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Abstract

This year, based on the previous calculational framework, a first matter
was to add a calculational process of determining optimum conditions to a
meltivariate statistical analysis framework.

Secondly, for assessing an effect of restraint on mass transter, a
calculation on sorption of bentonite has been executed by using a molecular

orbital method.

Finally, a discussion has been made on how to reflect the calculational
result of sorption on the improved calculational frameworkfor assessing

buffer material.
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Foreword

Sodium-bentonite is considered to be the most atiractive buffer material
in the engineered barrier system of HLW disposal.But, it is also said that
the sodium bentonite mixed with silica sand could be better due to the
improvement of heat conductivity and an economical point of view.

This is a fundamental study on optimization for performance of buffer
material to discuss én how to determine the optimal ratio of mixing bentonite
with silica sand when the content of water and tightening pressure are
variable as parameters.

This year, based on the previous calculational framework, a first matter
is to add a calculational process of determining optinum conditions to the
multivariate statistical analysis framework.

The second matter is to assess an effect of restraint on mass transfer
by executing a calculation on sorption of bentonite using a molecular orbital
method, and then to arrange data and information required for the total
assessment framework. Through these efforts, this report aims at a
contribution to designing a buffer material in the engineered barrier of
HLW disposal in Japan.

We express our gratitude to the staffs of Prof. Suzuki’s laboratory (the
department of quantum engineering and systems science, the faculty of

engineering, University of Tokyo) for their collaboration.
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1. Improvement on Multivariate Optimization Framework

The total assessment framework of the performance of buffer material which
has been developed for these two years '’ ‘*’ is a mathematical model where
a total assessment value can be calculated based on the utility theory after
identifying the relationship between each quantitative indicator and its
related parameters byeamultivariaté statistical analysis framework as shown
in Table 1-2 for each assessment item listed up in Table 1-1.

This year, a calculational process has been added to this framework to
search and determine an optimal value of the content of silica sand to
maximize the total assessment value. Therefore, a local optimum can be

obtained as shown in Table 1-3. (Note that the case with w=15% has double peak

points as shown in Figure 1-1.)}



Table 1-1 Items and Measures for Assessing Performance of Buffer Material

assessment item

measure

mechanical stability

one dimentional compression strength (o)

heat conductivity

rate of heat conduction (1)

self-sealing ability

equilibrium swelling pressure (Ps)

resistance
to water

non— satura-
tion case

water diffusion coefficient (D)

saturation
case

hydraulic conductivity (K)

chemical buffer ability

nuclide sorption

apparent diffusion coefficient (Da)

retardation factor (R)

distribution coefficient (¥ d)




Table 1-2 Multivariate Regression Equations

(1) unconfined compression strength: ¢
c=acta:wtazpetazRataswpatacsR,pa4
+aswR.,+tarwp«R,

(2} rate of heat conduction : A

A =the same as eq. (1)

(3) swelling pressure at saturation: P,
mP.=aoct+a:R.tazpetasR.petién (astasw)
(in this study, the logarithmic function in the right-hand side

has been expanded at w= 0 by Taylor series)

(4) water diffusion coefficient: D
BnD=ao+alw+azpa+asRa-l-aqua-%-asR,pd
+asWR,+a1WpaRs

(5) hydraulic conductivity: K
fnK =the same as eq. (4)
{(limited to w=10% case hecause of lack of data on
variational data of w as investigated in these two

years (1) (2) )

(6) apparent diffusion coefficient: D.: (i :nuclide)

2nDa1=au;+a1;pa+azaR.+a3;paR,

(7) dry density: p .
pi~acta.R.‘ta:wtasPtasw®:t+asw®




Table 1-3 Optimum Content of Silica Sand Determined by This Peak Searching Process
(tightening pressure P=20MPa)

{(in case that weighting factor a;(resistance to water)>0)

content of high importance for high importance for
water base case heat conductivity nuclide sorptien
w (9%)
0.0 0.000 (0.61592) | 0.000 (0.52794) | 0.000 (0.63078)
2.5 0.000  (0.59217) | 0.000  (0.50757) | 0.000  (0.61245)
5.0 0. 000 {0. 57348) 0. 000 (0. 49155) 0. 000 (0. 59772)
7.5 0.000 (0.57132) | 0.000 (0.48972) | 0.000  (0.59663)
10 11.503% (0. 56415) |11.503% (0.51273) | 11.503% (0. 58784)
12.5 21.917% (0.54532) | 21.917% (0.51670) | 21.917* (0. 56767)
15.0 28.575% (0.51687) | 28. 575+ (0.50469) {28.575% (0.53932)
17. 5 32.581*% (0.51357) | 40.000%« (0.51111) | 32.581% (0.53310)
20.0 35.459% (0.51335) | 40.000% (0.51420) | 35.459% (0. 52986)

* means a value different from the previous calculational result®

0.52

05

048

0.44

Total assessment value®

DA2 [- - m o s me e e

04 2 : : : :
0 5 10 15 20 25 0 35 40
Content of silica sand (%)

Figure 1-1 A Case of High Importance for Heat Conductivity Where Double Peak

Points Occur(weight for @, is two times, w=15%)



2. Analysis of Absorption Capability Based on the Molecular Orbital Method
2.1 General Description of the Molecular Orbital Method

The Molecular orbitalal method is capable of predicting the physical and
chemical properties of molecules in a quantitative (in some cases semi-
quantitative) manner on the basis of quantum-mechanical calculation.

This is possible because:

(D The properties of molecules are determined by the behavior of the

electrons in the molecules.

(® The behavior of these electrons is consistent with Schrédinger’ s wave

equation.

@ It is therefore possible to determine the properties of such electrons

by solving the Schrodinger wave equation with respect to the target

electrons. (This is the molecular orbitalal method.)

The molecular orbitalal method has until the present been applied chiefly
to organic substances with a relatively low molecular weight and has yielded
some splendid results in the prediction of their properties, including
reactivity, synthesis and catalytic behavior. The Woodward Hoffmann rule and
Dr. Fukui’s “frontier electron theory” may be seen as famous examples of
this. As the molecular orbitalal method has achieved further development in
recent years, so the quantitative accuracy and reliability of prediction
based on this method has been significantly improved to such an extent that
it is now possible to obtain, with a high degree of chemical accuracy,
information about molecular properties that would be difficult to establish

by experimental meauns.



2.2 MOPAC

MOPAC is a program package using a semi-empirical molecular orbital
method. It was developed and completed by J.P. Stewart and is used to
determine, with chemically significant accuracy, primarily the electron
states of molecules {compounds), their optimized structure, heat of
formation, reaction processes, oscillation analysis, thermodynamic values
{enthalpy, entropy, free energy, and distribution funection), and
superpolarizability. At present, predictive calculations are being
performed with the ab initio program package known as the Gaussian program
for molecules with 5~6 “heavy” atoms (a term denoting any atom beyond
hydrogen). This method (MOPAC) has advanced 56 far that it is now common
practice in theoretical chemistry to performcalculations for molecules that
are larger than this.

In this study, we have used the MNDO-PM3® method which is one of the
calculation procedures included in the MOPAC package. Its merit lies in the
fact that “it offers the highest overall performance and is particularly
effective in calculations for molecules including, elements of the third

period (of the periodic table).”
2.3 Calculation
The following calculation has been performed and analyzed.
2. 3.1 Charge Distribution
Clay minerals are negatively charged® by isomorphic substitution of
cations such as Si*—Al1% and A1¥*—Mg?. This negative charge has a major

influence on the behavior of the clay mineral, including such properties as

its surface characteristiecs and the interaction among the unit layers of the



mineral. In this context, we have calculated the charge distribution of a
cluster in which the- above isomorphic substitution has taken place. The
pre—isomorphic substitution cluster was designated clay5. The cluster
derived from this by isomorphic substitution of the type Si* —Al1%* was called
clayB, and further, the cluster cobtained by isomorphic substitution of the
type Al3*—Mg? was described as clay7. These designations will be used in
the following. B A S

Figures 2-1 show the abs:qri::_'t__i_éri behav1orbased on :the calculation results

for the charge distribution of clay ._miz}'é_rals Subjeci;_ed_to cation absorption.



Na

clay5-+Na

“clay5+Li

Figure 2-1-1 Cation Absorption Behavior on Clay5




Figure 2-1-2 Cation Absorption Behavior on Clay6




clay7+Li

Figure 2-1-3 Cation Absorption Behavior on Clay?



2.3.2 PFrontier Orbitals

The highest occupied molecular orbital is referred to as HOMO (highest
occupied molecular orbital}. This orbital has the highest energy state among
the molecular orbitals. Conversely, the lowest unoccupied melecular orbital
which is the obital with the lowest energy state is known as LUMO. (The name
frontier orbital is used to describe both the highest and lowest energy state
orbitals.) These frontier orbitals - HOMO and LUMOD - are known to be capable
of playing a critical role in chemical reactions. The decisive factor in the
surface absorption processes on clay minerals is due to the HOMO and LUMO
orbitals present on the surface of the clay mineral. Because of their critical
importance and in view of their crucial effect on properties such as the

absorption strength, we have calculated the HOMO and LUMO orbitals.

2.3.3 Frontier Electron Density

Generally, the term frontier orbitals is used in most cases to dencte the
HOMC and LUMO orbitals. However, this is not correct in the strict sense.
Investigation of the molecular states before and after a chemical reaction
has shown that the orbitals involved in chemical reactions {(which is the broad
definition of a frontier orbital) are not the HOMC and LUMO orbitals, as has
been established from reaction site and other data. The orbital energy is
not the only reaction-determining factor. Other factors such as spatial
distribution and phase are alsc involved.

Molecules consisting of a large number of atoms generally have a
multiplicity of molecular orbitals that approximate to the HOMO and LUMO
energy levels as their molecular weight increasing. Apart from the HOMO and
LUMO orbitals, there are consequently many molecular orbitals with energy
states close to them. Some of these may be more advantageous than the HOMO

and LUMO states themselves in terms of spatial distribution and/or phase.

_13_



In order to permit a quantitative assessment of the effect of those
orbitals with near-HOMO and near-LUMO energy states that can assume a
chemical reaction-determining role, Dr. Fukui introduced a quantity
described as the Frontier Electron Density®:®. Figures 2-2 are electron
density distribution patterns in which the electron distribution is
0. Ole/;; 3, Figures 2-3 show the electron density after calculating the
frontier electron density for structurally optimized clusters for clays5,

6, and 7.

_14_.
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Si(3)
Si(4)

Sig12)

Figure 2-2-1 Frontier Electron Density Pattern Involved

in Electrophilic Reactions of Clay5h




isomorphic
substitution site

Figure 2-2-2 Frontier Electron Density Pattern Involved

in Electrophilic Reactions of Clay6




isomorphic
substitution site

L

LTSI,

| Si(12)

Figure 2-2-3 Frontier Electron Density Pattern Involved

in Electrophilic Reactions of Clay7
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‘ isomorphic
substitution site\

clay7

Figure 2-3-1 Structurally Optimized Electrophilic Reaction

Electron Density of 0.0ie/ A 3



1

isomorphic
substitution site

Figure 2-3-2 Structurally Optimized Electrophilic Reaction

Electron Density of 0.1le/ A *



2.3.4 Evaluation of Hydrogen Bonding Strength in Water Molecule Clusters

In studying the interaction between clay minerals and water, it is
necessary to determine the hydrogen bond strength of bulk water molecules
in other words the water molecules, without taking the interaction with the
clay mineral into account. In this section, we have calculated the hydrogen
bond strength of clusters consisting only of water molecules. (See Figure

2-4.)

_20...



—&— regular tetrahedral PM3

—&— linear(classical)PM3

~3(— - random{1liquid)PM3

hydrogen bonding energy(kcal/mol)

50

40

30

20

10

——y=-7.1103 + 5.4723xR=0.99733
— -y=-5.8615+3.6789xR=0.9617
— — ~y=-6.9581 + 4.3514x R=0.98347
=-13.308 + 9.0211x R=0.99807

number of water molecule

Figure 2-4 Graph Showing Hydrogen Bonding Strength
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2.3.5 Effect of Clay Minerals on the Hydrogen Bonds of Adjacent Water

Molecules

Clay minerals have a multiple O electron array with a high electronegative
surface charge that facilitates hydrogen bonding. As they bear negative charges
and absorb cations they have many factors that can have an effect on the hydrogen
bonding of the surrounding water molecules.

The question that may be asked is how the intermediate water between the
surface and the bulk can be influenced by the clay mineral. This question
is of interest because though this water is not in contact with the surface
it is nevertheless not outside the range liable to the influence of the clay
mineral. To find an answer to this question we have calculated in what way
the influence of the clay mineral on the hydrogen bonding of the adjacent
water molecules depends on the nature or type of clay mineral. The clay
mineral clusters used for the calculations were clayd, clay6 and clay7. These
were used to prepare ¢lusters by absorbing Li and Na as interstitial cations
and elusters without cation absorption.

In specific terms, the calculation procedure was as follows.

(@ The structure of the clay mineral clusters was fixed and the
coordinates of the cations located in the vicinity were optimized
to determine the heat of formation.

@ Structural optimization was performed in five water molecules in
random (that is, any suitable) arrangement to produce a water
molecule cluster.

@ In the vicinity of the "clay + ion” prepared in O, we then placed
the water molecule cluster obtained in @ to fix the "clay + ion”
structure and optimize only the water molecule cluster portion in

order to determine the heat of formation.

_22_



@ From the "clay + ion + 5 water molecules” cluster obtained in @), we
removed four water molecules from the clay mineral by leaving only
the one water molecule_fertheet removed from the clay mineral. In
this manner, a "clay + ioul%{doet—remote water_molecule; cluster was
ootalhed_audliteioverell:etrucrure:uee flxed toldetermine the heat
N foimgiibhlief e | AT _d.n : .. | -

® From the clay + ion + 5 water molecules cluster produced in @.
we removed the water molecule farthest removed from the clay mineral
(leav1ng the remaining four water molecules in situ) and fixed the

overall structure to.determine the heat of formation.

With the values determlned for the heat of formatlon we evaluated the

hydrogen bond1ng energy by the f0110w1ng equatlons
Hydrogeu eoudiug energy = Q1 + QQI?dQS —.QQ ....... :(l)rf

Ql: Heat of formation in @
QZ:THeef'of forﬁation luf()-“'
'Qs;fﬂget of formatlon 1ud() Qr E

Q4:_Heat of format1on 1n-C)_

Figure 2-5 shows the absorption state for the water molecule cluster on

the clay mineral.



Figure 2-5 Absorption of Water Molecule Clusters




2.3.6 Absorption Strength of Water Molecules on Clay Mineral Surfaces

While interstitial water is present between clay mineral layers‘® it has
been predicted that the properties of such interstitial water are different
from those exhibited by the bulk water™:(.® For a three-layer stack of
water molecules on the surface of a clay mineral cluster we calculéted the
average absorption strength (binding power on the clay mineral) per water

molecule in each of these three layers(see Table 2-1).

Table 2-1 Absorption Strength per Water Molecule on Clay Mineral (kcal/mol)

clayb clay6b clay7
First layer —-5.03 -7.08 -7.59
Second layer ' -3. 88 -5, 69 -6. 05
Third layer -4, 03 -5.79 -4, 68
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2.4 Conclusion

The findings obtained from the above calctlations can be summed up as

follows.

@ Contrary to the accepted theory, the excess negative charges due to
isomorphic substitution were not distributed on the surface oxygen
molecules.

@) The HOMO and LUMO orbitals believed to occur on the surface of the clay
mineral as a result of isomorphic substitution were not found on the
surface parts.

@ The frontier electron density showed a largé distribution concentration
on the oxygen atoms in the vicinity of the isomorphic substitution
sites, and from the aspect of the total effects of energy orbitals close
to the HOMO and LUMO, it was concluded that the oxygen atoms in the vicinity
of the isomorphic substitution sites of the c¢lay minerals with tetrahedral
substitution were active to the electrophilic reaction.

® The hydrogen bond strength of the water molecules adjacent to the clay
mineral is increased by the electric charges of the clay mineral and the
interstitial cation and the strength of this bond is dependent not on
the type of clay mineral but on whether electrical charges are present
or not.

@& The water absorbed on the clay mineral surface has a binding strength
similar to that of ice in the first layer. From the second layer onward,

however, this binding strength is similar to that of liquid water.



3. Consideration on How to Include the Performance of Restraint on Mass

Transfer in the Total Assessment Framework

In this study, it has been considered how to include the performance of
restraint on mass transfer, which has been analyzed in Chap. 2, in the improved
total assessment framework of buffer material as discussed in Chap. 1.

As indicated in Table 1, the performance of restraint on mass transfer
is considered as one of the assessment items belonging to "nueclide sorption”.
Therefore, its effect can be evaluated in this total assessment framework

by choosing some quantitative indicator relating to sorption of cation in

bentonite, defined as e, and introducing its utility function as u,(a;) with
7
its weight factor w, satisfying Zwl.=1, w,20 for i=12--,7.

=

It is pointed ocut that if some experimental data on the variability of

by changing content of silica sand, content of water and tightening pressure

is avallable in this assessment framework, then we could analyze the effect

of changed weighting factor w, on the optimal conient of silica sand.
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Afterword

This year, the discussion has been focused on
(1) an addition of a calculational process to get a local optimal value
to the statistical analysis frame, based on the previously developed

and improved total assessment framework
(2) acalculation of sorption of bentonite by using the molecular orbital
method for assessing an effect of restraint on mass transfer, and
(8) how to evaluate the calculational result obtained from the above (2)

in the assessment framework of the performance of buffer material.

The next matters will be
(1) more improvement on the optimization process obtained this year for
getting not local but global optimal solution, and
(2) execution of case study to calculate optimal content of silica sand
when incorporating the assessment value of sorption performance of

bentonite in the above improved framework.

_29_..



This is a blank page.




(1)

(2)

(3)

{4)

(5)

(6)

(M

(8)

References

MRI: A Fundamental Study on Optimization for Performance of Buffer

Material] PNC ZJ1222 96-008(1996).

MRI: TA Trial on the Preliminary Assessment Framework for Performance
of Buffer Material | Report on Result of PNC - Commissioned
Research (1995).

J.J.P. Stewart: J. Comp. Chem., Vol.12; No. 3, pp320-341(1991).

H. Sirouzu: [Clay Mineralogy] (in Japanese).

I.Fleming: A Guide for Frontier Orbital Method] (in Japanese).

K. Fukui: J. Chem.Phys., 11, ppld433-1422

S. Sato: Nuclear Technology, Vol.115, pp73-80(1996).

T. Sato: J.Mineralogy, Vol.25, No.3, pp99-110(1996).

_31_





