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Abstract

The purpose of this investigation was to obtain accurate and precise thermodynamic
quantities for well-characterized specimens of analcime and dehydrated analcime, and to
relate the results to processes of geochemical interest. Calorimetric measurements have
been carried out on a pure specimen of analcime whose composition was Nas e6
Al0 %Si2 qaO6'H2O and on the corresponding anhydride. The low-temperature heat capaci-
ty, standard enthalpy of formation (298.15 K), and high-temperature enthalpy increments
have been determined by adiabatic, solution, and drop-calorimetric techniques, respective-
ly. Thermodynamic functions have been calculated for analcime (to 600 K) and for
dehydrated analcime (to 1000 K). The following values at T :298.15 K and at a pressure of
1 bar have been obtained:

AI':f(T)
kJ/mol

ci@
J/(mol.K)

s'(r)
J/(mol'K)

LG"rQ)
kJ/mol

analcime -3296.9-13.3 211.53!0.21 226.75t0.23 -3077.2t3.3

dehydrated
analcime -2970.2!3.5 163.59t0.16 l7l.7ltD.l7 -2803.7+3.5

An examination of the thermodynamics of the following reactions has been carried out in
the light of the results obtained in the present study:

analcime : dehydrated analcime + HzO(g)

low albite + HzO(l) : analcime + SiOz(aq)

Introduction

Most reactions involving zeolites take place at
low temperatures (ca. 200" C) and with small entro-
py and volume changes. This combination of fac-
tors, along with the possibility that some zeolites
may be metastable phases, makes equilibrium stud-
ies by the usual hydrothermal techniques difficult or
impossible. As an alternative approach to the study
of the stability (or metastability) of zeolite minerals,
we have launched a program to determine by calori-
metric techniques the thermodynamic properties of

tWork performed under the auspices of the U.S. Department
of Energy.
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important members of this group. In this paper we
report calorimetric measurements of the heat ca-
pacity, enthalpy of formation, high-temperature en-
thalpy increments, and the derived thermodynamic
properties for analcime and its anhydride.

Inasmuch as it occurs both as a low-temperature,
diagenetic mineral phase in sediments and cavities
of basaltic rocks and as a feldspathoid in igneous
rocks, analcime has held a great deal of mineralogic
interest. Furthermore, because of its relatively sim-
ple composition it is commonly encountered in
studies of sodium aluminum silicates. For these
reasons and others, much experimental attention
has been focused on analcime.
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The most recently compiled thermodynamic
properties of analcime (Robie, Hemingway, and
Fisher, 1978; Helgeson, Delany, Nesbitt, and Bird,
1978) are not in agreement, because some of the
data come from different literature sources-

Heat capacities (Ci), for analcime were measured
from 5l to298 K by King (1955) and he extrapolated
the curve from 51 to 0 K in order to derive the
entropy value (S') at298.15 K which is listed in both
of the above compilations. The high-temperature
heat capacities of analcime had not been measured,
but those for fully dehydrated analcime were avail-
able to 1000 K (Pankratz, 1968). Helgeson et al.
(1978) noted that between 250 and 300 K the differ-
ence between the heat capacities for analcime and
dehydrated analcime was approximately constant;
therefore, they extended the Q, for analcime to 1000
K along a curve parallel to that for the dehydrated
analcime.

The Gibbs energy of formation (AG;') for analcime
at298.15 K, -3091.73 kJ/mol,listed by Robie et al.
(1978) was calculated from the enthalpy of forma-
tion (AflB measured by Barany (1962) and corrected
by Hemingway and Robie (1977) for assumed errors
in the auxiliary thermochemical values used by
Barany. The AGivalue, -3088.05 kJ/mol, of Helge-
son et al. (1978) was derived from solubility data
obtained by J. J. Hemley (unpublished results) us-
ing the estimated Ci curve and So from King's
paper.

The derivation of an internally consistent set of
Gibbs energy values from experimental phase equi-
librium data for analcime is made difficult by two
composition variables, namely, the Si/Al ratio and
the water content. The purpose of the present
investigation was to obtain accurate and precise
thermodynamic quantities for well-characterized
specimens of analcime and dehydrated analcime,
and to relate the results to processes of geochemical
interest.

Materials

Analcime and dehydrated analcime

Many of the earlier workers used an analcime
sample from Table Mountain, Colorado (King,
1955; King and Weller, 1961; Barany,1962;Hem-
ley, unpublished; and Yoder and Weir, 1960). The
analcime used in the present study is from Skoo-
kumchuck Dam, Thursten County, Washington,

2Except where otherwise stated, thermodynamic properties
refer to a pressure of I bar.
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and has a composition that is virtually identical with
that from Table Mountain. For a description of the
locality and the zeolites found there, see Tschernich
197D.

Our sample came from a mass of clear to milky
crystals up to 2 cm in diameter. The large crystals
were easily hand picked from the matrix. A stock of
about 20 grams was prepared for the calorimetric
measurements by crushing selected crystals to
about 0.5 mm size. A sample of 40 grains taken from
this stock was analyzed by the usual electron micro-
probe methods to determine the average composi-
tion and compositional variations within the sam-
ple. The elements commonly found in zeolites-Na,
Al, Si, Mg, K, Ca, Fe, Sr, and Ba-were sought,
but only the first three were above detection limits.
The water content was determined by heating a
dried sample to 600" C for 24 hours and measuring
the weight loss. The analytical results and the
statistical variations thereof are given in Table 1.

The average of the forty individual analyses gives
a close, but not perfect, charge balance between the
number of Al atoms substituted for Si and the
number of Na ions. For purposes of balancing
chemical reactions and thermochemical cycles, the
composition was taken to be Nas.e6Al6 e6
Siz.04O6.1.00HzO. Based on this idealized composi-
tion and the refined cell dimension (a
13.700-10.0034), the calculated density is 2.265 el
cm3, which compares well with the measured densi-
ty (2.26-10.01 g/cm3). Analcime was dehydrated by
heating in air at 600" C for about 18 h.

Table l. Composition of analcime from Skookumchuck Dam,
Washington

Analyt l@I celculeted
Resultsa Regulteb

(@s6 per (@a peE
@nt) cent)

St02 55 .86  !  0 .48

AIZO: 22.06 t 0.38

l laZO 13.81  !  0 .23

H2O 8 .20  t  0 .05

9 9 . 9 3  t  0 . 6 5

5 5 . 9 0

22.32

8 . 2 L

r00.00

Na 0 .975 0 .95

Ar  0 .951 0 .95

s l  '  2 .042 2 .04

o  5 . 0 0  6 . 0 0
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Moleculer Proport l .on6

1 . 0 0

tAt€r"ga 
of 40 indlvidEl anelyses of eeparate amlclue fra8uenEs.

bcalcuLated 
co[Dosit lon for ldeal lzed cel l  content6.
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Gibbsite

The gibbsite, AI(OH)3, used in the enthalpy of
reaction measurements was Fisher Reagent
AI2O3'3H2O which had been heated for approxi-
mately 6 h at 150'C before use. The source of
the gibbsite and its thermal treatment were, there-
fore, identical to those reported by Hemingway
and Robie (1977) for their determination of
AflFIA(OH)3].

Sodium fluoride
Ultrapure sodium fluoride was obtained from

Alfa Inorganics (Danvers, Massachusetts). The
sample was heated to 475 K for approximately 8 h
and then transferred to a helium atmosphere glove-
box where it was stored.

a-Quartz

The a-quartz sample was a portion of National
Bureau of Standards Standard Reference Material
1654 which passed through 44 p,m size mesh but
was retained on a 37 u,m mesh.

Hydrofluoric acid

Hydrofluoric acid was Baker "Analyzed Rea-
gent" diluted to the appropriate concentration with
distilled water.

Apparatus, experimental procedures, and results

As stated in the introduction, three separate
types of measurement were performed as part of the
present investigation. Each of the techniques used,
along with the results obtained, will be discussed
under separate headings.

Heat capacity measurements (5 to 350 K)

The calorimeter (laboratory designation, 6-GS-l)
was constructed from oxygen-free, high-conductiv-
ity copper, and it had an internal volume of 5.976
cm3 at 298.15 K. Both analcime and dehydrated
analcime were loaded into the calorimeter in a
glovebox filled with dry helium. After removal from
the glovebox, the analcime specimen was found to
have been reduced in mass by approximately
0.08Vo; this was attributed solely to loss of adsorbed
water. To promote rapid thermal equilibration, a
small amount of helium, about 7 x 10-6 mol, was
left in the calorimeter. Before measurements of the
heat capacity of the loaded calorimeter were begun,
separate experiments were performed to determine
the heat capacity of the empty calorimeter.

Only a brief description of the apparatus and
measuring technique will be given here, as this
information has been published in detail elsewhere
(Osborne et al., 1972). The temperature of the
adiabatic shields surrounding the calorimeter was
controlled automatically so that it was close
(-10.001 K) to that of the calorimeter at all times.
The temperature of the calorimeter was measured
by means of a calibrated platinum resistance ther-
mometer (Westrum et al.,1953) in conjunction with
a calibrated double potentiometer and a photoelec-
tric galvanometer. The temperature scale of the
thermometer is believed to agree with the thermo-
dynamic scale to within 0.1 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,
however, are reliable to within 0.01 K at 4.2K, to
0.0008 K at 14 K, to 0.0001 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 of the temperature
as a function of time. Corrections for small devi-
ations from truly adiabatic behavior were made by
observing the steady-state drift of the temperature
both before and after the calorimeter was heated.
While the calorimeter was being heated, the current
and the 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 than0.DlVo. All
standards of mass, resistance, and voltage used in
this research are traceable to the National Bureau
of Standards.

The heat capacities of analcime and dehydrated
analcime, CiQ), were calculated as the difference
between the results obtained for the loaded and for
the empty calorimeter. Minor heat capacity correc-
tions had to be made because different amounts of
helium, Apiezon T grease, copper, and gold were
used for the loaded and empty calorimeter. A small
curvature correction equal to -@2CJdT1( Dzl24
was applied to each heat capacity determination.

Heat capacity results

Experimental heat capacity results in order of
ascending mean temperatures, (7), are given for
analcime in Table 2 and dehydrated analcime in
Table 3. The temperature increment, AZ, for each
experiment below 20 K was approximately 2 K,
between 20 K and 100 K, A? - 0.1 (Z), and above
100 K, AT - 10 K. Individual heat capacity values



are estimated to be uncertain by 5% near 6 K, by
lVa near 14 K, and by 0.2Vo above 25 K. No
impurity corrections were necessary. No anoma-
lous behavior was observed, and plots of Ci(D
against (7) had the normal sigmoid shape.

Derivation of the standard entropy and other
thermody namic func tions

Heat capacity results in Tables 2 and 3 were each
fitted by two polynomials in T using a weighted,
least-squares 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 1.8 and 2.2%o for analcime and dehydrated
analcime, respectively. Above 20 K, the standard
deviations were 0.14 and,0.22% for analcime and
dehydrated analcime, respectively. Based on these
polynomials, C"eQ) values have been calculated at
selected temperatures and are given in Tables 4 and
5 .

The heat capacities below 13 K (see Tables 2 and
3) were used to construct plots of Cil? against ?2 for
both analcime and dehydrated analcime. Smooth
curves could be drawn through these points and
also that at T : 0 K. In the case of analcime. this

Table 2. Experimental heat capacities of analcime

<r> ci(r) <r>

K  J / ( m l . K )  K

c;(r) ci(r)

J / ( @ 1 .  K ) J/(Dol.K)
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Table 3. Experimental heat capacities of dehydrated analcime

<T>

K

c;(r) <r> ci(r) <r>

I (  J/( t rol . .R)

c;(r)

J / (oo1 ' l ( ) K J/( trol 'K)
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1 . 7 7

7 , 8 4

9 . 5 6

9 . 7 2

T1.62

1 3 . 6 5

1 7 . 8 0

1 9 . 7  7

r 9 .  E 6

2 1 . 9 t

22.0r

2 4 . 2 5

2 4 . 4 6

2 7  . t 0

29.97

0 . 1 0 4

0 . 0 9 6

0 . 3 4 4

0 . 3 5 1

0 . 7 3 0

0 . 7 4 9

1 , 3 4 3

2 . L 5 5

2 . L 7  6

3 . 2 r 4

4 . 3 9 6

4 . 4 2 L

5 . 7 0 4

7 .056

7 . 1 3 0

8 . 5 7 5

8 . 7 9 7

1 0 . E 0

r 3 . 0 4

3 3 . 1 4

3 6 , 6 5

4 0 , 5 6

4 4 . 8 8

49.42

6 3 . 0 0

69.66

1 6 . 9 9

8 4 . 9 5

E 7  . 3 7

93.67

9 7 . 1 1

107 .29

1 1 7  .  1 7

L27 .04

1 3 7 . 0 0

1 4 7 . 0 r

1 5 7  . 0 5

1 6 7  . 0 7

21.54

2 5 . 0 3

28.73

3 0 . 5 r

34.92

3 9 . 7 1

4 5 . 0 4

5 0 . 7 0

5 6 . 7 9

5 8 . 4 1

6 3 . 1 9

6 5 . 2 7

7 2 . O 3

7 E . 6 4

E 5  . 2 I

9t.43

9 7 . 3 2

1 0 2 . 9 5

1 0 8 . 3 6

1 7 7 . 0 7  1 1 3 . 5 7

Lg7 ,O7 118.97

197,10 123.70

207.04 t24.44

217.05 132.60

2 2 7  . 0 6  1 3 6 . 8 8

237.08 140.E5

247.0a 145.27

2 5 7 . t r  1 4 8 . E 3

267.11 152.62

2 7 7 . t 2  1 5 6 . 3 4

2E7 .L2 160. 18

2 9 7  . 1 1  1 6 3 . 1 9

307.14 166.23

317 .17 169.79

327,LA 172,87

3 3 5 , 2 0  r 7 5 . 1 8

3 4 1 . 2 L  r 7 7  . 6 5

3 4 7  . 1 1  1 7 E , 6 5

curve was essentially linear below 8 K. The heat
capacities and other thermodynamic functions of
analcime at 8 K (Table 4) and of dehydrated anal-
cime at 9 K (Table 5) were derived from these
curves. At T : 10 K and above, the thermodynamic
functions in Tables 4 and 5 were computed from
appropriate integrals of the polynomials referred to
in the preceding paragraph.

Enthalpy of reaction measurements at 298.15 K

An LKB-8700 precision calorimetric system was
used in this part of the investigation. The 100 cm3
reaction vessel and stirrer were both constructed of
18 carat gold. The reaction vessel was modified for
quartz-crystal thermometry by the addition of a re-
entry well, in which the sensor of a quartz-crystal
thermometer (Hewlett-Packard Model 2801-A) was
placed. The ampoules used to contain the calori-
metric samples, with the exception of a-quartz,
were constructed of KEL-F (a chlorotrifluoroethyl-
ene polymer) as described previously (Johnson er
al., 1973). The a-quartz samples were contained in
Teflon ampoules with Teflon windows attached
with wax.

The energy equivalent of the calorimetric system
was obtained from electrical calibration experi-

5 . 6 3  0 . 1 6 4

5 . 6 5  0 . 1 4 9

7 . 6 7  0 . 3 9 6

7 . E 0  0 . 4 1 0

9 . 4 0  0 . 7 3 7

9 . 7 0  0 , E 0 5

1 1 . 3 7  1 . 3 5 0

r r  . 6 1  1 . 4 3 9

1 3 , 4 0  2 . 2 6 9

1 3 . 5 9  2 .  4

1 5 . 4 1  3 . 4 1 2

1 5 . 6 3  3 . 5 5 6

L 7 , 4 3  4 . 7 8 0

11.67 4.961

1 9 . 5 3  6 . 4 3 3

1 9 , 7 0  6 . 5 7 5

2 1 . 7 1  8 . 3 1 1

2 r . 7 6  8 . 3 6 5

23.98 10.44

2 3 . 9 8  1 0 . 4 5

26.49 13.00

2 6 , 5 1

29.24

32.37

35 .79

9 . 5 7

43.7 5

47 .82

48.42

5 3 . 4 9

59 .47

& . 2 3

M . r 7

8 . 4 7

95,47

r 0 5 . 6 0

l l 5 , 6 4

125,61

145 .67

r3 .01

16.04

1 9 . 5 t

23.43

21.a0

32.62

37 .40

37.93

43.73

50.37

64 ,64

72 .08

78.0 I

80 .2E

86 .41

9 5 . 1 0

103.79

I 1 2 . 1 3

I  20 ,20

r27 .7 4

1 5 5 . 5 6

r 6 5 , 6 6

1 7 5 . 7 0

L85.72

1 9 0 . 4 9

200.41

2 1 0 . 4 1

220.37

2 3 0 . 3 5

2 4 0 . 3 8

250.39

2 6 0 . 1 8

2 f  o  . t 7

2 E 0 . 1 8

2 9 0 . 1 9

300.21

3 1 0 . 2 3

9 , O . 2 6

330.30

3/t.o,21

y7 ,59

t l4. t6

t4t.42

1 4 6 . 1 5

t54.46

1 5 7 . 8 1

t63.7 6

1 6 9 . 4 : l

t 7  5 . 9 6

l E 1 . 5 3

1 8 6 . 5 7

1 9 1 . 3 0

r 9 5 , 6 3

200.75

204.97

208.7L

2r2.O2

2L4.7A

2 1 5 , 8 0

2 1 8 . 0 9

220.23

223.n
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Table 4. Low-temperature thermodynamic functions for
analcime

Table 5. Low-temperature thermodynamic functions for
dehydrated analcime

1

K

c;(r ) s"(r) f l ' (  r )-H'(o) - tc ' ( r ) -H" (o) l  / r c;(r)

J/(Dl.R) J/(rcl .K)

s' ( r )  E ' ( r ) -E' (o)  - tc"(r ) - r ' (0) l / r

J / (oo t 'K) J / (no l .K) J /Dol J/ (Dor.K) J / (@1.R)

E

t0

I )

m

25

30

40

60

70

80

90

100

110

120

r30

r40

150

150

r70

IEO

190

200

2r0

220

230

240

250

260

270

280

290

300

310

120

330

340

350

273.15

29E.15

( 0 , 4 4 4  )

o . E 9 4

3 . 1 6 0

6.E20

1 6 . E 2

22.52

29.32

34.08

39.7A

5 0 . 9 5

61.77

7 1 . 9 9

8 r . 4 9

90.42

99.02

107.44

1 r 5 . 6 4

123.49

1 3 0 . 8 6

1 3 7 . 7 9

t44.39

r 5 0 . 8 3

r 5 7 . 2 1

1 6 3 . 5 3

I 6 9 . 6 9

t 7  5 . s 7

1 8 1  . 1 1

r E 6 . 3 1

19t.22

t 9 5 . 9 r

200.42

2 0 4 . 7 L

2 0 8 , 6 8

216.5A

2 1 E . 0 9

220.35

221.70

2 0 I . E 0

2 1 1 . 5 3

( 0 . 1 4 8 )

o . 2 9 2

1.O27

2 . 4 1 O

4 , 4 r 4

6 . 9 7 0

9 . 9 8 8

r 3 . 3 7

L 7  . 0 4

20.93

2 9 . r 7

3 7 . 8 5

4 6 , 7 7

5 5 . 8 0

6 4 , E 6

7 3 . 8 8

42.E6

9 1 . 7 8

r 0 0 . 6 4

tog.42

r 1 8 . 0 8

126.64

r 3 5 . 0 7

r43.40

r 5 1 , 6 2

r 5 9 . 7 s

t 6 7  . 7 8

1 8 3 . 5 3

rgt.24

1 9 8 . 8 3

206.31

220.93

228.06

235.06

241.91

2 4 8 . 6 0

255.L4

261.57

208.64

226.75

to.23

( 0 . 8 9 0 )

2 . t 9

l 1  . 6 4

1 5 I . 9

250.2

3 7 7 . 3

5 3 3 . 3

7 I E . O

tt7 2

r 7  t 6

2405

3 r  7 3

4033

498r

6013

7129

a325

9597

10940

I 2  3 5 I

r3828

r5368

16972

18638

20364

22148

2394s

25873

27809

2919r

3 1 6 1 7

33EE4

35989

38124

40281

42454

44645

46865

30424

35597

(  0 . 0 3 7  )

0 . 0 7 3

o.251

0 . 6 0 4

1 , 1 5 6

r . 9 0 5

2.439

3 . 9 4 r

5 . 1 9 1

5 , 5 6 9

9 . 6 4 2

1 3 . 0 5

1 6 . 7 0

2 0 . 5 5

2 4 , 5 2

2 8 . 6 0

3 2 . 7 5

36.95

4 1 . 1 8

45.44

4 9 . 7 1

5 3 . 9 8

5E,25

62.52

66.7 7

7 1 . 0 0

7 5 . 2 2

7 9 . 4 1

8 3 . 5 9

8 7 . 7 4

9 1 . 8 7

9 5 . 9 7

100.04

1 0 4 . 0 9

r 0 8 .  r 0

1 1 2 . 0 E

1 1 6 , 0 3

1 1 9 . 9 5

1 2 3 . 8 3

r27 .67

9 7 , 2 6

1 0 7 . 3 6

r 0 .  1 t

9

l0

l5

20

25

l)

35

40

50

50

70

EO

90

100

r10

120

r30

140

150

160

170

1E0

190

200

210

220

230

240

250

260

210

2E0

290

300

3r0

!20

330

340

350

273.rs

29E.15

(0.580)

0 . E 3 4

2 , 8 1 4

5 . 8 1 2

9 . 1 6 9

1 3 . 0 5

1 7 . 0 6

2L.@

25.12

2 9 . I E

3 7 . v

45 .17

5 3 . 0 5

5 0 . 3 3

67 .29

7 4 . 0 5

E0.62

t5.99

9 3 . 1 2

9 8 . 9 9

LO4.62

110.02

tL5.21

L20.25

1 2 5 . 0 6

r29.63

1 3 3 . 9 9

1 3 8 . r 5

r42.r7

1 4 6 .  l 1

1 4 9 . 9 9

1 5 3 . 8 0

t57 .47

1 6 0 . 9 3

1 6 4 . l t

1 7 0 , 4 8

L73,79

L16.97

L79.40

L54,97

1 6 3 , 5 9

r 0 . 1 6

( o . 1 5 5  )

o.229

0.901

2 . 1 0 4

3 . 7  5 9

5 . 7 6 9

6.081

1 0 . 5 2

1 3 . 3 4

1 6 . 2 0

22.24

2 8 . 5 0

35 .16

41 .E4

4 E . 5 5

55,29

5 2 . 0 1

8 . 7 2

7  5 . 3 9

82,02

8 E . 5 9

95.09

r01 .53

1 0 7 . 9 0

1 1 4 . 1 9

1 2 0 . 4 0

1 2 6 . 5 3

1 3 2 . 5 8

1 3 E , 5 5

1 4 4 . 4 3

1 5 0 , 2 4

1 5 5 . 9 7

1 6 L 6 3

167 ,22

172.73

1 7 8 . 1 6

Lt3.52

1r8.82

194.05

L99,22

L57.76

1 7 L , 7 1

r 0 . 1 7

( 1 . r 0 7 )

1 . 8 1 0

1 0 . 4 4

3 l , 7 0

69.O9

L24.5

1 9 9 . 8

295.2

LLO.7

5 4 6 . 4

E 7 9 . 0

t292

17E5

2152

299L

3698

447 L

5309

62tO

7t7L

8189

9262

10389

1 1 5 6 7

r27 93

14067

t57 46

18r48

I95E9

2ro70

22549

24145

25737

27363

29020

30709

3243L

34r85

35967

21075

27050

t27

(0 .032)

0 .048

0.206

0.519

0.995

r .619

2.174

3.244

4.2r'

5 .26E

7 .587

10.13

r2 ,85

15.70

1E.65

2L.67

24.75

27 .88

31 .03

v .2L

37 .4r

40.61

43.81

47 ,O2

50.22

53.42

56.50

59 ,77

62.93

66.O7

69.20

72.3L

75.40

78,47

8t.52

84.55

87,56

90.54

93.5 I

95.46

73.28

E0.95

r0,08

tMo lecu la r  
Eass  o f  ana lc lDe wa6 t6kcn to  b€  219.27E g /no l .

auolecuhr 
a.ss of dehydrrt€d e$lciE rr .  bken to be 201.253 t /Dol,
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ments performed before and after each reaction
experiment. These calibrations covered the same
temperature range as the corresponding reaction
experiments, and the mean temperature of all such
experiments was 298.15-l-0.01 K.

Calorimetric measurements were made of the
enthalpies of reaction with HF(aq) of analcime,
dehydrated analcime, gibbsite, sodium fluoride, and
a.-quartz. Detailed results for each of these reac-
tions are given in Table 6. The column headings in
Table 6 are m, the mass of the sample reacted; A0",
the temperature change of the calorimeter corrected
for heat exchange with the environment; e(calor),
the mean of the energy equivalent of the calorimet-
ric system before and after the experiment; A,F/"o*,
the combined correction for the thermal effects of
opening the ampoule and for the vaporization of
solvent into the free volume of the ampoule; and
LHIM, the specific enthalpy of reaction.

Stqndard enthalpies of formation at 298.15 K

The thermochemical cycle used to derive the
enthalpies of formation of analcime and dehydrated

Table 6. Enthalpies of reaction at 298.15 K of analcime,
dehydrated analcime, d-quartz, A(OH)3, and NaF with HF(aq)

solutions. See text for explanation of column headings.

€ ( c a l o r ) a  e ( € L o t ) ( - A s c )

J lK  J

aH"o t .b

Anelclne, Nao.96A10.96,Si2.0406,O0. 1.00H2O

analcime is given in Table 7. The molar enthalpies
of reactions 1,2,3, 4, and 1l are based on the mean
specific enthalpies of reaction in Table 6. For this
part of the calculation, the molar masses of
Nas.e6Als.e6Si2.0406' I . 00H2O, Nan.e6Al6.e6Si2.saO6,
A(OH)3, NaF, a-SiO2, a;rrd HF'3.441H2O were
taken to be 219.278, 201.263, 78.0034, 41.9882,
60.0843, and 81.9966 g/mol, respectively, based on
the 1979 atomic weights (Holden, 1980). Enthalpies
of dilution of HF(aq) (reactions 5 and 12) and of
formation of HF.3.441H2O, -321.26'10.40 kJ/mol
(reaction 6) are based on an earlier study at this
Laboratory (Johnson et al., 1973). For reactions 7,
8, 9, and 13, the following standard enthalpies of
formation (kJ/mol) were used: HzO(l), -285.830
-r0.042 (coonre, 1978); SiOz(a), -910.94
-11.42 (Wise et al., 1963); and AI(OH)3,
-1293.13-1 1.19 (Hemingway and Robie, 1977).The
enthalpy of formation of NaF, -576.8810.30 kJ/
mol (reaction l0), is based on AFfiNa+, aq),
-240.300-'-0.065 kJ/mol (cooRre, 1978); AI/KF-,
aq), -335.64!0.29 kJ/mol (Johnson et al., 1973);
and A/itor.(NaF, c), 937!36 J/mol (Nuttall et al.,

Table 6. (continued)

I

t

a€c

K

e ( c a l o r ) e  E ( 6 1 0 r ) ( - A O c )

J/K J

aflcor.b aunr

t tle

I

a

a€"

K

0.10831 0 ,60963 400.64

4 0 1 . 0 2

400.36

- 2 4 4 . 2 4

-241.rr

-241.99

0.09

0.09

0.(x)

-2254.2

-2252,5

-2250.9

0 . r0789

o.t07 47

o.60624

0,60440

AvereSe ABn{ - -2256.6 r 1.5 J/8co.19262 1,0Er35

0.19 I57  t .O7773

4 0 5 . 5 6

4 0 5 . 2 0

- 4 3 8 . 5 5

-436.70

- 4 3 8 . 5 r

-440.97

-434.46

-441.48

o.52

o . 5 2

o.52

o . 5 2

-2276.9 Ctbb8tte, Al(OB)3

0 . 1 9 1 9 0  1 . 0 8 5 1 5  4 0 4 . 1 0

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

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

o . 1 9 2 7 9  1 . 0 9 4 3 0  $ 3 . 4 4

Averege AH/l{  -  -2280.7 t  2.O JlAc

-2242'4 
o.o64E9 o.34rE9

-2284 '0  
0 .06474 0 .3427s

-2279'3 
o.06504 0.34331

-2287 '! 0.06464 0.34172

0.06501 0 .14375

$ 2 . 4 0

tto2.L9

402.41

402.37

402.34

- 1 3 7 . 5 8

- 1 3 7 . 8 5

- 1 3 8 . 1 5

- 1 3 7 . 5 0

- 1 3 E . 3 0

o,52

o.52

0.52

0.52

0 . 5 2

-2Lt2.2

-2121.3

-2115.1

-2119,1

-2tt9.4

Dehydra ted  an6 lc lbe ,  NeO.96A10.96S12.0406.O0 AveraSe AIi/N - -21L7.6 t I.6 J/gc

0 , r 7 4 6 E  r . L 6 7 9 3  4 0 3 . 7 0

0 , 1 7 4 E 3  1 . 1 6 6 0 9  1 0 3 . 7 a

0.17491 L.t6440 403.71

o . I 7 5 3 7  r . 1 6 7 8 5  4 0 3 . 1 4

0 . 1 7 5 3 4  1 . 1 6 6 4 6  n 2 . 7 0

Averate rE/U - -2685,7 r 3..5 J/gc

0,03525
-2684.3 

0.03561
-268L'7 

o.o34or
-2676.O 

0,03555

0,03705

Averste dl t^{  -  -96.6 t  1.5 J/gc

-2257.L free volude of the Mpoule.

-2260,0 
tTh" 

ur""rtrlrty ls the atenderd devlltlotr of the ncan.

- 4 7 L . 4 9

-470.84

-470.08

- 4 7 0 . 8 r

-459.73

0 . 5 1

0 , 5 1

0 . 5 1

o . 5 2

0 . 5 2

-2696-2

-2690.2
0,00968

0.01004

0.00996

0.00942

0.01004

402.3E

402.38

402.18

402.3E

t$2.3A

- 3 . 9 0

-4.04

- 4 . 0 1

-3.79

-4.04

0 . 5 1

o . 5 r

0 . 5 1

0 . 5 1

-96.2

-99 .  I

-100.5

-92.O

-95.3

c-qurtz,  St02

0.10E13

0.L0722

0.10768

0,10784

0.108c1

0.50905

0,60407

0.60863

0.50784

0.61012

t60.92

400.52

400.82

400.60

400,24

-244.r8

-24t.94

- 2 4 3 , 9 5

- 2 4 3 , 5 0

- 2 4 4 . t 9

0,09

0.09

0.09

0.09

0.09

-2251.4

-2255.6

-2264.7

'e(calor) 
for th6 dp€rltrents wlth IaP 9a6 oot [gaaurcatr but ye tekaD

to b€ th. 6verag. of the vsluet for th€ Al(0H)3 €ap€rldnts plu. 0.04 J
for the heet cepaclty of lfa8.

baB"oa, 
lncludea the €nlhslpy effGct of openlnt the a[poule, nhlch tsa

0.53 J for ell erperh.nts €xccpt those for r-qurt, for shlch lt ra.
0.10 J, es welL as s correct ion for th€ vegorlaat lon of solvent lnto lhe
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Tabfe 7' Thermochemical scheme for the derivation of the standard enthalpies of formation at298.15 K of analcime and dehydrated
analcrme

Reectlon AII GJ/nol)

1.  2.O4Sto2(c)  + 1507.54IrF.5190.82Ir20 + [A]a

2 .  0 .95A1  @n)3 (c )  +  [A ]a  *  [B ]b

3 .  0 . 9 5 N a F ( c )  +  [ E ] b  +  [ 6 1 c

4.  Ic ]  a *  Na0.96A19.95,s12.6406. 96.  1.00I t20 + 1508.50I tF.5190. 78H2o

5. 1507.54EF.5187.477H2O + 3.343n20(L) .  1507.54I IF.5L90.82n2o

6 .  O .96Hr .3 . t o3H2o  +  0 .48 r {2 (g )  +  0 .48F2 (g )  +  3 .303n20 ( t )

7 .  0 .04n2 (g )  +  o .o2oy (e )  *  0 .04H20 ( r )

8 .  2 .04s t ( c )  +  2 .04o2 (e )  *  2 .04S i02 (c )

9 .  0 .95A1 (c )  +  L ,44OZ(s )  +  1 .44H2(g )  *  0 .9541@l l ) f ( c )

10 .  0 .96Na(c )  +  0 .48F2 (g )  *  o .95NaF(c )

11 .  IC ] c  *  NaO.96419 .965 t2 .g4o5 , ( c )  +  r 508 .50HF .5191 .78 I I 20

L2. 1507. 54I tF.5188.477H2o + 2.343P.20 ( t  )  .  1507. 54HF. 5190.82H20

13. 0.95l t2o( l )  -  0,96'J2(9) + 0.4802 (g)

-276 .60  !  0 . 37

-158 .57  t  0 . 24

- 3 . 9 0  r  0 . 1 2

500 .11  t  0 . 88

- 1 . 3 9  t  0 . 1 4

308 .41  r  0 .38

- 1 1 . 4 3  t  0 . 0 0

-1858 .32  r  2 .90

- 1 2 4 1 . 4 0  r  1 . 1 4

-553 .80  r  0 .29

540 .53  r  1 .41

-o .95  t  0 . 10

274.40 x O.O4

" t l l  -  2 .04 t t2srF5.1495,30nF.5194.90H2o.
o 

I t] = o. ttotF3. 2. 04n2s1F6 . L4g2. 42r1F. 5Lg 7 .7 8H20.

" I  c] -  o. g6".F.0. 95A1F3. 2. 04n2S1F5,.1492 . 42w. 5197 .7 8H20.

1978). Summation of the appropriate quantities in
Table 7 yielded the following standard enthalpies of
formation:

AI1ft Na6.e6Als e6Si2.saO6.s6. I . 00H2O,c,298. I 5 K)

: -3296.9-13.3 kJ/mol

AflflNaq.e6Ale.e6Si2.eaO6.00,c,298. I 5 K)

: -2970.2-t-3.5 kJ/mol

Enthalpy increment measurements (350 to 623 K)

The drop calorimeter used for the enthalpy incre-
ment measurements on analcime has been de-
scribed in detail (Fredrickson et al., 1969). The
system consisted of a resistance-heated, molybde-
num-core furnace and a copper-block calorimeter.

Measurements of the furnace temperature were
made with platinum to (platinum + lDVo 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 pres-
ent experiments, the calorimeter and furnace were
filled with helium at a pressure of about 13 mbar,
and this substantially decreased equilibration times
within the furnace and allowed measurements to be
conducted at temperatures down to T: 350 K. The
performance of the calorimetric system was
checked (Johnson et al., 1980) by determining the
enthalpy of synthetic sapphire (National Bureau of
Standards Standard Reference Material 720) over
the temperature range from 374 to 836 K. The
average difference of an individual experimental
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result from the certificate value was 0.l3Vo, and this
was deemed to be acceptable.

The sample of analcime (mass, 6.69709 g) was
contained in a welded (platinum -l llVo rhodium)
capsule (1.2 cm diameter, 4.8 cm long, 5.35 cml
internal volume, and mass, 18.83304 g) which was
filled with 9.687 x lO-s mol helium.

Enthalpy increment results

The results of the drop calorimetric experiments
in order of increasing temperature are given in
Table 8. The entries in this table are: T, the tem-
perature of the furnace and sample; A0", the change
in temperature of the calorimeter corrected for
energy exchange with the surroundings; e(calor)
(A0"), the energy absorbed by the calorimetric
system; Af(capsule), the enthalpy contribution due
to the capsule; and /f(T) - If(298.15 K), the
standard enthalpy at temperature 7 relative to
298.15 K.

The energy equivalent of the calorimeter, e(ca-
lor), varies slightly as a function of A0., from
4379.46 J/K for L0. - 0.5 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 capsule (platinum + l0% rhodium)
with dimensions and mass similar to those used for
the experiments with analcime. The measured en-
thalpy was corrected for the enthalpy of the helium
gas, for small deviations of the final calorimetric
temperature from 298.15 K (usually less than 0.01
K), and for the water vapor in the free volume of the
ampoule. The vapor pressure of water over anal-
cime was calculated from the relationship (Van
Reeuwijk, 1974):

log P(bar) : -4371.2 T-t + 7.6802 (1)

This correction varied from 0.03 J at 450 Kto 1.42 J
at 550 K to 11.9 J at 623 K.

The enthalpy increments for analcime, including
those from the present low temperature study, were
fitted as a function of ? over the range 298.15-625 K
by the method of least squares and the following
equation was obtained:

If(T") - H"(298.15 K) : -620+2.7 + 237.6303 T

- 0.237142 f + S.SSZZOT x l0-4 t'
- 3.090050 x 10-7 ?4 (J/mol) (2)

This fit was constrained to give, at T : 298.15 K,
If(I) - If(298.15 K) : 0 and Ci(D = 211.53 Jl
(mol.K) (see Table 4).

Table 8. Drop calorimetric results for analcime' See text for
explanation of column headings.

asc € (c6lor) (Aec) aH(@psule) l l ' (T)-H'(29E.15 x)a

( J J J/Eol

T
Expt.
t o .  K

3  3 4 9 . 5 E

I  3 4 9 . 6 6

2 8  3 5 2 . 5 r

5  3 7 4 . 5 r

6  3 1  4 , 5 6

42 379.06

33 388.E5

41 390.75

40 395.42

7 399.21

I 399.23

3 9  3 9 9 . E 5

37 407.40

27 4lr.ao

1 0  4 2 3 . 1 0

9 423.20

3 2  4 3 0 . 5 1

29 435.47

t2 448.29

1 1  4 4 8 . 3 5

3 6  4 5 5 . s 6

3 4  4 6 r  . l E

1 4  4 7 4 . 5 3

L3 474.56

3 1  4 8 5 . 5 6

25 446.34

15 491.46

L6 s23.25

t7 521.33

30 534.95

1 8  5 4 8 . 3 1

19 573.24

2L 573.12

20 597.95

22 623.36

0.10891 177.OO

0 . 1 0 9 1 4  4 7 8 . 0 1

o,L3729 601.29

0 , 1 6 3 5 0  7 1 6 . 0 8

0.16369 716.92

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

o . r 9 s 2 2  8 5 5 . 0 0

0.20079 879.40

0.21090 923.51

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

0 . 2 1 8 5 5  9 5 7 . l E

o,22t37 969.53

0.23797 1042.23

0.24851 1088.39

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

o.27307 1195.95

0 . 2 9 1 5 1  1 2 7 6 . 7 0

0.30358 L329.56

0.33255 1456.43

0 . t 3 2 8 8  r 4 s 7 . 8 7

0 . 3 5 0 0 1  1 5 3 2 . 8 9

0.36357 L592.28

o,39542 1731.76

0 . 3 9 5 1 7  1 7 3 0 . 6 6

o.422t7 rE48,90

0.42293 1852.23

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

0 , 5 1 5 5 3  2 2 5 7  . 7 4

0.51508 2260.15

0.54583 2390.43

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

0 . 5 4 4 3 0  2 E 2 1 . 6 2

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

0.70964 1rO7,72

0.77734 3404.16

L37 .21

t37 ,43

172.29

204.95

205.09

2r7 .36

244.tO

249.30

262.O4

2 7  2 . 4 6

2 7 2 . 5 r

2 7  4  . 2 L

294.9r

3 0 6 , 9 9

3 3 8 . 0 5

3 3 8 . 3 3

3 5 8 . 4 6

372.13

407.rr

407 .7 0

4 2 7  . 6 0

4 4 3 . 1 4

4 8 0 . 1  1

480.20

5 1 0 . 7 1

5L2.87

5 4 3 . 7 6

615 .52

6t5.7 4

6 4 8 . 1 4

6 8  5 , 4 3

824.32

895.62

tLt24

1 1 1 4 9

14040

L6735

L67 56

L7832

20000

20625

2L655

22457

224t3

227 63

24470

25 580

28099

28077

30063

31343

34339

343E0

37 619

40973

40938

43803

4384r

46943

5 3 E 1 4

57014

60530

67 444

74548

aL734

elncludee 
correctlons for the dthalpy of the f,e In the €Psule, for the

d l f fe rence b€ tseen the  f lM l  tenPe la tu re  o f  the  exPeEl@nt  md 29E '15  1( '

antl for the sater vapor ln the cepsule 8€nereted by the dehydrstton of

lhe  ane lc l te '

Enthalpy increments of dehydrated analcime
were not measured because the published calori-
metric results (Pankratz, 1968) were considered to
be reliable. However, the composition of the calori-
metric sample used in that work was, it is believed,
somewhat difrerent than had been originally as-
sumed (Barany, 1962). The analytical results for the
analcime from which Barany's dehydrated material
was prepared indicated the following composition:
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(Nao.scs Ko.oos Mgo.oor) (Feo.oor Alo.sss) Siz.o+t
O6.06'0.99H2O. It was assumed by Barany (1962)
that this material was a mixture of 96.5Vo
NaAlSi2O6.H zO, 3 .3Vo silica, and 0 .ZVo w ater . There
was, however, no evidence to support the presence
of such a large amount of free silica, and we note
that Thompson (1971) found no free silica in anal-
cime from the same locality (Table Mountain, Colo-
rado). If one accepts the composition as given
above and assumes that K and Mg substitute for Na
and Fe for Al, all without significant thermal or
structural effects, then the empirical formula,
Na6.e6Als.e6Siz orOo.oo.0.99H2O, which is virtually
identical to that found for our material, is obtained.

Accordingly, the calorimetric results (Pan-
kratz, 1968) have been adjusted to refer to
Nao.g6Alo.soSiz.olOo.oo. These recalculated enthalpy
increments (400-1000 K) and those obtained in the
present study by low-temperature calorimetry to
350 K fall on a smooth curve and have been fitted
by a least-squares procedure to the following equa-
tion (298.15-1000 K):

If(I) - If(298.15 K) : 1.58298 x 106 T-1

- 49386.0 + 110.7986 T + 0.1358596 T1
- 3.905086 x 10-5 P (J/mol) (3)

This fit was constrained to give, at T = 298.15 K,
If(I) - IfQ98.l5 K) : 0 and C3(|) : 163.59 Jl
(mol.K) (see Table 5).

Derived heat capacities above 298.15 K
The first derivatives of equations (2) and (3) yield

the following expressions for the heat capacities
above 298.15 K:

G(IXanalcime) : 237.6303

- 0.474284 T + 1.66566 x l0-3 ?'
- 1.23602 x 10-6 7E (J/K.mol) (4)

C!(fl(dehydrated analcime) : -1.58298

x 106 T-2 + tt}Jgg + 0.27172 T

- l.l ltt3 x t0-4 z2 (J/K.mol) (5;

For later use in the present paper, it will be
necessary to express heat capacities in the form:

CoQ): a + b? - cT*2 (J/K.mol) (6)

For analcime, 3 : 109.974,b : 293.4 x l0-3, and c
: -12j14 x 105; for dehydrated analcime, v :
168.469, b : 109.66 x 10-3, and c : 33.401 x 105.

Obviously, equation (6) does not represent the heat
capacities as precisely as do equations (4) and (5).

C omp le t e t hermody namic functions fo r analcime
and dehydrated analcime

The complete thermodynamic functions of anal-
cime artd dehydrated analcime are given in Table 9.
For the calculation of AIli and AGi, enthalpy incre-
ments and standard entropies for Na, Al, Si, 02,
and H2 were the critically selected values (Robie,
Hemingway, and Fisher, 1978). The AI1F and AGi
values are believed to be uncertain by approximate-
ly 4 kJ/mol.

Discussion

Comparison of present results with previous
measurements

Low-temperature heat capacity measurements
(53-296 K) on analcime have been reported previ-
ously (King, 1955). In the vicinity of 53 K, those
measurements differ by about 3-4Vo from the pres-
ent results; the agreement is better, close to 0.3Vo at
about 280 K. If, however, the composition of the
specimen of analcime (King, 1955) is revised as we
have described previously, and the heat capacities
recomputed, then the agreement is significantly
improved and is no worse than about 1.8%.lf the
heat capacities for dehydrated analcime (King and
Weller, 1961) are recalculated in the same way, the
agreement is no worse than 0.8%. Our measure-
ments cover a significantly wider ternperature range
than the earlier studies and are therefore preferred.

The standard enthalpies of formation at298.15 K
derived by us are: A^F1KNao.xAls.e6Si2.eaO6.0o.l.00
H2O,c,298.15 K) : -3296.9-ts3.3 kJ/mol and A,F1i
(Na6.e6Alq.e6Si2.saO6.0o,c,298. | 5 K) : - 297 0.2-r 3 . 5
kJ/mol, which differ significantly from those report-
ed previously for the stoichiometric compositions
NaAlSi2O6.H2O and NaAlSi2O6 (Barany, 1962). W e
have, however, recomputed his results so that they
refer to the revised compositions given earlier. In
this recalculation, the most recent AflF (298.15 K) of
d.-quartz (Wise el al., 1963) has been used, and the
thermochemical cycle has been rewritten in terms
of gibbsite rather than AlCl3.6H2O (Hemingway,
private communication). This latter change has
been made because it is believed (Hemingway and
Robie, 1977) that the enthalpies of solution of
quzrtz and AlCl3.6H2O (Barany, 1962) are in error.
A recalculation gives standard enthalpies of forma-
tion of -3298.4!2.6 and -2982.7-+-3.6 kJ/mol for
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Table 9. Thermodynamic quantities for analcime and dehydrated analcime

r  qc) In " ( r ) - r { ' (2e8 K) l / r  - t co( r ) - I {o (298 K) l / r  s ' ( r )  H ' ( r ) -H ' (298 K)  a l t lG)  ac lG)

J/ (nol 'K) J/ (mol 'K) J /  (no l 'K) J/ (uoI 'r) (kJ/nol) (kJ/nol) (kJ/nol)

745

Nag. 95A19. 96S12. 6406'H20 (c )

0

298.t5

300

400

500

600

0

2 r  I  . 53

2 1 1 . 8 8

233.32

252 .40

285.72

0

1  . 3 1

55.73

9 5 . 1 5

125 .08

225.75

226  . 7  5

235.32

252.31

2 7 2 . 4 L

0

226.7 5

2 .8 .06

292 .O5

y 7 . 4 7

397.48

-35 ,60

0 .00

0 .39

2 2 . 6 9

47 .58

7 5 , 0 5

-3276.5 -3276.5

-3296.9 -3077.2

-3296.9 -3075.9

-3300.0 -3001.8

-3299.0 -2927.4
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analcime and dehydrated analcime, respectively, in
good agreement with our results. Although we
made a number of assumptions when correcting the
measurements of Barany, it appears that his results
support the enthalpies of formation obtained in the
present work.

The recommended enthalpy of reaction of c-SiO2
with HF(aq) (Kilday and Prosen, 1973) continues to
be a subject of controversy (Hemingway and Robie,
1977). Accordingly, we have remeasured this quan-
tity (see Tables 6 and 7) and obtained a result about
0.8% less negative than the recommended value.
Our value is used in the present study because it is
strictly applicable to the conditions of temperature,
concentration, and acid strength that prevailed in
the calorimetric experiments.

Implications of the thermodynamic results

The concentration of aqueous quattz, [SiO2, aq],
in the equilibrium mixture

low albite + H2O0) ? analcime + SiOz(aq) (7)

at a pressure of I kbar has been determined as a
function of temperature by Hemley (private com-
munication, 1973). These results (Table 10) have
been used by Helgeson et al. (1978) to retrieve
AG(?') and A14(D values for analcime. Converse-
ly, now that AGftT) has been established calorimet-
rically for analcime, the concentration of aqueous
silica can be computed.

In his experiments, Hemley (private communica-
tion, 1973) equilibrated Table Mountain analcime
with albite; thus, the solution reaction should be
written:

0.96NaAlSi3O8 + H2O(l)

low albite

= Nan.e6Ale.e6Si2.saO6'H2o + 0'84siOz(aq)

analcime (8)
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Table 10. Concentration of aqueous quaxtz in equilibrium with
albite + analcime + H2O at a pressure of I kbar

r lK  373.15 4 7 3 . t 5  5 7 3 , 1 5

-2.45 !  0.O4e -2.18 t  0.04a -2.00 i  o,o4a

loglsto2,eql -3.75 r 0.86b -3.22 t  o.6gb -2.94 r o.56b -z. t l  t  o.+gb

- 3 . 2 I  t  0 . 8 6 c  - 2 . 7 8  r  0 , 6 9 c  - 2 . 5 7  I  0 . 5 5 c  - 2 . 4 6  !  O . 4 8 c

-Eedey (prtvete comunlcet lon).
-Based 

on EeDin8vay and Robie (977) vate for AHf(elbtre).
cEeed 

on Helgeson et el ,  G978) value for AHi(albtte).

We take the equilibrium constant for reaction (8) to
be [SiOz, aq]o'84 and, therefore,

ln[SiO2, aq] : -AG'(P,T)10.84RT (9)

In this equation, LG"(P,T) is the standard Gibbs
energy change for reaction (8) at pressure p and
temperature ?. For the purposes of this calculation,
LGKP,T), the apparent standard Gibbs energy of
formation as a function of temperature and pres-
sure, is needed for each ofthe four species in equa-
tion (8). Helgeson and Kirkham (1974) and Walther
and Helgeson (1977) have tabulated AGKP,T)
for H2O(l) and SiO2(aq), respectively, and we have
calculated this quantity for analcime and low albite
by means of equations (14), (16), (lg), (20), and (21)
given by Helgeson et al. (1978). For analcime, we
have used our new results, including equation (6).
The situation with low albite is not straightforward,
however, because two authoritative values for AIli
have appeared in the recent literature-one based
upon a calorimetric determination by Hemingway
and Robie (1977), and the other retrieved by Helge-
son et al. (1978) from a consideration of equilibria
involving low albite. Accordingly, we have comput-
ed two results for AGftP,I) of low albite; the
difference between them, 3.5 kJ/mol, is, of course,
identical to that between the AIIF values. Two
corresponding sets of solubilities are given in Table
10. It is clear that the calculated solubilities are in
harmony with those obtained by Hemley; the agree-
ment is somewhat better, however, when AI/f (low
albite), as given by Helgeson et al. (1978), is used in
the calculations.

For analcime, the Gibbs energy values extracted
from hydrothermal experimental data obtained by
Liou (1971), Thompson (1971), and Kim and Burley
(1971) are several kilojoules more negative than that
given in Table 9. Moreover, they are internally
inconsistent (Thompson, 1973). As suggested by
Helgeson et al. (1978), this may be due to the

unknown compositions of the phases involved, par-
ticularly analcime.

In Figure l, AC|Q) : Ci(4(analcime)
G(O(dehydrated analcime) has been plotted as a
function of temperature. The curve rises more or
less regularly to a maximum at about 230 K, goes
through a minimum at about 365 K, and then rises
smoothly once again. The irregularity of this curve
is attributed to internal structural changes in the
analcime vis-a-vis the positions of the H2O. The
rearrangement of the H2O is followed by a loss of
water which begins at 373 K and continues to 673 K
(Balgard and Roy, 1973). A plot of the entropy
difference is also given. The entropy change associ-
ated with the H2O rearrangement is evidently quite
small, as we are unable to distinguish between the
curves for the initial and rearranged states of the
zeolite.

A differential scanning calorimetric (DSC) tech-
nique has been used (Van Reeuwijk, 1974) for the
determination of thermodynamic quantities for the
dehydration of analcime. These results are com-
pared in Table 11 along with the same quantities
deduced from the data in Table 9. In this table, Sg",
denotes the entropy of the zeolitic water which is
defined (Van Reeuwflk, 1974) as the difference
between the standard entropies of analcime and
dehydrated analcime. There is excellent agreement
between the two sets of enthalpy values, and at T:
660 K there is little discrepancy between the entro-
pies.

It is also interesting to compare the equilibrium

atE

I

o 50 roo t50 200 250 300 350 400
r / K

Fig. l. Curve I gives AC|(D = Ci(ZXanalcime)
C?(TXdehydrated analcime). Curve II gives AS.(O
,S"(7)(analcime) - S'(0(dehydrated analcime)

Y 4 0
o
E

5.o

r o



Table ll. Thermodynamic quantities for the reaction: analcime
: dehydrated analcime + HzO G, I bar)

T (K) aH (kJ/ool) sfi, (J/K'nol)
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aluminosilicate minerals. U. S. Geological Survey Journal of

Research, 5,413-429.
Holden, N. E. (1980) Atomic weights of the elements 1979' Pure

and Applied Chemistry, 52, 2351-2384.
Johnson, G. K., Smith, P. N., and Hubbard, W. N. (1973) The

enthalpies of solution and neutralization of HF(l); enthalpies of

dilution and derived thermodynamic properties of HF(aq)'

Journal of Chemical Thermodynamics, 5' 793-809.

Johnson, G. K., Papatheodorou' C. N., and Johnson, C' E'
(19E0) The enthalpies offormation and hightemperature ther-

modynamic functions of AsaSa and As2S3' Joumal of Chemical

Thermodynamics, 12, 545-557.
Kilday, M. V. and Prosen, E' J' (1973) The enthalpy of solution

of low quartz (a-quartz) in aqueous hydrofluoric acid' U' S'

National Bureau of Standards Journal of Research, 77 A' 205-

215.
Kim, KlTae and Burley, B. J. (1971) Phase equilibria in the

system NaAlSi3O8-NaAlSiO4-H2O with special emphasis on

the stability ofanalcite. Canadian Journal ofEarth Sciences, 8,

3lt-t37.
King, E. G. (1955) Low temperature heat capacity and entropy
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Society, 77 , 2192.
King, E. G. and Weller, W. W. (1961) Low-temperature heat

capacities and entropies at 298.15 K of some sodium- and

calcium-aluminum silicates. U. S. Bureau of Mines Report of

Investigations, 5855.
Liou. J. G. (1971) Analcime equilibria. Lithos, 4, 389-402.

Nuttall, R. L., Churney, K. L., and Kilday, M. V' (1978) The

enthalpy of formation of MoFo(l) by solution calorimetry'

U. S. National Bureau of Standards Journal of Research, 83'

335-14s.
Osborne. D. W.. Schreiner, F., Flotow, H. E., and Malm' J' G'

(1972) Xenon tetrafluoride: Heat capacity and thermodynamic

functions from 5 to 350 K. Reconciliation of the entropies from

molecular and thermal data. Journal ofChemical Physics, 57'

3401-3408.
Pankratz. L. B. (1968) High-temperature heat contents and

entropies of dehydrated analcite, kaliophilite' and leucite'

U. S. Bureau of Mines Report of Investigations, 7073'

Robie, R. A., Hemingway, B. S., and Fisher, J' R. (1978) Ther-

modynamic properties of minerals and related substances at

298.15 K and I bar (105 Pascals) pressure and at higher

temperatures. U. S. Geological Survey Bulletin' 1452'

Thompson, A. B. (1971) Analcite-albite equilibria at low tem-

peratures. American Journal of Science, 271 ' 79-92'

Thompson, A. B. (1973) Analcime: Free energy from hydrother-

mal data. Implications for phase equilibria and thermodynamic
quantities for phases in NaAlOrSiO2-H2O. American Miner'

alogist, 5E, 277-286.
Tschernich, R. W. (1972) Zeolites from Skookumchuck Dam,

Washington. Mineralogical Record, 3' 30-34.
Van Reeuwijk, L. P. (1974) The Thermal Dehydration of Natural

Zeolites. H. Veenman and Sons, Wageningen, Netherlands'

Walther, J. V. and Helgeson, H. C. (1977) Calculation of the

thermodynamic properties of aqueous silica and the solubility

of quartz and its polymorphs at high pressures and tempera-

tures. American Journal of Science, 277' 1315-1351'

Westrum. E. F., Jr., Hatcher, J' B., and Osborne, D. W' (1953)

The entropy and low temperature heat capacity ofneptunium
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Van ReeuvtJk (1974) 569.0

650 '0

Preaent work 569.0

550.0

8 3 . 7  !  4

8 6 . 6  !  4

go.7 r 4

7 9 . 8  !  4

84.9  !  4

9 7 . 9  r  4 . 9

8 5 . 8  r  0 . 9

9 7 , 2  !  O . 9

5 5 . 1  i  0 . 5298,15

vapor pressures as a function of temperature (Van
Reeuwijk, 1974) with those calculated from the
results in Table 9. At 660 K, the equilibrium vapor
pressure from the DSC study is about I bar; the
thermodynamic data predict 1.3 bar. However, at
500 K the agreement is not nearly so good, as the
DSC technique gave 5 x 10-2 bar, while our results
predict I x 10-2 bar. It should be pointed out that
two vapor pressure curves are given by Van
Reeuwijk (1974) to allow for two different types of
zeolitic water. However, if no such difference is
assumed, then P(HzO) from the DSC studies is 5 x

10-3 bar; with this assumption, the agreement is
clearly improved.
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