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1. Abstract

The accessible porosity for Cl” in bentonite is smaller than the the total porosity due to anion
repulsion (exclusion) by the surface of montmorillonite, the main mineral in bentonite. The
accessible porosity is a function of the bentonite density and the salt concentration. Anion
exclusion data were gathered from the literature, reprocessed in a coherent data set, and
modelled using four different models. Very simple models, with or without anion access to
the interlayer space, are successful in reproducing trends in anion exclusion in bentonite as a
function of ionic strength in the external solution and montmorillonite bulk dry densities in
the bentonite. However, a model that considers clay microstructure changes as a function of
bentonite compaction and ionic strength is necessary to reproduce observed trends in the data
for all experimental conditions within a single model. Our predictive model excludes anions
from the interlayer space and relates the interlayer porosity to the ionic strength and the
montmorillonite bulk dry density. This presentation offers a good fit for measured anion
accessible porosities in bentonites over a wide range of conditions and is also in agreement

with microscopic observations.
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2. Introduction

Bentonite is foreseen as a barrier material in radioactive waste repositories and the properties
of this material are currently under investigation (NAGRA., 2002; ANDRA, 2005; Nykyri et
al., 2008). Bentonite has a high proportion of Na-montmorillonite, a clay mineral that swells
in water and endows bentonite with a very low hydraulic conductivity. As a result, transport
of water and solutes in bentonite is mainly diffusive, with diffusion coefficients that are much
smaller than in bulk water, in particular for anions (Kozaki et al., 1998a; Kozaki et al., 1998b;
Madsen, 1998; Kozaki et al., 2001; Ochs et al., 2001; Bourg et al., 2007; Van Loon et al.,
2007; Kozaki et al., 2008). Natural clay formations that are currently under investigation for
waste repository exhibit similar diffusion properties due to their low porosity and significant
content in swelling clay minerals (Descostes et al., 2008). Anions carry the potentially highest
risk in the radioactive waste (Altmann, 2008; Grambow, 2008), and their behaviour and
transport in the porespace of engineered or natural clay materials must be quantified in
models that can be used in transport codes. The present study focuses on bentonite properties
with the hope to further extent this work to natural clay-rock formations.

In clay materials, the dominant transport mode is diffusive and a function of the concentration
gradient, activity corrections (activity coefficient of solution species and complexation in
solution), the mobility of the species in water (D,,), charging due to different mobilities or
electrical current, the accessible porosity (&), the tortuosity (the length of the actual path over
the straight line distance) and the retardation as a result of reactions such as sorption or ion
exchange. Diffusion experiments data can be fitted with transport models that account for

these variables, and the results provide effective diffusion coefficients (D,) for Fick’s law. For
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an homogeneous medium and for anions without retardation such as CI', Fick‘s law simplifies

to:
oc o’c Equation 1
o o

The effective diffusion coefficient is related to the anion tracer diffusion coefficient in anion
accessible porosity (&) by

D, Equation 2
De = gan Dp = gan ?

where D, is the porewater diffusion coefficient (m?*/s), D, is the anion diffusion coefficient in
water (m%/s), and @7 is the tortuosity factor (-). The present study focus on models capable of
predicting the value of &,,.

Montmorillonite, the main constituent of bentonite, is built from layers of oxygen
atoms and cations in tetrahedral-octahedral-tetrahedral (TOT) coordination. The structure has
an excess of negative charge that is compensated by cations in the interlayer space and on the
outer surface. Anions are repelled from the negative surface of montmorillonite and thus,
occupy only part of the porespace of bentonite. This part can become very small, almost zero,
when the bentonite is highly compacted and the external solution has low ionic strength
(Molera et al., 2003; Muurinen et al., 2007; Van Loon et al., 2007). The resulting anion
exclusion is well known in soil science (Bouyoucos, 1921; Schofield, 1947). Following
Schofield (1947), the Gouy-Chapman (GC) theory for the diffuse double layer at a charged
surface, wherein ions are treated as point-like charges, has been applied to model anion
exclusion in clay suspensions (Bolt and Warkentin, 1958; Edwards and Quirk, 1962; Edwards
et al., 1965; Bolt and De Haan, 1982). Further improvement was achieved by Sposito (1992),
who coupled microstructure information to the modified Gouy-Chapman (MGC) equations in
which the distances of minimal approach, due to the ion sizes, are taken into account. By

4
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considering the stacking size of Na-montmorillonite in suspension (between 1.2 and 1.6 TOT
layers are stacked), Sposito could reproduce chloride exclusion data without any adjustable
parameters. Muurinen et al. (2007) and Birgersson and Karnland (2009) used the Donnan
equation (Donnan and Guggenheim, 1932) to calculate the Cl-concentration in compacted
bentonite in contact with an external NaCl solution. In the Donnan calculation, the porespace
contains an excess of counter-ions and a deficit of co-ions that balance the surface charge, and
at the same time, are in equilibrium with a charge-free external solution. Birgersson and

Karnland (2009) modeled their experiments with a single, uniform porosity in the bentonite,

but Muurinen et al. (2007) could only fit their data with two porosities in which the surface

charge was distributed differently as a function of the bentonite density.

It is indeed not very likely that all the porespace in bentonite has uniform
electrochemical properties. Figure 1 gives a pictorial presentation how the porespace can be
envisioned to contain three different types (Bourg et al., 2003; Bradbury and Baeyens, 2003;
Kozaki et al., 2008):

Interlayer water (V;,,) with water and cations between the montmorillonite TOT layers, devoid
of anions. The cations compensate the structural charge deficit of the TOT layers, the
water molecules are built up in layers and are part of the crystallographic structure of
the montmorillonite.

Electrostatic double layer (EDL) water (Vzpr), containing water, cations and anions; an excess
of cations and a deficit of anions neutralize the remaining charge at the outer surface of
the montmorillonite. The EDL forms the transition zone from the mineral surface to free
porewater.

Free porewater (Vje..), a charge-balanced aqueous solution of cations and anions.
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The proportions of the different water types depend on size and shape of the montmorillonite
flakes in the bentonite and the degree of compaction as expressed by the dry density (i.e. the
mass of clay without hydration water divided by the volume containing that clay).
Furthermore, the free porewater composition determines, by electrostatics, the extension of
the diffuse layer in the pore and influences, by osmotic pressure, the interlayer water when the
bentonite density is less than about 1.3 kg/dm’ (Kozaki et al., 2008). The proportions
determine the anion exclusion, which can be expressed as the concentration ratio of an anion
in the overall porespace in bentonite and the external solution. Hence, the experiments of
Muurinen et al., 1989; Molera et al., 2003; Muurinen et al., 2004; Van Loon et al., 2007, who
determined that ratio for NaCl-solutions, can be used to extract the porosity distribution as a
function of packing density and NaCl concentration.

Figure 1 also serves to illustrate the steps to be taken for delineating those proportions.
First, the impurities must be subtracted from the solid part since their surface charge is
negligible compared to montmorillonite. Second, the amount of interlayer water must be
defined using the interlayer thickness given by XRD-measurements and the internal surface
area of the montmorillonite. The latter is a function of the stacking number of the TOT layers.
Third, the remaining porosity must be subdivided into a charged fraction and free porewater.
The charged fraction is a function of the surface charge of the montmorillonite and its external
surface area, which can be reduced by the impurities that cover it. Altogether, the constituents

of bentonite sum up to its volume:

Vi = Ment X(l_ximp) " Ximp X Mpeny n mi, + MEpL w + Mfice w

Pom Pimp Pi_w  PEDL_w P fiec_w Equation 3

where V,, is the volume (L), m is the mass (kg), xinp is the mass-fraction of the impurities

(accessory solids) (-), p is the density (kg/drn3 ), and subscript bent stands for bentonite, mm
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for montmorilonite, /L w for interlayer water, EDL w for EDL water, and free w for free
porewater (see also Figure 1).

This paper will discuss the structure of montmorillonite first, since it determines the
volume of the interlayer porosity and, by the density of interlayer water, its contribution to the
water-filled porosity. Next, the models are presented for calculating anion exclusion, with
model-parameters derived from experiments that allow the Cl-concentration in bentonite
porewater to be calculated as a function of compaction and NaCl concentration in the external

water, and that enable to specify the underlying porosity distribution in the bentonite.

3. Structure and properties of montmorillonite and surface water

3.1. TOT layer

The effect of size and shape of montmorillonite on the porosity can be calculated by stacking
a montmorillonite unit-cell in 3 dimensions and calculating the internal and external surface.
The chemical formula of a montmorillonite with both tetrahedral and octahedral substitution
is (approximately) Na().ﬁ[Si7.8A10.2]IV[A13.6Mg0.4]VIOZ()(OH)4 (omitting water), with molecular
weight MW = 733 g/mol. The presence of iron in the montmorillonite structure increases this
molecular weight. For MX80 montmorillonite fraction, Madsen (1998) reported a MW equal
to 745.2 g/mol. The mineral has a monoclinic unit-cell with dimensions a x b x ¢ = 0.516 x
0.898 x 0.94 nm’, where ¢~ = ¢ sin(95°) is the orthogonally projected c-axis, doo; in XRD
(Madsen, 1998; Bourg, 2004). The crystal density pmm = 2.84 kg/dm® for the given unit cell
and MX80 structural formula from Madsen is in agreement with the value reported by Bourg et
al. (2006). A clay crystal is made of unit-cells stacked in three dimensions whose lateral
dimensions are given by a X n,, b x np and ¢ % n,.

The external surface area is:
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4, =2 (na % nc)(a X c*) + (nb x n, )(b X c*)+ (na X, )(a X b) N, (mz/g) Equation 4
I’la X nb X ]’lc MW

where N, = 6.022x10* molecules/mol (Avogadro’s number).
The internal planar surface is:

Equation 5

b 1) N
)

c

A

pl,int =

The diameter of montmorillonite flakes in bentonite is about 50-200 nm (Pusch, 2001;
Tournassat et al., 2003; Yokoyama et al., 2005; Perronnet et al., 2007; Le Forestier et al.,
2010) which means that n, and n; are close to 200. The value of n. ranges from 3 to 7 for Na-
montmorillonite in compact materials (Pusch, 2001; Melkior et al., 2009) and 1 to 2 in
dispersed suspensions (Sposito, 1992). For n, = n, =200 and n. = 5, 4., = 163 mz/g and A, ine
= 608 mz/g. With such small n., and high n, and n,, the contribution of the edge surface area
to the total external surface is relatively small and 4., (Equation 4) can be approximated by:

Equation 6
4 —paxb &(mz/g) qu

ext

n

c

Accordingly, the total specific surface area of montmorillonite (ssa) is approximated by:

Equation 7

ssa=2a x b A];/;V (mz/g)

3.2. Interlayer water

When montmorillonite expands in water, ¢’ increases with hins, the interlayer thickness, which
is variable and depends on the type of montmorillonite (Slade et al., 1991), the activity of
water and the type of cation (Cases et al., 1992; Bérend et al., 1995; Cases et al., 1995; Cases
et al., 1997; Ferrage et al., 2005; Ferrage et al., 2007; Ferrage et al., 2010) and on bentonite

8
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dry density (Kozaki et al., 1998a; Bourg et al., 2006; Muurinen et al., 2007; Kozaki et al.,
2008). For Na', three distinct spacing’s can be observed in XRD-patterns for 1-, 2- and 3-
layer hydrates, with gradual transitions in-between (Slade et al., 1991; Ferrage et al., 2005).
For montmorillonite packed at dry densities varying from 1 to 1.8 kg/dm’ and in contact with
distilled water, Kozaki et al. (1998a) and Liu et al. (2003) noted doo; spacings of 1.88 and 1.56
nm, corresponding to 3- and 2-layer hydrates, respectively, with the transition occurring
between 1.3 and 1.6 kg/dm’. With increasing ionic strength (/) up to 0.5 and at a dry density
of 1 kg/dm’, Kozaki et al. (2008) observed (i) the appearance of the diffraction peak
corresponding to 2-layer hydrates at / = 0.1 and (ii) a slight increase of dyy; spacing’s with
ionic strength as compared to the value determined at “zero” ionic strength. Kozaki et al.
(1998a) could not detect further reduction to a 1-layer hydrate up to 1.8 kg/dm’, but Gonzalez
Sanchez et al. (2008) observed dyj; spacing lower than the 2-layer hydrate in bentonite
containing more than 95% montmorillonite and packed at 1.9 kg/dm’. Only the 3- and 2-layer
hydrates are considered here, since the dry density of 1.9 kg/dm® was not attained for
montmorillonite in the experiments treated here.

Following Bourg et al. (2006), the interlayer thickness can be calculated from the
Kozaki et al. (1998a; 2008) data as:

— 2WL WL Equation 8
hint - x2hint + x3hint q

where 4, is the interlayer thickness (m), and x, and Wt (0.62 nm) are the fraction and the
thickness of the 2-layer hydrate, respectively, and similarly for the 3-layer hydrate (h’"* =
0.94 nm). The dependence of x, on the NaCl concentration is estimated from data reported by
Kozaki et al. (Kozaki et al., 1998a; Kozaki et al., 2001; 2008) and Goto et al. (Goto et al.,
2008): the minimum montmorillonite dry density for the transition from 3WL to 2WL, ppamm

swLe 2w, depends on ionic strength according to pramm 3wie 2w = 1.3 - 3 Cpee. The
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montmorillonite dry density corresponding to the end of this transition is 1.6 kg/dm’; between
these density values the proportion x; is given by:

_ pbd,mm _pbd,mm 3WL<2WL Equatlon 9

, =

L6 = Poy i swream

Kozaki et al. (2008) observed the concentration effect for a montmorillonite having a density
of 1 kg/dm’, but noted that montmorillonite acquired a turbostratic structure when packed at
lower densities, i.e. the basal planes have slipped sideways relative to each other, causing the
spacing between planes to be greater than that calculated for an ideal system. As a
consequence x, and x; value cannot be constrained by XRD for low densities.

The density of interlayer water can be obtained by combining sample weight and XRD
measurements, or it can be calculated, in principle, by molecular dynamics (MD) simulations.
The measurements are done by varying the relative humidity (RH) and show a density of 0.7 -
0.8 kg/dm’ for water in the 2-layer hydrate at about 0.8 RH (Cases et al., 1992; Bérend et al.,
1995; Ferrage et al., 2007). The results from MD calculations are variable. Karaborni et al.
(1996) calculated relative densities of 0.81 and 0.66 for the 2- and 3-layer hydrate,
respectively. Others (e.g. Marry et al., 2002) also obtained a decreasing density when
interlayer spacing increased. However, interlayer water can be expected to evolve towards the
density of free water as spacing increases, and the early numbers may be an artifact due to
method approximations (Young and Smith, 2000). More recent calculations have produced
densities of about 1 kg/dm3 for 2WL and 3 WL interlayers, according to water content vs. dyy;
spacing curves (Chavez-Paez et al., 2001; Tambach et al., 2004), the same as for EDL water
(Tournassat et al., 2009). Thus, on somewhat uncertain grounds, we assume that the density

of the interlayer water is the same as that of EDL and free porewater, i.e. 1 kg/dm’.

Figure 2 shows the interlayer porosity (& = 0.5 Si; % hi) as a function of the dry density of

montmorillonite for n. = 3 and 25, and cnac1 = 0.1 and 1 mol/L in free porewater. First, Figure

10
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2 illustrates that the interlayer porosity is a very significant part of the total porosity when dry
density increases above 1 kg/dm’. This is reached in all practical applications of bentonite as a
liner material at waste sites. When the dry density is above 1.8 kg/dm3, almost all the porosity
resides in the interlayers of Na-montmorillonite. Since anions are excluded from the
interlayers, the anion-accessible porosity becomes zero, and anion-diffusion is minimal
(Bourg et al., 2003).

Second, the number of stacks in the c-direction has considerable influence on the
interlayer porosity, with interlayer porosity increasing with n. and reaching the maximum
when n, = 25. The interlayer porosity halves with n. when 7. is smaller than 3, and becomes

zero forn, = 1.

3.3. Electrostatic double layer

3.3.1 MGC model vs. Donnan approximation

An excess of cations and a deficit of anions in the electrostatic double layer neutralize the
charge at the outer surface of the montmorillonite. In a simple 1:1 electrolyte such as NaCl,
the extent of anion deficit is adequately described as a function of the distance from the
surface with the MGC model as demonstrated by (i) Monte Carlo and molecular dynamics
simulations (Carnie and Torrie, 1984; Wang et al., 2007; Tournassat et al., 2009) and (ii) by
comparison with experimental data over a wide range of NaCl concentrations (Sposito, 1992).
As a consequence, it is taken here as the reference model for anion exclusion estimation. Note
that these statements are true for ionic strength not exceeding 0.1. Nonetheless, we used them

as an approximation for higher ionic strengths.

11
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In this model, the concentration c(x); of a species i at a distance x > 0 from the surface, where
x = 0 is the position of minimum approach of the ion (for example, a = 0.184 nm for
chloride), is given by:

~z, Fy(x) Equation 10
RT

c(x)i = cﬁee,i exp[

where cj.. 1s the concentration in free porewater (mol/L), z; is the charge number (-), F is the
Faraday constant (96485 C mol™), y(x) is the electrostatic potential (V) at a distance x from
the surface, R is the gas constant (8.134 J mol” K™), and T is the temperature (K). The

electrostatic potential is given by the combination of the following equations:

Equation 11
Fl//—(x) = 4 x arctanh| tanh FW—(O) X exp(— K(x )) d
RT 4RT
2F?1000c,,,, Equation 12
K = -_—
M RT
Equation 13
Fl//—m) = —arc sinh L
2RT SﬂvtfRTc_/i'ee,i

where « is the inverse of the debye length (m™), o is the surface charge (C m?) and s, the
permittivity of water (6.93 10"° E/m at 25 °C).
Equation 10 to Equation 13 allow calculation of a total chloride exclusion distance from the

surface according to (Sposito, 2004):

. ' Flul(a Equation 14
d, —a=lim J' {1 - M}xﬁ 2(1 - exp{— 2|WT(T)|D
X—o0 Ja cﬁ‘ee K

12
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However, this binary representation (absence or presence of chloride, Figure 3) is not very
representative of the system since the EDL is not completely devoid of anions. Alternatively,
the exponential distribution of the ions in the EDL can be averaged over a Donnan porespace,

(Donnan and Guggenheim, 1932; Leroy et al., 2006; Appelo and Wersin, 2007):

-z,Fy, j Equation 15

cD,i = Cﬁ‘ee,i exp( RT

where ¢p is the concentration in the Donnan porespace (mol/L) and yp is the Donnan
potential (V). As an approximation, concentrations are used instead of activities in Equation
15 (Appelo and Wersin, 2007; Birgersson and Karnland, 2009). The ions in the Donnan

porespace balance the charge from the surface:

Zcm +gq=0 Equation 16

where ¢ is the surface charge (mol./L).

If the free porewater contains only cna+ = cci- = Cjee, the Donnan potential can be solved

combining Equation 15 and Equation 16:

€ free (B -B! )+ q=0 Equation 17

F . .
where B = exp( Z‘R;{/D ) . The CI' concentration in the Donnan pore is then:

13
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€ free.c1” 2c f;.ee Equation 18

et B —q+1/q2+4c./2,ree

c

and the anion accessible porosity (&,,) becomes:

EpC o Equation 19

gan =& free +
€ free

where g 1s the “free” porosity.

For solving Equation 18, the surface charge concentration g must be expressed as a function
of the montmorillonite’s external surface area and the thickness of the Donnan porespace (dp,
see Figure 3), which must be selected. The thickness can be set to a multiple of Debye lengths
(for example dp = 2 Debye lengths, similar to the total anion exclusion distance given by

MGQC), or B can be kept fixed, and dp calculated from:

10° CEC/n, Equation 20

Aext Cﬁee [B - llg)

where dp is in m. The resulting dp’s can be expressed in terms of CI free d '

d,=

Equation 21
* c 1 q
dm—a——dD[l— 2. ]——dD[l——j

cfree, Cl

Comparing Equation 14 and Equation 21 shows that, if dp is set equal to 2/ in Equation 20
the same CI" free width will be calculated by the Gouy-Chapman and the Donnan equations

since the same surface charge is compensated. In this case, the potential at the start of the

14
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EDL is twice the average potential in the Donnan volume. Anion-free thicknesses for the three
models are presented in Figure 5 as a function of the NaCl concentration in the free solution.
These thicknesses are limited by the maximum available thickness in the bentonite, shown by
lines for three bentonite densities. For example, at cse. = 0.01 eq/L, the Gouy-Chapman
thickness is 5.92 nm, which is also the maximum available when pp,,, = 1.1 kg/L.
Accordingly, at this ionic strength, the EDL’s overlap strongly, and the Gouy-Chapman
formulas for truncated double layers must be applied (Goncalves et al., 2007). In the Donnan
model with fixed dp = 2/x, B = 17.8 at this point, and the anion accessible porosity amounts to
0.024. If, in the other option, B is fixed to a higher value, for example, B = 30 in Figure 5, the
value of d ey is 3.6 nm, and the anion-accessible porosity becomes 0.18. However, also in this
case, the anion accessible porosity will become very small when pp.,, is further increased to
about 1.3 kg/L. The best option for estimating the CI" accessible porosity, and thus, the

distribution of the porosities, must be verified against experimental data.

3.3.2 Stern layer charge compensation effect

The above calculations were performed considering that the whole surface charge is
compensated in the diffuse layer. Part of this charge is however compensated in the Stern
layer in the first hydration layer at the mineral surface. Stern layer charge screening can be

modelled by considering the reaction (Appelo et al., 2010):

Na" + Su” = Na-Su; log Kusu Reaction 22

where Su is a charged site at the surface The corresponding fraction of charge that is
compensated by Na in the Stern layer can be calculated with the diffuse layer model
(Dzombak and Morel, 1990) or triple layer models (TLM) (Leroy et al., 2006). The TLM’s

have in common that the anion exclusion distance at the surface is given by the width of the

15
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Stern layer, where anions are totally excluded, plus the anion exclusion distance obtained
from Equation 14 with potential terms corresponding to the potential of the head-end of the
diffuse layer (yq4 in the TLM notation) instead of the potential at the clay surface. The width
of Stern layer will be about one to three water layers. However, complete anion exclusion
from this volume is questionable. For instance, molecular dynamics calculation shows that CI°
can approach the clay surface closer than the second layer of adsorbed water (Marry et al.,
2008; Tournassat et al., 2009). Equation 14 shows that the anion exclusion distance depends
on the value of the potential that in turn depends on the affinity of Na for the surface (log
Knasu 1n reaction 19). Figure 4 shows clearly that, unless more than 80% of the charge is
compensated in the Stern layer, there is little effect of charge compensation on the anion
exclusion distance. Such a high charge compensation is not reported in the literature for NaCl
systems but may be attained when divalent cations are present (Leroy and Revil, 2004; Leroy
et al., 2007). As a consequence, this charge compensation effect will not be taken into account

in the following in order to keep the model as simple as possible.

4. Initial water content and impurities

The fraction of impurities can be obtained by mineralogical analysis and calculating their
mean density. Based on Madsen (1998) and Komine (2004), Bourg (2004) estimated the
density of impurities to be 2.82 + 0.58 kg/dm”. This estimated density is rather high for quartz
and feldspar, which are probably the major impurities and large uncertainty on the value
prevents accurate estimation of impurities content. Densities can be estimated also from the
experiments of Van Loon et al. (2007), who reported water-uptake in Volclay-bentonite,
providing the total porespace for a given weight of bentonite. The (overall) bentonite density
in these experiments is 2.8+0.2 kg/dm3. For a montmorillonite crystal density of 2.84 kg/dm’

that was calculated before, and 7;,,=29% impurities, the density of the impurities follows as

16
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Pimp=2.68+0.30 kg/dm’. The mean value is still higher than the density of quartz and feldspar,
but Volclay contains 6% chlorite/smectite that may have a higher density due to its iron
content. Moreover, the associated uncertainty remains large. Nevertheless, the values given
above were used to recalculate the bentonite densities of Van Loon et al. (2007) to
montmorillonite densities. The same values were applied as well to the MX80 bentonite used
by Muurinen et al. (1989; 2004; 2007) and Molera et al. (2003), but with a 25% impurity
content. The initial water content of bentonite dried at room temperature represents
approximately 7,4, = 10% of the bentonite weight in the experiment of Van Loon et al., 2007
(Pwater = 0% for other literature data). This mass of water was also taken into account for this
series of data to recalculate bentonite dry densities to montmorillonite partial dry densities

(Ppamm) according to:

pbent (1 - rwater )(1 - rimp ) EquatiOH 23
pbd mm
, p en
1—r,, Db
pimp

where ppen is the mass of bentonite in one dm® (i.e. bentonite dry density).

meas

Anion accessible porosity measurements (&, ") were also normalized (&,,""") to the bulk

dry montmorillonite volume according to:

norm meas 1 Equation 24
=& X —
an an
1- % bent
rimp
imp

17
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Some experimental points were discarded. The reasons for this data selection, together with
the tabulated data, are given in Appendix A. In the following, all calculations are performed
relative to bulk dry montmorillonite densities and volumes.

Scatter in the experimental data cannot be avoided despite the data normalization and
selection procedures because the anion accessible porosity of a bentonite sample may depend
on the applied measurement procedure (Van Loon et al., 2007) and the sample pre-treatment
(Muurinen et al., 2007). For this reason, no attempt was made to calculate a mean porosity
value and an error band from data given for identical physical and chemical conditions.

Rather, the variability of the measured values is discussed in the light of the proposed models.

5. Models for anion exclusion

5.1. Donnan porespace models

Birgersson and Karnland (2009) lumped the whole porespace of bentonite into a
Donnan volume that was assigned the full charge of montmorillonite, thus 4., = €z = 0. The
results of this model are shown in Figure 6 (dashed black lines) and show a good agreement
(for such a simple model; SSD (sum of squared differences) = 1.89) with experimental
numbers for densities above 1.2 kg/dm’. For lower densities, the model underestimates the
anion accessible porosity. According to the discussion in section 3.2.1, this result is logical
because dp is far higher than two Debye lengths at low densities. The model can be corrected
by setting dp = 2 k™. However, this correction does not improve the fit of data at densities

above 0.5 kg/dm® (not shown).

The model can be improved by incorporating a second Donnan volume for the interlayer

porosity in the model, but still taking €4, = 0 (Muurinen et al., 2007). Muurinen et al.
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allocated the volumes as a function of the interlayer spacing (letting it decrease linearly with
bentonite density) and the internal and external surface areas, taking either a constant stacking
number n. = 31, or a stacking number that decreases from n. = 40 at 1.8 kg/dm3 to n. =4 at
0.5 kg/dm’. By associating the surface area and the Donnan volumes, the charge is also
apportioned between the two volumes (interlayer and external). Muurinen et al. (2007) argued
that the two different ways of distributing the surface areas over the two Donnan volumes
should be related to bentonite preparation, and showed that surface area and its distribution
over the two Donnan volumes significantly influences the results. This model is successful in
describing the data but is questionable in that CI is assigned to the interlayer space even at the

highest bentonite compaction where montmorillonite is into the form of a 2-layer hydrate.

5.2. Anion-free interlayer models

The approach of Muurinen et al. (2007) was adapted assuming that the interlayer
porosity was devoid of anions (Rotenberg et al., 2007) and by subdividing the external
porespace into a Donnan volume and a free fraction. The internal porosity was calculated as
noted previously (with Equation 5 and Equation 8) and subtracted from the total porosity. In a
first calculation, the free part of the porosity was set to zero (model 1), i.e. the Donnan
volume occupies the whole external porosity. The fitted n, value is 8.4 with SSD value of
0.74. The decrease of SSD indicates the better fit of the data than Birgersson and Karnland’s
model (SSD = 1.89). However, this statement must be moderated by a more thorough
inspection of the data/model agreement. Figure 6, red full lines, shows that data at low
montmorillonite dry density values are now quite well reproduced, but data at high density are

ill-predicted for low ionic strength, where calculated anion accessible porosities go to zero or
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to very small numbers. Also, the fitted stacking number 7. is higher than observed (Pusch,
2001; Melkior et al., 2009).

Model 1 can be changed slightly by considering that the Donnan volume should be
limited to two Debye lengths from the montmorillonite surface (section 3.2). Accordingly, the
Donnan volume was limited to two Debye lengths and the remaining porespace was
considered free porewater with the CI” concentration of the external solution. If the Donnan
porespace was larger than the available porespace, it was reduced to that part and free
porewater was zero. The results of this model 2 are shown on Figure 6 (red dash dotted lines).
The fitted n. value is 2.48, now in agreement with observations, but SSD increased to 0.89.
For ionic strength below 0.1, agreement between data and model is better than with model 1
at high montmorillonite density values, whereas it is less satisfactory at low density values.
Note that the data at ionic strengths above 0.3 are very well reproduced by all of the models,
and that models which consider complete anion exclusion from the interlayer space reproduce
the data better than Birgersson and Karnland’s model.

A conceptual problem may arise from the distinction between (i) the interlayer pore
space, where complete anion exclusion occurs, and (ii) the Donnan volume where anions have
access, in cases where the distance between two adjacent surfaces in the Donnan + free
volume (dpore) 18 similar to, or smaller than, the distance between two adjacent surfaces in the

3WL interlayer space (0.94 nm). Now, d,,. can be approximated by:

V
ext (m)

Equation 25
d ore =
P 0.5% S,

where V,,, is the pore volume minus the interlayer volume:
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106Xﬂprd,mmx(nc_l)xhim‘ p
Vi =V x| 1= ——2 - Lot )
nC pmm
And S, 1s the external surface area of montmorillonite:
10° x ssa x Equation 27
Sext = I/tot X pbd,mm (mz)
n

Combining Equation 25 to Equation 27:

Equation 28
Pum

nc(l_pbdmmj_loé X%Xpbd,mm X(nc _l)xhint
d 2 % (m)

6
10° X s5a X Pyt o

Figure 7 shows that the condition d,,.. > 0.94 nm is true only at montmorillonite bulk

dry densities below 1.6 kg/dm’. However, Equation 28 does not account for the possibly
larger pores that exist in the random three-dimensional arrangement of the crystals.
In order to explain anion accessibility (and diffusion) at high montmorillonite bulk densities
(chloride diffusion was measured at pygmm up to 1.8 kg/dm’, Kozaki et al., 1998b) we must
assume that anions have access to interlayer spaces and to pores of similar dimensions at high
montmorillonite density values (> 1.6-1.7 kg/dm®) or that clay platelets are re-arranged at
high montmorillonite density to form pores having dimensions larger than interlayer spaces.
This last hypothesis is explored here.

Looking at Equation 28 (and Figure 7) shows that an increase of d,.. at a given density
and NaCl concentration can only be achieved by an increase in #.. Direct observations of Na-

montmorillonite compacted samples, e.g. by transmission electronic microscopy, show that 7,
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ranges from 3-7 (Pusch, 2001; Melkior et al., 2009). Micrographs also show that the
microstructure is not homogeneous, but characterized by dense and less compact parts, the
latter having the largest pores in the material. It is likely that turbostratic arrangements occur
in the densest parts, where distances between adjacent surfaces can be of the same order as
interlayer spacing. At very high densities the structure might collapse altogether. Figure 8
depicts, very schematically, this microstructure.

We hypothesize that the clay TOT layers rearrange as a function of compaction and
ionic strength, keeping some pores with a minimum dp,e min (model 3). Thus, the stacking
number n’, may increase above n. to include the contribution of turbostratic arrangements
even at low compaction where no true interlayer can be probed by XRD (“interlayer-like”
water). This stacking number was calculated by stepwise increasing # . from a minimal value
in case dyoe Was smaller than d,ore min for a given montmorillonite density and NaCl
concentration. n’. was limited to n’. . = 30, corresponding to an external total surface area
of 25 m?/g, commensurable with the BET surface area of dry MX80 montmorillonite (Wanner
et al., 1994). Fitted n’. ,.i» value was 1.4, in agreement with montmorillonite tactoid size in
suspensions (Sposito, 1992), and fitted d,ore min value was 5.5 Debye lengths (SSD = 0.65,
Figure 6). Most of the experimental data could be very satisfactorily reproduced by this
model, but it will be noted that it uses one more variable (dyore min) than the previous models.
Only data obtained at montmorillonite dry bulk densities higher than 1.6 kg/dm’® could not be
satisfactorily reproduced because n’. ..x Was reached at these densities and the minimum pore
size could not be attained as a result.

This model would require further reduction of the interlayer space 2WL — 1WL) to
explain experimental results at the highest montmorillonite dry densities or alternatively,
interlayer water density different from 1 kg dm™ should be considered (or a combination of

the two phenomena). There is not much evidence of this 2WL — 1WL transition in the
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literature. Gonzalez Sanchez et al. (2008) reports d-spacing of 14.66 A for pure
montmorillonite material at dry bulk densities of 1.9 kg/dm”®. This value is significantly lower
than the expected value for a 2WL interlayer space (~15.6 A) but still higher than the
expected value for a 1 WL interlayer (~12 A). Van Loon et al. (2007) demonstrated that,
when packed at high density, montmorillonite plugs exhibit an inhomogeneous density
profile, with de-compacted regions near the external filters (1-2 mm on each side of a 1 cm
plug). Given the penetration depth of X-rays in XRD measurements (order of magnitude = 1
um), these de-compacted regions would be dominant in the XRD signal and, therefore, the
minimum montmorillonite dry density for the 2WL — 1WL transition is perhaps
overestimated. If present, turbostratic arrangement having “interlayer like” domains with
IWL size would not be probed either. As a consequence, we surmised that 1 WL domains are
present at high montmorillonite dry bulk density and reduced, in a final model 4, the
interlayer thickness if n’;. = n’¢ e and dpore < dpore min, With the constraint that the interlayer
thickness should remain larger than h,-n,l WL (~0.31 nm).

Figure 6 shows that such a transition (model 4) explains the observed anion porosity at
high montmorillonite dry bulk density without needing to invoke Cl access to interlayer
domains. The fit to the data is similar to that of the previous model 3 (SSD = 0.67). Model 3
tends to underestimate anion accessible porosity at high montmorillonite densities while
model 4 tends to overestimate it. Models 3 and 4 are in agreement with the observation of an
effect of bentonite preparation on the measured anion accessible porosity value (Muurinen et
al., 2007), this effect being incorporated in the dp,r. min value that should be very dependent on
the initial spatial organization of TOT layers, and thus on the bentonite preparation (Muurinen
et al., 2007) and the experimental conditions (Van Loon et al., 2007). It is of interest to
consider the variation of dyore min When taken as variable for each individual measurement

Figure 9). Figure 9 shows also that at 0.1 ionic strength, 85% of 52 available data are
(Fig g g
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adequately described with a d,ore min value comprised between 0.5 and 2 times the averaged
value (5.5 Debye lengths). At 0.01 ionic strength, 75% of 20 available data are in the same
interval.

The average value of d,ore min can be used to predict anion accessible porosity as a
function of ionic strength and montmorillonite bulk density. The model can be further tested
on chloride accessible porosity data measured in pure montmorillonite (no impurity) samples.
Unfortunately very few data are available in which both porosity and ionic strength are
reported. The only one we found is the study by Glaus et al. (2010). In this study, data were
obtained at a single montmorillonite dry density of 1900 kg/dm’. For such high dry density,
the question whether the 2WL — 1WL transition occurs is crucial, and we stand at the limit
of the proposed approach. Models 1, 2 and 3 (Table 1) underestimate the measured anion
accessible porosity values for all ionic strengths. Considering the above model 4 at 0.1 mol L~
! NaCl, the model predicts an accessible porosity of 0.043 (with n’. = 30) while measured
values amounts to 0.019. At higher reported ionic strength measured and predicted porosity
values are respectively 0.036 vs. 0.03 (I1=0.5, n’. = 30), 0.05 vs. 0.024 (I=1, n’. = 30) and
0.067 vs. 0.019 (I = 2, n’. = 30). Although the agreement is still satisfactory, the trend of
predicted accessible porosity values as a function of ionic strength is opposite to measured. It
may be that a 2WL — 1WL transition takes place as a function of compaction and ionic

strength.

6. Conclusions

Simple models are successful in reproducing trends in anion exclusion in bentonite as a
function of ionic strength in the external solution and montmorillonite bulk dry densities in
the bentonite. When the pore space is assumed homogeneous regarding electrostatic
properties (i.e. a Donnan porespace which occupies all of the pore space, Birgersson and

Karnland, 2009), the anion accessible porosity measurements can be adequately modelled at
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high montmorillonite partial densities but not at low montmorillonite densities. Also, data at
high ionic strength are better reproduced than data at low ionic strength. Models that consider
a heterogeneous pore distribution (interlayer region devoid of anions is subtracted from the
total porespace) reproduce the data better at low montmorillonite density but underestimate
the anion accessible porosity at very high density (> 1.6-1.7 kg/dm®) and low ionic strengths
(< 0.1). It is likely that the clay microstructure changes in this case, with the external pore
space gaining electrostatic properties similar to those of the interlayer pore space, because the
tactoids are packed densely together. This presentation offers the best fit for measured anion
accessible porosities in bentonites over a wide range of conditions and is in agreement with
microscopic observations. However, in this model, the stacking number (n.) is a variable that

remains to be related in a general sense to sample preparation and experimental conditions.
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Table 1. Summary of models

Model name

Type of model

Birgersson and Karnland

Single Donnan-type porosity

Model 1

Double porosity model with interlayer porosity devoid of
anions.

Fixed number of TOT layer in tactoids ().

Donnan volume occupying all non interlayer porosity.

Model 2

Double porosity model with interlayer devoid of anions
Fixed number of TOT layer in tactoids.

Donnan volume extending up to two Debye lengths from
the montmorillonite surface if possible, else equal to the
non interlayer porosity.

Model 3

Double porosity model with interlayer devoid of anions
Variable number of TOT layer in tactoids from n. i, =
1.5 to n¢ max = 30. n. increases to maintain dyore > dpore min
(5.5 Debye lengths).

Donnan volume extending up to two Debye lengths from
the montmorillonite surface if possible, else equal to the
non interlayer porosity.

Model 4

Same as model 3 except that interlayer space can be
reduced to 1 WL at high montmorillonite density to
maintain dyore > dpore min-
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Figures captions
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Figure 1. Schematic representation of “interlayer water”, “electrostatic double layer water”
and “free water” in compacted bentonite (Modified from Bradbury and Baeyens, 2003).

Figure 2. Interlayer porosity as a function of Na-montmorillonite dry density, stacking
number of TOT layers, and NaCl concentration in free porewater. Total specific surface area
is 749 m*/g.

Figure 3. Anion exclusion in the EDL according to (i) MGC model (black curve), (i1) total
anion exclusion distance (dashed red line on top figure), and (iii) Donnan approximation with
a Donnan volume extending up to two Debye lengths from the surface position (blue line on
bottom figure). NaCl concentration is 0.1 mol/L. Surface charge corresponds to the CEC
(0.81 mol./kg) and total specific surface area (749 m?*/g) of MX80.

Figure 4. Influence of the fraction of charge compensated by the Stern layer on the anion
exclusion distance.

Figure 5. Thickness of the anion-free electrostatic double layer at the montmorillonite surface,
calculated 1) by Gouy-Chapman (full line), 2) as a Donnan porespace of fixed width dp = 2/«
(circles), and 3) as a Donnan porespace with fixed B = cjee, c- / ¢p, cr-(dashed line). The
Donnan thickness is expressed in equivalent anion-free thickness with Equation 19. The lines
marked by triangles denote the maximal available thickness for 3 bentonite bulk densities,
after the interlayer water has been subtracted from the porespace. The interlayer water is
calculated for montmorillonite with a specific surface area of 749 m”/g and a stacking number
n.=4.6.

Figure 6. Anion accessible porosities in bentonite as a function of the dry density and the
NacCl concentration in an external solution. The experiments are from Muurinen et al. (1989;
2004; 2007), Molera et al. (2003), and Van Loon et al. (2007). Data are corrected for impurity
and water content. The black dashed lines are from a model with a single Donnan-type
porosity (Birgersson and Karnland, 2009), full red lines are from the model 1 (n. = 8.4,
Donnan volume = non interlayer porosity), dash-dot red lines are from model 2 (n. = 2.48,
Donnan volume extending up to two debye lengths from the montmorillonite surface, if
possible, else equal to the non interlayer porosity), dotted blue lines are from model 3 (n°: in
= 1.5; dpore min = 5.5 K'l), full blue lines are from model 4 (1’ uin = 1.5; dpore min = 5.5 K,
Ringmin = 0.33 nm). In models 1 to 4, interlayer porosity is assumed CI'-free and the external
porespace is subdivided in a Donnan volume and (possibly) free porewater with the CI
concentration of the external solution. The crystallographic specific surface area is 749 m?/g.

Figure 7. Calculated poresize in bentonite as a function of density (d,... Equation 25; plain
lines for cnac1 = 0.01 mol/L; dash-dotted lines for 1 mol/L) and the 3WL interlayer distance:
above ppq mm =~ 1.6 kg/L the calculated pore diameter is smaller than the interlayer width.

Figure 8. Scheme of montmorillonite microstructure at high density.

Figure 8. Comparison between measured an modelled anion accessible porosity according to
model 4 and a fitted minimum pore size. Corresponding pore sizes are given on the right
figure where dash lines are representative of the minimum pore size value used in
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5  Figure 1. Schematic representation of “interlayer water”, “electrostatic double layer water”

6 and “free water” in compacted bentonite (Modified from Bradbury and Baeyens, 2003).
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Figure 2. Interlayer porosity as a function of Na-montmorillonite dry density, stacking
number of TOT layers, and NaCl concentration in free porewater. Total specific surface area
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Figure 3. Anion exclusion in the EDL according to (i) MGC model (black curve), (ii) total
anion exclusion distance (dashed red line on top figure), and (iii) Donnan approximation with
a Donnan volume extending up to two Debye lengths from the surface position (blue line on
bottom figure). NaCl concentration is 0.1 mol/L. Surface charge corresponds to the CEC

(0.81 mol./kg) and total specific surface area (749 m*/g) of MX80.
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Figure 6. Anion accessible porosities in bentonite as a function of the dry density and the

NaCl concentration in an external solution. The experiments are from Muurinen et al. (1989;

2004; 2007), Molera et al. (2003), and Van Loon et al. (2007). Data are corrected for impurity

and water content. The black dashed lines are from a model with a single Donnan-type

porosity (Birgersson and Karnland, 2009), full red lines are from the model 1 (n. = 8.4),
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dash-dot red lines are from model 2 (n. = 2.48), dotted blue lines are from model 3 (n¢ min =
1.5; dypore min=5.5 K'l), full blue lines are from model 4 (n°c min = 1.5; dpore min = 5.5 K'l, Pinimin
= 0.33 nm). Summary of models are given in Table 1. The crystallographic specific surface

area is 749 m?/g.
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Figure 7. Calculated poresize in bentonite as a function of density (d,.. Equation 28; plain
lines for cnaci = 0.01 mol/L; dash-dotted lines for 1 mol/L) and the 3WL interlayer distance:

above ppg mm =~ 1.6 kg/L the calculated pore diameter is smaller than the interlayer width.
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Figure 8. Scheme of montmorillonite microstructure at high density.
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