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Thermodynamic properties of zeolites: low-temperature heat capacities
and thermodynamic functions for phillipsite and clinoptilolite.

Estimates of the thermochemical properties of zeolitic water at low temperature
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Abstract

The heat capacities of phillipsite and clinoptilolite have been measured between l5 and
305 K. Smoothed values of the thermodynamic properties, heat capacity, entropy,
enthalpy function and Gibbs energy function have been calculated from the measured heat
capacities for the phil l ipsite composition (Na1 ssKsro)Alr$Sio.rzOr6'6H2O and for the
clinopti lolite composition (NaosoKoe6Cal 56Mg1 zr)(Alo.zFeo.:)Si?eo?2 . 22H2O. At 298.15
K,Slsn - Sfi is 771.9+2.4 J/(mol .K) for phil l ipsite and 2872.3t9.0 J/(mol 'K) for

clinopti lolite.
The heat capacities of the average H20 in the natural zeolite samples are somewhat

greater than the heat capacity of ice at lfi) K and less than the heat capacity of pure water
at 300 K. The H20 component in phil l ipsite undergoes a glass transition at a transition
temperature of about 175 K. The heat capacity of the H20 component in clinoptilolite
increases in a nearlv linear fashion between lfi) and 300 K.

Introduction

Zeolites are tectosilicates exhibiting an open three-

dimensional structure containing cations needed to bal-
ance the electrostatic charge of the framework of silica
and alumina tetrahedra and containing water. The open

structure has led to the use of zeolites in many industrial
processes (e.g., Barrer, 1978, l98l) that are well docu-
mented in the literature. The properties of zeolites also

have been studied because of the deleterious effect the
growth of zeolites has upon the porosity of rock through
which fluids are extracted, in particular those rocks that
have undergone hydrofracturing to increase the porosity
(e.g. ,  Hawkins,  l98 l ) .  Recent ly ,  B ischof f  e t  a l .  (1981)

have proposed that the growth of the zeolite phillipsite

together with manganese oxides represents a coupled

chemical reaction that results in the growth of manganese

nodules in the deep North Pacific.
Glaccum and Bostrom (1976) assumed that the alter-

ation of basalt to phillipsite in the deep sea meant that
phillipsite was thermodynamically stable, These authors

estimated values for the Gibbs free energy of formation of

the Na and K end-member phil l ipsite compositions based
upon an assumed thermodynamic equilibrium reaction.

The evidence presented in most recent studies, howev-

er, confirms the metastable nature of most zeolites (e.g.,

Hawkins et al., 1978; Boles and Wise, 1978; Holler and

Wirsching, 1978; Kastner and Stonecipher, 1978; Dibble
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and Til ler, l98l; and Barrer, l98l). In laboratory (Holler

and Wirschine, 1978) and field (e.g., Sheppard and Gude'

1968. 1973: Hawkins et al., 1978; Kastner and Stone-

cipher, 1978) studies of the alteration of volcanic glass,

zeolites are formed as transitory phases that disappear

with increasing alteration, following the Gay-Lussac-

Ostward law of successive reactions (e.9., Barrer, l98l;

Dibble and Til ler, l98l; and Hemingway, 1982). Because

many zeolites are metastable, they are formed through

irreversible reactions that do not attain thermodynamic

equil ibrium (e.g., Dibble and Til ler, 1981, and Heming-

way, 1982). Therefore, typical equilibrium experimental

procedures cannot completely define the thermodynamic

properties of zeolites.

Zeolites can be expected to show disorder in the

cations, water, and the aluminum and silicon tetrahedra

in the framework. Therefore, traditional calorimetric pro-

cedures also will not be able to completely define the

thermodynamic properties of zeolites.

The best estimates of the thermodynamic properties of

zeolites will be obtained from a simultaneous analysis of

synthesis and stability data, calorimetric data, and vari-

ous metastable equilibrium measurements, each of which

will place limits upon one or more of the thermodynamic

properties of a given zeolite phase. Consequently, we

have measured the heat capacity of natural samples of

phillipsite and clinoptilolite between 15 and 305 K as a

692



preliminary step in our studies of the thermodynamic
properties of zeolites.

Materials

The phillipsite and clinoptilolite were provided as cleaned and
characterized samples of natural zeolites by A. J. Gude III.
Phillipsite (T-49) was obrained from altered tufs of Lake Tecopa,
Inyo County, California. A description of the location and the
chemical and physical properties of the phillipsite sample are
given by Sheppard and Gude (196E). Clinoptilolire (W7-6B) was
obtained from the altered tufs of the Big Sandy Formation,
Mohave County, Arizona. A description of the location and the
chemical and physical properties of the clinoptilolite sample is
given by Sheppard and Gude (1973).

Apparatus

The cryostat used for the low-temperature heat-capacity
measurements has been described by Robie and Hemingway
(19f2). The calorimeter and data acquisition system used for our
measurements have been described by Robie et al. (1976).

The differential scanning calorimeter was similar to that
described by O'Neill (1966) and Fyans (1971). The procedures
followed in data acquisition and analysis have been described by
Krupka et al. (1979).

Table l. Experimental specific heats of natural phillipsite from
Lake Tecopa, Inyo County. California
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Table 2. Experimental specific heats ofnatural clinoptilolite from

the Big Sandy Formation, Mohave County, Arizona
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T e m p .  t o ; : : I t '

K  J / ( s . K )

S e r i  e s  I

1 4 . 5 9  0 . 0 1 2 9 5
1 6 . 0 3  0 . 0 1 6 7 8
1 7 . 6 3  0 . 0 2 t 4 2
1 9 . 4 1  0 . 0 2 7  2 5
2 1 . 4 9  0 . 0 3 4 6 2
2 3 . 9 5  0 . 0 4 4 1  7
2 6 , 7 4  0 . 0 5 5 8 1
2 9 . 7 0  0 . 0 6 8 8 1
3 2 . 7 2  0 . 0 8 2 7 8
3 5 . 9 2  0 . 0 9  7  9 7

S e r i  e s  2

4 0 . 8 5  0 .  r 2 1 4
4 4 . 8 6  0 . 1 4 0 4
4 9 . 4 7  0 . 1 6 2 3
5 4 . 2 1  0 . 1 8 5 4

S e r i  e s  3

3 0 0 , 1  0  1 .  r 0  1 9
3 0 4 . 2 s  1 . 1 I 3 7
3 0 8 , 6 8  1 . 1 2 3 2

S e r i  e s  4

5 4 . 8 8  0 . 1 8 8 9
6 0 . 6 6  0 . 2 1 6 r
6 6 . 4 1  0 . 2 4 2 5

Se r i  es  5

6 9 .  9 6  0 .  ? 5 9 0
7 5 . 1 0  0 . 2 8 2 9
8 0 . 5 5  0 . 3 0 8 4
8 5 . 3 2  0 . 3 3 4 9
9 2 . 2 8  0 . 3 6 2  I
9 8 . 2 6  0 . 3 8 8 7

1 0 4 . 2 6  0 . 4 1 5 1
1 1 0 . 2 6  0 . 4 4 1 1
1 1 6 . 2 4  0 . 4 6 7 1
1 2 2 .  L 9  0 . 4  9 3 0
I  2 8 . 0 5  0 . 5 1 8 3

S e r i  e s  6

1 3 3 . 7 3  0 . s 4 4 6
1 3 9 . 4 8  0 . 5 6 7 4
1 4 5 . 0 4  0 . 5 9 0 0
1 5 0 . 4 5  0 . 6 1 1 8
r 5 5 . 8 5  0 . 6 3 2 7
r 6 1 . 2 5  0 . 6 5 3 3
1 6 6 . 6 7  0 . 6 7 4 4
1 7 2 . 1 2  0 . 6 9 4 9
1 7 1 . 6 2  0 . 7 1 6 1
1 8 3 . 2 0  0 . 7 3 6 5
1 8 8 . 8 9  0 . 7 5 7 3
1 9 4 . 6 7  0 . 7 7 7 9

S e r i  e s  7

2 0 0 . 1 9  0 . 7 9 7 3
? 0 6 . 2 2  0 . 8 1 8 7
2 t 2 . 2 3  0 . 8 3 8 7
2 1 8 . 2 1  0 . 8 5 9 1
2 2 4 . t 9  0 . 8 7 8 7
2 3 0 . 1 7  0 . 8 9 7 7
2 3 6 . 0 9  0 , 9 1 7 8
2 4 2  . 0 4  0  . 9 3 8 2
2 4 8 . 0 0  0 . 9 5 s 4
2 5 3 . 9 5  0 . 9 7 3 0
? 5 9  . 9 1  0 .  9 9 0 5
2 6 5 . 9 4  1 . 0 0 7 8

S e r i  e s  I

? 7  1 . 0 5  t . 0 2 1 7
? 7 7 . t 8  r . 0 4 0 0
2 8 3 . 2 t  1 . 0 5 6 3
2 8 9 . 3 0  t . 0 7 2 9
2 9 5 . 4 9  1 . 0 8 9 0

Experimental results

Our experimental data for the low-temperature specific
heats, Ji(g . K), of phillipsite and clinoptilolite are given
in Tables I and 2 in their chronological order of measure-
ment. The data listed in Tables I and 2 have been
corrected for curvature (e.g., Robie and Hemingway,
1972), but no corrections have been made for deviations
from end-member stoichiometry.

Each sample was dry sieved to remove most of the
material that would pass a 150 mesh sieve. The sample
weights, corrected for buoyancy, were 32.8400 and
20.0043 grams, respectively, for phillipsite and clinoptilo-
lite.

The phillipsite sample represented 45 percent of the
measured heat capacity (i.e., the heat capacity of the
calorimeter and the sample) at lfi) K. The contribution of
the phillipsite increased to 72Vo at 15 K and to 58% at
300 K. The clinoptilo[ite sample represented 3lVo of the
measured heat capacity at 100 K and increased to 57Vo at
l5K and to 43Vo percent at 3fi) K.

The measured heat-capacity data for phillipsite (cor-
rected for curvature and for the contribution of the empty
calorimeter and the He exchange gas) were corrected to
the formula (Nar.oaKo.so)Al1.ssSi6.12016, ' 6H2O by assum-
ing that the sample contained 642.801 g of phillipsite (of
the given formufa), 3.354 g of hematite, 0.645 g of
periclase, 2.080 g of NaOH, 0.799 of rutile, 0.085 g of
P2O5, 0.043 g of manganosite, and a deficiency of 5.963 g

T e m p .  t o ; : l I t '  T e m p .

K  J / ( e . K )  K

S p e c  i  f l  c
h e a t

, l / ( g . K )

T e m p .  t o ; : : I t '  T e m p .

K  J / ( s . K )  K

T e m p .  t o ; : l [ ' "

r  J / ( g . K )

S p e c i f i c
h e a t

J / ( s . K )

Se r i  es  I

5 3 . 4 2  0 . 2 1 4 4
5 7 . 3 6  0 . 2 3 5 2
5 3 . 5 7  0 . 2 6 6 8
7 t . 6 7  0 . 3 0 7 0
7 9  . 8 3  0 .  3 4 6 9

S e r i  e s  2

8 0 . 2 9  0 . 3 4 9 3
8 5 . 1 9  0 . 3 7 3 1
8 9 . 0 6  0 . 3 9 2 1
9 3 . 3 0  0 . 4 t 2 2
9 7 . 9 0  0 . 4 3 3 6

r 0 3 . 1 4  0 . 4 5 7 6
1 0 9 . 1 1  0 . 4 8 4 3

S e r i  e s  3

1 1 5 . 2 9  0 . 5 1 1 8
t 2 t . 2 L  0 . 5 3 7 5

S e r i  e s  4

1 2 6 . 9 0  0 . 5 6 1  9
1 3 2 . 4 0  0 . 5 8 5 2
t 3 7 . 7 2  0 . 6 0 7 6
1 2 6 . 4 3  0 . 5 5 9 4
t 3 2 . 0 2  0 . 5 8 3 2
t 3 7 . 5 2  0 . 6 0 6 7
r 4 3 . 1 3  0 . 5 3 0 9
1 4 8 . 7 5  0 . 6 5 6 5
1 5 4 . 4 0  0 . 6 8 1 1

S e r i e s  5

1 6 0 . 0 9  0 . 7 0 9 3
1 6 5 . 6 7  0 . 7 3 9 2
1 7 1 , 1 9  0 . 7 6 8 4
1 7 6 . 6 5  0 . 7 9 7 3
1 8 2 . t 4  0 . 8 2 4 4

S e r i  e s  6

1 8 0 . t 8  0 . 8 1 1 2
1 8 5 . 8 2  0 . 8 4 1 9
1 9 1 . 5 2  0 . 8 6 6 3

S e r l e s  7

1 9 7 . 2 0  0 . 8 8 9 7
202 .85  0 .9120
2 0 8 . 5 6  0 . 9 3 4 3
2 1 4 . 3 2  0 . 9 5 6 7

S e r i e s  I

2  l 6  . 3 9  0 . 9 6 3 9
2 2 2 . 2 6  0 . 9 8 6 7
228 .59  1 .0089
2 3 5 . 5 8  1 . 0 3 2 9
243 .22  1 .0s87
2 5 1 . 4 5  1 . 0 8 5 2
2 5 9 . 6 2  l . l t 0 2
2 6 7 . 6 5  1 . 1 3 4 3
2 7 5 . 6 8  1 . 1 5 5 7
2 8 3 , 6 0  1 . 1 7 5 6

S e r i e s  9

1 6 9 . 4 6  0 . 7 6 0 0
1 7 4 . 8 6  0 . 7 8 8 3

S e r i  e s  l 0

2 6 8 . 5 5  1 , 1 3 6 6
2 7 7  . 0 4  1 . 1 5 9 2
2 8 5 . 4 1  1 . 1 8 0 1
2 9 3 . 6 7  l . 2 0 l l
3 0 1 . 8 2  l . ? 1 9 1

S e r i e s  1 1

3 0 0 .  5 8  |  . ? t 4 L
3 0 4 . 1 8  t . 2 2 0 4
3 0 7 . 8 0  1 . 2 2 8 0

S e r l  e s  l 2

1 5 . 3 6  0 . 0 1 7 7 1
1 6 . 7 6  0 . 0 2 2 4 0
1 8 , 6 5  0 . 0 2 9 3 7
2 0 . 4 7  0 . 0 3 6 8 1
2 2 . 5 2  0 . 0 4 6 0 2
2 5  . 0 4  0  . 0 5 8 0 9
2 7 . 4 6  0 . 0 7 0 4 7
2 9  . 9 1  0  . 0 8 3 4 4
3 2 . 7  4  0 . 0 9 9 0 6
3 5 . 9 8  0 , 1 1 7 4
3 9 . 8 6  0 , 1 3 9 1
4 4 . 3 3  0 .  1 6 3 9
4 9 . 2 9  0 . 1 9 1 0
5 4 . 5 5  0 . 2 1 9 8
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of ice. The measured capacities of clinoptilolite were
corrected to the formula (Nao soKo esCa1,5sMg1.23)
(,{16 7Fe6 l)SizqOzz - 22H2O by assuming that the sample
contained 2701 .524 g of clinoptilolite (of the given formu-
la), 0.816 g of corundum, l5.17l g of hematite, 5.683 g of
periclase, 1.907 g of l ime, 3.803 g of BaO, I 1.087 g of SrO,
0.080 g of NaOH, 0.337 g of KOH, 3.279 g of ice, 7.670 g

of rutile, 0.852 g of P2O5, and 2.554 g of manganosite. The
corrections were made assuming simple additivity of the
components. The diference between the uncorrected and
the corrected specific heats of phillipsite were less than
lVo above 130 K, less than l.7Vo above 50 K, and less than
3.5Vo above 16 K and were less than l.2Vo for all tempera-
tures for the clinoptilolite sample. The impurity correc-
tions should not introduce errors greater than 0. I % in the
calculated entropy at298.15 K (e.g., Robie et aL.,1976).

Thermodynamic properties of phillipsite and
clinoptilolite

Our measured heat-capacity data (corrected for chemi-
cal impurities) were extrapolated to 0 Kelvin using a plot

of CZIT versus l. The data were smoothed analytically
following the method of Westrum et al. (1968). The
average deviation from the fitted curve above 20 K was
less than 0.09% for phillipsite and, 0.08Vo for clinoptilolite.

Smoothed values of the thermodynamiq functions CF,
Si - S3, GI) - HillT, and (G? - Hl)lr are listed at
integral temperatures in Tables 3 and 4 for phillipsite as
(Nar orKo80)Alr 8ssi6 12016 ' 6H2O 'and clinopti lolite as
(Nao se Ko esCal ,5sMg1.2r)(416 TFee 3)Si2eO72 ' 22H2O, re-
spectively. The tabulated values of the Gibbs energy
function for the two zeolites do not include the contribu-
tion arising from the zero-point entropies. Tlie contribu-
tion to the entropy, SSse - S3, arising from the extrapola-
tion of our data below 15 K was less than0.57o for each
zeolite.

Estimates of the configurational entropy of these natu-

ral zeolites have not been made because we lack specific
site occupancy data for these samples. However, esti-
mates of the configurational entropy for phillipsite may be

made using the information provided by Rinaldi et al.
(1974) for the crystal structure of a natural phillipsite from

Casal Brunori, Rome, Italy and estimates of the configu-
rational entropy of clinoptilolite may be made using the

information provided by Barrer (1978, Chapter 2).

Estimates of the heat capacity of the H2O
component in phillipsite and clinoptilolite

The purpose of this section of the study is to review
what is known about the manner in which HrO affects the
thermodynamic properties of zeolites and to discuss the
limitations of our knowledge and the ramifications of
assumptions made regarding thermodynamic properties

of zeolites. Zeolites are commonly metastable phases.
The literature of the synthesis of zeolites contains numer-
ous examples of the precipitation of different zeolite
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Table 3. Molar thermodynamic properties of phillipsite'

(Na1 ssKos6)Alr rESi6.r2O16 '  6H2O

T E i l P .  H E A T  E N T N O P Y

C T l P A C I T Y

E N T I I A L P Y  G I B D S  E N E R G Y

F U i l c T l o r t  F U l l c T l 0 N

r  c ;  1 s i - s i )  1 u i - u i l r r  - t o i - H i l t t

r . E L V I i l J / ( r r r o l ' K )

5  . 4 4 5
l 0  3 . 4 8
1 5  l 1 . l l
2 0  2 3 . 0 8
2 5  3 3 . 2 0
3 0  5 5 . 1 5
3 5  7 3 . 1 4
4 0  9 1 . 6 1
4 5  1 1 0 . 0
5 0  r 2 7  . B
6 0  1 6 2 . 0
7 0  1 9 4 , 9
E 0  2 2 6 . 7
9 0  2 5 7  . 7

1 0 0  2 8 8 . 0

1 1 0  3 1 7 . 5
1 2 0  3 4 5 . 9
1 3 0  3 7 3 . 2
1 4 0  4 0 0 . 4
1 5 0  4 ? 9 . 2
1 6 0  4 6 0 . 8
1 7 0  4 9 4 . 3
1 8 0  5 ? l  . 3
1 9 0  5 5 7 . 6
2 0 0  5 3 4 . 6

2 1 0  6 0 9 .  i
2 ? 0  6 3 4 .  1
2 3 0  6 5 7 . 9
2 4 0  6 3 0 . 4
2 5 0  7 0 1 . 2
2 6 0  7 2 r . 4
27O 7  40 .6
2 8 0  7 5 7  . 4
290  7  73 .4
3 0 0  7 8 8 . 4

? 1 3 . 1 5  7 4 6 . 2
2 9 8 . 1 5  7 8 6 . 2

.  r 42

3 . 8 2
8 . 5 7

I  q  t o

? 3 . 7 4
3 3 . 5 8
4 4 . 5 6
5 6 . 4 1
6 2 . 9 3
9 5 . 2 3
1 2 2 . 7
1 5 0 . 9
1 7 9 . 4
2 0 8 .  I

236 .9
? 6 5 . 8
294 .5

3 5 1 . 8
3 8 0 . 5
409 .4
4 3 8 , 6
4 6 7 . 9
4 9 7  . 2

526  . 4
5 5 5 . 3
5 8 4  . 0
6 1 2 , 5
5 4 0 . 7
6 6 8 . 6
696  -?
7 2 3 . 4
7  5 0 . 3
7 1 6  . 8

7 0 4 . 8
1 7 t . 9

. 1 0 s

. 8 6 0

1 1 . 1 5
1 7 . 0 6

3 1 . 1 0
3 8 . 8 4
4 6 . 4 5
6 3 . 2 3
7 9 . 1 0
9 6 . 1 0

1 I 2 . 3
1 2 8 . 4

1 4 4 . 3
l  G O  O

r 7  5 . 2
1 9 0  . 4
205 .3
2 2 0 . 3
? 3 5 . 4
2 5 0 . 7
2 6 6 . 1
2 S i  . 3

296  . 4
3 1 1 . 2
5 Z a . t

3 4 0 . 1
3 5 4 . 1
3 6 7 . 8
3 8 1 . 3
3 9 4 . 4
407  . 2
+ 1 9  . 7

3 t j 5 . 5
4 t 1 , 4

. 2 9 0

. 9 7 0
2 . ? 4 0
4 . 1 4 0
6 . 6 B 5
9 , 8 1 0

1 3 . 4 6
I 7  . 5 6
2 2 . 0 7
3 2 . 0 6
4 3 . 0 4
5 4 . 7 5
6 7 . 0 1
7 9 . 6 8

9 2 . 6 7
1 0 5 . 9
r l o  ?

1 1 '  Q

1 4 6 . 5
1 6 0 . 2
1 7 4 . 0
t  o ?  o

2 0 1 . 9

2 3 0 . 0
2 4 4 . 1

2 7 ? . 4
2 P , 6 . 6
3 0 0 . 8
3 1 4 . 9
a t o  n

3 4 3 . 1
3 5 7 . 1

3 1 9 . 4
3 5 4 .  s

phases from seemingly identical experimental conditions
(e.g., 'Barrer, 1978, l98l). Thus the free energy differ-

ences between some of these zeolite phases or between

solution components (e.g., Hemingway, 1982) that con-

trol the precipitating zeolite structure must be quite small.

Therefore, the free energy contribution of the H2O com-

ponent in zeolites must be completely understood before

we will be able to understand the chemistry of the zeolite

systems.

Observations

Calorimetric studies of the heat capacity and differen-

tial heat of adsorption of water in zeolites (Kiselev et al.,

19'72; and Dzhigit et al., l97l) have shown a dependence

upon the degree of filling of the zeolite cavity. Changes in

the frequencies of infrared OH-stretching bands of water

as a function of the sorbed water content have been

correlated with the observed changes in the differential

heat of adsorption of Kiselev et al. (1972). Kiselev et al.

have concluded that the high differential heat of adsorp-

tion of water and the appearance of bands representing

both free and perturbed hydroxyl groups in zeolites



Table 4. Molar thermodynamic properties of clinoptilolite,
(Na3 56K6 e6Ca1.56IVlg1 23)(Alu TFeo 3)Si2eO72 . 22H2O
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er to form strong hydrogen bonds between the water

molecules and weak hydrogen bonds to the structural OH
of the clay lattice.

Direct calorimetric studies (e.g., Basler and Lechert,
1972, and Vucelic et al., 1976) of the heat capacity and
entropy, and of the enthalpy of desorption of sorbate
molecules in zeolites have been obtained by assuming
that the difference observed between the properties deter-
mined for the zeolite free of sorbate and those of the
zeolite and the sorbate can be attributed to the sorbate
alone. Barrer and Bratt (1959) note that this procedure is

an oversimplification as the intercalation of a sorbate
molecule in a zeolite lattice should decrease the chemical
potential of the host lattice (and therefore change the
partial molal entropy), which results in an increase in the

stability of the structure over the same structure without

the sorbed molecule. In addition, complete removal of

water from some zeolites produces irreversible structural

changes that will be reflected in the thermal properties of

the sorbant absent material.
Bearing in mind these limitations, let us examine the

diference between heat capacity data for the natural
phillipsite and clinoptilolite samples and estimates of the
heat capacity of the anhydrous zeolite, and estimates of

the heat capacity of water in zeolites determined in other

studies. Hemingway and Robie (1984) have shown that

the heat capacity of staurolite can be estimated by the
principles of additivity to an average of -+3Vo in the

temperature range 100-700 K through the proper choice

of component groups. This procedure should provide an

estimate of the heat capacity of the anhydrous zeolites of

the same order of accuracy as would be obtained from

direct measurements of the dehydrated zeolites. In this

case, we have chosen to approximate the majority of the

heat capacity of anhydrous phillipsite with feldspars,

because Hoss and Roy (1960) have shown that phillipsite

is irreversibly converted to a feldspar-like p[ase when

completely dehydrated. For comparison, the heat capaci-
ty of dehydrated analcime was estimated as one mole of

albite less one mole of quartz which yielded values which

agreed with the measured heat capacities of dehydrated

analcime (King and Weller, 196l) to belter than 3Vo

between 100 and 300 K.

The heat capacity of the anhydrous phillipsite was

approximated by the heat capacity of I .08 moles of albite,

0.80 moles of microcline and 0.48 moles of quartz and

anhydrous clinoptilolite by 0.56 moles of albite, 0.98

moles of microcline, 1.50 moles of anorthite, 1.08 moles

of corundum, 1.23 moles of periclase, 0. 15 moles of

hematite, and 21.38 moles of quartz.

In Figure I we present our estimate of the heat capaci-
ties (in the temperature range 100-300 K) of the "aver-

age" water contained in the phillipsite and clinoptilolite

samples. Because the water molecules in zeolites are

bonded to different sites, the thermal properties of the
water molecules will vary. Thus, the difference calcula-
tion yields a value for the average water molecule. These
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T E M P  .  I I  T A T
C A P A C  I  T Y

E N T R O P Y  E N T H A L P Y
F  U H C T  I  O N

G I B I ] S  E N E R G Y
F U I I C T I O N

- r c i - H i l r rT  c ;  t s i - s i l  l r i - u i l r r
K E L V I N J / ( n o l . K )

f  1 . 9 0

1 0  1 2 . 0 3
1 5  3 8 . 2 0
2 0  7 9 . 8 6
25  132 .4
3 0  l 9 l , 4
3 5  2 5 4 . 6
4 0  3 2 0 . 0
4 5  3 8 5 . 9
5 0  4 5 1 . 1
6 0  5 7 9 . 4
7 0  7 0 6 . 8
8 0  8 3 3 . 6
9 0  9 5 7  . 7

1 0 0  1 0 7 8 . 6

1 1 0  1 1 9 7 . 9
1 2 0  1 3 1 7 . 1
1 3 0  1 4 3 5 . 3
1 4 0  1 5 5 0 . 3
1 5 0  1 6 6 0 . 4
1 6 0  t 7 6 6 . 2
1 7 0  1 8 6 9 . 8
1 8 0  t 9 7 2 . 2
1  9 0  2 0 7  2 . 8
2 0 0  2 ! 6 9 . 7

2 r0  2263 .0
2 2 0  2 3 5 4 . 1
230  2444 .9
2 4 0  2 5 3 4 . 1
2 5 0  2 6 1 8 . 8
? 6 0  ? 6 9 8 . 0
? 7 0  2 7 7 5 . 4
2 8 0  2 8 5 3 . 4
290  2927 .6
3 0 0  3 0 0 0 . 8

? 7 3 . 1 5  2 8 0 0 . 0
2 9 8 . 1 5  2 9 8 6 . 5

, 5 0 6  . 3 7 2
4 . 0 0 6  2 . 9 9 0

1 3 . 2 1  9 . 8 5
2 9 . 5 8  2 l  . 8  5
5 ? . 8 8  3 8 . 5 5
8 2 . 1 4  5 9 . 0 2

1  1 6 . 4  8 2 . 4 2
1  5 4 . 6  1 0 8 . 0
1 9 6 . 1  1 3 5 . 2
? 4 0 . 2  1 6 3 . 6
3 3 3 .  B  2 2 2 . 2
4 3 2 . 7  2 8 2 . 3
5 3 5 . 3  3 4 3 . 3
6 4 0 . 7  4 0 4 . 7
7 4 7  . 9  4 6 6 .  I

8 5 6 . 3  5 2 7  - 2
9 6 5 . 6  5 8 8 . 1

1 0 7 5 , 7  6 4 8 , 7
1 1 8 6 . 4  7 0 9 . 0
t 2 9 7 . 1  7 6 8 . B
1 4 0 7 . 6  8 2 7 . 9
1 5 1 7 . 8  8 8 6 . 1
t 6 2 7  . 6  9 4 3 . 6
1 7 3 7 . 0  1 0 0 0 . 4
1 8 4 5 . 8  1 0 5 6 . 5

1 9 5 3 . 9  i 1 1 1 . 7
2 0 6 1 . 3  1 1 6 6 . I
2 ! 6 7  - 9  r 2 t 9 . 7
2 ? 7  3  . 9  r 2 1  2  . 7
2 3 7 9 . t  1 3 2 4 . 8
2 4 8 3 , 3  1 3 7 6 . 1
? 5 8 6 . 6  1 4 2 6 . 5
2 6 8 8 . 9  t 4  7 6 .  l
27  90 .4  t 524 .9
2 8 9 0 . 8  1 5 7 2  - 8

2613 .9  t 442 .?
2 8 7 2 , 3  1 5 6 4 . 0

.  1 3 4
1 . 0 1 6
3 . 3 6
7 . 7 3

1 4 . 3 3
2 3 . 1 2
3 3 . 9 4
4 6 . 6 0
6 0 . 8 8
7  6 . 5 9

I 1 1 . 6
1 5 0 . 3
I 9 2 . 0
2 3 6 . 0
281 .3

329 .1
3 7 7 . 6
4 2 7  . 0
4 7 7 . 3
5 2 8 . 3
5 7 9 . 3
6 3 1 . 7
6 8 4 . 0
1 3 6 . 6
7 8 9 . 3

842 .2
8 9 5 . 2
948 .2

1 0 0 1  .  2
1 0 5 4 . 2
1 1 0 7 . 2
1 1 6 0 . 1
1212 .9
1 2 6 5 . 5
1 3 1 8 . 0

t t l  6 . 7
1 3 0 8 . 3

having low water-filling factors indicated the formation of
a hydrogen bond between the sorbed water and a nega-
tively charged oxygen in the zeolite framework. At these
low filling factors, the change in the position of the high-
frequency OH-stretching band and the change in the heat
of absorption of water with changes in the cation indicate
either a direct or indirect (e.g., change in free volume of
the cavity) interaction between the sorbed water and the
cation. Bertsch and Habgood (1963) have suggested that
the initial water molecule entering a zeolite cavity is
bound simultaneously by an ion-dipole interaction with
the exchangeable cation and through a hydrogen bond to
an oxygen in the zeolite framework. Kiselev et al. con-
cluded that additional water entering the cavities would
continue to bond to lattice sites until the internal cavity
sites were filled. Additional water entering the cavities
would then begin to form weak hydrogen bonds with the
other water molecules. As the water content of the cavity
increases, the associated sorbed molecules are rear-
ranged and begin to exhibit the properties ofliquid water.
Cruz et al. (1978) have shown a similar tendency for the
sorbed water in the endellite (hydrous halloysite) interlay-
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results may be compared with the heat capacities of the
water in analcime, also shown in Figure l, that were
calculated as the difference between the heat capacities of
analcime reported by King (1955) and of dehydrated
analcime as given by King and Weller (1961). Similar
results for the heat capacity of water in analcime are
given by Johnson et al. (19E2). For convenience, the H2O
component in these phases will be called water, regard-
less of the temperature or structural state.

The heat capacities of the "average" water in phillip-

site, clinoptilolite, and analcime are somewhat greater

than the heat capacity of ice at lfi) K and are considera-
bly lower than the heat capacity of water at 300 K. At
100 K, the estimated heat capacity of the water in the
phillisite sample is lower than the estimated value for the
clinoptilolite and analcime samples. At 300 K, the heat
capacity of the water in the phillipsite sample is consider-
ably higher than the estimated values for clinoptilolite and
analcime.

Our estimates of the heat capacities of water in the
three zeolites are consistent with the results given by
Basler and Lechert (1972) for a type X synthetic zeolite of
the faujasite-type structure (e.g., Flanigen, 1977). Basler
and Lechert determined the apparent molar heat capacity
of the water for several concentrations of the sorbate
from 46 to 293 mg/g of zeolite. The results of three of
these experiments are presented schematically in Figure I
for comparison.

Basler and Lechert (1972) found that the heat capacity
of the water in the zeolite behaved more like ice at lfi) K
and more like water at 300 K as the amount of sorbate
was increased from 46 to 293 mglg of zeolite. Basler and
Lechert concluded that the water in the holes of the
zeolite exhibits no heat of melting, but instead undergoes
a glass transition at a transition temperature of about
200 K.

Similar conclusions or results have been obtained in
other studies of water in zeolite by Ducros (1960), in
hydrated halloysite (endellire) by Cruzet al. (1978), and in
the Wyodak coal and in porous alumina ceramic by Mraw
and Naas-O'Rourke (1979). Ducros studied the mobility
of water in chabazite using NMR and concluded there
was no sharp melting point. Cruz et al. measured the heat
capacity, the infrared spectra, and NMR (with hydration
by H2O and D2O) spin-spin and spin-lattice relaxation
times for endellite and found no evidence that the mono-
layer of sorbed water (e.g., Hendricks and Jefferson,
1938, for details for the crystal structure) behaved differ-
ently in endellite than the sorbed water in the zeolites.
Mraw and Naas-O'Rourke found that below a threshold
value of 220 mg of water per gram of dried subbituminous
coal (Wyodak) and below 170 mg of water per gram of
porous alumina the measured heat capacity ofthe sorbed
water exhibited a similar increase to that observed in the
type X zeolite of similar water content.

Haly (1972) and Mraw and Naas-O'Rourke (1979) have
shown that at higher water contents (above 233 mg of
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Fig. l. Estimated values for the heat capacities of water in
several zeolites and in endellite at low temperatures. The
triangles were calculated from the data of King (1955) and King
and Weller (1961), the open diamonds and inverted triangles are
from this study (see text). The hexagons are the results ofCruz et
al. (1978) and the filled diamonds, x, and * symbols represent the
results reported by Basler and Lechert (1972).

water per gram of dried type Ctu.sNar-A zeolite, 220 mg
of water per gram of dried Wyodak coal, and 170 mg per
gram of porous alumina) a broad peak centered at about
245 K is observed in the heat-capacity data that is
ascribed to the sorbed water. This peak represents the
melting of the sorbed water in the cavities of the zeolite
and alumina and in the pores of the coal. Haly also
observed a second peak, centered at about 270 K, which
he interpreted to be the enthalpy of fusion of the water
absorbed on the zeolite surface. A higherthreshold of280
mg of water per gram of the dried type A zeolite was
required before the heat of melting of the surface water
was observed. Barrer and Fender (1961) found that the
properties (i.e., thermal entropies and expansivities) of
sorbed water in chabazite and gmellinite approached the
properties of liquid water (over the temperature range
303-353K) as the ratio of the amount of water sorbed in
the zeolite to the amount of water necessary to saturate
the zeolitp cavities approached unity.

Numerous studies of the desorption of water from
zeolites by differential scanning calorimetry (DSC),

evolved gas analysis (EGA), ditrerential thermal analysis
(DTA) and/or thermogravimetric analysis (TG) appear in
the literature (e.g., Barrer, 1978). Vucelic and coworkers
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(1976,1973) have examined the water loss from a series of
ion-exchanged type A and X zeolites by both DSC and
EGA techniques. Their findings show that the shape of
the DSC trace is dependent upon the initial degree of
filling of water in the zeolite cavity and upon the valence
of the exchangeable cation. We have found that the
pattern ofthe DSC trace obtained during the dehydration
ofa zeolite is also dependent upon the thermal history for
a partially dehydrated zeolite.

Vudelid and coworkers (1976, 1974 and 1973) found
three peaks in the DSC and EGA patterns obtained during
the dehydration of zeolites with monovalent exchange-
able cations. A fourth peak was observed for the same
zeolites that had divalent exchangeable cations. The
presence of a distinct fourth peak was dependent upon
the amount of water estimated to be within the zeolite
cavity. At low filling factors, the fourth peak was not
observed. Similar results were obtained for type A and X
zeolites.

In all cases Vudelii and coworkers (1976, 1974, and
1973) found that the lowest temperature peak could be
correlated with the loss of water that exhibited the
general properties of water (e.g., enthalpy of vaporiza-
tion). The lowest temperature peak was centered from
370 to 390 K. The second peak was centered at about 430
K and the third at about 6fi) K; each was associated with
correspondingly higher heats of absorption. The fourth
peak was centered from 475 to 525 K depending upon the
initial water filling factor for the sample, a dependence
also observed in the first peak position and definition.
The values of the enthalpies of desorption calculated by
Vudelii and coworkers (assuming three or four peaks and
a Gaussian or Lorentz distribution) from studies of the
thermal dehydration of zeolites were similar to the results
reported by Dzhigit et al. (1971) from measurements of
the heat of adsorption at 300 K. Similar findings were
reported by Barrer and Bratt (1959) for Na-faujasite.

McDaniel and Maher (1976) have shown that the ther-
mal stability of X and Y type synthetic zeolites (faujasite-
like phases) increases as the ratio of SiO2/Al2Or is in-
creased. Sticher (1974) has shown that as the SiO2/Al2O3
ratio of synthetic K-G zeolites (a chabazite-like phase) is
varied, the pattern of water release is varied. When the
ratio of SiO2/A12O3 is greater than 2.7 , water is released
smoothly and continuously from 350 to 600 K. At silica
concentrations yielding a lower ratio than 2.7, X-ray
evidence indicated that the cell collapses near 450 K
resulting in a two-step dehydration process. Consequent-
ly, in addition to changes in the exchange cation and in
the initial concentration of water in the zeolite cavity,
DSC and DTA thermograms will reflect changes associat-
ed with any change in the framework of the zeolite.

Hoss and Roy (1960) examined the weight-loss patterns
of natural and Ba-, Ca-, K-, and Na-exchanged phillipsite
from 300 to 600 K and X-ray powder patterns made at
several temperatures within this interval. Similar patterns
were observed for each zeolite, with an exchangeable-

6n

cation dependent structural change taking place between

360 and 420 K coincident with the loss of 50Vo of the water

originally contained by the zeolite. Water loss continued,

but at a reduced rate from 445 to 525 K accompanied by

an increase in the crystallinity of the newly formed phase

(called metaphillipsite by Hoss and Roy). The rate of

water Ioss increased at temperatures above about 500 K.

Schematic examples of the DSC thermograms for Na-,

K-, and Ca-exchanged type A zeolite from the work of

Vudelii and others (1973 and 1976) are presented in

Figure 2 with a DSC pattern which we obtained for the

natural phillipsite studied in this paper. The curves are

not normalized to a specific initial water content or

zeolite weight and therefore should not be compared in

terms of absolute energy differences. Instead, the relative

energy distribution as a function of temperature shown by

the K-Na natural phillipsite may be compared with that
given for the Na-A and K-A type zeolites. The pattern

shown for the natural phillipsite is obviously more com-
plex than that indicated for the type A zeolites combining

the heat effects of the desorption of water and the heat

associated with the change in structure from phillipsite to

metaphillipsite. Hoss and Roy (1960) observed a continu-

ous increase in the crystallinity of the metaphillipsite
phase heated in an X-ray furnace from 4fi) to 520 K, the
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Fig. 2. A comparison of the ditrerential scanning calorimeter
thermogram (solid curve) for the natural phillipsite sample ofthis
study with similar data for a type A zeolite. The triangles and
squares are the data of Vucelic et al. (1976) for Na- and K-A,
respectively. The inverted triangles are the data of Vucelic et al.
(1973) for Ca-A where the filling factor is about 97Vo for the filled
symbols and about 30Vofor the open symbols.
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temperature range in which our heat capacity measure-
ments show a broad anomalous peak.

The enthalpy of transition of phillipsite to metaphillip-
site cannot be extracted from our experimental results
because the heat of vaporization and the amount of water
lost in the temperature interval 400-520 K are not known.
Additional measurement under known water-pressure
conditions will be required to make that determination.
Possibly metaphillipsite forms oniy under conditions of
reduced water fugacity. If this is true, one would expect
the zeolites to behave diferently in prograde and retro-
grade hydrothermal and metamorphic systems.

In addition, the zeolitic water may be expected to have
a finite residual entropy arising from a possible frozen-in
disordered state with respect to some degrees offreedom.
Haida et aI. (1970 have proposed the term "glassy
crystal" for the non-equilibrium frozen-in state of a
crystal that shows the classic behavior of a glass. The
glassy state was discussed in terms of both short-range
(hexagonal ice) and long-range (SnCl2 . 2HzO) order.
Haida et al. introduced the concept of the long-range-
ordered glassy state that would appear applicable to the
zeolitic water in natural zeolites. However, as noted
earlier, the properties of zeolitic water vary with the
degree offilling ofthe channels and cavities. Consequent-
ly, short-range order would be expected to be of in-
creased importance as the water content of the cavities
was increased or in natural zeolites in which the water is
tightly bonded to the exchangeable cation.

Knowlton et al. (1981) have estimated average enthal-
pies of hydration for the three types of water bound in a
natural clinoptilolite sample, from their DSC and TG
experiments. These authors provide a fairly good discus-
sion of the problems associated with the measurement of
heat capacities or enthalpies of dehydration with the DSC
technique. The dehydration curve obtained in this study
was similar to that reported by Knowlton et al., and
therefore, will not be discussed further.

Assumptions and limitations

Zeolites, natural or synthetic, are largely metastable
phases that precipitate from aqueous solutions (i.e., the
transformation from one phase to another under hydro-
thermal conditions proceeds by the dissolution of the less
stable phase and precipitation of the more stable phase,
(see for example Barrer, l98l)). Unlike most of the
phases of importance to geologists, the stability of zeo-
lites cannot be completely determined from reversed
phase equilibrium reactions because, in this system, the
metastable equilibria can only be reached experimentally
from conditions of supersaturation (e.g., Hemingway,
1982). Therefore, to model the zeolites in geologic pro-
cesses, we must be able to ascertain the afect of varia-
tions in the exchangeable cations, the silicon/aluminum
ratio of the framework, and the H2O component upon the
thermodynamic properties of the phases.
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One limitation we face arises from the preparation of
zeolites for studies like calorimetric measurements,
chemical analysis, X-ray diffraction analysis, etc.; the
phases must be removed from the solutions in which they
grew and some moderate drying must be done. Some
water present in the structure at the time the phase was
crystallizing is necessarily lost in the processes. Present-
ly, we must assume for the purposes of calculating
thermodynamic properties for zeolites that the heat ca-
pacity, enthalpy offormation, entropy, and free energy of
formation of H2O lost in sample preparation does not
differ significantly from our estimated correction for that
component. Presently, our estimates for the H2O compo-
nent must be based upon the properties of pure H2O or
upon values calculated from models such as those dis-
cussed in the preceding section.

A related limitation arises from our need to be able to
estimate the thermodynamic properties for a zeolite of a
particular composition for a specific reaction or geologic
process. We cannot, at present, make corrections to the
measured thermodynamic properties of zeolites by corre-
sponding states or additivity arguments because we can-
not access the afect of, for example, a change in the
exchangeable cation upon the thermodynamic properties
of the H2O component of the zeolite (similarly, changes
of silicon/aluminum ratio cannot be evaluated).

In the preceding section we have seen that the thermo-
dynamic properties of the H2O component in zeolites
vary with the type of exchangable cation, the silicon/
aluminum ratio, and the degree of filling of the cavities
and channels within a particular zeolite structure type.
We may also readily conclude that the thermodynamic
properties of the H2O component vary significantly be-
tween structure types, i.e., the H2O component more
closely represents the properties of pure H2O in the
faujasite (zeolite X) type structure than in the phillipsite
type structure (see Fig. l). Clinoptilolite and analcime
(see Fig. l) show even greater deviations from the proper-
ties of pure H2O than phillipsite does. Thus, we may
conclude that the thermodynamic properties of the H2O
component of a zeolite phase deviate more strongly from
the thermodynamic properties of pure H2O as the stabil-
ity of the zeolite phase increases. We cannot, however,
quantify the effect at this time. Therefore, systematic
studies of several structure types in which the exchange-
able cations and the silicon/aluminum ratios are varied
will be necessary before adequate models of the thermo-
dynamic properties of zeolites may be derived.

The process by which most zeolite phases are lost from
mineral assemblages and replaced by more stable phases
will vary with the fugacity of H2O. At high H2O fugaci-
ties, as noted above, the zeolite is removed by dissolution
and some of the components are precipitated from the
aqueous solution as the more stable phase. At low H2O
fugacities, the zeolite decomposes to an amorphous mate-
rial that recrystallizes to form one or more phases (e.g.,
Breck, 1974, p. 494). The limiting values of H2O fugaci-



ties are not known at this time. Therefore, kinetic studies
will be required to determine the pressure and tempera-
ture limits for each type of process before models of
geologic processes involving zeolites can be completely
developed. Similarly, modelling of sites for disposal of
radioactive wastes will require careful analysis of the
affect of the thermal pulse if the sites contain zeolites.

Conclusion

Measurements of the heat capacities of natural phillip-
site and clinoptilolite presented in this study represent
initial results from an ongoing study of the thermodynam-
ic properties of zeolites. From these measurements, we
may calculate the entropy changes, Szss-So, as 772t2.4
and2872.3-+9.0 J/(mol . K), respectively, for the natural
phillipsite and clinoptilolite samples described earlier in
this study. However, no estimates of the configurational
entropies have been made because of a lack of informa-
tion, particularly that regarding the degree oforder ofthe
zeolitic water. Therefore, the entropy values reported in
this study should be regarded as minimum.

The heat capacities of the average H2O component in
phillipsite show a clear glass transition in the region of
175 K. The H2O component in clinoptilolite has a steadily
increasing heat capacity with increasing temperature that
is nearly linear between lfi) and 300 K. The heat capacity
of the average H2O component in natural zeolites will be
somewhat greater than the heat capacity of ice at 100 K
and somewhat less than that for water at 300 K. The
thermodynamic properties of the H2O component in
zeolites will increasingly deviate from those of pure H2O
as the stability of the zeolite phases increases.

Systematic studies in which the exchangeable cations
and the silicon/aluminum ratios are varied will be neces-
sary before we can derive adequate models for the
thermodynamic properties of zeolites. In addition, kinetic
studies will be required before we can determine the
temperature and H2O fugacity limits of the two processes
that control the removal of most zeolites from natural
mineral assemblages, and thereby model geologic pro-
cesses or model containment sites for radioactive waste
disposal.

Acknowledgments

Cleaned and characterized samples of phillipsite and clinopti-

lolite were provided by our Survey colleague, A. J. Gude, III.

References

Barrer, R. M. (1978) Zeolites and Clay Minerals as Sorbents and

Molecular Sieves. Academic Press. New York.
Barrer, R. M. (1981) Zeolites and their synthesis. Zeolites, l,

| 30-140.
Barrer, R. M. and Bratt, G. C. (1959) Non-stoichiometric

hydrates-I. Sorption equilibria and kinetics of water loss for
ion-exchanged near-faujasites. Journal of the Physics and
Chemistry of Solids, 12, 130-145.

Barrer, R. M. and Bratt, G. C. (1959) Non-stoichiometric

699

hydrates-Il. Some heats and entropies for water and ammo-

nia in ion-exchanged faujasites. Journal of the Physics and

Chemistry of Solids, 12, 146-153.

Barrer, R. M. and Bratt, G. C. (1959) Non-stoichiometric

hydrates-Ill The relative importance of cations and of

anionic framework in determining the energetics of zeolitic

water. Journal of the Physics and Chemistry of Solids, 12,

t54-166.

Barrer, R. M. and Fender, B. E. F. (1961) The difusion and

sorption of water in zeolites-I. Sorption. Journal of the

Physics and Chemistry of Solids, 21, l-ll.

Basler, W. D. and Lechert, H. (1972) Molwarmemessungen an

adsorbiertem wasser in zeolithen Linde l3X. Zeitschrift fiir

Physikalische Chemie Neue Folge, 78, 199-204.

Beck, D. W. (1974) Zeolite Molecular Seives. Structure, chemis-

try, and use. Wiley-Interscience, New York.

Bertsch, L. and Habgood, H. W. (1963) An infrared spectrosco-

pic study of the adsorption of water and carbon dioxide by

Linde molecular sieve X. Journal of Physical Chemistry, 67,

l62t-r628.
Bischoff, J. L., Piper, D. Z. and Leong, K. (1981) The alumino-

silicate fraction of North Pacific manganese nodules. Geochi-

mica et Cosmochimica Acta, 45, 2047-2063.

Boles, J. R. and Wise, W. S. (1978) Nature and origin of deep-sea

clinoptilolite. In L. B. Sand and F. A. Mumpton, Eds.,

Natural Zeolites. Occurrences, properties, use, p. 235-244.

Pergamon Press, New York.

Cruz, M. I., Letellier, M. and Fripiat, J. J. (1978) NMR study of

adsorbed water. II. Molecular motions in the monolayer

hydrate of halloysite, Journal of Chemical Physics, 69, 2018-

2027.

Dibble. W. E.. Jr. and Tiller. W. A. (1981) Kinetic model of

zeolite paragenesis in tuffaceous sediments. Clays and Clay

Minerals. 29.323-330.
Ducros, P. (1960) Study by dielectric relaxation and nuclear

magnetic resonance of the mobility of water and of cations in

some zeolites. Bulletin de la Socidte Frangaise de Min6ralogie

et de Cristallographie, E3, 85-l 12.

Dzhigit ,  O. M., Kiselev, A. V. Mikos, K. N., Mutt ik, G. G., and

Rahmanova, T. A. (1971) Heats of adsorption of water vapor

on X-zeol i tes containing Li*, Na*, K*, Rb* and Cs* cations.

Journal of the Chemical Society, Faraday Transactions, 67,

458-467.

Flanigen, E. M. (1977) Crystal structure and chemistry of natural

zeolites. In F. A. Mumpton, Ed., Mineralogical Society of

America, Short Course Notes, 4, p. 19-52. Washington, D. C.

Fyans, R. L. (1971) Design of a differential scanning calorimeter

and the performance of a new system' Paper presented at the

Eastern Analytical Symposium, New York, New York, No-

vember 1971.

Glaccum, R. and Bostrcim, K. (1976) (Na-K)-phillipsite: its

stability conditions and geochemical role in the deep sea.

Marine Geology, 21, 47-58.

Haida, O., Matsuo, T., Suga, H. and Seki, S. (1974) Calorimetric

study of the glassy state. X. Enthalpy relaxation at the glass

transition temperature of hexagonal ice. Journal of Chemical

Thermodynamics, 6, 815-825.

Haly, A. R. (1972) Specific heat of a synthetic zeolite and the

heat offusion of its absorbed water. Journal of the Physics and

Chemistry of Solids, 33, 129-137.

Hawkins, D. B. (1981) Kinetics of glass dissolution and zeolite

HEMINGWAY AND ROBIE: PHILLIPSITE AND CLINOPTILOLITE



700

formation under hydrothermal conditions. Clays and Clay
Minerals. 29.311-340.

Hawkins, D. B., Sheppard, R. A. and Gude, A. J., 3rd (1978)
Hydrothermal synthesis of clinoptilolite and comments on the
assemblage phillipsite-{linoptilolite-mordenite. In L. B.
Sands and F. A. Mumpton, Eds., Natural Zeolites, p.331-349.
Pergamon Press, New York.

Hemingway, B. S. (1982) Gibbs free energies of formation for
bayerite, nordsrrandite, Al(OH)'z+, and Al(OH)f , aluminum
mobility, and the formation of bauxites and laterites. Ad-
vances in Physical Geochemistry, V . 2, 2E5-316.

Hemingway, B. S. and Robie, R. A. (1984) Hear capacity and
thermodynamic functions of gehlenite and staurolite American
Mineralogist, 69, 307-318.

Hendricks, S. B. and Jetrerson, M. E. (193E) Structures of kaolin
and talcpyrophyllite hydrates and their bearing on water
sorption of the clays. American Mineralogist, 23,863-875.

H<iller, H. and Wirsching, U. (1978) Experiments on the forma-
tion ofzeolites by hydrothermal alteration of volcanic glass. In
L. B. Sands and F. A. Mumpton, Eds., Natural Zeolites.
Occurrence, properties, use, p. 329-336. Pergamon Press,
New York.

Hoss, H. and Roy, R. (1960) Zeolite studies III: On natural
phillipsite, gismondite, harmotome, chabazite, and gemelinite.
Beitrage ziir Mineralogie and Petrographie, 7, 389-,108.

Johnson, G. K., Flotow, H. 8.,  O'Hare, P. A. G., and Wise,
W. S. (1982) Thermodynamic studies of zeolites, analcime and
dehydrated analcime. American Mineralogist, 67, 736-7 48.

Kastner, M. and Stonecipher. S. (1978) Zeolites in pelagic
sediments of the Atlantic. Pacific. and Indian Oceans. In L. B.
Sands and F. A. Mumpton, Eds., Natural Zeolites. Occur-
rences, properties, use, p. 199-220. Pergamon Press, New
York.

King, E. G. (1955) Low temperature heat capacity and entropy at
298. l6'K ofanalcite. Journal of the American Chemical Socie-
ty, 77 , 2192.

King, E. G. and Weller, W. W. (1961) Low-temperature heat
capacities and entropies at 29E.15"K of some sodium- and
calcium-aluminum silicates. U. S. Bureau of Mines Report of
Investigations 5855.

Kiselev, A. V., Lygin, V. I. and Starodubceva, R. V. (1972)

Spectral and energetic aspects ofwater adsorption by Li-, Na-,
K- and Cs-X zeolites. Journal of the Chemical Society, Fara-
day Transactions, 6E, 1793-1798.

Knowlton, G. D., White, T. R. and McKague, H. L. (lgEl)

Thermal study of types of water associated with clinoptilolite.
Clays and Clay Minerals, 29,403411.

Krupka, K. M., Robie, R. A., and Hemingway, B. S. (1979) The
heat capacities of corundum, periclase, anorthite, CaAl2Si2Og
glass, muscovite, pyrophyllite, KAISi3OB glass, grossular, and
NaAlSi3Os glass between 350 and 1000K. American Mineral-
ogist, 62, 86-101.

HEMINGWAY AND ROBIE: PHILLIPSITE AND CLINOPTILOLITE

McDaniel, C. V. and Maher, P. K. (1976) Zeolite stability and

ultrastable zeolites. Rabo, J. A., ed. Zeolite Chemistry and

Catalyses, Chapter 4, Monograph l7l, American Chemical

Society, Washington, D. C., 285-331.

Mraw, S. C. and Naas-O'Rourke, D. F. (1979) Water in coal
pores: Low-temperature heat capacity behavior of the mois-

ture in Wyodak coal. Science,2O5,9Ol-902.

O'Neill, M. J. (l%6) Measurement of specific heat functions by

differential scanning calorimetry. Analytical Chemistry, 3E,

133 l- l  336.

Rinaldi, R., Pluth, J. J., and Smith, J. V. (1974) Zeolites of the

phillipsite family. Refinement of the crystal structure of phil-

lipsite and harmotome. Acta Crystallographica, B30, 2426-

2433.

Robie, R. A. and Hemingway, B. S. (1972) Calorimeters for heat

of solution and low-temperature heat capacity measurements.

U. S. Ceological Survey Professional Paper 755.

Robie, R. A., Hemingway, B. S. and Wilson, W. H. (1976) The

heat capacity of calorimetry conference copper and of musco-

vite Kal2(AlSi3)Oro(OH)2, pyrophyllite AlzSi+Oro(OH)2, and

illite K:(AlzMgXSi'4Alr)O4o(OH)s between 15 and 375K and

their standard entropies at 298.15K U. S. Geological Survey

Journal of Research. 4.631-644.

Sheppard, R. A. and Cude, A. J.,3rd (196E) Distribution and

genesis of authigenic silicate minerals in tufs of Pleistocene

Lake Tecopa, Inyo County, California, U. S. Geological

Survey Professional Paper 897.

Sheppard, R. A. and Gude, A. J., 3rd (1973) Zeolites and

associated authigenic silicate minerals in tuffaceous rocks of

the Big Sandy formation, Mohave County, Arizona. U. S.

Geological Survey Professional Paper 830.

Sticher, H. (1974) Thermal analysis of synthetic (near-chabazite)

zeolites with ditrerent Si/Al ratios. Thermochimica Acta, 10,

305-3 I l .
Vucelic, V., Dondur, V., Djurdjevic, P., and Vucelic, D. (1976)

An analysis of elementary processes of water desorption from

zeolites of type A. Part L Zeolites with monovalent counter-

ions. Thermochimica Acta. 14. 341-347.

Vucelic, V., Vucelic, D., Karaulic, D., and Susic, M. (1973)

Thermal quality analysis of water on synthetic zeolite type A.

Thermochimica Acta. 7. 77-85.

Vucelic, V., Vucelic, D., and Susic, M. (1974) Thermal analysis

of water at X- and A-type zeolites. Thermochimica Acta, 8,

465-47t.
Westrum, E. F., Jr., Furukawa, G. T., and McCullogh, J. P.

(196E) Adiabatic low-temperature calorimeter. In McCullough,

J. P. and Scott, D. W., eds., Experimental Thermodynamics,

Volume l, Calorimetry of nonreacting systems, p. 133-214.

Plenum Press, New York.

Manuscript received, March 3, 1963;

acceptedfor publication, February 21, 1984.


