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Understanding the changes in the microstructures and structures of clays with varying intercalated metal
ions at elevated temperatures is of importance for many applications ranging from the recovery of shale
gas from unconventional formations to developing effective nuclear waste containment technologies, and
engineering materials such as ceramics for fuel cell applications. In this study, synchrotron-based in-
operando multi-scale X-ray scattering analyses are used to determine dynamic microstructural and crys-
tal structural changes in Na- and Ca-montmorillonite on heating from 30 °C to 1150 °C. Larger cations
such as Ca%* confer more defined morphological regimes compared to Na* ions in compacted clays, as evi-
dent from the ultra-small-angle X-ray scattering results. The hierarchical morphology of clays is charac-
terized to distinguish between nano-scale interlayer swelling porosity, meso-scale porosity, and
intergranular pore spaces between powdered clay grains. On heating from ambient temperature to
200 °C, the removal of interlayer water reduced the basal distances to 9.6 A. On further heating to
800 °C, gradual dehydroxylation of the clay sheets is evident from the structural changes. The effects
of sintering at temperatures greater than 800 °C are evident from significant reductions in the intrinsic
porosities of the clay sheets, and the formation of newer phases such as mullite. By connecting the in-
operando microstructural and structural changes across spatial scales ranging from micrometers to
Angstroms, the possibility of engineering high temperature processes for achieving morphologies and
chemical compositions of interest is presented.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

at the nano-scale impact the microstructural properties, or vice
versa.

A fundamental microstructural and crystal structural under-
standing of clays at elevated temperatures is essential for the
advancement of many technologies related to materials science,
and energy and environment such as the development of effective
well-bore sealants for drilling applications [1], robust clay barriers
for effective nuclear waste containment [2], novel ceramic fuel cell
materials [3], gas storage and transport at elevated temperatures
[4,5], and enhancing the sorption of heavy radioactive metals into
clay structures [6]. While various studies have investigated the
microstructures [7-14], or the crystal structures of clays [15-17],
there remains a limited scientific understanding of how changes
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Several recent advances in synchrotron-based X-ray instrumen-
tation have enabled in-situ and in-operando measurements of the
microstructural and crystal structural changes in materials using
multi-scale X-ray scattering techniques. One such technique
involves combining ultra-small angle X-ray scattering (USAXS),
small angle X-ray scattering (SAXS), and wide angle X-ray scatter-
ing (WAXS) characterization into a single set of measurements
with one sample configuration [18-20]. In this study, we investi-
gate the simultaneous microstructural and crystal structural
changes in Na- and Ca-montmorillonites on heating to 1150 °C
using USAXS/SAXS/WAXS measurements. USAXS, SAXS, and WAXS
capture the clay morphology, the characteristic basal spacing, and
the crystalline structures of clays collectively spanning a size range
of um to A in one combined measurement. While the meso- and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2017.01.092&domain=pdf
http://dx.doi.org/10.1016/j.fuel.2017.01.092
mailto:ge2131@caa.columbia.edu
http://dx.doi.org/10.1016/j.fuel.2017.01.092
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel

196 G. Gadikota et al./Fuel 196 (2017) 195-209

nano-scale morphologies are determined using USAXS and SAXS,
the structural changes are determined using WAXS.

While most natural clay-bearing geologic materials such as
shales are modeled assuming a disordered fractal morphology
[21-23], this is not always the case with clays. Clays have hierar-
chical structures with layered morphologies comprising interlayer
nanopores, mesopores, and micropores associated with the
arrangement of the clay units. We have modeled the layered, hier-
archical morphologies from the combined USAXS/SAXS data,
including changes in the surface areas, porosities, and size distribu-
tions specific to Na-montmorillonite and Ca-montmorillonite clays
in the form of pelletized powder samples as they are heated to
1150 °C.

Na-montmorillonite and Ca-montmorillonite are swelling clays
that have the characteristic ability to sorb variable amounts of
water depending on the relative humidity of the environment
[15,16,24]. This behavior is captured by changes in the interlayer
basal distances that is found in the SAXS regime [25]. The zero
and single-layer hydrates in smectites (a clay family that includes
Ca- and Na-montmorillonites) give rise to basal distances corre-
sponding to (9.5-10.2) A and (11.6-12.7) A, respectively [16,26-
33]. While X-ray scattering and diffraction (XRD) studies report
changes in basal distances on heating to <200 °C [17,25,34-45],
changes in the basal distances on heating clays from ambient tem-
perature to 1150 °C, measured together with the corresponding
microstructural changes have not been reported to-date.

Here, we report the changes in the USAXS/SAXS/WAXS profiles
of Na- and Ca-montmorillonites on heating to 1150 °C. The com-
bined USAXS/SAXS data are modeled to obtain the pore size distri-
butions associated with the hierarchical morphologies in pelletized
clays, their surface areas and volume fractions. Interpretation of
these results is correlated with observed changes in the character-
istic interlayer peak, and also changes in characteristic montmoril-
lonite phases, as well as formation of newer phases such as mullite
(2Al,03-Si0;) at elevated temperatures. Using multiple comple-
mentary techniques such as Brunauer-Emmett-Teller (BET) sorp-
tion and XRD in ex-situ measurements may produce similar
results based on the analyses of heat-treated samples, but they
do not provide insights into the hierarchical morphological
changes in the materials. Specifically, this includes the tempera-
ture transitions at which major microstructural and structural
events occur, including the collapse and appearance of new phases,
changes in morphological ordering, and nuanced differences in the
microstructure and structure of two clays having similar clay sheet
arrangements but with variations in interlayer cation substitution
(e.g., Na* versus Ca®* within montmorillonite clay interlayers).

2. Materials and methods

Na-montmorillonite (SWy-3) and Ca-montmorillonite (STx-1)
procured from The Source Clays Repositories' (Purdue University,
West Lafayette, IN) are ground to a size smaller than 75 pm, and
compacted into pellets. This approach is useful for understanding
the incorporation of clay particles into natural and engineered com-
posite materials. The thickness of each compacted pellet of Na- or
Ca-montmorillonite is typically ~ 0.5 mm. The heat treatment of
the clays is performed by placing the pellet in a Linkam TS1500 heat-
ing stage (Linkam Scientific Instruments Ltd., Tadworth, UK) where
the temperature control is to within +0.1 °C. The temperature ramp
rate is set to 2 °C/min (up to 4 °C/min over parts of the range away
from obvious transitions), with starting and final temperatures of

1 Certain commercial materials, equipment and references are identified in this
paper only to specify adequately experimental procedures. In no case does such
identification imply recommendation by NIST nor does it imply that the material or
equipment identified is necessarily the best available for this purpose.

30 °C and 1150 °C, respectively. The Linkam TS1500 stage is appro-
priately aligned for the synchrotron beamline experiments.

The multi-scale X-ray scattering experiments are performed at
the USAXS instrument at sector 9-ID at the Advanced Photon
Source (APS), Argonne National Laboratory, Argonne, IL. Using this
instrument, USAXS measurements are combined with pinhole-
camera based SAXS measurements and with WAXS measurements.
The USAXS, SAXS and WAXS data comprise scattering or diffracted
intensity, I(q) versus q where q = (4n/4)sin 0 and q = (27t/d) to deter-
mine a lattice spacing, d, from an XRD peak in the WAXS data), 1 is
the X-ray wavelength and 0 is half of the scattering or diffracted
angle, 26. Data collection times for USAXS, SAXS and WAXS are
90, 30, and 30 s, respectively, for a total of ~ 3 min, including
time for instrument stage motions. Thus, all measurements are
made within a few minutes of each other without changing the
sample configuration within the beam, which greatly reduces any
uncertainties arising from configuration changes.

A pair of high-resolution X-ray slits is used to define the beam
size, which is set to (0.8 x 0.8) mm for USAXS and (0.2 x 0.2)
mm for SAXS (pinhole SAXS or pin-SAXS) and WAXS. This latter
setting allows the detector pixel size, (172 x 172) pm, for both
SAXS and WAXS to be compatible with the incident beam collima-
tion and flux. The sample-to-detector distances for SAXS and
WAXS are set to 547 mm and 181 mm, respectively. The total X-
ray flux at the sample is ~ 10'> photons~!. The g values and
sample-to-detector distances are calibrated using silver behenate
and the NIST standard reference material, SRM 640d (Si). The X-
ray 4 =0.59 A (X-ray energy = 21.0 keV). Collected data are reduced
and analyzed using the Irena [46] and Nika [47] software packages
written in IgorPro (Wavemetrics, Lake Oswego, OR). Computed
standard uncertainties in the reduced data are represented by ver-
tical bars in the figures, and are typically +5% of the mean, unless
indicated otherwise. For the interlayer and other XRD peaks, the
peak position fits can be determined to within a standard uncer-
tainty in g that is always less than £0.005 A~!, with a correspond-
ing standard uncertainty in d-spacing less than +0.01 A.

3. Results

We discuss the changes observed in the USAXS, SAXS, and
WAXS I(q) as a function of q data as Na- and Ca-montmorillonite
are heated, based on the effects of various temperature ranges on
the key microstructural and structural features. The temperature
ranges of interest identified are (i) (30-200) °C, (ii) (200-800) °C,
(iii) (800-1000) °C, and (iv) (1000-1150) °C, which correspond to
the removal of interlayer water, slow dehydroxylation, sintering,
and then major morphological transitions from layered hierarchi-
cal to complex fractal structures, respectively.

The hierarchical morphology of the clays comprising the inter-
layer nanopores between adjacent clay sheets, mesopores between
stacked clay sheets [48], and larger macropores between clay
grains, correspond to identifiable g-ranges in the combined
USAXS/SAXS regime as presented in Fig. 1. This is useful for refer-
ence in interpreting the USAXS/SAXS data in terms of the
microstructural and structural changes in Na- and Ca-
montmorillonite on heating, considered in detail in the following
sections.

(i) 30-200 °C

The combined USAXS/SAXS data curves for Na- and Ca-
montmorillonites on heating from 30 °C to 200 °C are presented
in Figs. 2(a-1) and 3(a-1), respectively. The USAXS curves in the q
range: (1074 to 10~') A" correspond to a length scale regime of
micrometers down to nanometers. The characteristic USAXS
curves for Na-montmorillonite are smoother and more continuous
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Fig. 1. Schematic representation of hierarchical morphologies in clay structures as modeled from combined USAXS/SAXS data. Data shown for Na-montmorillonite is at 26 °C.

Vertical bars are computed standard deviations in measured USAXS/SAXS intensities.

compared to those for Ca-montmorillonite, where their slopes dif-
fer across three regions: (107 to 2.5 x 1073) A~1, (2.5 x 1072 to
6.0 x 1072)A1, and (6.0 x 1072 to 1.5) A~!. The more distinct scat-
tering slopes in Ca-montmorillonite versus the smoother and more
continuous curves for Na-montmorillonite are indicative of more
scale-separated, distinctive morphologies corresponding to the
spatial regimes listed above, compared to a more disordered (per-
haps more flexible) structure in Na-montmorillonite.

Changes in the intensity curves are greater in Na-
montmorillonite compared to Ca-montmorillonite indicating that
heat has a greater impact on less ordered clay structures (Table 1,
Figs. 2(a-1) and 3(b-1)). These results also suggest that the changes
at low q (coarse features) are smaller compared to those at high g
(fine features). For clarity, data in the g range: (0.1-1.5) A~! for Na-
and Ca-montmorillonites are presented in Figs. 2(a-2) and 3(a-2),
respectively.

Particularly significant changes in the scattering behaviors of
Na- and Ca-montmorillonite are evident in the g range: (0.1-1.5)
A-'. The distinct small angle diffraction peaks in Na- and Ca-
montmorillonite, corresponding to 0.58 A~! and 0.53 A~!, repre-
sent the clay (001) basal spacings (Figs. 2(b-1) and 3(b-1)). These
basal spacings in Na- and Ca-montmorillonite are 10.8 A at 26 °C
and 11.8 A at 30°C, respectively. Zero (OW) and single-layer
(1 W) hydrates of smectites have reported basal spacings of (9.5-
10.2) A and (11.6-12.7) A, respectively [16,26-30]. It can be
inferred that the hydrated states of the smectites bearing Na-
montmorillonite and Ca-montmorillonite at the start of these
experiments are 0-1 W and 1 W, respectively.

Changes in the Na-montmorillonite basal spacing are smaller
than for Ca-montmorillonite as water is removed on heating to
200 °C. The basal distances of Na-montmorillonite at (26, 105
and 200) °C are (10.77, 9.99 and 9.78) A, respectively, while those
of Ca-montmorillonite at (30, 105 and 197) °C are (11.74, 10.84 and
9.91) A, respectively. (The basal distance of 9.91 A in Ca-
montmorillonite is unchanged at 179 °C (shown in Fig. 3) and
197 °C). The basal distances at ~ 200°C for both Na-

montmorillonite and Ca-montmorillonite correspond to those of
zero-layer hydrates of the montmorillonites [16,26-33]. Our stud-
ies are in agreement with previously published results indicating
the transition of the basal distance from the 1 W to 0 W states is
not complete at 125 °C in Ca-montmorillonite [16], and heating in
excess of 130 °C is required for the complete removal of interlayer
water. A distinct reduction in the intensity of the characteristic swel-
ling peak in Ca-montmorillonite compared to Na-montmorillonite
on heating is also noted (Figs. 2(a-2) and 3(a-2)).

In addition to the changes in the characteristic basal spacing,
the changes in the crystal structure of Na-montmorillonite and
Ca-montmorillonite can be obtained from the WAXS data. While
various peaks can be analyzed to determine the structural changes
on heating, two peaks that typify changes on heating correspond
to: g =4.135 A~! with d-spacing = 1.52 A for the combined (026)

and (135) montmorillonite diffraction peaks in Na-
montmorillonite; and q=1.405 A~! with d-spacing=4.47 A for
the (110) montmorillonite diffraction peak in Ca-

montmorillonite (Fig. 4(a-1) and (b-1)). Both peaks are characteris-
tic of montmorillonite structures as reported in several studies
[34,49,50]. Because of this, the choice of either characteristic peak
is not expected to yield significantly different analyses. On heating
from ambient temperature to 200 °C, a small expansion in the crys-
tal structure is noted from the decrease in q of the peak positions in
Na- and Ca-montmorillonite (Fig. 4(a-1) and (b-1)).

We note that clays are not perfectly crystalline materials and
the turbostratic ordering in the clay sheets result in many broad
peaks rather than sharper and more distinct peaks [51-53]. The
characteristic peak that best represents the turbostratic ordering
of clays, the so-called h-k bend, is found at a g-value between
2.35A7" and 2.65A! in Na- and Ca-montmorillonite, as shown
in Fig. 5(a-1) and (b-1), respectively. Significant changes in the
h-k bend are not evident on heating the clays from
ambient temperature to 200 °C, indicating that the quasi-
crystallinity of these clays is not directly influenced on heating in
this temperature range.
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Fig. 2. Changes in combined USAXS/SAXS data for Na-montmorillonite in temperature ranges: (30-200) °C (a-1); (200-800) °C (a-2); (800-1000) °C (a-3); and (1000-1150)
°C (a-4). Changes in SAXS data for the basal distance diffraction peaks are magnified in (b-1), (b-2), (b-3) and (b-4). Vertical bars are computed standard deviations in

measured USAXS/SAXS intensities.

(ii) 200-800 °C

Combined USAXS/SAXS curves for Na- and Ca-montmorillonites
on heating from 200 °C to 800 °C are presented in Figs. 2(a-2) and 3
(a-2), respectively. The data curves at 300 °C remain similar to
those measured at 200 °C for Na-montmorillonite and 179 °C for
Ca-montmorillonite. Reductions in the scattering intensities are
noted across the entire g range in both montmorillonites on heat-
ing from 300 °C to 817 °C (Table 1). These results suggest that the
overall morphologies associated with g <103 A~! do not vary sig-
nificantly. Similarly, the nano-scale morphologies do not exhibit as
significant a variation in this temperature range compared to heat-
ing from 30 °C to 200 °C (Figs. 2(b-2) and 3(b-2)).

The changes in the basal distances in Na- and Ca-
montmorillonite that correspond to the small-angle diffraction
peaks within the q ranges (0.5-0.7) A~! are not as pronounced as
found in the lower temperature range. However, unlike for
Na-montmorillonite, the interlayer peak intensity for
Ca-montmorillonite continues to decrease with increasing temper-
ature to 800°C. Meanwhile, the basal distances of Na- and
Ca-montmorillonite are ~ 9.8 A throughout this temperature range
(Figs. 2(b-2) and 3(b-2)).

Unlike the subtle trends seen in the USAXS/SAXS data, signifi-
cant changes in crystal structure are evident on heating from 600 °C
to 800 °C in both Na- and Ca-montmorillonite dare consistent with
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Fig. 3. Changes in combined USAXS/SAXS data for Ca-montmorillonite in temperature ranges: (30-200) °C (a-1); (200-800) °C (a-2); (800-1000) °C (a-3); and (1000-1150)
°C (a-4). Changes in SAXS data for the basal distance diffraction peaks are magnified in (b-1), (b-2), (b-3) and (b-4). Vertical bars are computed standard deviations in

measured USAXS/SAXS intensities.

reported findings that the collapse of the montmorillonite lattice
begins at 600 °C [54]. In Ca-montmorillonite, increases in temper-
ature shift the selected (110) diffraction peak towards larger q,
indicating a smaller d-spacing. The changes in the characteristic
Na- and Ca-montmorillonite diffraction curves in Fig. 4(a-2) and
(b-2) are also consistent with the observed changes in the h-k bend
at q ~ 2.5 A~ that reflects the turbostratic ordering of clays (Fig. 5
(a-2) and (b-2)), which is indicative of the dehydroxylation of the
montmorillonite lattice [54].

(iii) 800-1000 °C
In this range, changes in the shapes of the USAXS curves are
more prominent in Na-montmorillonite than in Ca-

montmorillonite. A significant decrease in SAXS intensity of
Na-montmorillonite is noted at g ~ 0.1 A~! (Table 1) indicating
that the nano-scale morphology is altered in this temperature
range. In Na-montmorillonite, the data curve steepens in the g
regime range: (1072 to 10~') A~! on heating, and the intensity
decreases in this range. In the SAXS regime, an increase in temper-
ature from 800 °C to 1000 °C reduces the intensities but does not
change the positions of the interlayer peaks which remain at a g
of ~ 0.64 A~! in both Na- and Ca-montmorillonite (Figs. 2(b-3)
and 3(b-3)). The peak intensities of the basal distance (001) peaks
in Na- and Ca-montmorillonite at 993 °C are (61 and 48)% of the
peak intensities at 845 °C, which suggests that the dehydroxylation
of the montmorillonites on heating reduces the intensities of the
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Table 1

Intensity changes in USAXS/SAXS data at q=(10"% 10> and 10~") A"! on heating.
% changeinintensity = 100 x ‘@20 where I(T,) is intensity at temperature, Ty, and
I(T,) is intensity at temperature, T>.

Na-montmorillonite Ca-montmorillonite

On heating from % change On heating % change
Ty (°C) to T, (°C) observed in q from T; (°C) observed in q
to T, (°C)

26-200 12%at 10 2A! 30-179 9%at 10 3A!
16% at 1072 A1 12% at 1072 A1
26% at 1071 A™! 13%at 1071 A~!

300-809 —12%at 1073 A! 300-809 —12%at 1073 A!
—13%at 1072 A! —7%at 1072A!
—8%at 1071 A" —4% at 1071 A"

852-1005 3% at 103 A1 845-993 3% at 102 A!
—9%at1072A! 2%at 1072A!
—52%at 1071 A~! —10% at 101 A!

1010-1150 —22%at 103 A~! 1010-1150 39% at 102 A"

—67%at 1072A!
—83%at 10 'A!

—56% at 1072 A"
60% at 101 A~!

interlayer peaks. Other significant changes in the crystal structure
are evident in both Na- and Ca-montmorillonite in this tempera-
ture range. The intensities of the characteristic peaks, as well as
those of the h-k bend in both Na- and Ca-montmorillonite, are
progressively reduced on heating. This is indicative of the ongoing
disruption of the turbostratic structure of the clays (Figs. 4(a-3),
(b-3), 5(a-3), and (b-3)).

(iv) 1000-1150 °C

Significant morphological transitions are evident on heating
Na- and Ca-montmorillonite from 1000°C to 1150°C (Figs.
2(a-4), (b-4) and 3(a-4), (b-4)). The changes are greater in
Na-montmorillonite than in Ca-montmorillonite (Table 1). At
q<5x 107 A1, the scattering intensities in Na-montmorillonite
increase on heating from 1000 °C to 1150 °C. In the g-range:
(5x107*to 2 x 1072) A", the scattering intensities decrease but
the gradient in the scattering curve becomes steeper. The hierar-
chical size distribution model used at lower temperatures starts
to break down and fails to give results for 4 discrete pore popula-
tions. The changes in the size distributions towards a fractal mor-
phology of the clay pellets are consistent with the phase
transitions and enhanced sintering effects at temperatures in
excess of 1000 °C (Table 1) [58]. The characteristic small-angle
diffraction peak at q=0.65 A~! that corresponds to the basal
(001) distance disappears on heating above 1029 °C, indicating a
complete collapse at these temperatures of the original structure
of Na-montmorillonite with regular basal interlayer distances. In
Ca-montmorillonite, the scattering intensities decrease on heating
through this temperature range for g > 1.5 x 10~ A~!, but increase
for g > 103 A", These changes are indicative of densification with
reduced internal nano-porosity. Also, the basal distance peak in Ca-
montmorillonite disappears on heating above 1010 °C (Figs. 2(b-4)
and 3(b-4)), a slightly lower temperature than for Na-
montmorillonite.

The changes in the microstructure and structure of Na-
montmorillonite and Ca-montmorillonite in this temperature
regime are correlated with the complete disappearance of the
characteristic basal (001) diffraction peaks arising from the inter-
layers (Fig. 4(a-4) and (b-4)). Indeed, the turbostratic structure of
Na-montmorillonite disappears on heating at these temperatures,
and is replaced by the onset of diffraction peaks characteristic of
mullite [55,56] at 2.46 A~! (d-spacing =2.55A) and cristobalite
(Si0,) at 2.53 A! (d-spacing =2.48 A) [57] (Fig. 5(a-4)). In Ca-
montmorillonite, the adjacent development of mullite and cristo-

balite peaks is consistent with previously published studies
(Fig. 5(b-4)) [58]. The small differences in the peak sizes of mullite
are attributed to the variable forms of mullite that can be formed at
varying temperatures. The representative chemical formula for
mullite is: Ali4+2x)Si2-2x)0(10-x) Where x varies from 0.2 and 0.9,
depending on temperature [59,60].

4. Discussion

The detailed microstructural features of Na- and Ca-
montmorillonite on heating are ascertained from the USAXS/SAXS
curves presented in Figs. 2 and 3. These analyses are complimented
by the structural changes in the WAXS regime (Figs. 4 and 5). In
this section, we interpret the USAXS/SAXS/WAXS data presented
in the previous section to offer insights into the combined
microstructural and structural changes in clays. The morphological
changes of Na- and Ca-montmorillonite on heating are interpreted
in Section 4.1. The changes in the basal distances and the intensity
of the small angle diffraction peak in Na-montmorillonite and Ca-
montmorillonite are discussed in Section 4.2. The changes in the
characteristic Na-montmorillonite and Ca-montmorillonite diffrac-
tion peaks in the WAXS regime are discussed in Section 4.3.

4.1. Morphological perspective

The key morphological features of clays, such as the diameters
or volume fractions, porosities, and surface areas of the scattering
features, can be determined from the combined USAXS/SAXS
intensity curves presented in Figs. 2 and 3 by the appropriate
application of well-known small-angle scattering functions and
models [61-70]. Regardless of the model used, it should be noted
that the scattering as a function of q is related to the Fourier trans-
form of the real-space electron density distribution. This means
that coarse features give rise to the scattering at low q while
nano-scale features give rise to the scattering at high g. In the pre-
sent case, for much of the temperature range of interest (30-
1000 °C), all scattering features were assumed to be oblate pores
or voids with an aspect ratio of 0.2, which is consistent with the
platelet-like morphology of clays based on TEM investigations
[48]. The scattering is assumed to arise from voids because the
samples comprise pressed powdered clay pellets that are solid clay
material except for the various hierarchical pore morphologies. The
calibrated scattering intensity from the ith pore population, I;(q),
normalized to the incident X-ray flux and sample volume, is pro-
portional to its overall volume fraction normalized to the total
sample volume, ®y;, and the mean volume of its individual pores,
Vpi (at low and intermediate q), to its surface area per unit sample
volume, Sy; (at high q), and to the scattering contrast factor, |Ap|°.
The latter is the square of the difference in scattering length den-
sity (SLD or p) between inside the pores (H,O or void) and outside
in the solid clay phase (determined by density and chemical com-
position, and dependent upon the degree of dehydroxylation).
Knowledge of the correct contrast factor, |Ap|?, is essential for cal-
culating either true volume fractions or surface areas per unit sam-
ple volume, but the term cancels out when determining the surface
area per unit volume of scattering features, themselves.

In our case, we used an entropy maximization technique,
MaxEnt [64], to optimize contributions to the scattering intensity
from a pre-defined set of histogram bin sizes for scattering features
of a given shape. While this approach requires many iterations for
the model to converge, [64,65], it also allows us to represent the
hierarchical morphologies of complex materials such as clays. In
this study, we identify from the MaxEnt size distributions derived
from the scattering curves 4 void populations within the
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microstructures of Na- and Ca-montmorillonite. Our assumption
that the voids are oblate spheroids with aspect ratio, f=0.2,
accounts for the platelet like morphology of clays [48]. We use this
approach to follow the morphologies of the clays as they dynami-
cally change with temperature up to 1000 °C, as evident in Figs. 2
and 3. More details of the pore size distribution analysis, including
the basis of the maximum entropy method, and how the 4 pore
populations are identified, are provided in the Supporting
Information.

Above 1000 °C, the hierarchical pore population model breaks
down and the scattering becomes indicative of a disordered, fractal
morphology, which is consistent with the enhanced sintering and
phase transitions that occur at these temperatures [58]. Thus, in
this high-temperature regime, we assume volume- and surface-
fractal morphologies with non-integral scaling components, Dy
and Ds, respectively [66-70]. Apart from the non-integral scaling

exponents, volume- and surface-fractal morphologies can be char-
acterized by building-block sizes (finest pore elements in the cur-
rent context), correlation lengths, &y and &, beyond which fractal
scaling breaks down. Volume-fractals are also characterized by
the volume fraction of the features, @y (here pores) and can also
provide an estimate for the fraction of sample characterized by
the overall volume-fractal morphology. Surface-fractals are further
characterized by a smooth surface area, Sp, associated with the
coarse morphology without taking into account surface roughness,
and also the fully rough surface area, Ssf, taking all roughness into
account. In our case we associate the fractal morphologies with the
residual porous features that persist during the high-temperature
transformations from clay to mullite phases, and the progressive
sintering of the overall morphologies that occur in parallel with
these transformations. More details of the fractal models assumed
are provided in the Supporting Information.
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4.1.1. Development of a representative micro- and nano-structural
model for the heat treatment of Na- and Ca-montmorillonite

A key input for determining changes in the microstructure from
the USAXS curves is an appropriate contrast factor. We calculated
the contrast factor (which is a function of the chemical composi-
tion and density of the phases within the sample materials) using
the Irena analysis package [46]. In this study, the chemical compo-
sitions of Na- and Ca-montmorillonite change dynamically with
temperature. The key thermo-chemical events during the heating
of Na- and Ca-montmorillonite are the removal of water which
occurs on heating to 200 °C, the gradual dehydroxylation of mont-
morillonite which occurs between 300 °C and 800 °C, the progres-
sive conversion to mullite starting above 800 °C, and the complete

loss of the montmorillonite structure on heating beyond 1050 °C.
The contrast factors used in this study are represented in Fig. 6.

Associated with determining the appropriate contrast factors
for the various temperature ranges of interest, is the need to iden-
tify the different void populations indicated in the MaxEnt size dis-
tribution analysis. Four distinct populations in Na-montmorillonite
and Ca-montmorillonite can be identified in the size distributions
for these pelletized clays. The first (finest) population represents
the nanoporosity (<20 A diameter, <4 A in thickness dimension),
while the second and the third populations represent the meso-
pores in the clay microstructure (20-500 A). The fourth (coarsest)
population is indicative of scattering that arises from the grains
and intergranular spacings in clays (> 500 A) (Fig. 7).
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We attribute the first population (1) to the interlayer nanopores
between clay layers. On heating to 200 °C, the water in the clay
interlayer pores is gradually removed. Any water residing in the
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small mesopores represented by the second population (2) is also
removed on heating to 200 °C. Therefore, varying contrasts are cal-
culated for populations 1 and 2 between the temperatures of 30 °C
and 200 °C as the interlayer water is removed. The scattering
length density (SLD) of the solid clay structure is calculated to be
19.37 x 10" m~2 based on a density of 2.3 g/cm® and the chemical
composition of Na- and Ca-montmorillonite under ambient condi-
tions. Meanwhile, the SLD for H,O is 9.42 x 10 m—2.

In the absence of other information, we made a simple assump-
tion that the fraction of water-filled pore interface with solid
decreases linearly from 100% to 0% over this temperature range.
This implies that the scattering contrast factor (the square of the
SLD difference) increases linearly with temperature from that for
clay/H,0: 99.0 x 10*® m™ at ambient to that for clay/air:
375.2 x 10%® m™ at 200 °C, as the water is removed for popula-
tions 1 and 2. We assume that void populations 3 and 4 are essen-
tially air-filled from the outset, but the contrast factor is between
air (essentially zero) and the clay, which at these length scales con-
tains the associated interlayer and nanoscale water assumed to be
present at the given temperature. In this case, our assumptions
imply that the “solid” SLD increases linearly from
17.38 x 10" m~2 to 19.37 x 10" m~2 in populations 3 and 4 on
heating to 200 °C, and the contrast factors are the square of these
SLDs. Once the interlayer water is removed at 200 °C, the contrast
for all populations with air is 375.2 x 10%® m~ (Fig. 6).
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Fig. 7. Typical MaxEnt volume fraction size distributions with fits to data, together with plots showing fine populations 1 and 2 pore size distributions at selected
temperatures up to ~~ 1000 °C for (a, b) Na-montmorillonite, and (c, d) Ca-montmorillonite. All pores assumed to have 0.2 aspect ratio. Size distributions are with respect to
unit increment in oblate (large) pore diameter. Panels (a) & (b) show MaxEnt fits to combined USAXS/SAXS data, excluding the basal interlayer peak & other small-angle
diffraction peaks. Size distributions are plotted on a linear-log scale to show all 4 populations. Note actual integrated volume fractions of populations 3 & 4 are significantly
larger than for 1 & 2. In the hierarchical structure of montmorillonite, populations 1, 2 & 3 represent pore size distributions with oblate pore diameters in the ranges: (10-25)
A, (30-50) A & (150-400) A, respectively, while population 4 represents voids associated with intergranular spacings > 500 A within the pressed samples. Vertical bars
represent computed standard uncertainties for measured USAXS/SAXS intensities. Estimated size distribution uncertainties are +10%.
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On heating from 200 °C to 800 °C dehydroxylation of montmo-
rillonite occurs progressively. We made a simple assumption that
the SLD changes linearly from 19.37 x 10'* m~2 (clay composition
includes hydroxyl groups) to 25.29 x 10'* m~2 (which corresponds
to the removal of hydroxyl groups), which implies that the contrast
factor with air changes quadratically from 375.2 x 102¥ m™*
(300 °C) to 639.6 x 10 m~ (800 °C). On heating beyond 800 °C,
the progressive conversion to mullite is observed. The complete
loss of the montmorillonite phase is evident at 1050 °C. Again,
we approximate the gradual changes in the structure from mont-
morillonite to mullite by a simple linear increase in the contrast
from 639.6 x 102 m~ at 800 °C to 698.6 x 10 m~* at 1050 °C.
As the mullite phases develop beyond 1000 °C, the SLD changes
linearly from 26.43 x 10" m~2 at 1000 °C to 26.77 x 10'* m~2 at
1150 °C, and the contrast factor therefore increases quadratically
to 716.7 x 10*® m~. The changes in scattering contrast factor with
temperature are presented in Fig. 6 for all 4 void populations.
These scattering contrast changes are accompanied by detailed
morphological changes in Na- and Ca-montmorillonite on heating,
as described below.

4.1.2. Micro- and nano-structural changes in Na- and Ca-
montmorillonite on heating from ambient conditions to 1000 °C

We recall that the pores both within and between the clay
sheets and stacks are modeled as oblate spheroids with an aspect
ratio of 0.2 to represent the platelet-like morphology [48] of clays.
The hierarchical morphology is represented by the nano-scale pop-
ulation 1and meso-scale populations 2 and 3. The voids associated
with inter-granular spacings are represented by population 4. Pop-
ulations 1, 2 and 3 represent the intrinsic pore sizes of the Na- and
Ca-montmorillonites, while population 4 is essentially a measure
of the coarseness of the samples together with the degree of pack-
ing of the powder grains in the pressed samples studied. This mor-
phology is for the specific case of a Na- or Ca-montmorillonite
powder compacted into a pellet. Meanwhile, based on our
microstructural analyses (which are extensively discussed in the
supplementary section), the g=0.2 aspect ratio reasonably cap-
tures the non-spherical, semi-lamellar morphology of clays.

Typical MaxEnt size distributions derived from combined
USAXS/SAXS data for Na- and Ca-montmorillonite are shown in
Fig. 7, with the 4 pore populations indicated. Above 1000 °C the
morphology progressively transforms heterogeneously into (ulti-
mately) a mullite phase. In this regime the hierarchical pore popu-
lation model breaks down and the residual void morphology is
better modeled using the fractal approach, as previously indicated.

As a function of temperature, the MaxEnt size distributions have
been analyzed to extract, for each of the populations 1 to 4, the
mean oblate diameter, the population total volume fraction, and
the population total surface area (Fig. 8). The nano- and meso-
scale pore size diameters that represent populations 1 and 2,
respectively, are presented in Fig. 8(a). The larger meso-scale pore
size diameters and the voids associated with intergranular spac-
ings that represent populations 3 and 4 are shown in Fig. 8(b).
The nano-scale oblate pore diameters of population 1 are smaller
than 20 A in both Na- and Ca-montmorillonite, implying a mean
opening dimension of the swellable interlayer of 3-4 A. The small
dimension is consistent with the interlayer spacings in 1-0 W Na-
montmorillonite. However, these nano-scale pore populations
(Figs. 7 and 8) are inclusive but not limited to the interlayer
nanopores.

As the temperatures increase to 200 °C, the decrease in the size
of the small dimension by 1-2 A is consistent with the reduction in
the interlayer space in Na- and Ca-montmorillonite on heating. On
heating from 200°C to 950°C, these nanopore mean oblate
diameters in Na and Ca-montmorillonite remain in the range of
(12-14)A, and (14-16)A, respectively (Fig. 8(a)). Thus, the
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dehydroxylation of Na- and Ca-montmorillonite in the tempera-
ture range: 200-950 °C, does not, itself, appear to produce further
significant changes in the sizes of the nanopores (or their opening
dimensions).

On heating from ambient to 200 °C, a decrease in the size of the
mesopores represented by population 2 is apparent (Fig. 8(a)). The
mean oblate diameter for population 2 decreases from 45 A to 36 A
or 38 A on heating Na-montmorillonite or Ca-montmorillonite
from 30 °C to 200 °C, respectively. The mean opening dimensions
of these mesopores correspondingly decreases from 6 A to <5 A
or ~ 5 A for Na- or Ca-montmorillonite, respectively. This reduc-
tion is likely associated with some shrinkage in the local clay mor-
phology as water is removed from the fine population 1 pores. In
the temperature range 200 °C to 950 °C, the mean oblate diameter
of the population 2 mesopores slightly increases again to ~ 38 A
and ~ 42 A for Na- and Ca-montmorillonite, respectively. This
may be a result of some true densification of the clay solids during
dehydroxylation - leaving larger pore spaces between the clay
stacks. An increase in the temperature from 30 °C to 1000 °C does
not impact the size of the larger population 3 mesopores in either
Na- or Ca-montmorillonite, as shown in Fig. 8(b).

Indeed, this coarser level of porosity within the internal clay
structure hierarchy remains remarkably constant in size with tem-
perature. The population 4 size distribution, which is representa-
tive of the intergranular spacing within the pressed sample
compacts, is expected to exhibit an oblate diameter size distribu-
tion that approximates to the more globular grain diameter size
distribution of the crushed clay powder. Once again, these pores
are slightly larger in Ca-montmorillonite than in Na-
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montmorillonite. In the temperature range 30 °C to 200 °C, there is
no systematic temperature dependence of their mean oblate diam-
eter in Na-montmorillonite. In Ca-montmorillonite, heating
decreases the population 4 mean oblate diameter from 3100 A at
40 °C to 2850 A at 200 °C. For temperatures exceeding 200 °C, the
mean oblate diameters for population 4 in Na-montmorillonite
and in Ca-montmorillonite range from 2600 A to 2900 A, and from
2700 A to 3200 A, respectively. Previous studies using transmission
electron microscopy techniques show that the sizes of clay parti-
cles range from 2000 A to 4000 A [48,71,72] which is consistent
with our findings.

In addition to the size distributions, the changes in the volume
fractions of the intrinsic void spaces in Na- and Ca-
montmorillonite provide insights into the overall morphological
changes. Fig. 9(a) and (b) present changes in the intrinsic volume
fractions of populations 1, 2, and 3, together with their total intrin-
sic porosity in Na-montmorillonite, and Ca-montmorillonite,
respectively. These intrinsic component and total porosities are
normalized to the true material sample volume with population
4 subtracted out, since this is simply pore space left over from less
than 100% packing of the powder grains on pressing. Renormalized
in this way, populations 1, 2 & 3 capture the morphology intrinsic
to the pelletized clay morphology. At ambient temperature, popu-
lation 1 which corresponds to the nanoscale porosity accounts for
84% of the overall void fraction in Na-montmorillonite (Fig. 9(a)).
In contrast, population 1 only accounts for 8% of the overall poros-
ity in Ca-montmorillonite (Fig. 9(b)). The significant reductions in
porosity observed with increasing temperature are consistent with
the sintering behavior of clays at elevated temperatures [3].
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In Na-montmorillonite, the nano-scale porosity, which is repre-
sented by population 1, accounts for a significant part of the void
fraction on heating from ambient temperature to 100 °C. In Ca-
montmorillonite however, the meso-scale porosities represented
by populations 2 and 3 account for a significant fraction of the void
fraction within the same temperature range. The population 1
porosity is reduced to a very small fraction on heating beyond
300°C in Na-montmorillonite and beyond 200°C in Ca-
montmorillonite. Despite the reduction in porosity for pores with
oblate diameter <20 A, the characteristic basal (001) diffraction
peak (Figs. 2(b) and 3(b)) does not disappear even on heating to
above 1000 °C, which indicates that the layered structure is main-
tained despite a reduction in the intensity of the nano-scale pores.
The population 2 pore volume fraction of Na-montmorillonite
decreases from 0.03 at 200 °C to 0.01 at 900 °C, while that for pop-
ulation 3 decreases from 0.03 at 200 °C to 0.02 at 900 °C. In Ca-
montmorillonite the population 2 void fraction decreases from
0.03 to 0.002 over the temperature range from 200 °C to 900 °C
while the population 3 void fraction persists even on heating to
1000 °C, decreasing from 0.12 to 0.05.

The changes in the intrinsic surface areas (Fig. 10(a) and (b)) fol-
low similar trends to those for the intrinsic void fractions. As with
the intrinsic volume fractions, the population 1, 2 and 3 surface
areas per unit sample volume, together with their total, extracted
directly from the MaxEnt size distributions, have been normalized
by dividing by a factor (1 — &y,) where @ is the directly obtained
population 4 vol fraction. Once again, this removes effects simply
due to less than complete packing of the pressed powdered clay
samples, and provides the intrinsic surface areas per true montmo-
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rillonite sample volume. The Na-montmorillonite intrinsic surface
areas are much greater than those for Ca-montmorillonite. At
ambient temperature, the surface areas of Na-montmorillonite
and Ca-montmorillonite are 1840 m?/cm? and 550 m?/cm?,
respectively. In Na-montmorillonite at ambient temperature, pop-
ulation 1 corresponds to 93% of the overall surface area, while pop-
ulations 2 and 3 account for the rest. The surface areas of the pores
that correspond to populations 1, 2, and 3 are (1710, 120 and 10)
m?/cm?, respectively. In contrast, the intrinsic surface areas of pop-
ulations 1, 2, and 3 in Ca-montmorillonite are (150, 310 and 95)
m?/cm?, respectively.

In Na-montmorillonite and Ca-montmorillonite, the significant
reductions in the overall surface area correspond to the removal
of the interlayer water on heating to 200 °C. Furthermore, the con-
tributions of the meso-scale structures (populations 2 and 3) to the
overall surface area are greater in Ca-montmorillonite compared to
Na-montmorillonite. At (974 and 965) °C, the total intrinsic surface
areas of the pores in Na- and Ca-montmorillonite are only (1.5 and
13.1)% of the starting surface areas under ambient conditions. Sig-
nificant reductions in the void fractions and surface areas on heat-
ing to 1000 °C and beyond indicate sintering effects in these
materials [3].

4.1.3. Morphological changes in Na- and Ca-montmorillonite on
heating from 1000 °C to 1150 °C

The maximum entropy based population models used to calcu-
late the morphological properties of Na- and Ca-montmorillonite
at temperatures below 1000 °C do not capture the changes in the
morphology well when these clays are heated to higher tempera-
tures. We have found that assuming a fractal morphology is more
effective in describing the high-temperature microstructural
changes that can be associated with the phase transitions reported
in the literature [73,74] and confirmed by the structural changes in
clays at these temperatures (Figs. 4 and 5). The disordered
morphological character of Na-montmorillonite and Ca-
montmorillonite at these temperatures is best captured by the
correlation lengths, dimensions of the fractal features, their vol-
ume fractions, and the observed fractal exponents.

The combined USAXS/SAXS data for temperatures above
1000 °C can be modeled with combined volume-fractal and
surface-fractal models. However, as the temperature is further
increased, the volume-fractal component becomes stunted with
an unrealistically high fractal exponent, Dy, and a correlation
length, &y, comparable with the fundamental pore building block
size. Thus, a significant decrease in the volume fraction and surface
area of the volume-fractal morphology in Na-montmorillonite is
found on heating above 1040 °C (Fig. 11(a)) from the collapse of
the correlation length corresponding to the volume-fractal. While
the initial volume-fractal morphology in Ca-montmorillonite is
not as prominent compared to that in Na-montmorillonite, the
decrease in the correlation length occurs only at temperatures
>1090 °C. In both Na- and Ca-montmorillonite, the surface-fractal
correlation lengths are greater for temperatures >1050 °C. Indeed,
on increasing the temperature in excess of 1100 °C the microstruc-
ture can be characterized by a development of surface-fractal
morphology and a collapse of the volume-fractal morphology in
both montmorillonite systems. Furthermore, for temperatures
>1000 °C, the representative mean oblate fine pore dimension
and the associated correlation hole radii (nearest neighbor
distances) continue to increase with temperature (Fig. 11(b)), and
both of these dimensions are greater in Na- than in
Ca-montmorillonite. This is consistent with the greater scattering
intensities in Na-montmorillonite compared to
Ca-montmorillonite at temperatures above 1000 °C (Figs. 2
(d) and 3(d)).
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The dynamic changes in the fractal correlation lengths (Fig. 11
(a)), dimensions (Fig. 11(b)), and volume fractions (Fig. 11
(c) and (d)) in the temperature range of (1000-1150) °C are consis-
tent with studies that indicate that this is a transition temperature
regime prior to the development of well-defined mullite structures
at temperatures >1200 °C [58]. The changes in the overall volume
fractions of Na-montmorillonite and Ca-montmorillonite arising
from the fine feature and surface-fractal volume fractions (Fig. 11
(c) and (d)) are in the range of the volume fractions found just
below 1000 °C (as determined from the MaxEnt method) (Fig. 9).
The continuous reductions in the volume fractions of Ca-
montmorillonite (Fig. 11(c)) are indicated by the lower scattering
intensities in USAXS (Fig. 3(a-4)), unlike the changes in Na-
montmorillonite (Fig. 11(c)) where the scattering intensities are
less sensitive to temperature changes (Fig. 2(a-4)).

4.2. Changes in the characteristic basal distance on heating Na-
montmorillonite and Ca-montmorillonite to 1150 °C

The changes in the basal distances in both clays are quantified
by shifts in q of the associated small-angle diffraction peak in our
scattering measurements. Previous studies have reported that the
basal distances in the presence of zero (0 W) and single-layer
(1 W) hydrates of smectites are in the ranges: (9.5-10.2) A and
(11.6-12.7) A, respectively [16,26-33]. As discussed in earlier sec-
tions, the basal distances of Na- and Ca-montmorillonite at the
beginning of the experiment are 10.8 A and 11.7 A, respectively,
which correspond to 0-1 W and 1 W hydrates, (Figs. 2(b-1) and 3
(b-1), and now summarized in Fig. 12). On heating from ambient
temperature to 200 °C, the basal distances in Na-montmorillonite
and Ca-montmorillonite change from (10.8-9.7) A, and from
(11.7-9.9) A (Fig. 12). For clay sheets that correspond to sizes ~
6 A, the corresponding interlayer space is ~ 4-6 A, which corre-
sponds to the small dimensions of the spheroids from our mor-
phology model. These results show that our morphological model
is consistent with our quantitative results for the interlayer
distances.

The conversion of the single layer to zero layer hydrates occurs
on heating to temperatures in excess of 130 °C, which is consistent
with other studies that have investigated the dehydration of mont-
morillonites [16]. On heating from 200 °C to 900 °C, the basal
distances remain in the range of (9.6-9.9) A in both Na- and
Ca-montmorillonite, but the basal distance (001) diffraction peak
completely disappears on heating beyond 1029 °C and 1010 °C in
Na- and Ca-montmorillonite, respectively. These results are consis-
tent with the major structural transitions reported for montmoril-
lonites on heating [58].

The integrated basal distance diffraction peak intensities show
analogous changes to the characteristic basal distance d-spacings.
The assymetric peak profiles (themselves, sitting on the small-
angle scattering from the swelling layer porosity) were fitted using
a Gumbel peak function [75]. The integrated peak intensities
reduced twofold to 0.02 cm~! sr=! A~! and fourfold to 0.035 cm™! -
sr ' A~! on heating from 30 °C to 200 °C in Na-montmorillonite
and Ca-montmorillonite, respectively. While the basal distance d-
spacings persist on heating through the range: 200-900 °C, the
integrated peak intensities progressively decrease through this
range. The initial reductions in integrated peak intensities (below
200 °C) correspond to the significant reduction in the population
1 porosities in Fig. 9. However, some basal distance diffraction
peak intensity persists to above 900 °C, indicating that the regu-
larly spaced swelling layers remain even when the swelling layer
water has been lost. The eventual disappearance of the basal
distance diffraction peak in both montmorillonites occurs between
975 °C and 1050 °C, as shown in Fig. 12.
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Fig. 12. Changes in the basal distances corresponding to the interlayer (d(001)
peak) (a) and the integrated peak intensity (b) in Na-montmorillonite and Ca-
montmorillonite on heating from 30°C to 1150 °C. Vertical bars are standard
deviation uncertainties obtained from the peak profile fitting.

4.3. Structural changes in Na- and Ca-montmorillonite on heating to
1150 °C

Unlike the intensities of the basal distance diffraction peak in
Na- and Ca-montmorillonite, which are significantly reduced on
heating to 200 °C (Fig. 12), changes in the intensities of the struc-
tural diffraction peaks of Na- and Ca-montmorillonite are more
gradual (Fig. 13). Fig. 13 presents the integrated intensities of the
selected characteristic montmorillonite peaks already shown in
Fig. 4. The structural changes in the montmorillonite clays on heat-
ing, as represented by the integrated peak intensities, are relative
to the starting states of the clays at ambient temperature. The
results indicate that major structural changes occur in both mont-
morillonites for temperatures above 600 °C. This is consistent with
the onset of significant dehydroxylation of the clay structure [54].
Only a small fraction of the original structure (as measured by the
intensities of the selected peaks) remains present on heating to
900 °C.

Significant structural transitions in clays are known to occur at
temperatures in excess of 1000 °C [3,58,73]. In our studies, the ini-
tial formation of mullite and cristobalite are evident on heating
beyond 1000 °C as discussed in Section 3, and presented in Fig. 5.
While the onset of mullite occurs between 1000 °C and 1150 °C,
the growth of more distinctive mullite phases only starts in Ca-
montmorillonite-rich clays at temperatures in excess of 1200 °C
[58]. The fractal morphology of the clays in this transitional range
[73] has been presented, modeled and discussed previously in
Section 4.1.3. Here, we simply note that Fig. 13 shows clearly that,
following the loss of swelling pore water below 200 °C, the other
two major transformation onsets in both montmorillonites occur
for temperatures above 600 °C (major dehydroxylation) and above
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Fig. 13. Changes in normalized integrated peak intensities of selected characteristic
peaks in (a) Na-montmorillonite, and (b) Ca-montmorillonite. Vertical bars repre-
sent estimated standard deviation uncertainties.

900 °C (loss of clay structure and eventual transformation to
mullite).

5. Conclusions

In-operando multi-scale X-ray characterization of the heat treat-
ment of Na- and Ca-montmorillonite across spatial scales that
range from A to pm and a temperature scale ranging from 30 °C
to 1150 °C provides comprehensive microstructural and structural
insights into clay systems. At the microstructural level, significant
reductions in the porosity of the clays on heating are noted that are
consistent with the known sintering behaviors of clays at temper-
atures above 800 °C. At the nano-structural level, the characteristic
basal distance is reduced by the removal of water on heating to
200 °C, and there is a complete removal of the regular interlayer
repeat structure at temperatures above 1000 °C - consistent with
sintering effects of structural rearrangement. Notably, between
200 °C and 1000 °C, despite the pore volume with thickness of 3-
4 A being greatly reduced, the basal (001) diffraction peak per-
sisted, which indicates that the layered structure is maintained
despite changes in the interlayer pore spacing. At the A-scale, heat-
ing to 1000 °C results in the gradual dehydroxylation of the struc-
ture of the montmorillonite clays coupled with the onset of new
phases such as mullite. Different cations intercalated in the clay
interlayer result in differences in the nano- and meso-scale mor-
phology. We identified that the Na-montmorillonite intrinsic sur-
face areas are much greater than those for Ca-montmorillonite.
Our investigations show that Ca®* interlayer cations confer more
defined morphological regimes compared to Na* ions, as evident
from the USAXS curves, and produce subtle differences in the crys-
tal structural changes at elevated temperatures.
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