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Highlights

e smectite water vapor isotherms modelled using an ion exchange formalism
e model accounting for the interlayer composition and relative humidity
¢ model accounting for the charge location

e hydration and stability of the clay layer processed independently

Abstract

It is proposed here to describe smectite water vapor desorption isotherms using an exchange

formalism that quantitatively accounts for the different hydration states and thus different water
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contents. This approach makes it possible to reproduce both desorption isotherms and relative
proportions of the different hydration states as determined by X-ray diffraction. The method is
numerically robust and easy to implement in most reactive transport codes. The formalism is
satisfactory from a phenomenological point of view and accounts for the influence of external
parameters such as interlayer cation composition and solution cation composition and salinity
on clay hydration. Furthermore, in contrast to most solid solution models, this approach
focuses on the clay reactivity according to the charge and type of interlayer cation rather than
on its solubility and therefore does not require the overall thermodynamic properties of the
clay. In addition, such an explicit distinction of the hydration/cation exchange processes from
the thermodynamic stability of smectite 2:1 layer allows the use of kinetics driving slow
dissolution/precipitation rates if the number of exchange sites is related to the amount of clay

minerals.

Keywords

Clay composition, ionic strength, hydration model, exchange reaction, Gapon, Rothmund-

Kornfeld

Introduction

The crystal structure of clay minerals can be described as the parallel stacking of layers
separated from each other by an interlayer space. Smectite, a generic name that encompasses
several minerals (Guggenheim et al., 2006), is one of the most abundant type of clay minerals
in various natural settings, including soils and sediments (Griffin et al., 1968; Jackson, 1957;
Murray and Leininger, 1955), together with illite and chlorite. The general layer structure of
smectite can be described as two tetrahedral sheets sandwiching an octahedral sheet. In the

octahedral sheet, cations can be mainly divalent (trioctahedral smectite) or trivalent
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(dioctahedral smectite). The isomorphic substitution of a cation by another of lower valence
(e.g. AIR* for Si** in the tetrahedral sheet, Mg?* for AI** or Li* for Mg?* in the octahedral sheet)
gives rise to a permanent layer charge that is compensated for by the presence of hydrated
cations in the interlayer space. Vermiculites have a similar layer structure and differ from
smectites by their higher layer charge deficit [1.2-1.8 and 0.4-1.2 charge equivalent per
O20(OH)4 in vermiculites and smectites, respectively — Guggenheim et al. (2006)]. This charge
contrast does not appear to induce significant modification of the hydration behavior or of the
distribution of interlayer species (Dazas et al., 2015; Vinci et al., 2020). Both families of swelling
phyllosilicates are thus hereafter jointly referred to as “smectite”. The classification of smectite
minerals is based on multiple criteria and takes into account the tri- or dioctahedral character
of the octahedral sheets, the location of the layer charge (tetrahedral or octahedral), and the
density of the layer charge (Guggenheim et al., 2006). For example, saponite is a trioctahedral
smectite with tetrahedral layer charge, hectorite is a trioctahedral smectite with octahedral
layer charge, and montmorillonite is a dioctahedral smectite with octahedral layer charge. The
density and location of the layer charge influences not only smectite cation uptake capacity
and the relative affinity of different cations for its surface, but also smectite hydration properties
(Sato et al., 1992; Vinci et al., 2020). In turn, hydration and dehydration properties influence
smectite swelling and shrinkage properties (e.g. Norrish, 1954). Indeed, smectite hydration
involves the uptake of interlayer water, i.e. the intercalation of a variable number of water
molecules in the initially anhydrous interlayer (hereafter referred to as the “OW” state). These
water molecules are organized to form 1, 2, or 3 “planes” parallel to the layer plane (hereafter
denominated “1W”, “2W”, and “3W”, respectively), with the most hydrated interlayer having the
highest number of “water planes” and the highest layer-to-layer distance. These interlayer
hydration states often coexist within a given crystal, and the structure is then described as
“interstratified”, with distinct interlayer spaces hosting different number of water planes. The
guantitative understanding of clay hydration thus requires not only the modelling of the total
amount of water sorbed as a function of the relative humidity, but also the quantification of the

relative abundances of the different hydration states. This ability to model clay hydration is a
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fundamental stage in the development of THMC (Thermal-Hydraulic—Mechanical-Chemical)
codes, which aim to couple chemistry, thermal, hydraulic and mechanical effects to be as
realistic as possible, and thus require the link between layer charge and hydration to be

guantitatively assessed.

To describe the water desorption/adsorption isotherms on clays, humerous studies used the
solid solution model based on Ransom and Helgeson (1994) (e.g. Dubacq et al., 2009;
Gailhanou et al., 2017; Tajeddine et al., 2015; Vidal and Dubacq, 2009; Vieillard et al., 2011,
2019). Although solid solutions, or the consideration of discretized clay end-members with
different hydration states, can be employed to describe the water content of clays, the practical
implementation of this approach in reactive transport codes remains difficult. These models
require indeed the thermodynamic properties of each end-member to be known, i.e. each
hydration state, for each layer charge and each interlayer cation, has to be characterized
together with possible interaction parameters between end-members (e.g. Margules
parameters). Furthermore, most of these models focus on clay formation or stability, and
therefore include thermodynamic properties of clay layers (i.e. standard Gibbs energy of
formation). As changes in hydration state are relatively rapid processes (e.g. Bray et al., 1998),
solid solutions that relate the stability of clay layers are thus incompatible with the use of
kinetics driving slow dissolution/precipitation rates of clay minerals (e.g. Marty et al., 2018).
Another drawback of the solid solution approach when applied to geochemical modelling is the
requirement for the cross-linked thermodynamic equilibrium of both the clay layer and the
interlayer cation composition with the contacting solution. As an alternative to these
thermodynamic models, Freundlich's model and the BET model (Brunauer, Emmett and Teller)
(e.g. Hatch et al., 2012; Revil and Lu, 2013), as well as other equations described in Arthur et
al. (2016), are commonly used to reproduce clay desorption/adsorption isotherms. Despite
significant efforts (e.g. Lindholm et al., 2019), the lack of mechanistic constraints relating the
chemical properties of clay makes the Mechanical-Chemical coupling uncertain, however.

Most limitations of the above-described modelling approaches can be circumvented by
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molecular modelling techniques, which are increasingly used to study the conformation of
atoms in the structure (e.g. Dazas et al., 2015; Ferrage et al., 2011), including the dynamics
of interlayer cations and water (e.g. Holmboe and Bourg, 2014; Rotenberg et al., 2007).
Despite its numerous advantages (sound mechanistic foundations, capacity to probe the
kinetics of ion exchange, capacity to predict), the large computational expense required makes

molecular modelling incompatible with large scale reactive transport simulations.

The present study aims to develop an alternative model focused on clay reactivity (i.e.
hydration and cation exchange) which is both numerically robust and easy to implement in
geochemical codes, for example to reproduce diagenetic processes (e.g. Tremosa et al.,
2020), soil shrink-swell (e.g. Cornelis et al., 2006), soil water availability (e.g. Rawls et al.,
1991) or the fate of clays at a radioactive waste disposal site (e.g. Marty et al., 2014). The
proposed model is based on the Gapon convention (Gapon, 1933) and uses the exchange
reaction formalism (i.e. approach similar to an ideal solid solution) to quantitatively reproduce
water desorption isotherms, including total water content and clay hydration heterogeneity (i.e.
proportions of OW, 1W, 2W, and 3W hydrates within a given crystal). It also takes into account
the density and location of the layer charge deficit (octahedral or tetrahedral) and the nature
of the interlayer cation. As it is based on the exchange convention, this model makes it possible
to reproduce quantitatively cation exchange reactions. It was validated against a variety of
experimental datasets, including desorption isotherms of two saponites and two hectorites with
contrasting layer charges and of Wyoming montmorillonite (SWy-1) with various interlayer
compositions (Na and Ca). The present model is satisfactory from a phenomenological point
of view as water is presumed to have a specific affinity for each cation and is not considered
as an independent parameter, as in many alternative models. Finally, the hydrated exchange
models were compared to the classic exchange approach, which conventionally involves
anhydrous reactions, and data extracted from experiments involving clay in contact with saline

solutions.
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1. Materials and methods

1.1. Background

A hydrated smectite powder has three different water “reservoirs” (e.g. see figure 1 in
Gailhanou et al., 2017). The main one is the interlayer space, where water molecules are
hydrating interlayer cations to different degrees (i.e. hydration sphere) according to layer
charge, nature of interlayer cation, temperature, and relative humidity (e.g. Dazas et al., 2015).
The other two reservoirs are the “external water”, distributed across the external surfaces of
clay tactoids (composed of a variable number of stacked layers) (Salles, 2006), and the pore
water, located between the clay aggregates (built of connected clay tactoids). Pore water was
not accounted for in the present study owing to its negligible role in clay swelling. Moreover,
the distinction between interlayer and external water was not made in the present study.
Indeed, only interlayer water was required to reproduce water isotherms up to a relative
humidity of ~60-70 %, in agreement with previous X-ray diffraction, neutron diffraction, and
molecular modelling studies (Ferrage et al., 2005a, 2010, 2011; Vinci et al., 2020). A low
contribution of external water in such conditions was also supported by Lindholm et al. (2019).
Its contribution is only significant in the relative humidity range where pore water is also

present.

1.2. Hydrated exchange reactions

The geochemical selectivity constant that relates the amount of a given species in solution with
those adsorbed on the solid depends on the water content of the studied material (e.g. Redinha
and Kitchener, 1963; Steck and Yeager, 1980). Regarding clay minerals, Tardy and Duplay
(1992) described a dependency of the Na/Ca exchange reaction on the number of water
molecules. Similarly, Whittaker et al. (2019) have proposed a Na/K exchange model in which
the number of water planes was correlated to water activity. To take into account this effect,

the Gapon convention (Gapon, 1933) was used here to model the ion exchange reactions
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involving water molecules in the interlayer space. This convention expresses exchange
reaction per mol of exchange sites rather than per mol of exchanging ion (Gaines and Thomas,
1953). For monovalent Na* and bivalent Ca?* cations, the reaction is thus written in the
following way:

XNa + 0.5Ca?* & Nat + XCays (Eq. 1)

where X represents the exchanger to which Na* or Ca?* cation is bound.

The distribution of species is given by the law of mass action:

+
KNa/Ca = PXCags X Lid (Eq. 2)

ExNa [Ca?t]05

where Kyq/cq IS the selectivity constant of the reaction (Eq. 1), E referring to the equivalent

fraction of species on the exchanger and brackets referring to the activity of Na* or Ca?* in

solution.

In the following, hydration reactions were defined in reference to the dry state. Hydration

reactions involving Na* then write:
XNa + nH,0 < XNa(H,0), (Eq. 3)
where n is the number of water molecules in the interlayer space per layer charge.
For bivalent cations such as Ca?*, the hydration reactions are written as follows:
XCays +nH,0 & XCays(H,0)y (Eq. 4)

Following the Gapon convention, the general expression of mass action laws for hydration

reactions is:

Excation(H,0) 1
Ky = 220 % Eq. 5
w Excation [Hzo]n ( q )

where Ky is the thermodynamic constant of the hydration reaction (Eq. 3 or 4) and XCation

refers to XNa (Eq. 3) or XCags (EqQ. 4).
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The definition of Eqg. 3-5 illustrates interactions between water, the clay layer and interlayer
cation. If necessary, the previous equation (Eqg. 5) can be modified according to the Rothmund-

Kornfeld description (Bond, 1995):

, B
Ky = Excation(H,0)p x ( 1 ) (Eq. 6)

Excation [HZO]

where B is an empirical parameter. Note that Gapon and Rothmund-Kornfeld approaches are

equivalent for 8 = n.

1.3. Modelling strategy

The calculations were performed with PHREEQCS3 (Parkhurst and Appelo, 2013) and the
thermodynamic database THERMOCHIMIE version 9a (Blanc et al., 2015; Giffaut et al., 2014).
The simulations of water vapor sorption isotherms required the definition of pore water since
the involved chemical reactions do not occur nor can be described in the absence of solvent.
The cation concentration in pore water was set at 1 meq L* (i.e. solutions containing NacCl,
CaCl, or NaCl/CacCl,, with Cl concentration = 1 mmol L?t). The salinity of the pore water was
then adjusted by imposing a partial pressure of H,O(g) to control water activity. In addition, for
a solution containing both Na* and Ca?* aqueous species, the increase in the ionic strength of
the solution modifies the cationic composition of the exchanger (e.g. Appelo and Postma, 2004;
Fletcher and Sposito, 1989). To overcome this effect and reach conditions expected for water
adsorption/desorption experiments, an extremely low quantity of pore water can be set in the
system (i.e. < 0.1 g H,O for 1 g of clay). In doing so, the quantity of cations present outside the
smectite is much smaller than inside the interlayer spaces and the effect of salinity on the
cationic composition of the exchanger can thus be disregarded. The initial Na*/Ca?* interlayer
population is then independent of relative humidity, as expected during measurements of water
vapor sorption isotherms. Furthermore, as the water activity is set in the models [set patrtial
pressure of H,O(g)] and the effect of salinity on exchangeable cations can be disregarded,

simulations of water vapor isotherms do not require the use of activity coefficient corrections
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dedicated to high salinities, such as the Pitzer equations and their associated databases (e.g.

Lach et al., 2018; Lassin et al., 2018).

1.4. Data selection

The water contents obtained along the adsorption branch of the isotherms are systematically
lower than those measured during desorption (e.g. Bérend et al., 1995; Cases et al., 1992;
Ferrage et al., 2010; Lindholm et al., 2019), as the result of various and complex processes
(e.g. Woodruff and Revil, 2011) that disfavor water uptake. In the macroscopic approach
proposed here, this could be addressed by using an energetic barrier corresponding to the
energy required to re-expand the layer-to-layer distance. In addition, clay hydration along the
desorption branch of the isotherms appears to be more homogeneous compared to the
sorption branch (e.g. Bérend et al., 1995). Consequently, simulations focused on desorption

branch of the isotherms for which no energetic barrier is involved.

Water desorption data of three different smectite minerals (saponite, hectorite, and
montmorillonite) were taken from the literature. They were selected based on (i) the purity of
investigated samples, (i) data quality, and (iii) availability of results from complementary
methods (e.g. X-ray diffraction) that allowed quantifying the relative proportion of the different
hydration states. For saponite, data from Ferrage et al. (2010) were used. This study provides
data for two samples containing interlayer Na and differing in their tetrahedral charge [0.8 and
1.4 charge equivalent per O(OH)4]. These two samples are hereafter referred to as S-Nags
and S-Nay 4, respectively. For hectorite, we used data from Vinci et al. (2020). These authors
studied the hydration of several sodium hectorites having octahedral charges ranging from 0.8
(hereinafter referred to as H-Nags) to 1.6 (hereinafter referred to as H-Naig) equivalent per
O20(OH)s. Finally, for montmorillonite, the Wyoming montmorillonite (SWy-1) with a charge
deficit of 0.74 equivalent per O2(OH)s (e.g. Cases et al., 1992), mainly located in the

octahedral sheet (e.g. Sato et al., 1992), was selected. The SWy-1 was used to study the effect
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of the interlayer cation nature (Na, Ca, and mixed Na/Ca) on water desorption isotherms. For
this natural sample, changes of hydration state (e.g. from 2W to 1W) are less marked than
those observed with synthetic materials listed above, possibly as the result of an increased
surface charge heterogeneity compared to synthetic saponites and hectorites. Up to 3 water
layers (3W) have been identified at highest relative humidities for hectorite (Vinci et al., 2020)
and montmorillonite (Cases et al., 1992; Holmboe et al., 2012). Dazas et al. (2014) showed
that the 3W layer cannot be described as 3 perfectly discrete planes, but that part ot its
interlayer water has some characteristics of the bulk water. Overall, we assumed that the 3W
layer is involved in the crystalline swelling rather the osmotic swelling (e.g. Madsen and Mdiller-

Vonmoos, 1989; Norrish, 1954) and therefore, we considered it in our modelling exercise.

2. Results

2.1. Effect of smectite tetrahedral layer charge (saponite)

The total amount of water incorporated in S-Nao s as a function of relative humidity (Figure 1a)
and the corresponding relative proportions of the different hydration states (Figure 1b),
extracted from Ferrage et al. (2010), show that the total interlayer water content is correlated

to the variation in the proportions of OW, 1W and 2W interlayer hydration states.

Table 1. Reactions and selectivity constants used to simulate the dehydration of saponites S-Nao.s and
S-Naus4. For 1 g of S-Naos, a charge deficit of 0.8 eq mol* and a molar mass of 776 g mol* (Ferrage et
al., 2010), the exchanger quantity is 10 mol. For 1 g of S-Nau.4, a charge deficit of 1.4 eq mol! and a

molar mass of 789 g mol* (Ferrage et al., 2010), the exchanger quantity is 1.8 10 mol.

Thermodynamic
Clay Reaction constant (log Description
Kw)

Exchange reaction involving 1

S Nao XNa + 5H20 = XNa(H20)s 7 water layer (1W)
' _ Exchange reaction involving 2

XNa + 12H20 = XNa(H20)12 9 water layers (2W)
S-Naws | XNa + 2.8H:0 = XNa(Hz0)zs 6.3 Exchange reaction involving 1

water layer (1W)
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Exchange reaction involving 2

XNa + 6.7H20 = XNa(H20)e.7 8 water layers (2W)

S-Nag s data were reproduced using the reactions and selectivity constants listed in Table 1. It
was assumed that the species corresponding to 0 water layers did not involve water molecules
(XNa in Table 1), although water molecules bound to the interlayer cation likely persist even
at the lowest relative humidity (e.g. Bérend et al., 1995; Cases et al., 1992; Kloprogge et al.,

1992; Rinnert et al., 2005).

The quantity of water in the 1W (Table 1) was estimated to 5 10-° mol H.O g of clay, using
the Figure 7 in Ferrage et al. (2010). Interestingly, this value is independent of the cation
exchange capacity (CEC), an observation supported by Dazas et al. (2015). Consequently,
the amount of water to be considered in hydration reaction (Eq. 3) was corrected by the total

exchangeable quantity following:

51073 Xmgqy

my =—7—— (EQ.7)

NxXNa

where mg,, is the clay mass considered in the numerical simulation and nyy, is the

corresponding exchanger quantity (in moles).

For 1 g of clay, a charge deficit of 0.8 equivalent per mole of clay and a molar mass of 776 g

mol* (Ferrage et al., 2010), the exchanger quantity is 10 mol and one obtain n,,, = 5.

Likewise, for 2 water layers (2W in Table 1), we found:

121073 Xmeyqy

Now = fxNa 12 (Eq 8)

Overall, amounts of water calculated for 1W and 2W reactions agree with several works,
including molecular modelling techniques (e.g. Dazas et al.,, 2014; Ferrage et al.,, 2011;
Holmboe and Bourg, 2014). Both the desorption isotherm of Ferrage et al. (2010) and the
relative contribution of the different types of layers were satisfyingly modelled (Figure 1) with

these parameters and refined selectivity constants (Table 1 and electronic annex S-Na0.8.pqi).
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The misfit at the highest relative humidity (grey area in Figure 1a) in the desorption isotherm
was due to the presence of pore water (Ferrage et al., 2010; Salles et al., 2013) which was not

considered in this study.
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Figure 1. a) comparison of water contents derived from modelling of the XRD profile (red circles) with
those determined from the water vapor desorption isotherms (black curve). Taken from Ferrage et al.
(2010) for the saponite S-Nao.s. The green and blue curves indicate the quantity of water modelled for 1
and 2 layers (1W and 2W, repectively). The red curve represents the total quantity of water modelled
(Total = 1W + 2W). b) evolution of the relative contribution of the different types of layers (OW, 1W and
2W) as a function of relative humidity for the saponite S-Nao.s. Symbols: experimental data from Ferrage
et al. (2010). Curves: numerical results. Purple, green, and blue colors are respectively used for OW,

1W, and 2W.

Parameters and selectivity coefficients describing the hydration reaction of S-Nai4 were
determined as for S-Naogg and are shown in Table 1. Selectivity constants required further
adjustment owing to the change in the number of water molecules involved in the hydration

reactions (Eq. 3). As for S-Nags, both the desorption isotherms (Figure 2a) and the relative
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contribution of the different types of layers (OW, 1W and 2W - Figure 2b) as a function of
relative humidity quantitatively reproduced the experimental data of Ferrage et al. (2010). Our
modelling accounted also for the observed broadening of the transition zone between 1W and
2W hydration states, which was due to a decrease of the exponents involved in mass action
equations (2.8 and 6.7 for 1W and 2W reactions, respectively — see Eq. 5 and Table 1).
Together with the data from S-Naosg, this successful data modelling showed that Gapon

approach can model and predict Na-saponite hydration.
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Figure 2. a) comparison of water contents derived from modelling of the XRD profile (red circles) with
those determined from the water vapor desorption isotherms (black curve). Taken from Ferrage et al.
(2010) for the saponite S-Nai.4. The green and blue curves indicate the quantity of water modelled for 1
and 2 layers (W and 2W, repectively). The red curve represents the total quantity of water modelled
(Total = 1W + 2W) b) evolution of the relative contribution of the different types of layers (OW, 1W and
2W) as a function of relative humidity for the saponite S-Nai.4. Symbols: experimental data from Ferrage

et al. (2010). Curves: numerical results. Same color coding as in Figure 1.
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2.2. Effect of smectite octahedral layer charge (hectorite)

In sodium hectorite, and in contrast to saponite, the relative contributions of OW, 1W, 2W and
3W as a function of relative humidity are independent of amount of layer charge (Vinci et al.,
2020). As a consequence, hydration reactions must make use of equal exponents for water in
the mass action equations independent of layer charge, and the Rothmund-Kornfeld
description (Bond, 1995) is probably the most straightforward for this purpose. The parameters
were constant whatever the layer charge (Table 2) and allowed us to reproduce the
experimental desorption isotherms and the contributions of OW, 1W, 2W, and 3W for both H-
Naos and H-Nai s (Figure 3). An example of PHREEQC input file is given in Electronic Annex
(see H-Na0.8.pqi). Note that the 3W contribution was significant only at high relative humidity,
where the contribution of pore water was also strong. Fitted parameters for hydration reaction

involving 3W layers are thus fraught with significant uncertainty.

Table 2. Reactions and selectivity constants used to simulate the dehydration of hectorites H-Nao.s and
H-Naws. For 1 g of H-Naoe, a charge deficit of 0.8 eq mol* and a molar mass of 763 g mol?, the
exchanger quantity is 10" mol. For 1 g of H-Naus, a charge deficit of 1.6 eq mol™* and a molar mass of

768 g mol?, the exchanger quantity is 2 10 mol.

Rothmund-
. Thermodynamic Kornfeld o
Clay Reaction constant (log Kw) coefficient Description
(B)

XNa + 5.2H20 = 4 3 Exchange reaction involving

XNa(H20)s.2 1 water layer (1W)
XNa + 12H20 = Exchange reaction involving

H-Naos XNa(H20)12 ! 13.2 2 water layers (2W)
XNa + 18H20 = 6.7 50 Exchange reaction involving

XNa(H20)1s ' 3 water layers (3W)
XNa + 2.6H20 = 4 3 Exchange reaction involving

XNa(H20)2.6 1 water layer (1W)
XNa + 6H20 = 7 13.2 Exchange reaction involving

H-Nauvs XNa(H20)s ' 2 water layers (2W)
XNa + 9H20 = 6.7 50 Exchange reaction involving

XNa(H20)9 ' 3 water layers (3W)
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Figure 3. a) comparison of water contents derived from modelling of the XRD profile (red circles) with
those determined from the water vapor desorption isotherms (black and grey curves). Taken from Vinci
et al. (2020) for hectorites H-Nao.s and H-Naus. The green, blue and orange curves indicate the quantity
of water modelled for 1, 2 and 3 layers (1W, 2W and 3W, respectively) for both H-Nao.s and H-Navs. The
red curve represents the total quantity of water modelled (Total = 1W + 2W + 3W) for both H-Nao.s and
H-Naus. b) evolution of the relative contribution of the different types of layers (OW, 1W, 2W and 3W) as
a function of relative humidity. Open and fill symbols: experimental data from Vinci et al. (2020) for H-
Nao.s and H-Naus, respectively. Curves: numerical results. Purple, green, blue and yellow colors are

respectively used for OW, 1W, 2W and 3W.

2.3. Effect of the type of interlayer cation (SWy-1 smectite)

Experimental desorption isotherms of the Na-exchanged SWy-1, hereafter referred to as Na-
SWy-1 (Figure 4a — Cases et al. (1992), Bérend et al. (1995)), were successfully modelled
using the Rothmund-Kornfeld parameters listed in Table 3. These values allowed also
reproducing the experimentally derived relative contributions of OW, 1W, 2W, and 3W layers
(Figure 4b). The water contents in 1W and 2W layers were estimated from the desorption
isotherms. 3W layers were also considered in the modelling of the high relative humidity

(Figure 4b), consistent with the reports of Holmboe et al. (2012) and Cases et al. (1992). As
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for hectorite, parameters refined for exchange reactions involving 3W layers were poorly

constrained owing to the overlap with the pore water contribution (Figure 4a).
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Figure 4. a) desorption isotherm obtained for the smectite Na-SWy-1. b) evolution of the relative
contribution of the different types of layers (OW, 1W, 2W and 3W) as a function of relative humidity for

the smectite Na-SWy-1. Same color coding as in Figure 3.

The same modelling procedure was applied to the experimental water desorption isotherm
obtained for Ca-exchanged SWYy-1 (Cases et al., 1997), hereafter referred to as Ca-SWy-1. As
for Na-SWy-1, and although the plateaus in the desorption isotherms were less marked, a
satisfying data modelling (with parameters listed in Table 3) could be obtained, both for the
water desorption isotherm (Figure 5a) and for the evolution of the relative number of OW, 1W,
2W, and 3W layers (Figure 5b). Overall, refined parameters (selectivity constants, Rothmund-
Kornfeld coefficients, water contents for 1W, 2W, and 3W) differed significantly from that
established for Na-SWy-1 (Table 3) due to the hydration behavior of Ca-SWy-1. In contrast to
its Na-exchanged counterpart, 2W hydrates prevailed over a large range of relative humidity

conditions in Ca-SWy-1.
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Figure 5. a) desorption isotherm obtained for the smectite Ca-SWy-1. b) evolution of the relative
contribution of the different types of layers (0W, 1W, 2W and 3W) as a function of relative humidity for

the smectite Ca-SWy-1. Same color coding as in Figure 3.

Table 3. Reactions and selectivity constants used to simulate the dehydration of smectites Na-SWy-1
and Ca-SWy-1. For 1 g of clay, a charge deficit of 0.74 eq mol* and a molar mass of 742 g mol* (Cases

et al., 1992), the exchanger quantity is 10 mol.

Rothmund-
. Thermodynamic Kornfeld oo
Clay Reaction constant (log Kw) coefficient Description
(B)

XNa + 6.5H20 = > o5 Exchange reaction involving

XNa(H20)s.5 ' 1 water layer (1W)
XNa + 12.8H20 = Exchange reaction involving

Na-SWy-1 XNa(H20)12.8 41 12 2 water layers (2W)
XNa + 18H20 = 4.4 50 Exchange reaction involving

XNa(H20)1s ' 3 water layers (3W)
XCaos + 4H20 = 73 55 Exchange reaction involving

XCaos5(H20) 4 ' ' 1 water layer (1W)
XCaos + 12.9H20 = Exchange reaction involving

Ca-SWy-1 XCao.s(H20)12.9 8.7 8 2 water layers (2W)
XCaos + 16H20 = 9 50 Exchange reaction involving

XCao.s5(H20)16 3 water layers (3W)
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3. Discussion

A dependency on charge location was implemented here in the formalism used here to
describe and model hydration reactions. The Gapon formalism was able to predict saponite
hydration (S-Naos and S-Nai4), for which the clay layer and interlayer Na*, and associated
H.O molecules, are strongly bound owing to the strong undersaturation of layer surface oxygen
atoms (i.e. tetrahedral charge, Michot et al., 2005; Prost et al., 1998; Skipper et al., 1990).
Further investigations are required however to assess the validity of this model for other cations
(e.g. calcium saponite). The Rothmund-Kornfeld description was used for the modelling of
hectorite and montmorillonite hydration (H-Nao.s, H-Nai.s, Na-SWy-1 and Ca-SWy-1), for which
water molecules interact weakly with the clay layer (i.e. octahedral charge, Doner and
Mortland, 1971; Prost et al., 1998; Vinci et al., 2020). The later empirical description may also
be used to describe saponite hydration, however, as both Gapon and Rothmund-Kornfeld
approaches are equivalent when B = n (Eg. 5-6). Regarding ion exchange reactions, the
Rothmund-Kornfeld description has been found to be applicable in numerous cases (e.g. Bond
and Verburg, 1997; Escudey et al., 2001; Reynolds and Tardiff, 2015). As reported by Bond
(1995), it appears more accurate because it avoids extrapolation of the data required for the

thermodynamic approach.

The capacity of our model to predict the complex hydration behavior of clays exposed to
contrasting environmental conditions was evaluated for a smectite interacting with a mixed
cation pore water composition using parameters previously established for Na-SWy-1 and Ca-
SWy-1 (Table 3). The desorption isotherm calculated for the clay SWy-1 containing ~50% of
Na* and ~25% of Ca?* is shown in Figure 6a (green curve). The PHREEQC input file is given
in Electronic Annex (see SWy-1 NaCa.pqi). This isotherm was calculated as a simple
weighted sum of water layer contributions from Na and Ca end-members. Such an assumption
relies on the presence of homoionic interlayers and is supported by numerous works showing
a segregation of cations in different interlayers (e.g. Ferrage et al., 2005c; Méring and Glaeser,

1954; Modller et al., 2010). Nonetheless, cation de-mixing is a complex phenomenon that
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depends on several parameters such as the substitution level (Fink et al., 1971) or the layer
charge (Laird, 2006). The desorption isotherm of the smectite Na/Ca-SWy-1 was then found
in between that of the smectite Na-SWy-1 (red curve) and that of Ca-SWy-1 (blue curve). A
similar behavior has been observed by Keren and Shainberg (1979) on the adsorption isotherm
of a mixed Na/Ca Wyoming. Consistent with the adopted simulation approach (see section
1.3), and as expected during an isotherm measurement, the proportion of Na and Ca in the

interlayer space was independent of relative humidity (Figure 6b).
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Figure 6. a) desorption isotherms obtained for the smectites Na-SWy-1, Ca-SWy-1 and Na/Ca-SWy-1.
b) exchanger composition as a function of relative humidity for the smectite Na/Ca-SWy-1 (calculation

performed without pore water, see text).

The proposed model allowed also predicting the effect of solution salinity on the interlayer
composition of the SWy-1 (Figure 7). In accordance with the cation exchange data of Gaucher
et al. (2009), the selectivity constant of the anhydrous Na/Ca exchange reaction (Eq. 1) was
equal to 0.35 (log unit). At lowest salinities, the presence of most hydrated species (i.e. 3W

hydration reactions reported in Table 3) were expected from previous considerations, however,
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and thermodynamic exchange constant must be corrected when Eq. 1 is coupled with Eq. 3-

4.
Log KSZ%ZM = Log K;VM‘;_SWy_l — Log K;‘f]l,_swy_l + Log Kﬁg%fmus (Eq. 9)
where Ky77%“%is the selectivity constant for hydrated Na/Ca exchange reaction, Kay, ">

the thermodynamic constant of the 3W hydration reaction involving the Na-SWy-1 (Table 3),

K5a=S"Y1 the thermodynamic constant of the 3W hydration reaction involving the Ca-SWy-1

(Table 3) and Ky)% " the selectivity constant of the anhydrous Na/Ca exchange reaction

(1003),

The Na/Ca exchange isotherm has been calculated for total Na and Ca concentrations of 0.01
and 1 mol L (CI- as charge-compensating anion). As showed in numerous studies (e.g. Appelo
and Postma, 2004; Fletcher and Sposito, 1989), calculations depend on the exponent used in
the mass action equation (Eq. 2) and thus the content of adsorbed Ca?* increases with the
decrease of the ionic strength. The exchange isotherms obtained with the Gapon convention
involving anhydrous and hydrated reactions (Eq. 1 vs. Eq. 1, 3-4) overlapped for 0.01 mol L+
concentrations (Figure 7), whereas a minor effect of salinity on the apparent selectivity
coefficient was observed for 1 mol L* concentrations, which is the validity limit of the B-dot
activity model (Trémosa et al., 2014). Such discrepancy was due to the non-parallel evolution
in water layer contributions from Na and Ca end-members with increasing ionic strength; as
cation exchange and hydration reactions are coupled, clay hydration state affects in turn the
exchange reaction through a feedback effect. This is supported by several works (e.g. Laird
and Shang, 1997; Van Loon and Glaus, 2008; Whittaker et al., 2019). Note that a concentration
of 1 mol L? is equivalent to 95.6 and 94.2% of relative humidity in NaCl and CacCl, type
solutions, respectively. Salinity range investigated thus corresponded to the domain where a
high contribution of 3W was expected (Figure 4 and Figure 5). Despite 3W reactions being
weakly constrained (see section 2.3), the exchange isotherms modelled at 0.01 and 1 mol L*

reproduced the data, even for low salinity and high Na contents (Figure 7). Moreover, at high
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ionic strengths, formation of CaCl* ionic pairs and their incorporation in the interlayer space
should ideally be taken into account (Ferrage et al., 2005b; Tertre et al., 2011; Tournassat et
al., 2011). As initial first approximation, the exchange of this complex was disregarded in our

simulations.
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Figure 7. Comparison of Na/Ca exchange isotherms obtained using anhydrous and hydrated reactions
for total Na and Ca concentrations (i.e. [Na]+[Ca]) from 0.01 to 1 mol L%. The open circles and diamonds
refer to the experimental data obtained by Tang and Sparks (1993) and Amrhein and Suarez (1991) for

the smectite SWy-1 at 0.01 and 1 mol L, respectivelly.
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4. Implications

The proposed approach does not require the thermodynamic properties of formation of the
solids (i.e. clay layers) to be quantified, thus offering greater flexibility, and making it easier to
include these models in complex, dynamic systems like soils and sediments. An issue
hampering the inclusion of phyllosilicate hydration models in geochemical models resides in
the fact that clays, and more especially smectite minerals, have exchangeable interlayer ions.
These exchange reactions influence in turn clay hydration behavior (Bérend et al., 1995; Cases
et al., 1997). Cation exchanges can be dealt with using non-ideal solid solutions including
specific parameters such as Margules parameters (Pabalan, 1994), but most studies dealing
with cationic exchange use simpler Gaines and Thomas (1953), Gapon (1933) or Vanselow
(1932) formalisms, that involve fewer parameters. These models proved to be extremely robust
and efficient for predicting cation migration in clay rocks (Tournassat et al., 2015). The
developed approach to predict clay hydration is comparable to that established to quantify and
predict cation exchanges in interlayer spaces and sorption on clay edges, which is known as
'surface complexation'. In addition, the developed model could be complemented with a
surface complexation model to account for external water, based, for instance, on the work of
Prost et al. (1998) and/or Lindholm et al. (2019). Such approach would allow refining water
balance calculation in reactive transport modelling and coupling more accurately the feedback
of chemistry on flow. The importance of such a coupling has been discussed by Seigneur et

al. (2018).

The coupling between hydration and exchange reactions could be also considered to study
the evolution of apparent selectivity constants with the increase of the ionic strength (e.g. Liu
et al., 2004). Finally, the hysteresis of water sorption onto clays (e.g. Cases et al., 1992) could
be addressed using an energy barrier, the transition from a weakly hydrated species to a highly
hydrated species (e.g. from 1W to 2W) then requiring more energy than the opposite reaction.
The consideration of an energy barrier could be similar to what is done for a mineral

precipitation beyond an over saturation window. In water-saturated conditions and in presence
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of different cations (e.g. Na* and K*, the last one leading to weakly hydrated clay), this energy
barrier could induce also an exchange hysteresis (Laird and Shang, 1997), that remains to be

thoroughly investigated.

Conclusion

The proposed modelling approach allows reproducing satisfactorily experimentally derived
water vapor desorption isotherms as well as the different clay hydration states for contrasting
charge deficits located in both tetrahedral and octahedral positions. Mass action equations
derived from the Gapon convention are well-suited to describe clay hydration involving strong
interactions between water molecules and the clay layer (i.e. tetrahedral charge). In contrast,
the Rothmund-Kornfeld description may be used whatever the location of the layer charge

deficit (tetrahedral or octahedral).

The proposed approach, based on an exchange model, is very easy to implement in
geochemical codes and is satisfactory from a phenomenological point of view. Consistent with
XRD characterizations of water vapor sorption isotherms, most of water molecules are found
in smectite interlayers, whereas the relative proportions of the different smectite hydration
states depend on both interlayer composition and relative humidity. The consideration of
hydration reactions for the Wyoming bentonite does not indicate significant change on Na/Ca
cation exchange within the concentration range studied (i.e. < 1 mol L) but further work is
required to extend the model to other cations (K*, Mg?*, Sr?* etc.). In addition, this approach,
by distinguishing explicitly the hydration/cation exchange process from the thermodynamic
stability of the clay layer, is compatible with the use of reaction kinetics. In the long term, the
method put forward here should allow linking chemistry to water content in soils, in clay rocks

and mechanics that is swelling pressures.
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