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MEASUREMENT OF SWELLING OF INDIVIDUAL SMECTITE TACTOIDS IN SITU
USING ATOMIC FORCE MICROSCOPY
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Abstract—Atomic force microscopy (AFM) is a novel method for measuring changes in clay swelling in
situ at the tactoid level in an aqueous environment. While the swelling process has been directly observed
at the mesoscale level for multi-tactoid aggregates and the associated pores, no method to date has allowed
the direct observation of swelling dynamics at the nanoscale. In initial proof-of-concept studies, individual
tactoids of a Na-exchanged nontronite (NAu-1) were imaged in a solution of 5 mM NaCl. When multiple
line profiles were examined on the same tactoid, the changes in height varied and depended on which layers
of the profile were transected, and demonstrated that AFM analyses can be used to directly probe intra-
tactoid heterogeneity in the swelling process. To better visualize this heterogeneity, a method was
developed to restrict AFM images to include only the portions of a tactoid above a threshold height. A
comparison of the changes in these images for multiple threshold values revealed that swelling in one part
of a tactoid may occur simultaneously with compression in another portion, which suggests that the
encroachment of layers into intra-tactoid micropores can partially compensate for the overall volume
change. Finally, to demonstrate the ability of this technique to monitor in situ swelling changes as the
surrounding aqueous environment is modified, a tactoid of K-montmorillonite (SWy-2) was monitored
during cation exchange as a KCI solution was replaced with NaCl. After exchange, a transition from the
crystalline swelling regime to the osmotic regime was observed. Subsequent height profiles were
unchanged for a period of several hours and indicated that the AFM measurements were stable in the
absence of changes to the aqueous phase composition. Because this technique is the first method that
allows the swelling of a single tactoid to be monitored in an aqueous solution, it complements the

ensemble-averaged data obtained from diffraction and scattering techniques.
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INTRODUCTION

The phenomenon of clay swelling is of interest to
scientists and engineers in a wide range of fields due to
the role smectites play in soil health (Sparks, 2003),
contaminant fate (e.g., Chappell et al., 2005; Chatterjee
et al., 2008), barrier technologies (Pusch, 2008; Bouazza
and Bowders, 2010), and borehole stability (Durand et
al., 1995; Anderson et al., 2010). In clay gels, the semi-
oriented stacks of clay layers form tactoids and groups of
these tactoids that are randomly oriented can form larger
aggregates (Bihannic et al., 2001a; Jullien et al., 2005;
Salles et al., 2008; Salles et al., 2010). Within individual
tactoids, micropores with sizes on the order of several to
tens of nanometers separate smaller stacks of more
closely associated clay layers (Bihannic et al., 2001b).
The local ordering of clay gels with a liquid-like
lamellar structure results from the mutual electrostatic
repulsion of the clay platelets (Michot ef al., 2013b).

Clay swelling occurs in two regimes. Crystalline
swelling, characterized by d-spacings on the order of
~17-20 A, occurs when 1—4 layers of water accompany
the cations in the interlayer region of the tactoid
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(MacEwan and Wilson, 1980). When smectites are in
an aqueous environment, osmotic pressure between the
aqueous environment and the interlayer region can force
more water between layers and cause a greater degree of
swelling known as osmotic swelling (Norrish and
Rausell-Colom, 1963). Not all interlayer cations support
osmotic swelling due to the balance of forces between
the hydration of the cation and electrostatic attraction to
the mineral surface (Boek et al, 1995). Strongly
hydrated cations, such as Na", support osmotic swelling,
while K* tends to form inner-sphere complexes with the
mineral surfaces and does not support osmotic swelling
(MacEwan and Wilson, 1980). Osmotic swelling is
characterized by d-spacings larger than ~40 A and can
result in the complete separation of clay layers (Norrish,
1954; Paumier et al., 2008).

Because of the fundamental importance of swelling in
soils and sediments, numerous studies of swelling have
appeared in the literature in the past several decades. In
laboratory investigations of smectites, gravimetric and
calorimetric measurements in adsorption isotherms (e.g.,
Cases et al., 1992; Berend et al., 1995; Komadel et al.,
2002; Michot et al., 2005; Likos and Lu, 2006; Salles et
al., 2008; Salles et al., 2009) and X-ray diffraction (e.g.,
Norrish and Quirk, 1954; Posner and Quirk, 1964; Slade
et al., 1991; Zhang et al., 1995; Bray et al., 1998;
Komadel et al., 2002; Ferrage et al., 2005; Amorim et
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al., 2007; Ferrage et al., 2007, Morodome and
Kawamura, 2009; Morodome and Kawamura, 2011)
have been frequently employed. While traditional X-ray
diffraction techniques provide a means to monitor
changes in interlayer spacing within tactoids through
the crystalline stages of swelling, small angle X-ray
scattering (SAXS) extends the length range of the scales
probed to include the osmotic stage of swelling (e.g.
Norrish, 1954; Hight et al., 1962; Rausell-Colom and
Norrish, 1962; Norrish and Rausell-Colom, 1963;
Andrews et al., 1967; Pons et al., 1981; Pons et al.,
1982; Morvan et al., 1994; Faisandier et al., 1998;
Bihannic et al., 2001b; Michot et al., 2006; Segad et al.,
2010; Paineau et al., 2011; Segad et al., 2012).
Similarly, small-angle neutron scattering (SANS) has
provided additional information about the structure of
clay aggregates at larger spatial scales than those that
can be accessed by diffraction (Cebula et al., 1980; De
Stefanis et al., 2007; Bihannic et al., 2008).

The ability of X-ray and neutron scattering techni-
ques to probe mesoscopic structures have produced new
insights into smectite-water systems. In particular, the
heterogeneous structure of smectite gels or regions of
closely associated layers in an extended network of
pores that can span both within and between individual
tactoids (Tessier, 1990; Morvan et al., 1994; Bihannic et
al., 2001b) requires a swelling model that includes pore
hydration at multiple size scales (Salles ef al., 2008;
Salles et al., 2010). As suggested by water sorption
experiments, water uptake does not always lead to a
macroscopic volume increase because interlamellar
swelling occurs at the expense of the larger pores in
the clay/water structure (Likos and Lu, 2006; Likos and
Wayllace, 2010). Recently, Massat ef al. (2016) used X-
ray microtomography with a 5 pm spatial resolution to
directly visualize decreases in inter-aggregate porosity
during montmorillonite swelling.

At smaller length scales, the structural changes within
individual tactoids during the swelling process have not
yet been directly observed. Microscopy techniques that
include scanning electron microscopy (SEM) (Baker et
al., 1995; Paumier et al., 2008), laser scanning micro-
scopy (LSM) (Suzuki et al., 2005), X-ray fluorescence
microscopy (Bihannic et al., 2001a), and transmission
X-ray microscopy (TXM) using a synchrotron source
(Zbik et al., 2008, 2010; Michot et al., 2013a) have
provided opportunities to visualize smectite tactoids and
larger aggregates in suspensions and gels. Segad et al.
(2012) demonstrated the use of cryo-transmission electron
microscopy (cryo-TEM) to resolve the individual smectite
layers in cryogenically prepared samples, but to date, no
technique has been demonstrated for directly measuring
nanometer-scale changes in the swelling of individual
smectite tactoids in situ as the chemical composition of
the aqueous phase is manipulated.

The work presented here demonstrates for the first
time the use of atomic force microscopy (AFM) as a
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method for measuring the swelling of individual tactoids
in aqueous solutions. AFM is a robust tool for studying
environmentally relevant mineral-water interfaces
(Maurice, 1996, 1998; Hochella et al., 1998). This
scanned probe technique uses the interatomic forces
between a cantilever-mounted tip and the sample surface
to map the topography of a surface (Sarid, 1994;
Maurice, 1996). In previous studies of phyllosilicate
minerals, AFM has been used to characterize particle
size and morphology (e.g., Lindgreen et al., 1991, 2002;
Cuadros and Altaner, 1998; Plaschke et al., 2001;
Balnois et al., 2003; Piner et al., 2003; Tournassat et
al., 2003; Krekeler et al., 2004, 2005; Cadene et al.,
2005; Metz et al., 2005; Hassan et al., 2006; Ploehn and
Liu, 2006; Can et al., 2010; Gupta et al., 2010; Marty et
al., 2011) and has been shown to quantitatively
determine surface areas that agree well with conven-
tional surface area measurements made using the
Brunauer-Emmett-Teller isotherm (BET) method
(Brunauer et al., 1938; Bickmore et al.,, 2002). The
AFM technique also has proven to be useful in
characterizing the products of inorganic chemical
reactions on clay mineral surfaces (Gan et al., 1996;
Charlet et al., 2002).

A handful of investigators have used AFM in situ to
image phyllosilicates in an aqueous environment
(Bickmore et al., 1999, 2001; Rufe and Hochella,
1999; Brandt et al., 2003; Aldushin et al., 2004a,
2004b, 2007; Yokoyama et al., 2005; Kuwahara, 2008);
however, no previously published studies used AFM to
investigate smectite swelling properties in situ. Notably,
the method presented here is the first technique that
allows changes in interlayer spacing within a single
tactoid to be followed through time and thus provide a
direct and visual nanoscale observation of swelling
dynamics. Such information at the tactoid-level can
complement the holistic picture of clay swelling
produced by diffraction and scattering techniques,
which provide data on the average ensemble of all
particles in a sample.

The studies presented here demonstrate the use of in
situ AFM to monitor the changes within individual
smectite tactoids in an aqueous solution. By employing
post-acquisition image analysis to isolate specific layers
within the tactoids, changes in swelling can be correlated
with specific locations within the tactoid in order to
probe the internal changes in structure. These experi-
ments were designed to investigate the degree of layer-
to-layer heterogeneity in osmotic swelling with the goal
to determine whether intra-tactoid porosity provides a
mechanism to compensate for volume change analogous
to the mesoscale change which occurs between smectite
aggregates (Likos and Lu, 2006; Likos and Wayllace,
2010; Massat et al., 2016). The novel AFM method
presented here should prove applicable to investigations
of nearly any process in a clay/water system. As an
example, the ability to exchange solutions in the AFM
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fluid cell without removing the particle from the aqueous
environment was demonstrated using a cation exchange
experiment.

MATERIALS AND METHODS

Samples of the nontronite (NAu-1) and mont-
morillonite (SWy-2) were purchased from the Source
Clays Repository of The Clay Minerals Society.
Previous studies determined the smectite formulas as
follows:

NAu-1 MT.oz[Sis.esAlo.%Feo.oﬂ
[Alo 36Fe3.61Mg0.04]020(OH)4
(Gates et al., 2002)
SWy-2 Mg 70[Si7.83Al0.17][Als.02Fe0.45sMg0.53]020(0H)4
(Geramian et al., 2016).

The NAu-1 sample was purified by size fractionation
using a wet sedimentation process (Vaniman, 2001).
Both clays were treated with 0.1 M acetic acid to remove
carbonate impurities and rinsed in 18 MQ-cm water in
triplicate. Cation exchange was achieved by washing
with 1 M chloride solutions containing the desired
interlayer cation followed by triplicate rinses. Samples
were then dried in air at room temperature.

To prepare samples for AFM analysis, discrete
tactoids were deposited on either a sapphire substrate
or a modified mica disk (Bickmore et al, 1999). At
circumneutral pH (6.5—7.5), the sapphire substrate has a
positive surface charge which holds the negatively
charged clay mineral in place by electrostatic attraction
with the basal surface that is oriented parallel to the
substrate. Mica disks treated with a poly(ethyleneimine)
(PEI) solution exhibit a similar electrostatic attraction
that adequately secures clay particles to the substrate.
Grade V-4 15 mm diameter mica disks (SPI Supplies;
West Chester, Pennsylvania, USA) were split before
application of the PEI solution to provide a freshly
cleaved surface. The mica disks were then soaked in a
1:2000 PEI solution diluted from a 50% (w/v) PEI
solution in H,O (Sigma-Aldrich, St. Louis, Missouri,
USA) for ~30 seconds. Each disk was then rinsed with a
stream of 18 MQ-cm water for 1 min and dried in an
oven at 90°C for 20 min. A 30 min ultrasonic treatment
was used to prepare suspensions that contained 5 mg of
purified clay in 150 mL of 18 MQ-cm water for each of
the NAu-1 and SWy-2 clays. Using a syringe, 2—5 drops
of the desired clay suspension were loaded onto the
sapphire or PEI-coated mica substrate and allowed to dry
in a desiccator overnight. Solutions of 5 mM NaCl or
KCI for use in the AFM fluid cell were prepared in 18
MQ-cm water.

AFM images were acquired with a fluid cell using a
Multimode V scanning probe microscope with a
Nanoscope V controller (Bruker, Billerica,
Massachusetts, USA) and equipped with Multi75-G
Silicon AFM probes with resonant frequencies of ~75
kHz in air and ~30 kHz in H,O (Budget Sensors; Sofia,
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Bulgaria). All data were acquired in intermittent contact
mode in order to minimize lateral forces between the tip
and sample that might displace the clay layers
(Bickmore et al., 1999). Images were analyzed using
WSxM 5.0 Develop 5.3 and 8.0 freeware (Horcas et al.,
2007). Uncertainty in height measurements was + 0.5 nm
based on the calibration of the AFM with a step-height
standard.

RESULTS

A Na-nontronite sample prepared as described above
was analyzed after 5 mM NaCl was introduced into the
fluid cell (Figure 1a) and a tactoid was revealed in the
AFM image that remained anchored to the substrate with
basal surfaces parallel to the underlying surface.
Because the AFM image is a visual representation of
the measured sample topography, the data can also be
plotted as numerical values of the height (position on the
z axis) as a function of the position in the x—y plane of
the image. The height profile (Figure 1b) or vertical
cross section provided measured height values that were
taken along the line shown in the AFM image
(Figure 1a). Note that the aspect ratio of this particle
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Figure 1. An AFM image (a) ofa Na-exchanged NAu-1 tactoid in
a solution of 5 mM NaCl. The height profile (b) corresponds to
the line in the image (a).
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was distorted in the height profile by the different scales
in the axes used for the lateral (um) and vertical (nm)
dimensions. The stair-step pattern on the right-hand side
of the height profile revealed the overlapped layers
which comprised this tactoid. On the left-hand side of
the height profile, however, no stair-step pattern was
seen. In this case, the individual layers were hidden to
the AFM. Presumably, this was because the stack was
offset such that the layers above were overhanging
layers that were farther down to produce an inverted
staircase on this side of the tactoid.

The heights of the steps between the distinct terraces
observed in the profile (Figure 1b) provided direct
measurements of the separations between the exposed
layers in the tactoid. Although these values varied
widely from several nm to tens of nm, the layer spacings
were all significantly larger than the ~40 A spacing
observed using XRD at the onset of osmotic swelling
(Norrish, 1954). Because a clay layer with a smaller
lateral area tucked underneath a larger exposed layer is
possible and cannot be excluded, the steps measured in
the height profile cannot be definitively assigned to the
distances between nearest-neighbor layers.

Although comparisons between AFM height profiles
allow for easy quantitative determinations of apparent
changes in swelling along a line, the information
provided is only a two-dimensional section of a three-
dimensional tactoid. The height along the line measured
using AFM represents the combined contributions from
the uppermost layer that the line crossed and every layer
beneath. Different layers may be exposed across the top
surface of the tactoid due to the non-uniform particle
morphology created by layers of different lateral
dimensions which are not aligned with one another. If
the swelling process is not uniform through all layers of
the tactoid, a measured change in height profile may be a
function of the location on the particle. This possibility
was investigated for a NAu-1 tactoid (Figure 2a). The
height profiles were measured at the spatial locations
shown (Figure 2a) at two different times after the
introduction of 5 mM NacCl to the fluid cell. On the left
side of the particle (Figure 2b, 2c), the height profile at
the later time was uniformly higher than the initial
profile and indicated that particle height increased as the
tactoid equilibrated with the solution. Conversely, the
height profiles obtained further towards the right side of
the particle (Figure 2d, 2e) indicated that the particle
height decreased.

These data suggest that the swelling process is not
uniform across the lateral dimensions of a smectite
tactoid and, furthermore, that the choice of location of an
AFM line profile affects the apparent degree of swelling
that is measured. A closer examination of the AFM
image (Figure 2), however, revealed that the four
individual line profiles probed areas of the tactoid
where different portions of the layer stacks were
exposed. The AFM line profile furthest to the left side
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of the particle (Figure 2b, maximum height of 178 nm)
transected layers farthest down in the tactoid structure,
followed by the fourth line on the far right (Figure 2e,
maximum height of 202 nm), the second line (Figure 2c,
maximum height of 234 nm), and finally by the third line
(Figure 2d, maximum height of 280 nm) which
transected the topmost exposed layer. Consequently,
the differences in the direction of change of the height
profiles with time (Figure 2b—2e) can be correlated with
the changes in the swelling state of a layer subset within
the tactoid. In this particular case, there seems to have
been significant variation in the swelling behavior which
did not appear to be correlated to the vertical position
within the tactoid.

The variability in the AFM height profiles obtained
from different locations on the same tactoid suggests
that additional information about the dynamics of the
swelling process can be revealed through a more holistic
approach to image analysis. An alternative approach to
examining the two-dimensional slice of an image created
from a line profile is to examine the change across the
entire lateral dimension of the particle. By restricting the
images to only points above a threshold value for the
measured height, a comparison of the particle areas at
two different times may reveal swelling if additional
areas of the tactoid become apparent as the threshold
height is achieved. Conversely, if a particle area exhibits
layer compression, the area may disappear from the
image as those points fall below the threshold height. By
comparing different threshold values on the same
particle, changes in the swelling state may be monitored
as a function of vertical position within the tactoid layer
stack.

This process of using multiple vertical thresholds for
comparing images is illustrated for a Na-nontronite
tactoid (Figure 3). Two images of the particle were
acquired at approximately 10 min (Figure 3a) and 45 min
(Figure 3b) after a solution of 5 mM NaCl was
introduced into the fluid cell. To illustrate the height-
dependent changes in the particle, the flooding function
in the image analysis software was used to restrict points
in the images to points at or above a certain plane, which
made all points below the chosen plane a uniform
background color (Figure 3c—3f). When the threshold
plane was set at 40 nm (Figure 3c, 3d), a comparison of
the images revealed that a larger fraction of the lateral
area of the particle met this minimum value at the later
time (Figure 3d). The lower exposed layers on the right
side of the particle have moved up and changed the
shape of the particle that was visible above the 40-nm
threshold. This change was also confirmed by the
surface area calculated using the software that increased
from 652,900 (Figure 3c) to 664,000 nm? (Figure 3d).
The change that was apparent in the higher layers in the
stack was determined by setting the threshold plane to 60
nm (Figure 3e, 3f). In contrast to the observations at the
lower level in the stack, a decrease in surface area from
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Figure 2. AFM image (a) and height profiles (b, c, d, e) across a Na-exchanged NAu-1 tactoid in 5 mM NaCl solution. The profiles
indicate the particle heights 40 min and 3.8 h after the solution was introduced into the fluid cell.

401,200 (Figure 3e) to 350,200 nm? (Figure 3f) was
apparent and suggested that some of the higher layers
were compressed and dropped below the 60 nm
threshold.

As another example, an identical experiment was
performed on a second NAu-1 tactoid (Figure 4).
Threshold values were chosen again based on the
heights of the exposed lower layers in order to best
illustrate the changes apparent in this particular tactoid.
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When the threshold value was set at 40 nm (Figure 4c,
4d), the particle surface area clearly increased during the
75 min exposure to a solution of 5 mM NaCl and the
lateral surface area increased from 541,100 to 595,800
nm?. A second plane at a threshold value of 60 nm
(Figure 4e, 4f) indicated the same trend with a surface
area increase from 300,800 to 378,800 nm>. In contrast
to the previous sample, all the exposed layers in this
particle appeared to swell.
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Figure 3. Flooded images of a Na-exchanged NAu-1 tactoid in a 5 mM NacCl solution produced by restricting the original AFM
images only to points above a threshold height. The original images were acquired 10 min (a) and 45 min (b) after the solution was
introduced into the fluid cell. The flooded images indicate the particle area 10 min (c) and 45 min (d) after the solution was
introduced at the 40-nm plane and 10 min (e) and 45 min (f) after the solution was introduced at the 60-nm plane.

Taken together, the data presented here (Figures 1—4)
demonstrated that AFM provides a method to directly
measure swelling at multiple points within a single
smectite tactoid. The primary advantage that this
technique offers is the ability to make these measure-
ments in situ as the aqueous environment is modified.
The cation exchange process, which directly affects
swelling, is an example of a dynamic process that could
be explored using this technique. To illustrate this use of
the technique, a K-montmorillonite tactoid was initially
equilibrated in a 5 mM solution of KCI in the fluid cell
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and the particle was imaged (Figure 5 inset). The
solution in the fluid cell was exchanged and the tactoid
was imaged again after equilibration for 1.5 h in 5 mM
NaCl. As can be clearly seen in the height profiles
(Figure 5), the overall height of the tactoid increased by
~10 nm after equilibration with NaCl solution. Two
subsequent AFM images of the tactoid in NaCl were
taken along the same line and these profiles (Figure 5)
were almost perfectly aligned with the profile measured
at 1.5 h and indicated that the clay exhibited no further
changes in swelling after an additional 3 or 4 h.
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Figure 4. Flooded images of a Na-exchanged NAu-1 tactoid in a 5 mM NaCl solution produced by restricting the original AFM
images to only points above a threshold height. The original images were acquired 25 min (a) and 75 min (b) after the solution was
introduced into the fluid cell. The flooded images indicate the particle area 25 min (c¢) and 75 min (d) after the solution was
introduced at the 40-nm plane and 25 min (e) and 75 min (f) after the solution was introduced at the 60-nm plane.

DISCUSSION

Tactoid microstructure

The AFM images of smectite samples obtained by the
method described here revealed the presence of isolated
particles anchored to the underlying substrate. The
particles, which have significantly larger lateral dimen-
sions than height, have a terraced structure that indicated
the particles were composed of stacks of clay layers. The
stability of the particles suggests that the particles were
indeed tactoids, although the data do not definitively
prove that these particles were truly individual tactoids
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formed from layers that were closely associated,
mutually attracted, and not aggregates of layers that
were randomly deposited together. Neither the introduc-
tion of an aqueous solution to the fluid cell nor the
equilibration of the particle in that solution broke up
these structures. Furthermore, the ionic strength of the
solutions used here (5§ mM NaCl) was chosen in order to
support the formation of tactoids. Similar salt concen-
trations have been shown to lead to coagulation of the
initially dispersed Na-montmorillonite layers in suspen-
sions (Michot et al., 2013a).
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Figure 5. Height profiles of a K-exchanged SWy-2 tactoid first equilibrated in 5 mM K Cl and then equilibrated for 1.5, 3, and 4 h after
5 mM NaCl was introduced into the fluid cell with the AFM image inset in the upper right corner.

The distance that separated the exposed terraces in
these particles varied considerably and suggests that the
internal structure of the tactoids were not uniform
distributions of clay layers. The larger separations may
be due to micropores that separate the domains of more
closely associated layers. This interpretation was sup-
ported by SAXS studies of both dried montmorillonite
films (Bihannic ef al., 2001b) and particles in suspension
(Faisandier et al., 1998; Michot et al., 2013a) which
provided evidence of internal porosity within individual
particles.

Swelling heterogeneity

The AFM technique demonstrated here provides a
method of directly measuring the physical dimensions of
a clay mineral tactoid in an aqueous environment.
Although changes in the overall size of a particle (i.e.
the measured height of the exposed surface at the top of
the tactoid relative to the underlying substrate) can be
readily determined from a comparison of AFM images,
interpreting the changes in height as a change in layer
separation requires a careful examination of the particle
morphology. Because the tactoids deposited on the
substrate by this sample preparation method are com-
posed of layers with various lateral dimensions that are
randomly aligned with respect to the x-y plane, the
exposed upper surface of the particle often consists of
the parts of multiple layers at different levels in the
stack. In these cases, changes in measured height can
then be related to changes in layer spacing for different
portions of the particle. These position-dependent
changes can be monitored either by examination of
multiple line profiles that transect different layers
(Figure 2) or by setting different threshold values for
the height data and comparing the changes in particle
lateral area at those specific planes (Figures 3, 4).
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Regardless of which analysis method is employed,
the data presented here indicates that the swelling
process does not proceed uniformly throughout all layers
of a tactoid. As a tactoid equilibrates with an aqueous
solution, layer separation may increase in some layers
while the distances between other layers may decrease.
Swelling thus does not proceed as a uniform increase in
the measured height of every exposed layer, but rather
results in both increases and decreases of the vertical
position of individual layers even as the tactoid as a
whole increases in volume.

The variability in swelling response is likely due to
the initial, heterogeneous microstructure of the tactoids,
which as discussed above are likely composed of
substacks of closely associated layers separated by
lenticular micropores (Bihannic et al., 2001b). These
micropores provide regions into which neighboring
layers can expand and effectively compress one area of
the tactoid even as the overall volume increases. This
picture of swelling at the scale of individual tactoids is
analogous to the swelling process observed at the
micrometer scale where larger inter-particle pores
decrease in size as interlayer swelling proceeds (Likos
and Lu, 2006; Likos and Wayllace, 2010; Massat, 2016).

Applications and limitations of the method

As illustrated by changes in the measured height
profiles in the cation exchange experiment (Figure 5),
the AFM measurement technique provides sufficient
stability to monitor changes over extended time periods
without interferences due to non-chemical changes. The
only change observed in this experiment took place
sometime within the first 1.5 h of equilibration in NaCl
as Na' from the aqueous environment around the clay
diffused into the interlayer and exchanged for the
original K* cations. Presumably, the solution exchange
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in the fluid cell provided a significant excess of aqueous
phase Na' in comparison to K" and a large fraction of
the K" was leached from the clay upon equilibration.
Once a sufficient amount of Na entered the interlayer,
the tactoid transitioned from the crystalline to the
osmotic swelling regime that is supported by Na® but
not by K* (MacEwan and Wilson, 1980; Boek et al.,
1995). Once this equilibration was complete, no addi-
tional change in the swelling state was observed, which
demonstrated the sensitivity and specificity of the
technique to measure swelling changes that result from
modification of the aqueous phase composition.

The stability of the AFM measurements in combina-
tion with the in situ fluid cell flexibility allows solution
exchange at any desired interval and makes this method
uniquely useful for studying changes in swelling that
accompany a change in the aqueous phase composition.
With more frequent imaging (at minute rather than hour
intervals), this technique could be used to obtain kinetics
data for the exchange of interlayer cations and the
transitions from one swelling regime to another.
Additionally, because AFM allows a single tactoid to
be followed through time, the technique presented here
can complement XRD and SAXS studies, which provide
average information on the ensemble of all the clay
layers in a sample. The direct visualization of structural
changes at the scale of individual tactoids using AFM
can provide confirmation of models used to interpret
diffraction and scattering data.

The most significant limitation of AFM use to
monitor clay mineral swelling is the dependence on
tactoid morphology, which cannot be controlled in the
sample preparation process. The ability of the technique
to measure the heights of multiple layers within a single
tactoid requires that a tactoid be found in which the layer
stack is aligned with multiple layers that are exposed on
the top surface of the particle. Tactoids deposited onto
the substrate from a suspension as the sample evaporates
form completely random stacks. When smaller layers
end up underneath broader layers, the layers are not
accessible to the AFM tip and as a consequence the
individual changes in swelling cannot be determined. A
judicious choice of tactoids for imaging is necessary in
order to maximize the information that can be obtained
from AFM analyses.

CONCLUSIONS

AFM is a novel in situ method for directly measuring
clay mineral swelling at the tactoid level in an aqueous
environment. Analysis of multiple layers within a single
tactoid revealed that osmotic swelling at the nanoscale is
a heterogeneous process and significant variability was
observed at different locations within the tactoid. An
increase in the layer spacing in one region may result in
a decrease in the spacing in a neighboring region, which
suggests that the internal porosity within a tactoid may
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be lost during swelling. The method, which is unique in
its ability to monitor a single tactoid in an aqueous
solution, is applicable to studies of any system in which
a changing aqueous environment will modify the degree
of swelling. AFM analyses complement the ensemble-
averaged information obtained from diffraction and
scattering studies and offer opportunities for in situ
studies of the role of smectites in contaminant fate and
transport as well as kinetics studies of individual
tactoids.
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