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Solubility and stability of zeolites in aqueous solution: Il. Calcic clinoptilolite and mordenite
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ABSTRACT

The solubilities of Ca-exchanged clinoptilolite (Cpt-Ca) and Ca-exchanged mordenite (Mor-Ca)
have been measured in aqueous solutions between 25 arf€C 23t at saturated water vapor
pressures. Natural zeolites were cation exchanged to close to Ca end-member composition (90% for
Cpt-Ca, and 98% for Mor-Ca). The controlling dissolution reactions may be written as:

Cpt-Ca: Casg(AlL1,Sis 64012)(3.9H,0) + 8.1HO = 0.56C& + 1.12AI(OH); + 4.88Si(OH(aq)
Mor-Ca: C3s:4Al; 0:Sis 67012)(3.1H,0) + 8.9HO = 0.515C# + 1.03AI(OH); + 4.97Si(OH,s,)

These reactions are reversible as shown by equilibrium constants calculated for approach from un-
der- and supersaturation. The liig for Cpt-Ca increases from —26.9 at 5 to a maximum of

—16.9 at 275C, whereas for Mor-Ca the equilibrium constant varies from —25.3°4& #5-17.7 at

265°C. The solubilities for both zeolites increase with increasing temperature showing a positive
enthalpy for the dissolution reaction. At lower temperatures Cpt-Ca is slightly more soluble than
Mor-Ca, which agrees with natural observations where mordenite and clinoptilolite commonly oc-
cur together spatially but mordenite is in general the higher-temperature phase. A comparison with
other exchanged clinoptilolites indicates that Cpt-Ca is more stable than the Na, K, and Mg variet-
ies. The results demonstrate that the exchanged cation has a large effect on the solubility behavior,
and that divalently exchanged varieties are less soluble than monovalent varieties. From the solubil-
ity constants, the standard Gibbs free energies of formation for hydrous Cpt-Ca and Mor-&a at 25
and 1 bar were determined to be —638% kJ/mol and —-627% 7 kJ/mol respectively. However,
compared to the hydration states and the aluminosilicate structure, the effect of the cation on the
Gibbs free energies of formation is small.

INTRODUCTION and Bish 1996; Bertetti et al. 1996; Kastenberg and Gratton

The occurrences of natural zeolites are restricted to the [8%97)- However, the conditions under which such processes
temperature (~3-40RC), low pressure (~0.001-3 kbar) envj-0Ccur are not wgll known because thermodynamlc and kinetic
ronments of the “zeolite facies,” whioras defined as the tran-data for the zeolite-water system are still scarce. _
sitional facies between diagenesis and metamorphism (Fyfe etin natural samples, the main cation in clinoptilolite (Cpt) is
al. 1958; Coombs et al. 1959; Zen 1961; Hay 1978). In thgically Na; however, C#, K*, and Md" are also present
zeolite-water system, dissolution and precipitation as well &€ untreated Cptin Table 1). The amount of water in the crystal
adsorption and exchange reactions govern cation fixation. THEHCture of zeolites is one of the main factors influencing their
need to understand these processes has become even mor&g8ility, i-€., Gibbs free energy of formation (Carey and Bish
tinent because zeolites have been recognized as major condpt6, 1997; Wilkin et al. 1997; Wilkin and Barnes 1999). This
nents of the tuffs at the Nevada Test Site. Zeolites (clinoptilolitg, Particularly true for Ca-rich zeolites (Coombs et al. 1997,
mordenite, and analcime, in particular) are potential absorbé28), because they absorb more water than zeolites rich in
for several components of high-level radioactive waste in tREer cations (Deer etal. 1985; Armbruster 1993). In this study,
proposed repository at Yucca Mountain (Nevada, U.S.A.) (e_ij experimental material is referred to as clinoptilolite, in ac-

Smyth 1982; Ogard et al. 1984; Bish 1984; Pabalan 1994; Caf@jdance with the original description of the Castle Creek zeo-
lite by Mondale et al. (1988) and Sheppard (1991). In addition,

this agrees with the established criteria for distinguishing be-
then clinoptilolite and its isostructural form heulandite (Si/
Leeds, Leeds LS2 9JT, U.K; E-mail: liane@earth.leeds.ac.U ratl'o, (?a qnd waFer content, M.ason and Sand 1969; Mumpton
+ Present address: U.S. Environmental Protection Agendy20; Alietti 1972; Boles 1972; Armbruster 1993; Hey and

74820. exchange was achieved for the Cpt-Ca, but only 80 mol% ex-

* Present address: School of Earth Sciences, University
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TaBLE 1. Chemical composition, structural formula, and calcium molar ratios of clinoptilolite and mordenite samples used in this study

Castle Creek Castle Creek Poona Poona
clinoptilolite clinoptilolite mordenite mordenite
untreated Ca-exchanged (n = 2) untreated (n = 3) Ca-exchanged
SiO, 65.50 64.0 68.6 67.9
TiO, 0.08 0.11 <0.01 <0.02
Al,O,4 12.40 125 11.8 11.9
Fe,0; 0.48 0.78 0.08 0.03
MgO 1.07 0.32 0.02 0.01
CaO 0.72 6.34 3.74 6.50
MnO <0.01 <0.01 <0.01 <0.02
Na,O 3.57 0.10 2.86 0.10
K,O 2.34 0.28 0.03 0.06
LOI 12.90 15.3 13.0 12.80
Total 99.06 99.6 100.13 99.10
Ca end-member 5 mol% 90 mol% 53 mol% 98 mol%

Formula proportions based on 12 O atoms

Si 4.91 4.88 4.99 4.97
Al 1.09 1.12 1.01 1.03
Mg 0.12 0.04 0.00 0.00
Ca 0.06 0.52 0.29 0.515
Na 0.52 0.01 0.40 0.01
K 0.21 0.03 0.00 0.00
H,0 3.22 3.89 3.17 3.13
Si/Al 450 435 4.93 483
Cal(Ca+Na) 0.19 0.99 0.59 0.99
Cal(Ca+K) 0.36 0.97 1 1
Ca/(Ca+Mg) 0.33 0.96 1 1

Note: LOI = loss of ignition, for solids equilibrated at 50% relative humidity.
Castle Creek Clinoptilolite: initial = Nag 5:Ko.21Ca0,0sMJo.12(Al1.08Si4.01012)(3.22H,0).
Cpt-Ca = Cags6(Al112Sis85012)(3.89H,0).
Poona Mordenite: initial = Nag 40Cap 29(Al1 01S14.09012)(3.17H,0).
Mor-Ca = Cags15Al1 03Sis6701,)(3.13H,0).

change for Cpt-Mg (Benning, unpublished data). This resulthdordenite, on the other hand, is more commonly an alteration
consistent with the observation that ¥ located in a water- product of silica-rich glasses (Harris and Brindley 1954;
rich, octahedrally coordinated, low-occupancy site (Koyama afidombs et al. 1959; Wirsching 1975), forming also in mostly
Takeuchi 1977). Mordenite (Mor) is one of the most silica-richlkaline, high-salt solution at 70-18G. However, its stabil-
zeolites, having an Si/Al ratio close to 5. The main cations dtg can be as high as 250-40G, and the reactions from
Na' and C&, usually in nearly equal amounts, whereasaid clinoptilolite via mordenite to analcime span an even larger
Mg?* are minor constituents (Passaglia 1975; Passaglia et(200—400°C) temperature range (Ames and Sand 1958; Combs
1995; untreated Mor in Table 1). Following the exchange eet al. 1959; lijima 1974; Abe and Aoki 1975; Wirsching 1975;
periments, a fairly pure (98 mol%) Ca end-member was obtairlddda et al. 1980; Kusakabe et al. 1981). In nature, clinoptilolite
(Table 1); however, an Mg end-member of the Poona morderdted mordenite commonly occur together, and both natural ob-
could not be attained (maximum 53 mol% exchange, Bennirggrvations and experimental evidence suggest that clinoptilolite
unpublished data). and mordenite form at about the same temperatures and under
The relative stability relations of clinoptilolite andsimilar chemical conditions, but paragenetic textures indicate
mordenite, as well as their transformation to higher-tempethat mordenite is predominant at the higher temperatures.
ture phases such as analcime/wairakite or feldspar (dependindespite their importance and the wide variety of environ-
on the predominant cation), have been studied extensivehents in which zeolites occur (Mumpton 1978; Tsitsishvili et
Natural observations have been reported by Ueda et al. (1980)1992; Tschernich 1992; and references therein), as well as
and Tsitsishvili et al. (1992), for example, whereas Hawkiribe extensive studies done on the zeolite-water system, it is
(1967), Boles (1971), Hawkins et al. (1978), Ueda et al. (1988)rprising that the solubilities of clinoptilolite and mordenite
and Kusakabe et al. (1981) have carried out experimental stirdaqueous solutions have not been studied until recently
ies. Clinoptilolite forms in nature primarily from intermediate{Murphy et al. 1996; Wilkin and Barnes 1998a). In addition,
silica-content glasses at temperatures between 20 af@ 8Cthe relative stabilities of clinoptilolite, mordenite, and their high-
(lijima 1982) and decomposes at 70-22(lijima 1982; Bish temperature counterparts are still equivocal. Equilibrium con-
1984). In experiments, clinoptilolite synthesis depends on thants derived from solubility measurements are fundamental
starting materials (e.g., glass, gel, or solution), pH, tempefar the understanding of cation exchange and alumina- and
ture, and solution composition. The transformation to analcirsgica-release capacities of zeolites in natural environments. To
occurs mainly in alkaline, high-salt solutions at 100-300 model the behavior of zeolites in such settings, it is necessary
(Ames and Sand 1958; Koizumi and Roy 1960; Boles 197®; understand the effects of mono- and divalent cations on the
Abe and Aoki 1976; Hawkins et al. 1978; Kusakabe et al. 1984glubility of the alumino-silicate framework. Wilkin and Barnes
Ilin and Voloshinets 1985; Wilkin and Barnes 1998b)(1998a) have presented the first solubility measurements on
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analcime, and Na- and K-exchanged clinoptilolite from 25 {&EM) using a JEOL SX-20A instrument. Major-element concen-
300°C. However, the solubility of zeolites with divalent catirations were determined by inductively coupled, plasma atomic
ions has not been studied. The aim of this study, therefore, basssion spectroscopy (Leeman PS3000, ICP-AES; 2-5%),
been to determine the solubility of Ca-exchanged clinoptilolitand the water content of samples equilibrated at 50% relative hu-
(Cpt-Ca) and mordenite (Mor-Ca) at 25-2°%5 at saturated midity was determined by weight loss after ignition (LOI) at 900
water-vapor pressures. The derived equilibrium constants 4@ The chemical composition, stoichiometries, and the calculated,
used to extract Gibbs free energies of formation, and to exaigealized chemical formulas are tabulated in Table 1.

ine the relative stability relations of the Ca-, Na-, K-, and Mg- - ]

exchanged varieties of clinoptilolite with respect to mordeniteClubility experiments

and analcime/wairakite. Due to temperature restrictions two different methods were
used for the solubility measuremeritee high-temperature solu-
EXPERIMENTAL METHODS bility measurements were carried out in large volume autoclaves

The experimental methods are similar to those of the figgtaced in a rocking furnace (Barnes 1971). About 300-400 mL
paper of this series (Wilkin and Barnes 1998a). Here we presehfreshly boiled, doubly distilled, oxygen- and &ftee water,
a summary and details of some changes in methodology. cooled under a constant flow of oxygen-freg\was transferred

o under a nitrogen atmosphere to an autoclave with 10-15 g of the

Treatment, exchange and characterization cleaned and exchanged zeolite. The autoclave was sealed, placed

Exceptionally high purity (>95%) natural clinoptilolite andin the furnace, and heated to the desired temperature. The tem-
mordenite were used in the solubility experiments. Fgerature £1.5°C) was measured with a chromel-alumel ther-
clinoptilolite, the same starting material as described in Wilkimocouple inserted through the closure of the autoclave to contact
and Barnes (1998a) was used (Castle Creek, Idaho, U.S.gh solution. During the experiments the autoclave was rocked
The crystals have a platy morphology, generally <5#h(n so that solution and solids were constantly mixed and tempera-
size, and form aggregates of ~50-100. The mordenite ture gradients in the autoclave were reduced to a minimum. All
(kindly provided by H. S. Pandalai, Indian Institute of Techexperiments were conducted at saturated water-vapor pressures.
nology, Bombay, India) stems from an altered tholeiitic basa\fter several days the rocker was stopped and the solids were
near Poona (Maharashtra, India; Sukheswala et al. 1972, 1%gwed to settle. Subsequently, approximately 10 mL of solu-
Passaglia 1975). The mordenite forms needle-like crystalstign was collected at the experimental temperature and pressure
to 200um, which also become aggregated after cleaning ahg using a syringe attached to a valve assembly. The samples
exchange. The bulk clinoptilolite and mordenite samples werere immediately filtered through a Quén, cellulose acetate
crushed and powdered in an agate mortar, sieved and hdiiigr (Valuprep), diluted with 3% HN©and the total concen-
picked for visible impurities, and then purified by gravitationarations of Si, Al, Na, K, Ca, and Mg were analyzed by ICP-
settling in deionized water. AES. To minimize equilibration with atmospheric £@Quench

Standard materials for solubility measurements were pneH was measured at room temperature with a micro combina-
duced by treatment with & CaCl, solution (Fisher reagent tion electrode (Corning) within 1 min after sample collection;
grade).Initially, clinoptilolite was exchanged for 32-55 dayghe high-temperature pH values were calculated using the com-
in closed, regularly shaken plastic bottles atG0The super- puter code SOLMINEQ.88 (Kharaka et al. 1988). The composi-
natant solutions were changed every second day; however, ttoss and morphology of the solids after the runs were
procedure provided only ~76 mol% exchange. Therefore, fonaracterized with ICP-AES, XRD, and SEM techniques. The
both clinoptilolite and mordenite, higher-temperature exchang@mation of new phases was not observed under saturated wa-
experiments were performed in teflon vials (25 mL) with ger-vapor pressure and a maximum temperature of@7%his
mixture of ~ 20 mL of CaGkolution and 1-3 g of zeolite. Theis in accordance with Wilkin and Barnes (1998a), who showed
vials were placed in a hydrothermal autoclave using water that quartz precipitates in experiments with Na-clinoptilolite and
the confining pressure medium. The autoclave was heatedmater at temperatures as high as 300
120°C and kept in continuous rocking mode for 20—40 days, Experiments below 10TC and at 1 bar were carried out with
except when the solutions in the vials were changed (~20 tim&3pt-Ca and Mor-Ca as well as with the Na- and K-exchanged
The resulting solids were washed thoroughly with doubly disarieties of Castle Creek clinoptilolite (Cpt-Na, Cpt-K) and with
tilled, deionized water and then analyzed (Table 1) showinga@edimentary analcime (Wik) (Wilkin and Barnes 1998a, 1998b)
maximum exchange of 90.0 mol% for Cpt-Ca and 97.9 molfar intervals up to ~13 months. The latter were used as control
for Mor-Ca. This treatment changed the Si/Al ratios of the inéxperiments, although, in contrast to Wilkin and Barnes (1998b),
tial clinoptilolite from 4.48+ 0.04 to a final value of 4.35 a pH buffer was not used and longer equilibration times were
0.10 . The change in Si/Al ratio is the result of selective dissachieved (Appendix 1). Slow reaction rate§ a100°C con-
lution of silica during the exchange experiments (losing ~3rained these experiments to approach equilibrium from
ppm/exchange). Nevertheless, the X-ray diffraction (XRD)ndersaturation only. About 1-3 g of solids were mixed with
pattern of the final Ca-exchanged variety still corresponds 50—75 mL of double-distilled water in 125 mL plastic bottles
clinoptilolite. For mordenite, the change in Si/Al ratio is lesand kept in an oven (502 °C) or on the bench top (235 °C)
pronounced because the cation exchange was less extensifog long time periods. Homogeneous mixing was ensured by regu-

The cation-exchanged zeolites were characterized by XRdly shaking the bottles. Sample preparation and measurements
using a Rigaku Geigerflex and by scanning electron microscopgre equivalent to the higher-temperature runs described above.
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RESULTS Ca&* concentratiowith increasing temperature is in accordance

Equilibrium, reversibility, and temperature dependence ~ With the higher stability of calcium-rich clinoptilolites and

_— - . . mordenites in comparison with the other cation-exchanged vari-
Equilibrium was indicated when solution compositions re-,.
eties (see below).

mained constant over time and proven by reversibility, i.e., Below 100°C, equilibrium was only approached from

demonstrated by ramping temperature up and down and aChl‘fﬁ'élersaturation and the uncertainties in the calculated equilib-

ing the same solubility from bpth under- and supersaturatiqﬂ]m constants are large (Appendix 1). Several experiments
Note, however, that the experiments at 25 antiGWere ap- were performed at 25 and 8C with Na- and K-exchanged

proallchedI 9”'y,f“?m undgrsaturation.AIthough new phases WGtieties of Castle Creek clinoptilolite and with an analcime
not identified, it is possible that the observed incongruent d?émple from Wikieup (Na-x, K-x, and Wik in Appendix 1).

solution behavior is a result of the formation of subordinatf,eqe experiments were conducted for time intervals up to 9500
quantities of Al-rich silicates that precipitated and re-dissolveg s long. However, when comparing the individual equili-
during the high-temperature runs. Itis assumed, however, thatiion times and solubilities with the data of Wilkin and Barnes
such phases would act as buffers for the activities of aqueqy§gga), a discrepancy is apparent. Wilkin and Barnes (1998a)
silica and alumina. The progress of two experiments with CRignducted experiments at higher pH and for shorter equilibra-
Ca and Mor-Ca between 100 and 2T5and at saturated wa-tion times (<4000 h). Their solubilities are lower than those
ter-vapor pressure is shown in Figures la and 1b. ThRasured in the longer-term experiments in this study (Appen-
monovalent cations as well as silica and alumina attain, withifk 1). This discrepancy is not easily explained because simi-
the uncertainties of the measurements, the same eqUilibriwpconditions and methods were employed. The reasons can
values when approached from undersaturation as well as sg-multiple; the most-important ones are non-reversibility of
persaturation. The total aqueous Ca concentrations are revgig-reactions, time constraints, evaporation rates, uncertainties
ible but vary inversely with temperature. In the Cpt-Ca (ruip Sjand Al speciation, pH variations, and homogenization rates.
c3, Fig. 1a) when equilibrium is approached from supersatura-

tion the values for calcium at 17& are somewhat higher Equilibrium constants and data treatment

than at approach from undersaturation. This disparity is inter- If the chemical compositions of natural clinoptilolite and
preted to reflect slower attainment of equilibrium when apnordenite are normalized to the same number of oxygen at-
proached from supersaturation. However, the effect on the fimahs (in this study, 12), the end-members are very similar in
equilibrium constants is negligible (Fig. 2). Mor-Ca shows thetructural formula. This fact allows similar treatment of the
same variation but better agreement between approach freotubility data. For the temperature and pH range of the ex-
under- and supersaturation (Fig. 1b). The decrease in aquemersments in this study (25 to 276 and pHs°C = 6.1-8.8),
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FIGURE 1. Concentration-time-temperature diagram showing attainment of equilibrium and reversibility of the solubility reactions in
experiments withg) Cpt-Ca andlf) Mor-Ca (data in Appendix 1). The bottom Y-axis shows concentration of Al, Si, Ca, Na, and K, normalized
to fit on the same diagram, whereas the top part represents the variation in temperature.
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FIGURE 2. Variation of the equilibrium constants with time af {75°C for Cpt-Ca andl) at 200°C for Mor-Ca; and with temperature
(c) for Cpt-Ca andd) for Mor-Ca. The lines represent best-fit lines through all points. The size of the symbols corresponds to the maximum
variation in equilibrium constant.

the dominant aqueous Si and Al species are S{@Bi)sey uct (Q), which at equilibrium is equal to the equilibrium con-

and Mesmer 1977; Johnson et al. 1992) and Al¢Oidspec- stant K.y, can be calculated for example for Cpt-Ca from:

tively (Wesolowski 1992; Castet et al. 1993; Bourcier et al. 056 L1 .

1993; Wesolowski and Palmer 1994). Following Wesolowski K Ay L an _oLar 3)

and Palmer (1994) it is assumed that the concentration of the ea.cpt-Ca ™ ea? a[A'(OHM] Fsion

neutral species Al(OHis insignificant at low temperatures. AtNote that aty, = 1.0, the calculation of the equilibrium con-

high temperatures, the calculatedrpidiues are always abovestants is independent of the zeolite hydration state. The Ca-

neutrality where the assumption that Al(QHif the only sig- rich varieties of clinoptilolite and mordenite used in this study

nificant species is valid and the correction for Al(@isneg- were close to end-member compositions (Table 1), and the con-

ligible (Castet et al. 1993; Wesolowski and Palmer 1994; sgéntrations of Ng K*, and Md* in the exchanged solids were

also Appendix 2). low. Therefore, the assumption of end-member composition
The reactions describing the equilibria involved in the digvith unit activity and negligible influence of minor cations on

solution of the Ca-exchanged varieties of clinoptilolite anghe solubility product is reasonable. This assumption also is

mordenite may be written as: corroborated by the fact that the equivalent ratios &f @ith
Ca .00k 140, 05008 + (IGO0 e ot s 20
1.12A1(OH); + 4.88Si(OH) (1) | ' 9 qui :

Ca&* has been set equal to the stoichiometric proportion of Al.
The individual agueous ion-activity coefficients were calculated
by means of the extended Debye-Huckle equation (Helgeson
1969; Helgeson and Kirkham 1974) using thdeiation func-

For the end-member compositions shown in Table 1, unit dion. The values for the ion-size parameters corresponding to the
tivities for the solids are postulated. This standard-state calistance of closest approach have been taken from Kieland (1937)
vention is consistent with the progressive dehydration afd the activity coefficient for the neutral Si(QBpecies was
clinoptilolite that occurs along the boiling curve of pure watdaken as 1. The ionic strength in all experimental aqueous solu-
as temperature increases (e.g., Wilkin and Barnes 1999). Tibas was below I®and, consequently, the activity corrections
standard state of the aqueous species is the ideal 1 molal sata-small. Appendix 1 contains the individual equilibrium con-
tion with a,,,0 = 1.0. Note that the standard state of the zeolitstants together with data on time interval, direction of approach
implies that, independent of temperature, the ion activity proeh-equilibrium, temperature, gktC, and solution composition.

Cay514Al1,0551467012)(3.1H:0)yor.ca + 8.9HO, = 0.515Ca&
+ 1.03AI(OHY); + 4.97Si(OH) 2



500 BENNING ET AL.: ZEOLITE SOLUBILITY

The values and sources for the equilibrium constants usectimve and only temperature-dependent equations for Cpt-Ca

the calculations are summarized in Appendix 2. and Mor-Ca were derived. The molar Gibbs free energy of re-
Equilibrium solubility and reversibility of the reactions foraction AG?) has been calculated at each temperature directly

both zeolites was also demonstrated using calculated equifitom the equilibrium constants in Table 2 using the dependence

rium constants. When approaching equilibrium fromG? = —2.303R1ogKy, with T in Kelvin. In order to calculate

undersaturation or supersaturation, within the limits of the amather thermodynamic functions, the equilibrium constants for

lytical and experimental uncertainties, the same equilibrium caaction 1 and 2 were regressed to a temperature-dependent

stant values were achieved (Fig. 2). It is important to note thlefuation of the form:

the equilibrium constants plotted in Figure 2 and tabulated in

Appendix 1 were calculated assuming that Ca is the only cationlog K; = a + i + c¢/T + dlogT (4)

in the lattice of the zeolites. To test whether the minor cations in

the lattice, i.e., Na K*, and Mg@*, have an effect on the overallwith T in Kelvin. The values of the regression coefficients are

solubility constants, “mixed” lof., were calculated taking into given in the following equations and the fitted curves are plot-

consideration the minor cations. However, the variation in equed together with the experimental data in Figures 3a (Cpt-Ca)

librium constant values is smaller than the combined experimeragad 3b (Mor-Ca).

and analytical uncertainties. For example, for run c3 (Appendix

1) the equilibrium constant at 178 is —19.82t 0.14 when log K¢y.c.= —170.214 — 0.025—5.624T + 60.988loF  (5)

calculated with Ca set equal to the stoichiometric proportion of

Al, whereas the same equilibrium constantis ~12940 when  |og Ky, c,= —348.22 — 0.107— 170.581 + 142.023lo§  (6)

calculated taking into consideration Na, K, and Mg. The same

can be shown for Mor-Ca, where the percentage of other catigR cpt-Ca and Mor-Ca, the regressed values are in close agree-
in the lattice is far smaller. This agreement demonstrates thah@st with the experimental data. The largest discrepancy is
long as the solids have close to end-member composition, Miggyious at low temperatures for Mor-Ca. Note, however, that
cations in the zeolite lattice have little to no effect on the solubjls, mor-ca: (1) only few data were available at’Z5(Appen-
ity behavior. Therefore, the assumption that sufficiently pure engly 1) (2) no data were available at 0, and (3) shorter
member compositions were achieved during the exchanggilipration times were achieved. Therefore, the fitting of the
experiments is warranted. However, as will be shown later, theggijibrium constants for Mor-Ca was done relying solely on
minor cations, and especially the hydration state and the Sif, high-temperature data and the fevi@%iata were omitted
ratios, have a large effect on the Gibbs free energy of formatigQne fitting procedure (Eg. 6). For Cpt-Ca, however, the re-
From the averaged values of IKgf the individual samples at gression included the low temperature data. Thekloglues
each temperature, the steady-state equilibrium constants for Qoifk j1ated at 25C for Cpt-Ca using Equation 5 deviate from
Cpt-Ca and Mor-Ca were calculated and are tabulated in Tablg,@ measured values by a maximum of 0.25 log units (which
together with the standard deviations. lies well within the analytical and experimental uncertainties)
but by more than 1.5 log units for Mor-Ca. The regressions
based only on the reversed high-temperature data are used in
the subsequent calculations and in the comparisons with litera-
Solubility constants derived from experimental work proture data. However, for clinoptilolite, it could be shown that a
vide a useful basis for the derivation of thermodynamic profit of all data (including the 25 and 8Q data points) is in very
erties at any given pressure and temperature. However, in tisse agreement with the experimental data (i.e., the deviation
study the experiments were conducted along the liquid/vapT >25°C is less that 0.25 log units, Fig. 3).
The thermodynamic functions have been calculated from
TABLE 2. Equilibrium constants for the dissolution of Ca clinoptilolite ~ the partial derivatives of Equations 5 and 6 with respect to tem-
and Ca mordenite, pertaining to reactions 1 and 2 from 25 perature at constant pressure. The first derivative provides the

DiscussioN
Reaction thermodynamics

to 275 °C and at saturated water-vapor pressure enthalpy changedH°, whereas the entropy chandeS) was
7(C log Kepica 10g Kuor-ca calculated in the conventional way (see Table 3). The equa-
25 —26.92 £ 0.56 —25.32+0.13" tions and the values of the thermodynamic properties for Cpt-
igo _25'03_i 0.22 22314021 Ca and Mor-Ca at 25-278C and saturated water-vapor
125 -21.80+0.12 —21.36+0.38 pressures are listed in Table 3.
130 - —21.27£0.05
150 - —20.32£0.19 Comparison with previous work
175 -19.74 £ 0.13 -19.42£0.20 - )
200 - -18.54 + 0.05 Solubility data for natural zeolites are scarce. Murphy et al.
ggg -18.15£0.17 j?-gg : g-gg (1996) and Wilkin and Barnes (1998a) have published the only
260 _ _17.58 + 0.04 solubility data available for clinoptilolite while no direct solu-
265 -17.33+0.33 -17.71+£0.14 bility measurements for mordenite have been published. For
275 ~16.96+ 0.01 clinoptilolite at 25°C, Murphy et al. (1996) estimated &g,
Note: The tabulated values represent the average over all samples at b f idealized N d b ith Si/Al .
each temperature (Appendix 1). to be —25.5 for an idealized Na end-member with an Si/Al ratio

* Pressure is 1 bar. of 5. However, differences in primary cation and Si/Al ratio
TValue not used in fitting procedure (Eq. 6). make a comparison with the equilibrium constant for Cpt-Ca
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TCO TaBLE 3. Thermodynamic properties for Ca-CpT (reaction # 1) and
Ca-MoR (reaction # 2) calculated using the coefficients
-15 25‘0 175 12‘5 10‘0 Zf from equations (4) and (5) and the equations listed below
a Cpt-Ca Mor-Ca
h T(°C) AG? AHY AS? AGY AHY  ASY
25 1529+3.2 108.7 -148 160.5 + 14.3 167 21
7 50 156.4 +1.48 114.0 -131 160.1+12.4 164 13
100 162.2+25 1227 -106 160.2+1.1 152 22
- J 125 164.7+0.9 1261  -97 161.1+2.3 142  -48
o 150 167.1+1.2 129.0 -90 162.6+2.0 130 -78
& 175 169.3+11 1312 -85 165.0+0.9 114 -116
= 7 200 171.3+18 1329 -81 168.3+1.8 97 151
225 173.3+16 1339 -79 1726+1.4 77 -193
B 250 175325 1344 -78 177915 54 -237
275 1795+21 1342  -83 1845+1.6 28 -285
B Notes: AG? = —2.303R TlogKcpumor-
AH9=2.303R(bT2-c+d7/2.303).
‘ ‘ ‘ AS%= (AH-AGY) / T.
T in Kelvin, AG%nd AH?%in kJ/mol and AS%in J/(mol-K).
- b
A7 - ] -10
19 |- _
g 21 1 -15 4
%n L
S 231 . g
| :
=]
=25 - 0 R 220 - -
) L]
| =098 =094 i Si/Al = 4.5
=29 | | I I I I I 25 I | | |
1.7 200 225 250 275 3.00 325 350 3.75 100 150 200 250 300
1000/T (K)
T (°C)

FIGURE 3.Experimental equilibrium constants plotted as a function
of reciprocal temperature foa( Cpt-Ca andlf) Mor-Ca. The symbols FIGURE 4. Equilibrium constants for Ca-, Mg- Na-, and K-
represent the experimentally derived equilibrium constants; operchanged Castle Creek clinoptilolite from this study and from the
symbols = approach from undersaturation; filled symbol = approatiterature. Note that in all lo§ calculations, the activity of water is
from supersaturation. The solid curves represent the fitted Equatiorsgbial to 1. The data for Na- and K-exchanged clinoptilolite are from
and 6; the dotted curves representanafit excluding thel' < 100°C  Wilkin and Barnes (1998a) and the data for Mg-exchanged clinoptilolite
data, whereas irbf the 25°C data were included. are from Benning et al. (1997) and Benning (unpublished data).

from the present study difficult. Wilkin and Barnes (1998a)998b).

measured the solubility of the Na- and K-exchanged Castle The standard Gibbs free energies of formatid@,°, for
Creek clinoptilolite between 25 and 265 and at liquid wa- cation-exchanged hydrous and anhydrous clinoptilolite were
ter-vapor pressures. Their data, together with preliminary equélculated at 28C by combining the experimentally derived
librium constants for the Mg-variety of the Castle Cree&quilibrium constants with literature data for the Gibbs free
clinoptilolite (Benning et al. 1997; Benning, unpublished datag@nergies of the aqueous species (cations, aluminum, silica, and
can be compared with the results from this study (all exchangedter) by applying:

varieties have an Si/Al ratio equal, or close, to 4.5). However, o 0 0 0
note that water contents vary significantly among the various AGrcpr = XA car + XAGf,AI(OH);; +yAGf,Si(OH)E{ @
cation-exchanged forms (see Table 1). In Figure 4, a trend of 0 0

increasing solubility at constant temperature is apparent from —(n+ m)AvaHzo ~AGrcpt

mono- to divalent clinoptilolites. These results perhaps can Wéh X, y, n, and m being the stoichiometric coefficients from
correlated with observations on natural and synthetic Ca-riEl§uation 1 and the Gibbs free energies are taken from Table 3
clinoptilolites, which have been shown to persist longer and from the literature (Table 4). Note that the calculations for
higher temperatures compared to their Na counterparts (Coor@ligoptilolite are based on 50% relative humidity. For hydrous
et al. 1959; Wirsching 1981; Bowers and Burns 1990). In ad@pt-Ca at 25C, aAG{value of —6387% 5 kJ/mol has been
tion, the transformation of Ca-rich clinoptilolite to its highcalculated.

temperature equivalent—wairakite—is also documented at From previous measurements on ideal Na, K, and Mg end-
much higher temperature than the transformation of the Naember clinoptilolite (Murphy et al. 1996; Wilkin and Barnes
rich clinoptilolite to its high-temperature counterpart—anafl998a; Benning et al. 1997) and mixed-cation clinoptilolites
cime (Wirsching 1981; Browne et al. 1989; Wilkin and Barndéiemingway and Robie 1984; Johnson et al. 1991), the Gibbs
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TABLE 4. Gibbs free energies of formation (kJ/mol) of aqueous species at 25 °C
Species Na* K* Ca* Mg?* Al(OH); Si(OH)? H,O
AGY -261.9% —280.00) —554.00) —455.00) -1306.1@ -1307.8® —237.24

Note: (1) Tanger and Helgeson (1988); (2) Bourcier et al. (1993) and Diakonov et al. (1996); (3) Walther and Helgeson (1977); (4) Helgeson and
Kirkham (1974).

TaBLE 5. Compositions and standard state Gibbs free energies of formation for hydrous clinoptilolites from this study and the literature in
a comparison (see text)

Source and Ca mol% Na mol% K mol% Mg mol% Si/Al H,O mol% AGYkJ/mol

main cation*

1 cpna 0 100 0 0 5 4 -6355

2 cprcamg 42.7 7.7 13.7 35.9 4.35 3.67 -6319

3 cptcana 46.3 29.6 16.7 7.4 4.21 3.67 —6359

4 cpena 0.9 95.5 2.2 1.4 4.50 3.5 -6268

4 cpx 0.8 1.2 97.0 1.0 4.50 2.7 -6107

5 cptca 90.0 6.3 1.3 2.4 4.35 3.9 —63871/-6395
6 cpimg 7.7 6.6 6.7 78.9 4.47 3.8 -62871/-6301
7 cpena -6274%

7 cpek —-6117%

7 corca -6397%

*1 = Murphy et al. (1996); 2 = Hemingway and Robie (1984) and Bowers and Burns (1990); 3 = Johnson et al. (1991); 4 = Wilkin and Barnes (1998a);
5 = this study; 6 = Benning et al. (1997); 7 = La Iglesia and Aznar (1986).

T Calculated with major cation set equal to the stoichiometric proportion of Al, whereas second value included the minor cations in the calculation of
the log K and AG? Note that the minor cations change the AG} by a maximum 8-14 kJ/mol. The largest change is obseved for Cpt-Mg, which is in
accordance with low exchange extent of this material (79 mol% Mg).

f Calculated assuming the same hydration state, Si/Al ratios, and cation content apply as in sources 4 and 5.

free energies of formation for 2& and 1 bar were derived. Na K Ca Mg
. . . -5000 ‘ ‘ ‘ ‘
However, the variable Si/Al ratios and water contents as well s
as different mixed-cation compositions render comparisons :
equivocal (Table 5). For example, Hemingway and Robie  -ss00 [ R % % a
(1984) used a Ca- and Mg-rich clinoptilolite with Si/Al = 4.35 % I
and HO = 3.67 from which &AG? = —6319 kJ/mol was calcu- = i
lated (Bowers and Burns 1990). Johnson et al. (1991) studied a 6000 - o 1
Ca-Na clinoptilolite with Si/Al = 4.21 and# = 3.6 and de- 2 I 27 o
rived AG® = —-6359.5 kJ/mol. For Cpt-Na, a comparison be- 6500 |- 5 3.8 ]
tweenAG?= —6355 kJ/mol (after Murphy et al. 1996) ax@? I )
=—-6267.9 kJ/mol (Wilkin and Barnes 1998a) shows that a dif- i Si/Al = 4.5
ference of more than 1 log unit in equilibrium constants ac- 7% ‘
counts for a change iGPof only 5-10 kJ/mol. Larger changes,
up to 85 kJ/mol, arise from the differences in SI/Al (SIAI = 4.5 5 ee 5 Gibbs free energies of formation for hydrous (circles)
vs. 5.0) and hydration states {Bi = 3.5 vs. 4.0). In the presentang anhydrous (diamonds) Na-, K-, Mg-, and Ca-exchanged
study, the calculations of the Gibbs free energy of formation faroptilolite at 25°C; stars and crosses are calculated after La Iglesia
clinoptilolite are based on 50% relative humidity, and the Cand Aznar (1986). Note that, following La Iglesia and Aznar (1986),
exchanged clinoptilolite from this study (Table 1) contains 15tBe Gibbs free energies of formation for hydrous clinoptilolites were
wit% water. However, the hydration state may in fact increasecalculated assuming that the Gibbs free energies®@ftriclinoptilolite
100% relative humidity. Following Carey and Bish (1996), th@&'® the same as t‘hat in liquid Wgter. The numbers under the syr_nbols
masiTum expected crease 1 e conlet 1 0.7 Wik A VL e e rrges eprser et conert e
reSUItf thg hydration State.pOtentla”y may increase by about Oétél; (Na and K from WiIkir?and Barnyes 1998a? Mg from Benning ety
resulting in a more negativeGs? 4 1,0y about 36 kd/mol. al. 1997; Ca, see Table 1).
A direct comparison of clinoptilolite stability (Gibbs free en-
ergies of formationAG?) can be made only with the Na-, K-,ever, the contribution is a maximum of 8-14 kJ/mol (e.g., for
Mg-, and Ca-exchanged varieties of the Castle Cre@pt-Ca —6387 kJ/mol vs. —6395 kJ/mol), which indicates that
clinoptilolite (Wilkin and Barnes 1998a; Benning et al. 199%he minor cations in the lattice of the zeolite framework have
Benning, unpublished data and this study), as all have Si/Abaly a small contribution toward the Gibbs free energy of for-
4.5. TheAG? for the anhydrous and hydrous forms of Na-, Kmation. It is apparent that with decreasing degree of exchange
Mg-, and Cpt-Ca, and the theoretical values calculated after (i.@., Cpt-K > Cpt-Na > Cpt-Ca > Cpt-Mg), the differences in
Iglesia and Aznar (1986) for the hydrous forms of these cateasured and calculated Gibbs free energy become larger. How-
ion-exchanged clinoptilolites, are tabulated in Table 5 and plalver, from Figure 5 it can be concluded that at fixed Si/Al ratios
ted in Figure 5. Note that the Gibbs free energies of formatitite contribution of the exchangeable cation on the Gibbs free
for the Ca and Mg varieties listed in Table 5 were calculatethergy of formation is relatively small (<30 kJ/mol), and the
including the free energy contribution of the minor cations. Howtominant parameter is the hydration state. This is in accordance

kJ/m
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with studies on the thermodynamics of hydration for clinoptilolite 10
from low-temperature calorimetric and thermogravimetric mea-

surements (Johnson et al. 1991; Carey and Bish 1996, 1997) and @ 1
hydrothermal data (Wilkin et al. 1997). In addition, in Figure 5 it

is obvious that the calculated values after La Iglesia and Aznar Na-K

(1986) are in good agreement with the experimental values fr@n -10 L ’
this study. Note, however, that the main reason for this agreg- T
ment lies in the fact that the calculations after La Iglesia and

Aznar (1986) also rely strongly on the chemical composition -20 Ca-Na : by

the experimental solid used in the solubility studies (Table 1).
For mordenite, the high-temperature equilibrium constants

derived in the current study were used to extrapolate t€ 25 +

bar (loKyo.cs= —28.12) and to calculate a correspondi@f

Mor-Ca of —6275 kJ/mol. The only other thermodynamic data _4q ‘ ‘

available are those of Johnson et al. (1992), who performed calo- 0 100 200 300

rimetric measurements on a CaNa- and Si-rich zeolite from Temperature,°C

Gobble (Oregon, U.S.A.), obtainimyG? Mor-Ca = —6248 kJ/

mol. The difference of only ~27 kd/mol between the data of FIGURE 6. Temperature dependence of Gibbs free energies of

Johnson et al. (1992) and this study can be explained dueeienange for Ca-Na and Na-K clinoptilolites. The symbols represent

differences in Ca content (61.5. @8 mol%), Si/Al ratio (5.38 the experimental values whereas the fitted curves represent the values

vs. 4.83), and KD content (HOcpicana= 3.47 VS H:Ocpica =  calculated from regression analyses. The circles are values for Cpt-Ca

3.13). (Eq. 5, this study), diamonds are data for Na- and Cpt-K from Table 4
Systematic studies of variable cation content and variabtewilkin and Barnes (1998a), and the squares are data°a 6m

Si/Al ratio in pure end-member compositions of mordenite, &gabalan (1994) (open square, Ca-Na; shaded square, Na-K).

well as exact determinations of the hydration states of

clinoptilolite and morder)ite at hydrothermal temperatures, afg, . ¢ lon-exchange Gibbs free energies for Cpt-Na-, Cpt-K,

necessary before a satisfactory model can be derived for the and Cpt-Ca at 25 °C

clinoptilolite and mordenite solid solutions.

Exchanged cations (source) AGY, kd/mol

Ca-Na (1) 4.19%0.20

APPLICATIONS AND CONCLUSIONS Na-K (1) —798+008

i ilibri i i Ca-Na (2) 1.59 +5.70

In experimental as well as equilibrium calculation studies, |~ (2 and 3) 6521570

the major f.aCtorS Comr(?”ing the transformaﬂqnpf Clinopt“o”tq\lote: (1) Pabalan (1994); (2) this study; (3) Wilkin and Barnes (1998a).
to mordenite and analcime are primarily alkalinity and tempera-
ture (Hawkins 1967, 1978; Boles 1971; Abe and Aoki 1976;
Bowers and Burns 1990; Wilkin and Barnes 1998b). The results
of the present experimental study corroborate an earlier model-
ing study (Chipera and Bish 1997), showing that an additiomabdel for aqueous activity coefficients (Fig. 6 and Table 6).
parameter—the cation content—is an important factor. In agueous solution, the main factors governing the reac-
The stability relations of the various exchanged clinoptilolittve behavior of Ca and Na end-member clinoptilolites are the
end-members, used in this study, can be represented in a daivity of silica and the Ca/Na ratios (Fig. 7). The aqueous
gram showing the temperature dependence of the ion-exchasifjea activity, although an important parameter, does not solely
Gibbs free energief\G?,) of Ca-Na and Na-K clinoptilolite control the clinoptilolite-to-analcime reaction. Between 25 and
(Fig. 6). The Gibbs free energy of exchang&¥{), is given 225°C, and at any given silica activity, clinoptilolite is stabi-
by —RTInK,,, where the exchange equilibria for Na-K and Cdized relative to analcime when the activity of the Ca-compo-
Na clinoptilolite are defined as Id€e.nak= 109 Kepena— 109 nent within the clinoptilolite solid solution (or the aqueous Ca/
Kepex@nd 109K exca-na™ 109 Kepena— 0.5100Kcpca respectively.  Na ratio) is increased.
Their values are tabulated in Table 6 and were calculated asRelative to mordenite, clinoptilolite is stable at lower aque-
follows: AGnak) = —RT/V-[2.303(lodcpena — 10K cpi)] fOr — ous silica activities (Fig. 8). The mordenite field is characterized
the Na-K exchange amiGdwa.cay= —RT/V-[2.303(lodKcna— by @ moderate Ca/H activity ratio and by amorphous silica satu-
logKcpicq] for the Na-Ca exchange, with representing the ration, whereas quartz saturation lies within the clinoptilolite field.
stoichiometric coefficient for Na. Although the cumulative erfor clinoptilolites with higher Si/Al ratios than mordenite, the
rors in ion-exchange parameters deduced from solubility castability relations between the two phases would switch, be-
stants are large (~1 log unit), it can be seen that Ca exchangmisse their solubility behavior with temperature is very simi-
favored at temperatures above®®) which is consistent with lar. Note, however, that in most natural samples, the Si/Al ratio
natural observations. Within the uncertainty levels, the data frammordenite is higher than that in clinoptilolite (Tschernich
this study agree well with the low-temperature data of Pabald®92, and references therein). With respect to calcite satura-
(1994), who obtained ion-exchange parameters via an approtich, at any given temperature, Ca-rich zeolites precipitate
that coupled a Margules model for solid solutions and the Pitfesm unbuffered solutions, and from solution with 1&6,.
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APPENDIX TABLE 1la. Solubility data for clinoptilolite*t and mordenitet

BENNING ET AL.: ZEOLITE SOLUBILITY

Sample no. T tLE Time pH ZAl zSi ZNa 2K 2Ca log Keq
(6] (h) 25°C (ppm) (ppm) (ppm) (ppm) (ppm)
Na-25-1 258§ T 2184 6.95 0.21 10.6 11.7 0.11 0.05 -25.94
Na-25-2 258 1 2184 6.95 0.23 11.3 6.69 0.11 0.06 -26.03
K-25-1 258 1 2184 6.44 0.34 6.18 0.34 5.62 0.06 —-27.56
K-25-2 258 1 2184 6.44 0.46 7.85 0.35 7.04 0.06 -26.79
Ca-25-1 258 1 2184 6.77 0.05 2.91 0.22 0.11 2.59 -28.20
Ca-25-2 258 1 2184 6.77 0.11 2.81 0.11 0.11 3.35 —-27.88
Wik-25 258 1 2184 6.43 0.06 3.17 2.60 0.23 0.06 -16.74
Na-25-1a 25 1 6840 7.03 1.32 17.1 10.4 0.20 0.01 —-24.12
K-25-1a 25 1 6840 6.60 0.83 9.81 0.21 10.57 0.01 -25.85
K-25-2a 25 i 6840 6.80 0.73 9.21 0.20 10.16 0.01 —26.06
Ca-25-1a 25 1 6840 7.58 0.77 3.85 0.05 0.03 3.72 -26.22
Ca-25-2a 25 1 6840 7.63 0.27 4.70 0.06 0.06 5.71 -26.21
Wik-25a 25 i 6840 7.18 0.21 6.22 3.41 0.26 0.21 -15.52
Na-25-1b 25 1 7728 6.62 0.49 13.0 9.24 0.08 0.04 -25.22
Na-25-2b 25 1 7728 6.71 0.46 13.2 10.10 0.08 0.05 -25.18
K-25-1b 25 i 7728 6.60 0.69 10.8 1.54 7.56 0.06 —25.90
K-25-2b 25 1 7728 6.54 0.83 11.0 1.01 711 0.05 -25.80
Ca-25-1b 25 1 7728 6.35 0.27 2.86 1.00 0.04 3.73 -27.35
Ca-25-2b 25 i 7728 6.34 0.27 3.15 1.19 0.08 5.76 -27.04
Wik-25b 25 1 7728 6.18 0.13 6.25 4.25 0.30 0.28 -15.62
Na-25-1c 25 1 8400 7.38 0.57 13.4 8.91 0.09 0.02 -25.10
Na-25-2¢ 25 i 8400 7.43 0.85 16.0 9.98 0.07 0.02 —24.49
K-25-1c 25 1 8400 6.44 0.71 9.4 1.61 5.82 0.02 -26.30
K-25-1c 25 1 8400 6.44 0.80 10.1 1.9 5.94 0.05 -26.08
Ca-25-1c 25 i 8400 7.54 0.04 4.4 1.13 0.01 3.33 -27.43
Ca-25-1c 25 1 8400 7.57 0.04 4.0 0.96 0.01 5.61 -27.27
Wik-25¢ 25 1 8400 7.93 0.05 6.1 4.33 0.18 0.24 -15.99
Na-50-1 508 1 2184 7.35 0.32 27.6 7.78 0.11 0.05 -23.98
Na-50-2 508 1 2184 7.38 0.33 30.0 7.77 0.11 0.06 -23.71
K-50-1 508 1 2184 6.72 0.44 20.0 0.22 7.89 0.06 —24.76
K-50-2 508 1 2184 6.79 0.43 21.6 0.22 8.12 0.05 —-24.59
Ca-50-1 508 1 2184 6.84 0.11 7.0 0.33 0.11 3.32 -25.93
Ca-50-2 508 1 2184 6.79 0.11 6.5 0.33 0.11 2.96 -26.13
Na-50-2a 50 1 6840 8.05 1.74 31.8 11.72 0.33 0.01 —-22.62
Ca-50-1a 50 1 6840 7.74 0.30 9.5 0.17 0.19 491 —-24.69
Ca-50-2a 50 i 6840 7.66 0.24 9.1 0.17 0.24 411 —24.95
Na-50-1b 50 1 7728 7.10 0.88 35.7 11.9 0.17 0.06 —-22.68
Na-50-2b 50 1 7728 7.00 1.17 38.1 14.0 0.14 0.05 -22.30
K-50-1b 50 i 7728 6.28 1.25 29.0 1.03 7.25 0.08 -23.51
K-50-2b 50 1 7728 6.21 1.33 30.6 1.46 10.91 0.07 -23.18
Ca-50-1b 50 1 7728 6.51 0.13 9.0 1.10 0.11 5.10 -25.20
Ca-50-2b 50 i 7728 6.55 0.11 10.2 1.51 0.10 5.03 -25.02
Na-50-1c 50 1 8400 7.95 1.53 34.2 9.44 0.08 0.04 —-22.62
Na-50-2c 50 1 8400 7.92 1.14 32.6 11.61 0.08 0.03 —22.76
K-50-1c 50 i 8400 7.68 1.44 26.2 1.83 9.29 0.01 -23.55
K-50-2¢ 50 1 8400 7.56 1.42 27.1 1.68 9.04 0.03 -23.49
Ca-50-1c 50 1 8400 7.24 0.16 9.5 0.3 0.1 5.47 —-24.99
Ca-50-2¢ 50 i 8400 7.38 0.1 9.2 0.29 0.1 4.83 -25.33
c3-0403-1 125 1 282 8.67 1.39 26.5 1.14 1.01 3.16 -21.90
¢3-0403-2 125 i 282 8.67 1.40 27.9 1.26 0.98 3.35 -21.78
c3-0503-1 125 1 304 8.72 1.43 30.0 1.30 0.91 3.39 -21.61
c3-0503-2 125 1 304 8.72 1.32 29.0 1.32 0.92 3.42 -21.72
¢3-0603-1 125 i 328 8.76 111 29.6 1.24 0.86 3.46 -21.79
c3-0603-2 125 1 328 8.76 1.27 28.6 1.43 0.79 3.49 -21.77
c2-2002-1 125 ! 24 6.95 0.27 34.8 0.54 1.20 8.84 -21.89
€2-2002-2 125 ! 24 6.95 0.29 34.4 0.72 1.15 9.02 -21.88
c2-2502-1 125 ! 144 7.02 0.39 31.0 0.77 1.03 7.87 -21.99
c2-2502-2 125 ! 144 7.02 0.37 32.9 0.61 0.97 8.40 -21.87
€3-2703-1 125 ! 39 8.02 0.66 34.1 1.05 0.92 4.85 -21.64
c3-2703-2 125 ! 39 8.02 0.73 34.2 0.98 0.85 5.13 -21.56
c3-3103-1 125 ! 135 7.90 0.96 28.7 1.09 0.68 5.06 -21.80
¢3-3103-2 125 ! 135 7.90 1.02 28.1 0.89 0.64 5.37 -21.80
c3-0104-1 125 ! 160 8.05 1.00 26.3 0.88 0.88 5.01 -21.97
c3-0104-2 125 ! 160 8.05 1.03 27.4 0.80 0.91 5.25 -21.86
c2-0602-1 175 1 62 7.45 1.93 75.8 2.89 1.93 2.21 -19.51
c2-0602-2 175 1 62 7.45 1.89 78.5 2.84 1.89 2.30 -19.53
¢3-0903-1 175 i 48 8.51 2.02 67.9 2.31 2.17 2.31 -19.81
¢c3-0903-2 175 1 48 8.51 1.95 67.6 2.25 2.25 2.25 -19.84
c3-1003-1 175 1 63 8.53 2.36 72.1 2.36 2.36 2.22 -19.62
¢3-1003-2 175 i 63 8.53 2.27 71.1 2.13 2.56 2.13 -19.68
c3-1103-1 175 1 89 8.43 1.99 72.9 2.12 1.99 2.38 -19.66
c3-1103-2 175 1 89 8.43 1.96 71.4 1.96 2.10 2.52 -19.70
c2-1702-1 175 ! 82 7.00 1.36 69.6 3.14 3.55 6.28 -19.72
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Sample no. T 11t Time pH ZAl ZSi ZNa 2K ZCa log Keq
(6] (h) 25°C (ppm) (ppm) (ppm) (ppm) (ppm)
c2-1702-2 175 1 82 7.00 1.35 73.0 3.11 3.38 6.76 -19.60
c2-1802-1 175 1 104 6.95 1.49 67.6 2.30 3.25 6.22 -19.74
c2-1802-2 175 1 104 6.95 1.54 69.1 2.18 3.20 6.53 -19.67
c3-2303-1 175 1 70 8.26 2.23 63.4 1.88 2.46 3.29 -19.83
c3-2303-2 175 1 70 8.26 2.25 62.5 1.88 2.63 3.38 -19.84
€3-2403-1 175 i 85 8.36 1.83 62.9 2.06 2.17 3.66 -19.91
c3-2403-2 175 1 85 8.36 1.78 62.8 1.78 2.25 3.79 -19.92
c3-2503-1 175 1 110 8.29 2.27 60.6 1.89 2.14 3.66 -19.89
¢3-2503-2 175 i 110 8.29 2.34 59.8 1.87 2.23 3.75 -19.89
c1-2501-1 225 1 24 7.36 0.82 207 2.60 3.25 1.95 -17.93
c1-2501-2 225 1 24 7.36 0.79 194 2.24 3.28 1.94 -18.09
c1-2601-1 225 1 48 7.49 0.82 200 2.83 3.37 1.75 -18.03
c1l-2701-1 225 1 72 7.44 0.86 183 2.69 1.88 2.29 -18.13
c1-2701-2 225 1 72 7.44 0.90 189 2.87 1.69 2.48 -18.02
c2-0802-1 225 1 42 7.09 2.45 166 3.95 2.86 1.77 -17.89
c2-0802-2 225 1 42 7.09 2.39 166 3.85 2.92 1.86 -17.90
c2-0902-1 225 1 67.5 6.95 2.25 160 3.71 1.06 1.59 -18.03
c2-0902-2 225 1 67.5 6.95 2.26 165 3.73 3.59 1.60 -17.97
c3-1303-1 225 1 43 7.97 2.52 150 2.65 2.52 1.19 -18.20
¢3-1303-2 225 1 43 7.97 2.50 153 2.64 2.64 117 -18.16
c3-1403-1 225 1 67 7.98 2.58 151 2.71 2.85 0.95 -18.23
c3-1403-2 225 1 67 7.98 2.62 150 2.62 2.91 1.02 -18.22
¢3-1503-2 225 1 95 7.92 2.62 143 2.49 2.86 1.12 -18.29
c2-1302-1 225 1 59 7.54 1.91 141 3.31 4.58 2.16 -18.31
c2-1302-2 225 1 59 7.54 1.92 143 3.30 4.53 2.20 -18.28
€3-1903-2 225 1 46 7.63 2.58 140 2.58 3.64 0.94 -18.39
c3-2003-1 225 1 70 7.63 2.64 138 2.52 3.40 1.01 -18.38
c3-2003-2 225 1 70 7.63 2.70 138 2.56 3.64 1.08 -18.36
c1-2801-3 265 1 24 7.09 1.65 259 3.98 1.65 1.65 -17.17
c1-2801-4 265 1 24 7.09 1.75 269 3.91 1.48 1.75 -17.04
¢3-1503-3 265 1 2 7.35 3.50 204 2.55 3.02 0.64 -17.55
c3-1503-4 265 1 2 7.35 3.62 208 2.41 2.68 0.80 -17.44
c3-1603-1 265 1 17 7.46 3.13 218 2.61 2.87 0.52 -17.51
¢3-1603-2 265 1 17 7.46 3.15 221 2.43 2.86 0.57 -17.44
c3-1603-3 265 1 26 7.34 3.05 229 2.52 2.92 0.40 -17.48
c3-1603-4 265 1 26 7.34 3.02 229 2.61 3.02 0.41 -17.48
€2-1002-3 265 1 24 6.18 2.23 263 3.80 3.80 0.82 -17.15
c2-1002-4 265 1 24 6.18 2.41 269 3.93 3.81 0.84 -17.06
c2-1002-1 275 1 12 6.09 2.48 272 3.60 3.48 1.08 -16.96
c2-1002-2 275 1 12 6.09 2.46 275 3.37 3.37 1.08 -16.95

* Samples coded as Na-x, K-x, Wik-x, are Na-, and Cpt-K and Wikiup analcime; all others are Cpt-Ca.
T In all charge balance calculations the total positive charge was balanced by Al(OH)z and CI-.

T Direction of approach to saturation.

§ Data not used for the averages tabulated in Table 2 (see text).

APPENDIX TABLE 1b. Solubility data for Mor-Cadenite

Sample no. T 1 time pH Al Si Na K Ca logKeq
(°C) (h) 25°C (ppm) (ppm) (ppm) (ppm) (ppm)
M-25-1 25* 1 3480 8.43 0.17 8.54 1.01 0.04 3.86 -25.28
M-25.2 25* 1 3480 8.81 0.18 8.65 0.96 0.04 3.92 -25.21
M-25-3 25* 1 4200 9.1 0.14 8.64 0.99 0.01 4.96 -25.27
M-25-4 25* 1 4200 9.3 0.15 7.73 0.46 0.01 4.38 -25.50
m1-1404-1 100 1 259 7.93 1.33 20 0.27 0.13 4.67 -22.14
m1-1404-2 100 1 259 7.93 1.08 19 0.13 0.07 4.72 -22.36
m1-1504-1 100 1 283 8.03 1.38 21 0.41 0.28 4.56 -22.06
m1-1504-2 100 1 283 8.03 1.07 19 0.12 0.06 4.65 -22.34
m1-1604-1 100 1 309 8.04 1.17 19 0.26 0.13 4.41 -22.28
m1-1604-2 100 1 309 8.04 1.03 19 0.13 0.06 4.78 -22.32
m2-1206-1 100 1 336 8.83 1.13 20 0.14 0.14 4.53 —22.24
m2-1206-2 100 1 336 8.83 1.06 21 0.07 0.07 5.04 -22.10
m2-1506-1 100 1 417 8.77 0.83 14 0.17 0.08 3.16 -22.15
m2-1506-2 100 1 417 8.77 1.19 21 0.13 0.07 4.77 —22.06
m2-1906-1 100 1 504 7.72 1.08 20 0.12 0.12 4.33 -22.21
m2-1906-2 100 1 504 7.72 1.09 21 0.06 0.06 4.48 —-22.18
m2-2707-1 100 i 194 7.96 1.04 17 0.13 0.06 3.77 -22.67
m2-2707-2 100 i 194 7.96 1.22 18 0.06 0.06 3.87 —22.49
m2-2807-1 100 1 212 7.96 1.28 17 0.26 0.06 3.70 -22.62
m2-2807-2 100 1 212 7.96 1.24 16 0.06 0.06 3.73 —22.68
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Sample no. T 1 time pH Al Si Na K Ca logKeq

Q) (h) 25°C (ppm) (ppm) (ppm) (ppm) (ppm)
m2-1607-1 125 ! 63 7.79 1.07 37 0.27 0.13 3.20 —20.98
m2-1607-2 125 ! 63 7.79 1.03 36 0.13 0.06 3.21 —21.08
m2-1907-1 125 ! 133 7.97 1.54 24 0.13 0.06 3.71 -21.71
m2-1907-2 125 ! 133 7.97 1.56 25 0.07 0.07 3.91 —-21.65
m2a-1808-1 130 1 96 7.85 1.92 27 3.16 0.07 4.53 -21.30
m2a-1808-2 130 ! 96 7.85 2.02 28 1.12 0.06 4.60 -21.23
m1-2004-1 150 1 69 8.12 2.16 37 0.38 0.13 5.72 —20.56
m1-2004-2 150 1 69 8.12 2.19 39 0.34 0.08 6.07 —20.43
m1-2104-1 150 1 92 8.06 2.04 37 0.36 0.12 5.52 —-20.57
m1-2104-2 150 1 92 8.06 2.14 40 0.15 0.08 6.26 —20.39
m1-2304-1 150 1 142 7.90 2.09 39 0.26 0.13 5.89 —20.43
m1-2304-2 150 1 142 7.90 2.21 40 0.13 0.07 6.24 -20.34
m2-2206-1 150 1 71 8.30 1.62 47 0.44 0.15 4.56 -20.21
m2-2206-2 150 1 71 8.30 1.68 48 0.36 0.06 4.93 -20.13
m2-2406-1 150 1 118 8.33 1.60 49 0.37 0.12 4.55 -20.13
m2-2406-2 150 1 118 8.33 1.71 50 0.23 0.06 4.91 —20.03
m1-2604-1 175 1 65 7.83 2.09 54 0.97 0.14 5.84 -19.74
m1-2604-2 175 1 65 7.83 2.16 59 0.86 0.14 6.18 -19.53
m1-2804-1 175 1 116 7.86 2.15 57 1.00 0.14 6.30 -19.59
m1-2804-2 175 1 116 7.86 2.16 58 0.86 0.14 6.48 -19.57
m1-2904-1 175 1 131 7.95 2.31 60 0.81 0.12 6.58 -19.45
m1-2904-2 175 1 131 7.95 2.35 60 0.91 0.13 6.78 -19.44
m2-2806-1 175 1 74 8.08 1.93 75 0.84 0.12 3.86 -19.17
m2-2806-2 175 1 74 8.08 2.00 75 0.80 0.13 4.53 -19.12
m2a-0208-1 175 1 119 7.85 2.55 65 0.67 0.06 4.77 -19.29
m2a-0208-2 175 1 119 7.85 2.59 65 0.65 0.08 5.01 -19.30
m2-0107-1 200 1 72 7.86 2.03 96 1.27 0.13 3.30 -18.63
m2-0107-2 200 1 72 7.86 2.02 102 1.13 0.13 3.65 -18.49
m2-0207-1 200 1 96 7.78 2.00 103 1.28 0.29 3.14 -18.52
m2-0207-2 200 1 96 7.78 2.01 104 1.13 0.13 3.39 -18.47
m2-1107-1 200 ! 44 7.80 2.29 97 0.64 0.13 3.95 -18.54
m2-1107-2 200 1 44 7.80 2.15 95 0.40 0.13 3.90 -18.59
m2-1307-1 200 ! 70 7.74 2.13 96 0.50 0.13 3.88 -18.58
m2-1307-2 200 ! 70 7.74 2.30 98 0.61 0.15 3.83 -18.51
m2-0607-1 225 1 95 7.75 2.15 130 1.56 0.36 2.75 -18.00
m2-0607-2 225 1 95 7.75 2.18 131 1.24 0.16 2.64 —-18.00
m2-0707-1 225 1 117 7.67 2.40 126 1.42 0.22 2.83 -18.01
m2-0707-2 225 1 117 7.67 241 126 1.42 0.14 2.98 -18.00
m2a-0708-1 225 1 117 7.65 2.33 118 0.78 0.13 3.49 -18.13
m2a-0708-2 225 1 117 7.65 2.30 118 0.54 0.14 3.38 -18.15
m2a-1108-1 225 ! 80 7.54 2.21 114 0.47 0.02 3.64 -18.22
m2a-1108-2 225 ! 80 7.54 2.27 116 0.36 0.01 3.71 -18.16
m1-0105-2 250 1 41 8.10 4.46 100 2.68 0.15 5.50 -18.10
m1-0505-5 250 1 149 7.65 2.23 138 2.23 0.30 2.68 -18.46
m1-0505-6 250 1 149 7.65 2.33 146 2.07 0.26 311 -18.38
m2-0807-1 250 1 22 7.54 2.37 157 1.75 0.25 212 -17.61
m2-0807-2 250 1 22 7.54 2.32 158 1.59 0.24 2.20 -17.61
m2-0907-1 250 1 44 7.54 2.17 159 1.45 0.24 2.17 -17.62
m2-0907-2 250 1 44 7.54 2.22 156 1.37 0.17 2.05 -17.67
m2a-0808-1 260 1 24 7.48 2.23 154 0.59 0.15 2.82 -17.61
m2a-0808-1 260 1 24 7.48 2.21 159 0.44 0.15 2.81 -17.55
m1-0605-3 265 1 22 7.68 1.99 156 1.46 0.27 1.33 -17.81
m1-0605-4 265 1 22 7.68 2.14 166 1.53 0.15 1.53 -17.61
* Data not used for fit in Equation 7.
T In all charge balance calculations the total positive charge was balanced by Al(OH); and CI-.
¥ Direction of approach to saturation.
APPENDIX TABLE 2. lonization constants and sources

Log K

Equilibria/
T °C 25° 50° 100° 125° 150° 175° 200° 225° 250° 260° 265° 275° ref.
(1) -13.99 -13.27 -12.27 -11.92 -11.64 -1143 -11.28 -11.19 -11.18 -11.19 -11.21 -11.25 (a)
2) -16.12 -13.92 -10.47 -9.10 -7.90 -6.85 -5.93 -5.11 -4.38 -411 -3.98 -3.73 (b)
3) -22.16 -19.97 -16.40 -14.93 -13.62 -12.44 -11.37 -10.39 -9.50 -9.17 -9.00 —-8.68 (b)
(4) -9.82 -9.50 -9.10 -8.98 -8.90 -8.85 -8.85 -8.89 -8.96 -9.02 -9.04 -9.07 (c)

Notes: (a) Marshal and Frank (1981); (b) Bourcier et al. (1993); (c) Busey and Messmer (1977).

(1) H;0, « H+ + OH-; (2) AP + 3H,0 = AI(OH)3 + 3H*; (3) AP* + 4H,0 = AI(OH); + 4H*; (4) H,SiO, = H,SiOz + H".




