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Ion exchange in nanoporous clay-rich media plays
an integral role in water, nutrient, and contaminant
storage and transport. In montmorillonite (MMT), a
common clay mineral in soils, sediments, and muds,
the swelling and collapse of clay particles through the
addition or removal of discrete molecular layers of
water alters cation exchange selectivities in a poorly
understood way. Here we show that ion exchange is
coupled to the dynamic delamination and restacking
of clay layers, which creates a feedback between the
hydration state of the exchanging cation and the
composition of the clay interlayer. Particles with
different hydration states are distinct phases with
unique binding selectivities. Surprisingly, equilibrium
achieved through thermal fluctuations in cation
concentration and hydration state leads to the
exchange of both ions and individual MMT layers
between particles, a process we image directly with
high-resolution cryo-TEM. We introduce an exchange
model that accounts for the binding selectivities of
different phases, which is likely applicable to many
charged colloidal or macromolecular systems in which
the structural conformation is correlated with the
activities of water and counterions within spatially
confined compartments.

Significance. We directly visualize hydrated clay with
near-atomic resolution and find that potassium and
sodium bind in different configurations that result in
distinct free energies. The way in which these ions bind
affects the structure of the clay, which in turn changes the
binding selectivity, creating a feedback that is not
accounted for in current exchange models. We find that
clay minerals can be far more dynamic than previously
envisioned, and that rapid fluctuations may have long-
term consequences for the fate of ions in clay-rich
environments.

Clay minerals are by far the most abundant inorganic
nanomaterial in the lithosphere.(1) As nanomaterials,
their properties are very sensitive to the microscopic
details of particle arrangements. Changes to the structure
of clay minerals may have environmental-scale impacts
because swelling clays (smectites) like MMT can control
the rheological and mechanical properties of soils,
sediments, and muds,(2) and the transport of solutes
through them.(3)

The structures of smectites arise from molecular-scale
interactions between 2:1 aluminosilicate layers, the
counterions that balance charge arising from isomorphic
substitutions within the layers, and associated waters of
hydration (Fig. 1). Variation in the types and proportions
of interlayer species causes face-to-face stacks of 2:1
layers of MMT to expand or collapse reversibly.(4, 5)
Despite the importance of ion exchange in many
environmental and geological systems containing

smectites, current models poorly describe the feedbacks
between solution composition, ion exchange and
interlayer swelling state that determine pore structure and
macroscopic transport.

A challenge for developing an improved understanding
of ion exchange in confinement is that to date, neither
computational nor experimental approaches have been
able to directly access the timescales over which both
exchange and swelling/collapse occur. Molecular
dynamics simulations have produced free-energy
relationships for a narrow range of solution conditions(2)
but simulations are restricted to small system sizes and
timescales. Experiments often probe equilibrium swelling
states under a variety of conditions,(4) but have not
directly captured the rapid process of exchange. Neither
simulations nor experiments have been able to explore the
impact of rotation, translation or bending of layers on ion
exchange during swelling and collapse.

We use in situ time-resolved simultaneous small-,
medium-, and  wide-angle @ X-ray  scattering
(SAXS/MAXS/WAXS) to probe the dynamics of ion
exchange upon rapid mixing of homoionic sodium- or
potassium-MMT suspensions with solutions containing
the opposite cation. Transmission electron microscopy at
cryogenic conditions (cryo-TEM) of hydrated samples in
aqua provides a complementary snapshot of particle
arrangements with near-atomic resolution. Combined,
both techniques establish a consistent framework for
determining the thermodynamics of ion exchange and
offer new insights into the molecular mechanisms
underlying clay particle structures and dynamics.

Results

Static X-ray scattering. Hydrated MMT particle
structures were investigated with static X-ray scattering,
which was used as a standard for comparison to cryo-
TEM images and as a basis set for the fitting of time-
resolved X-ray scattering. Homoionic Wyoming
montomorillonite (SWy-2) was resuspended in NaCl (1
M) or KCI (1 M) to a concentration of 20 mg/mL (herein
called Na-MMT or K-MMT). SAXS/MAXS/WAXS
were acquired simultaneously on three separate
detectors.(6) K-MMT exhibited a larger basal spacing
scattering vector (goos = 0.40 A, 15.9 A), compared to
Na-MMT (goos = 0.33 A", 19.0 A), consistent with two
and three molecular layers of interlayer water,
respectively. Peak intensity at goo; of K-MMT was much

lower than the intensity of Na-MMT (/ 1(20-}\4MT /1 ](3,(;1_ T

= 0.28) and was much broader (0.05 and 0.13 A"! for Na-
MMT and K-MMT, respectively, Fig. 1 and SI
Appendix), indicating a larger deviation from the average
interlayer spacing and a higher fraction of poorly-stacked
layers in K-MMT.

Higher-order diffraction at {-gpo;, where ¢ is the
integer diffraction order (=2, 3, 4, and 6 for Na-MMT



and / = 3, 5 for K-MMT), is an indication that the
particles are homogeneous with no interstratification.
Potassium resides in close proximity to, or partially
within, the silicate sheets, while sodium ions reside both
near the silicate sheet and ~2.5 A to either side of the
interlayer midplane, on average.(7) Electron density, p,
profiles along the stacking direction are derived by
inverse Fourier transformation of the 00/ structure
factors. X-ray derived p profiles are largely consistent
with contrast profiles measured directly from low-dose
cryo-TEM images (discussed below) and qualitatively
agree with molecular models, which suggest that
potassium makes inner-sphere complexes with ditrigonal
cavities in the silicate sheet,(8) while the more tightly
bound hydration shell of sodium increases its probability
of residence near the interlayer midplane (Fig. lc, 1).(9)
However, pprofiles obtained from direct imaging indicate
that sodium resides in close proximity to the basal surface
with a higher frequency than expected from simulations
or X-ray scattering. This is likely because transformation
of reciprocal-space data does not account for peak width
and asymmetry. Similarly, interlayer potassium may
exhibit greater deviations from its average position than
expected from X-ray scattering.

Time-resolved X-ray scattering, Ion exchange was
performed by mixing a KCl solution (1 M) with Na-MMT
in a stopped-flow mixer at four volume ratios, , where r
= [K*)/[Na*]: 2, 1, 0.5, and 0.33. After mixing with KCI
the Na-MMT basal spacing peak at 19.0 A decreased in
intensity and a separate peak at 15.9 A emerged (Fig. 2a).
Two distinct peaks were clearly resolved in all cases and
fitting confirmed that the peak positions did not change
appreciably during exchange. This is a strong indication
that the collapse front within an interlayer region is sharp
and/or moves rapidly on the timescale of the
measurements (~50 ms acquisition time). A single
broadened peak with a maximum between the homoionic
end-members was not observed under any in situ
conditions in this study, excluding the possibility of
extensive interstratification of collapsed and un-collapsed
interlayers,(10) in  agreement with cryo-TEM
observations (below).

Ion exchange proceeded much more rapidly than
collapse and swelling. While the = 2 peak intensity for
Na-MMT was approximately 4% of the £ =1 intensity at
equilibrium (SI Appendix), the intensity dropped
significantly after the first acquisition following mixing.
The total noise level in the ¢ = 2 region (0.56 < ¢ < 0.76
A") after mixing was far less (by a factor of 2.7 - 9.6) than
the intensity expected in this region by taking 4% of the
19 A peak intensity, such that this peak would be resolved
if present. Weak intensity in this region that fades after the
first acquisition was often observed in such cases, even

when collapse did not go to completion, an indication of
interlayer cation mixing.

The collapse rate was quantified using the integrated
intensity from the basal spacing peaks (Fig. 2b), expressed
as the instantaneous fraction of the 19-A hydrate, f(?),
from

Rt _
f(®) = <57 n MIV(I)T(;1 =1-f)e o+ f (D
INa-mMmTHE-MMT

where f= f{t—o0) is assumed to represent equilibrium, and
a is a chemical-mechanical rate constant. The total
intensity from both peaks decreases during exchange,
even when accounting for particle dilution, while the total
clay scattering signal remains constant. This requires that
the total coherent scattering volume decreases as collapse
progresses and therefore that particles must rearrange into
configurations that scatter less strongly during collapse.

Both fand a were strong functions of the potassium
concentration, but neither exhibited a strong temperature
dependence (SI Appendix). This behavior contrasts with
ion  diffusion-limited exchange in  anhydrous
phyllosilicates,(11) which increases appreciably with
temperature through the Arrhenius behavior of the
diffusion coefficient.(12) Interlayer water diffusion has a
strong temperature dependence,(13) while species
exchange, including water, between bulk solution and the
interlayer is essentially barrierless,(14, 15) indicating that
neither process limits collapse.

These data are consistent with a dynamic equilibrium
between two populations of particles(16-19) in a ratio that
is determined by the solution composition. Current
models of ion exchange equilibria in smectites,(20-23) do
not account for the discrete equilibria between distinct
hydration states and do not incorporate the change in
water activity at each hydration state. However, it is
known that the hydration state significantly alters ion
binding selectivity. Therefore, we introduce a new model
to account for these observations.

Thermodynamic

exchange model. Ion exchange

equilibrium between three-water-layer MMT ( MMT),

two-water-layer MMT ( MMT'), and bulk aqueous
solution can be expressed as

)

Na K, MMT -mH,0+ nK:q < Na_ K, . MMT+mH,0+ nNa;q

with x establishing the fraction of cation sites occupied by
sodium, m water molecules released upon collapse, and n
cations exchanged, per unit of structural charge. The law
of mass action defines the equilibrium constant, K., for
this reaction as

_ ((Nah) n m(Na(x—n)K(1—x+n)MMT)
Keq = ( (K+)) Aw

€)

(NaxK(l_x)MMT-mHz o)



where quantities in parentheses refer to activities and aw
is the activity of water. Commonly reported values of
interlayer water density (24, 25) give m = 10. Thus, the
composition of the solid phases, which must obey n < x,
can be constrained to the range 69 <x <1 (SI Appendix).
This establishes the unique chemical composition of each
collapse state. The standard Gibbs free energy, AG®, can
be determined from Ko such that AG® < 4.2 kT. This
confirms that two- and three-water-layer hydrates are
separate coexisting phases in equilibrium and separated
by a difference in free energy that allows spontaneous
interconversion via the thermal energy (SI Appendix).
This model was extended over a range of sodium and
potassium concentrations, allowing for the determination
of a complete composition-phase diagram (Fig. 2c; SI
Appendix for detail).

Low-dose cryogenic transmission electron
microscopy. High resolution images of interlayer
structure of single Na-MMT and K-MMT layers and basal
spacing of particles (Fig. 3) confirm that they are distinct
phases. Contrast profiles measured parallel to the stacking
direction were in agreement with the electron density
profiles calculated from X-ray scattering basal spacing
peak intensities (Fig. 1b, e). Although layers were
oriented edge-on with respect to the beam direction, Na-
MMT layers were rarely also aligned along a high-
symmetry zone axis and thus have no appreciable contrast
variation within the layer (Fig. 3a). By chance, some Na-
MMT layers were oriented along a high-symmetry axis,
but these layers had no special orientational relationship
with their neighbors (SI Appendix). This is consistent
with turbostratic stacking commonly observed for MMT.

However, many K-MMT particles exhibited intra-
particle lattice fringes that maintained correlated
orientations across multiple neighboring layers (Fig. 3b-
h). Enlargement of a region containing only two unit cells
of MMT in each layer (Fig. 3c, e, g) revealed contrast that
is entirely consistent with atomic models of MMT viewed
along three high-symmetry crystallographic axes (Fig. 3d,
f, h). Based on the expected angle at which the atomic
potentials make and the cation-cation separation when
viewed edge-on, each layer was uniquely attributed to

<100>, <110> or <1 10> zone axis.

Most Na-MMT particles had an average of 4.4 layers
and were mostly coplanar, even preserving their spacing
across gently deformed regions, while K-MMT particles
had only 2.5 layers on average and were often twisted and
bent (SI Appendix). This is consistent with lower X-ray
scattering basal spacing peak intensity (Fig. 1d) and along
with the observation of decreasing total basal spacing
intensity in X-ray scattering during collapse in the
presence of potassium, indicates that the MMT particles
undergo delamination as a consequence of the ion
exchange process.

Particles in » = 0.5 mixtures exhibited partially
delaminated domains consisting of more than one layer
not in contact with adjacent layers along their entire
length due to local bending (SI Appemdix). Because these
images are taken from a time point (>10 s) well after the
initial collapse (1-2 s), this is strong circumstantial
evidence confirming that particles delaminate. Moreover,
it also suggests that individual layers dynamically restack
at equilibrium, since layers were not found to be
completely delaminated.

Two distinct populations of particles exhibited either
~16 A or ~19 A interlayer spacings in cryo-TEM images
(SI Appendix), also in agreement with SAXS data.
Average interlayer spacings were determined from
integrated FTs from 8 different particles comprising a
total of 81 layers (over 10* nm total layer length with
0.074 nm pixel width, for a total of over 10° observations).
Two particles (30 layers) retained ~19 A spacing, while 6
particles (51 layers) were collapsed and had an average of
~16 A interlayer spacing. The fraction of collapsed layers
(30/81 = 37%) is comparable to f'at this composition
measured from X-ray scattering (48 8%, Fig. 2b) given
the underrepresentation of K-MMT from X-ray scattering
on a per-layer basis.

Discussion

Summary of geochemical model. Ion exchange of
potassium for sodium in MMT causes phase separation,
resulting in two populations of particles that are non-
interstratified and chemically homogeneous. Each has a
distinct cation selectivity that is determined by its
hydration state and separated by approximately 4 kT. We
show direct evidence that layers delaminate after
potassium is introduced and suggest that this provides a
mechanism for the spatial segregation of regions of
different ion selectivities (i.e., different collapse states)
and enables Brownian motion that promotes re-
attachment at (near) crystallographic orientations.

Both phase-separated two- and three-water-layer
interlayers are in dynamic equilibrium at an abundance
(i.e., f) that is determined by the cation ratio in solution
and the water activity. The observed end-member
structures (Fig. 1) correspond to local minima in free
energy in homoionic solutions,(8, 26) that are determined
largely by cation hydration energies.(27, 28) Thus, we
introduce an equilibrium model in which ion exchange
drives changes in interlayer hydration state.

Beyond determining selectivity coefficients of
multicomponent electrolytes that depend on the swelling
state, this thermodynamic model can be used in the
prediction of swelling pressures or volumetric strain
associated with chemical perturbations in smectite-rich
materials.(29) For example, it predicts higher swelling
pressures in lower bulk K/Na clays due to increased
swelling free energies. Swelling state distributions in high
dry bulk density compacted clays are expected to favor



more collapsed states due to the decreased activity of
water. However, the model only accounts for uniaxial
pressure normal to the stacking direction and it does not
capture the effects counterion composition on average
particle size.

Chemical/mechanical exchange mechanism. Water
determines both ion selectivities(8, 27, 30, 31) and
exchange rates, which are orders of magnitude slower in
anhydrous phlogopites(11) and illites(32) than in
hydrated smectites.(33) A striking finding of this work is
that layer collapse is significantly slower than the
replacement of potassium for sodium by diffusion within
the interlayer. A simulation of potassium diffusion at » =
1 using the measured layer size distribution shows that
complete intercalation is expected to occur in less than a
millisecond (SI Appendix) while collapse occurs on the
timescale of seconds. It is important to note that anions
are excluded from the interlayer in the crystalline swelling
regime(34) and are not explicitly considered.

The initial, transient regime of collapse from a uniform
population of three-water-layer Na-MMT immediately
following mixing provides crucial insight into the
dynamic equilibration process. Both the rate and extent of
collapse are largely invariant with temperature (SI
Appendix), which is consistent with the non-Arrhenian
cation diffusion previously observed for MMT,(13, 35)
but inconsistent with other processes that could be
proposed to limit collapse. We propose that diffusional
demixing within the interlayer is the first step in the
process of collapse, both in the initial transient regime and
during the subsequent period of dynamic equilibrium, and
is promoted through positive feedback(36) between the
local chemical composition and the interlayer spacing
(Fig. 4).

Dynamic fluctuations of MMT interlayers, in which the
composition, hydration state, and basal spacing are all
tightly coupled, must be common and an important aspect
of ion-driven swelling and collapse. Differences in
hydration energy between two- and three-water-layer
hydrates are 0-4 kT/unit cell of clay, with barriers of
comparable size in between,(8, 26, 27) suggesting that
both states are regularly explored in fluctuations from the
average basal spacing.(37) These fluctuations may
present the continually changing migration barriers
responsible for non-Arrhenian diffusion.(38) Direct
measurements of interlayer spacings in cryo-TEM (Fig.
3c, f, h) exhibit standard deviations of approximately
15%, or ~2-3 A, consistent with regular exploration of
both hydration states with a barrier of ~2-3 kT between
them. Because these fluctuations are on the same energy
scale as the binding selectivity,(8, 27, 30, 31) these
processes must be tightly coupled.

Based on the foregoing evidence, we propose a
mechanism of collapse outlined in Fig. 4. Ion intercalation
into initially homoionic Na-MMT (Fig. 4a-b) is rapid but

collapse is not immediate (Fig. 4c-d). As the composition
in the interlayer equilibrates with the surrounding
solution, potassium diffuses throughout the basal surface
of the MMT layer, and collapse is initiated by demixing
within an interlayer. Demixing promotes potassium
colocalization across both sides of an interlayer (Fig. 4e-
f), eventually reaching a sufficient size to overcome
fluctuations and initiate collapse. Once an interlayer
collapses, neighboring layers can be expanded or
collapsed,(36) promoting a cascade of individual
exchange and hydration/dehydration reactions that lead to
demixing of the entire particle. In some cases layers can
be liberated through delamination, and may then rotate
into preferred rotational configurations via Brownian
motion (Fig. 4g-h).

Impact on clay structures. MMT layers can stack with
mica-like crystallographic order at relative orientations of
only 0 or 180° degrees. However, at relative particle
rotations of ~60°, neighboring particles can come into
near-crystallographic alignment along the <110>, <110>,
<100> directions. It has long been known that in the initial
steps of illitization, mica-like stacking order develops
after repeated wetting and drying cycles in the presence
of potassium(39) resulting in this type of near-
crystallographic  ordering.(40) This is the first
demonstration that the emergence of this order first arises
in suspension as a result of phase separation following
potassium exchange, and is maintained across up to 6 A
(two molecular layers) of water. Bending moduli of
individual clay layers vary with crystallographic
orientation,(41) and thus, (nearly)-oriented layers are
expected to be more rigid and less susceptible to
perturbations through fluctuations, preserving their
relative orientations.

The cooperative process of ion exchange and collapse
is a clear demonstration that nanoscale chemical-
mechanical coupling controls both the rate and products
of ion exchange and the structures that result from
collapse in hydrated MMT. This new understanding of
exchange equilibria in which multiple swelling states are
present will improve the predictive capacity of exchange
models of ion binding in swelling clays. We show, for
example, that a composition-phase diagram can be used
to predict the coexistence of distinct swelling states, and
thus the exchange selectivity, of the crystalline hydrates.
We demonstrate that the reaction rate is largely unaffected
by temperature, but that swelling and collapse hysteresis,
a widely observed phenomenon in natural systems, can be
attributed to the decreasing collapse rate.

Materials and Methods

Materials. Wyoming montmorillonite (SWy-2), obtained
from the Source Clays Repository of The Clay Minerals
Society  (http://www.clays.org/sourceclays_data.html),



was used throughout this study. Aqueous solutions of
NaCl and KCI were prepared from reagent-grade salts.

Static X-ray scattering. X-ray scattering was performed
at beamline 5ID-D of the Advanced Photon Source at
Argonne National Laboratory in order to obtain high
photon fluxes necessary for time-resolved experiments.
Small-, medium-, and wide-angle X-ray scattering
(SAXS/MAXS/WAXS) was collected simultaneously on
three Rayonix charge-coupled device (CCD) detectors
with sample—detector distances of 8505.0, 1012.1, and
199.5 mm, respectively. The wavelength of radiation was
set to 1.2398 A (10 keV), resulting in a continuous range
of scattering vector, ¢ = 0.017-4.2 A™!. Additional details
are given in the SI Appendix.

Cryo-transmission electron microscopy. Suspensions
of Na-MMT or K-MMT with particle concentrations of 5
mg/mL were deposited as 2-3 pL aliquots onto 300-mesh
lacy carbon Cu grids (Electron Microscopy Sciences)
which had been glow-discharged in air plasma for 15
seconds. Excess solution was removed by automatic
blotting (1 blot for 10 s, blot force 10 at 100% relative
humidity) before plunge-freezing in liquid ethane using
an automated vitrification system (FEI Vitrobot). Imaging
was performed with a Titan Krios TEM operated at 300
kV, equipped with a BIO Quantum energy filter. Images
were recorded on a Gatan K2 IS direct electron detecting
camera with a pixel size of 0.72 A/pixel. Imaging was
performed under cryogenic conditions using a low
electron dose rate (< 10 e'As') to minimize sample
damage. Acquisition was automated with SerialEM
software.
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Figure 1. Static X-ray scattering from Na-MMT and K-MMT. (a, d) Whole-pattern SAXS/MAXS/WAXS fitting. (b, e) Electron
density profiles calculated from MAXS diffraction peaks (red) or integrated TEM image contrast (black, one standard deviation in
gray). (c, f) Atomic models depicting the structures inferred from the electron density profiles (interlayer water not explicitly
shown). Note that cation occupancy is fixed by the structural charge of the layers.

Figure 2. Collapse dynamics during ion exchange between KCI (1 M) and Na-MMT. (a) Time dependence of the extent of collapse,
f{1). (b) Stacked SAXS intensity curves showing the emergence of a 2-layer hydrate peak at q = 0.395 A' (15.9 A) as a function of
time after mixing. All samples reach a regime of chemical (ion exchange) and mechanical (layer collapse) equilibrium within 1-2
s. (¢) Composition phase diagram. Red circles represent experimental conditions reported in this study.

Figure 3. Low-dose high resolution cryo-TEM of MMT. (a) Na-MMT particle, viewed edge-on. (b) K-MMT particle aligned along
high-symmetry zone axes. (c-g) Enlarged portions of (b) corresponding to the top, middle, and bottom layers, respectively, and
atomic models that are consistent with image contrast (arrows are the same length. K:orange, Si:blue, Al:teal, other atoms not
shown for clarity).

Figure 4. Model of ion exchange and collapse. (a) Edge-on view of initial turbostratic stacking of three layers in Na-MMT. (b)
Hypothetical distribution of sodium in proximity to the top of the middle layer, viewed face-on. (c-d) Exchange of potassium for
sodium that proceeds prior to collapse. (e-f) Partial collapse induced by critical local potassium concentration. (g-h) Collapse
propagates throughout the interlayer, expelling sodium and a single layer of water. Layers dynamically delaminate and restack.





