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ABSTRACT

Buffer material (compacted bentonite) composing engineered barrier in the geological disposal of a high-level radioactive waste
develops swelling stress by penetration of groundwater from the surrounding rock mass. In previous studies, we measured the activity
of water and the Gibbs free energy of water in Na-montmorillonite which is the major component of Na-bentonite by vapor pressure
method, and reported a model to analyze the swelling stress of bentonite based on thermodynamic theory. However, data for the
vapor pressure of water in bentonite are limited. In this study, we determined the activities of water and the Gibbs free energy by
measuring relative humidity (RH) and temperature for water in Na-bentonite and Na-montmorillonite. We also analyzed the swelling
stress of bentonite based on the thermodynamic model and compared to data reported up to date. Kunigel-V1 and Kunipia-F
(Kunimine Industries Co. Ltd.) were used as a Na-bentonite. The Na-montmorillonite contents of both bentonites are approximately
51 and 99%, respectively. Bentonite powder dried was placed in a polyethylene bottle in an amount of 3.00g each, and slowly
adsorbed water vapor in a vacuum chamber. Next, RH and temperature sensors and polyethylene bottles with bentonite were placed
in the vacuum chamber, and the chamber of which inside pressure was reduced to -95kPa or less was submerged in a water bath at
25°C. The RH and temperature in the chamber and the weight of the bentonite were measured after 24 hours. The bentonite sample
was returned to the chamber again and the water content of the bentonite was reduced by evacuating for a while, and then the chamber
was submerged in the water bath again. This operation was repeated every 24 hours. Thus, RH and temperature were measured as a
function of water content (ca. 10-100%). The activities of water and the Gibbs free energies of water for both bentonites decreased
with decreasing water content in water contents lower than approximately 40%. This trend is the same as the trend in the past studies.
The swelling stress of bentonite calculated using thermodynamic data obtained in this study were generally in good agreement with
the measured data.

1. INTRODUCTION

Buffer material (compacted Na-bentonite) composing engineered barrier in the geological disposal of a high-level radioactive waste
(HLW) develops swelling stress (swelling pressure) by penetration of groundwater from the surrounding rock mass after the closure
of the disposal tunnels. In the past studies, we measured the activities of water and the relative partial molar Gibbs free energies of
water in Na-montmorillonite which is the major component of Na-bentonite used as a buffer material by vapor pressure method, and
proposed a thermodynamic model to analyze the swelling stress of bentonite based on thermodynamic theory (e.g. Sato, 2007, 20083,
2008Db). However, the thermodynamic data of water in bentonite are limited.

In this study, we measured the thermodynamic data of water (activity of water and relative partial molar Gibbs free energy of water)
in Na-bentonite and Na-montmorillonite by measuring relative humidity (RH) and temperature. Furthermore, we also analyzed the
swelling stress of bentonite based on thermodynamic model and the thermodynamic data of water, and compared with the measured
data.

2. MEASUREMENTS OF THERMODYNAMIC DATA OF
WATER IN BENTONITE

Figure 1 shows a concept of the measurements of water vapor
pressure by RH method. Kunigel-V1 and Kunipia-F bentonites
(provided from Kunimine Industries Co. Ltd.) were used as a Na-
bentonite in the experiments. The Na-montmorillonite contents
of both bentonites are approximately 51% (Yamamoto et al.,
2022) and 99%, respectively. Bentonite powder which was dried
at 105°C over 24 hours in an oven was placed in a polyethylene
bottle in an amount of 3.00g each (repeatability n = 3), and
slowly adsorbed water vapor with 100% RH and -99kPa or less
in a vacuum chamber (polycarbonate desiccator) for about 9
months. The water content of the bentonite was checked by
weighing periodically. This adsorption of water vapor to
bentonite was continued to be about 100% water content.
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Next, RH and temperature sensors and polyethylene bottles with k\
moisturized bentonite powder were placed in a vacuum chamber,
and the chamber of which inside pressure was reduced to -95kPa Water bath
(6.3kPa with absolute pressure) or less was submerged in a

constant temperature water bath at 25°C. The RH and Figure 1: Concept of the measurements of water vapor
temperature in the chamber were measured after 24 hours and the pressure by relative humidity method.
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weight of the bentonite was measured. The bentonite
sample was returned to the chamber again and the
water content of the bentonite was reduced by
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Figure 2 shows a conceptual model of the chemical "v-@fg' %% Rl
potential balance of water in the equilibrium state ;’3 @
between an electrolyte solution (« phase) and @3@@@,@, 65 ,Qﬂé% AL
bentonite (/8 phase) contacted with the solution [ 5@‘@*@«3& f%*.’}*%%, ata
1 0 o . 9 c 2, .\
through filter at standard temperature (25°C) (Sato, @z@%g&g Qﬁ% o & 5 A‘-&%l i @@A.,@Kﬁ o0 _@@E‘

2008, 2009, Sato and Fukazawa, 2016). Both phases
are connected only through filter, and upper spaces T=constant Montmorillonite stack

are also independent. Upper spaces in both phases or aggregates

are the vapor pressures in equilibrium state with the

electrolyte solution and moisturized bentonite, Figure 2: A conceptual model of the chemical potential balance of water

respectively. By penetration of the solution to in the equilibrium state between an electrolyte solution (&
bentonite, the bentonite gradually swells and the phase) and bentonite (8 phase) came in contact with the
vapor pressure of water in the S phase increases with solution through filter at constant temperature.

increasing water content of the bentonite. This

means that the relative partial molar Gibbs free

energy (dG) in the S phase increases with increasing

water content of bentonite. When both phases reach equilibrium state, the chemical potentials of waters between both phases are
equivalent as follows:

wW,a) =p°W,p) ¢3)
where, u®(W, «) and u°(W, B) are the chemical potentials of waters in the « phase and the B phase at 25°C, respectively (J/mol).

In this system, the difference of the relative partial molar Gibbs free energies (dG) of waters between both phases in equilibrium state
acts as swelling energy of the bentonite. The dG can be calculated as follows:

dG = dGs - dGHZO (2)

where, dG is the difference of the relative partial molar Gibbs free energies of waters between the « phase and the £ phase in
equilibrium state (J/mol), and dGg and dGy,q are the relative partial molar Gibbs free energies of waters in the « phase and the g
phase, respectively (J/mol). If the « phase is the pure water system, dGs = 0.

The chemical potentials of waters in the « phase and the 5 phase when both phases are in equilibrium state are, respectively, described
as follows:

P,
1O(W,a) = dGs = RT In (P“”) 3)
H20
Pext PHBZO Pext
uoW,B) = dGyuzo +j V,dp = RT In +f Viwdp (4)
PO P20 Péyt

Since the chemical potentials of waters in both phases are equivalent, the swelling energy of bentonite is derived as follows, based
on Egs. (1) to (4):

B P,
P P ext
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f Viedp = (Pexe — P&)Viy = RTIn ( ”2°> RTIn| =222 ) = dGs — dGygo (6)
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Therefore, if 1, can be regarded as a constant between PZ,, and Pey,, swelling stress (dPey; = Peye — Pot) Can be calculated from
the following relatlons
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where, PY,, is the swelling stress (Pa), ¥, the specific volume of pure water at 25°C (18.0686cm3mol), P%,o and Pxfzo the vapor

pressure in the o phase and the /3 phase at 25°C, respectively (Pa), P2, the vapor pressure of pure water at 25°C (3.168kPa), R the
gas constant (8.314J/mol/K), and T the absolute temperature (K).

Furthermore, the activity of water is defined as follows, from Pﬁzo, Pf,0 and Plfzo:

« _ Pif2o

ay =—; (8)
PHZO
B
P

ey = a2 ©
H20

where, a% and aé’; are the activity of water in the « phase and the S phase, respectively, and when the « phase is pure water, a%, =
The relative partial molar Gibbs free energy of water in the S phase at 25°C is given as follows:
PHﬁzo B
dGhzo = RTIn| 52 | = RT'In (aw) (10)
H20
The relation between relative humidity (RH) and the activity of water is given as follows:

s RH
w

a :m (11)

Therefore, the relative partial molar Gibbs free energy is expressed as follows, using RH:

RH
= RT1 (—) 12 12
dGiizo = RTIn (o (12)
where, RH is the relative humidity at 25°C (%). 1.0 |
1.
[}]
Based on Eq. (11), the activity of water in the condition can ® 08
be determined by measuring RH and temperature. In E
addition, the relative partial molar Gibbs free energy can be g 0.6
determined based on Eq. (12).
412 5 O Kunigel-V1(This work)
4. RESULTS AND DISCUSSION 3 o O Kunipia—F(This work) N
4.1 Correlation between Thermodynamic Data and 0.2 A ¢ Kunipia—P(Sato 2008)
- - . u
Water Content to Montmorillonite | A Kunipia-F(Torikai et al. 1996)
Figure 3 shows the correlation between the activity of water 0.0 O ] [ [ )
(af,f,) and water content to montmorillonite, and Figure 4 0 20 40 60 80 100

shows the correlation between the relative partial molar
Gibbs free energy of water (dGy,0) and water content to
montmorillonite. For the calculation of water content to Figure 3: Correlation between the activity of water and water

Water content to montmorillonite [%6]

montmorillonite, the montmorillonite contents of Kunigel- content to montmorillonite (Sato, 2008a, Torikai et al.,
V1 and Kunipia-F were assumed to be respectively 51% 1996).
(Yamamoto et al., 2022) and 99%.
The activities of water and the relative partial molar Gibbs 20
free energies of water for both bentonites decreased with — r
decreasing water content in water contents lower than g 0.0 e AT ‘%
. . N . L _FA\\"‘_
approximately 40%. This trend is similar to the trend 3 [ '(y—
obtained in the past studies for Kunipia-F. On the other = 99 Y
hand, the activities of water and the relative partial molar = [
Gibbs free energies of water obtained in this study were ® 40
slightly higher than conventional data (Kunipia-P of which S Ot
Na-montmorillonite content is 100%). This is considered to ° i OKunigel-V1(This work)
be due to that conventional data (Kunipia-P) were obtained q‘i_’ 6.0 | O Kunipia—F(This work) ]
for completely purified Na-montmorillonite. é a0 © Kunipia—P(Sato 2008) |
4.2 Model Analysis of Swelling Stress of Bentonite (5} i A Kunipia—F(Torikai et al.1996)
Figure 5 shows the calculated results of the swelling stress -10.0 : : ‘ L |
of bentonite by thermodynamic model as a function of 0 20 40 60 80 100

montmorillonite partial density and the measured data of

swelling stress for various bentonites (JAEA, 2014, Sato, . . . )
2008b, Torikai et al., 1996). Here, the montmorillonite Figure 4: Correlation between the relative partial molar Gibbs

free energy of water and water content to
montmorillonite (Sato, 2008a, Torikai et al., 1996).
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partial density for water-saturated condition

can be converted from water content (W) by 1.0E+06 g -A-Purified Kunipia—P: DW/calculated (Sato 2008)
using the following relation (e.g. Sato, 2007, F A Kunipia—F : DW/calculated (based on Torikai et al.1996)
2008a, 2009): 1 OE+05 ; @ Kunigel-V1:DW/measured (Suzuki et al.1992)
100pw - pw l g O Kunigel-V1:DW/measured (JAEA buffer material DB)
Pm = W (13) r < Kunipia—F : DW/measured (Suzuki et al.1992)
¢’ Pth Pw 1.0E+04 | O MXB80:DW/measured (Suzuki et al.1992)
where, p, is the montmorillonite partial E X Kunipia—F : silica sand* DW/measured (Suzuki et al.1992)
density (Mg/m3), py, the solid density (particle — r © Kunipia—F : DW/calculated (This work)
density) of montmorillonite (2.7Mg/m3), p,, @ 1-0E*03 =] o Kunigel-V1:DW/caloulated (This work)
the density of water (0.997044Mg/m? at 25°C), = E
and W the water content (%). § 1.0E+02 L
As shown in Fig. 5, the swelling stress of -3 F
bentonite calculated using thermodynamic data . r
obtained in this study were generally in good é 1.0E+01
agreement with the measured data for various ; o
bentonites of which montmorillonite contents () |
were different. This indicates the effectiveness 1.0E+00
of thermodynamic model. F
Since the thermodynamic data of water in 1.0E-01
bentonite and montmorillonite are quite limited F
at the present, further acquisition of s ) Sl

thermodynamic data is needed. In addition, 1.0E-02 '
bentonite is possible to alter by reaction with 0.0 05 ) ”‘? .1'5 . 2.0 25
chemical component of  groundwater. Montmorillonite partial density (Mg/m?)

Therefore, we will measure the thermodynamic ) )
data of water also for different cations such as Figure 5: Calculated results of the swelling stress of bentonite by

Caand K in the interlayer of montmorillonite. thermodynamic model versus montmorillonite partial density and
the measured data of swelling stress for various bentonites (JAEA,
5. CONCLUSIONS 2014, Sato, 2008b, Suzuki et al., 1992, Torikai et al., 1996).

We measured the thermodynamic data (the

activities of water and the relative partial molar

Gibbs free energies of water) of water in Na-bentonite and Na-montmorillonite which is the major clay mineral component of Na-
bentonite as a function of water content by RH method, and calculated the swelling stress of bentonite based on the thermodynamic
data and model. The calculated results of the swelling stress of bentonite were in good agreement with the measured data for various
bentonites of which montmorillonite contents were different over the density, and the validation of the thermodynamic model was
confirmed. Since the thermodynamic data of water in bentonite and montmorillonite are quite limited, further acquisition of data is
important.

ACKNOWLEDGEMENTS

This study was conducted by Grant-in-Aid for Scientific Research of Japan Society for the Promotion of Science (JSPS)
(N0.20K05383), research grant of Wesco Scientific Promotion Foundation and research grant of Electric Technology Research
Foundation of Chugoku. The authors would like to thank all organizations for financially supporting.

REFERENCES
Japan Atomic Energy Agency (JAEA): https://www.bufferdb.jaea.go.jp/bmsb/, downloaded 14 December 2014.

Sato, H.: Thermodynamic Understanding on Swelling Pressure of Bentonite Buffer, Proceedings, International Conference on
Nuclear Engineering (ICONE15), ICONE15-10207, Nagoya, Japan (2007).

Sato, H.: Thermodynamic Model on Swelling of Bentonite Buffer and Backfill Materials, Physics and Chemistry of the Earth, 33,
(2008a), S538-S543.

Sato, H.: A Thermodynamic Approach on Effect of Salinity on Swelling Pressure of Bentonite, Proceedings, 4th Japan-Korea Joint
Workshop on Radioactive Waste Disposal 2008: Perspective of Science and Engineering, Hakone, Japan (2008b).

Sato, H.: A Thermodynamic Approach on the Effect of Salt Concentration on Swelling Pressure of Water-Saturated Bentonite,
Materials Research Society (MRS) Symposium Proceedings, 1124, 1124-Q07-11, Boston, MA (2009).

Sato, H. and Fukazawa, M.: A Thermodynamic Analysis on the Swelling Stress of Na-Bentonite under VVarious Solution Conditions,
MRS Advances, 1, Issue 61, (2016), 4019-4025.

Suzuki, H., Shibata, M., Yamagata, J., Hirose, I., and Terakado, K.: Property Tests of Buffer Materials (1), Technical Report, PNC
TN8410 92-057 (1992).

Torikai, Y., Sato, S., and Ohashi, H.: Thermodynamic Properties of Water in Compacted Sodium Montmorillonite, Nuclear
Technology, 115, (1996), 73-80.

Yamamoto, Y., Goto, T., Kitagawa, Y., Watanabe, Y., Yokoyama, S., and Shimbashi, M.: Fundamental Engineering Properties of
Compacted Japanese Bentonites and Bentonite-Sand Mixtures, Technical Report, NUMO-TR-21-02 (2022) [in Japanese].

4


https://www.bufferdb.jaea.go.jp/bmsb/

