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Abstract : Fluorohectorite is a synthetic 2:1 layer smectite clay where the presence of
exchangeable cations located between water molecules in the interlayer space allows for
expansion of the crystal lattice. This swelling property is extremely relevant to many
applications including water treatment, bioactive molecules intercalation (drug delivery), soil
remediation, CO, capture as well as extra-terrestrial environment studies. In the present
chapter, the aim is to discuss why Fluorohectorite can be in particular advantageous for
many applications where retention of big volumes is an issue. We will also discuss on the
main experimental techniques used to study these materials.
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l. Introduction

Clay minerals are nano-lamellar materials formed by stacked nano-layers that
consist of tetrahedral and octahedral sheets. Each tetrahedron in the layer is
made up of a central cation, most commonly Si**, AP* and Fe**, coordinated to
four oxygen atoms linked to neighboring tetrahedra by sharing three basal
oxygen atoms. The apical oxygen is located at a plane connecting the
tetrahedron with an octahedral sheet. The octahedral sheet has a central
cation - e.g. AP*, Fe*or Mg®being the most common, nonetheless other
cations, i.e. Li*, Mn?*, Co*, Ni**, Cu?*, can also partially substitute the cation -
coordinated with the apical oxygen and also with a hydroxyl group. A clay layer
can consist of one tetrahedral and one octahedral sheet (dioctahedral or
trioctahedral 1:1 type) or of one octahedral sheet sandwiched between two
tetrahedral sheets (dioctahedral or trioctahedral 2:1 type), Figure 1.

@F @0 COH

Figure 1: Schematic structure of various clay minerals drawn
using Autodesk 3ds Max 2020. Upper row: Kaolin (Kaol) type
(a) dioctahedral 3D view, (b) dioctahedral top view, (c)
dioctahedral bottom view, (d) dioctahedral side view. Lower
row: Fluorohectorite (FHt) (e) trioctahedral 3D view, (f)
trioctahedral top view, (g) trioctahedral bottom view and (h)
trioctahedral side view.

* Perovskites and other Framework Structure Crystalline Materials *
p 602



Chapter 21 - Experimental methods to study clay minerals and perspective applications of Fluorohectorite

The dioctahedral 1:1 clay minerals (constituting the Kaolin group, hereafter K-
group), have the general composition of Al;Si.Os(OH).. K-clay minerals show a
wide variety of ordered and disordered polytypes, kaolinite [Kaol], dickite,
nacrite and halloysite [Hal] (containing water molecules within the interlayers),
including stacking faults or defects occurring within the layers. The bonding
between the K-layers is due to hydrogen bonding involving hydrogen atoms of
one layer and the basal oxygen atoms of the adjacent layer ™. This tight
hydrogen bonding restricts expansion and limits the reactive area to external
surfaces. As such, soils dominated by 1:1 mineral have low capacity for
adsorbing cations and consequently low fertility. However, its inert chemical
nature and its unique size, shape and structure makes the K-group important
in applications such as filler in the plastics and paper industries, and it is also
important in refractory applications, as catalysts, in concrete, in fiberglass, and
as adsorbent for removal of organic compounds 2.

The 2:1 clay minerals are represented by the mica, smectite [Sm], and
vermiculite groups, as well as by the nonexpanding layer silicates talc and
pyrophyllite. True micas have a similar structure to that of talc and pyrophyllite,
in which the interlayer cation forms a strong bond between tetrahedral sheets
in adjoining layers, consequently representing a limiting factor in the expansion
of the mineral. Expandable 2:1 clay minerals, Sm, hectorite [Ht] and
vermiculite, have similar layer structure to that of mica, and for these minerals
the possibility of introduction of weakly bound cations, water, or polar organic
molecules in the interlayer regions causes variations of interlayer spacing ¥\
Montmorillonite [Mt], (i.e. bentonite [Bent]), the most common member of the
Sm-group, has general molecular formula Mo.a3Als 67(Fe?*,
Mg?#*)0.33S14010(OH)2(n.H-0), where M is the interlayer charge compensating
cation (e.g. normally alkaline (Li*, Na*, K*, ...) or alkaline-earth cations (Be*,
Mg?*, Ca?,...)) and n denotes the number of water molecules in the hydrated
clay. This molecular formula displays one characteristic of Sm-clays, namely
that there is considerable metallic substitution in the octahedral sheet. In the
case of Mt, AP is replaced by Fe? or Mg®. This substitution gives rise to a
charge imbalance that is compensated by the interlayer cation M*. The
different Sm-groups have characteristic types of metallic substitutions in the
octahedral positions . The 2:1 layers in Sm are held together by van der
Waals bonds and intercalated cation linkages, and for certain Sm such as Mt,
this can comprise a weak enough bonding to allow for the swelling of the
stack, i.e. expansion the crystal lattice in the c-direction upon exposure to

* Perovskites and other Framework Structure Crystalline Materials *
p 603



P. H. Michels-Brito, L. Michels, K. W. B. Hunvik, E. C. dos Santos, B. Pakova, L. P. Cavalcanti et al.

certain gases (such as water vapor) or liquids (such as liquid water). This
crystalline swelling at low water exposure is step-wise and entails an integral
number (n = 1, 2, 3) of intercalated water layers (WL). At increased water
exposure, the swelling process becomes osmotic, the layers delaminate, and a
suspension of repulsive clay layers is formed, which depending on clay
concentration may gel Pl Alternatively, to e.g. Mt, a strong bonding of the
interlayer cations holding the 2:1 layers together such as in general for
vermiculite or illite [I], limits the expansion of the basal spacing and hinders
osmotic swelling. Sm-minerals are widely applied as adsorbents, adhesives,
animal feed bonds, nuclear waste barrier, catalysts, cement binder, cosmetics,
emulsion stabilizer, food additives, pharmaceuticals, to name a few of the
applications !,

The existence of charge in clay minerals, which can be structural (permanent
charge) and surface charge (which usually depends on the value of pH, when
in a suspension, and contributions from the edges of the sheets), is the basis
for the two important properties in clay minerals, namely the cation exchange
capacity (CEC) and the swelling properties. CEC is a measure of the capacity
of clay minerals to exchange cations from the solution as well as a measure of
the concentration of unfixed cations in the interlayers and surface layers,
which depends on the magnitude of the total layer charge. Since the surface
layer charge is the function of pH, thus, CEC also varies with pH. Usually CEC
is measured at pH 7 "), CEC values of several clays are given in Table 1.

The common metallic cations found in exchange positions in clay minerals are
Ca*, Mg*, Na* and K'. The swelling properties of Sm clay minerals are
relevant to many existing or potential applications including environmental
such as for CO, capture/retention/transport, capture of/controlled delivery of
certain drugs, as barriers for nuclear waste or chemical waste storage, for
borehole stability in drilling operations, and additives for numerous industrial
processes and commercial products (paints, cosmetics, certain foods,
household products, production of polymer nanocomposites, etc) .
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Table 1 : Cation exchange capacity (CEC) values of selected clays [** -1
Clay Mineral CEC, meq/100 g
Allophane 70

Kaolinite [Kaol] 3-15
Halloysite [Hal] 5-10

Na -Montmorillonite [Na-Mt] 80-130
Ca - Montmorillonite [Ca-Mt] 40-70

Hectorite [Ht] 80-130

Synthetic Na,FHt (0.3 < x < 0.7) 126-185
Polygorskite [Pal] 30-40
Sepiolite [Sep] 30-40
ite [1] 10-40

Vermiculite 100-150
Laponite [Lap] 47-92

Micas (biotite, muscovite) upto5

* Perovskites and other Framework Structure Crystalline Materials *
p 605



P. H. Michels-Brito, L. Michels, K. W. B. Hunvik, E. C. dos Santos, B. Pakova, L. P. Cavalcanti et al.

Crucial for the swelling properties are the type of cations present in the
interlayers. The amount of swelling is related to the type of interlayer cation:
e.g. Na-rich Sm-clays expand more than those containing Ca. Both
experiments and density functional theory calculations ™ investigating
structural distortions and counterion positions of Mt with different alkali (Li*,
Na‘, K) and alkaline-earth (Mg?*, Ca?*, Sr*") cations suggest that the interlayer
spacing increases quadratically with the counterionic radius, and that the
counterion size influence distortions, rotations and thickness of both the
tetrahedral and the octahedral sheets. It is also found that a counterion is not
located symmetrically between layers, and that this is both related to the size
and valency of the counterion.
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Figure 2: Fluorohectorite (FHt) structure showing the position
of the atoms described in Ref [12].

Evidently these counterionic factors will influence the sorption of foreign
molecules, such as H,0, in the interlayer *.For instance, an increase in basal
spacing with the hydration energy of the saturating cation is observed
Cs* < Rb* < K" < Na* < Li* < Ba* < Sr** < Ca** < Mg?, and there is a trend for
increased swelling with an increase in cation hydration energy.
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Fluorohectorite (FHt), represented in Figure 2, is a synthetic 2:1 layer Sm-clay
that has been commercially available from Corning Inc.USA. In the present
paper we will mainly discuss results based on Corning-FHt (FHt-C).

The group of Prof. Josef Breu at the University of Bayreuth in Germany has
taken the synthesis of Fht a large step beyond the FHt-C, synthesizing FHt for
which the magnitude of the well-defined sharp and homogeneous ™ layer
charge allows for well-defined and well controllable crystalline as well as
osmotic swelling depending on the layer magnitude of the charge ™. The layer
charge of the Breu-Bayreuth-Fht (FHt-B), [Nay]"™[MgsxLix]*[Sia]*'O10F>, may
typically be sharply designed in the range 0.3 < x < 0.7, and the aspect ratio of
FHt-B may be hundreds of micrometers 8. This allows for several potential
applications of FHt that are not available with other Sm, e.g. for applications in
polymer nanocomposites, where the effect of nano-plate inclusions is mostly
determined by their aspect ratio. This may for instance lead to significant
improvements regarding reinforcement and gas-barrier properties as well as
flame retardancy of polymer nanocomposites ..

Dazas et al. ®, compared the influence of replacing OH groups in the silicate
layers of Ht for F atoms. Ht and FHt samples with similar layer charge were
prepared and hydrated to observe the effect of fluorination in the water
adsorption. FHt adsorbed approximately 30% less water than its Ht
counterpart and the water molecules directly hydrated the interlayer cations.
The water molecules outside the hydration shell, behaved like water in a highly
charged silicate layer. Figure 3 shows the effect of fluorination in the water
uptake.

The fluorination of Ht can have many relevant applications, it is a way to fine
tune the hydrophobicity of smectites. An evident application is barriers for
water and the use of temperature resistance ceramics, since the
dihydroxylation effect will not be present in this system.

There is a growing interest for synthetic clays, both from a purely scientific
point of view, and from the point of view of applications !, This is driven by the
possibility of designed homogeneity and controllable charge density of
synthetic clays, as well as by the limited availability of some clays, such as
smectites. There are several synthesis routes for various types of clays. Hts
are perhaps the most studied and used synthetic clays. For instance,
Laponite®, which is a registered trademark of a synthetic Ht (i.e. Laponite is
not the name of a clay type), is presently produced industrially in large
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amounts. Laponite® is commercially available and is manufactured from
naturally occurring inorganic mineral sources. It is mostly used to improve the
performance of a wide range of products such as a rheology modifier or a film
forming agents. Laponite® layers typically have an aspect ratio of about 1:20,
and a low layer charge making the layers easily exfoliated. Pure Laponite®
agueous suspensions can form transparent gels or sols depending on salt and
clay concentration 2, making these systems good model systems for studies
of soft matter anisotropic colloidal phenomena.
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Figure 3: Smectite water content [Qads] as function of relative
humidity (RH). Effect of fluorination in the water uptake. Figure
adapted from reference [20].

FHt-C has been used to expand such studies % 2* 25 28 into regions not
available to Laponite®, limited by Laponite® layer's aspect ratio, (typically
1:20), charge range (typically x near 0.2) and layer- platelet size (typically
near monodisperse and centered at about 25 nm lateral diameter). FHt-B is
synthesized from the melt ?”, yielding the properties referred to above, i.e.
large aspect ratio and large lateral dimensions as well as unique homogeneity
and sharply controllable layer charge.

As is evident from the discussion above, clays are basically layered
nanomaterials, (“nano in one direction”), that can exfoliate and form aqueous
suspensions of nano-layers. Clays have a long scientific “track record” as an
important geological material, obviously due to the large amounts present in
geological formations.

The realization that clays are nano-materials and as such are very interesting
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materials in materials science and technology, is a relatively new development
in clay science. The clay layers can be functionalized at the nano-scale which
determines the behavior of macroscopic clay systems, or the properties of
nano-composites in which clay layers may be ingredients. This means that
virtually every experimental characterization method that are used to
understand nano-materials functionality and properties are used to study clays
as well. In the following several such methods and results will be discussed:
scattering  techniques, thermodynamic  characterization techniques,
mechanical characterizations techniques, and molecular spectroscopy
techniques, etc.

Il. Selected applications of Fluorohectorite clays

I1.1. Fluorohectorite for water retention

Hydration of clay minerals is one of the most studied topics in clays. For every
application that clay minerals have, the interaction with water must be
considered. Like other 2:1 silicates, FHt undergoes swelling when in contact
with water. This swelling behavior has been demonstrated to be a function of
the layer charge 0" 2 29 interlayer cation [& 19 3% 31 32 33 gnd sample
preparation B% 3 31 Several different techniques have been used to study the
water-FHt system, such as x-ray diffraction (XRD) [ 20 30 36 37
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
B30.38] 'small angle x-rays and neutron Scattering (SAXS and SANS) B %91 x-ray
absorption P, incoherent inelastic neutron scattering (IINS) “! and nuclear
magnetic resonance (NMR) B33 Thus, the literature on this topic is rich and
vast.

FHt has two swelling regimes: crystalline swelling and osmotic swelling. The
former is observed with the variation of the basal spacing in vapor-hydrated
samples, which is primarily connected to the number of water molecules in the
interlayers. The latter is usually observed when clay mineral particles are
dispersed in liquid water and their interlayer spacing increase to a point where
they exfoliate. This depends on the layer and environmental temperature 25 %
2942 |n the crystalline swelling regime, where the interval of basal distances is
lower than few nanometers, the intercalation is quantified by the basal spacing
or d-spacing, which is the periodic distance of the silicate layers in the [00{]
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direction. For water molecules, particular molecular complexes and packings
are energetically favored “**¥ which results in particular discrete values of the
d-spacing, that depends on the local relative humidity (RH) and temperature #*
%.42 These discrete d-spacing values correspond to different hydration states
of the clay particles, denoted as nWL (n = 0, 1, 2, 3, ...). The values of d-
spacings, as well as dynamics of the transitions between hydration states,
depend strongly on the nature of the cations that allow clay mineral particles to
be held together. For FHt, several hydration studies have been performed with
different types of intercalated cations [ 8 20030 33 3 Many studies
demonstrated that the hydration behavior is markedly different between
cations such as Na*, Li* and Ni?*, as seen in Figure 4.

In Na-FHt, the hydration states are 0, 1 and 2 WL 2182031 Dg Sjlva el at
used XRD data and proposed a configuration for the Na® cations in the
interlayer. In the 1WL state of Na-FHt, the OH bond of the water molecules has
been investigated using NMR-spectroscopy, and has been found to be almost
perpendicular to the silicate layers ¥, while the Na* cations are not located in
the central space of the interlayer but coordinated with the oxygen atoms of
the tetrahedral layers 2 33, |In the 2WL state, the Na* cations move to the
central region of the interlayer space, as shown Figure 5.

2

—-@---Na-fluorohectorite IW L’ 3
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1.8 | ~gpNi-fluorohectorite v 1

d-spacing (nm)
= &

& g
T
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Figure 4: Evolution of the d-spacing as function of relative
humidity (RH) for FHt with different interlayer cations showing
a step-wise expansion. Na-FHt and Li-FHt results are adapted
from [34], while Ni-FHt results from [30].
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In Li-FHt, the hydration states are termed O, 1, 1.5, 2 and 3 WL. The small
ionic radius of Li* cations gives interesting properties to this system. Tenorio et
al. BY suggested that even for small RH magnitude, the Li-water complexes
exhibit a high degree of motion in the interlayers. The plateau between 1WL
and 2WL seen in Figure 4 is attributed to an intermediate hydration state,
called 1.5 WL. According to reference B *?, the 1.5WL state in Li-FHt could be
a stable hydrate state, where the Li* goes from being part of an inner-sphere
complex, which is a position close to the clay layers, to a position located near
the middle of the interlayer space, thus forming an outer-sphere complex.
However, other studies, such as Ref. [36], consider that the 1.5WL state is due
to structural or chemical heterogeneities in the sample leading to
interstratification of 1WL and 2WL and resulting in an average d-spacing.

The swelling kinetics of Na*- and Li*- FHt was measured by Michels et al. 34,
using the lowest value of RH that causes the transition from the dehydrated
OWL to 1WL. It was observed that it takes = 7 hours for Na-FHt to complete
the transition, while for Li-FHt it is much faster (less than 1 hour). This has a
strong influence on the diffusion of water through small tubes filled with initially
dry powder samples. Water vapor diffusing through an Na-FHt powder filled
tube behaves as predicted by Fick’s law, hence normal diffusion, while water
vapor diffusing a Li-FHt powder filled tube behaves anomalously, which had to
be modelled using an anomalous sub-diffusion approach €1,

FHt with Ni?* cations have also been studied B% % 41, Combining EXAFS and
XRD P! jt was found that Ni** forms a brucite-like structure in the form of
Ni[OH].. This structure coexists with the clay mineral particles and is formed
during the cation exchange process from Li-FHt to Ni-FHt. In a systematic
study of hydration of Ni-FHt, Altoé et al. *% found that this system behaves
significantly different from previous studies of Na-FHt and Li-FHt smectites. As
seen in Figure 4, for Ni-FHt the stepwise expansion is not observed, rather a
continuous transition between hydration states is measured. These findings
suggest the existence of various forms of Ni**—water complexes. The presence
of similar liquid-type complex structure has been previously reported based on
a neutron diffraction study of the interlayer structure of highly hydrated Ni-Mt.*®
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one water layer two water layer

@F @0 @O water @ Interlayer Cation

Figure 5: Structure of water in the (a) one water layer (1WL)
and (b) two waters layers (2WL) in Na-FHt.

II.2. Fluorohectorite for drug delivery

Developing new Active Pharmaceutical Ingredients [API] is an expensive and
time-consuming process. Considering all steps involved in the discovery, i.e.
development and regulatory approval of a new drug formulation, it is estimated
that might take a decade and cost over $ 1.4 billion to launch a new API in the
market “9. On the other hand, increasing the efficiency of an API already in
use is cheaper and faster, creating an alternative to developing new
formulations. In this regard, selecting appropriate drug carriers is fundamental,
as long as it promotes controlled release, protects the APl from chemical
degradation, guarantees its release in the correct action site, consequently
promoting the drug efficiency % %Y, In this scenario, considering its structure
and physicochemical properties, FHt can be seen as a promising material for
such applications.

In general, the use of clay minerals in pharmaceutical formulations is related to
their high specific area and absorbing capacity, chemical inertness, low
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toxicity, even when orally administrated, and low price, when considering the
naturally occurring clay minerals B %> %3 Moreover, regarding the possibility of
precisely controlling their physicochemical properties, such as layer charge,
porosity, particle size, impurities, etc., synthetic clays are possibly more suited
for health applications. Nevertheless, given the difficulty and cost involved in
synthesizing these minerals, the natural clays are still dominating this area, a
situation that might change through scaling up of synthetic clay mineral
applications.

Taking into account that the oral route is the most important way of drug
administration, FHt shows an advantage in comparison with other clay
minerals, which is possibly higher resistance to acidic attack in low pH
environments, such for gastric juice. It has been reported that at low pH
environments, free H* in the solution might migrate to the clay mineral
structure, thus dissolving the clay particles 5* %%, FHt, however, may be more
resistant to acid dissolution than other smectites due to the presence of
fluoride ligands instead of hydroxyl ones, such as in Mt and natural Ht ¢,

Although FHt presents important properties for its use in drug delivery
applications, only a few studies are reported in this field ®®°%, The first studies
on capture and release of APIs by FHt were performed using mostly
ciprofloxacin (CIPRO), a broad-spectrum antibiotic agent, as a model drug.
Recently such investigations have been extended to other drug molecules,
such as sulfamethoxazole and trimethoprim. These studies have shown
encouraging results, evidencing the potential and applicability of FHt as an API
carrier.

It has been demonstrated that the capture of CIPRO by FHt is more efficient at
acidic than neutral environments, with FHt capturing up to 0.49 g of CIPRO per
gram of FHt, and highly inefficient capture at alkaline conditions 52 %6 57. 58 59, 601,
There is substantial evidence pointing out that the capture of APIs at low pH
occurs mainly via cation exchange, with the drug molecules replacing the
interlamellar cation and acting in its place to maintain the charge balance of
the FHt particles 2 %6 %8 Despite CIPRO’s capture ability at neutral
environments, the higher efficacy in acidic conditions indicates that the ionic
nature of the API is an important parameter to be considered when preparing
the clay-drug composites ®®. Furthermore, release studies demonstrated that

the drug release is slow, pH-dependent, controlled and thermally activated ©**
58]
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Regarding toxicity of FHt and FHt-drug composites, in vivo and in vitro studies
demonstrated that FHt is not harmful, even when it has Li* as interlamellar
cation & 1 Additionally, the effectiveness of FHt-CIPRO against important
human pathogens, such as E. coli and P. aeruginosa, remained the same as
the effectiveness of CIPRO alone. This indicates that the clay-drug interaction
in all steps of the capture and release process does not affect the API
molecules, thus demonstrating the applicability of FHt as a carrier capable to
protect and properly delivery CIPRO molecules. In the future it is expected that
this research will be successfully extended to other APIs. In fact, studies with
tramadol, sulfamethoxazole and trimethoprim have  pointed to similar
conclusions to the ones obtained for CIPRO ®"%, Certainly, further studies are
needed in order to evaluate the extent of FHt capabilities as a drug carrier and
its application in the pharmaceutical industry.

I.3. Clay for carbon capture and retention

Earth’s ecosystems are facing severe challenges as a non-sustainable
consumption and overpopulation has pushed to the brink of failure. Human
activity is changing the environment through an ever-increasing list of
destructive activities, such as deforestation, greenhouse gas emission,
invasion in natural habitats and pollution ©* 52 ¢ 841 n this context, CO.
sequestration using specific mesoporous materials is one of the measures
now being considered in order to partially alleviate this situation. Among the
mesoporous materials suitable for carbon dioxide (CO.) capture and retention,
we find porous structures like MOFs, COFs | Zeolites, activated carbon,
amyloid fibers ! amine-based nanofibrillated cellulose " and nanoparticles
like co-lonomIM-17% (Mg*) 8, spheres ) and copper silicates . The
common feature of all these structures is the presence of suitable pore
diameters that facilitate the physisorption of CO,. Clay minerals can provide
further technological aid to remediate some of these effects, as the swelling
properties of smectites allow the basal interlayer spacing to increase upon CO.
uptake " ", For instance, Monte Carlo simulations predict a higher CO,
uptake for expanded interlayer spacing of Mt Besides, clay minerals are
also present in cap-rock formations suitable for carbon sequestration ",

Gas adsorption happens under certain conditions of pressure and
temperature, and low-density materials can adsorb an amount of gas that can
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be even higher than the weight of the material itself. It means that the weight
ratio gas (g)/ host material (g) is a number higher than 1. In the literature this
quantity is also represented by the weight fraction: gas(g)/(gas(g)+material(g)).
A high weight ratio means that the material has a high gravimetric capacity,
which can be displayed as the number of mole of gas molecules per gram of
material (mmol/g). Here we call this quantity the molar uptake. Thus, MOFs
exhibit the highest gravimetric uptake since they are materials with very low
density. MOF-210 > " js able to adsorb 65 mmol of CO./g of host material, a
little more than the activated carbon " with 55 mmol of CO.//g of host
material. Far behind in this category of gravimetric uptake, are the clays and
other materials like the commercial Zeolite 13X ™ with 7 mmol of CO./g.
According to the application, it is also useful to display the volumetric capacity
of the material, which is the weight ratio multiplied by the density of the
material. High volumetric capacity is advantageous for applications where
large volumes can be an issue. To date, the material with the highest
volumetric CO, capacity is claimed to be the activated carbon ", However,
clays also exhibit high volumetric capacity for CO,, as observed for Ni-FHt 8,

Revising the main recent publications, cf. Table 2, it is observed that the CO,
uptake by clays ranges from 0.2 mmol/g to 6.4 mmol/g. As illite (1) is harder to
swell, its uptake is lower and varies from 0.2 mmol/g ™ to 0.4 mmol/g !, while
Kaol 1 and Bent 2 have similar uptake. Mt is the most studied clay species
and present the maximum CO. uptake of 2 mmol/g ® for the pure material ®*
8.86.871 and higher values for functionalized structures ® #! |ike 3.2 mmol/g for
the polymer modified PEI-Mt ¥ or 3.8 mmol/g for the nano-Mt ®. An
enhanced uptake can also be observed by exchanging the interlayer cations in
Ht clay 9,

Pillared tetraethylammonium Ht ©® shows an uptake of 4 mmol/g. Another
important material property for carbon sequestration is the ability of adsorbing
flue gas, at ambient conditions. This was reported for some clays, where an
increased uptake occurs as the pressure of CO. increases. For example,
sepiolite ' has an uptake of 3 mmol/g at 65 bar, while Ni-FHt shows an
uptake up to 6.4 mmol/g at a pressure of 50 bar of CO,. This enhanced uptake
is also observed by adjusting other conditions, like temperature, or by
modifying the material charge density, surface area, porosity and binding sites.
Bentonite porous clay heterostructures (PCH) show an uptake of 1.6 mmol/g
after functionalization ©? due to the strong interactions between amine species
and CO; molecules. FHt clearly shows a larger adsorption for CO,than other
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Table 2: Example of high capacity CO, retention materials

Molar Gravimetric Densit Vol. P

Materials Uptake capacity [ /cm%/ capacity [bar]
[mmol/g] [weight ratio] g [ton/m?]

CLAYS
Ni-FHt 6.4 0.28 2.8 0.79 55
(Cavalcanti, 2018)™
MOF-aminoclay CuBTC@AC- 5.4 0.24 - - 1
2 (Chakraborty, 2016)™
Na-FHt 4.8 0.21 2.8 0.58 53
(Cavalcanti, 2018)™
Pillared tetraethylammonium 4.1 0.18 - - 0.8
Ht (Sozzani 2006)**
Polymer modified Mt (Wang, 3.2 0.14 - - 1
2014)%
Mt (Stevens, 2013)% 2.4 0.11 2.8 0.30 1
llite (Busch, 2008)%° 0.4 0.02 2.2 0.04 90
OTHER MATERIALS
MOF-210 65 2.87 0.25 0.72 50
(Furukawa, 2010)™
Mesoporous carbon (Cox, 55 2.42 0.38 0.93 50
2017)"
Zeolite 13X 7.0 0.31 2.0 0.61 40
(Cavenati, 2004)™
Covalent organic frameworks, 2.1 0.09 - - 1
COFs (Zeng, 2016)%
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clay minerals. In a recent simulation paper 2, by investigating the effect of the
substitution of F and OH" in Ht and thereby tuning the hydrophobicity, it was
shown that by increasing the F/(F~ + OH") ratio in the octahedral layer, the
CO./(CO; + H:0) ratio adsorbed in the interlayer increases, while the total
amount of adsorbed molecules decrease.

The cation also plays an important role, for instance Ni-FHt adsorbs more CO,
than Li-FHt or Na-FHt. It was also observed °* %! that larger cations such as
Cs" adsorb CO,, whereas smaller molecules such as Na do not without the
presence of water. This is contrary to what is observed for FHt > 7, where the
clay with the smaller Li* and Ni?* cations can adsorb a larger amount CO.
when compared to the values reported for the larger Na*. This suggests that
the clay structure, the isomorphic substitutions, the clay's CEC value, purity
and the interlayer environment play a combined role for the adsorption of CO..
The relation between solvation energy of the cation and CO; is however not
completely understood.

lll. Characterization Methods

lll.1. X-rays/neutron scattering for structure/slow
dynamics
One of the most common techniques to study the swelling of FHt clays, due to
interactions with small molecules, is x-ray or neutron diffraction (XRD or ND),

since the layered clay periodicity is of the order of 1nm. From a diffraction
measurement, where the peaks are located at the Bragg condition

2dsin(@|=mA, the intensities of the scattered beam are usually plotted as
function of 26 or g. The former is the angle between the incident beam and the
scattered beam, while the latter is the scattering vector, which has a scalar
4m sin(O)
A
beam can be described as:

value given by |q|= . Normally, the intensity of a diffracted x-ray
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Ilq)«|Glq|'L,ql®lq] (1)
G(q):zinjfjexp —Wj(ﬁ2 cos(qu) )

where fj is the atomic scattering factor and refers to the number of atoms of the
type j located at a distance from the center of symmetry along the (00¢) axis.
W, is the Debye-Waller temperature correction factors. The summation is over
all atoms of the unit cell ¥\, Since the unit cell includes the interlayer space,
the structure factor also determines the relative strengths of the (00f) peaks
between different hydration states. This makes the (001) peaks of a dry clay
mineral weaker compared to the hydrated *® %, If the details of the unit cell are
known, and the recorded Bragg intensities extends to high angles (several
(000) peaks), the structure factor can be used to locate the amount and
position of interlayer molecules in the clay mineral 8 36 %1,

The Lorentz polarization factor can be expressed as:

P

v+1

L,lql=
’ g ) (3)

4

Aq
4n

where P is the polarization contribution that depends on the x-ray source. The
exponent v is related to the number of crystals favorably oriented for the
diffracted intensity to be accepted into the detector at a given Bragg angle. It
varies from v = 1, for a perfect powder, to v = 0, for a perfect crystal ®¥. For
natural clays the correct number is between these two cases 71,

The interference function @(q), is responsible for the formation of Bragg peaks.
Typically, it is fitted with a pseudo-Voigt function, which is a linear combination
of a Gaussian and a Lorentzian function “&!:
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2 r
Dlql=p=——F—
”4(q—qc) +I'
~41In2(g-q. @
4In2 n2(q-q,
+(1_IJ] \/_ 2
nl’ r

where q. is the peak position and is related to the d-spacing by q. = 2ri/d-
spacing. The parameter y is the proportion of Lorentzian and Gaussian curves.
For u = 1 the curve is full Lorentzian, while for y = 0 the curve is full Gaussian.
I" is the convoluted full width at half maximum *:

1= 1.36603 (%) — 0.47719 (%)2 +

3
011116 (££) -
I = (wg + 2.692690w}w; + 2.42843w3w? +

1
4.47163wiw} + 0.07842wsw} + w})®

The Voigt function can also be used to obtain the deconvoluted Gaussian and
Lorentzian widths %, Other forms of the pseudo-Voigt function, where I is
simply replaced by w, in the Lorentzian part and by we in the Gaussian part,
makes the ' expansion above unnecessary. The w, and ws parameters
denote sample and instrumental contribution to the line broadening
respectively. The Lorentzian components w,. can be considered to mainly
depend on the size or thickness of crystallized domains, which is related to
their lattice strain or disorder in the lattice spacing. The relation between the
size and lattice strain may be determined by plotting the experimental data in
the form of a Williamson-Hall plot %2, and fitting the experimental data to the
following relation in terms of the scattering vector q.

21
wLZN—d+€q (6)

The slope of the line w. versus q thus gives the lattice strain &, which is
defined as ¢ = Aq/q., and the intercept at Nd estimates the mean particle
thickness. This approach has been used to study the average particle
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thickness and the lattice strain of FHt as function of water content 8 30,

Combined with the internal periodicity of the layered clay particles determined
by diffraction techniques (atomic resolution), the shape and colloidal particle
sizes (lower resolution), as well as particle interaction, can be studied by small
angle scattering (SAS) techniques. Such studies can be performed employing
neutrons or x-rays. These are complementary probes, where the main
difference is the contrast obtained between the clay particles and the
surrounding matrix. The scattering from neutrons is from the nucleus, rather
than from the electron cloud in an atom, which means that there is no
correlation between the neutron scattering cross-section and the atomic
number of the scatterer. In contrast with x-rays this makes the study of lighter
elements possible. Furthermore, as the neutron scattering cross section is
different for different isotopes, these isotopic contributions can be
distinguished experimentally. These unique properties make neutrons ideal for
probing the structure and dynamics in hydrogenous solids and liquids and
make this technique extremely useful for analyzing the dynamics of liquids in
confinement #%. The scattered intensity from the clay particles can generally
be regarded as consisting of a contribution from the particle shape and size
(form factor P(q)), combined with a contribution from the particle interactions
(structure factor S(q), and a pre-factor containing the scattering contrast. The
latter is given by the square of the difference in the so-called scattering length
density p, which for x-rays depends on the electron density and for neutrons
on the scattering length of the isotopes in question, as mentioned above.

Ilq|=|ap[P(q)Slq] )

Note that the structure factor S(q) used in SAS techniques has a slightly
different meaning than the factor G(q) employed in diffraction methods (cf. eq.
1). For oriented particle systems, one should take into account that the
structure factor depends on the spatial direction, and it may then be
convenient to operate with two structure factors, typically parallel and
orthogonal to the orienting field "®4. Also, clay minerals can be very
polydisperse and this would screen many features of the scattering pattern,
such as S(q) and P(q). Therefore, it is convenient to work in dilute systems,
where S(q) = 1, and P(q) can be modelled considering the polydispersity
effect.
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b
h

Na-C-FHt volume fraction (%)
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Lk NaCl concentration (mM) 23

Figure 6: Phase diagram of FHt-C, measured by combined
SAXS and x-ray absorption, adopted from Reference 26. F =
Flocculated particles, NG = Large domain repulsive Nematic
Gel, IG = Isotropic Gel, SD = Small Domain attractive Nematic.

FHt-C has a relatively high layer charge ! preventing exfoliation, thus in
saline aqueous suspensions of FHt-C there is no exfoliation and the particles
remain intact in stacks consisting in average of about 100 platelets ™, unless
the temperature is increased *°. The aspect ratio of the stacks is polydisperse
in the ranging from about 1:10 to about 1:100, and these particles may form
isotropic or nematic phases depending on clay concentration (induced by
gravitational sedimentation), or salinity 2% 28 see Figure 6. It has also been
found that magnetic field scan orients the FHT-C particles in aqueous
suspensions, e.g. inducing Fredricks transitions 7,

lll.2. Infrared and Raman Spectroscopy

Both Infrared (IR) and Raman spectroscopy (RS) are techniques that probe
vibrational modes of a material or molecules. However, while IR results from
the absorption/transmission of the infrared radiation by molecular bonding, RS
is based on the inelastic scattering of monochromatic radiation % %1% \When
applied to the study of clay minerals, and differently from XRD, SEM and TEM
M poth techniques offer the benefit that no specific sample preparation is
required. Additionally, these are among the cheapest techniques that provide
information on the molecular level. These advantages make these techniques
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very attractive %,

The IR spectrum of materials, including clay minerals, is sensitive to its
chemical composition and structural arrangement ™2, An IR spectrum might be
understood as a fingerprint of the material under study, making IR a widely
used technique for materials identification and characterization. Regarding
clay minerals, via IR spectroscopy it is possible to identify the vibrational
modes of the OH groups, the silicate anion, the octahedral and interlayer
cations, as well as the interlamellar water. The OH vibrations of clay minerals
are clearly observed in the near-infrared (NIR) region from 11000 to 4000 cm™,
while the middle-infrared (MIR) region from 4000 to 300 cm™ holds information
on their fundamental vibrational modes 54 12 113. 114.115]

Since FHt is derived from Ht , thus presenting similar structure and
composition 2 5 13 their IR spectra present many similarities. The larger
differences being that FHt has fluorine instead of hydrogen in its structure,
thus the IR spectra of FHt does not show the vibrational modes of H, but
instead the vibrational modes of structural fluorine groups. Therefore, in FHt
any OH-related mode is either to cationic or to surface water. As an example,
Figure 6 illustrates the main features of the IR spectra for FHt in the MIR
region [0 52 54 60. 113, 115 118] ' Thjg information is useful for instance to identify the
purity degree of the FHt structure, study water populations within its layers, or
to get information concerning guest molecules either on the clay surface or

W|th|n |tS Iayers [12, 30, 52, 54, 60, 112, 113, 115, 116]
Out-of-plane bending
of Si-O groups.

Streaching of flucrine groups
in the mineral structure and
0O-H groups of cationic water.

Symmetric stretching of Si-O groups in 1
the tetrahedral layer. =

Antisymmetric stretching of 5i-O groups |
in the tetrahedral layer.

| Out-of-plane bending of Si-O groups. |«

IR Absorption (a. u.)

Bending of O-H groups of
cationic water.

~ 3450 ~ 1640 ~ 1086 ~ 710 ~ 472

Wavenumber (cm™) "997

Figure 7: Representation of the FHt IR spectra in the MIR built
based on the references [30, 52, 54, 60, 113, 115].
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In turn, RS gives complementary information to IR; however, it has been a less
popular technique among clay scientists. The RS signal is weak, the samples
suffer photo-degradation and quite often an overlapping fluorescence masks
the Raman signal ™. In recent decades Fourier transform Raman
spectrometers and Raman microscopes have been able to overcome these
difficulties and the instrumentation has become more available. These
technological advances have resulted in a growing number of studies. For
instance, Mt, nontronite, natural and synthetic saponite have been studied by
RS and the observed bands have been assigned 8 119.120.121. 1221 Theare s only
one reported RS study of Ht '*! where identification of di- and tri-octahedral
phyllosilicates was possible. As a result of the low RS signal from the clay
mineral, an advantage of this technique is that it can be used to probe other
species in the system with little spectral interference from the clay mineral
itself. This is how RS has been employed to study FHt 4 where the
interaction between organic molecules in the interlayer and the clay has been
determined. As RS is becoming a more common technique among clay
scientists, it can be expected that the results will help understanding the
interactions in the elusive interlayer region.

l1l.3. Neutron Spectroscopy, NMR and Molecular
Dynamics

Swelling of clay layers and water diffusion, either in bulk or confined, occur on
time scales of ps to ms, and computational modeling and spectroscopic
methods such as NMR spectroscopy B 3% and INS %6 127. 128 haye proven to
be especially effective. Computational tools such as classical molecular
dynamics (MD) simulations complement experimental approaches by
providing molecular-scale insight currently inaccessible by existing
spectroscopic methods. For instance, as shown for FHt %!, the combination of
MD with neutron spectroscopy allows accurate analysis of the mixed dynamics
(rotation and librations as well as distinction of water in different
environments), and consequently to model accurately more and more complex
systems approaching the real natural clays ™. While for Na-Ht ™9 it was
shown that computational results together with experimental results obtained
with NMR spectroscopy support a model for interlayer H,O structure and
indicate that H.O molecules undergo simultaneous fast librational motions and
site hopping. Additionally, density functional calculations (DFT) and classical
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MD have been successfully applied to study the structure and dynamics of
water interacting with kaolinite surfaces and confined in the interlayer of Hal
(131, Finally, we mention that by combining Monte Carlo and MD simulations it

was shown that CO. considerably influences the diffusion of water in Na-Mt
[132]

The neutron scattering response can be inelastic or elastic depending on the
finite energy transfer between the neutrons and the sample, as shown in
Figure 8. By analyzing the inelastic signal, information on the periodic motions
of the molecules in the sample with a finite energy transfer can be obtained.
Similar to other spectroscopic techniques, the results from inelastic neutron
scattering (INS) measurements are basically a spectrum formed by several
peaks, which broaden with increasing temperature due to the Debye-Waller
factor. INS, however, offers a unique advantage that cannot be achieved by
other widely used optic spectroscopies techniques, namely: INS has no
selection rules due the nature of the interaction between the probe and the
sample (neutron-nucleus interaction). Thus, in principle all transitions are
observable. Additionally, due to the large H-cross section, INS is extremely
useful for looking hydrogen motions ™3, Finally, the INS amplitude is
proportional to the motion and the scattering cross section of the atoms
involved. These properties make INS an extraordinary test for the quality of ab
initio calculation of vibrations in molecules ™4, which have been applied to
characterize different cation exchanged Mt-samples confirming that both
confinement and cation type modify the librational behavior of water ™3],

Intensity

E . trancfar imaV)
Energy transter (meV)

Figure 8: Schematic of the neutron scattering spectrum from
samples dominated by hydrogen atoms. As explained in the
text the spectrum can be separated in elastic, quasi-elastic and
inelastic responses.
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The elastic component is related to the thermal fluctuations of the atoms
around their equilibrium position. If the scattering from the analyzed sample is
mostly incoherent, as in the case of clay minerals, the evolution of the
measured signal as a function of energy, time and/or temperature allows
probing the mobility of the hydrogen atoms. This is the so-called elastic fixed
window (EFW) approach that provides an overview of the molecular mobility in
the sample as a function of temperature and consequently to determine the
onset of the proton mobility by noting points of inflexions in the elastic
scattering response, i.e. temperature values where deviation from the classical
Debye -Waller behavior occurs. For instance in the case of Mt and Hal, using
this methodology it was clearly demonstrated that the cations Na* in this
particular study) in the interlayer regions act as gate keepers and to a certain
extent control the water mobility *!, while in the study of intercalation of the
capture of CIPRO by FHt 5 insight on how the water dynamics is affected by
the presence of the drug molecules located in FHt was obtained. Additionally,
very recently, the hydration states of swelling Mt clay minerals were obtained
using the EFW method 7. By evaluating the elastic intensity as a function of
time, the authors followed the adsorption, movement and release of water in
Na-Mt and in this way obtained important information on the design of for
instance hydraulic barrier technologies *#,

In the particular case of broadening of the elastic scattering line, random
diffusive motions of the molecules on a time scale of nanoseconds to
picoseconds are probed. This technique, called quasi-elastic neutron
scattering (QENS), is well suited to gather quantitative information about the
correlation times and length scales of the diffuse motion occurring in
hydrogenous materials in confined geometries, such as water confined within
the layers of different clay minerals, e.g. Mt, **® as well as water confined in
clay mineral/polymer nano-composites ™, The analysis of the quasi-elastic
(QE) response allows distinguishing free, confined or chemically bound
hydrogen dynamics within the observation time of the selected spectrometer.
Analysis of the QENS signal also allows for obtaining qualitative information
relating to the geometrical mechanism of the motion.

NMR spectroscopy, on the other hand, complements the XRD and ND data at
a molecular level, probing the structure, conformation and dynamics of the
intercalated surfactant ions. NMR studies in natural clay minerals are
vulnerable to paramagnetic Fe** normally present in common Mt. This problem
can however be circumvented by studies using the related, non-paramagnetic
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Ht clays. An intrinsic advantage of 'H and “Li NMR is their ability to probe
cation mobility as well as water mobility averaged over a time scale which is
long compared to what is normally accessible by molecular simulations,
complementing the QENS results. Furthermore, an interesting aspect of FHt is
that the OH groups of hectorite have been replaced by fluorine, making the
interpretation of proton spectra less ambiguous. For instance, hydroxylated Ht
exhibits two *H NMR signals, whereas synthetic saponites are characterized
by a single peak in the same region . Another powerful way to study
fluorinated 2:1 layered materials is the use of *’F MAS-NMR that enables the
determination of the coordination of structural fluorine by exploring the signal
related to the octahedral sheet compositions and how the octahedral elements
(Al, Mg, Fe, Li...) are bonded to the fluorine **", For instance, a combination of
chemical analysis with results from a *°F spectrum were successfully used to
determine unknown octahedral composition Li-FHt ™38, Further results of great
interest are from a comparative study obtained using 'H and ?H NMR
measurements in Na—FHt and Na-vermiculite (one of the most studied clay
minerals using NMR). While a proton exchange mechanism can be used to
describe the central line in the proton spectra of 2WL in both samples, ™% the
fraction of protons participating in the exchange process as well as the fraction
of water molecules outside the hydration sphere, i.e. the presence of
interlamellar water, are noticeably greater in Na-FHt B3, Furthermore, the
smaller relative weight of the central peak observed in *H NMR spectra of Li-
FHt compared to Na-FHt can be considered a possible mechanism of the
lower electrical conductivity in Li-FHt at low RH B,

IV. Conclusion

Fluorohectorite (FHt) is a synthetic smectite clay commercially
available (FHt-C with relatively high and somewhat inhomogeneous
layer charge, x ~ 0.6). Large steps forward in the synthesis control
and design of sharp charge homogeneity and layer aspect ratio
have been made (FHt-B with sharp and tunable layer charge 0.3 < x
< 0.7). These factors manifest themselves in the onsets and
behaviors of crystalline swelling as well as for osmotic swelling (i.e.
layer exfoliation).
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Here we have mainly discussed results obtained on FHt-C. In
particular, we have pointed to works that investigate the influence of
interlayer cation type for molecular capture and retention (H-O,
bioactive molecules, CO,). The type of intercalated cation is a
deciding factor for the crystalline swelling due to water vapor /gas
pressure exposure. We have shown that spectroscopic
characterization (IR, Raman, inelastic and quasi-elastic neutron
scattering, NMR) coupled with molecular dynamics simulations give
complementary information to scattering experiments (XRD or
neutron scattering) regarding molecular interactions with clays,
either coupled to residing charge compensating cations (H.O and
COy), or through cation exchange processes (bioactive molecules).
We suggest that FHt could be a better choice than natural clays for
pharmaceutical purposes as a result of their controllable layers
charge. We also point to recent work demonstrating that FHt has
extremely high volumetric capture capability for CO, compared to
alternative synthetic or natural materials, and we suggest that this
potentially can be used for greenhouse gas separation and CO:
capture, retention, transport.

We have also discussed saline aqueous suspensions of FHt-C.
FHT-C unlike low charge FHt-B does not exfoliate even in pure H,0,
thus FHt particles remain intact comprised of about 100 layers, thus
resembling suspensions of some natural clays such as illite (I). FHt
suspensions form isotropic or nematic phases depending both on
the clay and on the salt concentration.

Particularly it is the purity, and layer charge control, including the
possibility of extreme homogeneity (FHt-B) that makes FHt
interesting for materials technology applications such as flame-
retardant composites, gas barrier polymer clay nanocomposites,
and others. Smectite clays such as bentonite (i.e. montmorillonite,
Mt) are commonly used as barriers for chemical wastes, and are
now also considered as secondary barriers for long-term safe
nuclear waste storage (NWS) Bl Here we point out that for NSW
application, there might potentially be an important role to play for
FHt. The amounts of clays needed are not enormous, and there is
indeed need for geological time scale control and design of the clay
used for this purpose, both in terms of nanoscale functionalization
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(for molecular capture) and in terms of suspension behavior and
sedimentation, and the self-healing properties of clay powders in
suspension.

All-in-all the very active ongoing scientific work on natural #4 41
and/or synthetic M 3 including FHt 144 145 146. 147 gnd in particular
on FHt-B, should extend dramatically the mentioned applications
and hint to new ones. FHt is an important material in clay science
that definitely underlines the statement that “clays may be
considered the material of the 21° century” ©.
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