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Clays are of paramount importance for soil stability, but also in applications ranging from oil recovery to
composites and hydrogels. Generically, clays are divided into two subclasses: macroscopically swelling,
‘active’ clays that have the capacity for taking up large amounts of water to form stable gels, and ‘passive’ or
non-swelling clays; the former stabilize soils whereas the latter are known to lead to landslides. However, it
has been unclear so far what mechanisms underlie clay swelling. Here, we report the first observation of a
temperature-induced transition from a passive to an active, swelling clay. We propose a simple description
of the swelling transition; while net attractive interactions are dominant at low temperatures so that the clay
particles remain attached to each other in stacks, at higher temperatures it is energetically favourable for the
clay to swell due to the entropy that is gained by counterions which are liberated during swelling.

nteractions with water are determinant for the mechanical stability and material properties of clays.

Understanding these complex interactions is therefore important for a wide range of fields; examples include

the earth sciences"” and modern materials research®*. As naturally abundant minerals, clays are important
components of soils'; swelling clays subjected to wetting-and-drying cycles can for instance have huge negative
impacts on the stability of constructions like buildings and roads, but also provide a natural mechanism for the
recovery of a soil following compaction. In oil and gas recovery, the swelling of active clays is the principal cause of
shale instabilities, which can potentially lead to wellbore collapse’. Recent years have seen a surge of renewed
interest in clays as components of novel materials, such as clay-based hydrogels*, or nano-structured clay-
polymer composites®. In all of these areas, the interactions of clays with water are crucial, and understanding
the physical driving force for clay swelling can therefore potentially help to predict and control it.

Typically, clays consist of 1 nm thick crystalline phyllosilicate layers with lateral dimensions ranging from
around 30 nm into the micrometer range®. In their dry form, the layers assemble to form stack-of-card like
particles. The stacks are held together by van der Waals forces, and by electrostatic forces in the case of clays with
negative layer charges. The latter types of clays have positive counterions located in between the layers of a stack,
leading to an attractive interaction similar to a salt bridge”®, and can also take up water in the interlayers. If the
water uptake is large enough, the clay is termed ‘active’: it will show macroscopic swelling in humid environments
and develops large swelling pressures when volume changes are restricted®. We consider that, when dispersed in
water, active clays may show full or partial delamination; such clays are known to form stable gels at very low
volume fractions’. ‘Passive’ clays on the other hand have limited or no water uptake, leading to very different
mechanical properties.

Results

Our study is made on a Na-fluorohectorite clay. The clay particles are polydisperse, have large lateral dimensions
(~pm) and possess a high intrinsic layer charge (1.2 e~ per unit cell)'® that is balanced by Na* counterions. We
studied the hydration of the samples in low-salinity water by means of synchrotron x-ray scattering. At room
temperature we find that the clay is passive: its hydration is very limited and gives rise to a well-defined hydration
state, with a two molecules thick layer of water forming between the layers of a particle stack. During this so-called
‘crystalline swelling’®"!, particle stacks are intact and interlayer distances regular enough to give rise to well-
defined diffraction peaks (Fig. 1a). Our data show that Na-fluorohectorite particles exist in aqueous solution as
stacks comprised of on average roughly 100 lamellae intercalating two layers of water molecules at room
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Figure 1 | Results from x-ray scattering. The figures show the azimuthally
integrated scattered intensity as a function of the scattering vector g,
recorded at increasing temperatures around (a) the 001 Bragg peak and (b)
at small angles. Samples were prepared by dispersing Na-fluorohectorite in
10 mM NaCl solution at a clay content of 3 wt%. The dispersions were
stored vertically for 10 days prior to measurement, allowing for some
sedimentation. Diffractograms were recorded near the bottom of the
capillaries where the concentration of particles was roughly 10 wt%?*. The
scattering curves were recorded with an exposure time of 1.5 minutes
starting 3 minutes after a given target temperature was achieved, with the
ramp from one temperature plateau to the next lasting 10 minutes.
Complimentary measurements with longer waiting times at the
temperature plateaus showed no further changes in the scattering at any of
the investigated temperatures, indicating that a stable state was reached
quickly on the length scales investigated. The last dataset at 302 K was
recorded post-heating after 24 hours of room temperature storage. The
curves were normalized taking into account the incoming photon flux and
the transmission of the sample.
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temperature (see Supplementary info)'>'*'*'>. The repetition dis-
tance between the clay layers is 1.51 nm, giving rise to a Bragg peak
at a scattering vector g=4.15 nm™' (Fig. 1a).

When the temperature is increased, large changes in the scattering
are observed. The progressive disappearance of the 001 Bragg peak
(Fig. 1a) shows that the stacking structure is lost. Simultaneously an
intensity loss at the smallest angles and the appearance of a peak in
the small-angle scattering (Fig. 1b) is consistent with the formation of
a system where average interparticle correlations at large distances
(approximately 27/0.35 nm~'=18 nm) become progressively more
predominant. Since we do not observe diffraction from other well-
defined hydration states, and because the 20,13-band'® originating
from lateral periodicities within clay layers remains intact (see
Supplementary Fig. S2), this behaviour may only be explained by a
dramatic expansion of the average interlayer distance along with the
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Figure 2 | Non-swelling to swelling transition. At 300 K, non-swollen
Na-fluorohectorite particles exist as stacks intercalating two water layers.
As temperature increases to 350 K, swelling occurs as particle stacks
delaminate into much smaller stacks or single unit layers and many charge-
balancing interlayer cations become free to conduct.
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loss of any long-range order associated with thick particle stacks.
These features signify swelling and delamination. Thus the Na-
fluorohectorite particles, which are passive at low temperatures, pro-
gress towards an active, swollen state as the temperature is increased
(see illustration in Fig. 2). This is to our knowledge the first obser-
vation of a non-swelling to swelling transition of a clay induced by
temperature. The lack of a substantial intensity regrowth at the 001
position following cooling (Fig. 1a) shows that large particle stacks
remain absent when the temperature is lowered.

This swelling transition greatly changes the material properties of
the clay. The stress response 7(}) of non-heated and heated samples
(Fig. 3) shows that upon swelling, a yield stress emerges. To quantify
the latter, measured flow curves were fitted with the Herschel-
Bulkley model”, t(}) =19+ k}", with an amplitude k, a power law
exponent #, and a yield stress 7o. The latter is observed to have
increased from a negligibly small value for the non-heated system
to a value of 6 Pa for the heated one. We attribute the appearance of a
yield stress to an increase in the volume fraction of particles: when
the stacked particles of an active clay delaminate into thinner stacks
or into single layers, the effective excluded volume (taken as the
encompassing spherical volume of the particles') increases. Such
an increase in the effective volume fraction is a well-known driving
factor for dynamical arrest in colloidal systems.

To investigate how the temperature increase leads to swelling, we
performed in-situ conductivity measurements during heating. The
concentration of charge carriers as a function of temperature (Fig. 4)
shows an increasing number of free (conducting) charges as the
suspension is heated. This increase must be due to ions that are
mobilized once the clay swells; these are most probably the Na*
counterions.

The above result allows us to postulate a simple model for
the swelling. As the ions in solution are very dilute, they can be
modelled as an ideal gas. We can then calculate the entropy gain of
the counterions upon swelling of the clay. The Helmholtz free

-
energy F(T,V,N)=—ksTN <1 + In <nq N)) 18 leads to a chemical
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Figure 3 | Rheological characterisation. Ascending flow curves for heated
and non-heated samples of 10 wt% Na-fluorohectorite in 10 mM NaCl
measured on a Physica MCR300 stress controlled rheometer and on a
Rheometric Scientific ARES true strain controlled rheometer. Non-heated
samples were prepared two days prior to measurement and kept at room
temperature until the start of the experiments. Heated samples were heated
to 350 K immediately after preparation and kept at this temperature for 15
minutes before being cooled back to room temperature and stored for two
days. The reproducibility of the data obtained on the two different
rheometers with different cone angles indicates that wall-slip is not
significant here®. The solid line shows the Herschel-Bulkley model” fit.
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Figure 4 | Results from conductivity measurements. The figure shows the
concentration of monovalent charge carriers as a function of solution
temperature during heating of a 1.0 wt% Na-fluorohectorite dispersion in
10 mM NaCl (e). The error bars reflect the estimated precision of the
measurements, which was derived by performing the same measurements
on a NaCl solution with a comparable and known ion concentration. The
heating rate was the same as that employed in the x-ray experiments. The
temperature dependence of the conductivity due to the increased mobility
as a function of temperature was corrected for. When converting from
conductivity to charge carrier concentration, we have assumed all charge
carriers to be monovalent and that the solution conducts the same amount
of current as a NaCl solution would with the same number of charge
carriers. The acidity was measured throughout the experiments to be
between 9.50 and 9.75 pH, thus giving a negligible contribution to the
conducted current. The solid line (-) is the fit as described in the text with €
= gy = —51.8 kJ/mol, and the dashed lines (--) the equilibrium
concentrations projected for small deviations from g.

Planck’s constant and kg the Boltzmann constant. From the x-ray
data we infer that, with the employed heating rate, swollen and non-
swollen states reach equilibrium at a certain temperature T.
Equilibrium implies that the chemical potential (T, V, N) of the free
counterions equals the binding energy (or Gibbs free energy per
particle) of the interlayer ions in the two water layer state. Now, if
we assume that this energy depends only weakly on temperature for
the interval considered here, ¢&(T)=~¢<0, then from

\4
w(T,V,N)= —kgTIn (nq N) ~¢, we can deduce the equilibrium

concentration p of free Na™ ions as a function of T:

p(T)=ny exp(e/ksT) =aT*? exp(e/ksT) (1)

2
excellent agreement with the measured conductivity data (Fig. 4);
from the fit we obtain a value ¢ =gy = —51.8 kJ/mol.

From the nominal chemical formula for Na-fluorohectorite
(Na; ,Mg, gLi; ,SigO,0F4 per unit cell'®'®) and the surface area of a
unit cell calculated from crystallographic data, we find that our value
for ¢ is equivalent to a cohesive energy attributable to the counterions
of around —220 m]J/m?>. This is of the same order of magnitude as
the cohesive energy of —848 m]J/m’ obtained for completely dry
Na-montmorillonite through electrostatic calculations®. That our
cohesive energy obtained for hydrated particles (with a layer peri-
odicity =1.5 nm) is smaller than the energy calculated for dry Na-
montmorillonite (layer periodicity =~1.0 nm) is expected. We also
note that our swelling model is sensitive to the specific value for the
binding energy (Fig. 4): it predicts that a hypothetical 15% decrease in
|e| relative to e=gy would lead to swelling already at 300 K. On the
other hand, an increase in |¢| of 15% would make the swelling at
350 K undetectable within our experimental uncertainty. A temper-
ature increase from 300 to 350 K is therefore expected to cause a
passive, macroscopically non-swelling clay to become active only if
its binding energy is not too different from that of Na-fluorohector-
ite. We note here that the layer charge of Na-fluorohectorite is ident-
ical to the limiting layer charge (1.2 e~ per unit cell) that is
traditionally taken to separate smectites (active clays) from vermicu-
lites and illites (passive)®.

From the nominal chemical formula for Na-fluorohectorite, we
also estimate that the complete release of all Na* counterions in our
1.0 wt% suspension should have increased the free charge carrier
concentration by around 15 mM. The fact that we observe only
about one third of this increase at the highest investigated temper-
ature could be attributed both to charges being immobilized close to
the negative surfaces of the clay particles, as well as to the fact that a
proportion of the particles may remain in solution as thin stacks
comprising a few layers. The latter has been observed in aqueous
dispersions of the active clay Laponite RD at room temperature’. We
also observe that the swelling is not reversible by cooling alone
(Fig. 1a); this may be explained by the electrostatic repulsion between
layers preventing most particles from closely approaching each other
once swelling has occurred.

drmka 32
Herea= < o B) =3.44-10* mM-K~ %2 for Na. The result is in

Discussion

Our simple model (equation (1)) offers an explanation for the tem-
perature induced non-swelling to swelling transition: the transition is
driven by the increase in entropy of free counterions with temper-
ature, and this favours swelling. Furthermore, the deduced value for
the cohesive energy of —220 mJ/m?’ seems reasonable. Our entropy-
based model resembles that developed for the swelling of polyelec-
trolyte gels in polar solvents: in the latter case, swelling is promoted
by the increase in entropy achieved from mixing counterions with
solvent within the gel®".
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In summary, we have shown that a clay which at room temper-
ature is passive and non-swelling, undergoes a swelling transition
upon increasing the temperature. The swollen final state contains
partially or fully delaminated particles plus mobile Na* ions. Such
swelling could carry significance for soil mechanics', for drilling
fluids in oil wells® and for nuclear waste storage®, which are all
situations where clays in hydrous environments may encounter tem-
peratures in the ranges studied here.

Methods

Na-fluorohectorite was prepared from synthetic Li-fluorohectorite purchased from
Corning Inc., New York, through ion exchange®. The aqueous Na-fluorohectorite
dispersions were prepared by mixing clay powder with NaCl salt solutions using a
mechanical shaker. For the x-ray studies, samples were prepared at 3 wt% solid
content in 10 mM NaCl, filled into 2 mm in diameter glass capillaries and stored
vertically for 10 days prior to measurement. This aging time allows for sedimentation
of large particles or aggregates and induces a vertical concentration gradient'***. We
studied the region near the bottom of the capillaries where the concentration of
particles is roughly 10 wt%*. The x-ray studies were conducted at beamline 1711 at
MAX-]ab*, and at the SNBL beamline at ESRF. Diffractograms were recorded with a
counting time of 1.5 minutes starting 3 minutes after a given target temperature was
reached, with the ramp of approximately 10 K from one temperature plateau to
another lasting

10 minutes.

For the rheological study, samples were prepared at 10 wt% solid content in
10 mM NaCl. Non-heated samples were prepared two days prior to measurement
and kept at room temperature until the start of the experiments. Heated samples were
heated to 350 K immediately after preparation and kept at this temperature for
15 minutes before being cooled back to room temperature and stored for two days.
Rheological characterization was performed on a Physica MCR 300 stress controlled
rheometer and on a Rheometric Scientific ARES true strain controlled rheometer.
The MRC 300 featured a cone diameter of 25 mm, a cone angle of 1.0° and a
0.050 mm gap, and the ARES rheometer a cone diameter of 50 mm, a cone angle of
0.040 rad (2.3°) and a 0.050 mm gap. Both rheometers were equipped with solvent
traps.

The conductivity data were obtained by measuring in-situ the solution con-
ductivity as a function of sample temperature during heating of a 1.0 wt% Na-
fluorohectorite dispersion in 10 mM NaCl. The heating rate was the same as that
employed in the x-ray experiments. The temperature dependence of the conductivity
due to the increased mobility as a function of temperature was corrected for.
Conversion from conductivity to charge carrier concentration was performed with
the assumption of all charge carriers being monovalent Na* ions.
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