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Abstract

Calorimetric measurements have been carried out on specimens of natrolite, mesolite,
and scolecite in order to assess the thermodynamic properties of a zeolite series having the
same alumino-silicate framework. Low-temperature heat capacity and high-temperature
enthalpy increments of natrolite and scolecite were measured by adiabatic and drop-
calorimetric techniques. Standard enthalpies of formation at 298.15 K of all three zeolites
were determined by solution calorimetry. Thermodynamic functions have been calculated
for natrolite to 660 K and for scolecite to 470 K. The heat capacity and standard entropy at
298.15 K have been estimated for mesolite. The following values atT:298.15 K and a
pressure of I bar have been obtained:

AHKI) c7Q) s'(D-s'(0) AGKD
kJ/mol J/(mol.K) J/(mol.K) kJ/mol

natrolite -5718.6-15.0 359.23-10.72 359.73!0.72 -5316.6-f 5.0
mesolite -5947.1-+5.4 371-+2 363+2 -5513.2-+5.4
scolecire -6049.0-+5.0 392.8F-0.77 367.424-0.73 -5597.9-+5.0

With reference to zeolitic water, it is concluded that the entropy of water molecules in both
natrolite and scolecite is similar to that in ice. A consideration of the X-ray results for the
present specimen of natrolite leads to the conclusion that a contribution of about 9.2
J/(mol' K) to the standard entropy is made by the Al-Si disorder in the alumino-silicate
framework. The new results allow calculations to be made by which the pressure and
temperature effect can be deduced for such equilibria as:

and

natrolite + SiOz(aq) : 2 analcime

natrolite + Ca2+(aq) + H2O = mesolite + 2Na+(aq).

Results are consistent with observed parageneses in natural occurrences.

Introduction

The thermodynamic properties of a zeolite are con-
trolled largely by the alumino-silicate framework, but
significant contributions can be made by the bonding of
the exchangeable cations and water molecules. Few
zeolites have unique compositions and this is one of the
major problems that arise when systematic thermody-

' Work performed under the auspices of the Division of
Engineering, Mathematical, and Geosciences, Office of Basic
Energy Sciences, of the U.S. Department of Energy.
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namic studies of these materials are attempted. Examples
of compositional variations include the Si content of the
framework, the exchangeable cations, and the water
content. The situation is further complicated by varying
degrees of ordering of the Si-Al distribution in the
framework as well as by variable cation positioning.
Clearly then, in order to establish a basic understanding
of the thermodynamics of zeolites in general, it is advan-
tageous to study a group in which composition variables
are minimal. Natrolite, mesolite, and scolecite are partic-
ularly suited to such a study because they have the same
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framework and the same ordered Si-Al distribution, and
each has a unique cation content. Alberti et al. (1982)
have shown that the Si content ofthe tetrahedral sites in
each ofthese zeolites arises only slightly from the ideal 60
molVo. Fvthermore, natrolites typically contain less than
one per cent of cations other than Na+, and scolecites
have less than two per cent of cations other than Ca2+.
Mesolites have approximately equal contents of Na and
Ca, with Cal(Ca+Na+K) varying less than 5Vofrom0.50.
The reader is referred to Alberti et al. (1982) for a
summary of compositional ranges and atomic arrange-
ments in these zeolites.

Low-temperature heat capacity and high-temperature
enthalpy increment measurements were carried out on
natrolite and scolecite, and enthalpy ofreaction measure-
ments were made on all three zeolites. The standard
thermodynamic functions were derived for natrolite and
scolecite and were estimated for mesolite. Our thermody-
namic results suggest that the entropy of the zeolitic
water in both natrolite and scolecite approaches that of
ice. In addition, our calculations show that natrolite is
stable only in solutions of low Ca2+ activity and that the
width of the mesolite field of stability is nearly four orders
of magnitude in terms of Na+ activity.

The question of structural disorder and the resulting
contribution to the residual entropy of geologic materials
continues to be a subject of great interest (Ulbrich and
Waldbaum, 1976). We have also addressed this topic with
respect to the specimen of natrolite used in our studies by
calculating its configurational entropy based on the Al/Si
distribution inferred from the experimental lattice param-
eters.

Materials

Natrolite, mesolite. and scolecite

Sources of the zeolites used in the present study were
as follows: Larne, County Antrim, Northern Ireland
(natrolite); Nasik, Poona District, India (mesolite): and
Kosmos, Washington, U.S.A. (scolecite). Each mineral
occurs as prismatic crystals, up to 8 cm in length, which
may be colorless transparent or white and translucent. A
stock of about 20 grams of each was prepared for the
calorimetric measurements by crushing the clear ends of
selected crystals to about 0.5 mm size. The grains were
examined under a microscope and any that were opaque
were discarded. A sample of about 25 grains taken from
the stock of each zeolite was analyzed with an ARL
electron microprobe to determine the average composi-
tion and compositional variations. For all elements an
accelerating voltage of 15 kV was used with a sample
current of l0 nA and a defocused beam. The elements
commonly found in zeolites-Na, Al, Si, K, Ca, Mg, Fe,
Sr, and Ba-were sought, but only the first five were
detected. Standards used were albite, microcline and
andesine. Water content was determined by heating a
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sample that had been equilibrated with air of 50Vo relative
humidity to 873 K for 24 hours and measuring the weight
loss. Analytical results along with the cell dimensions are
given in Table l.

The natrolite analyses were slightly low in Na, and
this was assumed to be due to analytical error (ion
migration etrect). The composition was taken to be
Na2A12Si3O16 '2HzO, and molar thermodynamic proper-
ties are based on this formula. The average mesolite
composition varied somewhat from the ideal ratio,
Ca:Na = 1:1. However, because there was a nearly
perfect charge balance, the composition given in Table I
was used in all calculations and in the thermochemical
cycles as well, even though the unit cell contents (Z: 24)
are very much larger than this formula indicates. The
scolecite analyses yielded a composition very close to
CaAl2Si3Ols' 3H2O (Table l), and all calculations are
based on this formula.

Gibbsite

The g ibbsi te,  Al (OH)3,  was Fisher  Reagent
Al2O3 . 3H2O which had been heated for approximately 6
hours at 423 K before use. The source ofthe gibbsite and
its thermal treatment were, therefore, identical to those
reported by Hemingway and Robie (1977) for their deter-
mination of AflF [A(OH)3].

Table l. Analytical results and structural parameters for the
zeolites

Netrol l te l lesol l te Scolecl te

Saople conposlt lon (Maa per ceDt)

St02

Al2o3

Ceo

tle2O

K2

H20

Totel

st
AI

Ce

Na

K

H2o

47.40

26.79

0 . 0 4

L5.97

0 . 0 3

99.43

4 5 . 9 0

26.00

14 .3 I

0 . 0 4

0 . 0 0

1 3 . 8

r00 .05

cel1 coDtents ( tunber of 6td€)*

A D

Cell  dt [en6lons (A)

4 6 . 5 3

2 6 . 1 3

9 . 4 9

o.02

r 2 . 3

99.86

A B

24.07 3 .0r

1 5 , 9 3  1 . 9 9

5.26  0 .657

5 . 4 0  0 . 6 7 6

0 . 0 1

2t , t7  2 .647

18.405(4)

56 .609(  13)

6 .546(2)

2 3 . 9 8  3 .  O 0

16.01  2 .00

E . 0 1  I . 0 0

o . o 2

0.00

24,04  3 .00

18.504(4)

$ .972(5 '

5 . 5 1 9 ( 2 )

90 .6r  (2 )

24 .01  3 .  O0

1 5 . 9 9  2 . 0 0

0 . 0 2

r 5 . 6 8  2 . 0 0

0 . 0 1

t5 .52  2 .OO

a

b

I

18.309(3)

18 .623(4)

6 . s 9 2 ( 2 '

*A - cell coatents ba6ed on 80 fr@otk oxygeno; E - tdeellzed
c@poeltlon used e6 baals for calculatlon of Dol6r themoallmelc
propert lee.
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Sodium fluoride

Ultrapure sodium fluoride was obtained from Alfa
Inorganics (Danvers, MA). The sample was heated to 475
K for approximately 8 hours and then transferred to a
helium-atmosphere glovebox where it was stored.

Hydrofluoric acid

Hydrofluoric acid was Baker "Analyzed Reagent"
diluted to the appropriate concentration with distilled
watet.

Apparatus, experimental procedures, and results

Three different types of measurement were performed
in this study. Each of the techniques used, along with the
results obtained, will be discussed under separate head-
ings.

Heat capacity measurements (5 to 350 K)

In this part of the study, we employed the same calorimeter
(laboratory designation 6-GS-l) as in our earlier work on
analcime (Johnson et al. ,  l9E2). This calorimeter was
constructed from oxygen-free, high-conductivity copper, and
has an internal volume of 5.976 cm3 at 29E.15 K. Both natrolite,
7.E125 g, and scolecite, 7.4913 g, were loaded into the
calorimeter in a glovebox filled with dry helium. After removal
from the glovebox, the natrolite was found to have been reduced
in mass by approximately 0. lVo and the scolecite by
approximately 0.03%. This loss of water will be discussed later.
To promote rapid thermal equilibration, a small amount of
helium, about 7 x 10-6 mol, was left in the calorimeter. Separate
experiments were performed to determine the heat capacity of
the empty calorimeter.

Only a brief description of the apparatus and measuring
techniques will be given here; this information has been
published in detail previously (Osborne et al., 1972). The
temperature of the adiabatic shields surrounding the calorimeter
was controlled automatically so that it was close (t0.001 K) to
that of the calorimeter at all times. The temperature of the
calorimeter was measured by means of a calibrated platinum
resistance thermometer (Westrum et al., 1953) in conjunction
with a calibrated double potentiometer and a photoelectric
galvanometer. The temperature scale of the thermometer is
believed to agree with the thermodynamic scale to within 0.l K
from 3 to 14 K, to within 0.03 K from 14 to 90 K, and to within
0.05 K between 90 and 373 K. Temperature dffirences, how-
ever, are reliable to 0.01 K at 4.2 K, to 0.fi)0E K at 14 K, to
0.m01 K from 25 to 58 K, and to 0.001 K above 58 K. Time and
potentiometer readings were relayed to an on-line computer
which, in turn, printed a record ofthe temperature as a function
of time. Corrections for small deviations from truly adiabatic
behavior were derived from observations of the steady-state drift
of the temperature both before and after the calorimeter was
heated. While the calorimeter was being heated, the current and
voltage drop across the heater (from which the resistance was
computed) were automatically recorded at predetermined time
intervals. A preset timer calibrated against NBS Station WWV
was used to fix the heating time to better than 0.01%. All
standards of mass, resistance, and voltage used in this research
are traceable to the National Bureau of Standards.
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The heat capacity of each zeolite was calculated as the
difference between the results obtained for the loaded and for the
empty calorimeter. Minor heat capacity corrections had to be
made because different amounts of helium, Apiezon T grease,
copper, and gold were used with the loaded and empty
calorimeter. A small curvature correction equal to -GzCJdZz)
( D2124 was applied to each heat capacity determination.

Heat capacity results

As mentioned earlier, the preliminary evacuation of the
calorimeter resulted in a loss in mass of about 0.3Vo of the
natrolite and about 0.03% of the scolecite; in both cases,
this loss was attributed to removal of zeolitic water. In
the case of scolecite, this water loss did not significantly
alter the sample composition and, thus, the initial mass of
material placed in the calorimeter was simply assumed to
have been reduced by this amount. For natrolite, the
water loss did significantly alter the sample composition
and it was assumed that the composition of the sample on
which the measurements were actually made was
Na2Al2Si3O1s . l.94HzO. We accordingly adjusted the
experimental results to refer to a composition of
Na2Al2Si3O1s .2H2O. This adjustment was made as fol-
lows. It was assumed that the molar heat capacity contri-
bution of the zeolitic water was the same in natrolite as in
analcime, i.e., CiQ)(HzO) = Cb?)(analcime) CpQ\
(dehydrated analcime). It was further assumed that this
relationship was valid over the entire range (a-350 K) of
the experimental temperatures. Next, G(T)(HzO) was
calculated based on our earlier studies of analcime and
dehydrated analcime (Johnson et al.,1982). From 4 to l0
K, G(D(H2O) was plotted as a function of T. From 10.4
to 72.5 K, G(0(H2O) was fitted to a polynomial in T of
order 6. Above 72.5 K, G(O(HzO) could be reliably
interpolated. The G(IXHzO) computed at a given experi-
mental temperature was then multiplied by 0.06 and
added to the corresponding molar experimental heat
capacity for the natrolite with composition 1.94 H2O.
These new heat capacities are taken to refer to a composi-
tion of Na2Al2Si3O1s . 2H2O and are used as such in
subsequent computations.

The corrected heat capacities, C$(?'), are given in order
of ascending mean temperatures, (T), for natrolite in
Table 2 and scolecite in Table 3. The temperature incre-
ment, AT, for each experiment below 20 K was approxi-
mately 2 K, between 20 K and 100 K, AT - 0. I (4, and
above lfi) K, A? - 10 K.

Individual heat capacity values are estimated to be
uncertain by 5Vo near 6 K, by lVo near 14 K, and by 0.2%
above 25 K. No impurity corrections were necessary. No
anomalous behavior was observed, and plots of G(T)
against (D had the normal sigmoid shape.

Derivation of the standord entropy and other
t he rmody namic func tions

Heat capacity results in Tables 2 and 3 were fitted by
two polynomials in ? using a weighted, least-squares



Table 2. Adjusted heat capacities of natrolite,
Na2Al2Si3O16 . 2H2O, based on experimental results for

Na2Al2Si3O,o. l .94H2O
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thermometry by the addition of a re-entry well, in which the
sensor of a quartz-crystal thermometer (Hewlett-Packard Model
2E0l-A) was placed. For solution calorimetric work with HF(aq),
we usually employ KEL-F (chlorotrifluoroethylene polymer)
ampoules with windows made from thin KEL-F film (Johnson el
al.,1973). However, in experiments with natrolite, scolecite, and
mesolite, it was found that the torn ampoule windows so
inhibited the dispersal of zeolite into the acid that the reaction
time became unacceptably long. In order to alleviate this
problem, new all-Teflon ampoules were designed in which the
windows were made of discs split across the diameter. The D-
shaped halves were attached to each other and to the body of the
ampoule with wax so that the entire assembly was leak-tight.
When such an ampoule is brought into contact with the ampoule-
breaker spike in the calorimeter, the windows are completely
detached from the ampoule body, and the sample is immediately
dispersed in the solution. In this way, the reaction time is
shortened considerably.

The energy equivalent ofthe calorimetric system was based on
electrical calibration experiments performed before and after
each reaction experiment. The calibrations covered the same
temperature range as the conesponding reaction experiments,
and the mean temperature of all such experiments was
298.15+0.01  K.

Calorimetric measurements were made of the enthalpies of
reaction of natrolite, scolecite, mesolite, gibbsite, and sodium
fluoride with approximately 24.4 mass per cent HF(aq). For the
reactions of scolecite and mesolite, it was assumed that the CaF2
precipitated quantitatively. In separate experiments, no enthalpy
change was detected when pure CaF2 was introduced into an

Table 3. Experimental heat capacities for scolecite
(CaAl2Si3O16 ' 3H2O)

ci,(?)
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<3>

K

<r> c;,(r) <2, c;'<?,

J/ (Eo 1' l ( ) K  J / ( o o l ' K ) J / ( E o 1 ' K )

6 . O 2

6 . 1 3

8 . 3 8

E . 4  6

1 0 . 4 1

1 0 . 4 5

t2.40

1 2 . 4 6

t 4 . 4 2

1 6 . 4 5

r 6 . 4 8

1 8 . 4 7

1 8 . 4 9

2 0 . 5 2

2 2 . 6 4

25.O4

2 7 . 6 9

3 0 . 5 9

0.090

0.094

o.236

0 . 2 3 1

0 . 5 1 9

o .  5 1 2

1.019

1 . 0 2 3

L . 7 7 5

1.808

2.a90

2.9 t5

4 . 3 9 4

4 .395

6.234

6.242

t t .42

1 5 .  r 5

19.66

33.80

37 .36

4 5 . 5 E

50.09

5 3 . 5 3

b ) .  ) r

72.45

80.  I0

8 5 . 9 r

88  .53

96.32

105.88

1 16  .09

1 2 6 . 0 5

136.01

1 4 6 . 0 7

156.06

r66.01

2 4 . 9 4

3L.24

3 6 . 3 5

46.18

5 5 . 0 2

6 r . 7 2

7 2 . 1 9

E 4 . 8 0

1 1 1 . 3 3

123.34

L 2 6 . 2 5

1 3 8 . 7 1

157.27

1 6 8 . 9 5

r 83 ,4 r

197 .50

2 r 0 . 9 3

235.42

L 7  5 . 9 1

I 8 5 . 9 5

195.98

206.01

2L6.04

226.O4

235.E3

245.82

2s5.85

265.E1

285.73

295.75

305.74

3 1 5 . 7 3

325.7L

333.93

340.42

346.a6

247.29

258.70

259.62

279.97

249.7 3

299.sL

308.84

3t7 .77

325.96

334.48

342.59

350.24

357 .71

354.52

3 7 1 . 6 5

778.79

383.50

79t.45

procedure. One polynomial covered the region below 40
K, and the other the region above 20 K. Below 40 K, the
standard deviations of the experimental heat capacities
from the curves were 2.0 and 2.2Vo for natrolite and
scolecite, respectively. Above 20 K, the corresponding
standard deviations were 0.14 and0.22Vo. Based on these
polynomials, CF(I) values have been calculated at select-
ed temperatures and are given in Tables 4 and 5. At
298.15 K the heat capacities ofnatrolite and scolecite are
359.23-+0.72 and 382.81-+0.77 Jl(mol 'K), respectively.

The heat capacities below 13 K (see Tables 2 and 3)
were used to construct plots of CplI against I for both
natrolite and scolecite. Smooth curves could be drawn
through these points and also that at CF : 0 as T --+ 0.
These curves were essentially linear below 7 K (natrolite)
and 6 K (scolecite). The heat capacities and other thermo-
dynamic functions of natrolite at 7 K (Table 4) and
scolecite at 6 K (Table 5) were derived from these curves.
For I: l0 K and above, the thermodynamic functions in
Tables 4 and 5 were computed from appropriate integrals
ofthe polynomials referred to in the preceding paragraph.

Enthalpy of reaction measurements at 298.15 K

An LKB-8700 precision calorimetric system was used for the
enthalpy of solution and reaction measurements. The 100 cm3
reaction vessel and stirrer were both constructed of l8-carat
gold. The reaction vessel was modified for quartz-crystal

<?>

K J / ( D o l ' K ) K  J / ( o o l ' K ) J/ (DoI .K )

6  . 3 5

8 . 2 0

8 . 4 8

to .24

10.60

1 2 . 3 3

t2 .70

t4 .32

1 4 . 6 8

l 6  . 2 1

1 6 . 5 8

1 8 .  r 6

1 8 . 6 6

2 0 . 1 8

20.69

2 2 . 2 1

24.57

27 .00

29.62

32.4O

0.095

0 . 2 1 6

0.239

o . 4 7 7

0.507

0 . 9 5 9

r .095

1 . 7 1 5

1.909

2.416

3 . 1 1 3

4.304

4 . 7 7 1

6.253

6.829

8 . 5 9 I

1 1 . 6 6

15.25

r .9 .48

24.87

35 .34

40.22

44.42

53.56

5 9 . 3 3

55.54

72.48

80.  r3

84.47

88.57

9 8 . 2 3

LO7 .94

1 1 7 . 9 0

1 2 8 . 2 0

r38.75

t49,04

r59 .05

1 6 9 . 1 1

179.  19

38.09

45.79

73.04

84.29

9 5 . 5 5

1 0 9 . 6 6

t24.O7

124.O7

t39.23

r54.50

! 6 9 . 9 5

t46.22

20L.96

2t6.61

230.36

243,53

256.77

L49.25 269.12

199.27 24t.44

209.24 292.63

219.22 303.98

229.2t 3L4,78

215.56  321.55

245.94  332.33

256.04  y2 .53

266.05 152,57

276.04 362.34

286.00  371.49

295.95  380.69

305.95  3E9,31

315.99  39A.57

326.04 407.56

334.  I8  414.  r l

340 .41  4 t9 .37

346.77 424.66
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Table 4. Low-temperature thermodynamic functions for
natrolite (NazAlzSirO ro' 2H2O)*

|  : :  !

r c  
H " s r - E ' r o ) ' t c ' ( r ) - H ' ( o ) l / r

(  J /  ( n o l  ' K )  J /  ( m o r  ' K )  J / @ 1  J /  ( n o l  ' K )
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7  ( 0 . 1 3 6 )

l 0  0 . 4 3 4

20 5 .700

3 0  1 8 . 6 9

40 36 .01

6 0  1 4 . 1 6

E 0  l l l . 3 6

I00 144.49

I 2 0  1 7 4 . 6 0

140 202.82

160 228.49

l8o  25r .E2

200 27  3  .70

220 293,95

240 112.33

260 329.6E

2E0 345.96

300 360.53

320 374.73

340 387.25

350 393 .39

213, r5  340.57

29a.L5  359.23

( 0 . 0 4 5 )

0 .  I 3 4

L 6 o E

b .  r ) )

1 3  . E 4

3 5  . 6 0

6 2  . t l

9 0 . 5 9

1 1 9 . 6 3

r 4 8 . 6 9

1 7 7  . 4 E

2 0 5 . 7 6

233.43

260.48

2 8 6 . E 6

3 t 2 . 1 5

3 1 7 . 5 9

3 6 r . 9 6

3 E 5 . 6 8

408.79

420.ro

3 2 9  . 0 8

359.73

( 0  . 2 3 5 )

L009

I 4 I . 7

4 t 3 . I

15t2

317 3

593E

9132

1 2 9 I 0

17 224

22034

27 291

3297 |

39036

45458

52217

59284

66636

7 426L

7 8 1 6 3

49865

5 8 6 1 8

( 0 . 0 r  I  )

0 . 0 3 3

0 . 3 5 0

t . 4 3 2

3 . 5 1 3

t 0 . 4 0

1 9 . 9 5

3 t . 2 r

4 3 . 5 3

56.47

5 9 . E 1

8 3 . 3 5

9 6 . 9 E

I  r0  .6 r

r24 .21

I 3 7  . 7  I

l 5 l . l 0

t 7 7 . 4 4

r90.38

t96.78

146.52

163.12

T

K J / @ 1 J / ( n o 1 . K )

(cooare, 1978); SiOz(a) (Wise et al.,1963); Al(OH)r(c)
(Hemingway and Robie, 1977); and CaFz (Robie er a/.,
1978) were taken from the literature. The enthalpy of
formation of NaF is based on AIli(Na*,aq),
-240.300+0.065 kJ/mol (cooera, 1978); AIIKF-,aq),
-335.U!0.29 kJ/mol (Johnson et al.,1973); and Alilo1n
(NaF,c), 937-+36 J/mol (Nuttall et al.,1978).

The standard enthalpies of formation, 4f1il29E.15 K),
for natrolite, - 57 18.6-F5.0, scolecite, -6049.0-r 5.0, and
mesolite. -5947.1-+5.4. are calculated as shown in Table
8, where the individual AIl values have been taken from
Table 7. In the mesolite cycle, because of rounding-off
errors, the solution that results from the sum ofreactions
l, 2, 3, and 4 is not identical with solution [E]. The
difference, however, is thermally insignificant and has
been ignored.

Enthalpy incre me nt me asure ments

The drop calorimeter used for the enthalpy increment
measurements on natrolite and scolecite has been described in
detail (Fredrickson et al., 1969). The system consisted
essentially of a resistance-heated, molybdenum-core furnace and

Table 5. Low-temperature thermodynamic functions for
scolecite (CaAl2Si3Oro' 3H20)x

c;(r ,  s ' ( " ) -s"(o)  H"(rr -H'(o - rc ' ( r ) -H'(o) l / r

J / ( D o l . ( )  J / ( n o l . K )

5

t 0

20

30

(0 .0E0)

0 .426

6 . 0 5 3

2 0 . 1 1

( 0 . 0 2 7 )

0 . t29

t . 6 3 2

6.540

1 4  . 7 0

6 3 .  t 7

9 l . r 8

I t 9 . 6 9

148.89

t77  .94

206.77

235. t9

263.14

290.60

J t 7 . 5 2

343.91

369.80

395. t7

420.O5

432.32

334.93

167.42

( 0 . 1 2 0 )

0 . 9 6 t

25 .72

l ) 1 . )

439.2

r560

3402

5925

9064

t2454

t72tl

2 2 t 1 2

27 5 t l

333E1

39695

46425

53549

61054

68918

77130

8 l  363

51065

60345

(0 .007 )

0 . 0 3 1

o.346

I .490

3 . 7 t 5

1O.92

20.64

3 1 . 9 3

44. t9

57 .0E

70. t7

E 3 . 9 3

9 1 . 6 3

l l l . 4 l

r25 .21

1 3 8  . 9  7

152.67

1 6 6 , 2 t

I79 .E0

t93.20

r 9 9 . 8 6

t47  .9E

1 6 5 . 0 3

*Molecul,ar Mss of Ne?A12S11Oto.2H2O was taken to be 3AO-22 A/@1.

HF(aq) solution, and this lends strong support to the above
assumption. Detailed results for the calorimetric reactions are
given in Table 6.

Standard enthalpies of formation at 298.i,5K

The reactions and enthalpy values necessary to derive
the standard enthalpies of formation of natrolite, scole-
cite, and mesolite are given in Table 7. The molar
enthalpies of reactions 2,3, 5, 6, and 7 are based on the
corresponding mean specific enthalpies of reaction in
Table 6. For this conversion, the molar masses of Na2
Al2Si3Org 2H2O, CaAl2Si3Ols 3H2O, Nao.ozoCaoosz
Alr.eesi3 otorc. 2.647H2O, AI(OH)3, and NaF were taken
to be 380.2235, 392.339, 38'1.784,78.0034, and 41.9882
g/mol, respectively, based on the 1979 atomic weights
(Holden, 1980). The enthalpy of reaction of a-quartz with
HF(aq), reaction l, has been reported recently (Johnson
et al.,1982). Enthalpies of dilution of HF(aq) (reactions 8,
9, and l0) and the enthalpy of formation of HF . 3.441
H2O (reaction ll) are based on an earlier study at this
laboratory (Johnson e t al., 197 3). For reactions 12, 13, 14,
and 16 the standard enthalpies of formation of HzO(l)

4 0  3 7 . 7 1

60 74 .30

80 109.54

100 t42 .33

1 2 0  1 7 3 . 3 8

140 203.46

160 231,46

180 257,83

200 281 .91

220 304.E3

240 326,35

260 346.45

280 365.87

300 384.41

320 40r .E l

340 4 t9 .14

350 427.13

273 , t5  359.26

2 9 E . 1 5  3 8 2 . 8 I

* X o l e c u l a r  n a r a  o t  s c o l e c l l e  s e a  t a k e n  t o  b e  ! 9 2 . J 4  8 l @ 1 .
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Table 6. Enthalpies of reaction (29E.15 K) with HF(aq) of
natrolite, scolecite, mesolite, gibbsite, and sodium fluoridex

MESOLITE, AND SCOLECITE

Table 6. (cont.)

I  139

D d6c

B K

€(celor)* e(calor)(-doc) Mcorr t  AHIM

JlK J J J/8
e ( c a I o r )  ( -  6 e c  )

J

n Aoc

t K

c ( c a l o r ) 4 *

J lK

Allcotrt AHlM

J  J I A

SodluD P luor lde ,  NeF

Natrol l te,  Na2A12St301O.2H2O

o.222t t  I .2547t  400.48  -502.49

0.221E5 1 ,25103 400.98  -501.64

0.22383 1.26308 400.39 -505.72

o.22t90 r.25142 400.34 -500.99

o.22 t t7  t .24681 400.68  -499.58

0.22215 t ,25414 400.55  -502,35

0.04851 0 .01143 402.31

o.04794 0 .01136 402.3r

o .o4737 0 .01159 402.1r

0 .04820 0 .01076 402.31

o.04865 0 .01199 402.31

0 . 0  - 2 2 6 t . 9

0.09 -2260.a

0.09 -2259.0

0 .09  -2257.3

o.09 -2258.4

0.09 -2260.9

-4 .60

- 4  . 6 6

-4 .33

- 4 . 8 2

0 . 5 1

0 . 5 t

0 . 5 1

0 . 5 1

0 . 5 1

-84 .3

-84.7

- 7 9 . 3

-88 .6

o .22912 1 .2A924 400.65  -516.55

0.22412 1 .28319 400.80  -514.30

o.22913 I .29011 400.31  -516.44

0.22932 r.2876L 400.54 -515.74

o.228t t  1 .28036 400.82  -5 r3 .19

Lvetage Nt/M - -2251.6 t 1.1 J/gtt

L v e t a 1 e  t E l M  -  - 8 4 . 9  r  t . S J l e t t

The co lum heed ln86 are  t r ,  the  [asa  o f  the  aaDple  reac ted ;  60cr

the  teDpefe ture  chaBge o f  the  ca lo r l [e t€ r  cor rec ted  foE heet

exchante  u t th  the  edv l ro i len t ;  e (ca lo t ) ,  the  Eean energy  equ l -

va len t  o f  the  ca lo r i [e t r l c  Eys teD before  and a f te l  the  exper l -

@nt ;  A l i cor r ,  the  coDblned cor tec t ion  fo r  the  the@I  e f fec ta  o f

openlnS the anpoule and of vaporlzlng the solvent lnto the free

vo lu re  o f  the  anpou le ,  and.  * f l v ,  the  spec l f i c  en tha lpy  o f  reec t lon .

* *e(ca lo r )  
ya6  no t  neeaured fo r  the  exper loente  s l th  NaF but  was

teken to  be  the  everage o f  the  va lues  fo r  the  A1(oH)3  exper l -

oente  p lus  0 .05  J  fo r  the  heat  capec l ty  o f  Na!  p lus  0 .15  J  to

a l ld  fo t  the  d l f fe tence ln  dDoute  @sses.

tAacor r  lnc ludes  the  en the lpy  e f fec t  o f  open lng  the  anpou le ,  sh lch

was 0 .10  J  fo r  a l l  exper lmentg  e tcept  those fo r  A I (OB)3  and NaF

for  eh lch  l t  @d 0 .53  J ,  ea  ee l l  as  a  cor rec t lon  fo r  the  vapor lze-

t lon  o f  eo lvent  ln to  the  f ree  vo luDe o f  the  aDDoule .

l fThe uncer ta in ty  l s  the  s tadderd  dev le t lon  o f  the  neen.

of Standards Standard Reference Material 720) over the
temperature range from 374 to 836 K.

The sample of natrolite (mass,7.545ll g) was contained in a
welded (platinum + l0 per cent rhodium) capsule (1.2 cm
diameter, 4.8 cm long, 5.35 cmr internal volume, and 19.15696 g
mass) which also included 8.1 x 10 5 mol of air. The sample of
scolecite (mass, 7.46873 g) was contained in a similar capsule
(mass, 19.13454 g) along with 8.4 x l0-5 mol of air.

Enthalpy increme nt results

The results of the drop calorimetric experiments in
order of increasing temperature are given in Table 9.

The energy equivalent of the calorimeter, €(calor),
varies slightly as a function of A0c, from 4379.46 J/K for
A0" = 9.5 K to 4378.68 J/K for A0" - 1.5 K. The enthalpy
contribution of the capsule was determined in a separate
series of experiments with an empty (platinum + llVo
rhodium) capsule with dimensions and mass similar to
those used for the present experiments. The measured
enthalpy was corrected for the enthalpy of the air in the
capsules, for the difference (usually less than 0.01 K) of
the final calorimetric temperature from 298.15 K, and for
the water vapor produced by thermal dehydration of the
zeolites. The amount of water vapor produced was calcu-
lated from the A14 and Sin, results given in van Reeuwijk
(L974):

log P(bar) : -5373 T-t + 7.864 (1)

for natrolite and

Average A.Y/ l 'y '  -  -2259.1 !  O.7 Jlgl l

Scolecl te,  CaAl25t30IO.3H2O

0 . 0 9

0 . 0 9

0 . 0 9

0 . 0 9

0 . 0 9

2254. r

-2254.1

- 2 2 5 r . 6

-2248.6

-2249.4

l l e e o l l t e ,  N a O . 5 7 d C e O . 6 j 7 A 1 I . 9 9 O S 1 3 . O l O t O . 2 . 6 4 7 U 2 0

o,22742 r.25478

0.227t5  t .23765

o.2274a 1 .23909

o.22396 t.22725

O.22711.  L .244LO

0.22791 1 .26098

402.24 -504.72

404.36  -500.46

404.55 -50t,27

403.3E -495.05

403.31  -501.76

400.62  -505,17

0.09 -2218.9

0.09 -2202.A

0.09 -2203.2

0.09 -2210.0

0.09 -2208.9

0 .09  -22 t6 .L

L  e t a t e  & / M  -  - 2 2 1 0 . 0  t  2 . 7  J l e r T

ctbbtte, Al(ot l )3

0.09050 0.47804

o.o9t22 0.4a249

0.09106 0 .48189

0.09085 0 .4aL72

0.09066 0.48073

402.32 -t92.33

402.10  -194 .01

401.86  -193.55

402.14 -t93.72

4 0 2 . I I  - 1 9 3 . 3 1

o.52  -2 t t7 . l

0.52 -2L2t.l

o.52 -2L20.9

o . 5 2  - 2 L 2 6 . 3

0.52 -2L2t.a

AveroSe Ar9lM - -2121.4 t t,5 .r/grr

a copper-block calorimeter. Measurements of the furnace
temperature were made with platinum-to-(platinum + l\Vo
rhodium) thermocouples. The temperature of the calorimeter
was determined with a quartz-crystal thermometer. The energy
equivalent of the empty calorimeter was determined by electrical
calibrations. For the present experiments, the calorimeter and
furnace were filled with helium at a pressure of about 13 mbar,
which substantially decreased equilibration times within the
furnace and allowed measurements to be conducted at
temperatures as low as 350 K. The performance of the
calorimetric system was checked (Johnson et al., 1980) by
determining the enthalpy of synthetic sapphire (National Bureau log P(bar) = -4240 T-t + 7.822 (2)



r .  Sto2(s) + 755.57f lF.26O2.21120 .  [A]*

2 .  A l ( o E ) 3 ( c )  +  3 / 2 [ A ]  .  [ B l * r

3 ,  N a F ( c )  +  t B l  +  I c l r

4 .  c a I 2 ( c )  +  2 l D l  +  t D l i +

5. 2tcl  t  .  Ba2A12Sl.3o1O.2E2o(c) +
2268.7I|F.7805.61t20

6. tDl- t i*  caAl2sI3o1o.3H2o(c) +
226E.78f .7805 .61120

7 .  t E I + + t  N e O , 6 , 7 6 c a 6 . 6 , 5 7 A l t . 9 9 s 1 3 . O t -
019.2.647n2o <c) + 2275.2998.7831.943t120

8. 2266.7l ' r .7799.7H2o + 5.88820(r)  +
2266.7IIF .7E06 ,5l l2o

9. 2266.7ld8.7798.7H20 + 7.88U2O(l)  +
2266.788 .7a06 .6P.20

lO. 2274.3ldF.7825.095H2o + 7.504H2o(1) -
227 4 . 3EE .7 a32 .6t12O

11. r{F.3.44ur20 - t l2F.2(8) + t lzFz(a) +
3 . 4 4 l q 2 0 ( 1 )

1 2 .  H 2 ( 8 )  +  1 / 2 0 2 ( 8 )  +  H 2 O ( 1 )

1 3 .  S 1 ( c )  +  0 2 ( g )  .  5 1 0 2 ( o )

14. Ar(c) + 3l2E2G) + 3l2O2G' '  Ar(oH)3(c)

1 5 .  N a ( c )  +  1 / 2 F 2 ( s )  -  N a F ( c )

1 6 .  C e ( c )  +  F 2 ( g )  -  c a F 2 ( c )
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Table 7. Thermochemical equations used for the derivation of
the standard enthalpies offormation at 298.15 K of natrolite,

scolecite. and mesolite

React lon
(kJ/m1)

MESOLITE, AND SCOLECITE

This fit was constrained to give, at T = 298.15 K, If(n -

If(298.r5 K) : 0 and CF(D : 359.12 J/(mol ' K). The
root-mean-square deviation for equation (3) is 0.19 per
cent.

The enthalpy increments for scolecite (Table 9) were
similarly fitted between 298.15 K and 475 K, and the
following equation was obtained:

rf(T) - rf(298.r5 K) : -77220.5 + 135.1876 T

+ 0.415265 12 (J/mol) (4)

This fit was constrained as above, with CF(4 : 382.81
J/(mol . K) at ? : 298.15 K. The root-mean-square devi-
ation for equation (4) is 0.21 per cent.

Derived heat capacities above 298.15 K

The first derivatives ofequations (3) and (4) yielded the
following expressions for the heat capacities above 298. 15
K:

G(O(natrolite) : -4897565 T-2 + 301.957

+ 0.37688 T(J/mol' K) (5)

and

Ci(7)(scolecite) = 135.ttt6 + 0.E3053 Z (J/mol' K) (6)

Thermodynamic functions for natrolite and scole-
cite

Table 10 gives the thermodynamic functions of natro-
lite and scolecite at 20 K intervals and also at 298.15 K.
Thermodynamic functions at intermediate temperatures
can be reliably interpolated. The heat capacities and
entropies up to and including 340 K have been taken from
the low-temperature study. All the values for If(T) -

If(298.15 K) have been calculated from equations (3) and
(4), and the heat capacities above 340 K have been

Table 8. Calculation of AHK298.I5 K)*

l .  2 N e ( c )  +  2 4 1 ( c )  +  3 s t ( c )  +  6 0 2 ( 8 )  +  2 A 2 | 3 )  ' M t r o l l t e ;

A l t l ( n d t r o u t e )  -  3 a l t L + 2 d t | + 2 t 8 3 +  ^ H 5  +  a r E  +  2 a H t t  +  3 a H 1 3

* 2Ht4 * 2aAr, -  -5716.4 r  5.0 kJl@l

2 .  c a ( c )  +  2 A l ( c )  +  S S r ( c )  + f O 2 ( g )  +  3 H 2 ( e )  -  s c o l e c l t e ;

A&;(Ecoleci te) -  3AHL + 2LE2* M4 * M5 + LHg + 2iHLt + LHL2

+ 3at?13 + 2Mt4 + Mt6 -  -5049.0 r  5.0 kJ/el

3 .  0 . 6 7 6 [ a ( c )  +  0 . 6 5 7 C 6 ( c )  +  1 . 9 9 A 1 ( c )  +  3 . o l s t ( c )  +  6 . 3 2 3 5 0 2 ( g )  +
2.64192(E) -  @sol l te;

dt;( lesolt te) -  3.o1aII1 + L.gg AE2 + 0.676 ^H3 + 0.557 AH4 + W +

Afl1g + 1,994H11 + 0.65761tt2 + 3.01d113 + 1.99ap14 + 0.676Ar' I j  +

0.657A1ry16, -  -5947.L r  5.4 kJ/ml

- 1 3 5 . 5 9  r  0 . 1 8

-165.48  r  0 .23

- 3 . 5 6  t  0 . 1 3

0.00  r  0 .00

8 5 9 . 1 9  r  0 . 5 3

E83.39 r  0 .86

8 5 7 . 0  r  2 . 1

- 2 . 7 9  r  0 . I 0

- 3 . 2 0  !  0 . 1 5

- 3 . 0 4  r  0 . 1 5

3 2 1 . 2 5  r  0 . 4 0

-285.83  r  0 .04

- 9 1 0 . 9  t  1 . 4

- 1 2 9 3 . I  r  1 . 2

- 5 7 6 . 8 8  t  0 . 3 0

-1229.26 ! O.42

' [A] = HZSiFO'749.57ttf '26Q4.2H2O.

**  
[s ]  =  i l r3 ' t . s r l2s tF5 '1 r21 .36HF.3909.3H20.

t  191 =  x6r .4113 ' r .5n2s iF5, ' l r2 l .36HF'3909.3s2o,

r r  ID l  E  CeF2 +  2A lF3 '3u2sLF6, '2242.7 t1F '781E.6H2o.

t+ t lE l  =  o .657cer2  +0 .676NaF.1 .99A1F3.3 .0u{2s1F5, .2250.27HF'7844.59a2a.

for scolecite, where P is the equilibrium water-vapor
pressure at T(K).

The natrolite experiments were not extended beyond
673 K because the bottom ofthe capsule began to bulge at
this temperature. In the case of scolecite, experiments
above 474 K gave enthalpy results that deviated signifi-
cantly from a smooth curve. This deviation was attributed
to irreversible decomposition of the sample, because
results already obtained at lower temperatures could not
subsequently be reproduced. The individual enthalpy
results for scolecite, therefore, are reported to only 474
K.

The enthalpy increments for natrolite (Table 9) includ-
ing those from the low-temperature study (Table 5) were
fitted as a function of T over the range 298. 15 to 675 K by
the method of least squares, and the following equation
was obtained:

If(T) - If(298.rs K) : 489756s T-t - 123206.2

+ 30f .957 T + 0.t88442 T{J/moll (3)
*Itrdtvldurl aII Elue6 ere tekeD fr@ Teble 7.
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calculated from equations (5) and (6). For both com-
pounds, LIfr at 298.15 K has been reported in the present
paper; for the calculation of A//KT) and AGKI), we used
the heat capacities and standard entropies of Na, Ca, Al,
Si, 02, and H2 from the critical compilation of Robie el a/.
(1978).

At 298.15 K the standard entropy of formation, ASi,
and Gibbs energy of formation, AGi, are -1348.2+0.8
J/(mol'K) and -5316.6+5.0 kJ/mol, respectively, for
natrolite and -1512.9t0.9 J/(mol.K) and -5597.9+5.0
kJ/mol, respectively, for scolecite.

Discussion

Disorder in natrolite

Crystal structure refinements (Meier, 1960; Peacor,
1973) show that many natrolite samples have a fully
ordered Si-Al distribution. Alberti and Yezzalini fl981)
showed that partial disorder is reflected in the b - a
difference. Fully ordered natrolite has b - a : 0.354, and
as the distribution approaches complete randomness in
tetranatrolite, b - a approaches zero.

The effect on thermodynamic properties of disorder
and non-stoichiometric Si-Al content can be partially
deduced from the configurational entropy of the frame-
work. In fully ordered natrolite one Si atom occupies the
tetrahedral site, labeled Si(1) (Alberti and Vezzalini,
l98l), and two atoms occupy the equivalent sites, labeled
Si(2). The two Al atoms occupy the third tetrahedral site,
labeled A/. The Al mixes evenly into rhe Si(l) and Si(2)
sites as shown by the refinement of the partially disor-
dered natrolite from Gulacs Hill, Topolca, Hungary (Al-
berti and Yezzalini, lg8l). The configurational entropy,
S"on1, is calculated from the mixing of Al into Si(,l) and
Si(2) and Si into A/:

Sconf : -3R(XAI lnXa1 * X51 lnX5;)
Si sites

zR(X^t lnxAr + X51lnX5;) Q)
A/ sites

From equation (7) it can be calculated that fully disor-
dered tetranatrolite with X4: 0.4 in both Sj and A/ sites
will have Sconr = 50.83 J/(mol . K). Similarly, the 30
percent disordered natrolite from Gulacs Hills, Hungary,
has Xa1 : 0. I I in Si sites and Xa1 : 0.84 in A/ sites and,
thus, S"onl = 15.96 Ji(mol ' K). The cell dimensions of the
Larne natrolite give a b - a value of 0.314, which
indicates Xer : 0.05 in Si sites (see Alberti andyezzalini,
l98l, Fig. 4) and Xal : 0.93 in A/ sites. The S"on6 for rhis
natrolite is 9.17-+3 J/(mol . K). This partial randomness is
expected to be present even at low temperatures, and at Z
-- 0, S'(4 - S'(0) is not zero. Thus, approximately 9.2
J/(mol . K) should be added to our experimental values of
S "(D - S"(0) for natrolite (Table 4) to obtain the correct
quantities for use in thermodynamic calculations.

The configurational entropy in the other zeolites is also
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Table 9. Drop calorimetric results for natrolite and scolecite*

e ( c a l o r ) ( a 6 . )  A 4 ( c a p e u l e )  t ' ( 7 ) - I l ' ( 2 9 8 . f 5  K ) * *

J  J  J / @ 1

Expt.  f  a€"

N o '  
K  K

I

3

7

t 6

6

9

I )

E

l l

I 4

l 0

1 3

373.8r  0 .17863

374.05  0 . r7873

423.25 0.30s49

423.45  0 .30519

473.80  0 .43986

474.52  0 .44L41

4a5,97 0.47t27

523.45 0.57732

523.5L  0 .57703

523.84  0 .57858

573.53  0 .72097

573.55  0 .72076

623.O7 0.869s8

623.5L  0 .86967

673.15  1 .02378

Netrollte

7A2.35 206.12 29054

7a2,79 206,7A 29024

1337.93  343.37  50114

1335.6r  U3.93  s0012

t926.37 445.L7 726tL

1933. 15 487 .20 72454

2072.68 519.49 78257

2525.3L 625,60 95876

2527.04 625.77 95795

2533.83 626.7L 96089

3157.33 768.2t t20375

3156.41  768,27  120318

3808.03  910.11  145998

3808.42 911.38 145957

44E3.18 1053.30  L72164

| 373.64 0.18225

3 373.84  0 .1E314

2  4 2 2 . 6 7  0 . 3 1 3 4 3

5  4 2 2 . 9 r  O . 3 r t 9 2

4 474. t4  0 .45962

Sco lec l te

798.20 205.41

802.10  205.96

t 3 7 2 . 7 0  3 4 r . 3 5

r374.84 342.O2

20t2.90 445.56

3 1 1 3 4

3 1 3 0 7

54246

80193

* The entrle6 in the table are ?, the tenperatute of the furnace
and sdple; Aoc, the change in teEperature of the calor lnetet
corrected for heet exchsnge wlth the surroundintsj  €(calor)( l0c),
the enerSy absorbed by th€ calor lDetr lc syetm; lF(caPEule),  the
enthalpy contr lbut lon due to the capsule; and I f(O - f l ' (298.f5 K),
the standard enthalpy at tenperatute ? relat lve to 298.15 K.

**Includes cor iect lonB for the enthalpy of the alr  ln the capsule,
for the dlfferenc€ beteeen the fLMl tenpereture of the exPeri-
Ent and 298.15 K, and for the ueter vapot ln the caPsule

Senerated by the dehydtat lon of the zeol l tes.

ofconcern. Order-disorder has not been studied in either
mesolite or scolecite. However, because the Si(Al)-O
chains are the same as those of natrolite, it is reasonable
to expect at least similar amounts of disorder. Therefore,
in exchange reactions such as those considered below,
the configurational entropy contributions to the Gibbs
free energies should tend to cancel. It should be noted
that the thermodynamic quantities given in Table l0 and
used throughout this paper have not been corrected to
allow for the configurational entropy.

Estimation of Ch and S" for mesolite

Apart from the determination of LIfi, no other experi-
mental measurements on mesolite were performed in the
present study because the composition of mesolite is
intermediate between that of natrolite and scolecite and
because of that its heat capacity and standard entropy
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Table 10. Thermodvnamic functions of natrolite and scolecite*

T
K

c"p<r> tH"e>-H"(zsqllr -rc"<rr-rf <2ss rollr
J / ( n o l . K )  J / ( u o l . K )  J / ( n o l . K )

, f  (?)-9(o) f  (n-f Qs| K) ^rft@)
J / ( u o l . K )  ( J / m l )  ( k J / @ I )

Natrol l te

298.15  359.23

300 360.61

320 374.73

340 3A7.73

360 399.Es

380 4Lr.26

400 422.LO

420 432.48

440 442.49

460 4s2. r8

480 461.60

500 470.81

520 479.82

540 488.68

560 497.40

580 505.99

0

2 . 2 2

25.O7

46.O2

65.  35

83.25

99.93

1t5.52

r 3 0 . 1 5

143 .95

1 5 6 . 9 9

169 .36

l E l  . 1 2

r92  .3s

203.09

2r3.39

223.28

232.5t

242.O1

2 5 0 . 9 0

( 2 5 9 . 5 0  )
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can, we believe, be reliably estimated. The estimation
procedures used were as follows.

The as-analyzed formula for mesolite is Na6 676
Ca6 657Al1.eeSir orOro . 2.647H2O. Division by 0.33 of the
stoichiometric coefficients gives the approximate formula
Na2 Ca2Al6SiqOgo . SHzO. For the following equilibrium at
298.15 K:

2 CaAl2Si3O1o. 3H2O + Na2Al2Si3Oro. 2HzO
(scorecite) 

: *","9ff;ll,?30.8H2o (8)
(mesolite)

it is assumed that ACp : 0. This assumption has proven
to be valid for a number of silicate systems (Helgeson er
al., 1978). We take the CF(298 K) values for scolecite and
natrolite given in Table l0 and obtain Cfi(Na2Ca2Al6
SieO36'8H2O, c, 298.15 K) : l l25 J/(mol. K). For the
as-analyzed composi t ion,  Cp(Nae.676Cas.657,4,11ee
Sir.orOro '2.647H2O) = 371+2 J/(mol . K).

The standard entropy, S', of mesolite at 298.15 K has
been estimated-again based on equilibrium (8F-bV
means of the equation (see Helgeson et aI., 1978):

S"(mesolite) : AIB + lp(mesolite)]i2B (9)

where A = 2S'(scolecite) + S'(natrolite) and
I = 2lz'(scolecite) + Iz"(natrolite)

In the above equations, Ir denotes molar volume at
298.15 K with P : I bar. The molar volumes (cm3/mol)
are calculated from the molecular masses and the densi-
ties (Breck, 1974) and the requisite entropies are taken
from Table 10. Thus, the following estimates have been
made:

S'(Na2Ca2Al6SieO3e. SHzO, c, 298.15 K)
:  1099 J/ (mol .K)

and, for the as-analyzed composition,

S"(Naa.676Caa.657Al1 eeSi3.s 1 O rc . 2.647H2O)
:363 !2  J / (mo l .K ) .

Thus for mesolite at 298.15 K we derive AS; =
-1455.2t2.1Jl(mol . K) and AG: -5513.2+5.4 kJ/mol.

Contribution of the zeolitic water to the entropies
of natrolite and scolecite

Numerous experiments using such techniques as differ-
ential scanning calorimetry (van Reeuwijk, 1974) and
thermogravimetric analysis (Peng, 1955) have shown that
the dehydration of natrolite takes place in one sharp well-
defined step, which is followed by an alteration of the
zeolite framework. Because of this structural change,
measurements on "dehydrated natrolite" would not be
very meaningful. It is, however, interesting to estimate
the entropy of hypothetical dehydrated natrolite and to
compare the entropy difference for this system with
values for other (zeolite f anhydrous zeolite) pairs.

The entropy of dehydrated natrolite could be estimated
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by means of a formula similar to that given in equation
(9); however, the molar volume cannot be calculated.
Thus, it is assumed that AS" = 0 for the equilibrium:

NaAlSi2O6 + NaAlsio4
(dehydrated analcime) (nepheline)

S Na2Al2Si3Olo (10)
(dehydrated natrolite)

For this reaction, S"(NaAlSi2O) is taken to be 171.7
J/(mol . K) (Johnson et al.,1982) and S'(NaAlSiOi,124.3
J/(mol ' K) (Helgeson et al.,1978); thus S"(NazAlzSirOro)
: 296 Jl(moI. K). It follows that S'(Na2Al2Si3Oro . 2H2O)
- S"(Na2Al2SirOro) : 64 J/(mol ' K). Each zeolitic water
is, therefore, estimated to contribute an average of 32
J/(mol . K) to the entropy of natrolite.

Substitution of the Ca2+ ion for the two Na+ ions in
dehydrated natrolite yields dehydrated scolecite. This
substitution, by comparison with other such processes for
which reliable entropy data are available, is expected to
be accompanied by an entropy reduction of approximate-
ly 24 J/(mol.K); consequently, S'(CaAl2S\Orr1 : 272
J/(mol.K), and S'(CaAlzSirOro. 3HzO) - S'(CaAlzSig
O1s) : 95 J/(mol . K). On average, therefore, each zeolit-
ic water in scolecite contributes 32 J/(mol . K) to the
entropy, exactly (but coincidentally) the same as the
value estimated for the natrolite system. These estimates
suggest that at 298 K the structure of the zeolitic water in
both natrolite and scolecite is very much closer to that of
ice, for which S' = 38 J/(mol .K), than that of liquid
water, for which S' = 70 J/(mol . K). For the analcime
system, on the other hand, S"(analcime) - S'(dehydrated
analcime) : 55 J/(mol . K) (Johnson et al., l9E2). Thus,
the entropy of the zeolitic water is significantly greater in
analcime than in natrolite and scolecite and is intermedi
ate between that of ice and liquid water.

It is interesting to compare the experimental result for
S'(natrolite) at298.15 K with a recent estimate (Helgeson
et al., 1978) which was based on the equilibrium;

Na2Al2Si3O1s .2H2O + SiO2
natrolite o,-quarlz

: 2NaAlSizOo.HzO
analcime

( 1 1 )

Using a formula similar to equation (9) and our result for
S'(analcime) (Johnson et al., 1982), the Helgeson el a/.
(1978) estimate for So(natrolite) is recalculated to be 4(D
J/(mol. K). The published estimate is 425 J/(mol'K).
Both values differ significantly from the experimental
result, 359.7 Ji(mol . K). Of course, implicit in the use of
an equilibrium such as (11) to estimate entropies is the
assumption that contributions from the zeolitic water on
both sides of the equation are the same. Here such an
assumption is not valid. Indeed, if a correction of 2(55 -

32) : 46 J/(mol ' K) is made to allow for the difference in
the entropies of the zeolitic water in analcime and natro-
lite, then the calculated S"(natrolite) becomes 409 - 46:
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363 J/(mol . K), in reasonable agreement with the experi-
mental result.

Standard enthalpies of formation

A comprehensive literature search has failed to reveal
any previous experimental determinations of the enthal-
pies of formation of the zeolites studied in the present
work. Nor, as far as we are aware, have any equilibrium
or solubility studies been performed from which AflF
values could be retrieved.

S ome g e oc he mic al int e rpre t ations

Natrolite occurs in association with analcime, but
never with albite. Therefore, the two reactions

natrolite + SiOdaq) : 2analcime (12)

analcime + SiOz(aq) = albite + H2O0 (13)

delimit the stability fields of each Na-silicate phase as a
function of the activity of aqueous silica. Calculations
using the available AGi data for these three phases
(natrolite, this work; analcime, Johnson et al., 1982; and
albite, Robie et al.,1978) do not produce a phase diagram
consistent with the observations mentioned above. The
reason lies with the Si-Al composition of the analcime.
The Si/Al ratio in analcime in equilibrium with natrolite is
very close to 2.0, while analcime in equilibrium with
albite has a Si/Al ratio that approaches 3.0. A formaliza-
tion of these relationships and the calculation of a phase
diagram consistent with observations of natural occur-
rences are currently in progress.

Because each of the three zeolites studied here has
such narrow compositional ranges with respect to the
cations, it is of interest to define a phase diagram in terms
of Na+ and Ca2+ activities. The exchange reactions

3/2Na2Al2Si3Orc-2H2O + Ca2+(aq) + H2O(r)
(natrolite)

= 3/2Naa.67Cao orAlzSi:Oro . 2.67H2O + 2Na+(aq) (14)
(mesolite)

and

3Na6 67Caa.67Al2Si3O1e . 2.67HzO + Ca2+(aq) + HzO(l)
(mesolite)
: 3CaAIzSigOr6. 3H2O + 2Na+(aq) (15)

(scolecite)

have equilibrium constants expressed by

6 : 
(dN"*)2

(agrz,)(aHr6)
(16)

By combining AGKD at T : 298.15 K for the zeolites with
the same quantities for water and the cations (Robie et
al., 1978) and assumin9 at2o - 1.0, we obtain the
following expressions for equilibria (14) and (15), respec-
tively:
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Fig. l. A plot of log ap.* against log as.z* at T -- 298. 15 K and
P = I bar which delineates the stability fields of natrolite,
mesolite, and scolecite.

l o --t2

(r7)

( lE)

A plot of these lines (Fig. l) emphasizes the observation
that natrolite is stable only in solutions with very low
Ca2+ activities. It is somewhat surprising that the width of
the mesolite field is nearly 4 orders of magnitude in terms
of Na+ activity. The above calculations, of course, apply
to a mesolite of the given composition. There is a
likelihood of ion exchange which would shift the phase
boundaries. However, the composition range for mesolite
is small (Alberti et al., 1982) and thus this effect would be
minimized. These calculations give quantitative results
that are consistent with qualitative field observations. It
should be reemphasized that by using the tabulated
values for AGKD of the zeolites, we are making the
implicit assumption that contributions to this function due
to disorder tend to cancel out in each of the equilibria.
Until detailed information on disorder in scolecite and
mesolite becomes available. we are unable to do other-
wise.
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