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CALORIMETRIC MEASUREMENT OF THE ENTHALPY OF HYDRATION
OF CLINOPTILOLITE

J. WiLLiaM CAREY AND DAvID L. BisH
EES-1, MS D469, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Abstract—The enthalpy of hydration of natural clinoptilolite was determined by isothermal immersion
calorimetry on Ca-, Na- and K-exchanged clinoptilolite (Fish Creek Mountains, Nevada). Heats of im-
mersion of clinoptilolite were determined at initial H,O contents ranging from 6 = 0.02 to 0.85 (where
0 is the ratio [H,O content])/[maximum H,O content]). The heat of immersion (liquid H,O reference state)
of Ca-clinoptilolite ranged from —7.5 (6 = 0.87) to —25.7 kJ/mol-H,0 (8 = 0.19); values for Na-
clinoptilolite ranged from —6.3 (8 = 0.85) to —21.8 kJ/mol-H,O (8 = 0.11); and values for K-clinoptilolite
ranged from —7.7 (8 = 0.80) to —24.6 kJ/mol-H,O (6 = 0.02). Linear regression of the calorimetric data
provided the following values for the complete heat of immersion (from 6 = 0): Ca-clinoptilolite, —30.3
+ 2.0; Na-clinoptilolite, —23.4 = 0.6; and K-clinoptilolite, —22.4 * 0.8 kJ/mol-H,O.

The heat of immersion measurements were compared with the enthalpy of hydration results of Carey
and Bish (1996) determined in a thermogravimetric study of the same samples. The heat of immersion
data are similar but of smaller magnitude than the values of enthalpy of hydration and are believed to be
more accurate because they represent direct measurements of this thermodynamic property.

The effect of dehydration of clinoptilolite on the thermal evolution of the potential high-level radio-
active waste repository at Yucca Mountain was considered by comparing the amount of energy consumed
by clinoptilolite dehydration with the amount of energy necessary to heat rocks lacking hydrous minerals.
The extra energy consumed on heating clinoptilolite from 25 to 200 °C ranges between 70 and 80% in
excess of that required for nondehydrating materials (that is, clinoptilolite acts as a heat sink). These
results indicate that accurate thermohydrologic modeling of rock units at Yucca Mountain should consider
the thermal effect of dehydration/hydration processes in clinoptilolite and other hydrous minerals, in

addition to the water produced/adsorbed during heating/cooling.
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INTRODUCTION

Clinoptilolite, ideally (Na, K, %Ca)sAl(Si;05,-20
H,O, is a common zeolite found in altered volcanic
tuffs and tuffaceous sediments, saline lakes and deep
sea sediments (Gottardi and Galli 1985). It is the most
abundant hydrous mineral in volcanic tuffs at the site
of the potential repository for high-level radioactive
waste at Yucca Mountain, Nevada, approaching 80%
in zeolitized tuffs below the repository horizon (Bish
and Chipera 1989). Understanding the response of cli-
noptilolite to the elevated temperatures that will follow
emplacement of radioactive waste is an important as-
pect of the evaluation of the suitability of Yucca
Mountain for disposal of radioactive waste. In partic-
ular, it is important to quantify the effects of hydration
and dehydration of clinoptilolite on the thermal evo-
lution and pore saturation of Yucca Mountain rocks.

There have been several previous studies of the
thermodynamics of hydration of clinoptilolite, includ-
ing those of Barrer and Cram (1971), Johnson et al.
(1991) and Carey and Bish (1996). The first two of
these studies provided integral heats of hydration for
a synthetic Na end-member and a natural crystal of
intermediate composition, respectively. Carey and
Bish derived integral and partial molar heats of hydra-
tion for Na, K and Ca end-members from equilibrium
H,O data as a function of temperature and pressure.
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In this study, calorimetric measurements were made to
determine the integral and partial molar enthalpy of
hydration. These measurements represent an improved
basis for quantitative calculations of the heat of hy-
dration and dehydration because partial molar data
were obtained on cation-exchanged, natural crystals
and because the measurements are more accurate than
those obtained by Carey and Bish (1996). The calori-
metric experiments were done by immersion calorim-
etry on a series of cation-exchanged (Ca, Na and K),
natural clinoptilolite samples. The calorimetric mea-
surements allow quantitative calculation of the amount
of thermal energy consumed by clinoptilolite as a
function of H,O content.

This study also integrates the calorimetric measure-
ments with the thermogravimetric study of Carey and
Bish (1996), which gives the equilibrium water con-
tent of clinoptilolite as a function of temperature and
water vapor pressure. The combination of the calori-
metric and thermogravimetric studies allows a quan-
titative prediction of the energy consumed by clinop-
tilolite-bearing rocks during a thermal event such as
would occur at Yucca Mountain following the em-
placement of high-level radioactive waste. The ther-
mogravimetric studies provide the equilibrium water
content as a function of temperature and pressure,
whereas the calorimetric results allow calculation of
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Table 1. Summary of the heat of immersion measurements on Ca-, Na- and K-clinoptilolites.
Initial Measured Calculated
Temp. PH,O Clino- mass dry mass Measured Calculated  dry mass Q QIZ Q/H,0
4 (mbar) ptilolite (mg) (mg) 6 (mg) () ¥g) Jrg)
22 26.45 Na 48.20 38.74 1.31 0.95 40.97 0.1 2.44 243.6
K 56.40 46.63 1.34 0.95 49.12 —0.025 —0.51 —64.63
22 5.289 Ca 72.72 62.32 0.86 0.87 62.25 —-0.67 —10.76 —-415.1
Na 70.65 59.47 1.01 0.85 60.98 -0.58 —9.56 —348.1
K 65.25 57.52 0.86 0.80 58.03 —0.78 —13.44 —627.9
K 66.54 58.66 0.86 0.80 59.18 —-0.77 -13.01 —413.4
22 0.4 Ca 71.84 63.48 0.68 0.69 63.35 -1.92 —30.23 —503.7
Na 59.94 52.81 0.73 0.69 53.16 —-1.55 —-29.16 —498.5
Na 69.52 61.25 0.73 0.69 61.67 —1.87 —30.33 —518.5
K 65.01 58.13 0.76 0.58 59.59 —-2.07 —34.74 —534.9
K 74.99 67.06 0.76 0.58 68.74 —2.05 —29.82 —459.2
50 0.4 Ca 48.24 42.32 0.72 0.58 43.34 —3.65 —84.20 —1038
Na 56.60 46.48 1.17 0.55 51.38 —2.58 —50.12 ~593.5
K 79.99 75.19 0.41 0.45 74.79 —4.33 -57.89 —670.3
100 0.4 Ca 63.89 58.46 0.48 0.44 58.83 —=5.70 —96.89 —897.8
Na 65.45 61.98 0.30 0.36 61.38 —6.83 —11.3 —929.6
K 63.89 0.27 61.28 —-591 —96.45 -851.64
150 0.4 Ca 48.53 45.76 0.31 0.34 45.52 —17.06 —155.1 —1212
Na 57.19 55.23 0.19 0.21 54.99 —8.01 —145.7 —-997.4
K 62.38 59.72 0.29 0.15 60.94 —17.55 —-123.9 —936.7
200 0.4 Ca 40.26 37.93 0.32 0.26 38.35 —-7.84 ~204.3 —1416
Na 37.60 35.75 0.28 0.11 36.85 —-7.14 -193.8 —1170
Na 34.75 32.86 0.31 0.11 34.06 —6.835 —200.7 —1211
K 36.74 36.66 0.01 0.07 36.36 -59 —-162.3 —1116
245 0.4 Ca 47.78 45.97 0.20 0.19 46.05 -9.1 —-197.6 —1263
Ca 3191 30.30 0.27 0.19 30.76 —6.88 -223.7 —1429
K 40.26 39.74 0.08 0.02 40.11 —7.85 —-195.6 —1285
K 38.33 38.22 0.02 0.02 38.19 —-6.7 -175.3 -1153

Notes: For the purposes of calculating 6 the following saturated water contents of clinoptilolite were used: Ca-clinoptilolite,
16.25 wt%; Na-clinoptilolite, 15.68 wt%; K-clinoptilolite, 13.49 wt% (Carey and Bish 1996). The temperature and pressure
refer to the equilibration conditions of the samples prior to the measurements. Measured 6 was determined from the measured
dry mass. Calculated 8 was determined using the P and 7T of equilibration and the results of Carey and Bish (1996).

the heat evolution associated with changes in hydra-
tion state. Idealized calculations indicate that clinop-
tilolite-bearing tuffs will consume significantly more
energy for a given rise in temperature than anhydrous
rocks. In addition, for rock units in the unsaturated
zone, the dehydration of clinoptilolite will release a
significant amount of water leading to pore saturation
and water migration.

EXPERIMENTAL METHODS

Natural clinoptilolite was obtained from Minerals
Research in the form of a clinoptilolite-rich tuff from
Fish Creek Mountains, Nevada (Minerals Research
reference # 27054). This material was purified by
gravitational settling in water (Chipera et al. 1993) and
contained minor amounts of feldspar and quartz after
purification, but no other hydrous minerals, including
smectite, were detected. The natural material was cat-
ion exchanged with 1-2 Molar Na-, K- and Ca-chlo-
ride solutions at room temperature to provide nearly
homoionic exchanged clinoptilolite. The chemical
compositions of these samples were determined by X-
ray fluorescence and inductively coupled plasma atom-
ic absorption spectrometry and are as follows:

Natural: (Nay 46K, 9;Ca; 4oMgg 60)(Alg 7oFeq 17
Sis604)07,-21.9H,0

(Nas g, Kg 75Ca5,1,Mgo 20)(Alg 75Fe€4 06
Si3520)07,21.3H,0

(Nag ;K 54Cay 13Mgg 25)(Alg gsFeg 10
Siyg04)05,-18.5H,0

(Nay 15K 50Ca; 34M g 57)(Alg 10Feq 17
Sigg,04)04,(H,0 n.d.)

Na-exchanged:
K-exchanged:

Ca-exchanged:

On a charge basis, the cation exchanges were approx-
imately 76% complete for Na, 85% for K and 68% for
Ca. (See Carey and Bish 1996 for further details.)
The clinoptilolite samples were prepared for im-
mersion calorimetry by loading 2 samples in paired
glass ampoules. The samples were equilibrated at con-
ditions ranging from 22 °C and 100% relative humidity
(maximum water content) to 250 °C and a 0.4-mbar
vacuum (minimum water content; Table 1). The sam-
ples were assumed to be at equilibrium with respect
to the internal distribution of H,O molecules and ex-
changeable cations. This assumption is consistent with
the observations of Carey and Bish (1996) in which
reversible exchange of H,O was readily achieved in
thermogravimetric experiments. The samples were
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Table 2. Parameters for the calculation of the enthalpy of
hydration from thermogravimetric data (Carey and Bish
1996). Also shown are the integral molar enthalpy of hydra-
tion and the mass ratio of H,O to anhydrous zeolite at satu-
ration, F.

Hy, W, W, AI?Hy F

Clinoptilolite kJ/mol kJ¥/mol  kJ/mol kJ/mol glg
Ca-exchanged —120.5 137.1 —-749 -769 0.1940
Na-exchanged -99.6 722 -—-321 -74.2 0.1860
K-exchanged —-91.2 746 -41.7 —-67.8 0.1559

sealed under the equilibration conditions by melting
the filling tube of the ampoule. One of the ampoules
was used in the calorimetric measurements, and the
other was used to determine the water content of the
clinoptilolite.

The water contents of the clinoptilolite samples
were determined by loss on ignition (LOI) to 1000 °C
for 1 h (Table 1). These values were used to determine
the initial value of 8, the ratio of observed water con-
tent to the maximum observed water contents at sat-
uration determined on the same samples by Carey and
Bish (1996; compare Table 2 for water contents at sat-
uration). The measurements of 8 are of low precision
with several samples having unrealistic values. For ex-
ample, the Na-clinoptilolite prepared at 50 °C and 0.4
mbar has a measured 6 of 1.17. The low-precision re-
sults from the measurement of a small loss in mass of
H,0 relative to the sum of the sample, ampoule and
measuring crucible. The process of breaking the am-
poules prior to the LOI measurement may have also
resulted in a systematic error due to the potential loss
of sample. This error would produce unreasonably
high values of 8, as is observed in Table 1.

An alternative method of evaluating the initial water
content of the samples is to calculate the water content
from the temperature and H,O vapor pressure of equil-
ibration using the results of the equilibrium study of
Carey and Bish (1996; Table 1). The difference be-
tween the calculated and measured values of 6 is with-
in £0.06 when samples with obvious errors are ex-
cluded. The differences appear adequately random
(when systematic errors are considered) to conclude
that the calculated values provide a reasonable mea-
sure of the water content of the clinoptilolite samples.
Consequently, the calculated values of 6 and anhy-
drous mass are regarded as being more accurate than
the measured values. In the analysis that follows, the
water contents will be assumed to be given by the
calculated water contents. The likely error associated
with the calculated value of ¢ is estimated to be +0.05.

Calorimetric measurements were conducted with a
Tronac isothermal calorimeter. The calorimeter is iso-
lated in an isothermal bath maintained at 25.8 + 0.1
°C. The calorimeter is vacuum insulated and equipped
with a cooling Peltier coil and a heating thermistor that
maintain the temperature of the water within the cal-
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Figure 1. Calorimetric measurements (Q/Z) of the integral

heat of immersion of Ca-clinoptilolite (this study) and cal-
culated heats of immersion (TGA) from the study of Carey
and Bish (1996).

orimeter to = 2 X 1073 °C/h. During sample equili-
bration and prior to reaction, the constant cooling rate
supplied by the Peltier coil is balanced by a constant
heating rate from the thermistor. The sample in the
sealed ampoule is suspended from a constant-speed
stirring rod. Following thermal equilibration, the am-
poule is broken against the calorimeter floor, exposing
the sample to the water in the calorimeter. The heat
evolved is measured by the change in the thermal en-
ergy supplied by the heating thermistor integrated over
time. The calorimeter is calibrated electrically by ap-
plying a known voltage to a constant-resistance heater
within the calorimeter. The precision of the calorimet-
ric measurements was examined by measuring the heat
of immersion of empty ampoules and is judged to be
*0.1 J. However, almost all of the uncertainty asso-
ciated with the measurements is due to uncertainty in
sample mass.

RESULTS

The calorimetric results for the cation-exchanged
clinoptilolite samples are expressed in terms of the
heat evolved (Q) normalized to the anhydrous mass
(Q/Z) or to the moles of H,O adsorbed (Q/H,0) as a
function of water content (Table 1; Figures 1-4). The
normalizations were made in terms of the amount of
anhydrous zeolite or H,O as calculated from the equi-
librium study of Carey and Bish (1996). In the analysis
of the data, it was necessary to determine the amount
of H,O adsorbed during the immersion experiment. It
was assumed that the clinoptilolite adsorbs sufficient
H,O0 to yield a value of 6 = 1, for which the saturated
water content is the same as that determined by Carey
and Bish (1996). (Carey and Bish determined the max-
imum water content by thermogravimetric measure-
ments of the same samples equilibrated in water-sat-
urated N, at temperatures near 25 °C.) This assumption
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Figure 2. Calorimetric measurements (Q/Z) of the integral
heat of immersion of Na-clinoptilolite (this study) and cal-
culated heats of immersion (TGA) from the study of Carey
and Bish (1996).

was examined by measuring the heat of hydration of
Na- and K-clinoptilolite equilibrated in a closed con-
tainer in air above pure water (a 100% relative-hu-
midity environment). According to the assumption,
these samples should yield a heat of hydration near
zero. The results for the fully hydrated samples are
indistinguishable from zero within the precision of the
measurements (Table 1). However, it is also possible
that clinoptilolite adsorbs H,O in excess of 8§ = 1 with
negligible heat of immersion.

The calorimetric data (Q/Z) show that samples with
a smaller initial H,O content have a greater heat of
immersion as expected from the greater adsorption of
H,O by these samples (Figures 1-3). The upward cur-
vature in the plots indicates that the partial molar heat
of hydration in clinoptilolite increases with decreasing
0. Error bars for the initial water content represent
+0.05 units of 9, and the error in the heat of immer-
sion is about the size of the symbol.

The measured integral heat of immersion in J/mol
of gaseous H,O adsorbed (Q/H,0) indicates a signifi-
cant uncertainty in the heat of immersion at high val-
ues of § (Figure 4). The error bars were calculated
assuming an absolute error in the measurements of 0.1
J. The measured values for K- and Na-clinoptilolite
have an apparent precision of better than 2 kJ/mol-
H,O for 3 sets of repeated measurements. The values
for Na-clinoptilolite are slightly more energetic than
those for K-clinoptilolite, in the range of 1 to 2 kI/mol-
H,O. Ca-clinoptilolite is considerably more energetic
(1 to 5 kJ/mol-H, O as the initial value of 0 decreases),
but the precision is worse and the range of coverage
of 8 is not as great. For Ca-clinoptilolite the precision
is in the range of 3 to 5 kJ/mol-H,O and reflects, in
part, smaller sample sizes with a smaller calorimetric
signal. The convergence of all measurements to simi-
lar values at high initial 8 is expected from the de-

https://doi.org/10.1346/CCMN.1997.0450606 Published online by Cambridge University Press

Enthalpy of hydration of clinoptilolite

829
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Figure 3. Calorimetric measurements (Q/Z) of the integral

heat of immersion of K-clinoptilolite (this study) and calcu-
lated heats of immersion (TGA) from the study of Carey and
Bish (1996).

creasing importance of the exchangeable cation as sat-
uration is approached (compare Barrer and Cram
1971; Carey and Navrotsky 1992).

DISCUSSION

The measured heat of immersion is equivalent to the
integral enthalpy of hydration for clinoptilolite hy-
drating in water from an initial state of 6 (Table 1) to
a final state of 8 = 1. (For a discussion of the rela-
tionship between isothermal measurements of the heat
of immersion and the enthalpy of hydration, see Ross
and Olivier 1964.) The partial and integral molar en-
thalpies of hydration of the same clinoptilolite samples
were also determined by Carey and Bish (1996)
through analysis of thermogravimetric data. A com-
parison of the 2 studies can be made by calculating
the integral enthalpy of hydration predicted by Carey

-35

6; 40
I T ® Ca-Clinoptilolite
° m  Na-Clinoptilolite
E 451 A K-Clinoptilolite —4—
5
~
= .50 4 1
c #F@
] Ty
it
E 55 =t
2
+ 50 | —il——| [P
“o- — s
> 65
% _FE:i —o—t
§ 70 ——1®—i
w

75 T T T T

0.0 0.2 0.4 0.6 0.8 1.0

6 (Fractional Water Content)

Figure 4. Calorimetric measurements (Q/H,O) of the en-
thalpy of hydration for Ca-, Na- and K-clinoptilolite. The
values were derived from the heat of immersion experiments
by subtraction of the enthalpy of vaporization of liquid water.
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Table 3. Results of the weighted nonlinear regression of the
integral heat of immersion data (Q/H,0) as a polynomial in
0(A + k8 + k;02). The integral molar enthalpy of hydration
and its uncertainty are given by H.

H Errort ky Errort k, Errorf
Clinoptilolite k¥/mol  kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
Ca-exchanged —743 20 266 42 nri
Na-exchanged -674 06 209 12 nrf
K-exchanged —664 08 31.6 42 —157 48

1 Error derived from regression statistics.

§ n.r. Parameter not statistically justified in regression.

Note: The values in this table may be compared with those
of Carey and Bish (1996) by observing that H}, = H — k;,
W, = 2(k, — k,) and W, = 3k,

and Bish (1996). This can be done with the following
equation:

(Q/Z) = ((Hy,* + Hyp)(1 — 6) + W,/2(1 — 69

+ Wo3(1 — 93))F/18.015 1}

The parameters Hy°, W,, and W, are derived from Ca-
rey and Bish (1996) and are standard-state and excess
enthalpy of hydration parameters on a per mol of H,O
vapor basis (Table 2). The parameters Hy,, (enthalpy
of vaporization, 44.016 kJ/mol-H,0); F (mass ratio of
H,O to anhydrous zeolite at saturation, Table 2); and
18.015 (molecular weight of H,O) convert the units
(enthalpy of hydration per mole of gaseous H,0) used
by Carey and Bish to Q/Z (enthalpy of hydration per
gram of anhydrous zeolite). The general features of
the calorimetric data are modeled well by the ther-
mogravimetric results (Figures 1-3). The predicted
values for Ca-clinoptilolite are close, but the predicted
values for Na- and K-clinoptilolite are too high.

A useful quantity in many thermodynamic calcula-
tions is the partial molar enthalpy of hydration. This
may be obtained directly from the calorimetric data
illustrated in Figures 1-3 by linear regression with re-
spect to (1 — 6), (1 — 62, and (1 — 6°) as suggested
by Equation 1. More directly, it can be obtained by
multiple linear regression of the data expressed as Qf
H,O in powers of 6 (Table 1). In the regression, the
data at the highest value of 8 for Na- and K-clinoptil-
olite were not used because of the large uncertainties.
Because of the large uncertainties in the measured val-
ues of 8, a nonlinear regression model was used in
which both dependent and independent variables were
weighted (Deming 1943). The enthalpy values in the
regression were weighted by an error of 0.1 J nor-
malized to the amount of H,O adsorbed, and the values
of 6 were assigned a constant uncertainty of 0.05. The
results of the weighted, nonlinear regression indicate
that the partial molar enthalpy of hydration is linearly
dependent on 6 for Ca- and Na-clinoptilolite and is
quadratically dependent for K-clinoptilolite (Figures
5-7; Table 3). The partial molar enthalpy of hydration
in these figures was plotted with the equation:
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Figure 5. Partial molar enthalpy of hydration of Ca-clinop-

tilolite derived from weighted nonlinear regression of the im-
mersion calorimetry data compared with the thermogravi-
metric results (TGA) of Carey and Bish (1996).

[2]

The partial molar enthalpy values determined calo-
rimetrically for Ca- and Na-clinoptilolite are almost
linear, but this is probably a reflection of the limited
range of data. The calorimetric data for K-clinoptil-
olite mimic the curvature observed in the thermogra-
vimetric results. The calorimetric values for Na- and
K-clinoptilolite are systematically low relative to the
thermogravimetric results, whereas the data for Ca-cli-
noptilolite agree well with the thermogravimetric data
over the range of data collected. The calorimetrically
determined integral (§ = O to 1) molar enthalpies of
hydration are systematically lower than the thermogra-
vimetric values, differing by 3.5% for Ca-, 9.8% for
Na- and 2.1% for K-clinoptilolite (Tables 2 and 3).

Hy, = Hy® + W0 + W,0

-40

-50

-60

70

Na-Clinoptiloiite
--- TGA

. — Regression of Calorimetric Data
. & Symbols indicate total
range of calorimetric data

-100

Partial Molar Enthalpy of Hydration (kJ/mol)

410 ,
0.0 0.2

T

T T
0.4 0.6 0.8 1.0

0 (Fractional Water Content)

Figure 6. Partial molar enthalpy of hydration of Na-clinop-
tilolite derived from weighted nonlinear regression of the im-
mersion calorimetry data compared with the thermogravi-
metric results (TGA) of Carey and Bish (1996).
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Figure 7. Partial molar enthalpy of hydration of K-clinop-
tilolite derived from weighted nonlinear regression of the im-
mersion calorimetry data compared with the thermogravi-
metric results (TGA) of Carey and Bish (1996).

There is no clear explanation as to why the calori-
metric and thermogravimetric results for Ca-clinoptil-
olite are in closer agreement than are the results for
Na- and K-clinoptilolite. It is possible that the higher
enthalpy of hydration of Ca-clinoptilolite, which pro-
duced more significant changes in the thermogravi-
metric isotherms, led to a more accurate analysis of
the thermogravimetric data.

The molar values may also be compared with the
heat of immersion measurement of Barrer and Cram
(1971) on synthetic Na-clinoptilolite: —66.1 versus
—67.4 £ 0.6 kJ/mol-H,0O measured in this study. John-
son et al. (1991) determined the molar enthalpy of
hydration of a sodic, natural clinoptilolite by solution
calorimetry and obtained a value of —67.4 kJ/mol-
H,0. Thus the calorimetric values measured in this
study differ by less than 2% from previous calorimet-
ric studies.

The relatively high enthalpies of hydration deter-
mined thermogravimetrically may be due to limita-
tions in the thermogravimetric method. All of the ther-
modynamic parameters describing hydration were ex-
tracted from the equilibrium thermogravimetric anal-
ysis (TGA) data, including the standard-state Gibbs
free energy and enthalpy of hydration, and 2 excess
mixing parameters. Although the predicted equilibri-
um values are in good agreement with the TGA data,
it is possible that the enthalpy of hydration is not as
accurate as the calorimetric values due to the number
of unknown parameters. One possible explanation for
the relatively larger discrepancy between the thermo-
gravimetric and calorimetric results for Na-clinoptil-
olite is that experiments at the highest degree of de-
hydration (low values of §) were not possible because
of irreversible changes in the sorption capacity (com-
pare Carey and Bish 1996). For this reason, the ther-
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Table 4. Relative amount of energy necessary to heat equiv-
alent rock units to 200 °C, with all conditions identical except
case #1 allows clinoptilolite to dehydrate whereas case #2
ignores the effect of dehydration. Calculations are shown us-
ing the enthalpy of dehydration from both Carey and Bish
(1996) (TGA) and from this study (Cal).

E (dehydration)/
E (no dehydration)
TGA

E (dehydration)/
E (no dehydration)
Clinoptilolite Cal

Ca 1.84 1.84
Na 1.93 1.81
K 1.79 1.71

mogravimetric experiments were limited to a maxi-
mum of 220 °C and the calorimetric experiments to a
maximum of 200 °C. Thus, the partial molar enthalpies
of hydration for Na-clinoptilolite were not as well con-
strained and the molar values were subject to poten-
tially larger uncertainties.

APPLICATION TO YUCCA MOUNTAIN

The calorimetric data (Figure 4) and the equilibrium
study of Carey and Bish (1996) can be combined to
provide insight into the effects of clinoptilolite (and
by analogy other hydrous minerals) on the thermal and
hydrologic evolution of Yucca Mountain following
emplacement of a potential waste repository. A simple
comparison can be made of the total energy necessary
to heat a unit of rock to a given temperature with and
without the effect of dehydration. For this calculation,
2 rock units were compared, both containing clinop-
tilolite, but in one case the clinoptilolite was allowed
to dehydrate and in the other it was not. For the de-
hydration case, the equilibrium evolution of the rock
unit with temperature is considered for a maximum
H,O vapor pressure of 1 bar (higher vapor pressures
are assumed to be less probable at Yucca Mountain;
see Carey and Bish 1996 for more information and
other examples of calculations on the effect of clinop-
tilolite on the thermal history of Yucca Mountain).

The results of the calculation are given in Table 4
as the ratio of the energy necessary to reach 200 °C
for the dehydration case versus the no-dehydration
case. Results using the partial molar enthalpy expres-
sions from both the thermogravimetric and calorimet-
ric studies are shown. In all cases, substantially more
energy is required to reach a given temperature in
rocks that contain dehydrating clinoptilolite. (Note that
if higher H,O vapor pressures are used in the calcu-
lations, the difference in required energy is reduced
due to a reduction in the amount of dehydration.) The
smallest difference is the calorimetric case of K-cli-
noptilolite, which still requires 71% more energy to
reach 200 °C than rocks which lack clinoptilolite. Na-
clinoptilolite requires from 81 to 93% more energy
than if dehydration is ignored. The ratio of energy re-
quirements remains approximately constant over the
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temperature range from 150 to 250 °C. These results
indicate that rocks with a substantial amount of cli-
noptilolite at Yucca Mountain may act as a thermal
buffer, delaying or preventing the achievement of the
temperatures that would occur in the absence of de-
hydration phenomena.

Dehydration of clinoptilolite will release a signifi-
cant amount of H,O as discussed by Carey and Bish
(1996). Vaniman and Bish (1995) showed that the total
amount of water in clinoptilolite is roughly equivalent
to that which would be present in saturated pores of
typical clinoptilolite-rich rocks having 29% porosity.
Dehydration to 200 °C will release an amount of water
equivalent to approximately 27% of the available po-
rosity in such a rock containing 80% -clinoptilolite
(compare Carey and Bish 1996). This may result in
significant production of H,O from clinoptilolite-rich
rock units.

A full evaluation of the effect of dehydration/hy-
dration processes in clinoptilolite in the performance
of the potential repository at Yucca Mountain would
require a coupled thermohydrologic model of heat and
mass fransfer. The simplified calculations cited here
indicate that thermal buffering and H,O release from
clinoptilolite could reduce the degree of dry-out
achieved in zeolitic rocks, thus enhancing transport
processes during repository-induced heating. On the
other hand, the thermal buffering capacity of clinop-
tilolite has the potential to reduce the ultimate tem-
perature achieved by zeolitic rocks, and may therefore
act to stabilize clinoptilolite, preserving its sorptive ca-
pacity for radionuclides. Following repository-induced
heating, (partially) dehydrated clinoptilolite would
have the capacity to delay the onset of resaturation of
zeolitic rocks, which during this period may diminish
transport processes.

A second application of the calorimetric data con-
cerns the calculation of the percent saturation of rocks
in the unsaturated zone at Yucca Mountain. Saturation
is usually defined as the ratio of the total amount of
water to the porosity. The amount of pore water is
determined by drying the rock samples in a 110 °C
oven, cooling the samples over a desiccant, and then
weighing the samples after minimal exposure to the
atmosphere. The presence of hydrous minerals in the
samples complicates the interpretation of the satura-
tion values because some of the water lost in the 110
°C oven is not pore water but intracrystalline H,O.
Consequently, erroneously high saturation values may
be obtained. For example, clinoptilolite in rock units
at Yucca Mountain will have a water content corre-
sponding to approximately 8 = 0.95 in the unsaturated
zone because of the high relative humidity in the rock
matrix. Drying such clinoptilolite samples at 110 °C
will reduce the water content of clinoptilolite to ap-
proximately 8 = 0.5. For a rock sample with 30%
porosity that is 50% saturated and contains 50% cli-
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noptilolite, the drying process will remove sufficient
H,O from the clinoptilolite to give an apparent rock
saturation of about 85%. Loeven’s (1993) summary of
the hydrologic properties of the Calico Hills unit from
the unsaturated zone at Yucca Mountain included sev-
eral samples with saturation values well in excess of
1. These values may be explained by the presence of
hydrous minerals, and care should be taken in inter-
preting saturation values from rocks with hydrous min-
erals.

A more detailed examination of the effect of de-
hydration processes on the thermal and water budget
of Yucca Mountain is underway and involves numer-
ical models of rock units with varying amounts and
distributions of clinoptilolite.

CONCLUSIONS

1) The enthalpy of hydration of Ca-, Na- and K-ex-
changed clinoptilolite has been determined by immersion
calorimetry. For all 3 clinoptilolite samples, the enthalpy
of hydration per mole of H,O becomes increasingly neg-
ative with decreasing fractional water content (6). These
data and the results of Carey and Bish (1996) demon-
strate that the partial molar enthalpy of hydration increas-
cs smoothly from low to high 6. This indicates that the
H,O in clinoptilolite occupies a continuum of energetic
states as concluded by Bish (1988). Weighted nonlinear
regression of the measurements indicates integral molar
enthalpies of hydration for Ca-, Na- and K-clinoptilolite
of -74.3 + 2.0, —674 * 0.6 and —66.4 * 0.8 kJ/mol-
H,O from the gas phase.

2) The calorimetrically determined enthalpies of hy-
dration are systematically lower than those determined
thermogravimetrically by Carey and Bish (1996). The
differences probably reflect the difficulty in solving for
multiple thermodynamic properties using the thermogra-
vimetric data. The calorimetrically determined values of
enthalpy are believed to be more accurate.

3) The calorimetric and thermogravimetric studies
were combined to give an estimate of the likely sig-
nificance of dehydration of clinoptilolite on the ther-
mo-hydrologic evolution of Yucca Mountain following
emplacement of a potential high-level nuclear waste
repository. The energy to heat and dehydrate clinop-
tilolite is 71 to 81% greater than the energy to simply
heat (and not dehydrate) the clinoptilolite to an equiv-
alent temperature of 200 °C. This indicates that rocks
with abundant clinoptilolite will have a significant ef-
fect on the thermal evolution of Yucca Mountain. Cli-
noptilolite-rich rocks will also produce significant
amounts of H,O, corresponding to 27% of the satu-
rated capacity of representative rocks at 200 °C.
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