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Crystalline hydrates of swelling clay minerals (smectites) exhibit a strong coupling between their ion
exchange and hydration/dehydration reactions. The uptake or removal of water from smectite interlayers
as a result of a change in the environmental conditions also leads to the partitioning of cations. Three fac-
tors, the solid ion composition, the solid basal spacing/water content, and the aqueous solution compo-
sition, are all implicated in controlling the thermodynamics of ion exchange. However, conventional
approaches to measuring the exchange free energy cannot separate the influence of each of these individ-
ual factors. Here, we explore the energetics of the swelling and ion exchange reactions in montmoril-
lonite using a potential of mean force approach and the thermodynamic integration method within
molecular simulations. We investigate the influence of solution and clay composition on the spontaneity
of the reactions, focusing on the 2 water-layer hydration state. The swelling simulations provide the equi-
librium water content, interlayer water structure, and basal spacings, while thermodynamic integration
of sodium–potassium exchange in the aqueous solution and solid phase are combined to calculate ion
exchange free energies as a function of solution composition. Results confirm the tendency of the clay
to collapse to lower hydration states as the concentration of the solution increases. Changes to the equi-
librium water content, even at fixed hydration states, and the composition of the mixed electrolyte solu-
tion play a critical role in driving ion exchange and the selectivities of the clay to the exchanged cation,
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while the composition of the solid phase is shown to be insignificant. These findings underscore the
extreme sensitivity of clay swelling and ion exchange thermodynamics to small (tenths of an
Angstrom) deviations in layer spacing.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The adsorption/desorption of micronutrients and the accumula-
tion/dilution of industrial contaminants in soils that eventually
impact the health and safety of the biosphere are controlled by
ion exchange processes. Ion exchange processes are also exten-
sively used for the selective removal of heavy metals fromwastew-
ater, water softening, and the recovery of Li+, Na+, etc. from
geologic resources and from spent metal ion batteries. Due to its
wide-ranging applications, ion exchange is considered the second
most important reaction on earth following photosynthesis [1].
Exchangers that enable the transfer of ions could be engineered
membranes (with targeted selectivities) [2], polymeric resins [3],
or natural materials such as zeolites [4] and clays.

Clays, particularly smectites (swelling clays), which are critical
components of engineered geological barriers for the safe, long-
term storage of nuclear waste, exhibit high cation exchange capac-
ity (CEC). Montmorillonites (MMT – a type of smectite clay min-
eral) are effective barriers because their expansive behavior,
upon contact with water, fills the voids between the container
and the wall rock providing sufficient sealing of the nuclear waste
repository. Furthermore, the intrinsic negative charge on the MMT
layers mitigates the diffusion and transport of radionuclides that
tend to form oxyanions [5]. It is well established that montmoril-
lonite clays adopt crystalline hydration states, with defined water
contents [6–9] (1-, 2- and 3- water layer states). In geological
waste repositories, the dominant hydration content in the clay-
rich barrier correspond to the 2- (2 W) and 3-water layer (3 W)
swelling states. Numerous physical and chemical variables have a
major influence on swelling states such as water activity [10],
cation composition [8,11,12], and confining pressure[13,14]. Addi-
tionally, the type and composition of cation in the interlayer deter-
mines the equilibrium water content and basal spacing for a
specific hydration state [8,15].

Due to their high CEC, swell/shrink reactions and ion exchange
processes in smectites are tightly coupled. Interlayers of different
hydration states are distinct phases that exhibit unique selectivi-
ties of adsorption for alkali metal cations. Li & Schultess [16] mod-
eled competitive ion exchange in saturated MMT in the crystalline
regime, among isovalent cations by curve-fitting X-ray diffraction
data using model parameters from first-principles density func-
tional theory and a priori knowledge of the clay composition. They
confirmed that the exchange of Cs+ with NaMMTwas accompanied
by a collapse of the interlayer region and observed the broadening
and presence of multiple basal spacing peaks suggesting that in the
case of incomplete ion exchange, the interlayers are segregated
with unique cations. Recently, a comprehensive study [17]
addressed critical questions pertaining to the coupling between
swelling states and ion exchange in montmorillonite. The authors
predicted stable equilibrium hydration states as a function of
water and ion activities in solution and the cationic partition in
clay when aqueous activity conditions are changed in a dynamic
environment. Furthermore, Whittaker et al. [18] showed that an
ion exchange driven change in water content (swelling state) is
often associated with a restructuring of the interlayer depending
on the cation that is exchanged into the clay phase. Evidence thus
suggests that the ion exchange can drive the swelling or collapse of
interlayers in smectites, and that the hydration and ion exchange
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reaction energetics are coupled. Understanding this coupling is
critical to model the feedbacks arising from changes to microstruc-
ture and chemical composition that eventually control diffusion
and transport in nuclear waste barriers.

Studies spanning several decades have established that the
selectivity of bulk swelling clays (i.e. mixtures of swelling states)
follows the lyotropic series for alkali metal ions [19–21]. The inter-
action between the cation and the mineral basal surface/edges (de-
pending on the pH) as well as the relative tendencies of the cations
to be hydrated in the mineral interlayers were considered to be
factors determining the order of selectivity. A paradigm shifting
study on the ion exchange selectivity of clay minerals argued that
exchange among isovalent cations is controlled by the selectivity of
the solution phase for the strongly hydrated cation (the one with
lower hydration enthalpy) rather than by clay particle surface
selectivity [22]. The weakly hydrated cation, thus, tends to parti-
tion into the solid phase, while the other cation remains in the
aqueous phase. Rotenberg et al. supported this conclusion with
microcalorimetry measurements and molecular dynamics simula-
tions to explain that the preferential adsorption of Cs+ over Na+ in
montmorillonite is driven by the relative ‘hydrophobicity’ of Cs+

compared to Na+ in solution, and not its affinity for clay mineral
surfaces [23]. While this shift in understanding explains the pro-
gressive clay selectivity for alkaline ions according to a balance
between hydration and adsorption free energies, the influence of
the aqueous phase composition (and concentration) on the selec-
tivities has not been explored sufficiently. The two studies refer-
enced above consider saturated clay minerals in dilute
suspension (water activity,aw 1) and computations of the free
energy of exchange in the aqueous phase are performed based on
a trace exchange of the cation without the presence of the anion.
Therefore, the effect of aqueous ion pairing interactions [24] on
the exchange free energy is neglected.

Cs+ sorption on smectites, investigated in the presence of com-
peting cations (Na+, K+, Ca2+), highlighted a strong dependence of
adsorption selectivity on ionic strength. This study emphasized
the importance of accounting for competition from even trace ions
in solution [25]. When multiple types of adsorption sites exist in
the clay mineral (surface and edge sites, for example), the selectiv-
ity of a particular adsorption site can be enhanced or diminished as
a function of electrolyte concentration [26]. Additionally, a study
that computed the free energy of exchange between Na+ and NH4

+

in solution as a function of the mole fraction of NH4
+ in the mixed

electrolyte revealed a significant dependence of the exchange free
energy on the solution composition [4]. Since it is established now
that the state of hydration of cations in solution drives the favora-
bility of exchange, there is a need to investigate how the energetics
of ion exchange are altered in the presence of concentrated and
mixed electrolytes in which the hydration shells of the cations
may not be fully occupied [27–29].

Here, we address key questions that dictate the response of clay
swelling and sorption behavior to changes in aqueous solution
chemistry: (i) what effect does electrolyte composition (relative
ion activities) exert on the spontaneity of ion exchange? (ii) how
can we account for as well as isolate contributions from transition
between swelling states and the deviations from equilibriumwater
content within the same swelling state in montmorillonite during
ion exchange at a given water activity?

http://creativecommons.org/licenses/by/4.0/
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2. Methodology

2.1. Theory

In this study, the term ‘swelling state’ corresponds to an equi-
librium 2W or 3W hydration state and a change to the swelling
state corresponds to the transition between them. The overall
swelling reaction, resulting in a change to the swelling state, for
a pure end-member MMT can be written as follows, with equilib-
rium water content per layer of water per unit cell of clay for
NaMMT and KMMT represented by n and m, respectively.

NaMMT2W þ nH2O $ NaMMT3W ð1Þ

KMMT2W þmH2O $ KMMT3W ð2Þ
The overall ion exchange reaction for a fixed swelling state (2 W

represented by double overbar, for instance) can be written,

NaMMT
�� nH2O

q þ qKþ
aq þ 2 m� nð ÞH2O ! KMMT

�� mH2O

q þ qNaþaq ð3Þ
In this reaction, the change in water content (m-n) from the

exchange reaction contains a factor of 2 owing to the ion exchange
taking place at a fixed 2W swelling state. Equilibrium is achieved
when the chemical potentials of thermodynamic components in
MMT and the solution are equal at a given composition.

As the reaction proceeds, the degree of exchange varies from 0

(exchange of traces of K+ in a NaMMT
��

) to 1 (complete exchange

from homoionic NaMMT
��

to homoionic KMMT
��

). In order to define
reaction quantities, it is necessary to carefully set up the initial
and final reference states and ensure that mass (including water)
is conserved during the exchange reaction. In our definition of
states, the number of water molecules in the clay ion exchange
end-members is not equal. Therefore, for the solid phase ion
exchange, we consider two sets of initial and final reference states
with n and m water molecules per layer of water per clay unit cell,
respectively. The overall exchange free energies are expressed as a
function of the water and ion activities in solution as well as the
water content per water layer in the clay interlayers (m, n). The ref-
erence state of the solution follows the conventional definition of
the chemical potential of pure, non-interacting ions at 1.0 M con-
centration, and the activity coefficients for isovalent dissimilar ions
are not assumed to be equal.

The overall reaction for ion exchange in a fixed swelling state
(Eq. (3) for 2 W) can be broken up into three parts: the exchange
in the aqueous phase, the exchange in the solid/clay phase, and
the hydration/dehydration reaction resulting in a change in the
equilibrium water content.

Kþ
aq ! Naþ

aqðaqueous phaseÞ ð4Þ

NaMMT
�� nH2O

q ! KMMT
�� nH2O

q ðsolid phaseÞ ð5Þ

KMMT
�� nH2O

q

þ 2 m� nð ÞH2O

! KMMT
�� mH2O

q ðdeviation from equilibrium water contentÞ
ð6Þ

The Gibbs free energy for the overall reaction can be decom-
posed into its three contributions with DGex;aqand DG

ex;MMT
�� repre-

senting the exchange free energies in the aqueous and solid
phases, respectively. DG

hyd;MMT
�� corresponds to the free energy

change from the change in equilibrium water content between
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stable end-members of the exchange reaction (Eq. (6)). We assume
here that the free energy change pertaining to the deviation in
water content at a fixed swelling state is equal for the K+ and
Na+ end-members (i.e., the free energy change for reaction (6) is

assumed equal for KMMT
��

and NaMMT
��

).

DGex;rxn ¼ DGex;aq þ DG
hyd;MMT

�� þ DG
ex;MMT

�� ð7Þ

The Gibbs free energy of exchange in the aqueous phase is com-
puted as a function of the ratio of ion activity coefficients in a
mixed electrolyte.

DGex;aq ¼ DGK!Na;aq ¼ ðlNaþ � lKþ Þ
lNaþ¼ l0
Naþ þ RTln cNaþ ð1� xKþ Þ� �

;lKþ ¼ l0
Kþ þ RTln cKþxKþð Þ
DGex;aq ¼ DGK!Na;aq

¼ ðl0
Naþ � l0

Kþ Þ þ RTln
cNaþ
cKþ

þ RTln
1� xKþ

xKþ

� �
ð8Þ

Ion exchange calculations in the solid phase are realized
through two ion exchange reactions at fixed water contents:

IE1 : NaMMT
�� nH2O

q þ qKþ
aq ! KMMT

�� nH2O

q þ qNaþaq ð9aÞ
IE2 : NaMMT
�� mH2O

q þ qKþ
aq ! KMMT

�� mH2O

q þ qNaþaq ð9bÞ
The corresponding free energies of these two reactions are writ-

ten in terms of clay end-member free energies of formation in a

dilute suspension Gf
1H2O

� �
and the immersion free energy of clay

in aqueous solution Gi
aq

� �
.

DGIE1 ¼ Gf

KMMT
��

;nH2O
� Gf

NaMMT
��

;nH2O

 !
þ qDGex;aq ð10aÞ
DGIE2 ¼ Gf

KMMT
��

;mH2O
� Gf

NaMMT
��

;mH2O

 !
þ qDGex;aq ð10bÞ

Where Gf

KMMT
��

;nH2O
� Gf

NaMMT
��

;nH2O

 !
is the free energy of exchange

in the solid phase DG
ex;MMT

�I¿

� 	
in Equation (7).

Gf

NaMMT
��

;nH2O
¼ Gf

NaMMT;1H2O
� Gi

NaMMT;aq ð11aÞ
Gf

NaMMT
��

;mH2O
¼ Gf

NaMMT;1H2O
� Gi

NaMMT;aq þ GDhyd
NaMMT;aq

� �
ð11bÞ

Note that in Reaction (11b), there is an extra component GDhyd
aq

� �
to the free energy of formation of an ion exchange end-member in
an aqueous solution whose water content deviates from its equi-
librium value (as described in Reaction (6)). Substituting Equations
(11a) & b in equations (10a) & b, we get:

DGIE2 � DGIE1 ¼ GDhyd
NaMMT;aq þ GDhyd

KMMT;aq

� �
¼ 2DG

hyd;MMT
�I¿ ð12Þ

As mentioned before, the influence of hydration/dehydration at

a fixed swelling state is assumed equal for the NaMMT
��

and KMMT
��

end-members. Therefore, the contribution of the hydration/dehy-
dration reaction that occurs during ion exchange can be isolated.
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The overall thermodynamic cycle that describes the cation
exchange process coupled with the change in interlayer water con-
tent and structure is presented in Fig. 1.

2.2. Simulations

We recently developed a new cis-vacant molecular model for
Wyoming-MMT, consistent with atomic-scale high-resolution
transmission electron microscope imaging [30]. We showed that
the interlayer water is more structurally-ordered with stronger
hydrogen bonding in cis-vacant MMT than its commonly-used
trans-vacant equivalent and the structure of the interlayer varies
depending on the cations occupying it. Through grand canonical
Monte Carlo (GCMC) simulations, we obtained the equilibrium
basal spacing and water contents for stable hydration states of
cis-vacant NaMMT and KMMT in a dilute suspension. We perform
all our simulations on the cis-vacant molecular structure for MMT
in this study. The clay unit cell parameters are a = 5.20 Å,
b = 9.00 Å, c = 10.07 Å, a = c = 90�, and b = 99.5�. This unit cell is
repeated in the a-b plane followed by isomorphic substitution of
Mg2+ for Al3+ in the octahedral sheet resulting in a structural
charge of �0.57e per unit cell (O20(OH)4). It must be noted that
the constraint of preventing two adjacent Mg2+ substitutions is
not applicable to cis-vacant MMT. The simulations, carried out in
LAMMPS [31], use ClayFF [32] to describe the van der Waals and
electrostatic forces in the mineral and cations, and SPC/E for water
[33]. Lennard-Jones interaction terms between dissimilar atom
types are calculated via Lorentz-Berthelot mixing rules. We employ
a cutoff distance of 15 Å for short-range interactions, and Ewald’s
summation method with an accuracy of 99.99% for long range
electrostatics.

2.3. Swelling simulations

The energetics associated with the transition between hydra-
tion states requires the calculation of free energy changes through
perturbations [34,35], alchemical transformations with thermody-
namic integration (TI) [36], or reaction co-ordinate based simula-
tions [37]. The calculation of the free energy difference between
stable hydrates yields the swelling free energy at a given solution
composition. Significant focus has been dedicated to the estima-
tion of swelling free energies using molecular modeling
[10,15,38–40] of trans-vacant MMT in dilute suspension. We
employed the potential of mean force (PMF) approach in combina-
tion with umbrella sampling (along a pre-defined reaction co-
ordinate), in a related study, to compute the swelling free energy
of NaMMT as a function of ionic strength in homoionic solutions.
As a result, the minima from the PMF profile yielded the equilib-
rium basal spacings and the relative probability for each hydration
state as a function of bulk solution concentration. We also explored
the likelihood of mixed hydration states existing in an interstrati-
fied microstructure within MMT tactoids [41].

Here, we simulate clay swelling in a series of aqueous solutions
of variable concentration and composition. Simulations were per-
Fig. 1. Thermodynamic cycle for cation exchange coup
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formed in pure liquid water, in 1.0 M and 1.9 M NaCl solutions,
and in 1.0 M KCl solution. Our molecular system consists of two
parallel clay layers, made up of 175 unit cells each
(9.35 nm � 9.05 nm), suspended in solution (see Fig. 2). The edges
of clay layers perpendicular to the x-z plane were made unreactive
with OH, OH2 terminations that result in neutral edge charge. The
system was equilibrated in the NPT (T = 298 K, P = 1 atm) ensemble
for 1 ns, following which, a steered molecular dynamics (SMD)
simulation was performed over 3 ns in the NPzT ensemble. In the
SMD run, the bottom MMT layer was tethered while the top
MMT layer was translated along the z-direction with a constant
velocity of 2 Å/ns by a harmonic stiff spring [42]. Subsequently,
we segmented the entire SMD run into trajectory windows of 1 Å
change in basal spacing and used the initial step of each window
as input to perform umbrella sampling. The umbrella sampling,
which was implemented using the Collective Variables (COLVARS)
library in LAMMPS [43], spanned 40 stages per window, and each
stage sampled the distance between the layers and the harmonic
potential of the spring for a translation of 0.025 Å. The small size
of umbrella windows ensured that there was sufficient sampling
of the entire reaction co-ordinate (here, the reaction co-ordinate
is the basal spacing) and overlap among the umbrella windows.
Since the umbrella sampling approach imposes a biasing potential
(here, the biasing potential is the harmonic potential of the stiff
spring), we need an unbiasing algorithm to compute the PMF.
We used the Weighted Histogram Analysis Method (WHAM) code
[44] to extract the PMF profile from the umbrella sampling results.
Ho et al. showed that the ClayFF parameter set does not predict the
dry to one-water layer (0–1 W) hydration process well [9]. The
authors of the studymodified ClayFF to capture the dry to hydrated
state transition. Since we used the traditional ClayFF parameters
and because we are interested in the swelling states applicable
to engineered barriers, our focus is restricted to the 2 W to 3W
transition.

2.4. Ion exchange simulations

The energetics associated with the replacement of ions in clay
minerals has been studied over the last two decades using TI
employed via molecular simulations [17,23,45]. However, as
explained earlier, these studies assume a dilute aqueous phase,
whereas we consider homoionic as well as mixed electrolyte solu-
tions at higher ionic strength. The TI calculations are performed
separately in the solution phase and the solid phase. In the solution
phase, we start with homoionic 1.0 M NaCl and progressively
transform 25% of Na+ ions transformed into K+ ions by changing
their pairwise Lennard-Jones interaction parameters (i.e. r for
the distance of zero intermolecular potential and e for the potential
well depth) in a series of 11 steps, using a coupling parameter
k 2 ½0;1�, with 0 representing Na+, and 1 representing K+, using
equations given by:

r kð Þ ¼ rNa þ k rNa � rKð Þ ð13aÞ
led with change in equilibrium hydration content.



Fig. 2. System set-up for PMF simulations with umbrella sampling. The top mineral layer is translated away parallel to the bottom layer, which is fixed along x and z. The
atoms along the x-z edges of the clay layers are terminated for neutral edge charge; the clay layer is infinitely large along the y direction. The atom color scheme is as follows:
Al – grey, Mg – dark green, Si – dark red, O – navy blue, H atoms in clay layer – yellow, Na – blue, Cl – green, water O – pink, water H – white.
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e kð Þ ¼ eNa þ kðeNa � eKÞ ð13bÞ
At each step, an NPT equilibration for 3 ns follows the change in

the Lennard-Jones interaction parameters. The result at the end of
the transformation yields a mixed electrolyte solution containing
0.75 M NaCl and 0.25 M KCl. This series of progressive transforma-
tion steps are carried out until we arrive at solutions of 0.5 M,
0.75 M, and 1.0 M KCl (with progressively decreasing NaCl concen-
tration). The variation in the Hamiltonian of the system during the
transformation as a function of the coupling parameter k allows
the free energy calculation for the exchange reaction. The outcome
of each series of TI simulations in the solution phase is the corre-
sponding DGex;aqterm in Eq. (7).

DGex ¼
Z k¼1

k¼0
h@H
@k

idk ð14Þ

We perform a similar series of TI simulations in the 2 W clay
phase, starting with a volume containing 4 mineral layers (see
Fig. 3) containing 24 unit cells of MMT each, with equilibrium basal
spacings and water contents determined from the swelling simula-
tions in the previous section. The MMT layers in this simulation are
periodically replicated in x, y, and z directions and are therefore,
infinitely large without terminated edges. The system is equili-
brated (NPT) initially, followed by 3 ns of NPzT equilibration with
the modified force field potentials. The clay layers are rigid during
the TI transformation, keeping the basal spacings fixed.

To understand the influence of tactoid composition on the free
energy of the exchange reaction, we simulate partial ion exchange
in an interstratified clay tactoid. Unlike homostructured clay
where ion compositions are roughly equivalent in every interlayer,
we simulate complete exchange in discrete layers, varying the total
number of interlayers exchanged. For example, a 25% partial ion
exchange corresponds to one out of the four interlayers being
exchanged for K+ (Fig. 3a). The individual interlayers consist of
homogeneous cations and the choice of this methodology is sup-
ported by experimental data suggesting that interlayers contain
unique cations during partial ion exchange [16,18]. Importantly,
the water content is fixed during the TI calculations, so these sim-
ulation results can be used to isolate the effect of composition from
that of basal spacing on the exchange free energy.

To separately determine the influence of local tactoid basal
spacing/water content on the exchange reaction free energies,
the ion exchange simulations in the clay phase are performed at
three different equilibrium water contents for the 2 W state: 9.6
H2O/uc, 10.2 H2O/uc, and 11 H2O/uc. These values correspond to
the equilibrium water contents for 2 W KMMT, 2 W NaMMT, fully
saturated 2 W MMT, respectively. From these TI simulations, we
696
calculate the term DG
ex;MMT

�� in Equation (7) for both partial and

complete ion exchange. Furthermore, we also compute the term
DG

hyd;MMT
�� as a function of the deviation in water content based

on Equation (12).

3. Results

The swelling free energy profiles from the PMF simulations of
two parallel clay mineral layers suspended in aqueous solutions
are presented in Fig. 4. The profiles yield the equilibrium basal
spacings, equilibrium water contents for each stable hydrate/layer
state, free energy changes due to deviations in water content for a
fixed swelling state (e.g., DG

hyd;MMT
�� in Eq. (7)), and the energy to

transition between states at a constant water and ion activity.
The suspension of the clay particle in bulk water yields equilibrium
2W (d001 = 15.8 Å), 3 W d001 ¼ 18:7Å

� �
, and 4 W d001 ¼ 21Å

� �
crys-

talline swelling states with accessible free energy minima before
the osmotic swelling regime begins (Fig. 4). The 3 W hydration
state is, however, the most favored swelling state with the lowest
free energy containing approximately 15 H2O/uc (Fig. 4a). As the
solution concentration in which the clay particle is saturated
increases, the preference shifts towards lower swelling states
(2 W) and the free energy difference to access the higher swelling
state increases, i.e., DG3W�2W ;1:9MNaCl > DG3W�2W ;1:0MNaCl. We also
observe only a shallow potential well associated with the 4 W
hydration state for the clay particle in the 1.0 M and 1.9 M solu-
tions and the minima are not statistically significant based on
the error estimates. These profiles indicate that clay compaction
is favored in the presence of concentrated solutions, which has
been supported by recent experimental and computational studies
[17,46,47], and that the degree of compaction depends on the solu-
tion chemistry.

Changes in chemical composition and concentration are also
shown to exert a significant influence on the equilibrium basal
spacing (and therefore, the equilibrium water content since the
interlayer cation does not vary) of the stable hydrates. The equilib-
rium basal spacings in 1.0 M solution for the 2 W and 3 W KMMT
layers are 15.9 Å and 18.9 Å respectively, whereas the 2 W and
3W basal spacings for the NaMMT layers are 16.05 Å and 18.8 Å,
respectively. The equilibrium water contents for the 2 W state
are 9.6 H2O/uc and 10.2 H2O/uc for KMMT and NaMMT, respec-
tively. The free energy impact of small deviations in basal spacing
(water content) around the free energy minima also varies with
solution conditions. Steeper potential wells generate larger energy
perturbations for the same change in water content, giving larger



Fig. 3. (a) System set up for clay-phase TI simulations. The initial basal spacings are determined based on the 2 W minima from the swelling simulations. Na+ ions are
alchemically transformed to K+ ions in a series of 11 steps. (b) 25% exchange of Na+ ions to K+ ions; (c) 50% exchange; (d) 75% exchange; (e) 100% exchange. The atom color
scheme is as follows: Al – grey, Mg – dark green, Si – dark red, O – navy blue, H atoms in clay layer – yellow, Na – blue, K – cyan, water O – pink, water H – white.
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values of DG
hyd;MMT

�� (Eq. (7)). A 2 W hydrate is favorable in both

cases (NaMMT and KMMT) when suspended in 1.0 M solution,
and the swelling free energy differences between the 2 W and
3W states are similar at � 5.5 kJ/mol of clay. However, the slopes
leading up to the 2 W minima are opposite in magnitude for the
two systems, indicating that there may be a more favorable mini-
mum corresponding to a 1 W state for KMMT at this water/ion
activity. In the case of the NaMMT system, the 2 W state appears
to be the global minimum and the higher crystalline and osmotic
states are accessible within 12 kJ/mol. The 2 W states for both
1.0 M NaCl and KCl are both associated with relatively shallow
potential wells, and deviations in the basal spacing associated with
a change in composition from NaMMT to KMMT (0.15 Å) is less
than 0.5 kJ/mol for both end-members.

The free energies of isovalent ion exchange in aqueous solution
as a function of solution composition (at fixed concentration) are
presented in Fig. 5. In the past, the free energy of ion exchange
in aqueous solution has been computed as the difference in the
697
ion hydration energies assuming a dilute solution. Based on this
computation, the exchange free energy of Na+ ?K+ in solution is
found to be 72 – 84 kJ/mol [28,48]. The exchange of the free energy
computed with Smith-Dang parameterizations for the monovalent
ions in an SPC/E water model yields 89 kJ/mol [49,50]. However,
we observe a strong concentration dependence on this value
implying that the exchange of K+ for Na+ is more favorable in con-
centrated solutions. This could be because the hydration shells of
ions in 1.0 M solution are partially complete and contain fewer
water molecules per ion to shed as they undergo exchange. We
also observe a small composition dependence from the data in
Fig. 5. The aqueous exchange of K+ ?Na+ in solution (which in turn,
drives the formation of KMMT) is more favorable in a mixed elec-
trolyte with a higher mole fraction of K+ to begin with. Therefore,
potassium-rich mixed electrolytes exhibit a stronger drive for
exchange reactions in MMT, because the solution has a greater ten-
dency to accept Na+ ions.

Data from our TI simulations in the solid and aqueous phases
are combined to obtain the overall free energy of the exchange



Fig. 4. Potential of mean force (PMF) profile as a function basal spacing (d001 which
was defined as the reaction co-ordinate) between MMT layers (a) suspended in bulk
water and NaCl solutions of different concentrations; (b) suspended in 1.0 M
aqueous solutions with different cations. Results indicate the equilibrium basal
spacings for the 2 W and 3W state in the respective solution conditions and the
difference in their free energies.

Fig. 5. Free energy of ion exchange (K+ ?Na+) in aqueous solution of total ionic
strength of 1.0 M. The plot shows a dependence of the free energy of ion exchange
on the equilibrium composition of the mixed electrolyte solution at a fixed
concentration.

Fig. 6. Free energy of ion exchange (Na+ ?K+) as a function of the extent of the
exchange reaction (partial to complete exchange) in a clay platelet containing
different equilibrium water contents. The data shows that the equilibrium water
content in the clay interlayer exerts a larger influence on the exchange free energy
than the composition of the clay phase (x

KMMT
�� =x

NaMMT
�� Þ.
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reaction. Fig. 6 illustrates this information as a function of solution
composition for different equilibrium water contents over a range
of solid compositions. Surprisingly, the exchange reaction free
energy is independent of the solid composition for interstratified
clays with uniform water content/basal spacing. The reaction con-
stants for the overall exchange reaction are plotted against the
mole fraction of K+ in solution (composition of mixed electrolyte)
for each degree of ion exchange (ranging from partial to complete
ion exchange) in the clay phase in Fig. 7. These results demonstrate
that the stability constant for the exchange reaction in Eq. (3)
(Kc;rxn) increases exponentially with increasing KCl fraction in solu-
tion. This implies that the solution phase, initially consisting of a
high fraction of K+ ions, is more readily accepting of Na+ ions from
the solid phase, consistent with our findings in Fig. 5. The exchange
of K+ for Na+ (both partial and complete) favors the interlayer with
a lower water content, explaining the higher selectivity of interlay-
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ers with a lower water content (at a fixed hydration state) for
potassium over sodium ions. To elaborate this further, we illustrate
the free energy for the overall exchange reaction in different mixed

electrolytes in Fig. 8. When NaMMT
��

is suspended in 1.0 M KCl solu-
tion, the exchange reaction – both partial and complete – is favor-
able across all three equilibrium water contents. However, as we
consider mixed electrolyte solutions that are rich in sodium, the

exchange reaction of NaMMT
��

to KMMT
��

is feasible only for
m ¼ 4:8; and a complete exchange is barely favorable. Interlayers
with a higher water content do not undergo exchange sponta-
neously. The data exhibits a strong sensitivity to the composition
of the solution and the equilibrium interlayer water content, but
not to the degree of exchange in neighboring layers, i.e., the
exchange selectivity is almost unaffected by the solid phase com-
position in our simulations.



Fig. 7. Equilibrium constants for the overall ion exchange reaction as a function of solution composition and different degrees of exchange. (a) 25% ion exchange in clay
platelet with interlayers consisting of unique cations; (b) 50% ion exchange; (c) 75% ion exchange; (d) complete ion exchange in clay platelet.

Fig. 8. Gibbs free energy for the ion exchange reaction as a function of degree/extent of exchange at various mixed electrolyte compositions. (a) 1.0 M KCl aqueous solution;
(b) mixed electrolyte with 0.25KCl + 0.75 M NaCl.
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4. Discussion

The exchange of isovalent ions in clay minerals is tightly cou-
pled with a change in water content in the interlayers, which
occurs from an overall change in the swelling state or a change
in the hydration structure at a constant swelling state. The swelling
and ion exchange reactions simulated in this study enable us to
understand the influence of solution chemistry (concentration
and composition) and solid composition on the coupled processes.
The TI simulations in the aqueous phase yield the free energy of
cation exchange in a solution of given composition. Using these
free energy values (DGex;aqÞ in the aqueous phase to compute the
chemical potentials/activity coefficients of the ions in solution
using Eq. (8) allows us to relax the assumption of equal activity
coefficients for isovalent ions. Furthermore, we find that the
DGex;aq is not equal to the difference in hydration energies of Na+

and K+ ions in dilute solution. There is a concentration dependence

(DGex;1 80 kJ mol�1
;DGex;1Maq 97 kJ mol�1Þand a small composi-

tion dependence (�2 kJ mol�1) for the aqueous exchange free
energy.

The equilibrium constants of the overall ion exchange reactions
expressed as a function of ion activities (aNa=aK) and the interlayer
water content indicate that the equilibrium composition
(x

KMMT
�� ; x

NaMMT
�� ) of the solid clay phase plays an insignificant role in

our simulations. The equilibrium water content, however, is an
important factor for the spontaneity of ion exchange (Naþ ! Kþ)
in the solid phase. At clay interlayers with a high equilibriumwater
content n = 5.1 or 5.5, for example, exchange favorability in the solid
phase significantly reduces in the presence of mixed electrolytes.
Furthermore, the mineral does not exhibit any selectivity to the
exchange when aNa=aK is high. This supports why poorly hydrated
clay is more selective to K+ whereas saturated clay is more selective
to Na+ evenwhile not being accompaniedwith a change in the swel-
ling state. Thus, the results in Figs. 6 and 7 strongly highlight the
influence of interlayer solvation structure on driving exchange
favorability for a given water and aqueous ion activity.

We also observe a strong dependence on the solution composi-
tion for the ion exchange reaction. At a given concentration, the
ratio of ion activities (composition of the mixed electrolyte)
appears to drive the exchange selectivity, particularly for equilib-

rium water contents. In the case ofMMT
��

5:1H2O, the overall exchange
reaction is favorable only when the aqueous solution is rich in K+

whereas for MMT
��

5:5H2O, spontaneous ion exchange occurs only in
the case of pure KCl solution.

The solidphase compositionexerts very little influenceon the ion
exchange reaction free energy here, likely because the clay particle
simulations here involve rigid clay layers with fixedwater contents.
This finding underscores the much greater importance of structural
water content and basal spacing for chemo-mechanically coupled
ion exchange reactions in swelling clays. Evidence in literature
points to the favorable occurrence of tactoid phase separation (e.g.,
homostructured tactoids populatedwithunique cations).Whittaker
et al. [18] showed this to be the case at low- tomid-range aNa=aK . The
study also confirmed the presence of coexisting populations of
phase-separated clay tactoids based on their hydration state,
although no conclusion could be drawn on phase separation based
on cation type.Our simulationsmodel partial ion exchange resulting
in interstratified interlayers with unique cations in an interlayer.
Relaxation and equilibration of the structure allowing for changes
to the basal spacing and changes to the water content, perhaps with
concurrent grand canonical Monte Carlo (GCMC) simulations, could
help to directly quantify the influence of solid phase composition on
the ion exchange reaction due to variable cation hydration in the
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interlayer. However, designing a closed thermodynamic cycle to
perform TI simulations can be challenging with this added degree
of freedom. The extracted stress data from the interlayers in our
NPT simulations confirms the tendency of the interlayers to relax
their basal spacings as the degree of exchange progresses (as the
solid phase has a greater x

KMMT
�� composition). For example, we

observe greater compressive stresses in the clay particle when the

solid phase isKMMT
��

-rich (x
KMMT

�� > 0:5). Themagnitudesof compres-

sive stresses also increase with an increase in the equilibriumwater

content, i.e., KMMT
��

5:5H2O interlayers exhibit a stronger tendency to

collapse subsequent to partial and/or ion exchange thanKMMT
��

4:8H2O:
5. Conclusions

Wemodel the swelling and ion exchange reactions in a swelling
clay mineral (MMT) and compute the free energies of the reactions
using PMF and TI based molecular simulations, respectively, for the
2 W swelling state. The free energies of phase transformation and
ion exchange are used to compute the selectivities of hydration
states for cations. Studies that usually model ion exchange do
not account generally for varying water contents (from changes
to the equilibrium swelling state and the equilibrium water con-
tent for the same swelling state) [22,23], whereas our ion exchange
simulations yield the exchange reaction free energies as a function
of both the clay composition and the change in interlayer water
content. We also consider the effect of aqueous electrolyte compo-
sition on the ion exchange energies. Instead of performing trace
exchange via thermodynamic integration simulations as most
studies in literature [17,22,23], we allow for ion-ion interactions
in the aqueous phase. The free energy of ion exchange in aqueous
solution, therefore, is not just the difference of the hydration
enthalpies (in dilute suspension) of the exchanged ions in this case
but varies based on the initial composition of the aqueous solution.
The aqueous solution composition and clay water content are
shown to exert a much greater influence on exchange reaction
spontaneity than the clay composition. Thus, we conclude that
the tendency for individual layers (and indeed whole tactoids) to
segregate are driven by the extremely strong coupling between
basal spacing (controlled by water content here) and free energy
in the clay crystalline hydrates.
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