson et 

al. 2003; Fialips et al. 2004). Because the water content of a fully occupied W2 is 3 H2O 

pfu, the water content of W1 in Na- and K-mordenite must be 3.99 and 3.32 H2O pfu, 

respectively. The hydration of W1 in Na-mordenite accounting for one mole of water can 

thus be expressed by the following reaction: 

Na0.42Al0.42Si2.59O6.02·0.75H2O + H2Ovaport = Na0.42Al0.42Si2.59O6.02·1.75H2O (3-4) 
W1 vacant     W1 occupied 

The standard states for the endmembers of W1 solid solution (i.e., 

Na0.42Al0.42Si2.59O6.02·0.75H2O and Na0.42Al0.42Si2.59O6.02·1.75H2O) are unit activities at all 

temperatures and pressures. The standard state for water vapor is unit activity of the 

ideal gas at 1 bar and any temperature. The equilibrium constant (K) for reaction 3-4 is 

expressed as 
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=
2

W1,occ

W1,vac H O

a
K

a f
          (3-5) 

where aW1,occ and aW1,vac are the activities of Na-mordenite with occupied and vacant 

W1, respectively; and ƒH2O refers to the fugacity of water vapor. Because of the 

assumption of ideal gas for water vapor under current experimental conditions, ƒH2O can 

be taken to be equal to PH2O. The fractional occupancy of W1 (XW1) in Na-mordenite can 

be calculated by  

2H O
W1

3
3.99

n
X

−
=           (3-6) 

For the ideal Langmuir sorption in W1 (e.g., Carey and Bish 1996; Fialips et al. 

2004), the relationship between the ideal equilibrium constant (KLangmuir) and water 

content is expressed by 

=
−

2

W1
Langmuir

W1 H O(1 )
XK
X P

        (3-7) 

where the unit of PH2O is bar. When the mordenite-H2O system reaches equilibrium, the 

chemical potential of reaction 3-4 (ΔµHyd,W1) is zero, and the thermodynamics of 

hydration in W1 can be described by the following equation (Carey and Bish 1996) 

μμ ΔΔ
= + Δ − − Δ + +∫ ∫ ∫Hyd,,W1

Hyd,W1

o o,Mor
Hyd,W1 o o W1

P, R2
o o

1 1 1( ) lnVH C dTdT dP R K
T T T T T T

= 0  (3-8) 

where Δ
Hyd,W1

oH  is the standard-state partial molar enthalpy of hydration in W1; To is the 

reference-state temperature (25 °C); R is the gas constant (8.314 J/mol K);  is the 

standard-state heat capacity of reaction 3-4, which is assumed to be constant and equal 

to 2.5R (e.g., Johnson et al. 1992; Carey 1993; Carey and Bish 1996); 

Δ o
P, RC

o,Mor
W1V  is the 
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standard-state partial molar volume of H2O in W1, which is generally small and has 

negligible contribution to the energetics of hydration over the small range in P along the 

liquid vapor saturation curve for water at the temperatures of these experiments (e.g., 

Bish 1984; Carey and Bish 1996). Due to the non-ideality in the mordenite-H2O system, 

the activity of H2O in W1 is assumed to be represented by a polynomial expansion of 

XW1 (Carey and Bish 1996), Eq. 3-5 thus becomes 

= ∑Langmuir W1exp( )i
iK K W X         (3-9) 

where Wi is temperature independent polynomial coefficient. Based on the above 

assumptions, the combination of Eq. 3-6 and 3-7 yields: 

μμ ΔΔ
= + Δ − − + − + + ∑Hyd,W1

Hyd,W1

o
Hyd,W1 o o

Langmuir W1
o o o

1 1( ) 2.5 [ln( ) ( 1)] ln iiTT WH R R K
T T T T T T T

= 0X  (3-10) 

Previous studies of zeolite-H2O equilibrium suggested that a second-order polynomial 

expansion (i=2 in Eq. 3-9) was enough to describe the activity of H2O in W1 (e.g., Carey 

and Bish 1996). Eq. 3-8 can thus be rearranged to become 

− + − = + + + 2o
Langmuir W1 W1

o

ln 2.5 [ln( ) ( 1)]TT B CK R A X
T T T T T

D X    (3-11) 

where A, B, C, and D are temperature and XW1 independent parameters, which can be 

determined by non-linear regression of left-hand side of Eq. 3-11 as a function of XW1 

for the isotherms on Figure 3-8. The fitted parameters were used to reproduce the 

curves for the absorption equilibrium in W1 (Figure 3-11), and the predicted values are 

generally consistent with the experimental results.  

The predictions for the water contents of mordenite endmembers as a function of 

PH2O was calculated from the fit parameters (Figure 3-12). It can be seen that the 

predictions are in excellent agreement with the experimental data. As shown above, the 
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water content of mordenite at saturated PH2O is linearly related to XK+. Assuming that the 

thermodynamic properties of W1 water vary in a similar linear fashion with XK+, the 

water contents of mordenite solid solutions was calculated as a function of PH2O from 

the properties of W1 in the two endmembers (Figure 3-12). It can be seen that the 

calculated values are in excellent consistency with the experimental data, suggesting 

that the linear relationship between water content and XK+ applies to any hydration state 

of mordenite at certain temperature and PH2O.  

The thermodynamic properties for hydration in W1 of mordenite were estimated 

from the fit parameters in Eq. 3-11 using the following relations (Carey and Bish 1996). 

μΔ = − +
Hyd,W1

o
o(R T A B)          (3-12) 

Δ = −
Hyd,W1

oH RB           (3-13) 

Δ =
Hyd,W1

oS RA

C

D

          (3-14) 

= −1W R           (3-15) 

= −2W R           (3-16) 

The integral molar enthalpy of W1 ( ) at 25 °C were estimated by the following 

equation when XW1 equals 1. 

Δ Hyd,W1H

Δ = Δ + + + −
Hyd,W1

o 21 2
Hyd,W1 W1 W1 o( ) ( ) 2.5 (

2 3
W WH H X X R T )T     (3-17) 

Intergral enthalpy of formation of W1 in K-mordenite was determined by the same 

method, and the results are listed in Table 3-4. It can be seen that Δ of Na- and 

K-mordenite are consistent with the results calculated from calorimetric data within the 

uncertainties. In addition, the thermodynamic properties of hydration in W1 determined 

Hyd,W1H
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by mordenite-H2O equilibrium also indicate that the energetics of W1 has little change in 

Na- and K-mordenite, which is in coincidence with the interpretation in calorimetric 

analyses.  

Cation Composition and Water Molecule Behavior 

The thermodynamic analysis of dehydration and hydration for the ion-exchanged 

mordentie indicates that the water molecule behavior is strongly related to the cation 

composition. The nH2O of K-mordenite is lower than that of Na-mordentie, which is 

coincident with previous observations on the water contents of the other ion exchanged 

zeolites, such as clinoptilolite (Carey and Bish 1996; Yang et al 2001), chabazite (Shim 

1999), and merlinoite (Donahoe et al 1990). The variation of water content in the ion 

exchanged forms of zeolites probably results from the different sizes of cations. When 

relatively large cations such as K+ substitutes for the relatively small ones like Na+ in 

zeolites, it occupies more space of the extraframework, which can influence the water 

sorption capacity of zeolites. It is a similar case regarding the energetics of water in 

zeolites. The results of  for Na- and K-mordenite in this study are in agreement 

with the argument that the hydration of zeolites becomes less exothermic with 

increasing radius of the cation (e.g., Barrer and Cram 1971; Yang et al. 2000; Bish and 

Carey 2001). More importantly, our results demonstrate that both nH2O and  of 

mordenite change linearly with increasing XK+ (Figure 3-5 and 3-9). Based on these 

linear relationships, the behavior of water molecules (including nH2O and Δ ) in 

mordenite solid solutions can be assessed from those of the endmembers, and vice 

versa. 

HydHΔ

HydHΔ

HydH
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The water molecules in W1 and W2 also behave differently when the cation 

composition of mordenite varies. The water content of W2 is independent of XK+, 

whereas W1 loses water with increasing XK+. In the case of energetics, ΔHHyd,W1 

appears to be constant, but ΔHHyd,W2 becomes less exothermic with increasing XK+. The 

different behaviors of W1 and W2 may be attributed to their structural features. The 

space of extraframework is limited in mordenite, the exchange of K+ for Na+ results in 

partial dehydration. Because W1 is less energetic than W2, it is relatively easier for W1 

to lose the water during ion exchange reaction, and there is no influence on the water 

content of W2. However, due to the close correlation between W2 and cations, the ion 

exchange may cause some rearrangement of molecules in W2 (such as co-occupancy 

in a site), which correspondingly changes the energetics of W2. 

Applications 

The thermodynamic analysis for the behavior of the energetically distinct sets of 

water molecules in mordenite can be used to assess its stability in the natural 

environment. Mordenite occurs in a wide range of temperature, for instance, 150-230 °C 

for hydrothermal alteration in the Wairakei geothermal area (Sheppard and Hay 2001), 

compared with temperatures of 40-90 °C for burial diagenesis in the Neogene Green 

Tuff region of Japan (Iijima 1988). Because of the high energetics of W2 in mordenite 

(dehydration occurs at ~ 300 °C, 1 bar), the variation of geological conditions has little 

impact on the occupancy of W2. The predictions for the water content of W1 in Na- and 

K-mordenite at 1 bar and 1 mbar were calculated as a function of temperature based on 

the thermodynamic parameters of W1 (Figure 3-13). It can be seen that at certain PH2O 
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the cation composition has a significant effect on the water content of mordenite at 

relatively high temperatures.  

One of the important industrial applications of zeolites is solar or industrial waste 

energy storage, the principle of which is the dehydration and rehydration of zeolites. 

The synthetic and natural zeolites used for thermal storage are primarily those having 

large water contents and energetically distinct sets of water molecules like mordenite. A 

key that determines which zeolite is good for this application is the energy storage 

density of zeolite (corresponding to  in this study). However, most solar or 

industrial waste heat collector works at 50 - 200 °C, which limits the 

dehydration/rehydration to certain amount of water in zeolites. Taking mordenite as an 

example, only ΔHHyd,W1 should be considered in the evaluation of its energy storage 

density. Note that the ΔHHyd,W1 is independent of the cation composition of mordenite, 

but the W1 of K-mordenite becomes fully dehydrated at much lower temperature than 

that of Na-mordenite (Figure 3-13). In addition, the relatively dry condition also 

decreases the temperature for the dehydration of mordenite. At PH2O of 1 mbar (~ 3% 

RH at 25 °C), the highest temperature required to make K-mordenite completely 

dehydrated on W1 is only ~ 165 °C. 

Δ HydH
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Table 3-1.  Chemical compositions of anhydrous mordenite samples 

Sample Na-MOR NaK-MOR1 NaK-MOR2 NaK-MOR3 NaK-MOR4 NaK-MOR5 K-MOR 

 Component concentrationa (wt.%) 

Na2O 6.00 4.29 4.14 2.62 1.36 0.55 0.02 

MgO 0.06 0.05 0.05 0.04 0.04 0.04 0.02 

Al2O3 10.18 10.41 10.47 10.44 10.38 10.39 10.6 

SiO2 74.93 76.14 75.99 76.01 75.88 75.66 77.43 

P2O5 0.02 0.02 0.03 0.03 0.03 0.02 0.03 

K2O 0.04 1.82 3.05 5.27 7.14 8.37 9.21 

CaO 0.04 0.05 0.05 0.03 0.03 0.03 0.03 

TiO2 0.39 0.38 0.38 0.38 0.39 0.38 0.38 

Fe2O3 0.16 0.19 0.2 0.18 0.18 0.18 0.15 

Total 91.82 93.35 94.36 95.00 95.43 95.62 97.87 

 Cations per 24 framework Ob 

Na 1.580 1.275 1.074 0.680 0.354 0.143 0.005 
Mg 0.012 0.010 0.010 0.008 0.008 0.008 0.004 
Al 1.630 1.640 1.651 1.647 1.641 1.647 1.644 
Si 10.179 10.177 10.165 10.175 10.176 10.176 10.191 
P 0.001 0.001 0.002 0.002 0.002 0.001 0.002 
K 0.007 0.310 0.520 0.900 1.222 1.436 1.547 
Ca 0.006 0.007 0.007 0.004 0.004 0.004 0.004 
Ti 0.178 0.171 0.171 0.171 0.176 0.172 0.168 
Fe 0.016 0.019 0.020 0.018 0.018 0.018 0.015 
        
FC‡ 1.65 1.66 1.67 1.67 1.66 1.67 1.66 
Si/Al 6.24±0.10 6.21±0.09 6.16±0.09 6.18±0.09 6.20±0.09 6.18±0.09 6.20±0.09 
XK+c 0.00 0.20±0.02 0.33±0.02 0.57±0.03 0.76±0.03 0.89±0.03 1.00 
XK+d 0.00 0.19±0.01 0.32±0.02 0.57±0.03 0.80±0.04 0.92±0.05 1.00 
aDirectly measured from XRF. bNormalized to LOI-free 100 wt.%. cCalculated from XRF 
data. dCalculated by mass balance of the IC data. 



 

Table 3-2.  Chemical compositions of hydrous mordenite 
Unit-cell 
dimensions 
(Å) Sample XK+

a Water contentb 
(wt.%) Formula 

a b c 

Vm 
(cm3/mol) 

Na-MOR 0 14.27±0.14 Na1.67Al1.67Si10.33O24·6.99H2O 18.09 20.44 7.52 1674.22 

NaK-MOR1 0.20±0.02 13.92±0.14 Na1.34K0.33Al1.67Si10.33O24·6.86H2O 18.09 20.43 7.50 1669.55 

NaK-MOR2 0.33±0.02 13.69±0.14 Na1.12K0.55Al1.67Si10.33O24·6.77H2O 18.05 20.43 7.50 1665.23 

NaK-MOR3 0.57±0.03 13.33±0.13 Na0.72K0.95Al1.67Si10.33O24·6.61H2O 18.10 20.46 7.50 1673.03 

NaK-MOR4 0.78±0.03 13.04±0.13 Na0.37K1.30Al1.67Si10.33O24·6.47H2O 18.11 20.48 7.52 1679.35 

NaK-MOR5 0.91±0.04 12.90±0.13 Na0.15K1.52Al1.67Si10.33O24·6.38H2O 18.12 20.49 7.51 1679.46 

K-MOR 1 12.61±0.13 K1.67Al1.67Al1.67Si10.33O24·6.32H2O 18.10 20.50 7.52 1680.69 
aAverage of the results from XRF and mass balance. bMaximum water content extrapolated from mordenite-H2O 
equilibrium. 

74 



 

Table 3-3.  Integral enthalpy of hydration of mordenite at 25 °C 
Dehdyratred 
mordenite 

Sample mass 
(mg) 

Durationa 
(min) 

Water absorbedb 
(mg) 

HydHΔ  
(kJ/mol-H2O) 

Na-MOR 18.97 172 2.46 -73.56±0.74 
NaK-MOR1 27.56 225 3.50 -71.93±0.72 
NaK-MOR2 20.85 170 2.68 -70.48±0.70 
NaK-MOR3 23.91 185 3.03 -68.20±0.68 
NaK-MOR4 22.37 190 2.78 -66.17±0.66 
NaK-MOR5 20.10 195 2.49 -65.25±0.65 
K-MOR 20.40 172 2.43 -64.16±0.65 
CaNa-MORc    -73.8 ± 1.8 
Na-MORd    -70.3 ± 2.8 

aDuration of immersion portion of experiment used in data regression. bMass of water 
absorbed during the rehydration. cCa0.289Na0.361Al0.940Si5.060O12·3.468H2O, Johnson et al. 
(1992). dH0.1Na0.9AlSi5O12, Barrer and Cram (1971). 
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Table 3-4.  Thermodynamic properties of hydration for energetically distinct water sites in mordenite 
  Thermodynamic parameters of W12 

 ΔHHyd,W1
a 

(kJ/mol) 
ΔHHyd,W2

a 
(kJ/mol) 

μΔ
Hyd,,W1

o  

(kJ/mol) 
Δ

Hyd,W1

oH  
(kJ/mol) 

Δ Hyd,W1

o
S  

(J/molK) 
W1 
(J/mol) 

W2 
(J/mol) 

Hyd,W1HΔ b 

(kJ/mol) 

Na-MOR -58.11±1.16 -83.53±1.67 -47.10±2.65 -86.04±2.01 -130.61±2.15 80822.07 -53222.95 -63.37±5.35 

NaK-MOR1 -60.65±1.21 -79.52±1.59       

NaK-MOR2 -57.03±1.14 -79.09±1.60       
NaK-MOR3 -57.92±1.16 -74.56±1.49       
NaK-MOR4 -58.20±1.16 -71.98±1.44       
NaK-MOR5 -58.48±1.17 -70.92±1.42       

K-MOR -60.13±1.20 -70.13±1.40 -27.11±2.57 -67.35±1.63 -134.98±3.15 37060.79 -27938.96 -58.13±4.09 
aCalculated from calorimetric data. bCalculated from mordenite-H2O equilibrium data.
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Table 3-5.  Solution calorimetric data for mordenite (50 °C) 

SAMPLE RH 
(%) 

Water 
content 
(pfu) 

Sample 
mass        
(g) 

ΔTa 
(K) 

Cp  
Beforeb 
(J/K) 

Cp  
Afterc 
(J/K) 

ΔHSol  
Befored 
(kJ/mol) 

ΔHSol  
Aftere 
(kJ/mol) 

Na-MOR 64 6.72  0.07403 0.039564 3881.7 3880.5 -1827.76  -1827.18 

Na-MORf 59 6.67  0.07323 0.039412 3876.8 3875.8 -1836.40  -1835.93 

Na-MOR 57 6.65  0.07079 0.038028 3880.8 3882.3 -1834.14  -1834.84 

NaK-MOR1 59 6.51  0.07336 0.039332 3883.0 3880.9 -1831.25  -1830.29 

NaK-MOR1f 57 6.49  0.07477 0.040100 3877.1 3877.4 -1834.82  -1834.94 

NaK-MOR1 60 6.52  0.09032 0.048152 3879.2 3879.5 -1826.02  -1826.17 

NaK-MOR2 58 6.40  0.07013 0.037449 3881.9 3881.8 -1833.34  -1833.30 

NaK-MOR2f 56 6.37  0.07108 0.038141 3877.3 3877.6 -1838.95  -1839.12 

NaK-MOR2f 57 6.38  0.08192 0.043813 3877.3 3877.3 -1833.24  -1833.24 

NaK-MOR3 60 6.26  0.07512 0.039841 3878.0 3879.6 -1826.83  -1827.59 

NaK-MOR3 56 6.21  0.07217 0.038454 3880.9 3882.0 -1834.80  -1835.32 

NaK-MOR3 61 6.27  0.07091 0.037434 3879.8 3879.4 -1819.58  -1819.40 

NaK-MOR4f 58 6.11  0.07241 0.038225 3877.9 3878.2 -1824.48  -1824.64 

NaK-MOR4 55 6.08  0.07075 0.037422 3879.5 3880.4 -1827.78  -1828.09 

NaK-MOR4 57 6.10  0.07529 0.039720 3880.2 3880.3 -1824.05  -1824.11 

NaK-MOR5f 57 6.04  0.07135 0.037648 3878.1 3877.9 -1828.29  -1828.22 

NaK-MOR5 57 6.04  0.07215 0.037763 3880.6 3880.5 -1814.72  -1814.69 

NaK-MOR5 56.5 6.04  0.07266 0.038242 3880.1 3880.1 -1824.57  -1824.57 

K-MOR 66 6.01  0.07814 0.040955 3887.3 3885.1 -1823.71  -1822.70 

K-MOR 59 5.93  0.07364 0.038663 3880.7 3885.1 -1820.89  -1822.90 

K-MORf 60 5.94  0.10024 0.052865 3876.0 3876.6 -1827.16  -1827.45

  ΔHSol (kJ/mol) 

Albite       -627.34±0.44g 

Sanidine       -612.94±0.44h 

Quartz       -137.36±0.35i 

Water       -0.19±0.01j 
aTemperature increase during dissolution. bCalorimeter heat capacity before dissolution. 
cCalorimeter heat capacity after dissolution. dEnthalpy of solution at 323.15 K based on 
heat capacity before dissolution. eEnthalpy of solution at 323.15 K based on heat 
capacity after dissolution. fDissolution performed in acid of preceding calorimetric 
experiment. gHovis (1988). hHovis (2004). iHovis (1982). jHovis (unpublished results). 
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Table 3-6.  Thermodynamic properties used in thermochemical cycles and calculated 
enthalpies of formation for mordenite 

Sample ΔHf,50
a 

(kJ/mol) 
CP

b 
(J/mol K) 

ΔHf,hydrated
c 

(kJ/mol) 
ΔHf,dehydrated  
(kJ/mol) 

-13261.86±0.82 964.97±1.93 -13367.11±1.52 -11192.32±1.52
-13238.97±0.79 962.24±1.92 -13359.17±1.50 -11184.38±1.50Na-MOR 
-13234.96±0.87 961.14±1.92 -13361.14±1.55 -11186.35±1.55
-13204.29±0.99 955.90±1.91 -13333.34±1.62 -11209.64±1.62
-13194.49±0.72 954.81±1.91 -13329.53±1.47 -11205.83±1.47NaK-MOR1 
-13211.80±0.72 956.45±1.91 -13337.87±1.47 -11214.17±1.47
-13174.07±0.71 947.32±1.89 -13308.92±1.47 -11213.57±1.47
-13159.83±0.72 945.68±1.89 -13303.66±1.47 -11208.30±1.47NaK-MOR2 
-13168.47±0.71 946.23±1.89 -13309.30±1.47 -11213.95±1.47
-13146.93±0.89 946.91±1.89 -13275.76±1.56 -11242.07±1.56
-13124.88±0.80 944.18±1.89 -13268.66±1.51 -11234.97±1.51NaK-MOR3 
-13157.49±0.73 947.46±1.89 -13283.33±1.47 -11249.63±1.47
-13112.67±0.72 941.14±1.88 -13244.36±1.47 -11260.47±1.47
-13100.77±0.75 939.50±1.88 -13241.44±1.48 -11257.54±1.48NaK-MOR4 
-13110.31±0.72 940.59±1.88 -13244.99±1.47 -11261.10±1.47
-13092.67±0.72 938.92±1.88 -13218.30±1.47 -11264.62±1.47
-13106.22±0.71 938.92±1.88 -13231.85±1.47 -11278.17±1.47NaK-MOR5 
-13096.36±0.71 938.92±1.88 -13221.99±1.47 -11268.31±1.47
-13091.65±1.01 938.37±1.88 -13208.25±1.63 -11274.98±1.63
-13070.23±1.59 934.01±1.87 -13210.76±2.04 -11277.49±2.04K-MOR 
-13067.66±0.74 934.55±1.87 -13205.19±1.48 -11271.92±1.48

Na-MORd    -11211.28±3.40 
K-MORd    -11300.82±6.60 
 Suporting data for thermochemical cycles 
Albitee -3929.8±2.6    
Sanidinef -3960.5±2.6    
Quartze -909.6±1.0    
Watere -283.9±0.1    

aWith same water content as in Table 3-5. bCalculated from CP of natural mordenite 
(see text). 3cFully hydrated mordenite. dCalculated from ΔHf (oxides) of mordenite using the 
formula in Navrotsky and Tian (2001). eNeuhoff et al. (2004). fHovis et al. (2004). 
 



 

 
Figure 3-1.  Unit cell parameters and molar volume of mordenite solid solutions as a 

function of XK+. The solid line represents volume of ideal mixing in mordenite 
solid solutions. 
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Figure 3-2.  The dehydration behavior of Na-MOR (1), NaK-MOR3 (2), and K-MOR (3) 

between 25 and 650 °C at dry condition. Dashed curves are the mass change 
during the dehydration. Undulating solid curves represent dTGA. Smooth 
solid curves show the heat flow as a function of temperature. 
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Figure 3-3.  The dehydration behavior of partially rehydrated Na- (1) and K-mordenite 

(2). See figure caption to Figure 1 for explanation of curves. Only one peak in 
DSC has been observed for the partially rehydrated mordenite. The small 
peak at ~ 50 °C in DSC actually does not represent an energetically distinct 
water site, which has no corresponding change shown by the dTGA curve. 
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Figure 3-4.  Isothermal hydration experiments on Na- (1) and K- (2) mordenite at 25 °C 

and ~ 40% RH. See figure caption to Figure 3-1 for explanation of curves. 
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Figure 3-5.  The  of mordenite solid solutions at 25 °C as a function of XK+. The 

solid curve is a linear fitting of the points (R2 = 0.9989). 
Δ HydH
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Figure 3-6.  Partial molar enthalpy of hydration as a function of water content for Na- 

and K-mordenite. The points at lowest and highest water contents are so 
scatter that they are not involved in the diagram. 
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A

B 
 
Figure 3-7.  Cumulative heat evolved during absorption of water into A) Na- and B) K-

mordenite as a function of mass absorbed calculated from TGA and DSC 
data shown in Figure 3-3. The solid curves are the linear regressions for the 
low- and high-degree hydration in mordenite, respectively. 
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Figure 3-8.  Water content as a function of PH2O and temperatures for A) Na- and B) K-

mordenite. The open circles are the results of isothermal desorption, and the 
solid triangles represent those of isothermal absorption. 
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Figure 3-9.  Maximum water contents of mordenite at saturated PH2O (in terms of 

number of H2O per 24 framework O) as a function of XK+. The solid curve is a 
linear fitting of the points (R2 = 0.9870).  
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Figure 3-10.  Enthalpy of formation of fully hydrated mordenite as a function of XK+. The 

solid line represents ideal mixing of Na+ and K+ computed from the points. 
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Figure 3-11.  Isothermal results of absorption in W1 for A) Na- and B) K-mordenite in 

terms of lnKLangmuir as a function of XW1. The open circles are the experimental 
results and the solid curves depict the predicted values calculated from fitted 
parameters. 
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Figure 3-12.  Prediction for the water content of mordenite as a function of PH2O. The 

points represent the experimental data for Na-MOR, Na-MOR3, and K-MOR. 
See caption to Figure 3-8 for explanation of the symbols. The solid curves 
show the prediction for Na-MOR and K-MOR calculated from mordenite-water 
equilibrium data. The dashed curve is the prediction for NaK-MOR3, which 
was calculated from those for Na-MOR and K-MOR in assuming that the 
water content of mordenite is linear to XK+ at certain temperature and PH2O. 
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Figure 3-13.  Fractional occupancy of W1 in mordenite as a function of temperature at 

PH2O of 1 bar and 1 mbar. 

 



 

CHAPTER 4 
THERMODYNAMICS OF NA-K ION EXCHANGE IN MORDENITE 

Introduction 

Zeolites are aluminosilicates whose structure is characterized by a tectosilicate 

framework of Si- and Al-centered tetrahedra arranged to form 2-10 Å channels that 

contain water molecules and extraframework cations (Gottardi and Galli 1985). The 

open structure of the zeolite framework and the requirement of charge balance provide 

many zeolites with high ion-exchange capacities that are widely used in the industry of 

hard water softening and wastewater treatment (e.g., Murphy et al. 1978; Kallo 2001). 

Furthermore, because of the common occurrence of zeolites as products of interaction 

between aqueous solutions and low-grade metamorphic and sedimentary rocks, ion 

exchange by zeolites plays an important role during the fluid-rock interaction in the 

natural systems (e.g., James and Silver 1988; Sturchio et al. 1989; Neuhoff et al. 2000) 

and in passive engineering applications like Yucca Mountain (e.g., Smyth 1982; Bish 

1984; Broxton et al. 1987; Bish 2003). Evaluation of the consequences of ion exchange 

in these environments requires physical-chemical models of the partitioning of ions 

between zeolites and solutions.  

Despite considerable experimental investigation of the ion exchange properties of 

zeolites, rigorous models applicable to the in situ behavior of these minerals are lacking. 

Most studies have focused on the cation selectivity and the equilibrium of ion exchange 

at room temperature (e.g., Ames 1964a, 1964b; Fletcher et al. 1984; Shibue 1998; 

Pabalan 1994). However, zeolites occur in nature over a range of temperatures, 

particularly those formed by hydrothermal alteration which appear to form at 

temperatures as high as ~ 573.15 K (e.g., Reykjanes, Iceland, Tomasson and 
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Kristmannsdottir 1972; Ohaki-Broadlands, New Zealand, Henley and Ellis 1983). 

Despite this, there have been few studies pertaining to the temperature (or pressure) 

dependence of these reactions (e.g., Shibue 1998; Fridriksson et al. 2004). In part, this 

can be attributed to the previous suggestions that ion exchange equilibria between 

zeolites and aqueous fluids are relatively temperature- and pressure-independent owing 

to relatively small enthalpies and volumes of reaction, respectively (e.g., Helfferich 

1962). Nonetheless, geologic observations suggest that exchangeable ion compositions 

in zeolites often do vary with depth/temperature in geothermal, diagenetic, and 

metamorphic systems. For example, Ogihara and Iijima (1989) investigated the 

chemistry of zeolite zones in Japanese arc-related basins and found several trends of 

clinoptilolite composition with depth: in some areas Na-K-clinoptilolite was gradually 

converted to Na-clinoptilolite with increasing depth whereas in others Na-clinoptilolite 

was converted to Ca-clinoptilolite with depth. Similarly, petrologic studies at Yucca 

Mountain by Broxton et al. (1987) demonstrated that clinoptilolites were generally K-rich 

at shallow levels but became more Na- or Ca-rich with depth. Broxton et al. (1987) 

hypothesized that the exchangeable cation contents were influenced by the differences 

in the composition of groundwaters and/or the mineral’s cation exchange properties. 

However, Ogihara (2000) found that the clinoptilolite in calcite-cemented tuff at 1100 m 

depth in the offshore MITI-Somaoki borehole was not Ca-rich, although it had certainly 

been in contact with Ca-rich pore water during calcite cementation. This suggests that 

some other factor like temperature should have significant impact on the exchangeable 

ion contents. 
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This study investigated the thermodynamics of ion exchange in mordenite, a 

common zeolite with high ion-exchange capacity and favoring higher temperature than 

clinoptilolite and heulandite in hydrothermal systems. Experiments involving binary ion 

exchange between Na+ and K+ in mordenite were conducted at three different 

temperatures. Resulting isotherms and equilibrium constants of reaction (K) were 

compared to assess the temperature dependence of Na-K ion exchange in mordenite. A 

thermodynamic model was subsequently developed to predict the temperature 

dependence of Na-K ion exchange in mordenite to facilitate prediction of the stability 

and composition of mordenite in geological systems. 

Experimental Methods 

Samples and Characterization 

The zeolite sample used in this study was synthetic Na-mordenite powder (CBV 

10A) obtained from Zeolyst International. Sample purity and phase identity were 

confirmed by X-ray powder diffraction (XRD) data collected at 25 °C on a Rigaku Ultima 

IV X-ray diffractometer with Ni-filtered CuKα radiation generated at 40 kv and 44 mA. 

Bulk composition of dehydrated mordenite sample was determined to be 

Na1.67Al1.67Si10.33O24 by x-ray fluorescence (XRF) at the Department of Geociences, 

University of Wisconsin-Milwaukee (e.g., McHenry 2009). The sample was found to be 

very sensitive to relative humidity (RH), and the water content varied at different RH. 

Therefore, the water content measured by loss on ignition was not suitable for the 

sample in this study. The actual water content was measured by thermogravimetry in a 

humid environment (see Chapter 3 for details). The total mass loss was determined to 

be 14.27±0.14 wt%, and this value was adopted as the water content of Na-mordenite. 
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Consequently, the chemical formula of Na-mordenite sample used in this study was 

Na1.67Al1.67Si10.33O24·6.99H2O. 

Homoionic Exchange 

Homoionic K-mordenite was produced by immersing ~ 50 g of Na-mordenite in 

500 mL of 1 N KCl solution. The high-density polyethylene (HDPE) bottle containing Na-

mordenite powder and KCl solution was kept in an oven at 353.15±1 K. The bottle was 

frequently shaken to make the powder and solution well mixed. The KCl solution was 

replaced every week, and the progress of homoionic exchange was monitored by 

inspecting the Na+ concentrations in replaced chloride solutions using a sodium ion 

selective electrode (ISE) attached to a Denver Instrument Model 250 electrochemical 

meter. Large interferences with Na+ concentration caused by the high concentrations of 

K+ in replaced solutions were detected in the ISE measurements. However, the 

concentration of Na+ was found to decrease in each replaced solution. After twelve 

weeks, the accomplishment of the homoionic exchange was confirmed by nearly 

constant values of Na+ concentrations in three more replaced chloride solutions. Finally, 

the ion-exchanged mordenite powder was separated from the solution by a centrifuge, 

then washed with deionized water and dried naturally at room temperature. The bulk 

composition of homoionic K-mordenite was analyzed by XRF, and the result indicated 

that the Na+ in the original sample was fully substituted by K+. The water content of K-

mordenite was 12.61±0.13 wt% when measured by the same technique as Na-

mordenite, the chemical formula of K-mordenite was thus K1.67Al1.67Si10.33O24·6.32H2O. 

Binary Ion Exchange 

The binary ion exchange between Na+ and K+ in mordenite was conducted in the 

chloride solutions of 0.1 N at 298.15, 323.15, and 348.15 K. The chloride solutions were 
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prepared by mass from reagent-grade NaCl and KCl, respectively. Each ion exchange 

system involved mixing weighted amount of homoionic mordenite powder with chloride 

solutions containing two competing cations in a known equivalent concentration ratio, 

but at constant normality. The masses of Na-mordenite and equivalent concentration 

rations of cations were designed based on the previous ion exchange study for 

clinoptilolite (Pabalan 1994) to yield relatively evenly distributed points along the ion-

exchange isotherm. The 20 mL glass vials containing well mixed solutions and 

mordenite powder were kept in a climate-controlled lab with constant room temperature 

at 298.15±1 K, and frequently shaken for at least one week. In addition, ion exchange 

isotherms were experimentally reversed by using K-mordenite instead of Na-mordenite 

in the above procedures. The consistent results of reversed experiments starting with K-

mordenite indicated that the binary ion exchange experiments had reached equilibrium. 

After establishing equilibrium, the aqueous solution was separated from the solid and 

sealed off for future analysis. The binary ion exchange experiments at 323.15 and 

348.15 K were prepared in the same way as described above, but the vials were placed 

in a vertical airflow oven that could maintain constant temperature within ±1 K. The solid 

samples in the vials were allowed to settle for two weeks so that they could be 

separated from the solutions at the experimental temperatures. 

Concentrations of Na+ and K+ in the equilibrated solutions were analyzed by a 

Dionex ion chromatography (IC) system in the hydrochemistry lab of the University of 

Florida. The samples were prepared by diluting the experimental solutions (1:100) with 

deionized water. The standards were made from the combined six cation standard-I 

solution obtained from Dionex. Test results of the standards showed great linearity for 
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both cations (R2 equals 1.0000 for K+ and 0.9975 for Na+). The instrument drift was 

checked by measuring the concentrations of a standard and blank solution after every 

five samples. Repeated experiments showed that the results of Na+ were usually 

accompanied with relatively larger drift than those of K+, which was probably caused by 

the residual Na+ in the instrument after long-term use for seawater.  

Results 

Tables 4-1 through 4-3 show the experimental data of binary ion exchange 

between Na+ and K+ in mordenite at 298.15, 323.15 and 348.15 K, respectively. The 

molar concentrations of Na+ and K+ (mNa+ and mK+) in the aqueous solutions were 

calculated from IC analyses of the diluted experimental solutions. Due to the large 

dilution factor, errors of the cation concentrations particularly those with low 

concentrations were enlarged correspondingly. Cation concentrations of the initial 0.1 N 

chloride solutions were also measured by IC in order to reduce the errors, and the 

values were used in the following calculations of this study. The ratio of Na+ and K+ in 

mordenite solid solution after ion exchange was reported as mole fraction of K+ (XK+), 

which can be calculated by the change of K+ concentration during the ion exchange 

reaction (e.g., Fridriksson et al. 2004), as expressed by: 

XK+ = (mKClVKCl - mK+VTotal) / nNa+       (4-1) 

where mKCl and VKCl are the concentration and volume of KCl solution, respectively (Table 4-1); 

VTotal is the total volume of chloride solution for binary ion exchange; and nNa+ is the number of 

moles of Na+ in the weighted amount of Na-mordenite. 

Isotherms of ion exchange at different temperatures are presented in Figures 4-1 

through 4-3 by plotting the equivalent fraction of K+ in the solid phase (ĒK) as a function 
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of the equivalent fraction of K+ in the coexisting aqueous phase (EK). Both EK and ĒK 

can be calculated by the following equations:  

EK = mK+ / (mK+ + mNa+)        (4-2) 

ĒK = XK+ / (XK+ + XNa+)         (4-3) 

where XNa+ is the mole fraction of Na+ in mordenite solid solution, which is equal to (1- 

XK+). Ion exchange experiments included several steps: analyzing the chemical 

composition of mordenite samples; preparing the initial chloride solutions; measuring 

the mass of mordenite samples and aqueous solutions; diluting the ion-exchanged 

aqueous solutions; and determining the concentrations of cations by IC. Each step 

contributes to uncertainty in the results, and all of them were included in the error 

calculations. Equivalent fractions in the solid phase were calculated by mass balance 

from the resultant aqueous concentrations. Uncertainties in ĒK and EK take into account 

both the uncertainties in the process of the ion exchange experiments and uncertainties 

resulting from IC analyses and subsequent calculations. The uncertainty of EK is 

generally lower than that of ĒK, because the concentrations of cations in the aqueous 

solution were from direct measurements whereas the major source of error for ĒK 

involved the accumulation of errors resulting from the calculation of cation 

concentrations in solid phase. The isotherm was constructed by interpretation from K+ 

due to its relatively small error in IC analyses. In addition, results of the reversed 

experiments (using K-mordenite as starting sample) also show an excellent agreement 

with those of Na-mordenite (Figure 4-1, 4-2, 4-3), indicating that ion exchange in 

mordenite has reached equilibrium and the reaction is reversible.  
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It can be seen that the points at the extrema of isotherms generally have large 

uncertainties. The reason is that small amounts of mordenite samples were used in 

these ion exchange experiments to obtain the values of EK close to 0 and 1. Under 

these conditions, even a small error in cation concentration can lead to large errors in 

ĒK. The isotherms at elevated temperatures show relatively larger errors compared to 

that at room temperature, which may partly result from evaporation during the collection 

of experimental solutions. 

Discussion 

Thermodynamics of Na-K Exchange 

The ion exchange isotherm between Na+ and K+ in mordenite was constructed 

based on the concentration change of cations in both aqueous and solid solutions. The 

ion exchange reaction involving Na+ and K+ can be expressed as 

K+ + NaAlSi6.19O14.38·4.19H2O = Na+ + KAlSi6.19O14.38·3.78H2O + 0.41H2O(liquid) (4-4) 

Standard states for the homoionic mordenite and liquid water are unit activity of the pure 

phase at all temperatures and pressures. For the aqueous ions, the standard state 

corresponds to unit activity of a hypothetical one molar solution of the ion referenced to 

infinite dilution at all temperatures and pressures. 

The thermodynamic analyses of ion exchange are based on the previous 

approach for equilibrium of binary ion exchange reaction (e.g., Pabalan 1994; Pabalan 

and Bertetti 1999, 2001; Fridriksson et al. 2004). The equilibrium constant for reaction 

4-4 can be expressed as  

K = (mNa+ γNa+)(XK+ λK+)(aH2O)0.41 / [(mK+ γK+)(XNa+ λNa+)]    (4-5) 
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where γ is the activity coefficient of cation in the aqueous solution; λ refers to the 

rational activity coefficient for mordenite component and account for the nonideality in 

the zeolite pahse; and aH2O is the activity of water, which is taken to be unity in the 

relatively dilute experimental solutions of this study. Activity coefficients of Na+ and K+ in 

the aqueous solution was calculated using the EQ3NR aqueous speciation software 

(Wolery 1991) from mK+ and mNa+ determined by IC analysis. All the measurable 

parameters in Eq. 4-5 were summarized through the Vanselow coefficient (Kv) defined 

by 

Kv = (mNa+ γNa+)XK+ / [(mK+ γK+)XNa+]       (4-6) 

Margules equations describing the excess Gibbs energy (Gex) across the solid 

solution and associated activity coefficients have been successfully applied to describe 

mixing of zeolite endmembers in binary ion exchange experiments. (e.g., Pabalan 1994; 

Shibue 1998; Fridriksson et al. 2004). In this approach, the activity coefficients of the 

endmember on a per mole of charge absis can be expressed as 

lnλK+ = XNa+
2 [WK+ + 2XK+(WNa+ - WK+)] / (RT) and   

lnλNa+ = XK+
2 [WNa+ + 2XNa+(WK+ - WNa+)] / (RT)     (4-7) 

where WK+ and WNa+ are binary Margules interaction parameters, R is the gas constant 

(8.314 J/mol K), and T is temperature in Kelvin. Substitution of Eq. 4-6 and 4-7 into Eq. 

4-5 yields 

lnKv = lnK + WNa+(2XK+
3 - XK+

2 + 2XNa+
3 - 2XNa+

2) / (RT) +  

WK+(-2XK+
3 + 2XK+

2 - 2XNa+
3 + XNa+

2) / (RT)      (4-8) 

Nonlinear regression of Eq. 4-8 allows determination of lnK, WK+, and WNa+ (Table 4-4) 

for the ion exchange at individual temperatures. The isotherm and result of lnK indicate 
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that mordenite has great preference for K+ over Na+. This interpretation is consistent 

with the results of previous studies of ion exchange in mordenite (e.g., Ames 1964a, 

1964b; Wolf et al. 1978). The solid curve in Figure 4-1 represents the isotherm 

computed from the above thermodynamic parameters for ion exchange in mordenite at 

298.15 K. It can be seen that the predicted isotherm is in excellent agreement with the 

experimental results.  

Similar analyses were performed for the ion exchange in mordenite at 323.15 and 

348.15 K. Excellent agreements within the uncertainties are shown between the 

predicted isotherms and the experimental values at elevated temperatures (Figure 4-2 

and 4-3). The uncertainties of the experimental results and calculated thermodynamic 

parameters generally become larger with increasing temperature. It is partly caused by 

the evaporation of chloride solutions at elevated temperatures. Although the mordenite 

samples and chloride solutions were contained in the sealed HDPE bottles during ion 

exchange, evaporation was inevitable when taking the solution for IC analysis. To avoid 

the impact of temperature change on the experiment, the solid sample was separated 

from solution by settling for a week in the oven. And then a small amount of solution 

was taken out by pipet for dilution. During the procedure of dilution by mass, 

evaporation could somewhat reduce the mass of original solution, which increased the 

cation concentrations in diluted sample for IC analysis.  

Equilibrium constants determined for ion exchange between Na+ and K+ in 

mordenite are compared to the literature data (Table 4-4). The discrepancy is primarily 

caused by the different chemical compositions of the materials used in these studies. 

For instance, the same ion exchange experiments performed on zeolon (Ames 1964a) 
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and AW-300 (Ames 1964b) presented different lnK, although they are both synthetic 

mordenites. Note that Wolf et al. (1978) determined lnK for ion exchange between Na+ 

and K+ in a synthetic mordenite at 278 and 293 K, and the latter is lower than the former. 

This observation is coincident with our results that the value of lnK becomes lower when 

temperature increases from 323.15 to 348.15 K.  

The other thermodynamic properties of Na-K ion exchange in mordenite are also 

listed in Table 4-4. Gibbs free energy of reaction (ΔGR) can be calculated from lnK, and 

enthalpy of reaction (ΔHR) was interpreted from ΔHf of all the phases in reaction 4-4. 

Entropy of reaction (ΔSR) can thus be calculated from the determined ΔGR and ΔHR by: 

ΔSR = (ΔHR - ΔGR) / T        (4-9) 

Because the thermal entropy of ion-exchanged zeolites can be estimated by assuming 

equilibrium between the zeolites and their component oxides (e.g., Robie and 

Hemingway 1991), previously determined thermal entropy of natural mordenite by 

Johnson et al. (1992) was used to assess the entropies for Na- and K-mordenite in this 

study. As a consequence, ΔSR can be estimated from the entropies of all phoases in 

reaction 4-4, and the result (-26.95±8.23 J/mol K) is in agreement with our value within 

the uncertainties (Table 4-4). 

Role of Water Molecules in Ion Exchange  

Ion exchange has a significant impact on the water content of mordenite, and 

water behavior also plays an important role in the ion exchange reaction. The loss of 

water molecules from the crystal structure of mordenite during the substitution of K+ for 

Na+ is caused by relatively bigger cation size of K+ than that of Na+. This change of 

water content in different cation forms of zeolites was also observed in clinoptilolite 
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(Carey and Bish 1996; Yang et al 2001), chabazite (Shim 1999), and merlinoite 

(Donahoe et al 1990). It appears that cations and water molecules occupy certain part 

of space in the extraframework of mordenite. Ion exchange changes the space 

occupancy of cations and then water molecules will be adjusted to yield or fill the extra 

space. The de/hydration occurs simultaneously with the ion exchange, and the amount 

of water lost/gained in this process should be proportional to the change of space for 

cations. 

The role of water during the ion exchange in mordenite was analyzed in terms of 

the enthalpy of accompanying partial dehydration. The ion exchange reaction can be 

divided into two parts regarding ΔHR: ion exchange involving no water (reaction 4-10, 

ΔHR,cation) and conversion between the water molecules in Na- and K-mordenite 

(reaction 4-11, ΔHr,H2O). 

K+ + NaAlSi6.19O14.38 = Na+ + KAlSi6.19O14.38     (4-10) 

4.19H2O(Na-MOR) = 3.78H2O(K-MOR) + 0.41H2O(liquid)     (4-11) 

Enthalpy of reaction 4-10 was evaluated by ΔHf of dehydrated homoionic mordentie and 

cations, and  ΔHR,H2O was calculated from enthalpy of water molecules in Na- and K-

mordenite, which can be assessed by the difference between ΔHf of hydrated and 

dehydrated mordenite. It can be seen that contributions of these two parts to the ion 

exchange reaction are very close but one is exothermic (reaction 4-10) and the other is 

endothermic (reaction 4-11), leading to a relatively small ΔHR of ion exchange (Table 4-

4). The energetic of water behavior appears to be able to offset that of cation 

substitution in terms of the thermodynamics of ion exchange reaction. This offset effect 
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was also observed in the other thermodynamic properties such as entropy and volume 

(see Chapter 2).  

Thermodynamic Analysis of Temperature Dependence of Ion Exchange 

Temperature dependence of the ion exchange equilibrium can be demonstrated 

by the variation of ΔHR with temperature. The relationship between lnK and ΔHR can be 

expressed by the van’t Hoff equation: 

R
2

ln Hd K
dT RT

Δ
=           (4-12) 

where ΔHR as a function of temperature can be derived from the heat capacity of 

reaction (ΔCP,R) via the relationship: 

R, R,298 P,R298

T

TH H C dΔ = Δ + Δ∫ T        (4-13) 

Enthalpy and heat capacity of reaction at 298.15 K were estimated by summation of ΔHf 

and CP of all the species in reaction 4-4, respectively. However, both Na- and K-

mordenite become partially dehydrated at elevated temperatures, and their water 

contents change with temperature. The water loss also changes ΔHf of mordenite, 

which contributes to the change of ΔHR. As a consequence, this part should be 

considered in modeling the temperature dependence of ion exchange. The temperature 

for the occurrence of mordenite is generally no greater than 523.15 K, and the partial 

dehydration of mordenite in this range of tempatures only occurs in W1. Therefore, the 

water content of mordenite as a function of temperature (Figure 4-4) can be derived 

from the mordenite-H2O equilibrium data in Chapter 3. In combination with the 

thermodynamic properties of water in mordenite, the contribution of partial dehydration 

to ΔHR can be determined at different temperatures. In contrary to the contribution of 
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ΔCP,R which makes ΔHR become less exothermic with increasing temperature, the loss 

of water in both endmembers increases the exothermisity of reaction. The results of 

these two parts show that when temperature changes from 298.15 to 523.15 K, the 

magnitudes of their contributions to ΔHR are quite similar. Therefore, ΔHR has only a 

small change during this temperature range. Using the experimental value of lnK at 

298.15 K as the initial point, the lnK of ion exchange in mordenite as a function of 

temperature is demonstrated from 298.15 to 523.15 K in Figure 4-5.  

The predicted temperature dependence of lnK is consistent with the experimental 

results within uncertainties (Figure 4-5), and it shows that  the preference of mordenite 

for K+ over Na+ decreases with increasing temperature. At relatively low temperatures, 

the variation of lnK as a function of temperature depends primarily on the magnitude of 

ΔHR (Eq. 4-12). When temperature increases, the impact of ΔHR on the temperature 

dependence of lnK becomes small. Therefore, the change of lnK at high temperatures is 

relatively smaller compared to that at low temperatures. In order to find out the impact of 

partial dehydration of mordenite on temperature dependence of ion exchange, lnK as a 

function of temperature without considering the hydration state change of mordenite is 

also shown in Figure 4-5. It can be seen that at relatively low temperatures (i.e., 

<288.15 K) the two curves are similar to one another, because the contribution of partial 

dehydration in mordenite to ΔHR is very small. However, at relatively high temperatures, 

the hydration state of mordenite changes dramtically with temperature, making this part 

of contribution overwhelm that of ΔCP,R. As a consequence, high temperatures reduce 

the preference of mordenite for K+ over Na+.  
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Excess Gibbs energy  for mordenite solid solutions of mixing Na+ and K+ can be 

calculated from Margules parameters WK+ and WNa+ (Table 4-5) by the: 

Gex = (WK+XNa+ + WNa+XK+)XK+XNa+       (4-13) 

The results of Gex as a function of XK+ for mordenite solid solutions at 298.15, 323.15, 

and 348.15 K are shown in Figure 4-6. Note that the maximum Gex of mordenite solid 

solution is -0.16 kJ/mol, which is within the uncertainty of ΔGR. This small magnitude of 

Gex is consistent with that of Hex (Chapter 3), which confirms that mordenite of mixing 

Na+ and K+ is close to ideal solid solution. Excess entropy (Sex) of mordenite solid 

solution is related to Gex and Hex by: 

Gex = Hex - TSex         (4-14) 

Excess entropy of mordenite solid solution is positive (Table 4-5), which can not result 

from the ordering of cations in mordenite. A potential explanation is that mixture of Na+ 

and K+ in mordenite changes the occupancy of water molecules in extraframework, and 

the disordering of water molecules leads to a positive Sex. 

Geological Implications 

The temperature dependence of ion exchange in mordenite predicted by our 

thermodynamic model can help explain the variation of cation compositions in the 

natural mordenite. Passaglia (1975) examined the crystal chemistry of 35 mordenite 

samples taken from the literature and concluded that mordenite in igneous rocks 

showed small variations in chemistry, Si occupied 80-85% of the tetrahedral sites and 

the extraframework cations are mainly Na+ and Ca2+ with minor K+. However, the 

diagenetic mordenite from Ponza island (e.g., Passaglia et al. 1995) and Sardinia (e.g., 

Ghiara et al. 1999), Italy generally has high K+ content (K2O > 1.0 wt%). Mordenite is 

commonly formed by hydrothermal alteration of volcaniclastic minerals within veins, 
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fissures, or amygdales of some igneous rocks (Gottardi & Galli 1985). The hydrothermal 

fluids interacting with the rock should have various cation compositions at different 

locations. Even when the fluid has very low concentrations of K+ similar to that of 

seawater (Na+ : K+ ≈ 46: 1), the content of K2O can be greater than 1.0 wt% in 

mordenite based on our experimental results of ion exchange at 298.15 K. A potential 

reason for the generally low K content of mordenite in the igneous rocks is the high 

temperature generated by the hydrothermal circulation. The temperature of 

hydrothermal fluid for the formation of mordenite is generally higher than 373.15 K (e.g., 

Kitsopoulos 1997; Pe-Piper 2000). The temperature dependence of ion exchange in 

mordenite predicted in this study suggests that the preference of mordenite for K+ drops 

a lot when the temperature reaches 373.15 K. On the other hand, the diagenetic 

mordenite is formed in hydrological open systems via hydrolysis of vitric material. The 

interacting fluid is probably percolating meteoric water or groundwater (e.g., Passaglia 

et al. 1995; Ghiara et al. 1999).  Besides the generally high concentration of K+ in these 

fluids, the low temperature can also encourage the formation of K-rich mordenite. In 

addition, Muhe and Stoffers (1995) studied zeolites (i.e., mesolite, cowlesite, mordenite, 

and ferrierite) that precipitated exclusively in porous zones in the mid-oceanic ridge 

basalts. They estimated the formation temperature of the zeolites in porous zones to lie 

in the range of 423 – 573 K, and the dominance of Ca and Na over K in these zeolites 

distinguished them from the K-rich minerals assemblage that forms in the course of 

palagonitization (i.e., low temperature alteration). This observation is coincident with the 

results predicted by our thermodynamic model.  
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Table 4-1.  Experimental data for binary ion exchange between Na+ and K+ in mordenite 
with 0.1 N chloride solutions at 298.15 K 

 Mordenite 
(mg) 

0.1 N NaClc 
(mL) 

0.1 N KCld 
(mL) 

mNa+ 
(mmol/mL) 

mK+ 
(mmol/mL) 

XK+
e 

 
1a 250.1 9.5 0.5 97.728 0.780 0.090 
2 251.3 9 1 98.008 1.606 0.178 
3 153.5 9 1 97.015 2.690 0.252 
4 101.3 9 1 95.866 3.855 0.320 
5 152.7 8 2 90.161 7.040 0.448 
6 189.9 7 3 89.201 10.033 0.555 
7 168.5 7 3 86.937 11.747 0.570 
8 172.2 6 4 79.876 18.109 0.666 
9 131.6 6 4 77.758 22.021 0.709 
10 124.2 5 5 69.107 30.482 0.810 
11 150.4 4 6 60.608 35.695 0.834 
12 167.5 3 7 57.053 42.372 0.850 
13 166.7 2 8 47.811 50.680 0.902 
14 167.1 1 9 39.946 59.902 0.918 
15 167.2 0 10 29.936 68.871 0.944 
16 130.4 0 10 25.586 74.727 0.965 
17 101.1 0 10 16.617 79.690 0.976 
18 49.4 0 10 11.738 88.489 1.023 
19 61.4 0 20 7.040 91.566 1.101 
20b 222.9 1 9 17.669 88.366 0.986 
21 155.1 2 8 26.380 78.826 0.972 
22 155.4 3 7 35.863 69.721 0.948 
23 145.1 4 6 43.051 59.927 0.946 
24 165.7 5 5 52.344 51.706 0.900 
25 139.4 6 4 61.230 42.579 0.856 
26 161.3 7 3 68.438 34.894 0.803 
27 149.8 8 2 76.450 25.778 0.764 
28 157.8 9 1 83.012 18.930 0.671 
29 158.7 10 0 90.130 12.370 0.560 
30 77.7 10 0 94.666 6.854 0.501 
31 145.6 20 0 127.902 6.503 0.495 
32 82.3 20 0 125.923 4.301 0.409 
33 38.8 20 0 123.999 2.598 0.243 

a1-19 were the experiments on Na-mordenite. b20-33 were the experiments on K-
mordenite. cThe normality of NaCl solution measured by IC was 99.978 mmol/mL. dThe 
normality of KCl solution measured by IC was 97.747 mmol/mL. eMole fraction of K+ in 
mordenite calculated from mass balance of IC data. 
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Table 4-2.  Experimental data for binary ion exchange between Na+ and K+ in mordenite 
with 0.1 N chloride solutions at 323.15 K 

 Mordenite 
(mg) 

0.1 N NaClc 
(mL) 

0.1 N KCld 
(mL) 

mNa+ 
(mmol/mL) 

mK+ 
(mmol/mL) 

XK+
e 

 
1a 251.0 9.5 0.5 123.075 1.346 0.076 
2 249.2 9 1 124.976 2.050 0.167 
3 155.0 9 1 113.598 2.800 0.242 
4 104.7 9 1 120.202 3.900 0.301 
5 149.9 8 2 110.368 7.387 0.435 
6 192.5 7 3 107.664 11.285 0.503 
7 171.9 7 3 119.696 12.234 0.533 
8 179.2 6 4 114.692 17.766 0.637 
9 133.6 6 4 105.264 21.604 0.698 
10 126.5 5 5 98.079 30.624 0.764 
11 152.9 4 6 90.427 35.795 0.793 
12 166.2 3 7 84.707 42.946 0.812 
13 167.6 2 8 78.285 50.350 0.879 
14 167.6 1 9 71.275 58.471 0.930 
15 165.8 0 10 70.165 68.180 0.938 
16 131.4 0 10 68.308 74.209 0.933 
17 103.4 0 10 60.654 78.877 0.939 
18 53.5 0 10 47.933 87.466 0.937 
19 64.5 0 20 45.787 90.295 1.074 
20 31.1 0 20 44.879 93.825 0.985 
21b 162.4 1 9 42.712 88.819 0.936 
22 149.0 2 8 58.582 77.421 0.996 
23 134.2 3 7 62.024 69.538 0.920 
24 129.2 4 6 62.657 59.682 0.926 
25 162.0 5 5 87.718 51.185 0.900 
26 157.9 6 4 90.118 42.978 0.845 
27 155.7 7 3 97.066 34.834 0.788 
28 145.7 8 2 101.972 26.198 0.733 
29 165.3 9 1 109.317 19.473 0.665 
30 152.5 10 0 118.340 12.625 0.532 
31 106.8 10 0 125.631 9.585 0.493 
32 144.5 20 0 120.987 7.021 0.451 
33 82.2 20 0 124.004 4.502 0.381 
34 39.4 20 0 117.122 2.621 0.248 

a1-20 were the experiments on Na-mordenite. b21-34 were the experiments on K-
mordenite. cThe normality of NaCl solution measured by IC was 111.406 mmol/mL. 
dThe normality of KCl solution measured by IC was 96.632 mmol/mL. eMole fraction of 
K+ in mordenite calculated from mass balance of IC data. 

109 



 

Table 4-3.  Experimental data for binary ion exchange between Na+ and K+ in mordenite 
with 0.1 N chloride solutions at 348.15 K 

 Mordenite 
(mg) 

0.1 N NaClc 
(mL) 

0.1 N KCld 
(mL) 

mNa+ 
(mmol/mL) 

mK+ 
(mmol/mL) 

XK+
e 

 
1a 250.2 9.5 0.5 131.778 1.884 0.066 
2 250.6 9 1 123.668 2.486 0.161 
3 151.6 9 1 126.848 3.789 0.218 
4 99.8 9 1 132.001 4.721 0.281 
5 149.1 8 2 119.042 8.614 0.406 
6 191.6 7 3 122.331 12.560 0.484 
7 171.7 7 3 117.576 13.714 0.504 
8 180.2 6 4 112.832 19.671 0.598 
9 132.7 6 4 112.669 24.361 0.619 
10 126.1 5 5 104.071 32.250 0.736 
11 153.4 4 6 91.080 37.507 0.769 
12 164.4 3 7 88.907 44.961 0.797 
13 167.2 2 8 83.769 53.415 0.829 
14 166.4 1 9 74.807 63.975 0.810 
15 167.4 0 10 72.362 70.621 0.909 
16 130.1 0 10 60.705 77.780 0.869 
17 102.9 0 10 55.186 80.715 0.943 
18 53.0 0 10 52.811 89.665 0.908 
19 66.0 0 20 43.931 92.786 0.942 
20 31.6 0 20 47.086 95.849 0.906 
21b 159.1 1 9 53.390 90.388 0.937 
22 151.1 2 8 55.381 82.368 0.866 
23 134.1 3 7 69.788 72.925 0.832 
24 129.0 4 6 76.733 62.774 0.838 
25 161.1 5 5 70.710 53.742 0.842 
26 158.2 6 4 92.220 45.677 0.775 
27 154.1 7 3 105.336 36.966 0.728 
28 147.2 8 2 110.843 27.449 0.702 
29 165.1 9 1 116.385 21.379 0.605 
30 152.6 10 0 112.593 14.266 0.472 
31 107.6 10 0 115.552 10.865 0.429 
32 143.9 20 0 126.228 8.027 0.370 
33 82.4 20 0 126.778 5.322 0.270 
34 38.7 20 0 131.319 3.109 0.092 

a1-20 were the experiments on Na-mordenite. b21-34 were the experiments on K-
mordenite. cThe normality of NaCl solution measured by IC was 111.406 mmol/mL. 
dThe normality of KCl solution measured by IC was 96.632 mmol/mL. eMole fraction of 
K+ in mordenite calculated from mass balance of IC data. 
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Table 4-4.  Thermodynamic properties of Na-K ion exchange in mordenite 

T 
(K) lnK 

ΔGR 
(kJ/mol-
charge) 

ΔSR 
(kJ/mol-
charge) 

ΔHR 
(kJ/mol-
charge) 

ΔHR,cation 
(kJ/mol-
charge) 

ΔHR,H2O 
(kJ/mol-
charge) 

298.15a 2.38±0.20 -5.90 ±0.99 -15.10 ±11.69 -10.40±2.49 -40.36±4.99 29.96±1.04

323.15a 2.49±0.39 -6.17 ±0.97 -10.16±11.60 -9.20±2.49 -39.58±4.99 30.38±1.04

348.15a 2.20±0.39 -5.45 ±0.97 -8.37±11.60 -7.95±2.49 -37.98±4.99 30.03±1.04

298.15b 1.94      

298.15c 3.00      

278.15d 2.45      

293.15d 2.22      
aThis study. bZeolon, Ames (1964). cAW-300, Ames (1964). dSynthetic mordenite, Wolf 
et al. (1978) 
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Table 4-5.  Margules parameters and excess properties of mordenite solid solution with 
0.5 mole fraction of K+ 

T 
(K) 

WNa+ 
(kJ/mol-
charge) 

WK+ 
(kJ/mol-
charge) 

Gex 
(kJ/mol-
charge) 

Hex 
(kJ/mol-
charge) 

Sex 
 (kJ/mol-
charge) 

298.15 -0.47±0.08 -0.79 ±0.13 -0.16±0.03 0.73±0.01 2.99±0.07 

323.15 -0.37±0.13 -0.42 ±0.18 -0.10±0.04   

348.15 -0.26±0.15 -0.41 ±0.24 -0.08±0.05   
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Figure 4-1.  Isotherm for binary ion exchange of K+/Na+ in mordenite with 0.1 N chloride 

solutions at 298.15K. The open circles show experimental results for ion 
exchange with Na-mordenite, and the solid ones represent those with K-
mordenite. The curve depicts an equilibrium ion exchange isotherm computed 
based on regressed thermodynamic parameters (see text). 
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Figure 4-2.  Isotherm for binary ion exchange of K+/Na+ in mordenite with 0.1 N chloride 

soluctions at 323.15 K. See figure caption to Figure 4-1 for explanation of 
symbols and curve. 
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Figure 4-3.  Isotherm for binary ion exchange of K+/Na+ in mordenite with 0.1 N chloride 

soluctions at 348.15 K. See figure caption to Figure 4-1 for explanation of 
symbols and curve. 
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Figure 4-4.  Hydration states of Na- and K-mordenite as a function of temperature 

during ion exchange. 
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Figure 4-5.  The variation of equilibrium constant for reaction 4-4 as a function of 

temperature. The open circles are the experimental results at 298.15, 323.15, 
and 348.15 K. The solid curve depicts the temperature dependence of ion 
exchange in mordenite predicted by the thermodynamic model, and the 
dashed curve shows the prediction without considering hydration state 
change of mordnite. 
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Figure 4-6.  Excess Gibbs free energyl of mordenite solid solution as a function of XK+ at 

different temperatures.



 

CHAPTER 5 
EXPERIMENTAL INVESTIGATION OF CA-BEARING SOLID SOLUTIONS IN 

MORDENITE 

Introduction 

Zeolites often exhibit extensive solid solutions between Si and Al in their 

frameworks, between occupied and vacant water sites within their channels, and among 

charge balancing extraframework cations such as Na+, K+, Ca2+, Sr2+, and Ba2+ (e.g., 

Passaglia and Sheppard 2001; Neuhoff and Ruhl 2006). The extent of extraframework 

cation substitution varies widely between zeolite species, with some species exhibiting 

no substitution, some in which the substitution is coupled to framework substitutions as 

in plagioclase feldspars, and others in which extensive substitution occurs independent 

of framework composition (Neuhoff and Ruhl 2006). Although zeolites in the latter 

category often exhibit complete solid solution between homoionic forms for virtually all 

exchangeable cations (e.g., chabazite and clinoptilolite), in others only incomplete 

exchange is possible for some cations (e.g., Barrer et al. 1973; Townsend and Loizidou 

1984). Among the rock-forming zeolites, two of the most important examples of this 

phenomenon include the partial exchange of Na+ and Ca2+ for K+ in phillipsite (Shibue 

1998) and the partial exchange of Ca2+ for Na+, K+ in mordenite (Passaglia, 1975).  

Mordenite (nominally [Na2,K2,Ca]4Al8Si40O96·28H2O) is a common secondary 

mineral  in hydrothermal and sedimentary environments. It has been found in vugs of 

volcanic and intrusive rocks (e.g., Sukheswala et al. 1974; Passaglia 1975; Wise and 

Tschernich 1978; Nativel 1986; Vezzalini et al. 1994), as well as a diagenetic product of 

silicic tuff, pitchstone and volcanic marine sediments (Passaglia and Sheppard 2001). 

Mordenite shows a high Si/Al ratio with natural samples ranging from 4.2 to 5.9, and 

synthetic samples as high as 10.1 (Gottardi and Galli 1985). Mordenite also has high 
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water content (up to 15 wt.%) and high thermal stability (Passaglia 1975). Mordenite 

exhibits extensive solid solution and ready ion exchange between extraframework 

cations, most notably Na+, K+, and Ca2+. Alkali metal cations are more prevalent than 

Ca2+ and no mordenites with Ca2+ comprising greater than 70% of the extraframework 

charge are known (Figure 5-1; Passaglia 1975; Kitsopoulos and Dunham 1998; Pe-

Piper 2000; Bartlett 2002). Barrer and Klinowski (1974) investigated the cation 

selectivity of a synthetic mordenite (Zeolon), and found that all the ion exchange 

reactions were reversible except those involving Ca2+ and Sr2+. It thus appears that the 

compositional limits observed in nature are related to the ion exchange behavior of 

mordenite. 

The goal of this study is to investigate the ion exchange behavior of Ca2+ in 

mordenite and its relationship to natural mordenite compositions. The ion exchange 

experiments focused on the cation pairs of Ca2+/ Na+ and Ca2+/ K+ and determination of 

the maximum Ca2+ content through homoionic ion exchange. The behavior of water 

molecules in ion exchanged mordenite was studied through the dehydration of these 

samples as a function of temperature. In combination with the results of previous crystal 

structure refinements of mordenite, some important features of the crystal chemistry of 

Ca2+ in mordenite are elucidated that help explain in compositional variation in both 

natural and synthetic systems.  Binary ion exchange equilibria involving Ca2+ exchange 

in mordenite are then used together with the binary Na+-K+ equilibria reported in 

Chapter 4 to develop a thermodynamic model for ternary exchange equilibria that 

facilitate assessment of exchangeable ion contents in mordenite as a function of fluid 

composition in natural systems. 
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Materials and Methodology 

The mordenite samples used in this study were produced from synthetic Na-

mordenite powder obtained from Zeolyst International (CBV 10A). The raw Na-

mordenite powder was used in its obtained form, and K-mordenite was generated by 

immersing Na-mordenite in 1 N KCl solution for eight weeks with KCl solution replaced 

every week. Sample purity and phase identity were confirmed by X-ray powder 

diffraction (XRD) data collected at 25 °C on a Rigaku Ultima IV X-ray diffractometer with 

Ni-filtered CuKα radiation generated at 40 kV and 44 mA. Bulk composition of 

dehydrated mordenite sample (Table 5-1) was determined to be Na1.67Al1.67Si10.33O24 by 

x-ray fluorescence (XRF) at the Department of Geociences, University of Wisconsin-

Milwaukee (e.g., McHenry 2009). All mordenite samples were found to be very sensitive 

to the relative humidity (RH), and the water content varied at different RH. Therefore, 

the water contents measured by loss on ignition were not suitable for the samples in this 

study. Two types of experiments were conducted to determine the maximum water 

content of mordenite. First, complete dehydration of mordenite was conducted on a 

Netzsch STA 449C Jupiter simultaneous thermal analysis system by heating 20-30 mg 

of sample to 650 °C (e.g., Neuhoff and Wang 2007b; Wang and Neuhoff 2008a, 2008b). 

The sample was stablized at ~ 40% RH (close to the limit of the Jupiter system) at the 

beginning of the experiment, so that the mass change was the water content of sample 

at 40% RH. Second, the mass change of the same sample was measured as a function 

of RH between 5 and 95% RH by a TA Instruments Q5000 sorption analyzer so that the 

maximum sorption capacity of the sample could be extrapolated. The total water 

contents for Na- and K-mordenite were determined to be 14.27±0.14 wt% and 

12.61±0.13 wt%, respectively. As a consequence, Na1.67Al1.67Si10.33O24·6.99H2O and 
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K1.67Al1.67Si10.33O24·6.32H2O were adopted as the chemical formulae of the mordenite 

samples used in this study. 

Homoionic experiments to produce Ca-mordenite were conducted by immersing ~ 

10 g of Na-mordenite in 500 ml of 1 N CaCl2 solution. Attempts were also made to 

produce such material from K-mordenite, but owing to the high slectivity of mordenite for 

K+ (see below) these experiments were less successful and are not reported here. The 

high-density polyethylene (HDPE) bottle containing mordenite powder and CaCl2 

solution was kept in an oven at 80±1 °C. The bottle was frequently shaken to keep the 

powder and solution well mixed. The CaCl2 solution was replaced every three days, and 

the progress of the homoionic exchange was monitored by inspecting Na+ 

concentrations in the replaced chloride solutions using ion selective electrodes (ISE) 

attached to a Denver Instrument Model 250 electrochemical meter. Large interferences 

with the concentration of Na+ caused by the high concentrations of Ca2+ in replaced 

solutions were detected in the ISE measurements. However, the concentration of Na+ 

was found to decrease in each replaced solution. After four weeks of this process, 

nearly constant concentrations of Na+ were observed in the replaced chloride solutions, 

indicating no further ion exchange between the sample and CaCl2 solutions. The Ca-

exchanged mordenite powder was separated from the solutions by centrifuge, then 

washed with deionized water and dried passively at room temperature. 

Ion exchange equilibria and cation selectivity between Ca2+ and either Na+ or K+ 

were determined through binary ion exchange experiments. In each experiment, a 

precisely weighed amount of homoionic Na- or K-mordenite powder was placed into 

chloride solutions containing two competing cations in a known equivalent concentration 
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ratio, but at constant normality (0.1 N). The 20 ml glass vials containing well mixed 

solutions and mordenite powder were kept in a climate-controlled lab with constant 

room temperature at 25±1 °C, and frequently shaken for at least one week. Some of the 

experiments were conducted in duplicate and allowed to react for two weeks with 

results essentially identical to those reacted for one week. After reaction, the aqueous 

solution was separated from the solid and sealed off for future analysis. The 

concentrations of cations in the experimental solutions were analyzed by a Dionex ion 

chromatography (IC) system in the hydrochemistry lab of the University of Florida. The 

instrument drift was checked by measuring the concentrations of a standard and blank 

solution after every five samples. 

Dehydration behavior of the produced mordenite samples was evaluated with the 

aid of the Netzsch STA 449C Jupiter device previously described. For each experiment, 

20-30 mg of mordenite was placed into a Pt-Rh crucible with unsealed, perforated lids. 

Samples were heated under ultrapure, dry N2 gas at 15 K/min from 25 to 650 °C. During 

the heating process, the mass change and heat flow of the sample were simultaneously 

recorded by thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) signals, respectively. 

Ca Exchange of Mordenite 

The chemical composition of Ca-mordenite generated through attempts at 

homoionic exchange from Na-mordenite is shown in Table 5-1. Despite rigorous 

attempts at exchanging Ca2+ into the mordenite structure, the maximum mole fraction of 

Ca2+ (XCa2+) generated was ~ 0.44. This value is close to the maximum XCa2+ (~ 0.5) 

observed in the natural mordenite samples (Figure 5-1). The generation of Ca-

mordenite used Na-mordenite as the starting material, and there was supposed to be a 
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large amount of Na+ in Ca-mordenite if the sample could not be fully ion exchanged. 

However, instead of Na+, a large fraction of K+ has been observed in Ca-mordenite 

(Table 5-1). The cause of this is appears to be the presence of an unavoidable KCl 

impurity in the CaCl2 used to make the experimental fluids. Analysis of the CaCl2 

solution showed that the ratio of cation equivalent fraction in the solution was Ca2+ : K+ : 

Na+ = 96.1 : 1.7 : 2.2. Due to the greater selectivity of mordenite for K+ over Na+, K+ was 

selectively incorporated into mordenite as the amount of Na+ in the system decreased 

during subsequent replacement of the experimental fluids. 

 Figures 5-2 and 5-3 show the binary ion exchange isotherms for Ca2+/Na+ and 

Ca2+/K+ in mordenite, respectively. The results are presented in terms of the equivalent 

fraction of Ca in the solid phase (ĒCa) as a function of the equivalent fraction of Ca in the 

coexisting aqueous phase (ECa) calculated by:  

ECa = 2mCa2+ / (2mCa2+ + mA+)        (5-1) 

ĒCa = 2XCa2+ / (2XCa2+ + XA+)        (5-2) 

where mCa2+ and mA+ are the molar concentrations of Ca2+ and Na+/K+ , respectively, in 

the aqueous solutions; XA+ is the mole fraction of Na+ or K+ in the mordenite solid 

solution. The ion exchange experiments included several steps: analyzing the chemical 

composition of the initial Na- and K-mordenite samples; preparing the initial chloride 

solutions; measuring the mass of mordenite samples and aqueous solutions; diluting 

the ion-exchanged aqueous solutions; and determining the concentrations of cations by 

IC. Each step could cause somewhat error for the results. Equivalent fractions in the 

solid phase were calculated by mass balance from the resultant aqueous 

concentrations. Uncertainties in ĒCa and ECa take into account both the uncertainties in 
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the process of the ion exchange experiments and uncertainties resulting from IC 

analyses and subsequent calculations. The uncertainty of ECa is generally lower than 

that of ĒCa, because the concentrations of cations in the aqueous solution were from 

direct measurements whereas the major source of error for ĒCa involved the 

accumulation of errors resulting from the calculation of cation concentrations in solid 

phase. This is especially true for points at the extrema of isotherms, where small 

amounts of mordenite samples were used to obtain the values of ECa close to 0 and 1. 

Under these conditions, even a small error in the cation concentration can lead to large 

errors in ĒCa. As a consequence, the isotherm was constructed by interpretation from 

the data of both Ca2+ and Na+/K+. Repeated experiments showed that analyses of Na+ 

were usually accompanied with relatively larger drift than those of K+ and Ca2+, which 

was probably caused by the residual Na+ in the instrument after long-term use for 

seawater. The isotherm points calculated from different cations show good agreement 

with one another within the uncertainties. 

Due to the incomplete exchange of Ca2+ into mordenite realized in both the 

homoionic and binary exchange experiemtns, thermodynamic analysis of the isotherms 

shown in Figures 5-2 and 5-3 was performed by normalizing ĒCa to the observed 

maximum value of ĒCa (ĒCa,max = 0.67, corresponding to XCa of 0.5) in natural samples 

(e.g., Barrer et al. 1973; Pabalan and Bertetti 2001) by the following equation 

    ĒCa
’ = ĒCaƒĒ          (5-3) 

where ĒCa
’ is normalized equivalent fraction of Ca in the solid phase; and ƒĒ refers to 

the normalization coefficient, equaling 1/ĒCa,max. The ion exchange reaction involving 

two competing cations Ca2+ and Na+ in mordenite can then be expressed as 
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0.5Ca2+ + Na2Al2Si12.38O28.76·8.38H2O + (n-8.38)H2O(liquid) =  

Na+ + NaCa0.5Al2Si12.38O28.76·nH2O (5-4) 

where n refers to the maximum number of water molecules in Ca-mordenite at 25 °C, 

which could not be determined due to our inability to generate the composition of the 

maximum Ca mordenite endmember. Note that the ĒCa
’ exhibits unit value for a sample 

whose composition is equivalent to the Ca-bearing mordenite endmember in reaction 5-

4.  Standard states for the homoionic mordenite and liquid water are unit activity of the 

pure phase at all temperatures and pressures. For the aqueous ions, the standard state 

corresponds to unit activity of a hypothetical one molar solution of the ion referenced to 

infinite dilution at all temperatures and pressures.   

 The normalized isotherm for reaction 5-4 is also shown in Figure 5-2, and the 

equilibrium constant of reaction (K) can be expressed as  

K = (mNa+ γNa+)(XCa2+
’λCa2+) / [(mCa2+ γCa2+)0.5(XNa+

’λNa+)(aH2O)(n-8.38)]   (5-5) 

where X’ is the normalized mole fraction of cations calculated from Ē’; XCa2+
’ and XNa+

’ are 

the mole fractions of the homoionic Ca2+ and Na+ forms in reaction 5-4, respectively; 

mCa2+ and mNa+ are the molalities of the free aquo calcium and sodium ions, respectively; 

γ  is the activity coefficient of cation in the aqueous solution; λ refers to the rational 

activity coefficient for mordenite component and account for the nonideality in zeolite 

phase; and aH2O is the activity of water, which is taken to be unity in the relatively dilute 

experimental solutions of this study. The aqueous phase activity coefficients were 

calculated from the measured experimental solution compositions using the computer 

code EQ3NR (Wolery, 1991). Associated with all the measurable parameters in Eq. 5-5, 

a Vanselow coefficient (Kv) is defined as 
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Kv = (mNa+ γNa+)XCa2+
’ / [(mCa2+ γCa2+)0.5XNa+

’]      (5-6) 

The consequences of non-ideal mixing between the mineral components in reaction 5-4 

leading to the non-integer values of λ in Eq. 5-5 represented through an asymmetric 

Margules formulation that has been successfully applied to the binary ion exchange in 

other zeolites (e.g., Pabalan 1994; Shibue 1998; Fridriksson et al. 2004). In this model, 

the activity coefficients may be represented by 

lnλCa2+ = [(2WNa+ - WCa2+)XNa+
’2 + 2(WCa2+ - WNa+)XNa+

’3] / (RT)                            (5-7) 

and 

lnλNa+ = [(2WCa2+ - WNa+)XCa2+
’2 + 2(WNa+ - WCa2+)XCa2+

’3] / (RT)   (5-8) 

where WCa2+ and WNa+ are binary Margules interaction parameters, R is the gas constant 

(8.314 J/mol K), and T is temperature in Kelvin. Substitution of Eq. 5-6, 5-7, and 5-8 into 

Eq. 5-5 yields 

lnKv = lnK - WCa2+(2XCa2+
’3 + 2XNa+

’3 - 2XCa2+
’2 - XNa+

’2) / (RT)  

+ WNa+(2XCa2+
’3 + 2XNa+

’3 - XCa2+
’2 - 2XNa+

’2) / (RT)   (5-9) 

Nonlinear regression of equation Eq. 5-9 allows determination of lnK, WCa2+, and 

WNa+ (Table 5-4) for reaction 5-4 at 25 °C. The above thermodynamic model can be 

applied to the ion exchange between K-mordenite and CaCl2 solution by replacing Na+ 

in reaction 5-4 and the corresponding data and stoichiometries with those for K+, and 

the results are listed in Table 5-4. 

The thermodynamic parameters determined by Margules equation were used to 

predict the isotherm curves for the ion exchange reactions (Figure 5-2 and 5-3). It can 

be seen that the predictions are in good agreement with both normalized and original 

experimental data. The results from this study were compared with the literature data. 
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Tarasevich et al. (2006) determined the isotherms for Ca-Na-mordenite ion exchange 

system, and the results were similar to that in this study. Their results not only showed 

incomplete exchange of Ca2+ for Na+ (with ĒCa,max of ~ 0.7), but also indicated that 

mordenite was more selective for Ca2+ than Na+ at low ECa and the selectivity reversed 

at high ECa. Ames (1964b) also derived K for Ca2+/Na+ exchange in a synthetic 

mordenite (Zeolon), but no corresponding isotherm was shown in his study. There are 

relatively large discrepancies between the values of K and the Margules parameters 

determined in this study and those found in the literature for Ca2+/Na+ exchange.  The 

primary reason for this discrepancy is likely the nature of mordenite samples used in 

these studies. For instance, Tarasevich et al. (2006) performed same ion exchange 

experiments for two different mordenite samples, and the values of K suggested 

different preference for Ca2+. In the case of Ca2+/K+ exchange in mordenite, no literature 

data were available for comparison. However, our results indicate that mordenite has 

more preference for K+ over Ca2+, which is coincident with the general selectivity 

sequence postulated by Suzuki et al (1978) for a synthetic mordenite. 

Water Molecules in Ion-exchanged Mordenite 

The dehydration of ion exchanged mordenite, CaNa-mordenite and CaK-

mordenite, as a function of temperature is compared with that of homoinic Na- and K-

mordenite in Figures 5-4 and 5-5, respectively. The water content and behavior of water 

molecules are reflected by the TGA curve and its first derivative (dTGA), respectively. It 

can be seen that Na- and K-mordenite can be fully dehydrated at 650 °C, whereas the 

dehydration of Ca-mordenite is incomplete at this temperature (as manifested by fact 

that mass was still decreasing at this temperature). Two energetically distinct types of 

water are observed in mordenite denoted W1 (waters lost at relatively low temperatures) 
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and W2 (waters lost at relatively high temperatures; see Chapter 3). The ranges of 

temperature for the peaks of W1 and W2 shown by DSC and dTGA are exactly the 

same for the three ion-exchanged mordenite samples.  

There is also some obvious difference among the DSC and dTGA for the 

dehydration of ion-exchanged mordenite, indicating the cation composition can affect 

the abundance and energetics of water molecules in mordenite. Substitution of K+ for 

Na+ has significant impact on the abudance of W1 but not their energetics, and the 

energetics of W2 water but not their abundance (see Chapter 3). The dTGA of Ca-

mordenite is quite similar to that of its corresponding monovalent endmember. It thus 

appears that the ion exchange involving Ca2+ has little effect on the energetics of W1 

and W2. However, the total water content in Ca-mordenite is higher than both Na- and 

K-mordenite, which is attributed to the relatively smaller size and high valence of Ca2+ 

that collectively permit more space for water molecules within the mordenite channels. 

In addition, the dehydration of Ca-mordenite is incomplete at 650 °C, suggesting that 

the exchange of Ca2+ for Na+ or K+ may increase the abundance of both W1 and W2. 

Martucci et al (2003) studied the step by step thermal dehydration process of mordenite 

from Pashan (Poona, India) using the time-resolved synchrotron powder diffraction. 

They also found that the water site B which was co-occupied by Ca2+ could not be 

completely dehydrated above 630 °C, which is consistent with our observations.  

Controls on Natural Mordenite Compositions 

The exchange systems of Ca2+/Na+ and Ca2+/K+ in mordenite behave differently 

with ECa. The isotherm for Ca2+/Na+ shows that mordenite prefers Ca2+ to Na+ at low ECa, 

but the selectivity becomes reversed at higher ECa, leading to the opposite signs of 

Margules parameters for this reaction. The isotherm for Ca2+/K+ indicates that mordenite 
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has a preference for K+ over Ca2+ over the whole range of XCa2+, which is consistent 

with the negative value of lnK (Table 5-4). Nonetheless, both ion exchange systems are 

incomplete, and the isotherms demonstrate that the maximum XCa2+ in mordenite is ~ 

0.5, which is consistent with the compositions of natural samples shown in Figure 5-1. 

Passaglia (1975) investigated the crystal chemistry of 21 natural mordenite samples 

from different locations. The XCa2+ of these samples has been calculated to range from 

~ 0.25 to ~ 0.46. The studies on mordenite from Polyegos Island, Greece (Kitsopoulos 

and Dunham 1998), Sardinia, Italy (Ghiara et al. 1999), Nova Scotia, Canada (Pe-Piper 

2000), and Marysvale, Utah (Barlett 2002) also showed no mordenite with XCa2+ 

exceeding 0.5.  

The incomplete exchange of Ca2+ into mordenite likely reflects the 

crystallochemical consequences of the high Si content of mordenite.  At relatively high 

Si contents, the framework charge due to the presence of Al (which is ultimately 

accommodated by the presence of the exchangeable extraframework cations) is fairly 

dilute. Thus, the statistical chances (assuming complete Si-Al disorder) of two Al atoms 

occurring in close proximity within the framework (in order to accommodate the local 

charge balance constraints imposed by a divalent extraframework cation like Ca2+) are 

low. This is compounded by Al-avoidance in aluminosilicate structures (cf. Lowenstein, 

1954) which precludes the occurrence of Al-O-Al linkages in the framework. Cation sites 

D ( in the twelve-membered rings) and A (in the eight-membered rings) are located near 

the four-membered rings that are normally somewhat enriched in Al, thus potentially 

providing sufficient local framework charge to acceommodate (nonexclusively) a 

divalent ion such as Ca2+ (e.g., Alberti 1997; Simoncic and Armbruster 2004). In 

130 



 

contrast, the E cation site is located within the large channels in the structure which are 

somewhat depleted in Al relative to the bulk. We propose that site E will generally only 

accommodate monovalent cations in order to meet the constraints of local charge 

balance in the large channels. 

The ion exchange equilibria for binary systems including K+/Na+, Ca2+/Na+ and 

Ca2+/K+ in mordenite can be used to assess the chemical composition of natural fluids 

interacting with mordenite. Elprince et al. (1980) employed the subregular model to 

determine the composition of an aqueous solution including three cations as a function 

of exchanger phase composition. Because the interaction parameters in mordenite solid 

solutions are relatively small, the subregular model can be applied in this study to 

determine the activity coefficient of ion-exchanged mordenite in a ternary system (Na-K-

Ca). Note that the thermodynamic parameters for binary system of Ca2+/Na+ and 

Ca2+/K+ were interpreted from normalized data, the actual XCa2+ in mordenite needs to 

be normalized to the observed maximum XCa2+ (0.5, corresponding to ĒCa,max = 0.67) in 

the subregular model. The mole fractions of Na+ and K+ are thus adjusted 

corresponding to the normalized XCa2+, but with the same Na/K ratios. In the following 

model, subscripts 1, 2, 3 stand for the solid phase of Na, K, and Ca, respectively. 

Taking reaction 5-4 as an example, the excess Gibbs free energy for the Na-Ca binary 

system ( ) can be calculated by the Margules parameters interpreted from ion 

exchange isotherm: 

13
exG

13
ex 1 3 3 1 1 3(G W X W X X X= + )         (5-10) 

where X is the mole fraction of cations in the binary system,  X3 is the normalized mole 

fraction of Ca2+, and X1+X3=1. When subregular model is applied to a binary ion 

131 



 

exchange system,  can be expressed by the following equation (e.g., Hardy 1953; 

Grover 1977): 

13
exG

13
ex 1 3 13 1 31 13[ln (ln ln )]G RTX X f X f f∞ ∞= + − ∞       (5-11) 

where  is the activity coefficient of solid phase 1 when its mole fraction approaches 

zero in a binary mixure containing 1 and 3. The values of 

13f ∞

13lnf ∞  and  can be 

determined by a linear regression of the plot 

31lnf ∞

13
ex 1 2/ (G RTX )

f

X  vs. X1. The activity 

coefficients for the other two binary systems can be determined by the same method. 

When the subregular model is applied to a ternary system, the activity coefficients of the 

three solid phases can be expressed by the following equations (e.g., Currie and Curtis 

1976; Elprince et al. 1980): 

(1) 2 (1) 2 (1) (1) 3 (1) 3 (1) 2 (1) 2
1 22 2 33 3 23 2 3 222 2 333 3 223 2 3 332 3 2lnf c x c x c x x d x d x d x x d x x= + + + + + + ,  

(2) 2 (2) 2 (2) (2) 3 (2) 3 (2) 2 (1) 2
2 11 1 33 3 13 1 3 111 1 333 3 113 1 3 331 3 1lnf c x c x c x x d x d x d x x d x x= + + + + + + , and 

(3) 2 (3) 2 (3) (3) 3 (3) 3 (3) 2 (3) 2
3 11 1 22 2 12 1 2 111 1 222 2 112 1 2 221 2 1lnf c x c x c x x d x d x d x x d x x= + + + + + +   (5-12) 

where x is the mole fraction of cations in the ternary stystem, and x1+ x2+x3=1; c and d 

are constant coefficients, and  

(1)
22 21 122ln lnc f ∞ ∞= − , 

(1)
23 31 21 12 13 32

1 (3ln 3ln ln ln ln
2

c f f f f f∞ ∞ ∞ ∞= + − − − )∞

f ∞

f ∞

, 

(1)
222 12 212(ln ln )d f ∞= − , and 

(1)
223 12 21 13 31 23 323(ln ln ) (ln ln ln ln )d f f f f f∞ ∞ ∞ ∞ ∞= − + − + −      (5-13) 
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With the activity coefficients and mole fractions of solid phases in the tenary system, the 

activities of aqueous phases (in terms of aCa2+/aNa+
2 and aCa2+/aK+

2) can be calculated by 

Eq. 5-5.  

Results of the above analyses were used to generate a phase diagram (Figure 5-6) 

illustrating the exchangeable ion content of mordenite as a function of the composition 

of coexiting solutions. The curves are isopleths of Ca content in mordenite, which 

increases to the upper right of the diagram. The diagonal lines represent isopleths of 

XNa+/( XNa++ XK+) in mordenite, increasing to the lower right. The corresponding fluid 

compositions for the formation of natural mordenite samples (Figure 5-1) were 

calculated and plotted in Figure 5-6. The chemical compositions of some natural fluids 

associated with the formation of some mordenites such as seawater, hydrothermal 

fluids in Skagafjordur, Iceland (S. Arnorsson, personal communication), and present 

Yucca Mountain water (Kerrisk 1987) are shown for comparion.  

The veracity of the phase relations shown in Figure 5-6 is illustrated by the 

excellent agreement between the compositions of nominally coexisting modenite and 

solution compositions. The solution compositions reported from Skagafjordur, Iceland, 

are meteoric solutions that have experienced varying degrees of basalt-water 

interaction over the temperature range (40-120 ºC) in which mordenite is common in 

Icelandic lavas (Neuhoff, unpublished data). The mordentie analysis from Teigarhorn 

Iceland reported by Passaglia (1975) lies within this field. Similarly, the mordenite 

composition reported by Broxton et al. (1987) from Yucca Mountain, Nevada, USA is 

consistent with the composition of present-day solutions reported by Kerrisk (1987).   
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 It can be seen that the wide range of chemical compositions of natural fluids 

results in quite different cation compositions in mordenite (e.g., Passaglia 1975). Bartlett 

(2002)’s samples were collected from the same area (Marysvale, Utah), and the same 

fluid resulted in similar compositions in these samples. However, some of the samples 

have higher XCa2+ than the others, and the Ca content of the corresponding fluids are 

relatively high. A possible scenario is that the fluids were mixed with Ca-rich 

groundwater. The samples from Kitsopoulos and Dunham (1998) were divided into two 

groups based on their chemical compositions: typical NaCa-mordenite and K-rich 

mordenite. Kitsopoulos and Dunham (1998) argued that the typical NaCa-mordenite 

was formed by hydrothermal alteration and the hydrothermal fluids were recharged by 

seawater. This argument is consistent with the results shown in Figure 5-6, the fluid 

compositions for this group of samples are relatively close to that of seawater, but with 

lower Na+ and higher Ca2+ content. A potential reason is that the seawater was diluted 

by Ca-rich groundwater. In the case of K-rich mordenite, the K+ contents of some of the 

corresponding fluids are higher than that of seawater (Figure 5-6), but there was no 

evidence found for any other source of K in that area. As a consequence, they 

suggested that the reason for K-rich mordenite is that it had K-rich clinoptilolite crystals 

as precursors. The ion exchange results of our study indicate that mordenite has a 

higher preference for K+ over Ca2+ and Na+. Therefore, even the K-rich mordenite had 

further contact with hydrothermal fluids in rich of Na+ and Ca2+, it could keep the high K+ 

conent. The mordenite samples formed by hydrothermal alteration in Nova Scotia, 

Canada (Pe-Piper 2000) show similar Na/K ratio but wide range of XCa2+. Fluid 

compositions for some of the samples are quite similar to that of seawater, indicating 
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the equilibrium of these samples with seawater, potentially due to reequilibration after 

formation. The others with relatively higher XCa2+ reflect the fact that the fluids involved 

in the occurrence of these samples were seawater modified by fluid-rock interaction. 

A critical point for the geological application of our thermodynamic model is that 

this model was developed based on ion exchange in a synthetic instead of a natural 

sample. Most natural mordenites have properties characteristic of small-port mordenites, 

whereas the synthetic sample in this study is large-port mordenite. A major difference 

between the large- and small-port mordenite is the size of extraframework channel. 

Molecules with a diameter > 4.5 Å can be introduced into large-port mordenite, and 

small-port mordenite can only accept molecules with a diameter < 4.2 Å (Simoncic and 

Armbruster 2004). However, the diameters of K+, Na+, and Ca2+ are all smaller than 4.2 

Å. Consequently, there should be little difference between the general selectivity of 

natural and synthetic mordenite in terms of these three cations. Another major 

difference between natural and synthetic mordenite is the Si-Al ordering, which has a 

significant effect on the extraframework charge as well as the distribution of cations in 

mordenite (Simoncic and Armbruster 2004). For instance, the compressed eight-

membered rings of natural mordenites are normally enriched in Al, providing sufficient 

extraframework charge for Ca2+. However, there are less Al in the compressed eight-

membered rings of synthetic mordenites, and correspondingly less extraframework 

charge for local balance. As a consequence, the Ca occupancy in natural and synthetic 

mordenite might be somewhat different. Nevertheless, the phase relations predicted by 

our model still show excellent agreement with the geological observations. In addition, 
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the application of thermodynamic model serves as a heuristic tool for interpreting the 

natural conditions from experimental results. 
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Table 5-1.  Compositions of dehydrated ion-exchanged mordenite samples analyzed by 
XRF 

Sample Na-mordenite K-mordenite Ca-mordenite 

 Component concentrationa (wt.%) 
Na2O 6.00 0.02 0.67 
MgO 0.06 0.02 0.04 
Al2O3 10.18 10.6 10.28 
SiO2 74.93 77.43 75.21 
P2O5 0.02 0.03 0.02 
K2O 0.04 9.21 2.72 
CaO 0.04 0.03 3.4 
TiO2 0.39 0.38 0.36 
Fe2O3 0.16 0.15 0.15 
Total 91.82 97.87 92.85 
 Cations per 24 framework Ob 
Na 1.580 0.005 0.176 
Mg 0.012 0.004 0.008 
Al 1.630 1.644 1.640 
Si 10.179 10.191 10.180 
P 0.001 0.002 0.001 
K 0.007 1.547 0.470 
Ca 0.006 0.004 0.493 
Ti 0.178 0.168 0.164 
Fe 0.016 0.015 0.015 
aDirectly measured from XRF. bNormalized to LOI-free 100 wt.%. 
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Table 5-2.  Experimental data for binary ion exchange involving Ca2+ and Na+ in 
mordenite with 0.1 N chloride solutions at 25 °C 

 Na-MOR 
(mg) 

0.1 N NaCla 
(g) 

0.1 N CaCl2b 
(g) 

mNa+ 
(mmol/kg)

mCa2+ 
(mmol/kg) 

ĒNa 
 

ĒCa 
 

1 253.4 9.5 0.5 96.618 0.256 0.972 0.084
2 251.6 9 1 95.818 0.583 0.887 0.167

3 199.2 9 1 97.013 0.789 0.825 0.199

4 149.6 9 1 95.110 1.094 0.837 0.243

5 240.6 8 2 93.991 1.986 0.712 0.311

6 147.4 8 2 90.537 3.652 0.657 0.384

7 173.8 7 3 82.796 6.461 0.659 0.427

8 192.4 6 4 79.838 11.322 0.511 0.360

9 202.8 5 5 70.255 14.148 0.542 0.428

10 201.1 4 6 60.863 17.882 0.540 0.468

11 199.0 3 7 52.836 21.869 0.499 0.497

12 201.5 2 8 44.506 26.309 0.478 0.489

13 200.7 1 9 34.782 30.353 0.486 0.511

14 250.8 0 10 30.400 31.961 0.480 0.532

15 201.6 0 10 25.697 34.117 0.481 0.545

16 168.4 0 10 22.062 36.201 0.497 0.517

17 120.1 0 10 17.633 38.593 0.496 0.507

18 180.9 0 20 14.897 39.785 0.496 0.529

19 122.6 0 20 11.497 41.768 0.553 0.433
aThe normality of NaCl solution measured by IC was 99.978 mmol/kg. bThe normality of 
CaCl2 solution measured by IC was 88.319 mmol/kg. 
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Table 5-3.  Experimental data for binary ion exchange involving Ca2+ and K+ in 
mordenite with 0.1 N chloride solutions at 25 °C 

 K-MOR 
(mg) 

0.1 N KCla 
(g) 

0.1 N CaCl2b 
(g) 

mK+ 
(mmol/kg)

mCa2+ 
(mmol/kg) 

ĒK 
 

ĒCa 
 

1 161.9 9 1 88.085 4.333 0.996 0.017 

2 155.9 8 2 81.437 8.351 0.889 0.059 

3 149.0 7 3 71.448 12.552 0.899 0.090 

4 159.1 6 4 62.851 16.623 0.870 0.121 

5 146.3 5 5 54.027 20.783 0.829 0.164 

6 155.8 4 6 45.974 23.715 0.783 0.274 

7 154.7 3 7 37.547 28.793 0.739 0.239 

8 154.8 2 8 29.192 32.216 0.694 0.324 

9 156.1 1 9 21.150 36.244 0.640 0.361 

10 155.7 0 10 13.251 40.881 0.577 0.358 

11 84.2 0 10 8.629 42.301 0.529 0.471 

12 64.9 0 20 4.575 44.302 0.484 0.526 
aThe normality of KCl solution measured by IC was 97.578 mmol/kg. bThe normality of 
CaCl2 solution measured by IC was 91.623 mmol/kg. 
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Table 5-4.  Thermodynamic properties of ion exchange between CaCl2 solution and Na-,  
K-mordenite 

 T 
(°C) lnK 

WCa2+ 
(kJ/mol-
charge) 

WK+ 
(kJ/mol-
charge) 

WNa+ 
(kJ/mol-
charge) 

K+/Na+a 25 2.38±0.20  -0.79±0.13 -0.47±0.08 

Ca2+/Na+a 25 -1.05±0.32 -1.53±0.65  -5.86±1.79 

Ca2+/K+a
 25 -3.25±0.26 0.20±0.10 -6.17±1.85  

Ca2+/Na+b 25 -0.37    

Ca2+/Na+c 20 0.04    

Ca2+/Na+d 20 -1.55    
aThis study. bZeolon, Ames (1964b). cTranscarpathian Na-form, Tarasevich et al. (2006). 
dCrimean Na-form, Tarasevich et al. (2006). 
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Figure 5-1.  Extraframework cation contents reported for natural mordenites from a 

variety of different parageneses along with the composition of the maximum 
Ca-bearing mordenite generated in this study. 
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Figure 5-2.  Binary ion exchange isotherm for Ca2+/Na+ in Na-mordenite with 0.1 N 

chloride solutions at 25 °C. The circles are the original experimental data, and 
the triangles depict the normalized data (see text). The open symbols show 
the experimental results calculated from the concentrations of Ca2+, and the 
solid ones represent those calculated from Na+. The dashed and solid curves 
represent the predicted isotherms for normalized and original experimental 
data, respectively. 
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Figure 5-3.  Binary ion exchange isotherm for Ca2+/K+ in K-mordenite with 0.1 N chloride 

solutions at 25 °C. The circles are the original experimental data, and the 
triangles depict the normalized data (see text). The open symbols show the 
experimental results calculated from the concentrations of Ca2+, and the solid 
ones represent those calculated from K+. The dashed and solid curves 
represent the predicted isotherms for normalized and original experimental 
data, respectively. 
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Figure 5-4.  The dehydration behavior of Na-Mordenite (1) and CaNa-Mordenite (2) 

between 25 and 650 °C. Dashed curves represent the mass change during 
the dehydration. Waved curves are the first derivative of mass change. Solid 
curves show the heat flow as a function of temperature. 
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Figure 5-5.  The dehydration behavior of K-Mordenite (1) and CaK-Mordenite (2) 

between 25 and 650 °C. See figure caption to Figure 3 for explanation of 
curves. 
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Figure 5-6.  Phase diagram illustrating the extraframework cation contents of mordenite 

as a function of solution composition at 298.15 K, 1 bar. The curves are 
isopleths of Ca content in mordenite, represented by XCa2+. The diagonal lines 
represent XNa+/( XNa++ XK+) in mordenite, increasing to the lower right. Shown 
for comparison are predicted fluid compositions in equilibrium with mordenite 
samples reported by Passaglia (1975), Barlett (2002), Kisopoulos and 
Dunham (1998), Pe-piper (2000), and Broxton et al. (1987) along with the 
compositions of seawater and fluids associated with mordenite formation at 
Skagafjordur, Iceland (S. Arnorsson, personal communication and Yucca 
Mountain, Nevada, USA (Kerrisk 1987). 

 



 

CHAPTER 6 
CONCLUSIONS 

A thermodynamic model for ion exchange as well as the water behavior in zeolites 

has been developed in this study, which provides important heuristic insights into the 

energetics and stability of zeolites. Thermogravimetric and calorimetric analyses on the 

de/hydration of ion exchanged mordenite reveal that ion exchange has a significant 

impact on the behavior of water molecules in mordenite. Results for mordenite solid 

solutions containing Na+ and K+ indicate that the maximum water content of mordenite 

decreases and the enthalpy of hydration becomes less exothermic with increasing XK+. 

More importantly, both maximum water content and enthalpy of hydration of mordenite 

are demonstrated to change linearly with XK+. Two energetically distinct sets of water 

molecules have been observed in mordenite: W1 (relatively less energetic) and W2 

(relatively high energetic). This observation is consistent with the results of structure 

refinement of mordenite at different temperatures. Thermodynamic analysis on the 

hydration of W1 and W2 reveals that these two sets of water molecules behave 

differently when cation composition of mordenite changes. The water content of W2 is 

independent of cation composition, whereas W1 loses water with when XK+ increases; 

the enthalpy of hydration of W1 appears to be constant, but that of W2 becomes less 

exothermic with increasing XK+.  The determined thermodynamic properties of 

mordenite solid solution including volume and enthalpy of formation also vary with 

cation composition. There is very little excess enthalpy and excess Gibbs free energy in 

mordenite solid solutions, suggesting that the mixture of Na+ and K+ in mordenite is 

nearly ideal.  
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The systematic study on the binary ion exchange invoving Na+, K+, and Ca2+ 

mordenite illuminates the correlation between the chemical compositions of zeolites and 

natural fluids. Isotherms of these binary ion exchange systems show that mordenite has 

a general cation selectivity of K+> Na+ >Ca2+. Homoionic Na- and K-mordenite can be 

generated by monoionic exchange, whereas the maximum Ca2+ content (mole fraction) 

generated in the laboratory is ~ 0.44, which is consistent with the crystal chemistry 

results of numerous natural mordenite samples. The subregular model was employed to 

calculate the thermodynamic prameters of a ternary ion exchange system based on 

those of binary systems determined in this study. The phase diagram generated based 

on the thermodynamic data demonstrates that the wide range of chemical compositions 

of natural fluids result in quite different cation compositions in mordenite. The fluid 

compositions of some mordenite samples interpreted by our model are in agreement 

with the local observations.  

The results of Na-K ion exchange in mordenite at three different temperatures 

show that mordenite’s preference for K+ over Na+ decreases with increasing 

temperature. A thermodynamic model has been built to predict the temperature 

dependence of ion exchange in mordenite. The prediction is generally consistent with 

the experimental results within the uncertainties. A potential reason for the 

discrepancies is that the Margules formulations applied to the experimental data does 

not take into account the hydration state change of mordenite at elevated temperatures. 

As a consequence, previous thermodynamic models for ion exchange in zeolites need 

to be modified to include the behavior of water molecules during ion exchange reaction. 

This unsolved problem will be the focus of our future work.
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