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Abstract

Designs for deep geological respositories of nuchkssste include bentonite as a
hydraulic and chemisorption buffer material to poitthe biosphere from leakage of ra-
dionuclides. Bentonite is chosen because it isemaghnaturally occurring material with
the required properties. It consists essentiallgnohtmorillonite, a swelling clay mineral.
Upon contact with groundwater such clays can $eatepository by incorporating water
in the interlayers of their crystalline structuiiéghe intercalated water exhibits signifi-
cantly different properties to bulk water in tharsunding interparticle pores, such as
lower diffusion coefficients (Gonzélez Sancletzal.2008).

This doctoral thesis presents water distributiod diffusion behavior on various
time and space scales in montmorillonite. Expertaderesults are presented for Na- and
Cs-montmorillonite samples with a range of bulk densities (0.8 to 1.7 g/én The
experimental methods employed were neutron saadtefibackscattering, diffraction,
time-of-flight), adsorption measurements (watetragien) and tracer-through diffusion.
For the tracer experiments the samples were fatyrated via the liquid phase under
volume-constrained conditions. In contrast, for tieitron scattering experiments, the
samples were hydrated via the vapor phase and qudrsly compacted, leaving a sig-
nificant fraction of interparticle pores unfilledittv water. Owing to these differences in
saturation, the water contents of the samplesdatron scattering were characterized by
gravimetry whereas those for the tracer experimaete obtained from the bulk dry den-
Sity.

The amount of surface water in interlayer poreddcte successfully discrimi-
nated from the amount of bulk-like water in intetmde pores in Na- and Cs-
montmorillonite using neutron spectroscopy. Forfttat time in the literature, the distri-
bution of water between these two pore environmests deciphered as a function of
gravimetric water content. The amount was compéweal geometrical estimation of the
amount of interlayer and interparticle water deiagd by neutron diffraction and ad-
sorption measurements. The relative abundancdsecf to 4 molecular water layers in
the interlayer were determined from the area ratfdke (001)-diffraction peaks.

Depending on the characterization method, diffefesnttions of surface water
and interlayer water were obtained. Only surfacd amterlayer water exists in Na-
montmorillonite with water contents up to 0.18 gfrording to spectroscopic measure-
ments and up to 0.32 g/g according to geometrisamations, respectively. At higher
water contents, bulk-like and interparticle watlsioaexists. The amounts increase mono-

tonically, but not linearly, from zero to 0.33 dky bulk-like water and to 0.43 g/g for



interparticle water. It was found that water mastly redistributes between the surface
and interlayer sites during the spectroscopic nreasents and therefore the reported
fraction is relevant only below about -10 °C (Arster, 1967). The redistribution effect
can explain the discrepancy in fractions betweemtbthods.

In a novel approach the fractions of water in dédfe¢ pore environments were
treated as a fixed parameter to derive local difusoefficients for water from quasie-
lastic neutron scattering data, in particular famples with high water contents. Local
diffusion coefficients were obtained for the 1 tandlecular water layers in the interlayer
of 0.5-10°% 0.9-10° 1.5-10° and 1.4-10 m?/s, respectively, taking account of the differ-
ent water fractions (molecular water layer, bukelivater).

The diffusive transport dfNa and HTO through Na-montmorillonite was meas-
ured on the laboratory experimental scale (i.e. days) by tracer through-diffusion
experiments. We confirmed that diffusion of HTGndependent of the ionic strength of
the external solution in contact with the clay skeput dependent on the bulk dry den-
sity. In contrast, the diffusion 6fNa was found to depend on both the ionic stren§th o
the pore solution and on the bulk dry density. Tdte of the pore and surface diffusion
could be experimentally determined fKa from the dependence of the diffusion coeffi-
cient on the ionic strength. Activation energiesrevelerived from the temperature-
dependent diffusion coefficients via the Arrheniekation. In samples with high bulk dry
density the activation energies are slightly higiman those of bulk water whereas in low
density samples they are lower. The activationgiesras a function of ionic strengths of
the pore solutions are similar ffiNa and HTO. The facts that (i) the slope of thealog
rithmic effective diffusion coefficients as a fuimt of the logarithmic ionic strength is
less than unity for low bulk dry densities and {Wo water populations can be observed
for high gravimetric water contents (low bulk drgrgities) support the interlayer and
interparticle porosity model proposed by Glaisal. (2007), Bourget al. (2006, 2007)
and Gimmi and Kosakowski (2011).
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1. Chapter 1: Introduction

1.1 Motivation

Bentonite consists of various aluminium phyllogite minerals. Most of these minerals
(~80 %) are smectites, with the largest fractioimgpenontmorillonite. Smectites have nanopor-
ous interlayers, where water can be intercalatelératomic structure as structural water. The
structural water has properties different to bulitev in the surrounding interparticle pores
(Low, 1976). Smectites have numerous applicatiares td their manifold properties. One par-
ticularly interesting property is their ability gwell upon contact with water, resulting in a low
hydraulic conductivity, leaving diffusion as maigrnémic transport mechanism. It is for this
hydraulic self-sealing capacity that bentoniterigisaged to be part of the multi-barrier system
in a geological repository for high-level nucleaaste and spent fuel in Switzerland (Fig. 1;
Nagra, 2009) as well as in other countries (CzeepuRlic, Finland, Japan, Republic of Korea,
Spain, Sweden, and USA). Such repositories are teitbd in deep geological formations that
sustain tunnelling and the excavation of caverih& Waste packages are placed in the caverns
on a base of compacted bentonite and the remaspiage is filled with pelletized clay and sur-
rounded by cement or clay to provide another bacbaffer or backfill). When groundwater
enters such barriers, the clay reacts as an abmoabe it swells. Thus, the combination of
waste packaging and bentonite buffer within an eegjied repository, all surrounded by a stable
geological formation, serves as a multi-barrieptotect the biosphere from contamination by

radionuclides.



Access infrastructure

Emplacement drift for SF/HLW Emplacement tunnel for ILW

Figure 1. Possible layout for the deep geological disposal weitrified high-level radioactive waste
(HLW), spent fuel (SF) and intermediate-level wast€ILW) in Opalinus clay (Nagra, 2009).

Because diffusion is the main transport mechangnthie propagation of radionuclides

through bentonite, diffusion coefficients in suetedling clays have to be quantified in order to



predict the long-term behavior of the repositonhiMy cations undergoing cation excharage
found to diffuse preferentially in the interlayer diffuse double layer (DDL) (Glaust al.,
2007), anions are excluded from interlayers (Vaoriet al.,2007).

The motivation of this Dissertation was to inveategythe diffusive behavior at atomic
and laboratory scales, based on the structurakptiep of the smectites. The diffusion of struc-
tural water and the molecular transport of radidides through the pores could be studied over

a range of temporal and spatial scales.

1.2 Background

1.2.1 Swelling clay-water systems

Montmorillonite is a negatively charged 2:1 swalliclay mineral, meaning that an oc-
tahedral sheet (O) is sandwiched between two tdrah (T) silica sheets (Fig. 2). A negative

charge in the O-sheet exists due to isomorphoustitution of Md"* for AI**

. The charge defi-
ciencies are balanced by counter cations sittinthéninterlayer between TOT layers. When
swelling clay is in contact with water, pores aatusated in order of increasing layer distance,
that is, first the interlayer (atomic scale) anctosel the interparticle pores (micro- and
mesoscopic scale) (Sirgg al. 1995; Sallest al., 2010). The intercalation of molecular water
layer in the interlayer occurs stepwise (whéf@&enotes the number of water molecule layers)
and leads to variable basal lattice spacings (disgaA) in the c direction (i.e. swelling), de-
pending on the type of counter cations. Cationssareounded by adsorbed water molecules
and can either move (e.g. TaNa') or cannot move (e.g. Qsto the central region between

clay layers during progressive hydration (Sposi®84, Henseet al, 2002). In the literature a

distinction is drawn between outer sphere complewith strongly hydrated cations like €a
3



or Na’' (Spositoet al.,1999), and inner sphere complexes with less hgdreaitions adsorbed at
the contact plane, like C§Spositoet al, 1999). Crystalline swelling occurs between desipgs

of 10-22 A and osmotic swelling occurs with diffuseuble layers beyond d-spacings of 22 A
(Norrish, 1954; Kozaket al, 1998; Muurinen et al., 2004; Saiyoetial, 2004; Holmboeet al,
2012).

A scale nm to pm scale

Z3

2 i

siefe| |01 00T <

Figure 2. Left: schematic representation at the atomic scalef arrangements of tetrahedral (T) -
octahedral (O) - tetrahedral (T) aluminosilicate steets. The aggregates are stacked together
(center) to form the particles. Right: schematic reresentation shows the clay particles with
surrounded interparticle pores at the microscopic sale. Note the different structure for Na-

montmorillonite (top) and Cs-montmorillonite (bottom).

In the diffuse double layer model (DDL) of Gouy (1Y and Chapman (1913)
the clay surface is envisaged as a negative coadeplite, which is charge-
compensated by cations (Fig. 3). The attrativeddhat a water dipole experiences de-

pends on the distance to the clay surfaceelectrical potential can arise due to repulsive
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forces between the charged surface and cations gadain physicochemical conditions. Over-
lapping electrical potentials, e.g. when TOT layars very close, can exist depending on the
charge density, ionic composition (ionic strengihy dielectric permittivity of the pore solu-
tion. All these factores thus influence the thicksef the DDL. The water is interposed between
the charged surface and counter ions liké" ®@a N& in the diffuse layer with fixed distance
from the clay surface (contrary to Cs) (Kosakowekal, 2008). Cations like CqSpositoet

al., 1999) are adsorbed on the Stern-Helmholtz laypel hence, the water molecules from the

hydration shell are missing at the contact plane.

Clay Surface
Concentration

Cations

Anions

®
®

Diffuse double layer
~<— - — Distance

Stern-Helmholtz  Gouy or
layer Diffuse layer
Figure 3. Schematic representation after Mitchell (2005). Ldf Diffuse double layer consisting of a
Stern-Helmholtz layer and Gouy or diffuse layer. Rght: Distribution of ions adjacent to a

negatively charged clay surface.



1.2.2 Literature review

Swelling clays, such as montmorillonite, have gdaspecific surface area when water

is intercalated in the interlayer. The total specsiurface area (A, N¥/g) can be subdivided

into external (A e NT/g) and internal R =A A ) parts, e.g. for montmorillonite

stot

As, o= 28.0 /g (Gonzélez Sanchez et al., 2008a) Ang,= 807 ni/g (Case®t al.,1992). The

surface area is relevant when obtaining the graviménterlayer water contentvw (9/9)
through geometrical calculationsv,,, =¥ 20A,,, [(d -d,) Op, (10", whered (A) is the

measured d-spacing, (A) the d-spacing of the dry clay given by thewrok occupied by the
TOT sheets and charge-compensating cationspaiig/cnt) the density of the adsorbed mo-
lecular water layer. Classical methods to determing are based on quantifications/A&ffrom
adsorption isotherms in combination with d-spadimmgn diffraction measurements (Bérend et
al., 1995, Casest al., 1992, Casest al., 1997, Chiou and Rutherford, 1997, Micldt al.,
2006). The Brunauer-Emmett-Teller (BET) theory axps the adsorption of gas molecules on a
solid surface and forms the basis for an imporsaatytical technique for measuring thgof a
solid. Common methods are nitrogen adsorption tergeneAs o and water adsorption gra-
vimetry or ethylene glycol methyl eth(EGME) adsorption to determimg . Water adsorption
gravimetry provides reasonable results for smextitéh a highAs i, (Madsen and Kahr, 1996).
The total surface area is obtained using the assomiiat the adsorbed water is present as one
water layer. This method also gives informationwltbe pore size distribution (structure and
different porosities). However, there are high utaieties inp,,. Martin (1960) determineg,

as a function ofv (g/g) through pycnometric and X-ray diffraction raaeements. Fow corre-

sponding to less than three molecular water la@fs p,, is greater than that of normal water,
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whereas at highew it is less. This has an impact on the viscosity muobility, as can be seen in
diffusion properties (Martin, 1960). Anderson andelstra (1965) used X-ray diffraction to
investigate the difference in structure betweeffaserwater in the interlayers and free water in
the interparticle pores of montmorillonite. Theetted X-ray (001)-diffraction peaks for inter-
layer water correspond to a hexagonal ice struanhébiting supercooling and a reduction in
the usual freezing temperature of a liquid. Theewat the interparticle pores has a bulk-like
water structure (no supercooling, usual freezimgpierature). The freezing behavior of the in-
terlayer water in smectites could be also confirmeth Fixed Window Scans (FWS) on a
neutron backscattering spectrometer (Gated, 2012, Gonzalez Sanchetzal, 2008b).
Interactions on the atomic scale (ps, A) from etestatic constraints (g, -) are known to
affect the local diffusion coefficient (Dnf/s), defined ad, =qlD, and the structure of the
water (Gonzélez Sanchet al., 2009). Bordalloet al., (2008) and Gonzalez Sanchetzal,
(2008b) obtained, for Na-montmorillonite with loww from quasielastic neutron scattering
(QENS) (Tab. ). Gonzalez Sanchetzal. (2009) compared the water diffusion in compacted
clays on two different scales with: (i) QENS at thteservation scale of ps (A), and (ii) tracer
experiments at the observation scale of days (mentp The obtained activation energies in
swelling clays (Na- and Ca-montmorillonite) divemggetably due to differences in the diffusive
processes on the different observation scales.kMadiet al. (2008) and Marnet al. (2011)
performed QENS and nuclear spin echo (NSE) expetsnen hectorite (smectite). The diffu-
sion coefficients from NSE refer to temporal anatsp scales between those of QENS and
tracer experiments. The complementary techniqudgbs the diffusion process of water in
montmorillonite at different scales. Churakov anan@i (2011), Marryet al, (2002, 2003),

Marry and Turqg (2003), Dufréctet al. (2001), Malikovaet al. (2003, 2004a, 2004b) and Ro-
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tenberget al, (2007) successfully linked the different scaldsew modeling ion dynamics.
Marry et al. (2002, 2003), Marry and Turq (2003), Dufréobieal. (2001), Malikovaet al.
(2003, 2004a, 2004b) and Rotenbetgal. (2007) were able to determine the overall dynamic
behavior of ions including the exchange propertiesveen interlayer and interparticle pores.
Different dynamic behavior was obtained for'Nand CS in the interlayer and near surfaces.
The behavior of Nais similar to that in bulk water, while Cpartly dehydrates and diffuses by
jumping from site to site (Malikovatal., 2004).

Diffusion on the scale of days and mm-cm repressmismation effects of (i) electro-
static constraintgy( -), e.g. the interaction forces between eledtyicdharged surfaces, ions and
water during clay hydration, and (ii) geometrictieets G, -). The latter are determined by the
tortuosity (7, -) and constrictivity , -) of the diffusion path according 6 =7/0 (Gon-
zalez Sancheet al.,2009). The diffusive transport of water and idm®tigh smectites has been
intensively studied with tracer experiments (Taliolderive transport and retardation properties
(De, Dy, a and O) for cations of different valences and sizes amdew Cations that undergo
cation exchange due to sorption processes on Hrgeth clay surfaces are significantly retarded
compared to water tracers (Glagsal, 2007, Kozakiet al, 1998 and Kozaket al, 2008).
Combined reactions of ion exchange and surface lexaiion on the clay surface also take
place (Bradbury and Baeyens, 2003). Surface ddfusinhances the diffusive rates for cations
undergoing cation exchange. While such cationdaned to diffuse preferentially in the inter-
layer and DDL (Glaust al.,2007), anions are excluded (Van Laeiral.,2007). Contrary to the
effective diffusion coefficient (B m2/s) of ionic species, which are dependent a@nitmic
strength of the pore solution and the bulk dry dgrn(&lauset al, 2007, Kozakiet al, 1998

and Kozakiet al, 2008),D. for neutral species depends only on the bulk dmsiy of the
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sample (Nakazawet al, 1999; Satet al, 2003 and Suzulét al, 2004).

Table I. Effective, apparent and local diffusion cefficients (D., D,, D)) from tracer through- and in-
diffusion (ID, TD), quasielastic neutron scattering(QENS) and neutron spin echo (NSE) experi-
ments and molecular dynamic simulation (MDS) for matmorillonite (Mnt), smectites (Smc),
bentonite (Bnt) and hectorite (Hct). Different Exclangeble cations (EC), bulk dry densitiepyg,
(g/cn?), gravimetric water contents w (g/g), molar concemations A (mol/l) and temperatures T

(°C) were used. The superscripts are a: NaClQb: NaCl solution.

Reference EC pps and w Tgch- Tracer A T
nique
Glauset al., 2007  Mnt N& 1.95 D S, Na 1/0.F De 25
Glausetal, 2010  Mnt N& 1.90 ™ HTOC’I.N""’ 1/0f D, 25
Glauset al, 2013 Mnt N& 13,16 D N4 HTO saltgradiert D, 25
Gonzalez Sanchez Na'/
et al. 2008a Mnt 1.90 D HTO 0.01,1.6 D, 0-60
Kozakiet al.,1996 Mnt NA& 0.9-1.8 ID (053 D, 5-50
Kozakiet al, 2001 Mnt Na& 0.7-1.8 ID Cr D, 5-50
Kozakiet al, 2008 Mnt Na& 1.0 ID Nd 0.05-0.3 D, 15-50
Nakaig‘ggm al. vnt N& 0.8-2.0 ID N&, water D 25-50
Satoet al, 2002 Smc Na 1.0, 15 TD HTO R 25
Satoet al, 2007 Bnt 1.3,1.6,1.9 0.01-f0 D, 25
Suzukiet al, 2004 Mnt Na 0.9,1.35 D HDO P 25-50
Bordalloet.al, + QENS,
2008 Mnt Na only ILW NSE D,
Malikovaet.al,

2008 Hct only ILW QENS D 25
Marry et.al, 2011 Hct N&  only ILW Q’\IIESI\IES D, 25-75
Gonzalez Sanchez Na'/

et. al, 2008b Mnt c#* only ILW QENS water P 25-95

1.2.3 Diffusion in porous media (Macro diffusion)

Based on several ideas and concepts (e.g. Ficktsaind second laws) the symbols for
diffusive properties vary widely (Shackelford anddde, 2013). The total diffusive flux.j

mol/nf/s’) through the total sample volume, which is fortamse obtained at steady state



(Fick’s first law), is defined as (Fig. 4):

. dC
Joot = _DEE ( 1)

where dC/dx (mol/m) is the pore water concentration gradient in thairgction andDe

(mP/s) the effective diffusion coefficient describitige molecular mobility:

D.=¢[D, (2

with D, (m?/s) the pore diffusion coefficient:

wheree (-) is the diffusion-accessible porosity of thedinen andD, (m?/s) the diffusion coeffi-
cient in bulk water. The concentration change dyuthe transient phase (Fick's second law) is

given as:

2 2
d_C:gdcz::Dadcz: (4)
dt a dx dx

For sorbing cations undergoing cation exchange agiarent diffusion coefficier®, (m?/s)
and the rock capacity factor (-) are the decisive values. The latter is defiresl

a =&+ p,,K,, with K4 (cm?/g) the equilibrium distribution coefficient angy (g/cn?) the
bulk dry density. As mentioned, adsorption on tlag surface may lead to enhanced diffusive
rates and are therefore a broadly discussed topleeiliterature (Glaus et al. 2007, 2013; Birg-

ersson and Karnland, 2009; Gimmi and Kosakowsk120The difference between interlayer
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and interparticle pores from geometrical calculaios considered as a transport-relevant prop-
erty in the case of dual porosity models for dikns(e.g. Bourget al., 2006, Bourget al.,
2007, Gimmi and Kosakowski, 2011). The distributiminpore water between different pore
compartments, different transport-accessible ptessior ions compared to neutral species and
the specific interactions of ions with the chargedfaces (e.g. sorption) are taken into account
in those models. The total flux,{j mol/nf/s) is viewed as the sum of two parallel fluxes
through the interlayer pores, (jmol/nf/s) and any larger porese(jmol/nf/s), such as the in-

terparticle pores.

1.3 Objectives

1.3.1 Determination of geometrical properties of clays

In this study, neutron spectroscopy was appliedfeardions of pore water with slightly
different properties were obtained and comparet féctions obtained from adsorption of lig-
uids and neutron diffraction. The fractions in muoatillonite samples were specifically
compared with regard to:

« Different hydration and saturation paths from aapr water phase under free or confined
swelling conditions. In the literature the fractoaf pore water were frequently investigated
under confined swelling conditions and data arsgmted as a function of the bulk dry density
(Van Loonet al., 2007).

« Water distribution in Na-montmorillonite with Higgravimetric water contents. Hitherto, only
samples with low gravimetric water content had belegracterized by neutron spectroscopy. In

the present study we present and compare for téietiine a complete hydration curves(,/
11



WeLw andwi .y / Wipyw Versusw and d-spacing) obtained by both methods.
* Cs and Na as counter cations. The aim was tal¢he effect of cation hydration, which con-

tributes to the concept of microstructure quaktlyi described in Melkioet al. (2009).

1.3.2 Tracer diffusion in clays

The aim of the tracer diffusion experiments waitestigate the diffusive transport
of HTO and®Na and its dependence on the bulk dry density anid strength under conditions
under which a measurable contribution of both fluge andjp) can be expected.
 The variation of the ionic strength shall givéormation on the validity of the various porosity
models (single, dual). For this purpose and forioliig internally consistent results, the diffu-
sive fluxes of HTO and®Na through medium- to weakly compacted Na-montriumite
samples were simultaneously measured and effedifiusion coefficients were derived.

» The temperature of the diffusive flux was variedrder to see the effects of the bulk dry den-

sity on the deduced activation energy.

1.3.3 Quasielastic neutron scattering in clays

A further aim of this study was to quantify the ambof surface water (SW) in inter-
layer pores and bulk-like water (BLW) in largerdeinterparticle) pores with Fixed Window
Scans (FWS) on a neutron backscattering spectrorf@bapter 2). It was assumed that FWS
would yield more precise values than the derivedtions from d-spacing and surface area
measurements (Chapter 2). However, it turned at{ turing the FWS measurements, water
most likely redistributes and therefore the obtdifraction is relevant only below about -10 °C

(Anderson, 1967). This conclusion is not yet vedfand for this reason the data analysis using
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these values is also presented. The aim was tanobterom QENS for Na-montmorillonite
with 1 to 4W. For the first time in the literature, the fract®oof molecular water layersy),

surface watermsy) and bulk-like waterrg.w) were taken into account in order to obtAin

1.4 Material and Methods

1.4.1 Techniques applied

Macroscopic diffusion can be measured in a trado@ugh-diffusion setup according to
Figure 4 (modified after Van Looet al.,2005). The sample of interest, a cylindrical ghejlet
with both radius and thickness of 1.00%1@, and low (0.80, 1.07), intermediate (1.32, 1.33,
1.35) and high (1.56, 1.63, 1.68, 1.70) bulk drysiées (g/cr), was located between reser-
voirs of high and low concentrations of the tracAr.solution of NaClQ at various
concentrations (0.1, 1 and 5 mol/l) in both resesvoirculated at a flow rate of 0.1 ml/min,
thereby maintaining an almost homogeneous tragecestration for one month until the sam-
ple was saturated. Afterwards, the tracer throuéfbsion experiment of HTO an&Na was
started. The flux of the steady state was evaluatelD,. obtained (Fig. 5) analogously to Van

Loonet al.(2005).
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Figure 4. Sketch of the tracer through-diffusion experiment (nodified after Van Loon et al., 2005).
The sample is located between two reservoirs andastless steel filters. The arrows present
the directions of the flow from the high concentraion reservoir to filter 1 (blue) and from the
low concentration reservoir to filter 2 (red). Thetemperature was maintained with a thermo-

stat.
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Figure 5. Tracer concentration in the high tracer concentratdbn reservoir (top) and the diffusive
flux to the low tracer concentration reservoir (botom) as a function of time. The values in

the dark gray shaded area correspond to the transig state (Fick's second law) and the val-

ues in the light gray shaded area correspond to theteady state (Fick’s first law).
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Methods using neutrons are complementary to theisgy X-ray because bulk matter is
transparent for neutrons. Neutrons are unchargettlea, carry a magnetic moment and have
wavelengthsX, A) similar to atomic scales (Pynn, 2009). ThergneesolutiordE, which is in
the order of peV, is very high. Neutrons interaghvihe atomic nuclei in a material through
inelastic, quasielastic or elastic scattering psees (Fig. 6). During an inelastic scattering pro-
cess, the neutron with mass= 1.675-1G"kg can lose or gain energy(meV):

lzi2 B lzf ’

AE:hZW (5)

where/: = 6.68-10° eV-s is the Planck constant aﬁdthe incident andzf the final wave vec-

tors in real space. Transfer of energy and momergamoccur within the sample, e.g. in the
case of diffusion resulting in quasielastic neutsgattering (QENS). The momentum transfer

(Ap) is the product of and the scattered wave vector in reciprocal saa@E"):

Ap=hIQ (6).

Neutron scattering allows the study of materiakt #tontain light elements such as hydrogen
(*H) with a large total neutron scattering cross isactcompared to other elements
(http://www.ncnr.nist.gov/resources/n-lengths/dherent scattering takes place mainly where
the incident neutron wave interacts independentthh wach hydrogen nucleus in the sample;
the scattered waves from different nuclei canniarfare with each other (Hippeat al.,2006).
The higher coherent scattering for the chemicaljyiwalent deuterium?f) arises from a pe-

riodicity of the atomic lattice (Hippest al., 2006). The scattered wave from an equilibrium
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position of an atom is elastic giving informatidooat the structure. Bragg's law (Eq. 7) can be

applied to characterize the structure:

niA=2ldsing (7)

with n (-) an integerA (A) the incident wavelengttd (A) the d-spacing between the planes in

the atomic lattice, and (°) the angle between the incident and the seattbeam. The wave

vectors in equation 5 can change in direction betabsolute values are identic‘&l‘ = sz‘ and

there is no energy transfer (E = 0 meV). The alastioherent scattering is isotropic and usually

seen as background.

_Azxsin®

. 2 .
ki=k;:sinf = % =0 =2ksiné Elastic scattering

ki>k; : Neutron loses energy
Inelastic scattering Q
ki<k;: Neutron gains energy

Scattered ragiation:
Epppky
(5]

7 9
5
Incident radiation: .

E.p.k, Sample

Figure 6. Representation of the elastic and inelastic scattielg process with the incident energy
(E;)), momentum (p) and wave-vectors Ei) and scattered final energy (B, momentum (p)

with and wave vectors (Zf ). Q is the scattering wave vector in the reciprocal sre.

The total scattering of a hydrated Na-montmorillersample is predominantly incoherent. The

total scattering is heavily dominated by hydrogetohging to the water in the interlayer or in-
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terparticle voids and hydroxyl groups. Dependingtlos technique and experimental set up of
the instrument (e.gd, AE, Q) the scattering process can give informatiooua the position
and motion of the hydrogen. The energy spectracaftared neutrons interacting (i) with dry
clay has an elastic peak&t 0 only (ii) with hydrated clay has a quasielastioadening cen-
tered around the elastic peak due to dynamics ténW&ig. 7). Local diffusion coefficients,
(mP/s) can be obtained e.g. from quasielastic newgeattering (QENS). The obtained scattering
signal of the localized diffusion process with atsered intensity5(Q,E)is proportional to the
sum of the elastic intensit(Q)s(E) and the long-range diffusioi-A(Q)] L(/", E) (Bee,

1988):
S(Q.E) D AQ)D(E) +[1- AQIOL(T,E) (8)

The functions of the long-range diffusion are Ldréans () with a line widthl'™ (meV) from

translational diffusion. Different length scalesdageometries are accessible through @he
dependence. The local diffusion coeffici@t(m?s) is determined from the probability that a
particle at timg=0 was at origimr=0 and the same patrticle is found at tinad positiorr in a

volume element drG,(r,t =0) = J(r) (Bee, 1988):

%Gs(r,t):D,Dst(r,t)- (9)

The solution of the equation is (Bee, 1988):

= -32 - r2
G,(r,t) = (47D, @) ex;{ 4DD|[ﬂj' (10)

The local diffusion coefficienD, can be obtained from the dominating translatiaiif@lision to
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the rotational diffusion at smaf) through a double Fourier transformation from teal ispace
of position and time (r, t) to the reciprocal sp&Qew) (Bee, 1988):

1_DQ

7h o + D,Q? (1

SQ ) =
representing Fick's law. At higlp the approximation is not valid anymore and the lmdths
" can be described by the jump diffusion model (Sirand Sjélander, 1960):

rT(Q)_ hl:DI BD

DT (12)
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Figure 7. The scattered intensity S(Q, &) ) as a function of energy transfer fi ) for different
scattering wave vector (Q) values. The QENS spectraere fitted with Lorentzians of differ-
ent translational line width (", meV). The inserted figure shows the total scatterg
intensity, the localized diffusion with an elasticpeak at 4E = 0 (light grey) and long-range

diffusion with a quasielastic broadening (dark grey (Bee, 1988).
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QENS experiments were performed on FOCUS (SINQ, Y#lilgen, Switzerland), a time and
space focusing time-of-flight (tof) spectrometer éold neutrons (Fig. 8) (Meset. al.,1995).
The neutrons are monochromized and pulsed. The euafmeutrons scattered in a sample are
measured as a function of intendit{2d, tof). The results from geometrical properties (adsorp-
tion of liquids, neutron diffraction) were compareith results from the Fixed Window Scan
(FWS) measurements on a neutron backscatteringrepeter SPHERES (FRM I, Garching,
Germany). The technique allows fixed incident aimélfwavevectors (Fig. 8) (Wuttket. al.,
2012). The energies of the neutrons are filtereduijn Bragg reflection from monochromator
and analyzer crystals under an anglelose to 90°. Dynamic processes on a time scalees!
than the instrument resolution in the order of g% not resolved and counted within the scan.
Elastic scans were performed in this study as etifum of temperature. The method can give an

overview of the various dynamics of a system.

Analyser _

A Y
Sample N

Velocity
selector

Neutron guide chopper

Monochromato;',
Doppler drive z

Chopper
Monochromator

Figure 8. Left) Schematic drawing of FOCUS (SINQ, PSI, Villiggn, Switzerland) and the main
components (modified after Mesotet al., 1995). Right) Schematic drawing of SPHERES
(FRM I, Garching, Germany) and the main components(modified after Wuttke et al.,
2012).
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1.4.2 Samples used

Montmorillonite from Milos Island (Greece) was elthriated with CsCl and NaCl and
converted into a homoionic Cs- and Na-montmoriter{Chapter 2). A final powdery product
was obtained by freeze drying. For the experimaghtshomoionic clay powder was desiccated
at 110 °C for one day and the amount of dry clay ¢nwas subsequently hydrated. The sample
preparation was an important part of this work lieeathe sample had to be homogeneous in
order to compare results from QENS and tracer éxgeats performed on different splits. For
the tracer experiments, the samples were satusatdel volume-constrained conditions. In con-
trast, the samples for neutron scattering expetisneere hydrated through (i) vapor phase in a
desiccator and (ii) liquid phase in volume-consiedi conditions. Thereafter, the sample was
compacted to a bulk dry density (gndefined aspbd = Ms/Vsample and filled into hermetic
aluminium sample cans. The saturati@y)(is defined as the volume of water per volume of

total pores4, -), with £=1- prda/ ps:

S: \N[pbd

w

(13)

wherew is the gravimetric water content defined as mésstal water (g) per dry clay mass (g)
and €0p,,/p,y equals the gravimetric water content at full sation (s,) (or analogously
wip,,/p,, equals the volumetric water content) for the mezdpys and the solid densityy,
g/cnT). We aimed to obtain a high degree of saturatoallow comparison of the results from
QENS and tracer experiments. However, when compadhe hydrated powder to a corre-
sponding bulk dry density a significant amountrd&iparticle pores remained unsaturated. The

samples for the neutron scattering experiments ,werehis reason, characterized through
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Inhomogeneities of the bulk dry density and inwreer distribution were observed, e.g. differ-
ent amounts of water are distributed in the inj@naand interparticle pores. This makes the
comparison between QENS and tracer experimentsudiff The samples for the tracer experi-

ments were characterized throygh
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Abstract - Smectite-rich porous media, like montmorillonéee considered as barrier
material in nuclear waste management. In this sbnke diffusion of water and ions
is an important topic. It is known that diffusioroperties strongly depend on the ge-
ometry (the structure) of the pores, and notablytlon distribution of pore water
between different pore compartments. At high budkgities of the smectites, the pore
water is present virtually only in interlayers (oterlamellar regions). At low densities
water with slightly different properties existsiimerlayers and in interparticle pores
(or extralamellar regions). In the present studydtstribution of water in Na- and Cs-
montmorillonite between these two pore environmevds deciphered based on mo-
lecular motions of water on a nanosecond time saat neutron diffraction data.
Interlayer water or generally water near surfacas lbe significantly supercooled,

whereas water in larger (e.g., interparticle) pa@a@snot. Thus the ratio of surface wa-
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ter with respect to bulk-like water in larger poresuld be obtained from neutron
backscattering spectroscopy of samples exposeé@npdratures below zero. This
technique was applied to Na- and Cs-montmorillogéeples with different bulk den-
sities and gravimetric water contents. Exposing @asn to T < 0°C may,
unfortunately, modify the pore structure, i.e., ti&ribution of water between the dif-
ferent compartments. The number of water layersntarlayers calculated from
geometrical conisderations based on surface akaeutron diffraction (d-spacing) at
room temperature are similar to those obtained fn@omtron backscattering spectros-
copy for low total water contents. For larger watentents, some deviations occur.
The discrepancy can be attributed to the chang®i& structure of the spectroscopy
samples for T < 0°C. In the water content rangenffioto 0.7 g/g the fraction of bulk-
like water in Na-montmorillonite increased monotatly, but not linearly from 0 to
64%. The number of water layers in interlayerseased similarly. Only little swell-
ing occurs in Cs-montmorillonite; the water was daminantly attributed to the
interparticle pore environment. Our findings hedgrterpret experimental results, for
instance on macroscopic diffusive transport throongimtmorillonites, which is related
to the proportions of water in the different por&ieonments.

Key words - Swelling clays, neutron spectroscopy, neutron alition, surface wa-

ter, bulk-like water, interlayer, interparticle psity

Introduction

Na-montmorillonite is a major component of benterébnsidered to be used for engi-
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neered barriers in nuclear waste repository systdims low hydraulic permeability of com-
pacted bentonite originates from the very smabksiaf the water-filled pores, which typically
are in the order of nanometers. The complexityheftetwork of the small pores leads also to
large tortuosities or geometrical factors (Gonz&8énchezt al.,2009) and thus to comparably
small diffusion coefficients for water and solutbsough such material. Assessing the safety
function of bentonite barriers requires a thorokgbwledge of the structure and the properties
of the clay pore space. Microstructural modelingveh that in montmorillonite at low water
contents most water molecules are located in merl (or interlamellar) pores (Pusch, 1999),
and that the microstructural evolution during watptake is first dominated by swelling of the
interlayers. Pores not directly attributed to it&gers may be denoted as extralamellar pores or
interparticle pores. Lowly compacted swelling cl@yith high water content) consist — depend-
ing on the type of exchangeable cations and thereantent — of slightly disordered platelets,
tactoids and/or particles (Segatial, 2012). Pores between these platelets can be atbnast

extralamellar pores or interparticle pores.

Structure of Cs- and Na-montmorillonite

Montmorillonite is composed of negatively chargegldrs of octahedral (O) alumina
mineral sheets which are sandwiched between twahidral (T) silica mineral sheets to form
TOT layers (Figure 9). The negative charge in tbetwedral sheet is compensated by counter
cations (like Naor Cs) that are located nearby the surface area ofetihehedral sheet and are
exchangeable. Different TOT layers are hold togethethese cations to form stacks of clay
platelets or tactoids, which may again be groupegktrticles or aggregates. The space between

the TOT layers forms the so-called interlayer whaeterlayer water and the counter ions are
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located. The interlayer and the counterions carmyarated to various degrees. The type of
counter cations influences the hydration of therlater pores and thus the clay microstructure
(Spositoet al, 1999). Cs counterions tend to weakly hydrate&58 kJ/mol) and form inner-
sphere surface complexes (Spostoal, 1999; Kosakowsket al, 2008). Accordingly, Cs-
montmorillonite has a small swelling capacity agpdi¢ally the average number of molecular
water layers\(V) in the interlayer remains small (~1, Bérestdal, 1995, Salle®t al, 2010).
Contrary to that, Na counterions have a largeniyfifor water (G = -375 kJ/mol) and can
form outer-sphere complexes on the charged mirserdhce (Spositet al, 1999). A more or
less stepwise swelling up to maximum 4 water layetke interlayers has been observed by X-
ray diffraction (XRD) during an increase of thealotvater content to about 0.41 g/g (Norrish,
1954; Kozakiet al, 1998; Muurineret al, 2004; Saiyourkt al, 2004; Holmboeet al, 2012).
Norrishet al. (1954) and Kozaket al (1998) investigated the nature of swelling in evaand
different electrolyte contact solutions by X-ra§fidiction and categorized regions of crystalline
(d-spacing up to about 20 A) and macroscopic (o&nstvelling (d-spacing larger than 30 A).
The microstructure, that is, the number of TOT tayger stack and the tactoid or particle sizes,
of compacted Na- and Cs-bentonite (1.6 djcdepends also on the ionic strength of the con-
tacting NacCl solutions (Melkioet al.,2009). The Cs-form has stacks of more than 200 TOT
layers (Figure 9) and forms particles with diameigp to 2.0 pm (Melkioet al.,2009). No gel
phase was observed, whereas the Na-form withcBearly shows such a gel phase for a water
content of 0.44 g/gp(=1.25 g/cm) (Melkior et al.,2009). Na-montmorillonite stacks consist
typically of only 3-5 TOT layers (Pusdt al., 2001) resulting in smaller (up to 0.5 um) parti-
cles (Gonzalez Sancher al, 2008a), but stacks and tactoids may also forgetaaggregates.
At water contents where crystalline swelling occunsfortunately not much is known about
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water distribution between the different pore emwinents. Also, the properties of water within

the different pores are not well known.

A scale nm to ym scale
o
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Figure 9. Left: schematic representation at the atomic scalef arrangements of tetrahedral (T) -
octahedral (O) - tetrahedral (T) aluminosilicate sleets. The aggregates are stacked together
(center) to form the particles by 3-5 TOT layers fo Na-montmorillonite (Pusch et al., 2001)
and more than 200 TOT layers for Cs-montmorillonite (Melkior et al., 2009). Right: sche-
matic representation shows the clay particles withsurrounded interparticle pores at the
microscopic scale. Note the different structure forNa-montmorillonite (top) and Cs-

montmorillonite (bottom).

From geometrical considerations, a smectite caersatically be devided into three parts: the
first one is the “solid” part which consists of th®T clay sheets, the second one is the inter-
layer space in between the TOT layers occupiedaiable amount of water, and the third one
is the interparticle pore compartment in betweea tihay platelets. Charge-compensating
cations may be considered to belong to any of thesgartments. Values for the porosities in

different pore compartments can be derived fronfaserarea determinations, as obtained from
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adsorption isotherms, and from d-spacings as adddirom diffraction measurements. Adsorp-
tion is strongly depending on the fluid and theumatof the counter cation (Chiou and
Rutherford, 1997). From nitrogen vapor adsorptieasurements external surface areag{A
in n’/g) for Na-montmorillonites are comparably smalig(e28.0 /g, Gonzalez Sanchest
al., 2008a) but somewhat larger for Cs-montmoriller{#4.0-79.0 g, De Boeret al, 1966;
Bérendet al, 1995). The difference seems to be odd with yipecally smaller particle sizes
reported for Na-montmorillonite. Possibly, Na-montitionite forms larger aggregates of parti-
cles, especially at high densities or under the som@aents conditions of the adsorption
isotherms, resulting in lower external surface srdée total specific surface areas{fin
m?/g) including the interlayer surfaces can be olatdiby water adsorption gravimetry (Keeling
et al, 1980) through a single adsorbed water layer iacsites with high internal surface area
(Asine in m/g) (Madsen and Kahr, 1996). Values fay, for montmorillonite are around 807

m?/g (Case®t al, 1992).

Spectroscopic consideration: local properties ofgpavater

The properties of water in clay pores can be imibael by i) the interaction between
water and clay surfaces, ii) the interaction betwaater and counter cations (here lda Cs)
and iii) the geometrical confinement (i.e. volunastriction). Especially water in the narrow
interlayers is affected. There, both the strucferg. forming of water layers) and the dynamics
(e.g. slower diffusion (Gonzalez Sancledzal, 2008b)) are different from the bulk. Neutron
scattering is an ideal method to study such altaratof water properties due to several reasons:
(i) hydrogen has a huge neutron scattering crostisese (i) observation time and length scales
are well suited, (iii) the relatively weak interiact between neutrons and samples allows study
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average properties of large (mm-cm) samples, avencomplicated sample environment. Nev-
ertheless, only few examples can be found in tieealiure where water molecules in clays are
distinguished based on molecular properties. Gattes (2012) used neutron spectroscopy, but
they measured only samples with negligible amodintterparticle water. Fleurgt al. (2013)

determined the amount of interlayer water using N§flectroscopy on samples with only inter-

layer water.

Aim of this study

In this work neutron spectroscopy was applied &timjuish and quantify fractions of
pore water with slightly different properties. Thactions were compared with fractions calcu-
lated from the surface area and d-spacings obtdahredgh adsorption of liquids and neutron
diffraction. Neutron diffraction was chosen to obta d-spacing representative for the whole
sample volume, which is advantageous compared tay>diffraction which is mostly repre-
senting properties near the sample surface. Idgntnontmorillonite samples were used for
neutron spectroscopy and neutron diffraction. Thieding sample properties were varied:
» Type of counter ion (Cs or Na), to check the @fief the cation hydration on the microstruc-
ture, as qualitatively described in Melkietral. (2009).
* Specific water contents (variable bulk dry dees)t of Na-montmorillonite. In the literature
sample properties were frequently investigated uodefined swelling conditions and data are
presented as a function of the bulk dry densityn(Maonet al, 2007). Here, the samples were
hydrated from vapor or water phase under free ofimed swelling conditions, which partly led
to incomplete water saturation.
« lonic strength of the equilibrium solution (diktd water or 5 M NaClg), to check the effect
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on swelling and pore microstructure of Na-montnhoniite.
In a further work, the obtained values were usedetive local diffusion coefficients in

confined pore compartments of clays from quasiel@gtutron scattering measurements.

Material and methods

The source material, a montmorillonite powder frighitos (Greece), was conditioned to
a homoionic form with either Na or Cs as exchanfgeabunter ions. After conditioning, the
composition of the clay was analysed. To this éhd, material was digested by fusion with
LiBO, and dissolving the melt in HNQ(Suhr and Ingamells, 1966). Major elements were
measured by inductively coupled plasma atomic eonsspectroscopy (ICP-AES). All other
elements were measured by inductively coupled @asiass spectrometry (ICP-MS) (Tab. II).
The remaining Ca was assumed to occur rather a&parate contamination and not on the
cation-exchange sites (Glagtsal, 2010).

For the experiments, most samples were hydratetheiazapor phase in a dessiccator
under free swelling conditions. After the clay p@wvdook up the desired amount of water the
samples were compacted to the desired bulk dryitglefyshd = ms/VsampIe) and placed in a
sample holder. Some samples with high water contené¢ hydrated via the liquid phase in a
confined geometry (Mmpi9- TO this end the dry clay powder was compactetti¢odesired bulk
dry density and placed between two stainless glagds and a porous filter. An external solu-
tion (water or, in one case, 5 M NaG)Q@irculated through the porous filter in the samspl
After hydration the samples were placed in a haoakky sealed aluminum sample holder for
performing the neutron scattering measurements.t@ia gravimetric water content was de-

termined after the experiment by drying the samptek1GC. The water content in the sample
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hydrated with 5 M NaCl@was obtained through desiccation. The amount ofNGEIQ, re-
maining in the pores after evaporation was caledleitomg-Vsamp.e-I-103 wherel=A-M with
M=122.44 g/mol and=5 mol/l - was subtracted from thme.snacios Neutron and X-ray imag-
ing showed that a more complete saturation and r@ imemogeneous distribution of the water
was reached when saturating via the liquid phasershan via the gas phase.

In the following, the samples are characterizedugh the gravimetric water content w
(g/g) defined as mass of total water per dry clagsn The total porosity of a sampdgié given
as £= 1—pod/,os, whereps is the solid density which was measured by pycrionfer Na-
montmorillonite (Tab. II). The same solid densitgsataken for the Cs-form. The saturation of a
sample § is defined as volume of water per volume of pdreand can be calculated as:

S= % (14)
EP,

wherew,,, = £p0,,/P,q €quals the gravimetric water content at full sation for the measured
poa @ndps (or analogouswp,,/p,, equals the volumetric water content of the samé)en
the compaction was done after hydration it wasnoftet possible to achieve the desired bulk
dry density, especially for samples with lew The relevanp,q was determined from the sam-
ple mass and from the sample volumgne0btained from length (5 cm), width (1.5 cm) and

thicknesd. The thicknesst) varied over the sample on average by 12 %.
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Table 1l. Chemical composition and calculated strutural formula of Na and Cs-

montmorillonite. Results are given as percent fraébn on weight basis.

Na-montmorillonite Cs-montmorillonte
Sio, 60.16 [SkscO1(OH);] 55.84 [Sk.oiO1(OH);]
Al,O3 18.91 17.60
i/le;%s ég]i (Al 4F€.0dMo.39 égz (Al 1 4sF€.0dMJo.37)
MgO 3.55 3.15
CaO 0.41 0.22
Na,O 2.39 0.24
K20 0.52 (Nay 3Ko.09 0.49 (Cs.20Ko.oN& 039
CsO 0.00 9.61
TiO, 0.17 0.20
A(m/g)
As ext 16+2 6416
As. tot 710 693
ps (glcn) 2.8 2.8

Assessing the amount of interlayer water (ILW) fgegometrical properties

One relevant parameter to obtain the amount oflayter water ,w) is the d-spacing
giving information about the swelling and the cepending number of water layers in interlay-
ers. In this study, neutron diffraction insteadre more common X-ray diffraction (e.g. Kozaki
et al, 1998) was used. The d-spacing obtained from aeuiffraction analysis represents an
average value over the whole sample volume. Furtbey, subsequently fixed window scan
measurements could be done on identical samples.s@ime water content was assured by
keeping the samples hermetically sealed in the Eaimgders. The diffraction patterns were
studied as a function of. The measurements were performed on the 2-axiactibmeter
MORPHEUS at SINQ, PSI, Switzerland. The sample p@sitioned in reflexion or transmis-
sion mode. The diffraction peak was fitted by onén® Gaussians. When using two Gaussians,
the relative abundance of the number of water &y&, 2W, 3W, 4W) was determined from

the ratio of the peak areas; furthermore an avedagigacing value was calculated. These d-
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spacing values are not as precise as the onesethtay profile fitting (Holmboet. al.,2012),
however the deviation is negligible in comparisorihte uncertainties iAs, sample volume and
d-spacing of the dry clay. Based on the d-spaciththe number of water layers, samples were
selected to quantify the amount of water in théed#int pore environments with Fixed Window
Scans.

Adsorption of nitrogen and water was used to obfginThe external specific surface
area was obtained by nitrogen adsorption volum@gT) andAs i through water adsorption

gravimetry at a relative humidity of 75 % (Keelirgal, 1980). The specific interlayer (inter-

nal) surface area . =A__ —A__ (Tab. Il). Holmboeet al. (2012) calculated the surface

S,int S, tot Sext

area from the lattice parameters, which might beemmecise. However obtaining the lattice
parameters would have required a much larger rahtfee diffractogram than what was meas-
ured in our case. The amount of interlayer watgrj was then estimated from the geometry

parameters as:

Wiw = ]/st,int E(d - do) Ebw 0% (15)

with d the measured d-spacindy, the d-spacing of the dry clay, which equals thaecsms of
TOT sheets and compensating cations, and dhigsthe effective thickness of the water in the
interlayer. Note thatl, from molecular modeling (Na-form 10.4 A, Cs-form.80%, Kosa-
kowski et al, 2008)has to be somewhat larger than the thickness of @iE sheets. A water
densityp,, of 1.00 g/cm was assumed in general, except for the sampleasatuwith 5 M Na-

ClO,4, where a value of 1.37 g/érwas used.
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Assessing the amount of surface water (SW) frorandipgrwater properties: Fixed Window
Scan on a neutron backscattering spectrometer

Neutron backscattering spectroscopy is a provemigquae to study the freezing behav-
ior of the supercooled water state in highly conpaclays (Bordallet al, 2008; Gonzalez
Sanchezt al, 2008c). Fixed Window Scan (FWS) is a widely usetthod, where the intensity
of the elastically scattered neutrons is measuseal fanction of temperature. Elastic scattering
occurs on those units which are seen as immobileirwihe given observation time of the in-
strument. Such contributions arise from the claystals and bound, frozen or very slowly
moving water molecules and compensating cationsigder - as mentioned before - beside the
hydrogen (both in water molecules and in hydroxgups of the clay crystals) all other ele-
ments can be neglected. Units which are diffusasj €nough cause quasielastic scattering, and
therefore do not contribute to the elastic intgndihe observation time is given by the energy
resolution of the instrument.

The amount of water in different pore geometries darived from the Fixed Window
Scans obtained on SPHERES (FRM lI, Garching, Geyjn@hiuttkeet al, 2012). The set up of
the instrument is described in table Ill. Vanadiweas used to calibrate the detector efficiency
and to determine the energy resolution. Measuresrfenthe empty sample holder and the dry
clay were used as background. Two water populatiomaontmorillonite were discriminated
(Fig. 10 left & right). Because strongly confinagdfsice water (SW) can be significantly super-
cooled and remains partly mobile at temperaturé&sab273 K, it can be discriminated from the
bulk-like water (BLW) which freezes and loses itsletular mobility at around 273 K. The

presence of freezing BLW in a Na-montmorillonitehwiwo water populations when decreasing
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the temperature from 300K to 255K was verified tigto the appearance of hexagonal ice peaks
between 300K and 255K in the neutron diffractiottgra (see appendix). Such peaks can be
attributed to the crystallization of bulk-like wat@uranyiet al., (to be submitted)). The differ-
ence in intensity between the plateaus at the btglred lowest temperature is proportional to
the total amount of water. From freezing curvesarhples with differentv (g/g) the amount of
SW and BLW was quantified as seen in figure 10 fileft Na-montmorillonite and figure 10
right for Cs-montmorillonite. The temperature tsatiminate the two water populations (255K)
was selected by eye which contributes to the efdhe results (Juranyt al., (to be submit-
ted). The surface water contents{, in g/g) was calculated from (g/g) and the obtained

fraction SW (wt %):

Wg,, =SWIiw (16)

Table Ill. Experimental set up of the neutron diffracto-

meter and the neutron backscattering instument.

Instrument MORPHEUS SPHERES
technique diffraction FWS

L (A) 5.00 6.27
AE (peVv) 0.65

Q (AY 0.22-0.42 0.60-1.80
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Figure 10.Left) Fixed Window Scans for Na-montmorillonite. Ehlstically scattered neutrons are
shown as a function of temperature for samples withigh (sample # 1) and low (sample # 15)
total water content. The jump in intensity below 2D K (sample # 1) is proportional to the
amount of bulk-like water (64 %) in the interparticle pores. The difference in intensity be-
tween the plateaus at the highest and lowest temgures is proportional to the total amount
of water. Right) Fixed Window Scans for Cs-montmolionite. Elastically scattered neutrons
are shown as a function of temperature for a sampleith low total water content (sample #
18).

Results
Geometrical characteristics of samples
Figure 11 displays typical neutron diffraction patis obtained for Na and Cs mont-
morillonite at different water contents. Clear peaorresponding to numbers of water layers
between 1 and 4 (d-spacing of ~12.5 to 22 A) aea $er gravimetric water contents up to ~0.7

o/g. All results are given in Tab. IV. At certairater contents, a single peak only was observed,

whereas at other water contents two peaks couldidgmgiminated, meaning that some inter-

stratification in terms of number of water layers interlayers occurs. The d-spacings and

number of molecular water layers are similar tosthof Norrish (1954), Kozaldt al (1998)

and Saiyouret al. (2004). The observed range of d-spacings belangsetso-called crystalline

swelling. No peaks corresponding to so-called osm®wvelling, i.e. d-spacings larger than
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~30A, were observed, even at the highest watereatsitconsistent with earlier results (Norrish
et al., 1954, Kozaket al, 1998, Holmboet al, 2012)

For Cs montmorillonite, d-spacings of only 12.5@dal2.7 A (corresponding to 1V&)
were obtained for water contents up to 0.24 g/gs €orroborates the low swelling capacity of

this clay.

Cs-mnt
n 1W, sample # 18

Na-mnt:
1W, sample # 16

e 1&2W sample # 14

2W, sample # 12

2&3W, sample # 10

3W, sample # 8

3&4W, sample # 4
Average d (A) oo

12 15 18 21 24 27 30 33

Figure 11.Neutron diffraction patterns of water and 5 M NaClO, (sample #10) saturated Na- and
Cs-montmorillonite samples. Note the lack of refleons allocated to osmotic swelling at high

d-spacings.

The total specific surface areas of 718grand 693 rfig (Tab.ll) for the Na and Cs
forms of montmorillonite, respectively, are simjlaks .xis somewhat larger for Cs montomoril-
lonite (64 ni/g) than for Na mont (16 ffy). These values are about consistent with libeeat
data (e.g. Bérendt al, 1995). The comparably lofs ., for Na-montmorillonite may be af-

fected by the typical pre-treatment (drying) of gaenple, as mentioned in the introduction. The
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internal surface areas (without considering edgéases separately) are thus 694/gn(Na
form) and 629 rfig (Ca form). The average d-spacing as a functiothe water content is

shown in figure 12 (top).

Fraction of interlayer water as a function of totahter content (w) from geometrical calcula-
tions

The amount of ILW\,.w) was geometrically obtained through equation 1th wie re-
ported geometrical parameters for Na-montmorillaihd Cs-montmorillonite (Fig. 12 bottom,
Tab. IV). The data look of course similar as thizsEig. 12 top, becausa, is linearly related
to d for each clay form. The linear part at low (w< 0.32 g/g) of the curve for Na-
montmorillonite can be interpreted as interlayeeking leading to an increasing amount of
interlayer water. The observed maximum d-spaciagdeof course to a maximum value of in-
terlayer waterw ~ 0.32 g/g). The deviation from the linear behawbhighw (w> 0.32 g/g) is
interpreted as occurrence of interparticle (or aamellar) pore water. Because of the much
lower swelling capacity of Cs montmorillonite (up 1 well defined water layer, with a narrow
FWHM), only a comparably small amount of interlayester exists and already at low water
contents (> ~0.15 g/g) deviations from the lineart mccur. Cs-montmorillonite intercalates at

most 1W in the interlayers.
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Figure 12.Top) c) Average d-spacing and number of molecular ater layers (W) calculated from

neutron-diffraction measurements as a function ofdtal water content (v). The numbers cor-

respond to the samples in table IV. The solid lingepresents the calculated amount of

interlayer water for Na-montmorillonite from the d- spacing (value for the dry clay was

taken from Kosakowski et al., 2008) and from the specific surface area (ATab. Il) using eq.

15. The total amount of water is increasing up to.@ g/g and 3W linearly with the d-spacing

for Na-montmorillonite. Bottom) The total amount of water (w) and the amount of interlayer

water (W w) from neutron diffraction and surface area measurenents as a function of d-

spacing.
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Fraction of surface water as a function of totalteracontent (w) from spectroscopic measure-
ments

The obtained gravimetric surface water conterty is shown in table IV and Figure 13
with the number of molecular water layer (W) ded\¥eom neutron diffraction. The gravimetric
surface water contemvg,) was obtained for Na-montmorillonite samples vdiffierent sample
parametersw, ppg andS). The degree of saturati@of the samples was found to be irrelevant;
all obtained values for differei@ plot along a common relation withh when considering their
uncertainties. The water contemtwas found to be the determining parameter. Sinidathe
geometrical results the obtained,y is increasing linearly with w, however up to a lenw<
0.18 g/g) for Na-montmorillonite. For higher values (> 0.18 g/g)wsy does increase only
slightly further and the pores start to contain B[Mle amount of surface water remains about
constant at ~0.24 g/g for > 0.5 g/g.

In Cs-montmorillonite the obtained gravimetric swwd water contentw,) remains
rather low (sw~0.1 g/g) and thus bulk-like water starts to daterat much lower w compared

to Na-montmorillonite.
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Figure 13.Amount of surface water (SW) from Fixed Window Scar and the number of molecular
water layer (W) from neutron-diffraction measurements as a funcion of the total amount of
water. The numbers correspond to the samples in téd V. The solid line represents the cal-
culated amount of interlayer water for Na-montmorillonite from the d-spacing (value for the
dry clay was taken from Kosakowskiet al., 2008) and from the specific surface area (Ata-
ble 11) using eq. 15. The total amount of water isncreasing up to 0.2 g/g and 2V linearly

with the d-spacing for Na-montmorillonite.

Discussion
Uncertainties of wyand v w
The temperature describing the transition from BIioABW freezing properties is one of
the important parameters when distinguishing SWhfBLW. The temperature was estimated to
be 255K (Jurdnyket al, (to be submitted)); any mathematical evaluatdrthis transition-
temperature (as a reversal point) was not sucde$éfel instrument resolution is high enough to

identify the transition temperature and separatfferdnt water populations in Na-
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montmorillonite. For the Cs-form the reversal pagthowever less pronounced and the dis-
crimination between SW and BLW less clear. Thediteon shows a dependency on counter
cation, sample density and the composition of tlagurating solution. The transition-
temperature of the Na-montmorillonite sample saéarawith 5 M NaClQ is weakly pro-
nounced; a clearly different freezing temperaturéhe SW compared to the BLW was not
evident. The freezing temperature of a saline smiushould be lower compared to pure water
and the transition temperature lower than 255K. Twrument resolution should thus be
adapted in order to separate the SW from BLW iamape saturated with highly saline solution.
The way of hydration (through liquid or vapour pdiabas a slight influence on the ob-
served amount of SW and BLW. Similar to the conclusfrom neutron diffraction from
Devineau et al. (2006) samples with same w showenigmount of SW when the hydration is

from liquid compared to vapour phase (Fig. 14).
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Figure 14. Fixed Window scans for samples 7 and 6 with sametal water content. The jump in
intensity below 270 K is proportional to the amountof bulk-like water in the interparticle
pores. Note the slightly higher amount of bulk-likewater for the sample hydrated via gas
phase (sample 6) compared to the sample hydratedavconstant volume conditions from lig-

uid phase.

Uncertainties of ww and wew

The total specific surface area is an importanap@ter when calculating, . The fol-
lowing assumptions were used to dere(i) the density of wates,, is 1 g/cmi and (i) 1 g of
water on the surfaces covers 331(IKeelinget al, 1980). For loww the water density may be
higher and the covered area of 1 g lower, for lgtontrariwise, even though results of density
measurements are conflicting (e.g. Anderson, 198¥9.specific surface area was derived from
a sample witlw = 0.2 g/g containing\® in the interlayer for Na-montmorillonite andALin the

interlayer for Cs-montmorillonite. Specific configions of water molecules with varying mo-
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lecular cross sections (2.82 + 0.14) A (Mackenzf58) and a higher, than 1 g/crfican con-
tribute to the error of the calculations. For Csatnaorillonite the surface area was calculated
taking into account that only a single water laigepresent in interlayers at the used relative
humidity of 0.75. The uncertainties 8t for this clay are mainly due to the uncertain wate
density in the interlayers because maXVTan be intercalated. The same source material was
used, suggesting similar total surface areas ftn,os- and Na-montmorillonite, as was ob-
tained from the measurements.

The obtained\ ¢ is lower than the value from Gonzalez Sanatteal. (2008a) for Na-
montmorillonite, and similar to values of De Batral. (1966) and Bérendt al. (1995) for Cs-
montmorillonite. It is higher for the Cs- compatedhe Na-form, similar as reported by Bérend
et al, (1995). The external surface areas are compashall, anyway, so thah ; are domi-
nated by the total surface areas.

The average d-spacing (17.40 A, ~®VBof the single Na-montmorillonite sample satu-
rated with 5 M NaClQ@ solution plots about in line with the values ob& for samples
saturated with water (Figure 12 top). It has ongflightly lower average d-spacing compared to
a water-hydrated sample with similar water conteit8.35 A, ~2-3 W). Thus, the lower extent
of the diffuse double layer and the lower swellgrgssure expected for a clay sample in contact
with a higher ionic strength solution does not dieaffect the sample microstructure at this
water content or bulk density. It would be inteiregtto check whether this is also true for sam-
ples having larger water contents, or whether tlileeehigh ionic strength of the saturation
solution would lead to a smaller d-spacing and ipbss larger amount of interparticle (or ex-

tralamellar) water.
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Fractions of interlayer / interparticle versus $are / bulk-like water

The obtained fraction of (i) SW and calculated il decreases linearly (Tab. IV): in
Na-montmorillonite (i) from 100 to 36% and (ii) fro114 to 51 %. The fractions of SW and
BLW were compared with the fractions of ILW and IP®#¢ seen in fig. 15. For Na-
montmorillonite the amount of SW is increasing &g up tow = 0.18 g/g with 2W and the
ILW is increasing linearly up tav = 0.32 g/g with 3V in the interlayers. At first glance, this
could be interpreted as presence of some water bwitktlike properties in interlayers with 3
and 4W. This would be consistent with calculated diffusicoefficients approaching those of
bulk water for interlayers with more thanVW (Kosakowskiet al 2008). This interpretation,
however, seems unlikely in view of the X-ray difti@n results of Andersen (1967). He investi-
gated the d-spacing of Na-montmorillonite duringefzing and thawing and reports a decrease
from larger values to 19 A (/) at about —2°C and to 16 A (&) at about —10°C. Svensson and
Hansen (2010) obtained similar conclusions frometi@solved synchrotron X-ray diffraction
data, with a first collapse to aV8 state, a mixed 2-@/ state at —15°C, and a/2 state at -50°C.
It appears thus likely that during the FWS the wstructure of the samples with higher water
contents (initially 3 and ¥V) changed and the number of water layer was rediacedly 2W.
In this sense, our data can be considered as &rmatibn of the above mentioned results. A
distinction of SW and BLW for samples with compdyabigh water contents and large num-
bers of molecular water layer in interlayers by WS technique appears thus impossible.

Interestingly, the situation is different for Cs-ntmorillonite. A higher amount of SW
compared to the ILW was obtained, with a decreas¢38o (SW) compared to 29 % (ILW).
There a maximum of W in the interlayers is observed, and the obtaimgglis similar tow .
It appears thus that the (low) interlayer spacih@®-montmorillonite was not affected by the
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freezing. In fact, the water content for SW is eWégher (vsw=0.11 g/g) compared to the one
for ILW (w.w=0.07 g/g). The higher fraction of SW could be du¢he higher amount of SW
on theAs ex;compared to Na-montmorillonite, or due to an offpashange of the microstructure
upon freezing.

The observations favor the microstructural conadfewer but larger platelets in Cs-
whereas in the Na-form significantly less and sergdlatelets are stacked parallel to each other

(Melkior et al,, 2009; Pusch, 2001).
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Figure 15. Amount of interlayer water (w; ) from neutron diffraction and surface area measure
ments, and the amount of surface watens,) from fixed window scans as a function of total

water content () for Na- and Cs-montmorillonite. The black dashedine is the fit (eq. 21) to

wgw and the black solid line is the fit tow; .
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Interlayer and interparticle porosity

Models describing the diffusive transport are basedlifferent concepts regarding the
accessible porosity. Birgersson and Karnland (2@0®)sage the whole clay porosity as a sin-
gle environment, whereas others (e.g., BradburyBamyens, 2003) distinguish different pore
environments. Experimentally, different transpartessible porosities were derived for ions
and neutral species (Van Loehal, 2007; Glaut al, 2010). Due to anion-exclusion from the
interlayer, diffusion of anions is envisaged toetgitace mainly through the interparticle poros-
ity (Van Loonet al, 2007).

To quantify the porosity in different pore envirognis from neutron spectroscopy it is
necessary that these environments have differarftiesing properties. The scattering of the hy-
drogen can be attributed to water on external sagfain interlayers, or in interparticle pores. It
is likely that external surfaces and narrow intgglgpores have similar properties and contribute
both to SW. Internal surfaces dominate especiallyNla-montmorillonite, such that SW mainly
represents interlayer water. BLW, on the other hamainly represents interparticle water. Be-
cause of the possible change of the Na-montmoitdamicrostructure for samples with higher
w (w > ~0.25 g/g), during the FWS measurements, tlggnally present interparticle porosity is
probably overestimated by the BLW, and the intestayater under estimated by the SW for
these samples. The ILW directly estimated throdnghd-spacing represents the interlayer poros-

ity. Accordingly, the IPW can be attributed to theerparticle porosity, for all water contents.

The water filled porositg, =wl[p,,/p0, is in all cases lower than the poros-

ity € =1- p,,/ o5 - Accordingly, water saturatior are all <1. This fact has to be taken into

account when attributing porosities to the diffénpore compartments. The difference between
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ew ande can in principle be explained in three differeratys: (1), air-filled void space exists as

external, comparably large pores that are not agdahe actual clay microstructure; (2), inter-

particle pores are only partially saturated; andi(@erlayer pores are only partially saturated. A
combination of all these effects may occur, bued®3 appears very unlikely. Thus, we proceed
by considering just cases (1) and (2) and full rediton for the interlayer pores in all samples.
Then the interlayer porosity equals:

& :VILW/ V

sample

=Wy L2 (17)

w

The interparticle pores occurring at higher wat@ntents, however, may be partly filled with
air. The interparticle porositys, defined as interparticle pore volume per sampleie, is

then

Ep =(Vipw + Vipar ) V (18)

IPair sample

whereVip,, (cn?) is any volume of air in the interparticle por&ao extreme cases are distin-
guished in the following. Either all unsaturatedqware external pores (case 1 above), or all
unsaturated pores belong to the interparticle ppeee (case 2 above). In the first ca&g; is

zero and the interparticle porosity from the geoioelly obtainedwpy is thus:

£|n;in =Epw = Wipw Poa (19)

w

In the second casée,; is the total pore volume minus the volume occuigdvater, such that

the interparticle porosity equals the total pososiinus the interlayer porosity:

52



_ _ Lo
glrgax_g_gmw =&~ Wyiw (20)

w

The same calculation can be made for the SW and Bh¥¢fions obtained from neutron spec-

troscopy:

glrl?’in = gBLW = WBLW@ ( 21)

w

and

ggax =ETEgy = €~ Wy pbd‘ (22)

w

A further complication arises from the fact tha tistribution between SW and BLW (or, cor-
respondingly ILW and IPW) depends on the water eatw. A saturation of the air-filled pores
in the samples would lead to an increased watetenbw and thus very likely to a slight
change of the microstructure, i.e., the distributi@tween SW and BLW (or ILW and IPW). We
proceeded by assuming that our observed relatiowdgversusw represents the master curve
that can be used to estimate these microstrucsiméis during an increase @f. The master

curve with an error of 5%, shown in Fig. 15 isagiby
w=(w+ 13.91HN2'3)/ (1+ 3890w +13.91rw>%) (23)

From these master curves relations for the depeedefnthe interparticle porosity on the water
contentw at saturation (or on bulk dry density) can be\dstiby insertingvsy from Eq. (23)
into Eq. 22. This relation is also shown in Fig, idether with the calculatedl” and £

represented by the bameviations in the values from eq. 19, 20 and 4¢22 are due to the

saturation in samples for highq. The interparticle porosity obtained from the reasurve (Eqg.
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23) is for lowpyq higher and for highyy similar compared to the average values of Eq2Q%r
21, 22. When comparing the values from diffractieq. 19, 20) with values from spectroscopy
(eq. 21, 22) £, is similar at highp,q and different at lovp,q. This is just a consequence of the
differences betweenmvsy and w at highw. Note that the degree of saturation for Cs-
montmorillonite is higher compared to Na-montmoriite with similarp,g. The deviation in the
values between partly and fully saturated porékus less pronounced. The interparticle poros-
ity is generally for Cs-montmorillonite higher whesomparing with the values for Na-
montmorillonite.

The view of Birgersson and Karnland (2009) appé¢arse supported by the observa-
tions of Holmboeet al. (2012). According to the measurements of Holmébal. (2012), most
of the pore water should be considered as interlagger, even at low,s. Contrary to the fit-
ting results of Holmboet al. (2012), reflexions allocated to osmotic swellingrevabsent in the
XRD measurements of Kozaét al (1998) and Muurinen et al. (2004) resulting ihigher in-
terparticle porosity with decreasing bulk dry dénsContrary to Holmboet al. (2012) and
consistent with Kozaket al. (1998, 2001) and Van Loaat al (2007) the interparticle porosity
of this study increases with decreasing Similar to Pusch (1999) most water molecules are
located in interlayers at highqfor Na montmorillonite. The calculated interpamtigiorosity for
full saturation is for Na-montmorillonite very silai to modeling results from Van Loat al
(2007) for a bentonite with 71% smectite where ardocessible interparticle pores were calcu-
lated. The present study shows additionally aneasing interparticle porosity at lowg in

average from 0 to 36 % from geometric results aoohf0 to 50 % from spectroscopic results.
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Figure 16.Saturation, S (top), interpatrticle porosity, ¢p from neutron diffraction and surface area
measurements (center) and from fixed window scansldwn) as a function of bulk dry den-
sity (pyg) for Na- and Cs-montmorillonite. The saturation wa calculated from eq. 14. The
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corresponds to the fully saturation from the mastercurve eq. 23.
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Table 1V. Sample properties and results for Na-momnnorillonite (black font) and Cs-montmorillonite (grey font). The Sample number (#) corresponds to thenes in the figures. The
samples with the superscript d were hydrated in aet-up under confined conditions: # 10 in a 5M NaCl@solution and # 2, 4 & 7 in a water bath. The hydraon of the other sam-

ples was in a desiccator; the samples with the sugeript e are powder samples. The d-spacings for éhdry clay (d,) for Na-mnt (10.4 A) and Cs-mnt (10.8 A) were take from

Kosakowski et al. (2008).

Sample properties Geometric calculation Spectrasagculation
0,

f e lw SO[O® [ 1 2" a e b =0 (B W bw e w0 Y
19 1.77 0.18 0.86 125 | 100 0.07 39  0.22#0.02| 562 438 010 0.08 0.17+0.02
18 155 024 0.83 12.7| 100 0.07 29  0.30£0.04| 435 565 0.11 0.13 0.24+0.04
16  2.06 007 055 1277 100 0.08 114  0.04+0.06| 100 0 0.07 0.00 0.06x0.06 0.00
15 1.76 0.10 0.47 1344 41 59 0.11 110  0.08+0.10| 100 0 0.10 0.00 0.10+0.10 0.05
14 1.76 0.11 052 1400 34 66 0.13 118  0.05+0.09| 100 0 0.11 0.00 0.09+0.09 0.05
13 1.73 0.14 0.63 1467 11 89 0.15 107  0.05+0.07| 100 0 0.14 0.00 0.07+0.07 0.06
12 167 0.15 0.62 15.08 100 0.17 113 0.04+0.08| 933 6.7 014 0.01 0.09+0.08 80.0
1la 1.68 0.18 0.76 15.42 100 0.18 100  0.05:0.05| 889 11.1 0.16 0.02 0.08+0.05 08 0.
11b 1.64 0.18 0.71 15.49 100 0.18 100  0.06+0.06| 100 0 0.18 0.00 0.06x0.06 0.09
11c 1.55 0.18 0.62 1554 100 0.18 100 0.08+0.08| 889 11.1 0.16 0.02 0.11+0.08 120.
109 1.19 027 0.56 17.40 36 64 0.24 89  0.16+0.13| 76.72 2328 0.21 0.06 0.20+0.13
9 1.34 0.30 0.77 18.35 33 67 0.28 93  0.09+0.06| 70.00 30 021 0.09 0.18+0.06 0.22
8 1.26 031 0.71 1852 100 0.29 94  0.10£0.08| 710 29 022 0.09 0.19+0.08 0.25
79 1.29 032 0.77 18.95 100 0.30 94  0.09+0.06| 79.29 20.71 0.25 0.07 0.15+0.06.240
6° 0.32 19.23 93 7 o031 97 719 281 023 0.09
5¢ 0.38 19.39 88 12 032 84 60.5 395 023 0.15
49 1.00 049 0.7 19.98 83 17 | 0.34 69  0.23+0.08| 469 531 0.23 0.26 0.34+0.08 00.4
3 083 056  0.66 20.01 83 17 | 0.34 61  0.30+0.12| 429 57.1 024 0.32 0.38+0.12 00.5
29 1.03 047 077 20.03 7723|034 72 0.21+0.07| 51.1 489 024 0.23 0.31+0.07 80.3
1 086 0.67 0.83 20.04 83 17 |0.34 51  0.34+0.06| 358 642 0.24 043 0.43+0.06 80.4
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Conclusions

The relative fractions of surface and bulk-like arain different pore environments of
Na- and Cs-montmorillonite were obtained directlynfi neutron backscattering measurements.
The results were compared with calculated fractiohiterlayer and interparticle water ob-
tained from neutron diffraction and adsorption noeasients.

The obtained fractions of surface and bulk-like evatre independent on the degree of
saturation; the decisive parameter was rather faarize the water content. Depending on the
characterization method different fractions of aoe water in the interlayer and interlayer water
were obtained. For Na-montmorillonite with low watentent only surface and interlayer water
exists. The amount of (i) surface water is incregdinearly up to two molecular water layers
and (ii) interlayer water up to three molecular evdayers. At high water content subsequently
bulk-like water and interparticle water exist. Tam®ount is increasing monotonically, but not
linearly for bulk-like water from 0 to 64% and foterparticle water from 0 to 49 %. The ob-
tained fractions of (i) surface and interlayer watere attributed to the interlayer pores and (ii)
bulk-like water and interparticle water were atitdd to the interparticle pores. The derived
values are increasing for bulk-like water from @d®0 % and for interparticle water from 0 to
36 %. Our samples were only partially saturatedckvicreates some uncertainty regarding the
total volume of interparticle pores. The additionaltfilled pore space belongs very likely also
to the interparticle pores.

Cs-montmorillonite however can intercalate maxima¢ molecular water layer and an
initial linear increase of surface and interlayeatev (like in Na-montmorillonite) was not ob-
served. The obtained surface water is higher wigdg@minantly bulk-like water compared to

Na-montmorillonite with similar d-spacing. The aalfgted interlayer/interparticle and measured
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surface/bulk-like water show furthermore contraggults to Na-montmorillonite. The amount
of (i) bulk-like is lower compared to the (ii) imfwarticle water increasing for (i) from 0 to 57%
and for (i) from O to 71 %. The derived interpelai porosity from bulk-like water is increasing

from 0 % to 25 % and from interparticle water frornto 31 %.
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Appendix 1

The neutron diffraction patterns for a Na-montntoniite sample compacted g=0.88
g/cm3 and saturated with,O to S=0.83 were recorded at different temperatures (Fig- The
d-spacing of 19.8 A was calculated from Braggs [Blree hexagonal ice peaks are appearing
from 300 to 255 K due to the crystallization of emat~rom this we concluded that the water in

the interparticle pores freezes like bulk water\(BL
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Figure 17.Neutron diffraction pattern for a deuterium saturated Na-montmorillonite sample. The
intensity is shown as function of a 2 theta scan fdifferent temperatures. In the inserted
diagram shows the d-spacing range (A) at 25°C corsponding to 2 theta between 6° and 15°

with the Gaussian fit corresponding to 3 and 4 BD layers (the solid line).
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Abstract - The suitability of swelling clays as a barrierisolate nuclear waste reposi-
tories is based on their microstructure, charazgdriby pore sizes down to atomic
scale, and by their physicochemical properties stscfavourable hydraulic and trans-
port retarding properties. In this study, the dffgfcbulk dry density and ionic strength
(0.1, 1 and 5 M NaClg) in the external contact solution on the diffusadHTO and
“’Na* through Na-montmorillonite was studied. Both paggers affect the microstruc-
ture of clay and the molecular properties of poedew such as its mobility and the
degree of ordering. While the diffusion of neutspkcies, such as water, depends on
the bulk dry density only, the diffusive fluxes I&" were additionally shown to be a
function of the ionic strength. In a plot of logamic effective diffusion coefficients
versus the logarithmic external salt concentratislopes of less than unity were ob-
served for low bulk dry densities. This is an iradion that the diffusive flux o?Na’

is affected by more than one transport pathway lwkidn agreement with the inter-
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pretation of e.g. a dual porosity model or dual partment. Additionally, the diffusive
behaviour of both tracers were investigated here famction of the temperature (be-
tween 0 and 80 °C). The activation energy was ¢taled from the Arrhenius
equation. It was found that for samples with highklkdry density the activation en-
ergy values were slightly higher and for low bulky dlensity smaller compared to
bulk water (17 kJ/mol), and similar for low and rmed ionic strength. Coupled diffu-
sion of HTO and’Na" is a possible interpretation of the observatiat the values of
the activation energies were almost the same ftbr toacers under all conditions.

Key words — Swelling clays, tracer diffusion, activation egyerdual porosity concept,

dual compartment concept, surface diffusion

Introduction

Due to the low hydraulic conductivity and its favable sorption properties bentonite is consid-
ered in many countries as a sealing material t@atsouclear waste repositories from the
environment. The main component of bentonite is tmonillonite, which consists of two-
dimensional octahedral (O) alumina sheets sandditle¢ween tetrahedral (T) silica sheets to
form a so-called TOT layer. The layers are neghtieharged because of isomorphic substitu-
tions of some central cations mainly in the octahledheet, for cations of lower charge.
Between these TOT layers are interlayer pores whieaege-compensating cations, like*Na
and water molecules are intercalated. Stacks ofiptulTOT layers form larger clay platelets.
Depending on the bulk dry density, interparticlegsomay occur in various amounts near the
external surfaces of the hydrated clay plateletstevs thus located in different pore environ-
ments and may have different properties originatingh the physicochemical interaction with

the ions in solution, with the excess cations ribarsurfaces, and with the charged surfaces.
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Different nomenclatures exist in the literaturectwaracterize the different water types (e.g.
Gateset al, 2012). In the following we simply discriminatetiveen water present in the inter-
layer pores and the very near surface of clay letst€lIL\W) and water in the interparticle pores
(IPW). Bestelet al. (to be submitted) measured the ratio of surfaatemin interlayer pores to
bulk-like water in larger (e.g. interparticle) psrasing neutron backscattering spectroscopy.
The results from geometrical calculations basedeutron diffraction and surface area meas-
urements were similar to those from neutron badtewag spectroscopy for low total water
contents (high bulk dry density). This confirms fireling from Pusctet al (2001) that most
water molecules are located in the interlayersuaface water at low water contents. At high
water contents (low bulk dry densities) water withk-like properties is present in the interpar-
ticle pores.

Molecular diffusion is the main transport processtigh bentonites at high bulk dry
densities or in natural claystones and clay misefalg. Boving and Grathwohl, 2001; Gimmi
et. al, 2007; Mazurek et. al., 2011). To predict theuwdiffe mass transport for saturated clays of
the engineered barrier system the influence of gemmetry has to be taken into account. This
is typically done by introducing empirical factansch as the tortuosityr(, -) and constrictivity

(9, -) in the definition of the pore diffusion coeifent (D, n/s):

D =Doé=D0[G (24)
T

p

Do (m%s) is the self diffusion coefficient in bulk watendG (-) the geometrical factor is lump-
ing together7 and O (Shackelford, 1991; Gonzélez Sanchetzal., 2008; Shackelford and
Moore, 2013). Note that these quantities cannatdtermined independently of each other. Dif-

fusion coefficients for tritiated and deuteratedtbgtic porewater were experimentally obtained
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and are increasing with decreasing compaction (&lemSancheet al.,2008; Nakazawat al.,
1999, Satp2002, Suzuket al.,2004).

For charged species, however, the effect of fixathse charges is in addition impor-
tant. Different concepts exist for the implememtatiof such effects. In the single porosity
concept, a homogeneous pore space made up oaydefater only is considered (Birgersson
and Karnland, 2009). Cations of the alkaline andhealkaline series equilibrate between the
external solution and the montmorillonite pore spay cation exchange. All species in the
montmorillonite pore space are viewed as being haobi certain amount of anions enters the
interlayer pores according to the Donnan equilirilBirgersson and Karnland (2009) were
able to model literature data f6Na'" (Glauset al, 2007) and®CI™ (Van Loonet al, 2007) in a
consistent manner using the calculated tracer ctratens in the montmorillonite pore space
as the driving force for Fickian diffusion.

The difference in geometrical respect between lasger and interparticle pores is con-
sidered as a transport-relevant property in the cdsdual porosity models for diffusion (e.g.
Bourget al., 2006/2007). The distribution of pore water betwedferent pore compartments,
different transport-accessible porosities for i@esnpared to neutral species and the specific
interactions of ions with the charged surfaces. (sagption) are taken into account in those
models. On a microscopic scale, the total flyXmol/nf/s) is viewed as the sum of two parallel
fluxes through the interlaygg (mol/nf/s) and larger porgs (mol/nt/s), like the interparticle
pores. When assuming Fickian diffusion the totak fk driven by the local concentration gradi-

ents in x, y and z direction in these porositie€>, and[IC,, , mol/nf):

Joo =t e = D, WC, + D, p WC,  (25)
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De,. andDe p (M7/s) are the respective effective diffusion coeéfits for the interlayer and the
larger pores. They can be represented,ab, ., ¢p -Dpp Wheree (-) andD, (m?/s) denote the
corresponding porosity and pore diffusion coeffitieDepending on the species under consid-
erationCy_ is directly related t&p by a thermodynamic equilibrium condition (suchcation
exchange or a Donnan two-phase equilibriu@y .is mostly assumed to be equal to the concen-
tration of the diffusing species in the externalkbsolution. If all interlayer cations are
considered as sorbed and all interparticle catsnbeing in solution, eq. (25) is equal to a sur-
face diffusion model for parallel transport of sedbcations on the surfaces and cations in
solution (e.g., Oscarson, 1994; Gimmi and Kosakaovwkl1). Such a surface diffusion model
should be denoted more generally as a dual compattmodel, rather than as a dual porosity
model. Gimmi and Kosakowski (2011) proposed a sgahirocedure in which the effective dif-
fusion coefficient of a cationic species is norsadi by its bulk water diffusion coefficient and
by the tortuosity obtained from a water tracer. Télkative contribution to diffusion from the
sorbed cations is expressed by a relative surfat®lity ( /,, —) and the capacity ratig(, —).
The resulting normalised relative effective diffusicoefficient Dew, —) is related to these
quantities in the following manner (wheserefers to the water molecule, respectively):

_D.Dy _

Derw -
D, D’

1+Kp, (26)

The capacity ratio is defined as the amount ofedidations per amount of cations in pore solu-
tion (or the amount of interlayer cations per amafrinterparticle cations, if interlayer cations

represent the sorbed cations):
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4 = P [S_¢&, IC,
eC £, [Cp

(27)

whereS (mol/g solid) is the sorbed concentration. Usingogption distribution coefficierniy

(cm®lg)=S/C-16 and the bulk dry densipyq (g/cnt), the capacity ratio can be given as:

k=Pula (g
&

For identicalG for diffusion through the two compartmenks directly controls the individual
contributions to the overal cation flux becauserti® of concentration gradients in these com-
partments are related w. Finally, ps is defined as the ratio of an intrinsic surfactudion

coefficient on a flat surfac@®(, m2/s) andDg

—_ DsO
Hs D

0

(29)

Summarising eq. 24-29, the diffusive fluxes relatte those of water tracers may thus mainly
be governed by (i) the relative surface diffusi@efticients 1, and by (ii) the sorption proc-
esses on internal or external surface of the T@@rtacharacterised by the parameter

From the dependence af on the salinity of the solution in contact with ttlay, the diffusion

of #Na is expected to correlate with the ionic strentik diffusion increases f6fNa with de-
creasing ionic strength of the background solufidaCl, NaClQ) (Glauset al., 2007, 2010,
2013 and Melkioret al.,2009). From the inverse dependency of the steadg-stacer flux on
the salinity of the external solution, Glagisal. (2007) concluded that for cationic species like
*’Na’ the transport in the interlayers dominated theraVdlux j., meaning that the contribu-
tion of jp (equation 25) was negligible in those cases. Ugmmecting for the dependency of

these gradients for salinity effects, Glaisal. (2007) ended with a single diffusion coefficient
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valid for diffusion in the interlayer pores for abnditions tested. Norrisét al. (1954) and
Amorim et al. (2007) studied the swelling of montmorillonite undentact with different elec-
trolyte solutions using X-ray diffraction and inpeeted the basal spacing beween 20 to 40 A
with formation of diffuse double layers (DDL). Ththickness of the DDL in Na-
montmorillonite decreases with increasing ioniesfith affecting the volume of the transport-
accessible porosity. leads to a different concentration distributionspkcies in surface and
bulk-like water. It can thus be expected that #iseantly low degrees of compaction or at large
external salinities the contribution from the ip@ricle pore space has an increasing impor-

tance and that the simple relationships observe@dlayset al. (2007) may be no longer valid.

Aim of this work

The aim of this work was to investigate the diffiestransport of HTO antfNa and
its dependence on the bulk dry density and iomength under conditions under which a meas-
urable contribution of both fluxeg,( andjr) can be expected. The variation of the ionic
strength shall give information on the validitytb& various porosity models (single, dual). For
this purpose and for obtaining internally consistesults, the diffusive flux of HTO arfdNa
through medium to lowly compacted Na-montmorillengamples was simultaneously meas-
ured and effective diffusion coefficients were ged. The temperature of the diffusive flux was
varied in order to see effects of the deduced attim energy on the bulk dry density. Further
there is a general interest in the temperaturergbpee of diffusion in view of the high initial
temperatures of high-level radioactive wastes, viibich bentonite is foreseen as the buffer

and/or backfill material.
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Material and Methods
A homoionic Na-montmorillonite with identical cherai composition as in Bestet al. (to be
submitted) was investigated. Because humid sannpes easier to compact, the powder sam-
ples were partially hydrated from the vapor phasa first step to gravimetric water contems (
defined as the ratio of mass of water to massytliy) varying between 0.2 and 0.6 g/g. After
compaction of the wetted clay samples these weaeedl between porous filters and subse-
quently saturated under constant volume conditimisg NaCIlQ solutions present at various
concentrations (0.1, 1 and 5 mol/l). Diffusion selith an appropriate sealing system enabling
a continuous flow of the contacting solutions thgiouhe confining filters were used to mini-
mise concentration gradients in the filters (Glaual.,2013). The cylindrical clay pellets had a
radius of 1.00-1&m and a thickness {dof 1.00-1G m. The thickness of the confining filters
(dh) was 1.65-1& m. Samples of low (0.80, 1.07), intermediate (11333, 1.35) and high (1.56,
1.63, 1.68, 1.70) bulk dry densities (gfywere investigated (Tab. V). The background etectr
lyte solution circulated through the porous filteas flow rates of 0.1 ml/min maintaining
thereby an almost homogeneous tracer concentrafio®.compacted sample took up 1-2 g
background electrolyte solution (corresponding thange in water content of up to 0.33 g/g)
within one month of saturation time. The obtaivedg/g) and the degree of saturatir(-)
were determined after the tracer through-diffustgperiment by desiccation at £00(Tab. V).

The degree of saturatio8 is defined as the volume of water per volume ofepo(-):

S= Wp%p where £0,,/ p,4 equals the gravimetric water content at full sation (sa).
w

The total porosity of a sample) (was calculated fron&‘:l—p% with the solid densitypg

S
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= 2.8 g/cm)) measured by pycnometry. The amount of Na@@cklog from evaporation was

calculated from the porosity of the sample.

Table V. Sample properties for Na-montmorillonite

Sample 1 2 3 4 5 6 7 8 9 10 11
[M] NaCIO,4 0.1 01 01 01 01 01 1 1 1 1 5
poa (glcn) 080 1.07 107 133 156 163 132 133 168 1.70.35

e(-) 0.71 0.62 062 053 044 042 053 053 0.40.390 0.52

w (9/9) 086 059 055 039 0.24 0.27 0.33 0.40 60.20.25 0.38

S(-) 097 102 095 098 085 105 0.82 100 1.09.08 0.99

After saturation the experiment was started withidentical setup for the tracer through-
diffusion experiment as described in Van Laziral. (2005). Owing to the long duration of the
experiment involving several temperature stepstrémer reservoir volumina have been chosen
relatively large in order to avoid drastic changethe tracer concentration. For HTO, the reser-
voir concentration remained virtually unchangedilevh measurable decrease could be noticed
for Na. This led to a diffusive flux that slightly dease with time. The solution at the low
concentration side was changed three times a wgainst tracer free solutions to keep the

tracer concentrations as low as reasonably posdibke tracer fluxes at the downstream filter
boundary were calculated from the activitit—.\ﬁ}‘ (Bqg) accumulated during each time intervall

At (s), the cross section ar8gnv) of the clay plug and the specific activity of thhacerAg,

(Bg/mal):

A
i = if 30
Jo =" A, (30)

The activities of HTO andNa (half lives of 12.3 and 2.6 years, respectivelgye detected

through liquid scintillation counting8 — £ discrimination using two energy windows was
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used to determine the activities of HTO &fda" separately. The two windows were 0 to 20

keV for the combined contribution of HTO afftila’ and 20 to 600 keV for the contribution of
“Na* only. All values for Aﬁ} were corrected for radioactive decay using a wmiggference

date for all samples.

We applied the continuous method of temperaturatian (Van Loonet al, 2005) in
which the temperature is changed as soon as aisuoffy long steady-state phase has been ob-
served for a given temperature. Temperatures bat@emnd 80 ° were applied by keeping the
diffusion cells in a thermostate laboratory incaogFriocell 111, IG Instrumentengesellschatft,
Zurich, Switzerland). Two different flux phasesIbup: (i) a short transient state for the initial
temperature only and (ii) quasi steady-state phdsgag which the flux remains almost con-
stant, viz. decreasing only as the result of degré@concentration in the source reservoir. Data
at 25 °C were measured at the beginning and artti®f the temperature cycle in order to ver-
ify that the properties for diffusion such as thaycstructure remained unchanged during the
entire experiment.

The effective diffusion coefficier®, (m?/s) was calculated from Fick’s first law for each
set of the measured flux data. Despite the adweélishing of the filters, some heterogeneities
in solution concentrations are to be expected duentinhomogeneous flow in the filters. For
simplicity these inhomogeneities are treated adfasd/e resistance of an isotropic medium in
the flushed filters. A virtual diffusion coefficierior the filter D; (m?/s) was estimated to be
1.5010° m¥s at 25 °C. Its value for other temperatures vedisnated through the Arrhenius
relation assuming an activation eneggyof 17 kJ/mol (Low, 1962). According to the seidal

rangement of filter-clay-filteD, was calculated from the one-dimensional steadg $ia ()
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at timet and the respective tracer concentration in théregs re:servoirCtUSb (Glauset al,

2008):

D _ jtot [dc [Df
° CtUSbEDf _Zl:jtot mf

(31)

Average values for a given temperature were catedlérom groups of datg.) with near-
constant flux values and the respective groupéltbif’ values. Equation 31 is strictly valid for
constant boundary concentration conditions onlyialde boundary conditions from the ex-
periment were however acceptable in our experimbatsause the changes @}”Sb within a

time interval used to derive diffusion coefficiemtgre insignificant compared to the allocated
error bars. According to equation 31 the effectiiffusion coefficient was calculated assuming
a zero tracer concentration in the downstream bayne:servoir.

The capacity raticc was calculated (eq. 28) froKy values determined from the break-through
curves during the transient phase of the experisneantried out at 25 °C. For linear sorptidn
(defined as the per-dry weight amount of soluteodskd onto the solid phase divided by its so-

lution concentration) is calculated from the roelpacity factor &, —) by the following relation:

a—-¢&

Ka = (32)

bd

The break-through timg; (s) (Van Loonret al, 2005) was determined from the intercept of the

n
abscissa by the extension of the linear part optbeof z Ai}‘ versus time for the purpose of
i=1

calculatingg according to the following equation which agaikes into account the diffusive

resistance of the filters (Yaroshchekal, 2008, Glaus et al., 2008):
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6 J tOttthIUSb( Df )2

a= = T — : (33)
d.(C™)*(Dy)* +2d,d.C*"D i = 20 (d)* (o)’

a is also used to calculate the apparent diffusimefficient D, (m’/s) according to Fick’s sec-

ond law (given in a one-dimensional representation)

2 2
dc_D,d’c _ dc

—— (34
dt  a dx*  ° dx? (34)

Alternatively k may also be calculated from the cation exchangaaty CEC (mmol/g) ac-

cording to:

. CECI p,4
LA

(35)

whereA is the molar concentration of the background eddgte in the contacting solution.

Table VI. Average HTO concentrations in the upstrean boundary reservoir (C t”Sb ) and

estimated flux (j) at 25°C. A typical bunching of data for averagedrmation is shown in

Fig. 18.

Sample 1 2 3 4 5 6 7 8 9 10 11
b

CtuS 10 403 4.09 4.05 9.64 9.79 983 513 518 524 52863

(mol/n)

joo- 10 112 073 1.16 069 038 035 047 044 019 0.1200
(mol/nf/s)

Table VII. Average *Na concentrations in the upstream boundary reservoi( C t”Sb ) and es-

timated flux (j) for at 25°C. A typical bunching of data for aveage formation is shown in

Fig. 19.

Sample 1 2 3 4 5 6 7 8 9 10 11
b

Ctus'ld 0.21 0.22 0.212 0.057 0.11 0.12 0.81 0.51 0.51 0.52.20

(mol/n7’)

jltot'ld4 0.15 0.14 0.15 0.025 0.038 0.040 0.084 0.061 0.020026 0.012
(mol/nfls)
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Activation energy
The dependence of the effective diffusion coeffitien temperatur& (K) was evalu-

ated from the Arrhenius equation (Gonzadeal, 2008):
D, = A@Xp5 (36)
© RT

whereA is the preexponential factor aRe8.314 J/K/mol is the molar gas constant. The aetiv
tion energy was estimated from the linear regres®b the plotted logarithmic effective

diffusion coefficients versus reciprocal temperatur

Neutron diffraction

Neutron diffraction measurements were carried ouhe 2-axis diffractometer MOR-
PHEUS (SINQ, PSI, Switzerland) with the same setispgiven in Bestekt al. (to be
submitted). The converted d-spacing peak wadfitie two Gaussian functions. The relative
abundance of 3V (3 water layer) and ¥V (4 water layer) in the interlayer were determined

from the ratio of the peak areas and the averagmading value.

Results & Discussions
As can be seen from Table V the investigated sampbre fully saturated (90-100%), and the
obtained diffusion coefficients are thus directymparable as a function pfy or & (Table VI,
VII). The effective diffusion coefficients for thdifferent temperaturesy , Ky, x andE, are
listed in Tab. VIII and IX (Appendix). Representagtiexamples of the dependence of the diffu-

sive flux on temperature are shown in Fig. 18 fafCHand Fig. 19 fof’Na. Also shown in
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these Figures is the evolution of the tracer coimagan in the source reservoir which acts as a
concentration boundary condition for the diffuspm®cess. As expectgd; increases with in-
creasing temperature. For HTO, the quasi-steadg-fitax and the diffusion coefficients at 25
°C are equal within the error bars at the beginaing at the end of the experiment indicating
that no major structural changes occurred oveettige duration of the temperature cycle. The

respective values fdfNa are however significantly higher at the begigrinan at the end of
the experiment. This is explained by the decreefats@t“éb during the temperature cycle; the dif-

fusion coefficients remain equal within the errars (with one exception). The flux values for
“’Na show somewhat larger scatter than the HTO @hia.can be explained by the fact that the
tracer concentration in the downstream-boundargrves increases until the reservoir flask
gets exchanged. It can be shown that this incresesis to a rather significant change in the
tracer concentration gradients near the clay iaterfat the downstream boundary. As a result
the variance of the time dependent flux valueshindquasi steady-state phas€®fa is larger

than those of HTO. Note thdd. is systematically underestimated for the assumptd
CtdSb =0 (Eq. 31). The arising bias is rather in the ranfstatistical uncertainties, even for

?’Na’, and thus not taken into account in the data etiako.

Large uncertainties are inherently associated thigha values for HTO because of the very
short break-through times. The values are simiarwhich can be expected for a non-sorbing
diffusing species. FoNa, @ is higher thar: for all samples except of the sample saturated
with 5 M NaClQ, for which a is similar toe. Note the good consistency betweewalues cal-

culated frono and values calculated froBEC (Tab. IX, Appendix).
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Figure 18.Diffusion of HTO through a compacted Na-montmorillonite (1.63 g/cm3) at 0.1 M Na-
Clo, (sample 6) for different temperatures. The tracerconcentration in the high tracer
concentration reservoir (top) and the diffusive flx into the low tracer concentration reser-
voir (bottom) are shown as a function of time. Thebars indicate groups of data used for
average formations for the steady state (cf. Tab. ¥to estimate the effective diffusion coeffi-

cients (Tab. VIII, Appendix).
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Figure 19.Diffusion of ?Na through a compacted Na-montmorillonite (1.63 gfn®) at 0.1 M NaClO,

(sample 6) for different temperatures: The tracer oncentration in the high tracer concentra-

tion reservoir (top) and the diffusive flux into the low tracer concentration reservoir

(bottom) are shown as a function of time. The barmdicate groups of data used for average

formations for the steady state (cf. Tab. VII) to setimate the effective diffusion coefficients
(Tab. IX, Appendix).

Dependence of {n salinity and bulk dry density

The dependency @, values for HTO at 25 °C on the ionic strengtts illustrated in

a logarithmic representation in Fig. 20. For samplith similar bulk dry densitieB, for HTO

IS independent oA. As evidenced by the identity @f ande, the whole porosity is accessible

for HTO, diffusing through the interlayer and irgarticle porosity. This means that the exis-

tence of different quantities of the interlayer anterparticle porosity have no significant

influence onjy; in a dual porosity model, from which it can inriuse concluded that the geo-
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metrical factors (equation 24) for the interlayeiirgerparticle porosity are approximately iden-
tical. This is somewhat surprising from the nangsc@oint of view of molecular diffusion. As
indicated by neutron spectroscopy (Bestedl.,to be submitted; Gonzalet al, 2008) the mo-
lecular movement of a water molecule in the surfaater is lower than in bulk-like water by a
factor of 2-3. It appears that such differences arplayed when considering the diffusion
process on a macroscopic scale taking into acogemmnetric effects originating from the po-

rous network in the clays.

-9.0 . . : .
A 0.8090m’3 X (1.05+/-0.02)gcm’3
(1.35+-0.04)g cm”
——(1.65+-0.05)g cm”
_ 951 & ——— (1.90+/-0.05)g cm™ Glaus ef al., 2010 |
o
E
g-‘I0.0— -
S slope=0.04+0.03
—
1054 slope=-0.04+0.10 |
- o
& =
-11.0 . : . : .
-1 0 1
Log [A] (M NaCl04)

Figure 20.Dependence of the effective diffusion coefficien{®¢) for HTO on the ionic strength at 25

°C on logarithmic scales.

In order to relatd®, or D, values measured at different bulk dry densitiespigcal rela-

tionships such as Archie’s law (Archie, 1942) aseful (Van Looret al, 2007):

logD, =logD, +(m-1)loge (37)
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with D(') (m?/s) the diffusion coefficient at=1 (supposed to be the diffusion coefficient in wa-

ter, Do (M%/s)), m (-) an empirical exponent often denoted as theecgation factor. Figure 21
shows such a relation for the HTO data. The factas influenced by the type and degree of
consolidation (Archie, 1942), pore geometry (Thoomsl987), rock texture and particle ge-
ometry like preferred orientation (Sehal, 1984). Similarly to literature data from Nakazaw
et al. (1999), Suzuket al. (2004), Sato (2002), Gonzalez Sancaeal. (2008) and Glaust al.
(2010, 2013), th®, values for HTO are increasing monotonously wittréasing porosity. This

shows that our data give an internally consistettipe in agreement with literature data.
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Figure 21. Dependence of the pore diffusion coefficients (pfor HTO on the porosity at a tempera-
ture of 25 °C on logarithmic scales. The black liree are the fit with Archie’s law to data
measured and data from Gonzalez Sanchest al. (2008) and Glauset al. (2010, 2013). The
number of water layer (W) for these porosities from neutron diffraction meaurements was
taken from Bestelet al. (to be submitted). Literature data are from Nakazava et al. (1999),
Suzuki et al. (2004) and Satq2002).
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A completely different situation for the dependeiceionic strength is observed for
the diffusion of theé®Na tracer. TheD. values obviously depend on the ionic strength iand
most cased). values fo’Na’ are larger than those of HTO. Only in the casthefexperiment
carried out using 5 M NaCl(an opposite ratio was measured. A slope of 0.640a8b in a plot
of logarithmic effective diffusion coefficients \&rs logarithmic values of salinity was obtained

for the lower density of 1.35 g/érand 1.65 g/cr respectively (Fig. 22).

9.0 . —— . 3
= 4 (.80gcm’ (1.05+/-0.02)gcm’

(1.35+/-0.04)g cm”
——(1.65+/-0.05)g cm” .
———(1.90+/-0.05)g cm™: Glaus et al., 2010

slope=-0.64+0.05 _
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Figure 22.Dependence of the effective diffusion coefficien{®,) for ?Na on the ionic strengthA at

25 °C on logarithmic scales.

Glauset al.(2007) showed that, for the limiting case of irdgdr diffusion being the dominant

diffusion pathway D, , IIC, of eq. 25 can thus be neglected), the slope ih ayglot is ex-

pected to be the reciprocal root of the charge ohtion undergoing cation-exchange on the
clay. For the case of diffusion &Na" a limiting slope of 1 can thus be expected. Thjseeta-

tion was confirmed in experiments using Milos moatittonite compacted to dry densities of
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1.9 g/cni (Glauset al.,2007). If the slope is > 1, a considerable pait,dfor *Na is attributed
to De p, Which is — for the present consideration — indeleat of the charge of the tracer or of
the ionic strength of the pore solution. It canstthe concluded that, under compaction of
poi=1.3 glend theje contributes significantly to the overall flux atitht these data cannot be
represented by a simple model as proposed by @laals(2007) for highly compacted smec-
tites. Consequently the model applied to these mdds refinement.

In a first step we plot th&Na" data given as normalizé}, values as a function of po-
rosity which is in essence the same representaiagiven by Bourgt al (2007). The apparent
diffusion coefficients slightly increase with inaseng porosity (Fig. 23). Whether this depend-

ence can be used for model discrimination is qoeable.
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Figure 23.Apparent diffusion coefficient (D,) normalized to the diffusion coefficient in bulk water
(Do) for ?*Na versus porosity at 25 °C. Literature data are fom Kozaki et al. (1998) (water
saturated samples) and Glaust al. (2007) (1.95 g/crhcompacted samples saturated with 0.1
and 1.0 M NaClIQy).

82



We use the scaling procedure proposed by Gimmiarsdkowski (2011) as a next step.
This formalism is also based on a dual-flux conagaphprising a surface and pore diffusion
component (equation 26). The resulting pictureivemyin Fig. 24. In agreement with the data
compilation of Gimmi and Kosakowski (2011) the schdiffusion coefficients are around 1 for
low x and increase with increasing values. The obtained surface mobilip<0.40+0.02) is
similar to the valuep(=0.52) from Gimmi and Kosakowski (2011). The goagligy of the fit
curve given in Fig. 24 is thus a confirmation thia data measured in the present work com-
prise conditions, for which a dual-flux model iqu@ed for an adequate description of the

experimental data.

% 0.1M
154 & 1.oMm P
5.0M
< 1M, 0.1M: Glaus et al., 2007
= 1.04{—D_=T+pn .

0.5

0.0- 8

10 05 00 05 10 15 20
Log (x) []

Figure 24.Scaled diffusion coefficients () for ?Na as a function of the capacity ratio for sorption
K . The dashed line represents the surface diffusiomodel from Gimmi and Kosakowski
(2011) fitted to the measured data. Literature datdrom Glaus et al. (2007) are for samples
compacted to 1.95 g/crhand saturated with 0.1 and 1.0 M NaCIQ.
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For thex (Na') values smaller than uniti, for cations was found to be smaller than
for water. This observation is in agreement witb ihterpretation from calculated d-spacings
from neutron diffraction measurements (Fig. 25)e Thspacing for lowly compacted samples
(1.0 g/cni) and the thickness of the DDL are smaller (Norgshl, 1954; Amorimet al, 2007)
suggesting a lower volume of the transport-accsgirosity for the 5 M NaClgcompared to

the water saturated sample.

1500 -

1000 -

Elastic intensity (counts)

D-spacing (A)

Figure 25. Neutron diffractogram for a Na-montmorillonite sample compacted to 1.00 g/cfhand
saturated with (i) water and (i) 5 M NaClO,. The solid lines are Gaussian fits to the experi-
mental data resulting in (i) 85 % of 3 molecular wéer layer (W) and 15 % of 4 W with mean

d-spacing of 19.57 A, and for (i) 89 % of 3 W and 1 % 4 W with mean d-spacing of 18.46 A.
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Activation energy versus bulk dry density

The activation energy ¢EkJ/mol) for diffusion is the minimum amount ofezgy re-
quired to reach a transition state for moleculapldicement, viz. for breaking intermolecular
forces. It is seen as an indicator for the stateoofinement of water in compacted clay systems
(Kozakiet al, 1996/1998; Liwet al, 2003; Suzuket al, 2004, Van Looret al.,2005). The ac-
tivation energy for HTO an&Na through lowly compacted clay is lower comparedulk
water with (17+1) kJ/mol (Low, 1962) and for highdgmpacted Na-montmorillonite increases
with increasing bulk dry density to a value higltesn bulk water (Kozakét al, 1996/1998).
The diffusion of cations is further influenced lyrgtion processes. Thus, the activation energy
for diffusion of sorbing cations can differ fromathof water. Except for Cs with predominantly
largerE, at high compaction, it is for most cations ancagrisimilar.

The dependence @&, on puy for HTO and®Na is shown in Fig. 26, Fig. 27-34 (Ap-
pendix). The derived, values are similar foPNa to the ones of Kozalit al. (1998) and for
HTO to the ones of Gonzalez Sancletal. (2008) and Suzulét al. (2004). The values fdE,
are similar for both species for all samples. Tihdicates a dynamic coupling between HTO
and®’Na meaning that both species move together, e.q ifhydration shells around Naro-
vided that the residence time of water in the hiydnashell is exceeding the time scales of
diffusion at the molecular scale. The activatiorrgy slightly increases with increasing bulk
dry density. For low consolidation the activatiamergy is slightly lower than for bulk water.
For intermediate consolidatidfy, is higher than for bulk water. The predominandlsgerkE, for

1¥Cs (Kozakiet al.,1996) compared to HTO indicates a non-coupledisiife transport.
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Figure 26.Activation energies derived from effective diffusio coefficients for ?Na and HTO as a
function of bulk dry density. The band represents lhe activation energy for bulk like water
(BLW) of 17+1 kdmol™ (Low, 1962). The values of Gonzélez Sanchetzal. (2008) and Suzuki
et al. (2004) are derived from effective diffusion coeffients and of Kozakiet al. (1996/1998)

from apparent diffusion coefficient of water saturaed samples.

Conclusion

The diffusive flux for HTO and”Na through compacted Na-montmorillonite was simmgta
ously measured and effective diffusion coefficiefus different temperatures and bulk dry
densities were obtained. The diffusion of HTO idapendent of the ionic strength of the exter-
nal solution with which it has been equilibratetheTdiffusion is rather dependent on the bulk
dry density, which confirms the observations maudéhe literature. The diffusion 6fNa was
found to be dependent on the ionic strength ofothre (background) solution and the bulk dry
density. The dependence &Na diffusion through samples with intermediate caotjpn

(1.33+0.01 g cr) on the ionic strength of the pore solution is kexgslope of —0.64 in a log-
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log plot) as compared to the dependence reportéidrdar highly compacted samples (slope of
—1). This can be explained by the weaker contriloubiy trend (depending on the ionic strength)
of interlayer or surface diffusion to the overdillx at the lower density. Diffusion in the inter-
layers (surfaces) only would lead to a limitingm#oof —1 for N& The combined dependence of
the®Na diffusion coefficients on the bulk density ahe tonic strength of the equilibrium solu-
tion can be captured by considering the capaciip r& for sorption. ScaledNa diffusion
coefficients follow the pattern for Naeported by Gimmi and Kosakowski (2011) with aikim
estimated surface mobiliy of 0.40+0.02. The actoraenergies of?Na and HTO are similar for

all samples indicative of a dynamic coupling betwester and cations.

Acknowledgment
This work is partly based on experiments perforraédhe Swiss spallation neutron source
SINQ, Paul Scherrer Institute, Villigen, SwitzedafM he first author acknowledges the financial

support of the Swiss National Science Foundatid&t=)S

References

Amorim, C.L.G., Lopes, R.T., Barroso, R.C., QuejrdL., Alves, D.B., Perez, C.A., Schelin,
H.R., 2007. Effect of clay-water interactions oayckwelling by X-ray diffraction. Nuclear In-
struments & Methods in Physics Research Sectioigael@rators Spectrometers Detectors and
Associated Equipment. 580, 768-770.

Archie, G.E., 1942. The electrical resistivity lag an aid in determining some reservoir charac-
teristics. Trans. AIME 146, 54-62.

Baeyens, B., Bradbury, M.H., 1997. A mechanistiscdigtion of Ni and Zn sorption on Na-
montmorillonite .1. Titration and sorption measuests. Journal of Contaminant Hydrology
27,199-222.

Bestel, M., Gimmi, T., Glaus, M.A., Van Loon L.RZamponi, M., Diamond, L.W., Juranyi, F.,
to be submitted. Water distribution in Na- and Gstmorillonite. Clays and Clay Mineralogy.

87



Birgersson, M., Karnland, O., 2009. lon equilibridmatween montmorillonite interlayer space
and an external solution-Consequences for diffaditransport. Geochimica et Cosmochimica
Acta 73, 1908-1923.

Boving, T. B.; Grathwohl, P., 2001. Tracer diffusicoefficients in sedimentary rocks: Correla-
tion to porosity and hydraulic conductivity. JournbContaminant Hydrology 53, 85-100.

Bourg, I.C., Sposito, G., Bourg, A.C.M., 2006. Teadliffusion in compacted, water-saturated
bentonite. Clays and Clay Minerals 54, 363-374.

Bourg, I.C., Sposito, G., Bourg, A.C.M., 2007. Mbdeg cation diffusion in compacted water-
saturated sodium bentonite at low ionic strengthvil&nmental Science & Technology 41,
8118-8122.

Bradbury, M.H., Baeyens, B., 2003. Porewater chimnig compacted re-saturated MX-80
bentonite — physico-chemical characterization amocgemical modeling. PSI Bericht Nr. 02-
10. Paul Scherrer Institut, Villigen, Switzerlamdagra Techical Report NTB 01-08, Nagra.
Wettigen, Switzerland.

Déahn, R., Scheidegger, A.M., Manceau, A., Schidgdl,., Baeyens, B., Bradbury, M.H., Mo-
rales, M., 2002. Neoformation of Ni phyllosilicatgopon Ni uptake on montmorillonite: A
kinetics study by powder and polarized extendedyXabsorption fine structure spectroscopy.
Geochimica et Cosmochimica Acta 66, 2335-2347.

Gates, W.P., Bordallo, H.N., Aldridge, L.P., Seydel, Jacobsen, H., Marry, V., Churchman,
G.J., 2012. Neutron Time-of-Flight Quantificatioh Water Desorption Isotherms of Mont-
morillonite. Journal of Physical Chemistry C 11658-5570.

Gimmi, T.; Waber, H. N.; Gautschi, A.; Ruebel, 2007. Stable water isotopes in pore water of
Jurassic argillaceous rocks as tracers for sotatesport over large spatial and temporal scales.
Water Resour. Res. 43, W04410.

Gimmi, T., Kosakowski, G., 2011. How Mobile Are $ed Cations in Clays and Clay Rocks?
Environmental Science & Technology 45, 1443-1449.

Glaus, M.A., Baeyens, B., Bradbury, M.H., Jakoh, ¥an Loon, L.R., Yaroshchuk, A., 2007.
Diffusion of Na-22 and Sr-85 in montmorillonite: iBence of interlayer diffusion being the
dominant pathway at high compaction. Environme8Staénce & Technology 41, 478-485.

Glaus, M.A., Rosse, R., Van Loon, L.R., Yaroshchllg., 2008. Tracer diffusion in sintered
stainless steel filters: measurement of effectitfeglon coefficients and implications for diffu-
sion studies with compacted clays. Clays and Clayek4ls 56, 677-685.

Glaus, M.A., Frick, S., Rosse, R., Van Loon, LR10. Comparative study of tracer diffusion
of HTO, ?*Na" and®**Cl" in compacted kaolinite, illite and montmorillonit®eochimica et Cos-
mochimica Acta 74, 1999-2010.

Glaus, M.A., Frick, S., Rosse, R., Van Loon, LR11. Consistent interpretation of the results

of through-, out-diffusion and tracer profile argdy for trace anion diffusion in compacted
montmorillonite. Journal of Contaminant Hydrolog®31 1-10.

88



Glaus, M.A., Birgersson, M., Karnland, O., Van LotrR., 2013. Seeming Steady-State Uphill
Diffusion of ®Na’ in Compacted Montmorillonite. Environmental Scier& Technology 47,
11522-11527.

Gonzalez Sanchez, F., Van Loon, L.R., Gimmi, TkpbaA., Glaus, M.A., LW., D., 2008. Self-
diffusion of water and its dependence on tempegasnd ionic strength in highly compacted
montmorillonite, illite and kaolinite. Applied Geleemistry 23, 3840-3851.

Kozaki, T., Sato, H., Fujishima, A., Sato, S., Ghasl., 1996. Activation energy for diffusion
of cesium in compacted sodium montmorillonite. dalirof Nuclear Science and Technology
33, 522-524.

Kozaki, T., Fujishima, A., Sato, S., Ohashi, H.989Self-diffusion of sodium ions in com-
pacted sodium montmorillonite (vol 121, pg 63, 1998uclear Technology 123, 120-120.

Kozaki, T., Liu, J., Sato, S., 2008. Diffusion manfsm of sodium ions in compacted mont-
morillonite under different NaCl concentration. Bitg and Chemistry of the Earth 33, 957-
961.

Liu, J.H., Yamada, H., Kozaki, T., Sato, S., Ohakhj 2003. Effect of silica sand on activation
energy for diffusion of sodium ions in montmorill@and silica sand mixture. Journal of Con-
taminant Hydrology 61, 85-93.

Low, P.F., 1962. Influence of absorbed water orhargeable ion movement. Clays and Clay
Minerals 9, 219-228.

Mazurek, M.; Alt-Epping, P.; Bath, A.; Gimmi, T.;&der, H. N.; Buschaert, S.; De Gae, P,
De Craen, M.; Gautschi, A.; Savoye, S.; Vinsot, Wemaere, |.; Wouters, L., 2011. Natural
tracer profiles across argillaceous formations. l#obGeochemistry 26, 1035-1064.

Melkior, T., Gaucher, E.C., Brouard, C., Yahiao8i, Thoby, D., Clinard, C., Ferrage, E.,
Guyonnet, D., Tournassat, C., Coelho, D., 2009. & HTO diffusion in compacted ben-
tonite: Effect of surface chemistry and relatedusx Journal of Hydrology 370, 9-20.

Nakazawa, T., Takano, M., Nobuhara, A., Torikaj,¥, S., H., O., 1999. Activation energies of
diffusion of tritium and electrical conduction inater-saturated compacted sodium montmoril-
lonite. Radioactive Waste Management and EnvirotiiRemediation — ASME.

Norrish, K., 1954. The swelling of montmorillonitBiscussions of the Faraday Society, 120-
134.

Oscarson, D.W., 1994. Surface-diffusion - Is iti@portant transport mechanism in compacted
clays. Clays and Clay Minerals 42, 534-543.

Pusch, R., 2001. The microstructure of MX-80 clathwespect to its bulk physical properties
under different enviromental conditions., Swedisbicidar Fuel and Waste Management Co.
(SKB), ISSN 1404-0344.

Sato, H., Suzuki, S., 2003. Fundamental study ereffect of an orientation of clay particles on
diffusion pathway in compacted bentonite. AppliddyCScience 23, 51-60.

89



Sen, P.N., 1984. Grain shape effects on dieleatr&celectrical-properties of rocks. Geophysics
49, 586-587.

Shackelford, C.D., 1991. Laboratory diffusion tegtfor waste disposal — A review. Journal of
Contaminant Hydrology 7, 177-218.

Shackelford, C.D., Moore, S.M., 2013. Fickian diffan of radionuclides for engineered con-
tainment barriers: Diffusion coefficients, poros#j and complicating issues. Engineering
Geology 152, 133-147.

Suzuki, S., Sato, H., Ishidera, T., Fuijii, N., 2084udy on anisotropy of effective diffusion co-
efficient and activation energy for deuterated watecompacted sodium bentonite. Journal of
Contaminant Hydrology 68, 23-37.

Thompson, A.H., Katz, A.J., Krohn, C.E., 1987. Thierogeometry and transport-properties of
sedimentary-rock. Advances in Physics 36, 625-694.

Van Loon, L.R., Muller, W., lijima, K., 2005. Actation energies of the self-diffusion of HTO,
“Na" and®**ClI" in a highly compacted argillaceous rock (Opaliflsy). Applied Geochemistry
20, 961-972.

Van Schaik, J.C., Kemper, W.D., Olsen, S.R., 1@&ghtribution of Adsorbed Cations to Diffu-
sion in Clay-Water Systems. Soil Science Societrérica Proceeding 30, 17-22.

Yaroshchuk, A.E., Glaus, M.A., Van Loon, L.R., 20@ffusion through confined media at
variable concentrations in reservoirs. Journal eidrane Science 319, 133-140.

90



Appendix 2
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Figure 27.The dependence of the effective diffusion coeffigies for HTO through lowly compacted

(0.80, 1.07 g/crf) Na-montmorillonite on temperature. The backgroundsolution was 0.1 M

NaC|O4.
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Figure 28.The dependence of the effective diffusion coefficies for ?Na through lowly compacted

(0.80, 1.07 gl/crf) Na-montmorillonite on temperature. The backgroundsolution was 0.1 M
NaC|O4.
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Figure 29.The dependence of the effective diffusion coeffigies for HTO through compacted (1.56,

1.63, 1.33 g/crf) Na-montmorillonite on temperature. The backgroundsolution was 0.1 M

NaClO,.
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Figure 30.The dependence of the effective diffusion coefficies for Na through compacted (1.56,

1.63, 1.33 g/crf) Na-montmorillonite on temperature. The backgroundsolution was 0.1 M

NaClO,.
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Figure 31.The dependence of the effective diffusion coeffigies for HTO through compacted (1.70,

-11.0

1.68, 1.33, 1.32 g/cth Na-montmorillonite on temperature. The backgroundsolution was 1

M NaClO,.
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Figure 33.The dependence of the effective diffusion coeffigies for HTO through 1.35 g/cn? com-

pacted Na-montmorillonite on temperature. The backgound solution was 5 M NaCIQ.
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Figure 34.The dependence of the effective diffusion coeffigies for ?Na through 1.35 g/cmi com-

pacted Na-montmorillonite on temperature. The backgound solution was 5 M NaCIQ..
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Table VIII. Results for HTO. Deis the effective diffusion coefficient in ffs, @ is the rock capacity factor and Ea is the activatio energy.

Sample 1 2 3 4 5 6 7 8 9 10 11
T (°C) De-16" De:16" De-10* De-16* De-16" De-16" De-16" De-16* De-16* De-16" De-16*
25 29.645.0 18.6+3.0 30.6+5.2 7.3+x0.6 3.9+0.6 3.6+0.6 9.3+1.5 8.7+1.4 3.6+0.5 3.3+0.6 10.6+4.1
60 15.8#1.4 8.9#1.4 8.3+1.9 19.1+3.1  18.743.0 8.7+x1.2 7.7+1.8
80 69.1+12.1 46.6x7.5 70.4+11.7 21.7+1.9 12.4+1.9 11.5+1.8 27.4+4.4  26.3+4.2 10.9+1.7 10.8+1.7 33.6%#5.4
60 53.849.0 34.8%5.7 54.0+9.0 22.0+9.8
40 37.626.3 24.5+4.0 38.5+6.5 10.6+0.9 5.8+0.9 54+0.8 12.9+2.1 12.7#2.0 5.3+0.8 5.0+0.8 17.2+2.9
0 13.8+#2.3 8.7+#1.4 13.8+42.3 3.240.2 1.5+0.2 1502 4.0x0.6 3.9+0.6 1.540.2 1.4+#0.2 5.3+2.0
25 27.6x4.6 17.6+2.9 27.6+4.6 7.3x0.6 3.7+0.6 3.6x0.6 8.5+1.4 8.4+1.3 3.4+05 3.240.5 11.7+1.9
a s () 0.79+0.3 0.75+0.3 0.61+0.4 0.98+0.2 0.61+0.1 0.62+01.11+0.5  0.40+0.4  0.56x0.1 0.47+0.1 0.58+0.2
Ea (kJmof) 15.9+0.9 16.6+0.7 16.6+0.7 19.1+0.8 21.3+1.2 20.8 19.0+0.8 19.0+#0.8  21.5+1.1 20.4+0.7 18.0+1.0

Table IX. Results for ®Na. De is the effective diffusion coefficient in /s, @ is the rock capacity factor,Kg is the sorption distribution coefficient,k the capacity

ratio for sorption and Ea is the activation energy.

Sample 1 2 3 4 5 6 7 8 9 10 11

T (°C) De-16" De-16" De-10" De-10" De-16° De-10" De-16° De:16° De:16° De-16" De-10"

25 84.4+9.7  71.247.3 84.1#9.7 49.8+50 36.3%2.8 37.3%x3.0 10.6x1.1 12.2+1.0 5.4+#0.4 5.1%0.3 5.9+0.4

60 111+14 88.3£7.3 86.8%6.5 23.0£1.5 23.3x1.6 14.0£3.1 12.6%0.8

80 196+19 169+15 188+18 148+14 109+41 11514 33.7#2.2 32.6+2.1 18.7#1.2 18.1#1.1 17.7+1.4

60 151416 128412 155+17 10.9+4.8

40 112413 92.249.0  116+13.3 78.7#8.9  45.6+7.0 53.4¢6.2 15.3+1.0 15.1+1.0 8.6+0.5 8.0+0.5 8.4+0.7

0 441450 33532 41.9#4.6 23.6+#2.2 12.4+1.3 16.9+1.7 4.2¢0.3 4.2+0.3 2.1+0.1 2.10.2 2.1+1.4

25 87.1#10.2 69.1+6.9 84.6#9.8 53.7+4.9 23.4#2.7 325+3.3 10.2#0.9 10.2+1.0 5.6#0.5 5.4+0.4 4.9+0.6
a sc() 8.7+2.1 8.9+2.7 9.742.1 17.3#1.5 15.8+1.3 18.4+1.6  1.6+04 1904 1.5+0. 2.0£0.1 0.7+0.3
Kq (cn/g) 10.0£2.6 7.7£2.6 8.5+1.9 12.6¢1.1  9.8+¢0.8 1068+ 0.8#0.3 1.00.3 0.7+0.08 0.9+0.08 0.120.2
K exp () 11.242.08  13.4%2.7 147421  32.0£1.5 34.6+1.3 4B.G+ 2.1+04 2704 2.8+0.1  4.120.1 0.4%0.3
K e () 11.2+1.1 17.3#1.7  17.3%¥1.7  25.3%25 352+#3.5 39.9+3 25#0.3 25+0.2 4.3204  4.2+0.4 0.520.1
Ea (kJmat) 14.7+0.7 15.940.9  15.0¢1.1  18.5#1.0 22.6+2.2 19.9+0 20.1¥1.4 20.1¥1.4 19.9+1.1 21.2+0.8  21.0x1.2
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4  Chapter 4: Water diffusion in Na-montmorillonite as a

function of water content - A neutron scattering stidy
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"Corresponding author: mbestel@gmx.de

Abstract - Swelling clays are major components of engingdyarriers in nuclear
waste repositories. In a way, they act like a spaaugd can absorb large quantities of
water. Swelling clays have complex pore structuidwerefore the interpretation of
diffusion coefficient of pore water on the macrqgscoscale - which is relevant for
applications - is difficult. Local diffusion coeffients provide here valuable informa-
tion. Published data are available only for samplgls low hydration where virtually
all water belongs to one water population. At highgdration (lower bulk dry den-
sity), water in two or more populations is preserinterlayers and interparticle pores.
In this work, local diffusion coefficients of watat room temperature were derived
from quasielastic neutron scattering experimentdN@S PSI, Villigen). The data
analysis for Na-montmorillonite samples in whichotwater populations exists are
dicussed. For the first time in the literature, exmentally obtained local diffusion
coefficients of water for such highly hydrated séaspare presented, and compared to

the ones in less hydrated samples.
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Key words - Swelling clays, low bulk density, high water cemt, local diffusion

coefficient, quasielastic neutron scattering

Introduction

Na-montmorillonite is a major component of the loarte barrier used to isolate nuclear waste
repositories from the environment. The waste bacdatains swelling clays which are expand-
able and have self-sealing properties. Therefdne, water diffusion and the release of
radionuclides are significantly slowed down. Na-tmoorillonite is composed of plate-shaped,
small particles which are surrounded by interpkertpores. The crystalline sheets of the parti-
cles are held together by charge-compensatingnsatliike Nd). These cations form, together
with the molecular water layer, the so called iiatggr and affect the swelling properties of the
clay (Salleset al., 2010). At low water content, all water molecules Bcated at the surfaces
forming hydration shell of the compensating catigRsschet al., 2001; Bestekt al., to be
submitted). Most of them are in the interlayeracsithe external surface area is negligible (Be-
stel et al., to be submitted). As the water content increastspwise swelling occurs in the
interlayer. In these steps variable number of mdércwater layer (up to ¥V) can be interca-
lated (e.g. Kozakiet al., 1998; Bestelet al., to be submitted). Simultaneously, water
accumulates in interparticle pores, so that waténterlayer and interparticle pores is present at
the same time.

The interactions on atomistic scale (ps, A) aridiogn electrostatic constraints (q, -) af-
fect the local diffusion coefficient (Dnf/s): D, =q[D, and the structure of the water
(Gonzalez Sanchez al.,2009). It is expected, that water in differentgoenvironments have

different diffusion coefficients. Therefore undarsiing and predicting of water diffusion coef-
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ficient through the clay on the macroscopic scalehallenging, especially at large water con-
tent, i.e. where more than one water populatiostexiuntil now,D, for Na-montmorillonite
with only interlayer water (maximal 1 or\&) was published (Gonzalez Sanclezl., 2008;
Bordallo et al., 2008). Bordalloet al. (2008) succeeded in measuring diffusion of surtaoe
interlayer water in Na-montmorillonite with quasislic neutron scattering (QENS) and ob-
tained values for the surface water close to budkew Their attempt to obtain local diffusion
coefficients in clay samples where two water pojore exist was not successful. Bowtgal.
(2006) proposed a model to connect the apparefusaih coefficient (. m?/s) measured by
tracer diffusion experiments with the local onekeTractions of interlayer watef,(, -) and
interparticle water (Irw, -) were additively treated as weighting factorghe local diffusion

coefficients:

& = ((1' fILW )+ JILWfILW) (38)
Do

Q|+

with Do (m?/s) the diffusion coefficient in bulk wated,,, the constrictivity near basal surfaces
in interlayer (the constrictivity for BLW in the terparticle pore compartment is assumed to be
one) andG (-) the geometrical factor. Latter is defined@s= 7* [& * describing the tortuosity
(7, -) and the constrictivityd , -) of the diffusion path. In a previous study determined the
fraction of water in the different pore environmeiiBestelet al.,to be submitted), while this
study is focused on the local diffusion coefficeenThe idea of this study was to use the quanti-
fied amount of surface water (SW) in interlayergmand bulk-like water (BLW) in larger (e.g.
interparticle) pores with Fixed Window Scans (FVé8)a neutron backscattering spectrometer

(Bestelet al, to be submitted). The measurement is based fteratit freezing properties of
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these two water populations. It was assumed tdrobtare precise values than from d-spacing
and surface area measurements (Bestal.,to be submitted). For samples with low total water
contents, similar values were obtained when compatie results from spectroscopy with re-
sults from diffraction. For samples with high watemtents (more than 2 water layers in the
interlayer), the amount of BLW is increasing tongiigantly higher values compared to the ones
from diffraction. It turned out, that during the BAMneasurement water most likely redistribute
in samples with high water content, and therefbeedbtained fraction is relevant only below
about -10 °C (Anderson, 1967). This conclusionoisyet verified and for this reason the QENS
data analysis using these values is also preseriiedaim was to obtaiD, from QENS for Na-

montmorillonite with 1 to 4N. For the first time in the literature, the fractsoof molecular wa-

ter layers and the fraction of both, surface wéigg) and bulk-like waterrg.n) were taken into

account in order to obtai,.

Table X. Experimental set up. AE: energy

resolution, Q: scattering wave vector.

Instrument FOCUS
technique QENS
wavelength (A) 6.00
AE (peV) 40-50

Q (AY 0.45-1.65

Material and Methods
Montmorillonite powder was conditioned to the hooro¢ Na-form. Details and characterisa-
tion are described in Bestet al., (to be submitted). The conditioned clay power Wwadrated
to a gravimetric water content (g/g) of 0.07, 0.15, 0.32 and 0.49 corresponding,t2, 3 and

3&4 water layers in the interlayer determined bytrnen diffraction measurements. To this end,
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the hydrated powder was compacted to the bulk dnsitlyppy Of 2.06 (1W), 1.67 (2W), 1.29
(3W) and 1.00 g/cth(3&4 W). The bulk dry density is defined as the dry alagss (g) per vol-
ume of the samplé&/sampie (cm°’), the latter being 5 cm - 1.5 cm - 0.06 to 0.1 dine
corresponding water saturati&(-) was found to be 0.55 W), 0.62 (2W), 0.77 (3W) and
0.76 (3&4 W). For the experiments the samples were encapdulatan aluminum sample
holder.

Local diffusion coefficients were obtained from gigdastic neutron scattering (QENS)
experiments on FOCUS (SINQ, PSI, Villigen). For tised set up of the instrument see table X.
Vanadium was used to calibrate the detector efftgieand to determine the energy resolu-
tionAE. Measurements for the empty holder and the dry olare used as background.

Experiments were performed at room temperatureR00

Model to fit Quasielastic Neutron Scattering data
For the samples with SW only and one distinct Brpggk of 1W, 2 W the respective
scattered intensity as a function of the scattewmge vectorQ (A™) and the energy transfer

(meV) SY(Q,E) is defined as:

S"(Q.E) =[AQ) B(E) + B(Q) [5(Q.E)] U R(Q.E) + BG(Q)  (39)

where A(Q) [(E) is the contribution from the elastic intensitythe dry clay and from the

instrument,R(Q,E) is the measured resolution functidd (Q) (-) is the background and

S(Q,E) is the inelastic contribution from the water. Tilerational contribution is included in
B(Q). The different types and motions from isotropitation S; (Q, E) and translational diffu-

sion S; (Q,E) are assumed to be separated on the time scdie indlastic contribution from
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the water S(Q,E) = S;(Q,E) U S; (Q,E). The translational diffusion is defined as (Bée,
1988):

1 o

FRE= T

(40)

where'" (meV) is the translational half width at half maxim (line broadening) of the Lor-
entzian curves. It is known, that the line broadgrat largeQ-values is different from Fick’s
law because the diffusion process at atomisticeschecomes important. The isotropic rota-
tional diffusion describing the isotropic rotatioam a sphere around the center of the water

molecule is assumed. This is mathematically desdriiy the Sears expansion (Sears, 1966):

a0
S:(Q.E) = j5(Qa) D5(E)+7TZ_(2ﬂ +1)j7(Qa) r (41)

(oot

wherej, are spherical Bessel functions, a=0.98A is the @idtance,d(E) is the Dirac delta
funtion, andr, (ps) is the rotational relaxation time.

To keep the number of fit parameter on an accepthvel the following assumptions were
done:

* Intensity reduction due to vibrational motionteatB(Q) is the same for all types of water
 Relative intensity of different water populatitnom Fixed Window Scans and Neutron dif-
fraction measurements is fixed

« Interparticle water has bulk-like properties.

The surface water as 1 toMin the interlayer and the bulk-like water in tigerparticle pores
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are spatially separated. The exchange between ithesyglectable during the observation time
of QENS. Therefore their contribution to the enesggctrum can be treated additively as fur-
ther terms in the case of more than one water ptipul For sample 8V and for sample 3&4

W the scattering intensity is defined as:
$"(Q.E) =[AQ) [B(E) + B(Q)(Suw(Q E) My + Sy (Q B) [, )] D RQ, E) + BGQ) (42)

with the inelastic contributionsS,(Q,w) and S, (Q,w) and the fractionsisyw (3W and

3&4W) and ngy, respectively. For sample 3&® the scattering intensity for the W

(S"(Q,E)) was additionally obtained from
$"QB =[AQ KB +BQ(Sy/(QBE By, +S,y(QE) By, +S, JQE My, JORQ B +BGQ (43)

with the inelastic contributions,, (Q,w) and S, (Q,w) and the fractionsiy andnay, re-

spectively. The local diffusion coefficient for ti8W state was fixed to the former obtained
value of 1.5-18 m?/s in order to obtaib, for 4W (Tab. XI, Appendix).

Cebula et al. (1981), Anderson et al. (1999) andzZalez Sancheet al. (2008) ob-
tained good results for montmorillonite using thenp diffusion model (Hall and Ross, 1981;
Singwi and Sj6lander, 1960). For that reason, thev8-Sjtlander diffusion model which ac-

counts for the described deviation from Fick’s lanargerQ-values was used to obtaln’ as

a function ofQ (Singwi and Sjélander, 1960):

7D, [Q

14D Q[T (44)

Q=

The jump diffusion model describes the fixed time(ps) that a hydrogen atom spends at a

guasi-equilibrium position before it jumps to thexh quasi equilibrium position with mean
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jump lengthl (A) (Singwi and Sjélander, 1960):

|=/6[D, 7 (45)

Results & Discussion
In the next paragraph, the results for local difascoefficientD, of 1 to 4 water layers in the
Na-montmorillonite interlayer from equations 39-d# presented and discussed (Tab. XI, Ap-
pendix).

The local diffusion coefficienD, for the samples W and 2W were derived using one
water population (Eq. 39). Thg value from equation 44 is lower foM¥ compared to the sam-
ple with 2 W. Both obtained values are lower compared to thahighly compacted Na-
montmorillonite (Gonzalez Sanchet al., 2008). The obtainetfrom equation 45 was similar
for samples W and 2W. However, it has to be mentioned, that the expemtal setup has been
optimized regardindp, and it is not ideal for obtainingdue to the limited) range. Therefore
the fitted residence times and calculated mean jlemgths are less reliable than the diffusion
coefficients.

The sample W/ is the best for discussing the data analysis diffierent models of one
(Eq. 39, model I) and two (Eq. 40, model II) wapapulations. Model | does not account for
the differences in the dynamics of interlayer ameérparticle water, and results in a kind of av-
erage value. Contrary to that it is expected thatdata contains summed intensities from all
water populations since the exchange of water mtdeds neglectable on the time scale of the
QENS experiment. In this sample the interlayerliobarticles is filled with 3 water layers. This

water population (3W) has to be distinguished ftbi interparticle water with bulk-like prop-
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erties. The parameters of interparticle wateg (D translational and rotational jump lengths)
were fixed to the values from bulk water and theraf 3 Wand BLW was fixed to the value
obtained from the Fixed Windo Scan measurements.rithmber of fitted parameters was the
same for both models. The isotropic rotati@((Q) and the inelastic contribution were iden-
tical for the obtainedD, for both models. The elastic intens&yQ) increases towardd=0 A*
for model I, while it is constant using model lloth behaviors are explainable. Either there is a
true small angle scattering from the clay structorépart of) the second water population is
apparently immobile. Consequently the line wifith and the obtained averaBeis smaller for
model Il compared to model | (Fig. 35). Comparihg tesiduals model Il fits slightly better.
The main deviation might arise from paramagnetattecing of Fe in the clay structure (Bor-
dallo et al., 2008). BothD, values (from model | and from model Il) are betwdlee values of
sample 2V and Na-illite (Gonzalez Sanchet al., 2008), as it is expected. The mean jump
length is higher than for Na-illite and lower thi@n highly compacted Na-montmorillonite. The
local diffusion coefficient is stable when changthg fitting area of). The averag®, was de-
duced from different fixed values for some paramet&ome of the parameters are coupled
(like BG(Q) and rotational time), but fixing some parameters treasonable value, and re-
peating the fit for different values, weave seen thdd, is hardly affected. From this we can
conclude that adding the signal from the diffengater populations (W, SW, BLW) lead to such
slow diffusion coefficients.

The sample 3&4N has water in the interlayer both in 3 and in 4efaform, which
might have measurably different diffusion propestielere also 2 models have been used for
data analysis: in equation 42 (model 1), like vefowo water populations are distinguished and

equation 43 (model 1) with 3 water populations.rhore detail, in model Il it is assumed, that
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both the 3 and 4 layer form has the same or simdiffusion coefficients, i.e. only interlayer and
interparticle water is distinguished, whereas irdeldll they are handled separately. To keep
the number of fit parameters low enough, the parars@f the 3V state is fixed to the numbers
obtained with model Il for sample\&. And again in both models it is assumed, thatirker-
particle water has bulk like properties. The oladiD, value was constant (within the error bar)
for different fitting parameter and similar for Bda4 W suggesting similar dynamical behavior.

The low value from model Il is possibly due to tee lown,y in the sample.

Residu‘éls il ! 3 "4 T v T T = &g
0.10 - e i 2§
Intensity { ‘ 1 4 N
] ‘1200 i &
0.08] !
400 Zl 4
‘ e o
- 0.06 " ho (Energy rmev)
E
T N R G
0.04 -
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0.00 s e O N s o P
0.0 0.5 1.0 1.5 2.0

2 a2

Q (A7)
Figure 35.The translational line widths (FT) versus momentum transfer (3) from models | (equa-
tion 39) and Il (equation 42) with corresponding number of water populations (WR;). The

solid lines are the fits to the data. The insertediagrams are the QENS spectra and residuals

of the fit for the lowest Q*value included in the fit.
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Finally the consequences of the large discrepanapné water distribution as obtained from
FWS and diffraction measurements for samples aonimore than 2 layer water in the inter-
layer has to be discussed. The results from thedFWindow Scan measurements might
characterize the samples in a different state they were during the QENS measurements due
to possible water redistribution in the clay duricmpling as reported in Anderson, 1967 and
Svensson and Hansen (2010). In this case theabt#aned from diffraction should be used in-
stead of the ones from the Fixed Window Scans. Eeatpre dependent diffraction
measurements are foreseen to clarify this issugrédializing the data treatment for samples

3W (model Il) and 3&4W (model Il and model I11).

Conclusion & Outlook

Na-montmorillonite samples with different amountpofre water has been measured by quasie-
lastic neutron scattering in order to determinalatiffusion coefficients in the interlayer of up
to four intercalated molecular water layers. Fangles with high water content (from three to
four molecular water layers) the fractions of twiffedent water populations of surface and
bulk-like water were involved in a model. Localfddion coefficients from models with one
and two water populations were compared for a samwpich contains not only interlayer but
also interparticle water. The translational linadtlii and local diffusion coefficient from the
model with one water populations are evidently éagg The larger line width is accompanied
by the presence of a true or apparent small amgittesing. Based on the fit results it was not
possible to declare the model with one water pdjmaas erroneous. In comparison to Na-
montmorillonite with 1 and 2 water layers and hyghbmpacted Na-illite from literature the

obtained average local diffusion coefficient forttbanodels are realistic. The reason for this
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might be that the used ratio between the diffeveater populations is not the correct one de-
scribing the sample at ambient conditions. Morelisga value might be the one from
diffraction, where the amount of interparticle wateonly few percent.

The obtained data set together with the measuréerwstribution and results from

tracer diffusion can give a solid base for testipgcaling models like of Bougt al. (2006).
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Appendix 3

Table XI. Sample properties for Na-montmorillonite (Na-mnt) with W: number of molecular water layers and w(g/g): gravimetric water content per dry

clay mass taken from Bestekt al. (to be submitted). The average local diffusion céficients (D)) (grey font) and mean jump lengths (I) for 300K (ey

font) were obtained for the fixed values (black fot) of D), Dg.w and ngy (%), ng.w (%): the water fraction of surface (SW) and bulk-ike water (BLW)

from equations 39-45. In comparison the data from Gnzéalez Sancheet al. (2008) [1].

Na-mnt Na-mnt¥  Na-illite !
W 1 2 3 384 2 9
w(g/lg)| 0.07 0.14 0.31 0.49 0.16 0.14
Nsw Nsw Nsw Nsw  NeLw Nsw  NeLw MNaw  Maw  NeLw Nsw
% 100 100 100 70 30 60 40 47 20 33 100
D, -10 D, -10 D, 10 D, -10 Dguw-10 D, -10 Dguw-10 D-1¢ D10 Dgw-10 D, 10 D, -10
m2/s 0.5+0.1 | 0.9+0.1 1.8+0.1 1.5+0.2 2.4 1.3+0.1 2.4 15 1.4+0.1 2.4 1.2+01 22+01
| (A) | 1.91+0.39 1.90 2.07£0.10 1.98+0.02 2.33 2.46 2.82+0.15 1.61+0.13
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