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[11 A normalized clay-water isotherm model based on BET theory and describing the
sorption and desorption of the bound water in clays, sand-clay mixtures, and shales is
presented. Clay-water sorption isotherms (sorption and desorption) of clayey materials are
normalized by their cation exchange capacity (CEC) accounting for a correction factor
depending on the type of counterion sorbed on the mineral surface in the so-called Stern
layer. With such normalizations, all the data collapse into two master curves, one for sorption
and one for desorption, independent of the clay mineralogy, crystallographic considerations,
and bound cation type; therefore, neglecting the true heterogeneity of water sorption/
desorption in smectite. The two master curves show the general hysteretic behavior of the
capillary pressure curve at low relative humidity (below 70%). The model is validated
against several data sets obtained from the literature comprising a broad range of clay types
and clay mineralogies. The CEC values, derived by inverting the sorption/adsorption curves
using a Markov chain Monte Carlo approach, are consistent with the CEC associated with the

clay mineralogy.
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doi:10.1029/2011WR010919.

1. Introduction

[2] The development of a unified model for coupled flow
in unsaturated clayey materials is needed to model the
transport of contaminants in clayey soils and through clay
liners, to study the storage of nuclear wastes in argillaceous
formations and to understand transport properties in gas
shales [Mitchell, 1992; Sammartino et al., 2003; Delay
and Distinguin, 2004; Rousseau-Gueutin et al., 2010;
Jougnot et al., 2010; Schneider and Goss, 2011]. We have
recently developed a unified set of constitutive equations
for the transport of ionic species in clay materials [Revil
et al.,2011]. The extension of this theory to the unsaturated
case requires a precise analysis of the water retention
curves in these materials, especially the clay-water sorption
isotherms at low relative humidity (below 70%).

[3] According to Saarenketo [1998], Aochi and Farmer
[2010], and Conin et al. [2011], the pore water in clay
materials can be divided into two important categories (1)
hygroscopic water and (2) capillary and free waters. In the
present paper we are especially interested in the sorption
and desorption of the hygroscopic water. The hygroscopic
(sorbed) water on the surface of a clay mineral is classi-
cally seen as consisting of (1) a monomolecular layer
mainly located around the negatively charged mineral sur-
face sites (with an approximate thickness of 2 nm) and (2)
additional water molecules loosely bound to the mineral
surface with a thickness on the order of 4 nm [Saarenketo,
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1998]. This kind of multilayer model is the basis for sev-
eral empirical relationships used in modeling sorption iso-
therms [see Cancela et al., 1997; Furmaniak et al., 2005
Limousin et al., 2007] in addition to physically based sorp-
tion models (e.g., Tuller and Or [2005]). In the case of
smectite, the hydration sequence is often described by the
intercalation of one, two, and less commonly three water
layers leading to the individualization of hydration steps
on water sorption curves corresponding to zero, one, and
two water sheets in the interlayer. Deviation from this rep-
resentation is usually associated with (1) hydration hetero-
geneity, i.e., the interstratification of layers with different
hydration states that smoothens the sorption curve and (2)
capillary sorption in pore network at high relative humidity
[Cases et al., 1997; Bérend et al., 1995; Ferrage et al.,
2005; Michot et al., 2005; Ferrage et al., 2010; Malikova
et al., 2007].

[4] This uniform layer model is challenged, however, by
other researchers. For instance Laird [1999] suggested that
instead of a uniform film, the water molecules are clustered
around cation/charge sites. This implies that the cation
exchange capacity, rather than the specific surface area,
should be used to normalize clay-water sorption isotherms.

[s] Clay-water sorption and desorption isotherms define
the relationship between the water content and the relative
humidity at a prescribed temperature and effective pres-
sure. For clay minerals, the water content is given as the
mass of water per gram of dry clay plotted as a function of
the water activity (relative humidity). This water activity is
defined as the ratio of the partial pressure of water to the
saturation vapor pressure of the water phase. Sorption iso-
therms are observed to be hysteretic [Cancela et al., 1997,
Likos and Lu, 2002; Shang et al., 1995]. The amount of
sorbed water in a given clay is known to be influenced
by the texture of the clay material and therefore by its
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mineralogy [Stepkowska et al., 2004; Newman, 1983;
Rinnert et al., 2005] and by the specific metal ion sorbed
in the Stern layer, the inner layer of the electrical double
layer [Salles et al., 2009; Dontsova et al., 2004; Montes-
Hernandez et al., 2003 ; Cancela et al., 1997].

[6] The classical Brunauer, Emmett, and Teller (BET)
theory recognizes the strong correlation between the spe-
cific surface area and monolayer sorption of water (see the
de-Boer t-curve approach and its application [Kowalczyk
et al., 2005]). In the present paper we develop a normalized
clay-water sorption isotherm by using the CEC of the clay
material as a normalizing parameter. Saarenketo [1998]
showed, for instance, that the dielectric constant of a clayey
material is both correlated to the amount of water sorbed
per unit weight of dry clay and to the CEC. The CEC is
observed to be linearly related to the specific surface area of
clay minerals [Newman, 1983; Revil et al., 1998; Srodon
and McCarty, 2008 ; Salles et al., 2009; Conin et al., 2011]
(see Figure 1). In addition, because of the clustering of the
water molecules around the cations/charge sites, we suggest
that the CEC of the mineral can be used as a better surrogate
for the specific surface area in a normalized model, enabling
the prediction of the clay-water sorption isotherm (including
the hysteresis loop) from a single pair of master curves in
the low relative humidity range (more precisely at low
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Figure 1. Specific surface area of clay minerals (inm? g ')
as a function of the (absolute) (in meq g~ ' with 1 meqg~' =
96,320 C kg~ in SI units) for various clay minerals. The ratio
between the CEC and the specific surface area gives the
equivalent total surface charge density of the mineral surface.
Generalized regions corresponding to kaolinite, illite, and
smectite are represented by shaded circles. Figure adapted
from Revil and Leroy [2004]. The two lines corresponds to
one to three elementary charges per unit surface area. Data
from Patchett [1975], Lipsicas [1984], Zundel and Siffert
[1985], Lockhart [1980], Sinitsyn et al. [2000], Avena and De
Pauli [1998], Shainberg et al. [1988], Su et al. [2000], and
Ma and Eggleton [1999].
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thicknesses of surface-sorbed water corresponding to one or
two monolayers). The significant linear correlation between
CEC, specific surface area, and hygroscopic water content
has been shown earlier for soils [e.g., Banin and Amiel,
1970; Smith et al., 1985; Yukselen-Askoy and Kaya, 2010].
Therefore, it is evident that a similar model based on specific
surface area normalized sorption may yield a similar master
“water-retention curve.” We will discuss the advantages of
using the CEC instead of the specific surface area as the nor-
malizing parameter in section 4.

2. Background

[7] In section 2, we discuss the relationships between the
cation exchange capacity (CEC), the specific surface area,
and the density of sorbed water molecules in clay
materials.

2.1. The Cation Exchange Capacity (CEC)

[8] The CEC represents the capacity of a porous material
(generally a soil) to exchange cations (generally Ca, Mg, K,
and Na) between the mineral surface and the pore water so-
lution. It is generally measured at pH 7 [Carroll, 1959]. The
pH dependence of the CEC can only be understood in terms
of the electrical double layer attached to the mineral surface.
In ST units, the CEC is exPressed in C kg, but is classi-
cally expressed in meq g~ (with 1 meq = 1 mmol equiva-
lent charge, e.g., 1 X 103 ¢ N, where e = 1.6 x 107 C
and N is the Avogadro constant, 6.022 x 10> mol™"). For
clay mixtures, the average CEC is determined from the re-
spective exchange capacities of the constituent clay types.
For example, the cation exchange capacity of a mixture of
kaolinite, illite, and smectite is given by [Rabaute et al.,
2003]

CEC = xgCECk + x1CEC; + xsCECs, (1)

where x; represents the mass fraction of mineral i, and K, I,
and S stand for kaolinite, illite, and smectite, respectively.
Equation (1) is scaled by the mass fraction of the clay min-
erals ,,, which can be obtained by XRD analysis. Equation
(1) can be adapted to clayey sands and sandstones by
neglecting the CEC associated with the silica grains
[Rabaute et al., 2003].

[9] The CEC is also linearly correlated to the specific
surface area S, (in m? g~ ') of the mineral grains [Patchett,
1975; Revil et al., 1998 ; Revil and Leroy, 2004 ; Yukselen
and Kaya, 2006],

CEC = QgsSsp, (2)

where Qs (C m™?) is the surface charge density of the clay
fraction, which is related to the total excess of electrical
charge per unit pore volume Qy (expressed in C m™°) as
Os= O (S/Vp)~ ", where S is the surface area of the mineral
grain and V), represents the pore volume (see Figure 1).
Figure 1 shows the linear data trend for the specific surface
area Ssp, (in m? kg ') as a function of the CEC. Revil et al.
[1998] and Revil and Leroy [2004] obtained an equivalent
charge density comprised between 1 to 3 charges per nm?
at pH 7 with an average surface charge density of 2 ele-
mentary charges per nm?> (Figure 1).
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[10] The type of crystalline planes at the mineral water
interface varies considerably among clay types. A sketch of
two representative end members, kaolinite and smectite, is
provided in Figure 2. Despite the complex crystalline struc-
ture of clay minerals, the properties of clays and shales
(like the surface electrical conductivity) depend mainly on
macroscopic parameters like the specific surface area and
the CEC. In the water sorption case, this indicates that the
sorption heats are generally independent of the type of
crystalline planes and can be therefore similar for clays of
different mineralogy.

[11] The specific surface area can be obtained from water
sorption isotherms by estimating the cross-sectional area of
a water molecule ¢ (typically € ~ 12 A? per molecule, see
Middleton [2003]). Salles et al. [2009] use the following
relationship to determine the specific surface area of a clay
material from water sorption isotherms:

Ssp = enyM,, (3)

where n,, denotes the number of water molecules sorbed in
a monolo?/er (in mol) and M,, is the molar mass of water
(kg mol It follows that the specific surface area can be
obtained from the mass fraction of water in the sample dur-
ing the first stage of sorption assuming, like the BET
theory, that water sorbs by first filling a monolayer (no
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Figure 2. Active surface sites at the edge of (a) 1:1 clays
(e.g., kaolinite) and (b) 2:1 clays (e.g., smectite or illite). In
the case of kaolinite, the surface sites are located primarily
on the edge of the mineral grain ({110} and {010} planes).
In the case of smectite and illite (in the pH range near neu-
trality, 5 to 9) the surface sites are predominantly located
on the basal plane ({001} plane) and they are due to iso-
morphic substitutions inside the crystalline framework.
Note the difference in the morphology of the clay particles
and the variety of crystallographic planes. The letters T and
O represent tetrahedral and octahedral sheets, respectively.
Adapted from Leroy and Revil [2009].
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local condensation of packs of water molecules). However,
this is a vast simplification, because capillary condensation
on rough particle surfaces and clustering of water mole-
cules around charge sites can be important. In addition,
water sorption is also correlated to the ionic potential of the
exchangeable cation sorbed on the active mineral surface
sites present on different crystalline planes (see Figure 2)
[Dontsova et al., 2004 ; Salles et al., 2009].

[12] As discussed above, the CEC is an average parame-
ter describing the sorption of counterions on the surface of
the clay grains. The reality is, however, more complex: dif-
ferent crystalline planes, with different electrochemical
characteristics, contribute to complex sorption behavior. For
instance, a bivalent ion like Cu®" can form both monoden-
tate and bidentate complexes with the clay surface. For
silica, the former occurs as an inner sphere ligand, and the
latter occurs as an outer sphere ligand [Vaudelet et al.,
2011a, 2011b]. To account for this complexity, we intro-
duce an empirical scaling parameter §; that depends only
on the exchangeable cation i and is independent of the clay
type. This parameter is used to scale the measured cation
exchange capacity with a given cation i as

where CEC; is a value of the cation exchange capacity for
ionic species i, while CEC is the absolute cation exchange
capacity. The absolute cation exchange capacity is meas-
ured using a cation that has a very strong affinity with the
mineral surface (like ammonium or cobalt); it corresponds
to the cation exchange capacity reported in Figure 1. Other
cations always have affinities smaller than the cations used
to measure the absolute cation exchange capacity; there-
fore, §; < 1 and CEC; < CEC. A description of the empiri-
cal analysis performed to constrain the scaling parameter ¢;
is provided below in section 2.4. The following set of val-
ues will be discussed below in section 2.4: §(Li) = 0.4,
6(Na) = 0.5, 6(Mg) = 0.6, and §(Ca) = 0.8. The scaling
parameter ¢; reflects the affinity of the cations for the min-
eral surface (i.e., the parameter is equal to one for cobalt
and ammonium).

2.2. Relative Humidity and Water Content

[13] For the nonhydroscopic water and at thermody-
namic equilibrium, the capillary pressure P. (in Pa) is clas-
sically defined as the pressure differential between the fluid
and vapor pressures across an interface by the Young-Lap-
lace equation,

27y cosf

pe="12%0 5)

where v denotes the surface tension (N m™"), @ the wetting
angle (in rad), and r the effective radius of the meniscus
between the two phases (in m). Capillary pressure depends
on the saturation of the wetting phase and the saturation/
desaturation history in the porous material, and is defined
as the difference of the pressures of the wetting (index w)
and nonwetting (index #) phases,

Pec =Pn — Pw- (6)
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The change in vapor pressure due to the shape of the menis-
cus with radius 7 is given by the Kelvin equation

Z’YM 174

ern(i—é>: —, (7)

where M, (m* mol™") is the molar volume of water, Pl is
the vapor pressure of the reference state (saturated vapor
pressure), R = 8.31 J K~! mol™' is the universal gas con-
stant, and 7 is the absolute temperature (in Kelvin). The
saturation vapor pressure is given by [Likos and Lu, 2002;
Jougnot et al., 2010]

py=pi(T) =107, (8)

f(T)=a+ (T —To)b+c(T —To)], )
where the superscript “0” indicates the saturated reference
state (p. = 0, pyw = pP° = pam)> To = 273.5 K, a = 2.7858
(dimensionless), b = 31.559 K, ¢ = 0.1354 (dimensionless).

[14] The relative humidity 4, (given usually in %) (alter-
natively, the water activity p,/p?) can be related to the
pressure of the water phase by [Shang et al., 1995]

=0 = exp Bj—T (pw — p?v)} ) (10)

The connection between the volumetric or gravimetric
water content associated with the adsorption of water mole-
cules onto a charged mineral surface and the water satura-
tion S, is easily established. The volumetric water content
0 is defined as the ratio of the volume of water V., to the
total volume of the medium V7; porosity ¢ is defined as the
ratio of the void volume V, to the total volume V7 ; water
saturation, V,,/Vr, can be written as

(11)

Water saturation can also be obtained from the gravimetric
water content v (dimensionless). The gravimetric water
content represents the mass of water divided by the mass of
mineral grains. It is normally measured by taking the
weight of a moist sample and the weight of a dried sample
of the same material, which yields 6 = vp4y/pw, Where
pary = (1 — ¢)p, represents the mass density of the dry po-
rous material, p, the mass density of the grains (typically
2600 to 2800 kg m ), and p,, the density of the pore water
(all in kg m ™). Using this relationship together with equa-
tion (11) yields

I*Qﬁpg

Sy =———=w.
¢ pw

(12)

2.3. Modeling Water Sorption Isotherms

[15] Sorption isotherms represent the retention and/or
release of liquid compounds on a solid interface [ Limousin
et al., 2007]. Numerous empirical and mechanistic models
have been developed to characterize sorption phenomena,
resulting in several general isotherm types [Brunauer et al.,
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1938; Broekhoff and Boer, 1967a; Gauden, 2005; Limou-
sin et al., 2007], which have been empirically validated in
the literature for macroscopic phenomenology and simpli-
fied microscale geometries [see Broekhoff and Boer,
1967b; Cancela et al., 1997; Neimark and Ravikovitch,
2001; Ravikovitch and Neimark, 2002 ; Furmaniak et al.,
2005]. Water sorption isotherms in clayey materials are
generally characterized by sigmoidal curves, marked by a
point of inflection between the minimum and maximum
values. We will show later that this point of inflection cor-
responds to the saturation of the first layer of sorbed water
on the mineral surface.

[16] A classical model describing the sorption of a gas
(like nitrogen) on a reactive mineral surface is the Bruna-
uer, Emmett, and Teller (BET) model [Brunauer et al.,
1938]. This theory has been extended to the case of water
vapor sorption in clays [Mooney et al., 1952; Chemkhi
et al., 2004; Mihoubi and Bellagi, 2006]. The BET theory
is an extension of the Langmuir theory for a monolayer mo-
lecular adsorption. Assuming the formation of several
layers for molecular sorption with no interaction between
the layers, the BET equation is written as [e.g., Cancela
etal., 1997]

(0-1) ™ bty (13)
vi——1

where v represents gravimetric water content discussed
above and v,, = n,M,,/m, (dimensionless) represents the
gravimetric water content when the first monolayer is fully
saturated, i.e., the monolayer adsorbed water mass n,,M,,
per mass of the grams My, where M,, is the molar mass of
water in kg mol~' (18.02 x 10~ kg mol " ) and n,, denotes
the number of water molecules sorbed in a monoloyer
(expressed in mol). The so-called BET constant C is an
energetic term representing the balance of adsorption ener-
gies at constant temperature,
E,—E
RT )

where E, is the heat of adsorption of the first layer of water
molecules covering the clay surface, £, is the heat of
adsorption for the second and third layer of water molecules
covering the mineral surface and is equal to heat of water
liquefaction, R is the molar gas constant (8.31 Jmol ' K™'),
and T is temperature (in K). Using equations (10) and (13)
the BET equation can be rewritten as

C= exp( (14)

h o C—1 1

—_=—h+—. 15
v(l —h,) Vi C +va (15)

The term of this equation can be arranged as follows:

=) le=vn )

We will normalize this curve by the cation exchange
capacity to produce new master curves in section 2.4.

(16)
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2.4. A Normalized Sorption Curve Model

[17] For the purposes of this derivation, the two quanti-
ties v and v,, will be expressed in grams of water per gram
of dry solid rather than in m®. The mechanisms governing
water sorption in a clay matrix change as a function of
water content. At both low and high water activities, sorp-
tion isotherms exhibit highly variable and nonlinear charac-
ter. At low water activity, nonlinear effects may be due to
local condensation of the water molecules due to the rough-
ness of the mineral/water interface. At high water activity
(above 0.61, see below in section 3.2), capillary effects
start to dominate. However, for a wide range of water activ-
ities (e.g., i, = p,/p° € [0.05,0.70]), the isotherms exhibit
a reproducible character that is consistent across a diverse
set of clay types [Salles et al., 2009; Cancela et al., 1997;
Likos and Lu, 2002]. This is a consequence of the fact that
vapor sorption in this regime is driven by the interaction of
water molecules with the surface of the negatively charged
clay particles (at pH 7).

[18] As discussed in section 2.1, the CEC is a measure of
the amount of exchangeable charge per unit mass of the
solid. It is directly related to the specific surface area Ss, of
the clay (Figure 1). As such, the CEC can be used to scale
the sorption isotherms measured for different clays, effec-
tively collapsing the various, respective isotherms into a
single master curve corresponding to the water sorption
equivalent v/CEC (expressed in g meq ', gram of water
per milliequivalent) as a function of the activity of the fluid
phase (relative humidity). By simply normalizing equation
(15) by the CEC, we obtain an equivalent sorption isotherm
that is valid for individual subsets of clays,

Vo vy h, C (17)
CEC CEC\1 — &, (C—Dh+1]

[19] According to equation (15), the relationship between
the BET parameter /,/[v(1 — h,)] and the relative humidity 4,
is a line with a slope (C — 1)/(Cv,,). Recognizing that the
slope for the normalized isotherm must be the same for all
clay types, we redefine the CEC-normalized BET monoloayer
sorption constant as vVS*¢ = v,, /CEC and the slope parameter
from equation (15) as & = (C —1)/(CvSEC). Hence, the
BET constant can be written in terms of the slope parameter
as C = (1 — &) ™" From these considerations, we obtain
a master equation for the CEC-normalized sorption model,

CEC h, 1

(18)

v

[20] To account for different types of cations sorbed on
the mineral surface, we introduced a scaled-CEC parameter
CEC;, defined by equation (4) above. For the sake of clarity,
this parameter effectively replaces the CEC in equations
(17) and (18) and has been determined empirically from the
data analysis presented below in section 3. The effect of this
parameter is illustrated in Figures 3 and 4 where we show
that adopting the normalization by the scaling parameter ¢;
collapses all the sorption curves into a master curve. This
yields the following normalized sorption isotherm;

1/ h | G
- ==+ &),
v<1 —h,.) T/m+£( )

(19)

WOODRUFF AND REVIL: CLAY-WATER SORPTION ISOTHERM

W11502

a. Affect of & on CEC-normalized
sorption isotherms

2

Water sorption equivalent [gH o meq_1]

Relative humidity, hr

b. Affect of & on CEC-normalized
. BET lines
RS
< '
e
>
o

CEC-normalized BET parameter,

Relative humidity, hr

Figure 3. The effect of the mineralogical parameter 6 on
CEC-normalized isotherms comprising clays of different
subsets. (a) Sorbed water content. (b) BET-normalized lin-
ear trends. For clays of similar mineralogy with the same
surface hydration energy, i.e., exchanged counterion, CEC-
normalized isotherms correspond to several characteristic
equivalent curves shown as black lines. Scaling the respec-
tive CEC values by §; (counterion dependent) collapses
these curves into a single normalized model.

where the two normalized parameters are defined as

V= V/@,‘7 (20)
Y = vm/CEC;, (21)
£=(C—1)/(Cvn). (22)

[21] To constrain the value of the scaling parameter 6;
for a selection of ions i, montmorillonite and bentonite
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pairs were selected from the works of Cancela et al. [1997]
and Montes-Hernandez et al. [2003]. Separate inversions of
CEC values were performed for the respective Ca, Li, and
Mg-exchanged members of these two data sets. As the
model predicts, each subset collapses to a unique CEC-
normalized trend. The resulting CEC values were com-
pared with the output of the values of CEC; obtained from

Unified sorption model and

a. CEC-normalized subsets

0.25

== «=|Jnified Isotherm

o

© — o

- o )
:

Water sorption equivalent [g meq"1]

©
o
a

0 O‘.1 O.‘2 013 014 0:5 0:6 0.7
Relative humidity, hr
b Unified BET model and
) 05 CEC-normalized BET lines

== «={Jnified Isotherm

- — N
o &) o

Equivalent BET parameter [g meq"1]
1

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0 . .

Relative humidity, hr

Figure 4. CEC values were inverted independently for
three clay subsets comprising the Ca, Li, and Mg members
of separate montmorillonite and bentonite data sets. The
CEC-normalized data define three unique curves, which
collapse to a normalized curve when scaled by the normal-
ized cation exchange capacity CEC;. (a) Water content. (b)
Equivalent BET-parameter straight lines. In both cases, the
dashed line corresponds to the normalized isotherm. Data
from both Cancela et al. [1997] and Montes-Hernandes
et al. [2003].
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the inversion of the complete data set to estimate the corre-
sponding 6; values for these three subsets. Figure 4 shows
the results of this analysis, further validating our conceptual
model.

[22] Water sorption in porous media almost ubiquitously
exhibits hysteresis. This behavior may arise from any of the
following effects: (a) capillary condensation, (b) changes in
clay morphology, (c) effects of pore topology in which the
filling and emptying pathways differ [ Dontsova et al., 2004],
and (d) contact angle dynamics on chemically heterogene-
ous and rough surfaces [Tuller and Or, 2005]. The general
character of hysteresis in the wetting/drying loop is such that
the desorption isotherm exhibits higher water content than
its adsorption counterpart at the same relative humidity.
Indeed, there is some variability observed in the hysteresis,
which may indicate the cumulative influence of the afore-
mentioned affects in sequential experiments [see Aochi and
Farmer, 2010]. The present model accounts for hysteresis
by considering all mechanisms contributing to the retention
of additional water in the drying loop as “bound water” bw
represented by an empirical constant I' = bw/CEC; of the
same dimensionality as the water content (i.e., g g ' or
mmol g~ '). This term is added to the normalized monolayer
parameter v,, in our present formulation. Hence we repara-
meterize equation (18) to arrive at a formulation of master
curves for the normalized sorption/desorption model,

l( i ) : +&(h, —1).

= 2
v \l=h) VT (23)

Although equation (19) has been derived from BET theory,
similar relationships can be obtained by the same reason-
ing for other models of clay-water sorption isotherms.
Equation (23) is the main equation derived in our paper. It
will be tested in the next section using a variety of litera-
ture data.

3. Validation of the Model

[23] The model, equation (23), was applied to data taken
from the literature. We first apply the model to desorption
data obtained for Na-exchanged kaolinite-smectite mix-
tures. The data set is then expanded to include additional
water sorption measurements in a variety of clays including
kaolinite, smectite, montmorillonite, and bentonite, com-
prising a diverse array of exchangeable cations for these
clays (see Tables 1 and 2 for the appropriate references).
To mitigate the effect of temperature on the present analy-
sis, data were selected only from data sets collected at
temperatures ranging from 20 to 30°C. The influence of
temperature will be evaluated further below in section 3.4,
and we will see that this assumption is well justified. Ther-
modynamic analysis indicates that temperature variation on
the order of 10°C produces comparable water retention
characteristics in clays [Schneider and Goss, 2011].

3.1. Sorption Isotherms in Na-Exchanged
Kaolinite-Smectite Mixtures

[24] Likos and Lu [2002] conducted experiments to mea-
sure water adsorption as a function of the clay fraction of
respective kaolinite-smectite mixtures. Pure kaolinite and
smectite end members were slurry mixed to achieve
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Table 1. Data Sets Used in the Analysis and Corresponding
Citations for the Adsorption Data

Clay Type Citation

Ca-Montmorillonite
Cu-Montmorillonite
Fe-Montmorillonite
Li-Montmorillonite
Mg-Montmorillonite
Na-Montmorillonite
Shale-A (Na)
Shale-C (Na)
Shale-D (Na)

Cancela et al. [1997]

Krushin [2005]

MidwayShale (Na)
Bentonite (Al-Fe-Mg-Na-Ca-K) Mihoubi and Bellagi [2006]
Bentonite Mokrejs et al. [2005]

(Ti-Al-Fe-Mn-Mg- Ca-Na-K-P)
Ca-Bentonite
K-Bentonite
Li-Bentonite
Mg-Bentonite
Na-Bentonite
Raw-Bentonite (Na/Ca)
Sapponite (Al-Mg-Na)

Montes-Hernandez et al. [2003]

Rinnert et al. [2005]

mass-controlled clay ratios of 20%, 50%, 70%, 80%, and
90% smectite. Vapor desorption isotherms were then deter-
mined for each composite clay type for 4, ranging from 0%
to 95%. The theory presented in section 2 is applied to the
data as a first-order verification of the proposed model. The
sorption isotherms were normalized by estimated CEC val-
ues for the end-member specimens, as well as for all of the
clay mixtures, showing promising results (see Figures 5
and 0).

Table 2. Data Sets Used in the Analysis and Corresponding
References for the Desorption Data

Clay Type Citation

Wyoming montmorillonite (Na)
Wyoming smectite, SWy-1 (Na)
Wyoming montmorillonite,
Clay Spur (Na)
MX-80 Bentonite, Wyoming (Na)
Natural Volclay, Wyoming bentonite
(Ca-Mg-Na)
Natural Volclay, Wyoming bentonite (Na)
Shale-A (Na)
Shale-C (Na)
Shale-D (Na)
100% Smectite (Na)
100% Kaolinite (Na)
10/90 Kaolinite-Smectite (Na)
20/80 Kaolinite-Smectite (Na)
30/70 Kaolinite-Smectite (Na)
50/50 Kaolinite-Smectite (Na)
80/20 Kaolinite-Smectite (Na)
Bentonite (Al-Fe-Mg-Na-Ca-K)
Bentonite
(Ti-Al-Fe-Mn-Mg- Ca-Na-K-P)
Ca-Bentonite
K-Bentonite
Li-Bentonite
Mg-Bentonite
Na-Bentonite
Raw-Bentonite (Na/Ca)
Sapponite (Al-Mg-Na)
Soil-716

Krushin [2005]

Likos and Lu [2002]

Mihoubi and Bellagi [2006]
Mokrejs et al. [2005]

Montes-Hernandez et al. [2003]

Rinnert et al. [2005]
Schneider and Goss [2011]
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Figure 5. Preliminary inversion. (a) Raw adsorption iso-
therms. (b) CEC-normalized sorption isotherms for the ka-
olinite and smectite end members. The shaded gray region
represents the saturation regime in which capillary effects
begin to dominate vapor sorption in the clays, causing a de-
parture from the normalized model. CEC values for used
for the normalization are also shown.

[25] CEC values were inverted using a stochastic inver-
sion algorithm based on an McMC approach called the
adaptative metropolis algorithm (AMA [see Haario et al.,
2001; Woodruff et al., 2010, and references therein], see
discussion in Appendix A). The resulting CEC values and
the normalized sorption isotherm for these clays are pro-
vided in Figure 7. In Figure 7b we plot the inverted CEC
(determined from the peak of the posterior probability den-
sities) as a function of the clay content. We see that the
CEC of the two end members (kaolinite and smectite) are
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Comparison of CEC-normalized (Filled) and raw (Open)
sorption isotherms as a function of clay type

Raw [g g] Normalized [g meq]| CEC [meq g™
QO 0% kaolinite - 100% smectite @ 0.750
0.7F | O 10% kaolinite - 90% smectite | 0.684 | 2
!
VY 30% kaolinite - 70% smectite 0.552 /
’
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[> 100% kaolinite - 0% smectite > 0.090 /
— /
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/
< R 4
8 ¥
> 0.4f K
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3 . %
4
= 4
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Figure 6. Comparison of raw (open) and CEC-normalized
(filled) data using estimated values for the CEC. The shaded
region represents the saturation regime in which vapor de-
sorption is dominated by capillarity, causing a departure
from the proposed model. Data from Likos and Lu [2002].

consistent with the range of CEC values for these two clays
(see Figure 1). Also the inverted CEC of a given mixture is
consistent with a linear mixture model [see equation (1),
CEC(mixture) = xx CECk + (1 — xk) CECg, where xx is
the relative mass fraction of kaolinite and CECg and CECg
represent the CEC of the two end members, kaolinite and
smectite, respectively).

3.2. Application of the Normalized Model

[26] The procedure outlined in section 3.1 was repeated
for the expanded data set. However, the data were inverted
for the scaled exchange parameter CEC; instead of the
CEC. A comparison of the raw data to the inverted data
(scaled by CEC;) is presented in Figure 8. This CEC;-
normalized data set was then used to invert the normalized
monolayer water content v,,, the normalized BET energy
constant &, and the bound water parameter I', which define
the normalized sorption curve. The normalized data and the
corresponding model fit are shown in Figures 9 and 10 (see
Appendix A for the explanations regarding the optimization
scheme used in this analysis). The normalized isotherm
accurately fits the data fairly well. It captures the wetting/
drying hysteresis exhibited by the data (Figure 11). It also
provides a model applicable to clays, sand-clay mixtures,
and sandstones. The results of the inversion are reported in
Tables 3 and 4.

[27] For this analysis, the energy constant was allowed
to differ for adsorption and desorption, implying that the
difference in sorption heats AE = E, — E; (see equation
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a. Inverted CEC—normalized isotherm
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Figure 7. Inversion results. (a) Normalized desorption iso-

therm computed from the mean CEC value of the posterior
distributions obtained from the inversion. The normalized
water content in all clay mixtures is shown collectively as
filled circles, and the raw values are shown collectively as
crosses. The inverted CEC values are also shown. (b) A lin-
ear relationship between the CEC and the clay content (in
weight) was observed from the inverted CEC. This is con-
sistent with equation (1) of the main text. Data from Likos
and Lu [2002].

(14)) is dependent on the position in the wetting/drying
loop. The respective £ values were comprised between 11.9
and 6.9 (dimensionless) for adsorption and desorption data,
respectively. This corresponds to a difference in sorption
heats AE = RT In C on the order of 1 to 5 kJ mol_l, which
is consistent with values reported in the literature (refer to
the data sources in Tables 1 and 2; inverted values are pro-
vided in Tables 3 and 4). Note that this narrow range of sorp-
tion energies comprises a diverse set of clay mineralogies;
hence, at first order, water sorption is generally independent
of the crystalline plane (sorption heats are the same for all

8of 15



W11502 WOODRUFF AND REVIL: CLAY-WATER SORPTION ISOTHERM W11502
Sorption Desorption
Unnormalized 0.6 Unnormalized

1.5
Normalized

s\

9n o Med

Normalized

1 0
Relative humidity, hy

Figure 8. Plots of all data points used to invert the normalized cation exchange capacity CEC;. The
raw data (triangles, upper figures) show significantly more scatter than the CEC;-normalized data plots
(circles, bottom circles). Both adsorption (right side) and desorption data (left side) sets are used here.

See Table 1 for data sources.

surface sites including external and interlayer sites for 2:1
clays).

[28] In the present formulation, the bound water parame-
ter is closely related to the monolayer water content for de-
sorption data, and cannot be accurately constrained without
determining v,, from the adsorption data as input in the de-
sorption analysis. In the absence of adsorption data, the
sum v, + bw can be used as a proxy for v,,, as long as it is
recognized that some component of irreducible water is
accounted for in this measure. Values for clay bound water
bw are provided in Table 4. The optimal CEC;-normalized
monolayer water content determined from this analysis is
on the order of bw ~ 100 mg of water per gram of clay.

[29] From equation (16) we can determine the critical
relative humidity at which the first equivalent monolayer is
filled (v,, = v). We obtain a second-order polynomial and
the positive root of this polynomial yields

VC—1
hr(V:Vm): C—1 5

(24)

with C = (1— Efzm)fl. Taking £ =69 meq g ' and
v = 0.08 g meq ', we obtain a critical relative humidity
of approximately 0.40 correlated to the inflection point of
the sigmoidal adsorption isotherm (Figures 10 and 11).
This is in fair agreement with Newman [1983] who found
that a complete monolayer of water is obtained at a mean
relative humidity of 0.47 for 58 British soils. In the case of
Na-montmorillonite, Cases et al. [1997] showed that at

room relative humidity (around 40%), their sample still
contained 50% dehydrated layers, which indeed corre-
sponds to one fully saturated layer of water in our model.
Using the same approach as above, it is easy to find the crit-
ical relative humidity at which the second equivalent
hydration layer is fully saturated. This yields

ho(v = 2v,) = % V_C12)+8C (25)

Taking £ = 6.9 meq g~ ' and v,, = 0.08 g meq ', we obtain
a critical relative humidity of approximately 0.61, which is in
excellent agreement with what is shown in Figures 5 and 9b.
Note that the concept of having one or two homogeneous
hydration layers is fictitious if we believe that, in reality, the
water molecules are mainly located around the cation surface
sites. We will discuss the number of water molecules per cat-
ion surface site in section 4.

3.3. Model Limitation

[30] It is always interesting and instructive to find a data
set for which our model does not work, because it does not
correctly account for the discrimination between a mono-
layer hydration state, bilayer hydration state, and pore water
sorption. Michot et al. [2005] reported sorption/desorption
isotherms for four samples of synthetic Na-vermiculite,
which belongs to the smectite group. The cation exchange
capacity of the samples are not reported by Michot et al.
[2005], but Lipsicas [1984] gave a CEC for vermiculite
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a. Normalized BET line for water adsorption
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Figure 9. Resulting fit of the CEC;-scaled BET parameter
space. (a) Adsorption trend. (b) Desorption trend. See
Table 1 for data sources. The departure from the linear
trends at high values of the relative humidity represents the
transition from the hydroscopic and capillary waters. Cor-
relation values of 0.79 and 0.93 for adsorption and desorp-
tion, respectively, for £,{0.1 0.61].

of 1.8 meq g~ '. Taking 6(Na) = 0.5. We obtain CEC (Na)
= 0.8 meq g ' and can now predict the amount of sorbed
water on the surface of vermiculite as a function of the rela-
tive humidity, using the BET equation scaled with CEC (Na)
= 0.8 meq g_l. The measured versus predicted amounts of
water sorbed on the mineral surface are shown in Figure 11.
Clearly, the BET equation is unable to reproduce the clay-
water sorption isotherm for these samples, especially at low
relative humidities. The scaling proposed in the present paper
could be applied to a more sophisticated sorption/desorption
model accounting for discrimination between monolayer and
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a. Unified water adsorption model
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Figure 10. Resulting fit of the normalized sorption model
to the normalized data set, see equation (20), using CEC; in
place of the CEC. (a) Adsorption master curve isotherms.
The point at which the first monolayer (corresponding to
vy = 0.08 g meq ") is filled is also shown. (b) Desorption
master curve isotherms. See Table 1 for data sources. Cor-
relation values of 0.94 and 0.92 were calculated for adsorp-
tion and desorption, respectively, for /,[0.1 0.61].

bilayer hydration state and interlayer versus external sorption
[Laird, 1999 ; Michot et al., 2005 ; Ferrage et al., 2010].
34.

[31] Here we briefly discuss the effect of temperature at
standard conditions (10-30°C). Using the scaled BET equa-
tion, the influence of temperature is explicitly described as

Influence of Temperature

1< hy ):,i%(n(hwl%

v 1 —h, Vi

(26)
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Figure 11. Measured versus predicted water sorption on

four samples of vermiculite. Our model clearly underpre-
dicts the sorption of water at low relative humidities.

AE
B exp RT -1

AE
exp| —r

For the temperature range 10-30°C, the relative change of
&(T)vy, is very small. For AE ranging from 1 to 4 kJ, the
relative variation of &£(T)v,, is between 2.6% to 5.0% in

(27)

Table 3. Inversion Results for Adsorption Isotherms®
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this temperature range. Therefore, our earlier assumption to
neglect the temperature effect for datasets taken in the tem-
perature range 20-30°C is well justified.

4. Discussion

[32] We will first discuss the number of molecules of
water per site. The number of water molecules is per cation
exchange site is given by

Ny = —l
CECM, M,

(28)

When the first hydration layer is saturated (v = v,,), we
obtain an amount of 4.4 water molecules per cation site
from equation (28), a result consistent with the work by
Michot et al. [2005] (4 *+ 1 water molecules per Na™ site
for four synthetic Na saponites). When the second layer of
water molecules is filled, we have v = 2v,,. From equation
(28), we obtain 8.8 water molecules per site using the nor-
malized CEC. For a specific ion i, this water has to be di-
vided by &;. For instance, for Mg>" we have 6(Mg) = 0.6;
therefore, we obtain 15 water molecules per cation sites.
This value can be compared with the value obtained by
Laird [1999] for some Mg-saturated 2:1 phylosilicates: 24
water molecules per surface site. From an independent
approach, Henry and Bourlange [2004] obtained 12 bound
water molecules per cation exchange site for clay-rich sedi-
mentary rocks. A value of 15 bound water molecules per
surface site has been proposed for smectite from theoretical
considerations by Ransom and Helgenson [1994]. This distri-
bution of values also masks the fact that hydration heteroge-
neity in smectites has been reported systematically in the
literature. Indeed, Laird [1999] showed that all the layers are
not similarly hydrated, with smaller hydration numbers for
the interlayer sites than for the external cation exchange sites.

Clay Type CEC (meqg ") CEC; (meq g ) o) 51 v (887" AE (kI mol™")
Ca-Montmorillonite® 1.053 0.790 0.021 1.33 0.063 3.5
Cu-Montmorillonite - 0.475 0.022 - 0.038 1.5
Fe-Montmorillonite - 0.664 0.009 - 0.053 2.5
Li-Montmorillonite® 2.017 0.847 0.014 2.38 0.068 4.1
Mg-Montmorillonite® 1.636 0.900 0.025 1.82 0.072 4.8
Na-Montmorillonite - 0.465 0.015 - 0.037 1.4
Shale-A (Na)® 0.095 0.065 0.016 1.5 0.005 0.2
Shale-C (Na)® 0.500 0.299 0.024 1.7 0.024 0.8
Shale-D (Na)® 0.250 0.177 0.026 1.4 0.014 0.5
Midway Shale (Na) - 0.715 0.002 - 0.057 2.8
Bentonite (Al-Fe-Mg-Na-Ca-K) - 0.543 0.014 - 0.043 1.8
Bentonite (Ti-Al-Fe-Mn-Mg-Ca-Na-K-P) - 0.520 0.008 - 0.042 1.7
Ca-Bentonite® 0.945 0.737 0.019 1.28 0.059 3.0
K-Bentonite - 0.287 0.038 - 0.023 0.8
Li-Bentonite® 0.977 0.381 0.024 2.56 0.030 1.1
Mg-Bentonite” 1.041 0.635 0.023 1.64 0.051 2.3
Na-Bentonite - 0.483 0.039 - 0.039 1.5
Raw-Bentonite (Na/Ca) - 0.375 0.038 - 0.030 1.1
Sapponite (Al-Mg-Na) - 0.865 0.018 - 0.069 43

ACEC estimates obtained by inversion of Ca, Li, Mg, and Na-clay subsets with a SD o of the posterior probability distribution for the CEC. The scaling
parameter 6;! is determined from independently inverted CEC; and CEC values. The monolayer concentrations v,, are calculated using the optimized
CEC;-scaled concentration v,, = 0.08 g meq ™' and the following value of the slope parameter & = 11.9 meq g~'. The difference in desorption energies

AE is calculated from the scaled BET slope parameter at 25°C.
®Ca-, Mg-, and Li-exchanged clays used in section 3.3.
“Na-exchanged clays used in section 3.1.
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Table 4. Inversion Results for Desorption Isotherms®
Clay Type CEC(meqg ') CECi(meqg) o() 6'() vu(ggh) bw(gg) AEKmol ")

Wy. mont. (Na)® 0.996 0.540 0.021 1.8 0.043 0.029 1.7
Wy. smectite, SWy-1 (Na)® 0.820 0.455 0.022 1.8 0.036 0.024 1.3
Wy. mont., Clay Spur (Na)® 0.950 0.557 0.009 1.7 0.045 0.030 1.8
MX-80 Bentonite, Wyoming (Na)” 0.760 0.510 0.014 1.5 0.041 0.027 1.6
Nat. Volclay, Wy. bentonite (Ca-Mg-Na)® 0.900 0.557 0.025 1.6 0.045 0.030 1.8
Nat. Volclay, Wy. bentonite (Na)® 0.900 0.545 0.015 1.7 0.044 0.029 1.7
Shale-A (Na)” 0.095 0.065 0.016 1.5 0.005 0.003 0.2
Shale-C (Na)® 0.500 0.299 0.024 1.7 0.024 0.016 0.8
Shale-D (Na)° 0.250 0.177 0.026 1.4 0.014 0.009 0.4
100% Smectite (Na)° 0.900 0.370 0.002 2.4 0.030 0.020 1.0
100% Kaolinite (Na)® 0.100 0.050 0.014 2.0 0.004 0.003 0.1
10/90 Kaolinite-Smectite (Na)® 0.622 0.336 0.008 1.9 0.027 0.018 0.9
20/80 Kaolinite-Smectite (Na)® 0.564 0.286 0.012 2.0 0.023 0.015 0.8
30/70 Kaolinite-Smectite (Na)” 0.506 0.256 0.012 2.0 0.020 0.014 0.7
50/50 Kaolinite-Smectite (Na)® 0.390 0.234 0.011 1.7 0.019 0.012 0.6
80/20 Kaolinite-Smectite (Na)” 0.216 0.121 0.015 1.8 0.010 0.006 0.3
Bentonite (Al-Fe-Mg-Na-Ca-K) - 0.543 0.015 - 0.043 0.029 1.7
Bentonite (Ti-Al-Fe-Mn-Mg-Ca-Na-K-P) - 0.520 0.019 - 0.042 0.028 1.6
Ca-Bentonite - 0.737 0.008 - 0.059 0.039 2.8
K-Bentonite - 0.287 0.002 - 0.023 0.015 0.8
Li-Bentonite - 0.381 0.009 - 0.030 0.020 1.1
Mg-Bentonite - 0.635 0.008 - 0.051 0.034 22
Na-Bentonite - 0.483 0.009 - 0.039 0.026 1.5
Raw-Bentonite (Na/Ca) - 0.375 0.005 - 0.030 0.020 1.0
Sapponite (Al-Mg-Na) - 0.865 0.003 - 0.069 0.046 3.9
Soil-716 - 0.080 0.004 - 0.006 0.004 0.2

CEC estimates obtained from the inversion of Na-clay subsets with a SD ¢ of the posterior PDF for the CEC. The value of the scaling parameter ;! is
determined from independently inverted CEC; and CEC values. The monolayer concentrations v,, are calculated using the optimized CEC;-scaled concen-
tration 7,, = 0.08 g meq ™" and the following value of the slope parameter £ = 6.9 meq g~ '. The estimates for clay bound water bw are determined from

the optimized value I' = 0.053. The difference in desorption energies AE is calculated from the scaled BET slope parameter at 25°C.

PNa-exchanged clays used in section 3.1.

[33] We now discuss the advantages of using the CEC
rather than the specific surface area to normalize clay-water
isotherms. Our first motivation is that the CEC is the key
parameter used in the transport equations developed by
Revil et al. [2011] in clayey materials. If we want to gener-
alize this transport model to the unsaturated case, it is
important to show that very few parameters are needed to
characterize transport properties in unsaturated conditions.
In the introduction, we briefly discussed how isotherms
based on the specific surface area assume a uniform distri-
bution of the water on the mineral surface. Because of the
clustering of water molecules around cation surface sites,
the CEC seems to be a better surrogate to predict clay-
water sorption isotherms. Another advantage is that the
CEC can account for the ionic composition of the pore
water, which can be sorbed in the Stern layer, enabling the
calculation of the effect of these cations upon the clay-
water sorption isotherm. Hence, the model developed in
this paper is promising as a simple, first-order approach to
predict clay-water sorption isotherms in clayey materials.

[34] Finally, all analyses presented here refer to mono-
ionic clays. In realistic geochemical conditions, clay sedi-
ments and shales are heteroionic and the pore water is a
multicomponent solution with various concentrations of cati-
ons. Leroy et al. [2007] have developed an original approach
based on Donnan equilibria and triple layer concepts to com-
pute the sorption of cations on the surface of clay minerals
for any pore water composition and mineral types. Their
approach could used to estimate relevant CEC values to
properly scale the clay-water isotherms in our model.

5. Concluding Statements

[35] A model for clay-water isotherms has been pre-
sented. This model is based on the normalization of sorp-
tion isotherms by the CEC of the clay fraction accounting
for the type of counterions located at the surface of the clay
minerals. Only ions with large ionic potentials (Li*, Na™,
Mg**, Ca*") have been tested in this work. It will be inter-
esting for future analysis to use clays exchanged with larger
ions having small ionic potentials (e.g., K*), which do not
show significant interlayer hydration. A comparison with
the data set by Michot et al. [2005] shows some limitations
of the present approach. However, the key concepts of the
present paper (normalization by the CEC and by the type of
counterions) could be applied to another isotherm model,
which would be more general than the BET model.

[36] We plan to combine this model with a description of
the capillary pressure curve to produce generalized capil-
lary pressure curve for clay materials. This model will be
coupled with a general model of cross-coupled flows in un-
saturated clayey media extending the recent modeling
effort made by Revil et al. [2011], which is itself based on
unifying the transport properties of clay media using the
CEC as a key parameter.

Appendix A: Sequential Inversion Strategy

[37] Two Bayesian analyses were performed in series to
obtain independent probabilistic frameworks for the sorp-
tion and desorption models upon which the normalized
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sorption model was built. The first step in the sequence
implements an McMC algorithm to determine the normal-
ized CEC;, followed by strict Bayesian analysis of the
normalized isotherm model (equation (19)) to determine
the following parameters ¥, I' (for the inversion of the
drying curve), and &.

[38] The chosen variant of the McMC algorithm [Haario
et al. 2001; Tamminen, 2004] utilizes a memory mecha-
nism based on a recursive update of the model variance
known as the adaptive metropolis algoritm (AMA). This
approach is used to compute the posterior probability den-
sity function (PDF) of the model parameters (in our case
CEC)). This PDF is taken as Gaussian distributed. The PDF
is defined from the stochastic sampling of the parameter
space once the model variance ¢ has been minimized after
running a number of realizations. This process is strictly
data driven. No model bias has been introduced in this step.
Generalized CEC values are used to constrain the inversion
a priori using the additional constraint CECx < CEC; <
CECs (where the subscripts indicate the clay type, e.g., S
for smectite) using values ranging from 0.001 to 1 meq g~
(see Figure 1). Clays for which we have both sorption and
desorption data samples the same value for CEC; is used
for both sorption and desorption during each realization.
Although, according to our model, we are specifically
inverting for CEC; in this step, actual estimates of the CEC
are used as prior constraints to assign higher likelihood to
models in which CEC; approaches CEC. The misfit is
defined by the RMS error associated with the resulting scat-
ter of the CEC;-normalized data, and the posterior likeli-
hood is defined according to the joint probability of the
data and model PDFs. The results of this step are presented
in Figure 8.

[39] To optimize the normalized isotherm, a Bayesian
analysis of the parameter space was performed within the
following given bounds, 0, € [0.001;0.1]; I € [0.001;0.1],
and £ € [0.1;20] . A posterior PDF is computed first for the
CEC;-normalized adsorption data to determine the scaled
monolayer parameter Uy, and the normalized sorption con-
stant £&. The parameters are again taken as Gaussian distrib-
uted, and the posterior likelihood is determined from the
misfit of the computed normalized BET line and the nor-
malized data, using equation (19) as the kernel with I" fixed
at 0. For the desorption isotherms, the value of v, is input
from the previous step, and I" is optimized following a sim-
ilar procedure. These results are shown in Figure 9. The
normalized model presented in Figure 10 is calculated with
the values of CEC;, Oy, T, and £ determined from this se-
quential inversion using the CEC;-scaled variant of equa-
tion (17). Correlation coefficients were obtained for both
CEC;-normalized sorption data, as well as the transformed
data in BET parameter space, indicating a near linear corre-
lation of the scaled sorption data to the predicted values
shown in Figures 9 and 10. Correlation values of 0.94, 0.92
were calculated for CEC;-normalized adsorption and desorp-
tion data, as well as 0.79 and 0.93 for CEC;-normalized
BET lines, respectively (a correlation value of 1 corresponds
to a perfectly linear trend).

[40] The mineralogical parameter ¢; can only be obtained
empirically from the data when the true CEC of the sam-
ples are known; further inquiry is required to better con-
strain this parameter. However, estimates of the monolayer
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water volume and the bound water can be made by simply
multiplying the scaled parameters by the scaled CEC,
Vi = Vi CEC,’, and bw = FCEC,
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