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Preface

In an era characterized by an increasing demand for sustainable and eco-friendly materials,
the role of nanomaterials has never been more crucial. Nanoclays, in particular, have
emerged thanks to their unique properties at the nanoscale that open the doors to
innovations in areas ranging from materials science to energy storage and beyond, making
them a key player in the demand for greener and more efficient products. Since
geopolymers are considered a practical solution for reducing COz emissions in the
construction industry as sustainable alternatives to traditional building materials, the
inclusion of nanoclays in their formulation represents a promising way to improve their
performance.

However, geopolymer research must already implement the current technologies towards
new hybrid geopolymeric systems with tailored physico-chemical properties.

This doctoral thesis intends to move a step forward in developing composite halloysite-
based geopolymers, giving an insight into specific characteristics of nanoclays used as
aluminosilicate precursors. In this regard, following an introduction on the recent advances
on nanomaterials and geopolymer technologies, in Chapter 2 a new protocol for the
separation of nanoclay mixtures will be proposed, given the common presence of
impurities in their natural deposits. In Chapter 3, having considered the distinct properties
evidenced thanks to the different morphology of these nanoclays, NMR techniques are
employed in order to investigate water diffusion and relaxation within these systems,
demonstrating the existence of diverse water populations. From this examination, a
specific kind of halloysite nanotube, called Patch, showed peculiar features promoting the
deepening of its potential in this work. With this in mind, Chapter 4 will focus on the
rheological characterization of Patch samples whose fibrous structure significantly
promoted the formation of hydrogel.

Moving from this focus on the potential aluminosilicate precursors to geopolymeric
materials, in Chapter 5. Relevant improvements will be shown compared to the unfilled
geopolymer, due to the presence of phase change materials confined in the geopolymeric

matrix.



Finally, Chapter 6 will propose on steel substrates, improving the wettability properties of
its surface. The attached papers with further details about the experimental procedures and

equipment employed in this thesis can be found in Chapter 8.



1. Introduction

1.1 Clay minerals and nanoclays as precursors for advanced materials

In recent decades, the world has recorded an extraordinary escalation of environmental
issues arising from the constant exploitation of natural resources, escalating pollution, and
the increased production of non-biodegradable materials. The scientific community is now
facing the urgent need to address these pressing issues to ensure the preservation of our
planet, and one crucial aspect is the pursuit of innovative and eco-friendly materials that
can meet the several needs of modern society while ensuring long-term sustainability and
mitigate the environmental impact of industrial activities.

In this regard, the field of nanotechnology is among the most actively researched areas in
modern material science. The use of nanotechnological products and their applications are
making a significant contribution towards environmental protection.

Nanomaterials are characterized by having dimensions in the nanometer scale (1-100 nm)
and they gained significant attention due to their unique physicochemical properties, which
make them valuable in sustainable technologies. The size-dependent properties of
nanomaterials enable their potential applications in many fields. Additionally, different
types of nanomaterials have been developed to enhance the properties of drugs, such as
pharmacokinetics and pharmacodynamics'. Polymeric nanomaterials, in particular, have
been widely utilized in the medical and pharmaceutical industries due to their
biocompatibility, controlled release capabilities, and size compatibility with tissues and
cells. Nanostructured materials possess the benefit of an exceptionally elevated surface
area to volume ratio. This is crucial especially when the surface of a material contains
significant active sites. Moreover, having a considerable portion of surface sites allows
materials to be used more effectively for applications such as catalysis>.

Nevertheless, a significant drawback exists with the employed materials and procedures as
they can rely on finite resources and produce dangerous pollutants. Sometimes, indeed,
their synthesis can involve the production of harmful byproducts or requires high levels of
energy and pressure, leading to high energy consumption, especially when large-scale

production is necessary.



The combination of nanotechnology and green chemistry principles and practices, known
as green nanotechnology, could be crucial in creating a sustainable society. Its methods
frequently exploit natural resources, safe solvents, and energy-efficient procedures to
produce nanomaterials. Nanotechnology products have recently been acknowledged as
highly efficient resources for environmental purification. Methods for remediation using
nanomaterials involve their use for the detoxification and conversion of pollutants. One
example is the utilization of titanium oxide for the photo-oxidation of organic pollutants®.
Additionally, alternative techniques such as biodegradation, sorption, hydrolysis,
photolysis, and UV irradiation can also be employed to remove pollutants*>.

Recently, nanoclays are receiving significant attention from researchers in various fields
including chemistry, physics, engineering, biology, and materials science. This is mainly
due to their unique morphological features, physico-chemical properties, and sustainable
nature. Nanoclays constitute the starting point to develop innovative nanomaterials used in
applications such as drug delivery, food packaging, preservation of cultural heritage,
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environmental cleanup, and wastewater treatmen . Moreover, different kinds of

nanoclays have emerged as important resources in the environmental and bioremediation
fields as adsorbent nanomaterials for pollutants®!°,

Exploiting natural nanomaterials, such as nanoclays, represents, in fact, a way to overcome
the aforementioned issues connected with nanotechnology. Chemically, nanoclays belong
to the family of phyllosilicates, namely layered silicates, consisting of tetrahedral sheets of
silica (T) followed by octahedral sheets of alumina (O). Clay minerals can either originate in
situ or be carried and deposited elsewhere. Chemical weathering happens when rocks that are
exposed to the Earth's surface interact with groundwater, which typically has low temperatures
and a pH ranging from 5 to 9. This interaction leads to the dissolution of minerals in the rocks,
alteration of the original rock forming minerals, transportation and elimination of soluble ions
and molecules, and ultimately the creation of new minerals.

Depending on the disposition of the layers, clay minerals can be classified into 1:1 type
(T-0), such as kaolinite, and 2:1 type (T-O-T), like montmorillonite and vermiculite!’.
For example, the 1:1 class is constituted by one tetrahedral layer and one octahedral layer
joined together with a thickness of each TO of ca. 0.7 nm. On the other hand, 2:1 is

composed of one O layer sandwiched between two T. The kaolin group of minerals

belongs to the category of dioctahedral 1:1 type mineral, with a chemical composition



generally represented by the formula Al>Si0Os(OH)s and lacks any layer charge. Within
this class, we also find halloysite clay nanotubes that are originated from a natural process
in which the flat sheets of kaolin are rolled into hollow tubular structures. The structure of
halloysite can be described as a layer composed of two building blocks: silica tetrahedra
and alumina octahedra that possess a unit formula of AlSi,Os5(OH)s'nH>O. We can
distinguish two structures: one of these is halloysite-7A, which is the dehydrated form (n =
0) and has a layer spacing of 7.5 A; another one is halloysite-10A, which is the hydrated
form (n = 2) and has an interlayer spacing of 10 A. The interlayer distance in halloysite-7A
is the same as that observed in flat kaolinite, whereas the increased thickness of halloysite-

1.12 reported a

10A is due to the presence of water molecules. In particular, Ferrante et a
spiral geometry as a model for both the hydrated (10 A) and anhydrous form (7 A) of
halloysite. A schematic representation of both forms is presented in Figure 1.1.

Usually, 10-15 layers of aluminosilicate form the cylinder of the halloysite tube. Their
external diameter ranges from 40 to 60 nm, while the internal diameter from 10 to 15 nm.

Their length can vary between 500-1500 nm'?.
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Figure 1.1. (a) Schematic representation of halloysite-7 A.
(b) Front view of halloysite-10 A.

Furthermore, the external and internal surfaces of halloysite have distinct chemical

properties, with the former being negatively charged and the latter being positively charged



across a wide pH range from 3 to 8'4. This characteristic is highly suitable for halloysite
nanotubes as it enables the loading of negative molecules into the inner lumen'?, exploiting
electrostatic interactions, that consists in the 10—15 % in volume of the pristine tubes or
until 3040 vol% after etching with sulfuric acid according to Abdullayev et al.!®.
Experimentally, the charge separation can be predicted by comparing the electrical (-
potential values of silica and alumina surfaces in water. According to the results reported
elsewhere!”, silica surfaces exhibit negative values and alumina surfaces exhibit positive
values, while the overall { -potential of halloysite nearly corresponds with the one of silica.
The surface charge of the nanotubes contributes to moderate their colloidal stability in
water. However, when loaded with negatively charged drugs, the &-potential becomes
more negative, up to values of -60 mV, resulting in colloids stable for months.
Consequently, halloysite can act as an excellent carrier for various types of cargo that can
be stored, transported, and subsequently released. Besides, halloysite has the advantage of
not requiring long exfoliation processing, thanks to its shape and the absence of stacked
platy sheets, also showing a significantly easier dispersibility, unlike platy multilayer
kaolin, montmorillonite, or bentonite particles.

The inner lumen of halloysite nanotubes has a diameter capable of containing a wide range
of substances, including proteins, polymers, drugs, macromolecules, and other chemically
active agents18 such as anti-corrosion, with the benefit of sustained molecular release.
Another possibility is presented by the interaction of positive active species with the outer
surface of the nanotubes. In particular, the different chemistry and charges of halloysite
facilitate selective functionalization with macromolecules like polymers, biopolymers, and
surfactants. This allowed to overcome the performances of HNT/polymer nanocomposites
that consisted of poor interfacial interactions between the polymers and the clay
nanoparticles, and the agglomeration of HNTs in the polymer matrix, limiting their
efficiency as filler. The siloxane groups on the outer surface of the nanotubes make the
grafting difficult for organic compounds. Nevertheless, the negative surface charge enables
them to be bonded, for example, with metal ions and cationic polymers. In this regard,
many of the used modification methods and the roles of HNTs have been summarized by
Liao et al. '°,

Compared to common carbon nanotubes, halloysite offers several advantages. These

include low cost, biocompatibility, and the ability to load chemicals inside its tube



structure. Carbon nanotubes on the other hand, are known to be carcinogenic and
extremely expensive. Additionally, they have a very narrow lumen diameter of
approximately 1-2 nm, limiting their capacity to accommodate only the smallest
molecules, such as water and certain ions.

The growing use of HNTs necessitates the evaluation of their potential toxicity to living
organisms. Overall, research has revealed that halloysite is a relatively safe nanomaterial,
and it is non-toxic up to a very high concentration of 5 mg/mL, which makes it suitable in
biomaterials. This has been proven through various experiments involving cell cultures and
animal models, ranging from microworms to piglets?®. However, due to its the absence of
biological processes of aluminosilicate degradation in the human body, halloysite cannot
be considered biodegradable, making intravenous injection incompatible and not
recommended?!. Nonetheless, using modified halloysite is limited to external medical
applications as an active component for the controlled release of drugs in creams, implants,
or wound treatment on tissues.

Among low cost and sustainable stabilizers, clay minerals are very promising in oil-in-
water emulsion stabilization. Emulsions with solid interfacially active particles, instead of
common surfactants, are called Pickering emulsions. They exhibit high stability due to
their resistance to coalescence and the Oswald ripening phenomena®?. At the beginning, the
limited choices of materials hindered the use of Pickering emulsions®®. Nevertheless,
advancements in material science and technology led to the creation of numerous
interesting and innovative particles that can be tailored to have tuneable surface wetting
properties for stabilizing Pickering emulsions?*.

Different degrees of coverage are obtained depending on the shape of the particles
involved, thus playing a significant role in this process. Discs and rods nanoclays are
particularly effective at maximizing coverage because they can optimally align themselves
at the interface®®. This characteristic, along with their morphology and wettability, allows
anisotropic particles to greatly enhance the stability of Pickering systems. By anchoring
themselves irreversibly at the oil-water interface, these particles create a physical barrier
that obstructs Ostwald ripening and coalescence by providing steric hindrance®®. The
Pickering emulsion features are strongly influenced by the characteristics of the resulting
droplets such as concentration, size, interactions, and charge. Nowadays, Pickering

emulsions can be widely used in various applications such as food science, cosmetics, oil



recovery, and drug delivery?”-?, due to their numerous advantages compared with droplets
stabilized by surfactants. The advantages include reduced or no toxicity, low production
cost, easy storage, and simple recovery.

For instance, Pickering emulsions have been proposed for oil remediation technology by
Owoseni et al.?’, and in their study, they demonstrated the utilization of halloysite
nanotubes as active solid emulsifiers. They also investigated the factors influencing the
stability of oil-in-water droplets. The findings revealed that the clay nanoparticles play a
crucial role in forming a protective and rigid film at the interfaces of the two liquids, thus
hindering agglomeration and sedimentation.

Pickering emulsions are also very promising for cultural heritage applications, especially
for marble or stone-based artworks®’. As a matter of fact, a recent study proposed a new
method for preserving waterlogged archaeological wood using a novel protocol involving
the Pickering emulsions stabilized with halloysite nanotubes and containing paraffin wax
as the inner core®!. The consolidated wood with the microparticles achieved robustness and
mechanical resistance compared to the untreated sample.

A comparison between halloysite, kaolinite and attapulgite stabilized oil-in-water
Pickering emulsions was also reported. It was shown that, despite having the same
chemistry, halloysite is capable of stabilizing the system at higher oil fractions compared to
kaolinite. This phenomenon is likely due to the higher specific area of halloysite with
respect to kaolinite. Moreover, halloysite-based emulsions demonstrated a significantly
higher yield stress and elastic modulus than kaolinite, with a difference of two orders of
magnitude. Although kaolinite and halloysite are aluminosilicates with very similar
chemical compositions, their properties are different, even at the same concentration,
because of their different shapes, particle sizes, and surface properties that influence their
physico-chemical features. For instance, a recent work showed the different ice nucleation
properties of kaolinite compared with halloysite nanotubes. In particular, halloysites
possessed higher ice nucleation activity with respect to kaolinites and more interestingly,
also compared to other halloysite samples with different dimensions of the nanotube 32,
The hypothesized reason is related to the different surface areas and the stacking of layers,
as the edges are recognized to be the most probable location for the ice nucleation, due to

the extensive variation in their geometry.



1.1.1 Separation of nanoclays

Kaolin minerals, namely kaolinite and halloysite, are diffused throughout the Earth as clay
components in soil and changed crustal rocks. During weathering, precursor
aluminosilicate materials, like allophane, are believed to be created in volcaniclastic fall
deposits. As the process of weathering and alteration continues, the rocks and deposits go
through a transformation, losing their original texture and mineral composition, and
become progressively weaker. This can sometimes lead to collapse, especially when
subjected to heavy rainfall or seismic activity>’.Then, they are gradually replaced by
halloysite and kaolinite, resulting in an overall increase in the clay content.

In this natural scenario, we can imagine that the composition of clays is influenced by the
geological environment. For example, in certain areas, limestone (calcite) is naturally
combined with raw clays and it can influence the mineralogy and reactivity of kaolinite*.
Infrared spectroscopy (FTIR) is reported in literature as a supplementary technique for
identifying clay minerals. However, it can also offer quantitative information for
determining the mineral composition of clays, which is still a challenging task*>. Currently,
XRD methods, such as pattern addition, single line, or Rietveld refinement methods, are
commonly used to quantitatively determine the mineralogical composition of clays.
Previous studies have demonstrated the effectiveness of FTIR in quantifying kaolinite and
halloysite and have highlighted the benefits of FTIR over XRD when concentrations of
kaolinite and halloysite in samples are low>®. Accordingly, a recent study proposed a way
to improve the quantification of kaolinite and halloysite by implementing machine learning
on mineral quantification based on spectral data®’.

The use of advanced separation methods, such as chemical treatment with magnetic
separation, allows for the extraction of high-quality mineral resources. Halloysite deposits
can contain impurities like muscovite, limonite, anatase, illite, iron minerals, and some
organic substances, which have a negative impact on the quality of the raw material.
Numerous studies have been conducted to explore cost-effective ways of removing these
impurities. Coarse-grained impurities can be eliminated using screens, hydro cyclones, and
magnetic separators, whereas special techniques such as centrifugation, flotation, and

leaching are required for fine-grained impurities*. Following dispersion, impurities



larger than 50 um are removed using hydro cyclones or sieves, and they are classified
based on particle size in industrial production.

The use of chemical treatment combined with magnetic separation has been reported to
purificate halloysite extracted from Poland*’. The method involved crushing, hydrochloric
acid absorption treatment, sedimentation, and polygradient magnetic separation in a weak
magnetic field to separate aluminosilicates from iron and titanium oxides. As a result, a
product with approximately 98% purity of the aluminosilicate fraction, constituted by
halloysite and kaolinite, was successfully obtained.

As mentioned before, natural halloysite clay samples can contain a lot of impurities.
However, besides those ones, we can also find traces of quartz phases41 or even an
approximate 10 wt% of platy kaolinite nanoparticles. This is related to the fact that
halloysite and kaolinite belong to the same class of minerals, known as phyllosilicates, and
they possess many similarities in terms of chemical composition except for the presence of
water molecules between the unit layers of halloysite, as previously mentioned in Section
1.1. The kaolinite contamination in halloysite samples becomes significant in contexts
where the utmost purity of HNTs is required. For instance, the presence of these kaolinite
nanoplates can diminish the efficacy of using halloysite nanotubes as carriers for
pharmaceutical and biomedical applications. In light of this, efficient separation protocols
are needed, and they represent a challenging task when considering their use in
pharmaceuticals and biomedicine. As documented in the literature, the way nanoparticles
settle within colloidal systems is influenced by numerous factors. These include specific
interactions between particles, the viscosity of the solvent, and the ionic strength of the
medium ****, These factors can lead to particle aggregation, which in turn diminishes the
stability of the colloidal system.

Enhancing the separation of kaolinite nanoplates can be achieved by introducing inorganic
flocculants *°. Examples of such flocculants encompass aluminum and iron salts, along
with environmentally friendly alternatives *°. Additionally, the inclusion of polymers can

impact on the sedimentation kinetics of kaolinite when it's dispersed in water *’.
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1.2 Geopolymers

In recent times, geopolymeric materials emerged as a promising alternative with lower
CO, emissions to classical cement concrete due to their potential for sustainable solutions.
Geopolymeric materials have several advantages, such as energy conservation,
environmental protection, and the ability to employ abundant raw materials like industrial
wastes. Therefore, utilizing industrial byproducts and waste materials for geopolymer
production is not only economically beneficial but also environmentally friendly,
especially considering the growing demand for green building materials.

The term 'geopolymer' was originally introduced by Joseph Davidovits in 1978, indicating
a class of solid materials synthesized by the reaction of an aluminosilicate powder with an
alkaline solution®®. In particular, the prefix ‘geo’ indicates an inorganic aluminosilicate
derived from geological materials. It reacts with an alkaline solution, forming a binder
through a polycondensation reaction that produces a three-dimensional tecto-
aluminosilicate matrix called polysialate, which has an empirical formula of M;[-(S102).-
AlO:]y wH20 where M represents a cation, n is the degree of polycondensation, and z can
be 1, 2, 3, or greater. The term "sialate" refers to a building unit composed of silicon-
oxoaluminate, where SiO4 and AlOg4 tetrahedra are connected by sharing oxygen atoms.
This bonding arrangement results in a negative charge on the IV-fold coordinated Al,
which is balanced by cations such as Na*, K*, Li*, Ca?*, Ba**, NH*, and H;0".

The presence of these cations is crucial for maintaining the structure's neutrality. Duxson et
al.* proposed a polymerization method that consists of multiple steps. A schematic
representation of the geopolymerization process is reported in Figure 1.2. The reaction
mechanism describes the essential processes involved in converting a solid aluminosilicate
source into a synthetic alkali aluminosilicate. The polymerization occurs in three stages:
(1) the oxide minerals present in the source materials (usually silica and alumina) dissolve
when subjected to highly alkaline conditions; (2) orientation of the dissolved oxide
minerals followed by a gelation; and (3) polycondensation takes place to create a three-
dimensional network of silico-aluminates structures®. Thus, the performance of
geopolymers is significantly influenced by the levels of silica and alumina present in the
source material®!. Additionally, there is an increase in dissolution rate and the compressive

strength as the alkalinity of the solution increases®’. However, the faster reaction of the
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polymer could potentially result in a significant loss of consistency during the mixing
process. The alkaline activator type and curing temperature are well-known parameters that
control geopolymerization and need to be optimized for producing high strength binders.
The most commonly used alkali solution for geopolymerization is a combination of sodium
silicate (Na2Si03) and sodium hydroxide (NaOH). The concentration of sodium hydroxide
in the solution plays a significant role in determining the physical and mechanical
properties of geopolymer stabilization. This solution contains hydroxide ions (OH") and
sodium ions (Na*), which initiate the reaction between the internal silicate and aluminate
components, thus initiating the dissolving process. Moreover, with respect to K* cations, the
smaller Na* ions showed increased activity in alkali reactions, leading to a higher ability to
dissolve substances and effectively stabilize silicate monomers and dimers in solutions.

It has been proved that using a mixture of both sodium silicate and sodium hydroxide as an
alkali activator will give better strength than using only a sodium hydroxide solution.
According to previous research®®, it was clear that another factor that greatly affects the
rate of geopolymer formation is the initial solid content. Increasing the solid-to-liquid ratio
resulted in a significant increase in the number of precipitates. This occurrence can be
attributed to the presence of a high concentration of dissolved reactant species. As the
solid-to-liquid ratio increased, the level of homogeneity in the geopolymer sample
decreased, mainly due to the limited availability of the alkali activator.

Water plays a crucial role in the formation, structure, and properties of geopolymers as it is
an essential component of them®. It acts as a medium for dissolving substances,
transporting dissolved ions, and facilitating the hydrolysis and polycondensation of
oligomers. Additionally, water enhances the flowability of geopolymer mixtures and
assists in the mixing process and ion transport. However, there has been a concern
regarding the addition of excessive water during geopolymer formation, as it was
previously believed that it could dilute the alkalinity of the system and lead to the
transportation of ions away from the desired reaction zone. Nevertheless, the requirement

for water depends on the specific characteristics of the raw materials utilized.
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Figure 1.2. Schematic representation of geopolymerization process™.

Thus, geopolymeric concrete is a self-compacting material that is capable of consolidating
under its own weight, and it is considered one of the most revolutionary progress in
concrete technology. When the precursors have completed the reaction, the resulting
geopolymeric bulk structure naturally contains micro and mesopores. The extent of these
porosities, usually ranging from 30 to 60 vol%, is influenced by the composition of the system
and the specific Si/Al ratio. Additionally, there is growing interest in highly porous
geopolymers and geopolymer foams, namely presenting porosity exceeding 70 vol%, due to
their attractive physical properties such as exceptional thermal and chemical stability. These
materials also have applications that go beyond the capabilities of traditional geopolymer
matrices. For instance, they can be utilized as adsorbents®®>’, both for heavy metals and other
substances®®, as well as for their acoustic and thermal insulating properties™. Moreover, it has
been reported that porosities can be intentionally introduced into the micro- and mesoporous

geopolymer matrix by removing a sacrificial material from its structure®.
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The advancement of new hybrid materials is driving the creation of products with multiple
properties by adjusting the chemical composition of two different phases. Various studies
have shown that the inclusion of additives in geopolymers can enhance their physical and
chemical characteristics®'. Over the past decade, both organic and inorganic additives, such
as micro silica, microfibrils, and carbon fibers, have been successfully used to improve the
mechanical strength and thermal resistance of geopolymers, as well as enhance the
geopolymerization reaction for concrete applications®*%. For example, the addition of
nano-SiO> has been found to enhance the microstructure, hardening properties, and
compressive strength of geopolymers made from fly ash®.

It has also been demonstrated that bio-additives can extend the durability properties of
geopolymers compared to regular geopolymeric concrete®. It is possible to achieve
materials with different properties by adjusting the chemical composition of the
components, and their applications rely on this customization. While the effects of
additives such as silica fume, alumina, quartz powder, fibers, and nanomaterials have
mostly been explored on slag or fly ash based geopolymers®®, further research is needed to
investigate their impact on clay-based geopolymers.

More recently, phase change materials (PCM) as fillers in building materials have been
widely recognized as an energy-saving solution that improves the energy efficiency and
sustainability of buildings. PCM are materials that are capable of absorbing and releasing
thermal energy when undergoing and/or overpassing their phase change transition
temperature. In Figure 1.3 a schematic illustration of this mechanism is reported. PCMs
have gained attention for their potential use in thermal energy storage and have found
applications in various areas such as heat recovery, solar energy storage, intelligent
building materials, air conditioning, and photovoltaic devices®’. The main objective is to
contribute to more efficient and environmentally friendly energy use. When the
temperature reaches the melting temperature, the PCM absorbs heat for melting.
Conversely, when the temperature drops, the PCM starts to crystallize and releases the
previously stored heat. However, bulk phase change materials are not suitable for use
without encapsulation. Encapsulation in a shell material offers advantages such as
protecting the PCM from the external environment and increasing the specific surface area
for improved heat transfer®®. PCMs can be classified into many categories according to the

specific phase transitions they undergo. Solid-liquid PCMs are the most practical choice
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for heat storage devices due to their high latent heat capacity and easy design. In contrast,
solid-solid PCMs have a low latent heat of fusion and are not suitable for practical
applications. Solid-liquid PCMs strike a good balance between a high latent heat of fusion

and manageable volume change.
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Figure 1.3. Schematic illustration of encapsulated PCM transition.

The increasing impact and attention towards eco-innovative building materials arise from
their distinct features and environmental advantages. The inclusion of phase change
materials is a noteworthy technology in creating new eco-sustainable composite materials.
In this regard, in the latest years, many research works have been reported highlighting
how useful could be combining geopolymeric materials together with PCM, creating a
hybrid eco-sustainable material with high thermal savings and namely, reducing the
consumption of energy for cooling and heating®.

With this in mind, a study conducted by Hunger et al.”’ examined various experiments
involving self-compacting concrete with varying amounts of microencapsulated PCM. The
PCM was added to the concrete through direct mixing. The findings indicate that the
inclusion of PCM results in a notable enhancement of the concrete's heat capacity and a
decrease in its thermal conductivity, ultimately improving its thermal efficiency’.
However, it is important to note that the incorporation of PCM also significantly reduced
the compressive strength of the concrete’?. Despite the reduction in compressive strength
with the incorporation of phase change materials, the developed composites still satisfy the
mechanical specifications for concrete applications. At the same time, they were proven to

be highly effective in lowering the temperature inside enclosed spaces. Consequently, the
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use of geopolymer mortar with incorporated PCM can effectively increase the thermal

inertia of buildings and reduce energy consumption for cooling and heating purposes.

1.2.1 Nanoclays as functional raw materials for geopolymerization process

In recent years, natural clay minerals have been considered potential substitutes of
cementitious materials because of their abundance worldwide. Using green and alternative
materials instead of Portland cement is now the focus towards an efficient approach for
minimizing the concrete industry's carbon footprint. Researchers are increasingly interested
in the impact of carbon dioxide emissions from cement production on global warming in
the construction industry 3.

As a result, there has been a growing interest in developing environmentally friendly
materials from natural resources and industrial by-products’”. Recycling and reutilizing
industrial waste is recognized as an efficient approach to reduce power consumption across
various sectors, including the cement industry. This led to a current attention to
geopolymeric materials, which have the potential for environmental remediation and can
be produced from industrial by-products like fly ashes’®, furnace slag’’, and natural clays’®.
In literature, it has been reported that materials with an adequate amount of reactive
alumina and silica are potential sources for the synthesis of geopolymer.

The researchers discovered that nanomaterials in concrete can lead to quicker curing and
generate more heat through increased hydration”. When combined with tricalcium silicate,
nanomaterials can enhance the strength and the setting rate of concrete. The way
nanomaterials disperse within the concrete also has a significant impact®®. Accordingly, to
reduce the issue of the inadequate dispersion when nanomaterials are introduced in bulk, a
wide range of techniques, such as ultrasonication, mechanical stirring, and ball milling of
nanoparticles have been employed®'32. However, the use of nanomaterials in geopolymer
concrete is still under investigation in order to determine their full potential in this field.
The inclusion of nanoclay particles in geopolymer can improve its microstructure, decrease
pore size and porosity, and increase the strength of the cement matrix and concrete®>34,

Moreover, the addition of nanoclay particles improves the strength of cement paste and mortar
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when it hardens®. According to Farzadnia et al.?

,the inclusion of 3% halloysite nanoclay in
cement resulted in a significant increase in compressive strength, with up to 24% improvement
in samples containing 3% halloysite, after 28 days compared to the control samples. These
findings demonstrate that the enhanced strength is attributed to a denser microstructure, which
can be explained by several factors such as the increased surface area, unique tubular shape of
halloysite nanoclay with a high aspect ratio, the presence of SiO2 on the surface of nanotubes,
and the ability of the nanoclay to fill voids due to its swelling properties.

Geopolymer nanocomposites reinforced with nanoclay have recently garnered significant
attention. Various methods can be employed to synthesize these materials, with the most
common being the in situ method, where nanoclay particles are added during the
geopolymer matrix synthesis. The inclusion of nanoclay particles enhances the mechanical
properties of geopolymer nanocomposites, including strength, stiffness, and toughness,
owing to their high aspect ratio, which acts as a physical barrier against crack propagation.
Moreover, the addition of nanoclay enhances the thermal stability of the geopolymer
matrix, making it suitable for high-temperature applications.

Metakaolin is extensively used in one-part alkali activated materials and it is synthesized
from the calcination of kaolinite clay. This process involves heating the clay at
temperatures between 450 and 800 °C and it is commonly used for precursors like
kaolinite being one of the most notable. During calcination, the crystalline phase structure
of the kaolinite is broken down, leading to the formation of an amorphous glassy phase that
is highly reactive. The optimal temperature for calcination varies depending on the source
material. In the case of kaolinite clay, it is typically calcined at temperatures ranging from
700 to 800 °C. This temperature range causes dehydroxylation, loss of long-range silica
and alumina layers, and the transformation of alumina from octahedral to tetrahedral
coordination ¥’

As mentioned before, the most common clay used as a geopolymer raw material is kaolin,
but the suitability of other clays was also investigated. For instance, clays dominated by
2:1 dioctahedral layer silicates were exploited as aluminosilicate precursors®®. As a matter
of fact, high strength geopolymers were prepared from a calcined and ground interstratified
illite-smectite clay®. It should be considered that the quantities of clay minerals in soils
can vary significantly worldwide, and it is important to comprehend how these minerals

impact the reaction products in alkali activation, since clays play a dominant role in soil
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composition. Marsh et al. *° activated mixtures of kaolinite, montmorillonite, and illite
precursors with sodium hydroxide solutions. They found that certain types of clays had a
more significant influence on the reaction products, showing that the suitability of a
particular soil for alkali activation depends not only on the total clay content but also on
the types and relative quantities of clay minerals present. As a result, it has been
demonstrated that secondary minerals found in kaolin will impact the reaction process and
ultimate properties of geopolymer. While the inclusion of halloysite in kaolin led to a
higher geopolymerization rate, enhancing the dissolution of silicon and aluminum, it did
not alter the geopolymerization pathway®!. This is why halloysite nanotubes were exploited
as aluminosilicate precursors in the synthesis of geopolymers due to their high reactivity®>-
4 This improved reactivity suggests the beneficial impact of HNTs in geopolymer
synthesis.

Recently, the use of halloysite as a solid precursor for geopolymer synthesis has increased
and the need to establish relationships between the synthesis conditions and the final

products has emerged. For instance, Kaze et al.

conducted a study to investigate the
impact of thermal activation on geopolymer made from halloysite, with temperatures
ranging from 600 to 750 °C. Their findings revealed that 750 °C was the optimal
temperature for achieving the highest reactivity and mechanical properties. On this path,
Zhang et al.”” discovered that the dehydroxylation process during calcination at
temperatures between 650 and 850 °C led to an increase in the amorphous content and
reactivity of halloysite when reacting with an alkaline solution. This resulted in the
formation of a geopolymer with a compact structure and higher compressive strength.
Nevertheless, the exploration of halloysite-based geopolymers is not as extensively established
as that of other precursors, like fly ash®®, kaolinite?”, and illite®®, although halloysite shows
potential as an aluminosilicate precursor for their preparation.

The reactivity and mechanical performance of geopolymer binders made from blends of
metakaolin and meta-halloysite were also tested. It turned out that incorporating meta-
halloysite increased the rate at which aluminosilicate oligomers were released in the
alkaline solution. This resulted in the development of a dense and strong matrix, which
helps explain the high mechanical performances observed®®. Thanks to the high
geopolymerization reactivity of halloysite, alkali-activated halloysite-based geopolymers

99

are sensitive to the curing conditions. According to literature”, halloysite-based
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geopolymers that are cured at room temperature possess a dense and uniform
microstructure, resulting in high compressive strength. However, increasing the curing
temperature led to the formation of geopolymers with more unreacted precursors and larger
pores, since the polymerization occurred more rapidly. This had a negative effect on the
compressive strength of the final product. Another recent paper reports the activation of
halloysite with phosphoric acid instead of alkaline activator solutions’*. The microstructure
and mechanical performance have been shown to be intensely dependent on the halloysite
structure and the concentration of phosphoric acid used in its preparation.

In the following chapters of this PhD thesis a preliminary focus on the specific features of

the nanoclays used as aluminosilicate precursors will follow.
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2. Purification of halloysite nanotubes from natural
deposits

Different materials have been used in the preparation of geopolymers, with kaolinite being
widely employed in the early stages of development. However, research has since
expanded to include other raw materials such as natural clays, industrial waste like ashes,
slag, waste glass, and copper mine tailings, as well as various natural and artificial
aluminosilicates like zeolite, pure Al2O3—2Si02 powder, and magnesium-containing
minerals. These raw materials are all aluminosilicates, rich in alumina and silica.

In the initial part of this PhD work, the main objective was to purify samples of natural
halloysite nanoclay since they are often contaminated by a certain level of platy kaolinite
nanoparticles, which varies depending on the geological deposit from which they were
sourced.

Natural clay samples are typically composed of a mixture of various minerals, which can
limit their suitability for applications in different fields. The purification of natural
nanoclays involves the process of separating and removing impurities such as carbonates,
iron oxides, or organic materials from raw clay materials to obtain nanoclays with
improved quality and properties!®. It is worth noting that natural halloysite may contain
variable quantities of kaolinite. Consequently, the effective separation of halloysite and
kaolinite becomes decisive in preparing HNTs for a wide range of applications. With this
in mind, controlling the nanoclays sedimentation selectively can be an effective way to
achieve this objective. The sedimentation of halloysite in water is quite unique, and a
simple percolation model can explain it. It was observed that halloysite dispersions in
water settle with a significant volume of sedimentation. A recent study has provided an
explanation for this phenomenon based on geometric factors. In particular, by considering
the contact distance between the nanotubes, it was possible to predict the volume fraction
of nanotubes in the sedimentation volume'®. On this basis, it was found that the
sedimentation volume of HNTs is driven by hard-cylinder interactions, and the aqueous
dispersion looks stable when the contact distance between nanoparticles is approached.
According to the literature, it is worth highlighting that introducing varying proportions of
monosaccharides (like glucose) or disaccharides (such as sucrose and maltose) offers an

efficient approach for regulating the stability of aqueous dispersions. This regulation is
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achieved by altering water's physico-chemical properties, including its dielectric constant,

refractive index, and viscosity'®2.

Conversely, the incorporation of non-ionic
macromolecules (such as polymers and surfactants) has the potential to influence the
colloidal stability of aqueous nanoclay solutions. This influence arises from steric
interactions and depletion processes, as demonstrated in studies involving kaolinite
dispersions with variable amounts of biopolymer #’. It has been reported that the
sedimentation kinetics of halloysite can be perturbed by salt addition that causes a
variation of {-potential.

With this in mind, here we decided to examine how the addition of sucrose impacts the
colloidal stability of halloysite and kaolinite in aqueous media. Particularly, we studied
how sucrose acts to screen the attractive interactions between clay nanotubes, using the
DLVO theory. Additionally, we looked into how varying concentrations of sucrose affect

the sedimentation kinetics of both nanoclays, aiming to optimize their separation efficiency

in mixed halloysite/kaolinite aqueous solutions.

2.1 Impact of sucrose on the aqueous diffusion properties, surface charge
and sedimentation of clay nanoparticles

Preliminary investigations were carried out on sucrose solutions to ensure accurate analysis
and comprehension of the colloidal characteristics of nanoclay dispersions. The outcomes
are detailed in Table 2.1. Notably, the properties under investigation influence the
electrophoretic mobility, dynamic behavior in aqueous environments, and sedimentation
tendencies of nanoparticles dispersed within sucrose-infused aqueous solutions.

The reported results are indeed needed to better analyse Dynamic Light Scattering
experiments that helped in exploring the influence of sucrose addition on the HNTs and

kaolinite’s aqueous diffusion coefficient.
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Table 2.1. Refractive index, relative dielectric constant and viscosity of sucrose solutions
in water at 25 °C.

Sucrose Concentration / wt% RI &r n/mPas

0 1.332 78.4 0.89
13 1.336 78.2 1.03
2.5 1.338 77.9 1.06
4.8 1.341 77.4 1.15
9.8 1.349 76.1 1.34
15.5 1.357 74.7 1.59
259 1.370 72.0 2.17

As a general result, kaolinite shows lower diffusion coefficients within aqueous solvents in
comparison to halloysite nanotubes (Figure 2.1). This outcome is likely attributed to the
larger size of kaolinite nanoparticles, which leads to decreased mobility in water with
respect to HNTs. Interestingly, we noticed that the presence of sucrose does not influence
the diffusion coefficient of kaolinite. On the contrary, the mobility of HNTs in aqueous

environments is notably affected by the presence of sucrose.
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Figure 2.1. Aqueous diffusion coefficients of HNTs and kaolinite as function of the
sucrose concentration.
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As illustrated in Figure 2.1, adding small quantities of sucrose, up to approximately 5 wt%,
led to a reduction in the diffusion coefficient of halloysite, implying a decrease in the
dynamic behavior of the nanotubes. In contrast, further sucrose addition resulted in a slight
increase in the diffusion coefficient, indicating enhanced diffusivity of HNTs. These trends
can be linked to the influence of sucrose on the interactions between halloysite nanotubes
dispersed in water.

This influence is also evidenced in the (-potential results (Table 2.2), where the presence

of sucrose slightly alters the surface charge of both the nanoclays.

Table 2.2. {-potential of halloysite and kaolinite in sucrose solutions at variable

concentration.
Sucrose Concentration / wt% C-potential / mV
Halloysite Kaolinite
0 34115 219+ 1.1
4.8 326+ 1.1 213+ 1.5
9.8 -324+14 220+1.2
15.5 -323+1.3 -223+1.2

Looking at the data in Table 2.2, it is evident that the electrostatic repulsions among
kaolinite nanoparticles in sucrose solutions remain comparable to those in pure water. On
the other hand, for HNTs, there is a slight reduction in the absolute {-potential value with
the addition of sucrose. Notably, the {-potential values are negative across the entire range
of sucrose concentrations and halloysite exhibits more negative (-potential values
compared to kaolinite, indicating stronger repulsive interactions and hindered aggregation
in the case of halloysite nanotubes.

It is worth emphasizing that the presence of sucrose can impact Van der Waals interactions
among nanoparticles. This phenomenon will be thoroughly examined soon. Specifically,
the addition of sucrose has the potential to diminish attractive interactions among dispersed

nanoclays, thereby altering the colloidal stability of the dispersions. These effects are
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influenced by the concentration of sucrose, as shown from the results regarding the
aqueous diffusion coefficient of halloysite (Figure. 2.1).

As reported in Figure 2.2, dispersions of kaolinite and halloysite exhibit distinct
macroscopic features, influenced by the concentration of sucrose and the time of
equilibration after the preparation as well. Examining the images provided in Figure 2.2
(a), it becomes evident that the increase from 2.5 to 10 wt% of sucrose concentration leads

to a lowering of the sedimentation front in halloysite dispersions.
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Figure 2.2. (a) HNTs dispersions in 2.5 and 10 wt% sucrose at variable times of
equilibration. (b) Kaolinite dispersions in water and 10 wt% sucrose after 30 min of
equilibration.

Therefore, it can be concluded that the rate of HNTs sedimentation is faster at lower
sucrose concentrations. It took 2 hours to observe the complete separation between the
nanoparticles and the solvent for both sucrose concentrations. After 30 minutes of
equilibration, the kaolinite suspensions in water did not show a clear sedimentation front,
unless the sucrose concentration was at least 10 wt%. To analyse the sedimentation
kinetics, ImageJ software was used to track the time evolution of the sedimentation profiles
for both HNTs and kaolinite dispersions. The sedimentation volume fraction was

determined after 2 hours of equilibration, when the process was deemed complete. The
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settling velocity was estimated from the slope of the sedimentation front vs. time plot,
based on a previous work on the effect of ionic strength on the colloidal stability of
halloysites**. From the macroscopic observations, the settling velocity for kaolinite could
only be determined in aqueous media with sucrose concentrations of 10 wt% or higher.

Figure 2.3 (a) illustrates that the sedimentation volume fraction values for kaolinite are
lower compared to halloysite, and they remain relatively constant across the range of
sucrose concentrations studied. This suggests that the sedimentation of kaolinite occurs at a
faster rate compared to halloysite when the sucrose concentration is 10 wt% or higher, as

supported by the settling velocity data shown in Figure 2.3 (b).
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Figure 2.3. Sedimentation volume fraction (a) and settling velocity (b) of halloysite and

kaolinite as function of the sucrose concentration.

Notably, this distinct sedimentation behavior could be advantageous for effectively
separating kaolinite and halloysite in natural samples containing both types of nanoclays.

The inclusion of the carbohydrate did not have any impact on the sedimentation volume
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fraction or settling velocity (for sucrose > 10 wt%) of kaolinite dispersions. Conversely,
the presence of sucrose influenced the sedimentation kinetics of halloysite nanotubes
dispersed in water. Our observations revealed that the sedimentation velocity of HNTs is
enhanced when the sucrose concentration is up to 5 wt%, but further addition of sucrose
resulted in the opposite effect. Similarly, the sedimentation volume fraction displayed a
minimum value at 5 wt%. These findings regarding the relationship between the
sedimentation parameters and sucrose concentration, as depicted in Figure 2.3, align with
the data obtained from DLS, which demonstrated reduced diffusion of HNTs in water at

low sugar concentrations and a minimum value at 5 wt%.

The impact of sucrose concentration on sedimentation parameters can be explained in
terms of the balance between Van der Waals forces and repulsive interactions between
nanoparticles, as described by the DLVO theory. However, this approach is not suitable for
describing the sedimentation of kaolinite due to the large size of the nanoparticles. DLS
experiments demonstrated that the hydrodynamic diameter of kaolinite ranged from 1828 +
146 nm to 2796 + 223 nm at sucrose concentrations of 1.27 and 15.5 wt%, respectively.
The addition of sucrose resulted in slight changes in the surface charge of HNTs (Table
2.2), indicating that repulsive interactions between halloysite nanotubes were not affected.
However, it can be predicted that sucrose does influence the Van der Waals attractive
forces. The Hamaker constant was indeed calculated as a function of sucrose concentration

for HNTs dispersions using the equation provided here:

_ 2 2 .2
Ay = kg - (81 82) + e (ni —n3) @.1)

et/ B2 (2 <2- /n§+ng>

where kp is the Boltzmann constant, 7 is the absolute temperature, ¢ is the dielectric
constant, n is the refractive index and v. is the mean ionization frequency of the material
and it is = 3:10'> Hz. Here, the subscripts 1 and 2 refer to halloysite and sucrose solution,
respectively.

Figure 2.4 shows the normalized Hamaker constant for halloysite nanotubes dispersed in

aqueous solvent with varying sucrose amounts.
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Figure 2.4. Dependence of the Hamaker constant on the sucrose concentration for
halloysite, determined by using Equation 2.1.

According to Figure 2.4, the Hamaker constant is positive for all sucrose concentrations,
indicating that the Van der Waals forces are attractive. We observed a decrease in the
attractive forces between the nanotubes dispersed in water by adding sucrose. This
decrease in the Hamaker constant aligns with the reduction in Van der Waals interactions
between the dispersed nanotubes, which is further enhanced by increasing the amount of
sucrose in the aqueous medium.

The decreasing trend of the Hamaker constant as a function of the sucrose concentration
(Figure 2.4) can be described by a binomial equation across the entire range of
investigation. Interestingly, there is a linear region where the Hamaker constant only
slightly varies for sucrose concentrations up to ca. 5 wt%. Specifically, we estimated that
the reduction in the Hamaker constant is less than 2%, indicating that the effect of sucrose
on the attractions between nanoparticles is negligible for sugar concentrations up to
approximately 5 wt%. Based on these findings, we can hypothesize that the attractive
forces are significantly more predominant than the repulsive forces in the presence of small
amounts of sucrose, promoting the clustering of HNTs. Consequently, the diffusion
coefficient in water decreased (Figure 2.1), and sedimentation kinetics increased (Figure
2.3 (b)). These results are also consistent with the minor reduction in the surface charge of

HNTSs (Table 2.2).

27



On the other hand, for sucrose concentrations equal to or greater than 10 wt%, the
difference between attractive and repulsive forces decreased, explaining both the
sedimentation parameters and the data from dynamic light scattering (DLS). In other
words, the attractive forces are substantially screened by sucrose, resulting in increased

mobility in water and improved colloidal stability of the nanotubes.

2.2 Separation of halloysite ad kaolinite mixtures in sucrose solutions

In this study, we exploited the sedimentation kinetics of the nanoclays in sucrose solutions
to achieve a successful separation of the halloysite and kaolinite components in mixtures.
Separation experiments were conducted on them according to the following procedure.
Initially, we created mixtures of halloysite and kaolinite with a 1:1 mass ratio in sucrose
aqueous solution at 10 wt%. The concentration of both nanoclays was maintained at 2
wt%. The dispersion was then subjected to sonication for 15 minutes, magnetic stirring for
2 hours, and 30 minutes of equilibration, which didn’t guarantee the complete
sedimentation of the nanoparticles. Afterward, it was removed the 30% of the total volume
from the upper part of the dispersion. The recovered suspension was subsequently dried at
50°C. To eliminate the sucrose, the dried powder was washed five times with water, and
then stored in a desiccator at 25°C and 75% relative humidity. In order to make a
comparison, the separation experiment was also conducted using water as the solvent
(Attached Manuscript I).

Few kaolinite nanoplates and a large quantity of halloysite nanotubes were observed
through scanning electron microscopy in the sample obtained from a 10 wt% sucrose

solution (Figure 2.5).
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Figure 2.5. SEM image of the sample obtained from the separation in 10 wt% sucrose
solution. The circular red lines highlight the kaolinite nanoplates.

The separation procedure's efficiency was further evaluated using thermogravimetry, a
valuable technique for analysing multicomponent materials quantitatively and
qualitatively!'®*!%*, Figure 2.6 presents a comparison of the differential thermogravimetric
curves of the pristine nanoclays and their mixture (HNT/Kaolinite 50:50) with the curves

of the materials obtained by the separation using both water and a 10 wt% sucrose solution.
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Figure 2.6. DTG curves of HNT, Kaolinite, HNT/Kaolinite mixture (50:50) and the
samples obtained from the separation in water and 10 wt% sucrose.

Literature suggests that pure halloysite displayed its main mass loss between temperatures
of 400 and 600 °C due to the dehydroxylation and elimination of interlayer water
molecules, while kaolinite showed a more significant reduction in mass over a broader
range, between 480 and 700 °C 103106,

Based on this information, the analysis of the separated materials focused on the
differential thermogravimetric curves within the range of 400—700 °C. Initially, the peak
temperatures (Tpeax) for the different samples were determined from the minimum points
on the differential thermogravimetric curves. Figure 2.7 shows that a linear relationship

was found between Tpeax and the composition of the halloysite/kaolinite mixtures.
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Figure 2.7. Dependence of the peak temperature with variable HNT composition for
halloysite/kaolinite mixtures. The red circle points are the experimental data, while the
black line represents the linear fitting.

Using the linear fitting of this trend, the mass percentage of halloysite in the separated
materials was calculated based on the corresponding Tpeax values obtained from the sucrose
solution (503.8 °C) and water (514.8 °C). The results indicated that the halloysite content
was 97 £ 3 wt% for the materials obtained from the separation in a 10 wt% sucrose
solution, while it was 59 + 3 wt% for the materials obtained through water.

The DTG curves of both pristine kaolinite and halloysite were analysed more accurately by
fitting them using Fityk software'”’. The analysis exploited a split Gaussian function as a

model, and it was employed to fit the DTG curves. It can be expressed as follows:

I () exp [-in2 (Z)] forT <, 22)
and
‘Z_T;‘ = (‘Z—T;‘) * exp [—an (TA_TZC)Z] forT =T¢ (2.3)

where Tc is the temperature at the centre of the function, A7y and ATk are the left and right
widths indicated as temperature ranges, while (dm/dT) is the common value for the left and

right sides.
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The parameters obtained from fitting the DTG curves of kaolinite and halloysite are listed

in Table 2.3.

Table 2.3. Fitting parameters obtained by applying the split Gaussian equations of
halloysite and kaolinite DTG curves.

Fitting Parameters Halloysite Kaolinite
Tc/°C 502.9 533.2
ATL 33.2 24.0
ATr 36.7 80.1
(dm/dT) / % °C! -0.148 -0.066

The DTG curves of mixtures containing both the nanoclays were successfully fitted by
combining the split Gaussian equations of halloysite and kaolinite. The fitting parameter
considered was the rate of weight loss (dm/dT) for halloysite and kaolinite contributions.
At the same time, Tc, ATr, and ATr were fixed (determined by fitting the DTG curves of
pristine HNT and kaolinite). For example, Figure 2.8 (a) compares the experimental and

calculated DTG curves for a mixture containing 50 wt% halloysite.
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Figure 2.8. (a) Experimental and fitted DTG curves for the mixture containing 50 wt% of
halloysite. (b). Split Gaussian functions of halloysite and kaolinite used in the fitting
analysis.

Additionally, Figure 2.8 (b) separately displays the split Gaussian functions used in the
fitting analysis. Using the fitted DTG curves, the mass percent of halloysite in the mixture

can be estimated from the following equation:
being A(SGE)u the area obtained by the integration of the split Gaussian function of the

mixture, while A(SGE)unr 1s the integral area for the single contribution of halloysite used

in the fitting analysis.
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Figure 2.9. Dependence of the halloysite content determined by the fitting on the HNT
concentration used to prepare the mixture with variable composition.

A linear relationship between the calculated HNT(wt%)sce values and the halloysite mass
percent used to prepare the mixtures is observed in Figure 2.9. The linear regression
presents R? equal to 0.985, while the relative error for the fitting parameter is 6%. Through
the linear fitting of the data presented in Figure 2.9, we were able to determine a
calibration curve that can be used to calculate the HNT content in halloysite/kaolinite
composite samples with unknown compositions, including the separated material obtained
using the protocol previously described.

As shown in Figure 2.10 (a), the DTG curve of the sample separated from the sucrose
solution, can be analysed using a combination of split Gaussian equations for halloysite
and kaolinite. In Figure 2.10 (b), it can be evidenced that the contribution of halloysite to
the fitting analysis is significantly higher than that of kaolinite. By using the corresponding
HNT(wt%)sce value (84.3 wt%) and the calibration curve shown in Figure 2.9 , we were
able to determine that the halloysite content in the separated material is 89 + 5 wt%,

confirming the high efficiency of the separation procedure in sucrose aqueous solution.
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Figure 2.10. (a) Experimental and fitted DTG curves of the material obtained by the
separation in 10 wt% sucrose solution. (b) Split Gaussian functions of halloysite and
kaolinite contributions employed in the fitting analysis.

On the other hand, the sample separated from water has an HNT(wt%)sce value of 51.6
wt%. Using this information, we calculated a HNT content of 53 + 4 wt%, which is
significantly lower than that detected for the material separated in the 10 wt% sucrose
solution. These results indicate that the addition of sucrose in the aqueous solvent promotes
the separation between the nanoclays. This finding is consistent with the macroscopic
observations of the dispersions (Figure 2.2) and the sedimentation kinetics (Figure 2.3),
which showed that the addition of 10 wt% sucrose reduces the colloidal stability of
kaolinite. At the same time, the settling velocity of halloysite was only slightly affected.

The objective of this study was to develop a new method for separating mixtures of

halloysite and kaolinite by using the effects of sucrose on the stability of both nanoclays in

water.
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It is crucial to control the sedimentation of the nanoclays in order to purify natural
halloysite samples. Based on the results of Dynamic Light Scattering (DLS), we found that
the effect of sucrose on the diffusion of halloysite nanotubes in water depends on the
concentration of sucrose, while no effects were observed for kaolinite nanoplates. The
presence of sucrose slightly affected the surface charge of the nanoclays. We observed that
small amounts of sucrose (<10 wt%) improved the sedimentation kinetics of halloysite
nanotubes. However, this effect was eliminated by increasing the sucrose concentration
(>10 wt%) due to the significant screening of attractive interactions between the clay
nanotubes. Interestingly, the dispersibility of kaolinite was greatly reduced in the presence
of sucrose concentrations exceeding 10 wt%. Therefore, we concluded that the optimal
separation efficiency for halloysite/kaolinite mixtures can be achieved in a 10 wt% sucrose
solution. We used thermogravimetry to determine the composition of the separated
materials in both water and 10 wt% sucrose solution. We found that the presence of 10
wt% sucrose significantly increased the halloysite content (89 = 5 wt%) compared to
separation in water (53 + 4 wt%). In summary, this study demonstrated that the addition of
sucrose to aqueous solvents can successfully separate halloysite and kaolinite. The
separation efficiency can be controlled by the concentration of sucrose, which affects the
stability and sedimentation kinetics of both nanoclays. This protocol can be used to purify
natural halloysite samples. For future investigations it would be useful to understand if the
same consideration about the effect of sucrose on sedimentation behavior of these

nanoclays is the same by taking into consideration other disaccharides.
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3. Role of water in nanoclays from different resources

The interactions between water and clay minerals play a crucial role in a wide range of
fields like materials science, soil science, and geotechnical engineering. The significance
of this interaction arises from the fact that water is an essential structural component of
numerous clay minerals. Consequently, the interaction between water and clay minerals
has garnered significant interest for over a century. In this regard, halloysite is an attractive
clay mineral known for its distinct structural characteristics related to water. The interlayer
space of halloysite (10 A) consists of two separate surfaces, between which the interlayer
water is confined in an electrically neutral space.

It is possible to distinguish two forms of halloysite depending on the presence of water in
the interlayer: halloysite 10 A and halloysite 7 A. The first one is very susceptible to
irreversible dehydration, generating the collapse of the interlayer with a reduction in d-
spacing from 1.1 nm to 0.72—-0.74 nm, so called halloysite 7 A. As a matter of facts, it was
suggested that halloysite 10 A is a metastable species towards the only stable form of 7 A,
since once the water is lost, it is not restored by any water treatments'®. The existence of
water in the interlayer leads to distortion between the octahedral and tetrahedral sheets,
resulting in a tubular shape that is partially or completely filled with water, known as
"lumen water". It should be noted that a certain amount of external water is also present
outside the halloysite nanotubes. This is referred to as unconfined water. Thus, three types
of water can be distinguished in halloysite (10 A), namely interlayer, lumen, and
unconfined water. Conversely, the more common form halloysite is 7 A, with two types of
water (Figure 3.1). On the other hand, as mentioned before, in platy kaolinite there is not

any structural water.
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Figure 3.1. Illustration of water populations in halloysite nanotube 7 A.

As previously reported by Lisuzzo et al.'”, the water confinement within the cavity of
halloysite nanotubes was demonstrated by exploiting Knudsen thermogravimetry. It was
discovered that the water vapor pressure within the nanotube's cavity is higher than that of
bulk water. This finding can be attributed to the confinement of water inside the nanotube,
which is in agreement with the Gibbs-Thomson effect. Because of the higher vapor
pressure, the water confined within the nanotube's cavity can evaporate more quickly than
bulk water. This difference in evaporation rates serves as the main driving force in filling
the nanotube's cavity through aqueous dispersions. In contrast to halloysite nanotubes,
experiments with kaolinite dispersions showed that the flat structure of the nanoparticles
did not offer any confinement sites for the aqueous solvent. Therefore, the confinement of
water is directly related to the geometrical properties of the nanoclay particles.

With this in mind, in this section, a detailed study of water in nanoclay systems will be
showed. In particular, three different nanoclays have been under investigation: platy
kaolinite, halloysite nanotubes (HNT) and Patch halloysite nanotubes (Patch HNT).

To this purpose, NMR techniques have been employed. Firstly, results from magic angle
spinning (MAS) solid-state NMR will be presented. In order to determine molecular
structures, the sample was positioned in an air-turbine tool at an angle of 54.7° in relation
to the primary magnetic field. Additionally, in our case, it was rotated at a speed of 5000
Hz. This strategic positioning and spinning effectively nullify dipole-dipole couplings,

enabling a clearer examination of NMR spectrum characteristics. This allows for a more
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accurate identification of features like secondary quadripolar couplings and chemical shift
anisotropies.

In Figure 3.2, solid state '"H MAS NMR spectra of HNT, Patch halloysite and Kaolinite are
reported. Before starting the experiments, the samples were equilibrated in a desiccator at
a controlled relative humidity of 94% for 24 hours.

The first thing that is easily shown is that the three nanoclay presents one main peak at 4.2
ppm. It assumes different aspects in the three cases under investigation. As a matter of fact,
the primary evidence is the different intensity recorded for the water signal, as it is much
higher for both the halloysite samples with respect to kaolinite. This effect is related to the
fact that halloysite nanotubes have more water, which contributes to the intensity of the
peak. Indeed, together with the physically absorbed water, we should consider also the one
in the inner lumen.

We should emphasize that the contribution to that peak is not only referred to water
molecules, but it can also be related to the hydrogens from —OH groups. This is the reason
why it was also measured the spectra after leaving the nanoclay at 200 °C. The obtained
spectra were the same for the three samples and it presented a broad signal around 4 ppm.
As a matter of fact, the NMR signal of hydrogen atoms from free-rotating water molecules
is usually a sharp peak, such as those shown in Figure 3.2. On the contrary, the hydrogen
atoms belonging to —OH groups are more stacked, and the resulting signal is broad like that
observed for water blocked in crystal structures. This is because the crystal lattice causes
the hydrogen nuclei in the water molecules to experience slightly different magnetic
environments, leading to a distribution of resonance frequencies. Therefore, typically, the
signal appears as a broad peak rather than a sharp peak.

Moreover, the interesting observation that can be made by looking at Figure 3.2 is related
to the Patch HNT sample. Among the investigated nanoclays, it is the only one that shows
the presence of separated spinning sidebands in the obtained '"H MAS NMR spectra.

In solid-state NMR, the spinning sidebands appear in the spectrum as a set of spectral lines
that are caused by the spinning motion of the sample and the presence of anisotropic local
magnetic environments. This effect is known as "chemical shift anisotropy" (CSA) and is
caused by the interaction of the nuclear magnetic moment with the local electronic

environment, which can vary in different directions relative to the applied magnetic field.
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In our case, the mechanism that gives rise to this phenomenon came from water
undergoing rapid anisotropic reorientation. It means that water is in an anisotropic
geometry, like inside a cylinder and it changes its orientation not in an isotropic way,
namely having a preference for a certain orientation. On the other hand, HNT did not show
any spinning sidebands. This can be explained by the longer and thinner tubes of Patch
halloysite with respect to HNT, with an inner diameter between 10 and 20 nm. Moreover,
the presence of higher defined anisotropic channels in Patch HNT, together with the fact

that they are more monodispersed, explains this unique behavior.

I
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Kaolinite
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Figure 3.2. 'H MAS NMR spectra of HNT, Patch halloysite and Kaolinite.

Furthermore, water sorption experiments were conducted on HNT, Kaolinite and Patch
HNT in order to understand the contribution of the physically absorbed water to each
sample. In Figure 3.3 is reported the variation of mass as a function of time at four

different steps of relative humidities: 33, 53, 75 and 94 %.
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It can be observed that the step related to higher water absorption is that at RH 94%. By
the way, at each step of humidity, the variations of mass occurred in ca. 20 minutes after
which a plateau was reached.

It should be noted that kaolinite showed a maximum mass variation of 2% at RH 94%.
Interestingly, this value is much lower with respect to the data acquired for both the
halloysite nanotube samples. They exhibited mass variations up to 18 and 19 % for Patch
and HNT at RH 94%, respectively. The same behavior was also observed at lower relative
humidities. The higher water absorption capacities can be significantly affected by the
nanoclay morphologies. As a matter of fact, the tubular structure of halloysite provides a
greater surface area compared to platy kaolinite, which allows for more water molecules to
adhere to the surfaces and within the lumen of the nanotubes.

Moreover, halloysite nanotubes have higher porosity that can further increase their
capacity to trap and store water. Platy kaolinite lacks such well-defined internal pore
structures. Considering the different water absorption behavior of the nanoclays, the solid

state signals are affected by these factors.
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Figure 3.3. Mass variation as a function of time for HNT, Kaolinite and Patch HNT.
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3.1. Diffusion of water in nanoclays

Going further with the investigation of water in nanoclay systems, self-diffusion and
transverse relaxation T> were also studied. In nuclear magnetic resonance measurements,
the diffusion and T> relaxation of water are two distinct phenomena that can provide
different types of information about the properties of water molecules.

Diffusion refers to the random motion of water molecules due to thermal energy. In NMR,
diffusion can be measured by observing the change in the intensity of the NMR signal as a
function of time under a magnetic field gradient. The rate at which the signal decay
provides information about the diffusion coefficient, which is related to the size and shape
of the water molecules and the viscosity of the surrounding medium. It has been widely
reported that diffusion measurements can be used to characterize tissue microstructure,
blood flow, and fluid dynamics, among other things'!°.

For diffusion experiments, a pulsed gradient stimulated echo (PGSTE) NMR sequence was
employed. The molecular motions of the studied nuclei in the PGSTE result in the
attenuation of the measured spin-echo signal. These motions occur during the diffusion
time A and cause phase-encoded echo signals. The equation that describes the relationship

between the attenuated signal and the experimental parameters is the following!!':

& =exp |-v2624%D (v -3)| (3.1)
where § and Sp are echo signal intensities, with and without magnetic field gradient pulse
applied, respectively, y is the gyromagnetic ratio, § is the gradient pulse duration, and D is
the self-diffusion coefficient. The measurements were carried out as a function of the
magnetic field gradient strength G, which changed in 32 steps with a maximum value of
294 G/cm. The parameters 6 and A were equal to 0.5 ms and 50 ms, respectively, and

remained unchanged during the measurements. The Equation 3.1 can be rewritten

considering b = (YG8)? (A - 8/3):

si = exp[—Db] (3.2)

0
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The b value is a measure of the strength of the diffusion weighting gradients and is
proportional to the gradient amplitude and duration. Higher b values result in stronger
diffusion weighting and are more sensitive to smaller and more restrictive tissue structures.
In contrast, lower b-values result in weaker diffusion weighting and are more sensitive to
larger and more isotropic tissue structures.

It should be mentioned that having a sufficient T relaxation time is essential for successful
diffusion measurements. Short T> times, as it happens at low temperatures, lead to rapid
signal decay and reduced signal strength, making it difficult to accurately measure and
characterize water diffusion data. This is why the presented data refer to the experiments
carried out at 25 °C and not at a temperature lower 0 °C. The samples were measured with
two different hydration levels, indicating an excess of free water. The decay curves
representing the normalized echo signal intensity as a function of the b value for the
sample at high hydration are shown in Figure 3.4.

In a homogeneous sample, the decay of the echo signal can be accurately described by
Equation 3.2. However, in an inhomogeneous system such as, for example, wood tissue
containing cavities and pores of different sizes, there may be a wide range of self-diffusion

coefficients (D), resulting in a distribution!!?

. We should consider that the investigated
nanoclays, especially halloysite nanotubes, have different water populations and the
tubular morphology affects the diffusion results. Therefore, the best fit equation for the
obtained decays of the echo signal has been proved to be the combination of two

components, represented by the following biexponential decay equation''?:

2 = fexp[—bDa] +(1 — fexp[—bDj] (3.3)

So

with Da and Dp the diffusion coefficient of confined and bulk water, respectively and f and
1-f the fraction of the two water species. By looking at the curves in Figure 3.4, the three
samples appear to have close behavior, but some differences arise by considering the self-
diffusion coefficients, resulting by the fitting Equation 3.3. The obtained values are

reported in Table 3.1
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Figure 3.4. Experimental echo attenuation curves for HNT, Kaolinite and Patch Halloysite

as a function of b. The black lines refer to the fitting curves.

As a general result, we can state that diffusion is slower in presence of less bulk water,
namely with a low hydration level (Table 3.1). As a matter of fact, when the amount of
bulk water is limited, the self-diffusion coefficient of water may decrease. The limited
volume and presence of obstacles can hinder the free movement of water molecules,
leading to slower diffusion. On the contrary, the self-diffusion of bulk water Dsg, is nearly
constant between the observed clays.

Interestingly, considering the diffusion of water confined inside the lumen of the
nanotubes, namely Da, it showed values reduced by one order of magnitude with respect to
Ds. This is because the available space for water molecules to move is restricted, leading
to hindered diffusion. It was previously reported that the diffusion of water in hydrophilic
confinement in mesoporous silica MCM-41 was found to be considerably lower' !>,

Surface interactions can also slow down the motion of water molecules as they interact
with the nanotube's walls. This is particularly pronounced in narrow nanotubes and,
indeed, the diffusion of Patch HNT showed lower values (Da = 3.0 101 m? s!), due to its
peculiar tube morphology, compared with common HNT (Da = 4.4 10'° m? s’). The
presence of a bird nest structure in Patch HNT, where nanotubes are entangled and bent,

can restrict the diffusion of free water between the nanotubes.
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Moreover, it was tried to fit the decay curves of Kaolinite samples with Equation 3.3, but it
turned out that the best fit could be obtained by considering only one component. The
reason behind this characteristic is connected again with the morphology of the clay. It
possesses layered platy sheets with limited anisotropy along the diffusion direction. This
means that water molecules in platy clays do not experience significant hindrance or
confinement along any particular direction. On the contrary, for halloysite nanotubes, a

single component did not fit the experimental data properly.

Table 3.1. Diffusion coefficients obtained by fitting the decay intensity curves with
Equation 3.3.

Sample Da/m?s! Dg/ m?s!
HNT High Hydration 4410"+05107" 1.75 10° £0.07 10°
HNT Low Hydration 32100 +£1.210M1 1.26 10° £ 0.03 10
Kaolinite High Hydration / 1.49 10° £ 0.02 10°
Kaolinite Low Hydration / 1.01 10 £ 0.06 10

Patch HNT High Hydration
Patch HNT Low Hydration

3.0101°+0.1 101
1.31019+£0.2 1010

1.79 10°+0.02 10?
7.91019+£0.31071°

3.2. T2 relaxation of water in nanoclays

T> relaxation, on the other hand, refers to the decay of the NMR signal due to interactions
between the water molecules and their surroundings, such as other water molecules,
macromolecules, or magnetic field inhomogeneities. T relaxation is characterized by a
time constant T>, which depends on factor like the molecular motion and the chemical
environment.

In particular, it can be influenced by the molecular environment, such as the presence of
confinement or interaction with surrounding surfaces. In Figure 3.5 the experimental decay
curves of the nanoclays are shown. They exhibited biexponential decay, demonstrating the

existence of two water populations and it can be expressed as:
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2 = fexp[—t/Tp] +(1 — fexp[—t /Ty (3.4)

So

where S is the total water signal intensity, ¢ is the time, f is the fraction of the fast
component and Tz and 725 are the transverse relaxation time of the slow and fast
component, respectively. As example, the Tor and Tos values of the water in nanoclays at

high hydration, obtained by fitting the curves with Equation 3.4, are reported in Table 3.2.

Table 3.2. T> relaxation data obtained by fitting the decay intensity curves with Equation

3.4.
Sample T2 / ms T2t/ ms
HNT 0.960 + 6.5 10 0.281 +8.4 103
Kaolinite 36.3+£3.5 0.764 + 6.7 1073
Patch HNT 1.68 +3.510? 0.49+1.210?

It is clear observing Figure 3.5 that there is a fast and a slow water component in each one
of the three analysed systems. Accordingly, it can be observed that the amount of confined
water, namely the fast component, is much higher in the two halloysite nanotubes.
Nevertheless, we should distinguish different explanations of this behavior in the case of
halloysite nanotubes and platy kaolinite.

In the case of water confined in a nanotube, the T> relaxation time is generally observed to
be faster than that of bulk water. When water molecules are confined in a nanotube, their
motion is restricted in all directions, compared to the more free and unrestricted motion in
bulk water. Since the water molecules experience more frequent collisions with their
neighbouring molecules and surfaces, it can lead to faster T, relaxation times. Moreover,
being in close proximity to the surface of the nanotube, water molecules increase their
interactions, leading to faster relaxation times.

On the other hand, platy kaolinite also showed a fast component, even though its fraction is
much lower than the one observed with nanotubes. This fast component is related to the
interactions of water molecules that are in between the blocks of stacked layers of

kaolinite. Both the T> values related to the fast and slow components are higher than
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halloysite nanotubes, meaning that the relaxation is slower and that the water molecules are
experiencing weak or few interactions.

Another result that should be noted is longer T2r and Tzs of Patch halloysite with respect to
HNT. This can be explained if we consider that in thinner tubes, water molecules may
experience more significant obstruction to their diffusion along the tube's diameter, which
can contribute to longer T2 relaxation times. Moreover, the interactions of water molecules
inside the confined space are restricted along the inner diameter dimension while allowing
relatively free movement along the length of the nanotube. However, the water interactions

are more in the larger tubes of HNT, allowing faster relaxation times.
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Figure 3.5. Experimental decay curves for HNT, Kaolinite and Patch Halloysite as a

function of time.

Figure 3.6 reported the normalized experimental decay curves for Patch HNT, as example,
at three different levels of hydration. In particular, from right to left, we observe the sample
with an excess of water, then low hydrated and finally only equilibrated at 94 % of relative
humidity. It can be noted that, decreasing the bulk water content, the slow component
disappears and, at the end, we only see the fast component, related to the confined water
inside the nanotubes. This characteristic was also shown in the other investigated clays.
Additionally, a very similar behavior can be detected if we decrease the temperature below

0 °C. In that case, the interactions between the water molecules are “freezed” and only one
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component will be shown in the decay curves that will appear like those presented in

Figure 3.6.
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Figure 3.6. Experimental decay curves for Patch HNT at three hydration levels. The bulk
water content increase from left to right.

3.3. Probing water diffusion and relaxation in geopolymers

The geopolymerization process changes the intrinsic chemical characteristics of clays.
With this in mind, Figure 3.7 compares the decays of the echo signal of HNT and GP. As a
matter of fact, the morphology of the resulting material after the geopolymerization is
different and its diffusion behavior as well. However, the best fit equation for the echo
attenuation curves has been demonstrated to be the combination of two components also
for the geopolymer (Equation 3.3). The obtained diffusion coefficients are Do = 5.1 10!
m? s and Dg = 1.67 10° m? s”'. In particular, the self-diffusion of bulk water D, is very
close to the value observed for HNT and the nanoclays in general.

On the other hand, the diffusion related to the confined water (Da) showed a lower value
than halloysite. The finding of two different water populations, such as the halloysite
sample, is connected to the porous matrix of the geopolymer. This allows the presence of
water confined in the porosities. Notwithstanding, halloysite nanotubes provide a more
regular confinement with fewer obstacles or complex geometry that might hinder water

diffusion.
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The porous structure in the geopolymer matrix can introduce more barriers and variations
in the confinement environment, potentially inhibiting water diffusion and leading to a
lower D value. Nevertheless, the most influencing factor to explain this phenomenon is the
amount of confined water that is different in the two analysed systems. A relatively more
significant amount of water is confined within the nanotubes compared to the geopolymer

porosities, leading to a faster diffusion coefficient.
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Figure 3.7. Experimental echo attenuation curves for GP and HNT as a function of b
value. The black lines refer to the fitting curves.

Finally, observing the Figure 3.8, referring to the T> relaxation curves of water in GP and
HNT samples, it is evident that GP possesses a fast and a slow component as well as
halloysite (T2s =1.4 ms Tzt = 20 ps). Additionally, it should be pointed out that the amount
of the fast component in the geopolymer is much lower than that of halloysite, meaning
that the confined water is less. Nevertheless, GP showed faster T»r relaxation, indicating
more interaction between the water molecules. The observed behavior can be explained by
the quick exchange of water molecules between a perturbed surface layer with fast
relaxation and a bulk water fraction with slow relaxation. This is based on a modified
version of the Brownstein-Tarr model for relaxation in porous media, where T2 is directly

proportional to the ratio of volume to surface area.
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Figure 3.8. Comparison between the experimental decay curves for HNT and GP.
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4. Rheological behavior of halloysite-based hydrogel

The properties and characteristics of halloysite nanotubes, such as the sizes, specific
surface and polydispersity are influenced by the geological deposit from which they are
sourced''®. One of the varieties of halloysite, commonly known as Patch halloysite
(PT_Hal), is widely recognized for its high purity level of approximately 96%, sourced

from Western Australia'?.

These nanotubes possess thinner tubes and can reach an
exceptional length up to 30 um. Additionally, they exhibit a unique fibrous structure that
forms clusters resembling patches.

Existing research studies on the use of halloysite nanotubes as nanomaterials have
primarily focused on halloysite sourced from New Zealand or the USA. However, it is
essential to note that the properties of halloysite can vary depending on its origin, which is
influenced by local conditions during its formation. For instance, Makaremi et al.!'
demonstrated that shorter nanotubes have a higher capacity for encapsulating salicylic acid
compared to patchy and longer halloysite nanotubes, which require more time and energy
for loading the active molecule in their lumen. On the other hand, it is known that

halloysite does not form gels on its own. Actually, Luo et al. !¢

showed that the sol-gel
transition occurs at approximately 40 wt% concentration, and the addition of hydrochloric
acid causes a pH-induced gelation in the aqueous dispersion due to reduced repulsive
electrostatic forces between the nanotubes.

Thus, in this chapter, our aim is to highlight that Patch halloysite, with its unique fibrous
structure, exhibits different rheological characteristics compared to halloysite from other
natural sources. Consequently, a rheological analysis of Patch halloysite samples at various

concentrations is presented here.

4.1 Characterization of Patch halloysite before and after purification
procedure

Patch halloysite (PT_Hal) from Western Australia was subjected to a purification process

by dispersing the grounded powder in water at a pH of 7.5. After several cycles of
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sonication and washing in water the dispersion was filtered by a peristaltic pump to
exclude coarse residuals.

Figure 4.1 displays the thermogravimetric curves of PT_Hal, both the purified (PT_Hal_P)
and not purified (PT_Hal_NP) samples. The curves exhibit two distinct mass losses,
occurring up to 100 °C and within the range of 400 to 500 °C, respectively. These losses
are attributed to the presence of physically adsorbed water molecules and the
dehydroxylation of aluminum inner sheets.

However, the primary difference between the two samples lies in the percentage of the
initial mass loss and, subsequently, the residual mass at 800 °C. Specifically, the purified
PT_Hal exhibits an 82% residual mass, whereas the not purified PT_Hal displays a
residual mass of 79%. This discrepancy can be attributed to the elimination of impurities

through the purification procedure, resulting in a decrease in residual mass for PT_Hal_P.
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Figure 4.1. Thermogravimetric curves of PT_Hal_NP and PT_Hal_P.

The chemical composition of PT_Hal was determined using XRF measurements, before
and after purification. Table 4.1 shows that the silicon content is lower in the unpurified
sample (PT_Hal_NP) compared to the purified one (PT_Hal_P), which has an enrichment
of 6% in silicon. Additionally, PT_Hal_P exhibits a decrease in the amount of Ti, Mg, Cr,
and Mn. However, the iron content remains relatively constant after purification, although

in minimal amounts.
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Previous studies'>!'!” have reported that patch halloysite samples typically contain less than
1% iron. Surprisingly, we found a value of 2.52% iron in PT_Hal_NP, which can be
attributed to different levels of iron oxide contamination. It has been suggested that even
though iron is not structurally part of halloysite, it can affect the size of the particles by
inhibiting the crystal growth. The substitution of the smaller AI** ion with the larger Fe**
ion in the octahedral sheet of halloysite can occur, especially at higher levels of Fe>O3
(approximately 4%), resulting in more planar layers, similar to kaolinite. This explains
why halloysite with long tubular particles generally has low iron content, while shorter and
flatter particles tend to have higher levels of structural iron.

118

Overall, these XRF results align with the existing literature data'° regarding the

composition of patch halloysite samples.

Table 4.1. Chemical composition of PT_Hal_P and PT_Hal_NP.

Sample Al% Si% Mg % Fe% Ti% Cr% Mn %

PT_Hal_ P 41.1+0.3 53.5x0.3 1.2+0.4 2.99+0.06 0.47+£0.09 0.18+0.02 ND
PT_Hal_ NP 41.05+0.4 46.8+0.4 22+0.6 2.52+0.07 6.7+0.2 0.20+0.03 0.07+0.01

4.2 Comparison between Patch and UltraPure halloysite nanotubes

Prior to conducting a thorough analysis of the rheological properties of these unique clays,
we focused our attention on examining the differences between them. The X-ray
diffraction patterns of both UP_Hal and PT_Hal showed the typical diffraction pattern of
dehydrated halloysite (refer to Fig. S1 from Attached Manuscript II). It was previously
reported that Patch undergoes dehydration, as observed through the continuous collection
of XRD patterns during in situ heating. This dehydration results in irregular d-spacings,
likely due to the interference between the regular flattened tubes with a d-spacing of ca. 8
A. Specifically, we observed peaks at 20 = 12.0, 19.9, 24.7, 35.0, 38.3, 54.9, and 62.4
corresponded to the (001), (100), (002), (110), (003), (210), and (300) planes, respectively.
The (001) plane corresponds to a basal spacing of 0.72 nm, which indicates that these
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samples are halloysite-(7 A). Only the PT_Hal sample showed traces of quartz, with sharp
peaks observed at 260=26° and 60°.

In Figure 4.2, a morphological characterization of PT_Hal and UP_Hal is also provided.
Looking at the micrographs obtained from scanning electron microscopy, PT_Hal displays
significantly longer and thinner tubes. These tubes have outer diameters ranging from 40 to
55 nm, inner diameters between 12 and 22 nm, and lengths ranging from 200 to 30.000
nm. Additionally, PT_Hal nanotubes appear entangled and bent, forming a structure
similar to a bird nest. Due to their thin walls, these tubes can be subjected to breaking into
shorter fragments, yet intact tubes can still be observed as bundles of closely packed
parallel tubes. Conversely, UP_Hal exhibits shorter and stubbier tubes, with lengths
ranging from 100 nm to 2 pm (Figure 4.2 (d)).

Figure 4.2. SEM micrograph showing the morphological features of Patch (a,c) and
UltraPure halloysite nanotubes (d). STEM micrograph showing entangled patch halloysite
nanotubes (b).

Figure 4.3 illustrates a qualitative estimation of the gel formation regarding PT_Hal and
UP_Hal at a 1 wt % concentration before and after the inversion. Although PT_Hal has the

same concentration, it exhibits stability to the tube inversion test, highlighting a gel-like
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structure. In contrast, this is not observed in the same or even higher concentrations of

UP_Hal.

UP_Hal PT_Hal

. | | a {4
|
‘180° ‘180°

|
|

Figure 4.3. Inversion test of PT_Hal and UP_Hal 1 wt%.

4.3 Rheological characterization of Patch halloysite

To characterize the clay's viscoelastic behavior, amplitude sweep tests were conducted to
measure the dependence of the storage and loss moduli (G', G") on strain amplitude. The
results presented in Figure 4.4 represent two examples of the more comprehensive
concentration range investigated in this study, chosen to illustrate the linear viscoelastic
regions. Specifically, for both PT_Hal at 1 and 2 wt %, G' is higher than G" below a strain
of 10%, indicating a gel-like structure. In this region, both moduli remain constant,
indicating the presence of a linear viscoelastic region. The points at which G' equals G"
were determined as the crossover strain points and are clearly showed after 10 % strain.
Increasing the clay concentration, the crossover points are shifted to higher oscillation

strain, with values of 16.30% and 45.52% for PT_Hal at 1 and 2 wt %, respectively.
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Figure 4.4. Amplitude sweep tests of PT-Hal. Storage modulus (G”) and Loss modulus
(G”) are indicated by full and empty symbols respectively.

After identifying the linear viscoelastic areas, angular frequency sweep tests were
conducted in which a constant strain on the systems at different frequencies was imposed.
Generally, these tests provide information on the rheological behavior of the product
during storage and application!!” 2!, The rheological data that were obtained are displayed
in Figure 4.5. In general, the storage modulus (G') is larger than the loss modulus (G")
across entire the frequency range. This indicates that PT_Hal acts like a solid, or more
precisely a gel-like material, suggesting a high level of structure from a concentration of
0.75 wt%. The gel-like structure of PT_Hal is time-independent, with higher frequencies
representing shorter time scales and lower frequencies representing longer time

scales!'?%123,

This demonstrates the stability of the gel-like structure over time.
Additionally, Figure 4.5 reveals that the increase of concentration results in an increase in
both moduli, with the G' values consistently higher than G" within the investigated range

of angular frequency from 0.005 wt%.
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Figure 4.5. Angular frequency sweep tests for PT_Hal 2, 1 and 0.75 wt%. Full and empty
symbols indicate the Storage modulus (G”) and Loss modulus (G”), respectively.

The rheological behavior of the system can be further investigated by analysing the
viscosity as a function of the shear rate, which provides valuable information about its
performance and processing. Flow curves, shown in Figure 4.6, illustrate that as the
concentration of clay increases, the viscosity also increases, with the most remarkable
difference observed between PT Hal 2 wt% and 1 wt%, where there is an order of
magnitude increase. This highlights the significant impact of microstructure on the

rheological behavior of Patch halloysite.
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Figure 4.6. Flow ramp tests showing the viscosity as a function of the shear rate.

As a matter of fact, two phenomena should be considered to explain the rheology of Patch
halloysite. Firstly, as the concentration of clay increases, the interactions between
nanotubes are enhanced, leading to a higher viscosity. Secondly, an additional important
factor is the presence of a bird nest structure in PT_Hal, where nanotubes are entangled
and bent. In light of this, geometrical considerations can provide a broader understanding
of the influence of tube morphology on rheology. This can be further analyzed by
considering the average length of the nanotubes and a simple cubic model that allows to

calculate the critical overlapping volume fraction ¢* as follows:

" = nR?/1? (@.1)

where R and L are the external radius and the length of the nanotubes, respectively.

Previous works have reported volume fraction values of approximately 4—10% for aqueous
dispersions of halloysite from Dragon Mine'%""!** In this study, we calculated the volume
fractions for UP_Hal and PT_Hal, that are 3.1% and 0.03%, respectively, by considering
average values for the radius and length. This suggests that PT_Hal requires 100 times less

volume to generate the nanotube entanglement compared to UP_Hal. Consequently, the
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critical concentration at which the hydrogel is formed will be much lower for PT_Hal
samples with shorter and stubbier halloysite nanotubes.
Furthermore, the presence of network-like structures in PT_Hal reduces fluid flow,

contributing to the higher viscosity of the system!?>!%,

Conversely, viscosity at
concentrations below 0.75 wt% shows lower values, indicating that the network is not as
structured as in 1 wt%. This transition causes the material to change from a solid-like state
to a liquid state, allowing it to flow easily.

All the samples showed shear thinning behavior with increasing shear rate, starting from a
shear stress of 0.1 s'. As reported in literature, this is advisable for hydrogels used in
biomedical applications, as they should exhibit viscous flow under shear stress and self-
healing properties!?"1%8,

It 1s important to note that PT_Hal at concentrations of 0.75, 1, and 2 wt% exhibited an
increase in viscosity up to a critical value at very low shear rates, beyond which it
decreases. This indicates the presence of a yield stress, which is further illustrated in Figure
4.7, where the shear stress is plotted against the shear rate.

The yield stress indicates the sample structure's resistance to deformation or breakage, and
it becomes detectable starting from a concentration of PT_Hal 0.75 wt%. When the applied
stress is strong enough to disturb the gel-like structure of the material, the flow begins,
leading to a significant decrease in viscosity, as previously shown in Figure 4.6. This
change is more evident by looking at the inset in Figure 4.7, where the absence of yield
stress can be observed up to a concentration of 0.5 wt%, and the curves start from O Pa,
indicating that the material flows easily, and it is well deformable. On the other hand,
PT _Hal 2 wt% exhibits a remarkable yield stress, significantly higher than less
concentrated samples, reaching approximately 28 Pa (Table 4.2).

Therefore, we can conclude that PT_Hal behaves as a non-Newtonian fluid. Specifically, it

can be categorized as a Pseudoplastic fluid at low concentrations and as a Bingham Plastic

fluid at concentrations greater than 0.5 wt%.
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Figure 4.7. Shear stress as a function of the shear rate. A magnification highlighting

Table 4.2. Yield stress values.

Sample Yield Stress oo / Pa
PT Hal 0.005 wt % 0
PT Hal 0.1 wt % 0
PT Hal 0.5 wt % 0
PT Hal 0.75 wt % 3.07
PT Hal 1 wt % 4.69
PT Hal 2 wt % 28.08

different types of flow behaviour and the yield stress is presented in the inset.

In order to gain a deeper understanding of the rheological properties of Patch halloysite,

the Carreau and Carreau-Yasuda models were utilized to analyze the experimental flow

curves.

The resulting fitting parameters obtained from Eq. 4.2 and Eq. 4.3 are documented in

Table S1 in the Attached Manuscript I1.

N~ Noo
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N— Noo
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Here, 7o is the viscosity at zero shear rate, 7. is the viscosity at infinite shear rate, k
represents the consistency index or relaxation time, n and a are two dimensionless
parameters.

In Figure 4.8 an increase in zero-shear rate viscosity and consistency with increasing

PT_Hal concentration is detected.
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Figure 4.8. Zero-shear rate viscosity and consistency as a function of concentration.

4.4 Ionic strength influence on the Patch halloysite hydrogel

The colloidal stability of nanoclays can be influenced by several factors, including the

47,129

addition of polymers as well as the ionic strength*>. Moreover, it has been extensively

130,131

discussed in the literature that changing the ionic strength can also have significant

132,133 135

effects on gel-like structures , such as swelling!*, increased stability!® or viscosity

due to stronger interactions with the components of the gel'°.

For instance, studies have shown that the addition of NaCl weakens the gel structure of
cellulose nanocrystal suspensions and decreases also the viscosity of the system'?’.
Moreover, according to the literature, NaCl concentration affects the settling velocity of
halloysite dispersions*?. Keeping this in mind, the influence of ionic strength on the

investigated hydrogels of Patch halloysite is evaluated here by adding NaCl that is a
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conventional choice for such studies. Consequently, flow ramp tests were conducted on
PT_Hal 1 wt% in water and at different concentrations of NaCl, as depicted in Figure 4.9.
It is worth to noting that adding salt does not disrupt the gel-like network, and lower
concentrations of NaCl have no significant effect on the rheological properties compared
to water. In fact, the viscosity curves of PT_Hal in water and NaCl 10*M overlap. There
is only a slight impact of the ionic strength, as evidenced by a minimal increase in

viscosity as the NaCl concentration increases.
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Figure 4.9. Viscosity as a function of the shear rate for PT_Hal 1 wt % in water and NaCl
at different concentrations.

Measurements of (-potential were conducted to gather data on the surface charge of the
nanotubes that was estimated by exploiting the Grahame equation, as evidenced in the
Attached Manuscript II. According to Cavallaro et al.*?, while halloysites from various
natural sources may exhibit comparable reactions to the addition of salt, there are
differences in their effective charge that can impact their colloidal stability.

In our case, as the concentration of salt increases, the surface charge values increase. This
phenomenon can be attributed to the screening effect of Na* ions towards the negative
surface charge of PT_Hal. The introduction of electrolyte in aqueous medium resulted in a

decrease of the Debye length and consequently in the {-potential absolute value, as stated
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in Table 4.3. Additionally, the screening effect appears enhanced by increasing the ionic

strength of the aqueous dispersion.

Table 4.3. (-potential of PT_Hal samples in water and with different NaCl concentrations.

Sample C-potential / mV Surface charge ¢ / C m*
Water -17.5 /

NaCl 104 M -15.5 1.1310°

NaCl 102 M -14.0 1.02-10*

In conclusion, once again Patch halloysite gives rise to unique features like the formation
of hydrogel systems, even at low concentrations, that are not shown in other natural
halloysite. Its peculiar rheological properties are related to its morphology, namely to the
presence of longer nanotubes that form bird nest structures. PT_Hal exhibits solid-like
characteristics, indicating a high level of structure. Interestingly, flow ramp analysis
revealed two different behaviours depending on the concentration of clay. A yield stress
was also observed, starting from concentrations of 0.75 wt%, indicating the clay's ability to
resist deformation or breaking. We also investigated the impact of ionic strength and found
that adding NaCl did not significantly affect the gel properties of this clay. For future
studies it would be interesting to investigate if introducing other salts, such as bivalent
cation salts, lead to the same effect as NaCl.

Based on these findings, this new hydrogel system proposed using green nanoclays can

have applications in industry, biology, and for preserving cultural heritage.

63



5. Composite halloysite-based geopolymers filled with
wax microparticles

As previously mentioned, materials that contain sufficient quantities of reactive alumina
and silica are suitable for geopolymer preparation. Clay minerals, for instance, are
commonly employed as precursors in the geopolymerization process due to their excellent
reactivity. Halloysite, which has been utilized as an additive to enhance the cement and
concrete qualities, has also started to be incorporated in geopolymer manufacturing.
Nonetheless, research on halloysite-based geopolymers is far less extensively reported
compared to studies on other precursors like kaolinite, illite, and fly ash. As a matter of
fact, the effect of nanomaterials as additives was explored mostly on fly ash-based
geopolymers. This field regarding the development of composite materials offers great
relevance for the physical properties that can arise from the interactions between different
species. However, a deeper investigation of hybrid clay-based geopolymers is needed.

In this chapter, we carried out two preparations of the geopolymeric materials to fill them
on one side with microwax particles and on the other with beeswax (Figure 5.1). The wax
microparticles of well-defined spherical shape were obtained by vacuum drying the
halloysite/beeswax Pickering emulsion at room temperature. It was prepared following a
similar protocol described in literature for halloysite/paraffin emulsions®!. A detailed
preparation procedure of the Pickering emulsion employed for this work is reported in the
Attached Manuscript III. As illustrated in Figure 5.1 (a) the microparticles were then
mixed with an equal amount of pure halloysite nanotubes and with an alkaline activating
solution of NaOH. Specifically, the NaOH/HNTS ratio was set to 1 in order to balance the
negative charges of four-coordinated aluminium ([AlO4]) in the geopolymeric network
with sodium cations (Na*). After being mixed at 25 °C, a uniform slurry was obtained. It
was transferred into a plastic mold and cured at 50 °C for 48 hours. A very similar
procedure was exploited to prepare an unfilled conventional geopolymer and geopolymers
filled with beeswax at different wax/halloysite ratios (Rwaxunt). A list of the geopolymeric
samples and their composition is reported in Table 5.1. After adding the alkaline activator
solution to halloysite nanotubes, we heated the mixture at 70 °C and incorporated solid
beeswax to create a uniform geopolymer slurry (Figure 5.1 (b)). The final step involved

curing all the samples in a rectangular plastic mold at 50 °C for 48 hours.

64



Table 5.1. List of prepared geopolymeric samples and composition of each component.

Sample Rwaxunt  HNT /wt%  Beeswax/wt% NaOH/ wt%
GP 0 50 0 50
GP_wax 0.25 44.4 11.2 44 .4
GP_wax 0.50 40 20 40
GP_wax 0.75 36.4 27.2 36.4
GP_wax 1 333 334 333
GP_microwax 0.07 48.3 3.4 48.3

) N
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Figure 5.1. (a) Representation of the preparation protocol of geopolymer filled with wax
microparticles and (b) wax.
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5.1 Structural and thermal characterization of filled geopolymers

Preliminarily characterizations were performed in order to evaluate the actual formation of
the geopolymeric network. To achieve this goal, both thermal analyses and spectroscopies
were employed.

Figure 5.2 compares the thermogravimetric curves of geopolymers and pristine halloysite
clay. It was observed a mass loss between 400 and 500 °C for the pristine halloysite clay
(HNT) due to the removal of interlayer water molecules'®. It should be noted that it was
not observed in all the geopolymeric samples due to the structural changes of halloysite
caused by the geopolymerization reaction. On the other hand, the geopolymers exhibited
significant mass reduction, approximately of 10 wt%, from 25° to 200 °C due to the
evaporation of physically adsorbed water molecules. The conventional geopolymer (GP)
did not show any further mass losses within the measured temperature range. However,
both GP_wax and GP_microwax displayed an evident mass change at around 350 °C due
to the decomposition of the beeswax present in the geopolymeric network. Consequently,
their residual masses at 700 °C (68 and 75 wt% for GP_wax and GP_microwax,

respectively) were lower than that of GP sample (ca. 80 wt%).

IOO il &3 BT el Se— ==k L T LR T B S B B A
95 |
90 [

85

Mass / %

75 |

——— HNT
70 —GP
— GP_wax

— GP_microwax
65 = PR T S A S ST S TR [N T S S TN T SO S T A SN S SO S

0 100 200 300 400 500 600 700

Temperature / °C

Figure 5.2. Thermograms of HNT, GP, GP_wax (Rwaxunt = 0.75) and GP_microwax.
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Additionally, using thermogravimetric data, the weight fraction of wax (yw) in

GP_microwax was calculated from Equation. 5.1:

_ MD7o0p—MD700HNT (5.1)

Xw =
MD700w—MD700HNT

where MD70op, MD700unt and MD7go, are the degraded matters at 700 °C of wax/halloysite
particles, halloysite, and beeswax, respectively. In this way, it was possible to calculate the
wax/HNT mass ratio in the GP_microwax sample (Table 5.1).

The DSC measurements (see Attached Manuscript III) confirmed the presence of
crystalline beeswax in the filled geopolymers. The curves exhibited endothermic peaks
around 65-70 °C, which indicated the melting of the organic macromolecule. According to
previous research work!3, this signal corresponds to the transition from solid to liquid,
while a slight shoulder at lower temperatures, around 30-40 °C, corresponds to a transition
from one solid state to another. We determined the melting temperature (Tm) of the filled
beeswax by identifying the minimum point of the DSC peaks. Interestingly, the
GP_microwax samples exhibited a higher T compared to the GP_wax samples (as shown
in Table 5.2). Additionally, integrating the peaks allowed us to calculate the enthalpies
(AHm) of the melting process (Table 5.2) and they were expressed in J g”! of beeswax, as
beeswax is the component responsible for the observed melting signal. As reported by
Lvov et al. '*, the presence of halloysite nanotubes partially reduces the wax crystallinity.
Indeed, the obtained values indicate a decrease in enthalpy as the wax/HNT ratio increases,

suggesting a reduction in the wax crystallinity within the geopolymeric network.
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Table 5.2. Melting temperatures and enthalpies for beeswax and geopolymers.

Sample Rwax/HNT AH/J g! Tm/°C
Beeswax / 205 66.2
GP / / /
GP_microwax 0.07 191 70.0
GP_wax 0.25 193 65.5
GP_wax 0.50 188 65.8
GP_wax 0.75 127 64.5
GP_wax 1 105 64.7

The FT-IR spectra for HNT, GP, and GP_wax are shown in Figure 5.3, and a
comprehensive analysis of all the identified peaks can be found in Table 5.3. According to

previous studies!3-140

, the stretching of the hydroxyl groups in the inner and outer surfaces
of halloysite nanotubes are represented by two characteristic bands at 3698 and 3608 cm™.
The stretching vibrations of apical Si—O and Si—O-Si are assigned to the signals at 1093
and 1028 cm™!, respectively. The peak observed at 796 cm! is attributed to the symmetric
stretching of Si—O-Si, while the perpendicular stretching of Si—O-Al is related to the
signals at 692 and 753 cm™!. Additionally, the band at 533 cm™! represents the deformation
vibration of Al-O-Si. On the contrary, the process of geopolymerization affects the peak

positions and leads to the disappearance of the characteristic signals of halloysite at

approximately 3600 cm™..

Table 5.3. Assignment of IR peaks for geopolymers and halloysite.

Sample Wavenumber / cm’! Band Assignment
GP 3458 OH stretching
1658 OH bending
1012 Si—O—T (T = tetrahedral Si or Al)
asymmetric stretching
716 Si—O—Al bending
450 Si—O-Si in-plane stretching
GP_microwax 2920 CH> asymmetric stretching
2848 CHz symmetric stretching
1737 CO stretching
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1012 Si—O—T (T = tetrahedral Si or Al)
asymmetric stretching

1475 CHpa scissor deformation

726 CHa rocking deformation

716 Si—O—-Al bending

450 Si—O-Si in-plane stretching
GP_wax Ryayunt=0.75 2920 CH; asymmetric stretching

2848 CH: symmetric stretching

1737 CO stretching

1012 Si—O—T (T = tetrahedral Si or Al)

asymmetric stretching

1475 CH: scissor deformation

726 CHa rocking deformation

716 Si—O—Al bending

450 Si—O-Si in-plane stretching

HNT 3698 — 3608 OH stretching

1653 OH bending

1093 Si—O stretching

1028 Si—O-Si stretching

796 Si—O-Si symmetric stretching

753 - 692 Si—O—Al stretching
533 Al-O-Si deformation

Geopolymer spectra evidenced the often called “main band” between 1025 and 1015 cm'
attributed to the asymmetric stretching vibration of Si—O-T (T = tetrahedral Si or Al) and
bands at 3458 and 1658 cm™ assigned to stretching and bending vibrations of water’s
hydration'*!. The main band, according to literature!*?, depends on the Si/Al ratio and it
can refer to the predominance of Si—~O—Al bonds. It was noticed a shift of this band from
1044 cm™! in halloysite to 1012 cm™! in the geopolymeric samples that can be attributed to
the degree of geopolymerization and to the increased substitution of Al in the tetrahedral
silicate network!'¥>1*4_ In other words, when the Si/Al ratio is higher, the silicon content
increases and the band will be shifted to higher wavenumbers thanks to the reorganization

and condensation with greater Si contribution to the gel structure.
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Figure 5.3. FT-IR spectra of GP, GP_microwax, GP_wax (Rwaxunt = 0.75) and HNT.

The filled geopolymers also showed peaks at 2920 and 2848 cm™ (CH, asymmetric and
symmetric stretching vibrations, respectively), 1737 cm™ (C=O stretching vibration), as
well as 1472 and 720 cm™! (scissor deformation vibration and rocking vibrations of CHa

145 and possess variable

groups, respectively). They refer to the presence of beeswax
intensities depending on the wax/HNT ratio.

On the other hand, a better evaluation of the structural properties of geopolymers is given
by the XRD patterns in Figure 5.4, which highlights the differences occurring after the
geopolymerization.

Halloysite diffraction pattern presents the reflection at 20 = 11.8° indicating its dehydrated
form (basal spacing of 7.47 A) and at 19.9 and 24.3° (basal spacing of 4.4 and 3.6 A,
respectively). Both the unfilled and filled geopolymers did not exhibit these signals but
presented a broad reflection band from 20° to 40° (20), indicating the formation of an
amorphous geopolymeric network.

Traces of the quartz!46147

and the hydrosodalite phases that could appear after alkali
activation'”® were also detected. GP_wax and GP_microwax samples evidenced the
reflection signals (19.1, 21.2, 23.6, 29.7 and 39.9° and d equals to 4.6, 4.2, 3.8, 3.1 and 2.3
A respectively) attributed to the orthorhombic structure of beeswax!**~13!  although the

intensities of these peaks are reduced compared to those of pure beeswax.
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These results are consistent with the aforementioned reduction of the crystallinity of

beeswax evidenced from DSC data (Table 5.2).
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Figure 5.4. Diffractograms of Beeswax, HNT, GP, GP_microwax and GP_wax
Rwax/HNT = 0.75.

5.2 Effect of wax in the morphology, wettability and mechanical
performances of geopolymeric materials

The morphology of all the geopolymers was investigated by SEM analysis and the
obtained images are reported in Figure 5.5. It is evident that the morphology is
significantly affected by the addition of both wax and microwax particles. Compared to the
filled geopolymers, the GP sample demonstrated a denser and more uniform matrix (Figure
5.5 (a)). Within the geopolymeric matrix, it was observed the presence of quartz together
with a few halloysite nanotubes, which are residual precursors of the geopolymerization

process. On the other hand, GP_wax exhibited an irregular morphology, with the wax
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randomly distributed within the geopolymer network (Figure 5.5 (b)). In contrast, the
interesting result is related to the GP_microwax sample that presents a uniform dispersion
of wax microparticles with a spherical shape and a diameter ranging from 3 to 5 pum.
Furthermore, Figure 5.5 (d-e) reveals that the surface of the wax microparticles was
covered by spherical nanoparticles (approximately 400 nm in diameter), that probably
came from halloysite, which had lost its tubular shape due to the alkaline activation.

However, the presence of microparticles led to a less compact geopolymer with respect to

the unfilled GP (Figure 5.5 (¢)).

30 um

Figure 5.5. SEM images of (a) GP, (b) GP_wax (Rwaxu~nt = 1) and (c) GP_microwax.
(d-e) Inset with details at the microparticles.
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The increased roughness of the geopolymer surfaces, together with the different chemical
compositions since we incorporated wax into the geopolymeric matrix, led to a change in
the wettability properties of the prepared materials. The clay-based geopolymer GP under
investigation in this study possesses a highly hydrophilic since halloysite is the
aluminosilicate precursor. For this reason, it was not possible to measure the initial water
contact angle of GP sample. However, after the deposition of the droplets on both GP_wax
and GP_microwax materials, we were able to determine their water contact angles (Table
5.4) since wax possesses a hydrophobic nature. In particular, the reported water contact
angle are the mean values of three measurements in different points of the samples.
Similar findings have been observed in hydrophilic films loaded with hydrophobic coffee
particles !%2.

It is important to note that the surface hydrophobization caused by wax microparticles is
lower than GP_wax samples, which exhibit higher contact angle values, up to 116°, as the
wax content increases (Table 5.4). This indicates that the hydrophobization of the

geopolymer is primarily due to changes in surface chemistry.
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Figure 3.6. Images of the water droplets on the surfaces of GP, GP_microwax and

GP_wax (Rwayvunt =1) just after their deposition.
The kinetic evolution of the water contact angle was evaluated exploiting Equation 5.2:

0 = 0,exp (—kgt™) (5.2)
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where 6; is the initial contact angle extrapolated at zero time, ks estimates the process rate,
and n possesses fractional values according to the presence of absorption and spreading

phenomena i.e. n = 0 for pure absorption and n = 1 for pure spreading.

Table 5.4. Kinetic parameters of water contact angle measurements.

Sample Ruwax/HNT 0i/° Ko / s n
GP 0 ND ND ND
GP_wax 0.25 61.8 0.17 £0.01 0.22 £0.01
GP_wax 0.50 77.6 0.020 = 0.003 0.67 £0.03
GP_wax 0.75 82.3 0.058 = 0.003 0.34 £ 0.09
GP_wax 1 116.0 0.086 £0.004 0.303 £ 0.009
GP_microwax 0.07 334 0.018 £0.002 0.63 £0.03

As reported in literature, wax treatment did not decrease mechanical properties' !, As a
matter of fact, higher flexibility properties are in general observed on wax-treated
specimens, leading to a positive effect on the mechanical performances. With this in mind,
we investigated the effect of this addition to geopolymeric samples by comparing at first,
the stress-strain curves of GP, GP_wax and GP_microwax in Figure 5.7 (a) and then by
looking at different mechanical parameters, such as elastic modulus, stress at breaking
point and elongation at breaking point.

Compared to the geopolymer without any fillers (GP), GP_microwax and GP_wax
exhibited lower elastic modulus and stress at the breaking point values, while the
elongation at the breaking point was improved (Table 5.5). This indicates that adding both
wax and microwax enhanced the flexibility of the geopolymers. The elastic modulus of GP
filled with wax microparticles was approximately six times lower with respect to GP
sample, while the ultimate elongation was increased by a factor of six. The reason for this
behavior is attributed to the uniform distribution of microwax particles within the
geopolymeric matrix respect to the other filled samples. Moreover, by analyzing the stress
Vs strain curves, we were able to estimate the stored energy at the breaking point. Figure
5.7 (b) demonstrates that GP_wax with Rwaxnnt =0.75 exhibited the greatest capacity for

storing energy during the flexural tests. Interestingly, the energy required for the breaking
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of GP_microwax was higher than that of GP_wax with Ryavunt = 0.25, despite the lower
amount of wax in the sample. Compared to the unfilled geopolymer, the stored energy up
to breaking was improved by approximately 2.5 times for GP_wax (Rwaynunt = 0.25) and
approximately 5 times for GP_microwax. It is worth noting that GP_microwax had a wax
loading approximately three times lower than GP_wax (Rwayunt = 0.25) and consequently,
it represents a good compromise compared to the samples with common wax because it is

important to note that GP_microwax also showed a higher stiffness.
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Figure 5.7. (a) Stress vs strain curves and (b) stored energies of GP, GP_microwax,
GP_wax (Rwaxunt = 0.25 and 0.75). The relative error for the stored energies is 2%.

75


Riccardo Rozza


Table 5.5. Elastic modulus, stress at breaking point and elongation at breaking point.

Sample Rwaxvant  Elastic Modulus / Stress at Elongation at
MPa Breaking Point/  Breaking point /
MPa %0
GP 0 5425 1.8 0.03
GP_wax 0.25 603 0.8 0.17
GP_wax 0.75 261 1.2 0.69
GP_microwax 0.07 863 1.5 0.18

5.3 Heat storage capacity

As previously mentioned, wax is considered a phase change material and, indeed, an
example of its use for thermal energy storage systems from Tetra Pak waste and paraffin
wax was reported in literature'>®, highlighting the potential of wax as phase change
component.

For this reason, in this section, we examined the heat storage capacity of GP, GP_wax, and
GP_microwax by using thermal images of these materials placed vertically on an electric
hot plate and heated to 60 °C. Thermal images were analyzed through FLIR Tools
software. This temperature ensured that the wax melting point was reached and, in this
way, both the microwax particles and wax can act as phase change fillers that absorb
thermal energy during phase changes.

The thermal images in Figure 5.8 (a) compare GP_microwax with GP_wax (RwaxHNT =
0.25) sample. Based on the analysis of these images, we determined the temperature
gradient based on the distance from the support and presented the trends in Figure 5.8 (b).
The temperature gradient showed negative values due to heat dissipation throughout the
geopolymer material in all samples examined. Overall, we observed exponential
decreasing trends. It is worth noting that GP and GP_wax (Rwaxnnt = 0.25) exhibited
similar trends, indicating that the addition of wax did not affect the heat absorption

capacity of the geopolymer. Specifically, at a distance of 5 mm from the support, the
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gradient temperature values were -10.99 and -11.06 °C for GP and GP_wax (Rwaxunt =
0.25), respectively. Conversely, the incorporation of a more considerable amount of wax
into the geopolymer network (GP_wax Rwaynnt = 0.75) influenced the heat absorption
behavior, as evidenced by the gradient temperature of -4.07°C at 5 mm. Interestingly, the
addition of wax microparticles significantly reduced the gradient temperature (-7.42°C at
the top of the GP_microwax sample) despite the minimal amount of wax trapped within
the geopolymeric network (GP_microwax with Ryayunt = 0.07, as shown in Table 5.1).

This effect may be attributed to the uniform distribution of wax microparticles within the

geopolymeric matrix.
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Figure 5.8. (a) Thermal images of GP_microwax and GP_wax (Rwaxynnt = 0.25). (b)
Temperature gradient as a function of the sample profile for GP, GP_microwax and
GP_wax (Rwaxnnt = 0.25 and 0.75).
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5.4 Wax removal and permeability

Going further in this work, we wanted to investigate the possibility of removing wax from
the geopolymers by rinsing the materials with ethanol in order to obtain materials with
controlled porosity.

The removal of wax was confirmed through the qualitative essay of hydrophobicity by
Nile Red and TG curves, which showed no mass loss in the temperature range of 300 to
400 °C for the washed geopolymers. Additionally, the Nile Red is used as a fluorescent
probe because this molecule is highly emissive in hydrophobic environments, and it shows
a red luminescence under UV light irradiation. As a matter of facts, the filled geopolymers
are luminescent because of the presence of the hydrophobic. This essay demonstrated that
GP_wax materials were not luminescent after being washed with ethanol beeswax. The
washing procedure also affected the wettability and water vapor permeability properties of
the geopolymers due to the removal of wax. The complete removal of wax was further
confirmed by the very hydrophilic nature of the washed geopolymers. The water droplet
image of the washed GP_wax (Rwaxunt= 0.75) appears indeed as the unfilled geopolymer.
For further details, refer to Figure 12 of the Attached Manuscript I11.

On the other hand, the impact of the washing procedure on the water vapor permeability
(WVP) of the filled geopolymers is shown in Figure 5.9.

The WVP tests were carried out in a desiccator with a saturated solution of calcium
chloride dehydrate and bottles full of water. On the top of each bottle, the geopolymeric
materials were fixed and the amount of water transferred through the materials and
absorbed by the desiccant was measured by the weight loss every 24 hours for a period of

10 days. The water vapor permeability was then calculated using the Equation 5.3:
L
WVP = WVTR (E) (5.3)
being WVTR the water vapor transmission rate given by:
Am

WVTR = (A—t) A (5.4)
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where the slope of each line obtained from the weight loss of samples over time (g/h) is
represented by Am/At, A represents the exposed surface area of the sample (m?), L
represents the thickness of the sample (m), and 4p represents the difference in partial
pressure (Pa) between the saturation solution at 30% relative humidity and the saturation
water vapor pressure at a temperature of 28 °C.

Before rinsing with ethanol, the presence of both wax and microwax led to a decrease in
the water permeability compared to the GP sample, which aligns with the hydrophobic
properties observed in the water contact angle data (Table 5.4). According to literature, this
decrease in water permeability can be attributed to the tortuosity effect and a decrease in
available sorption sites for water molecules in the geopolymers'*®. Similar trends were
indeed observed in hydroxypropylcellulose films filled with wax microparticles'’.
However, after the rinsing step, an increase in water permeability was observed due to the
effective removal of wax from the geopolymeric network (Figure 5.9). Interestingly, the
washed geopolymers exhibited different water permeability capacities depending on the
initial wax content. The largest water vapor permeability value was found in GP_wax
(Rwaxant = 0.25), which displayed significantly higher water vapor permeability compared
to the GP material.

The addition of wax with Rwayvant =0.5 and 0.75 led to lower water vapor permeability
(WVP) values after being washed with ethanol. Specifically, we can conclude that GP_wax
(Rwaxnnt = 0.25) has a higher porosity compared to GP_wax (Rwaxunt = 0.5 and 0.75).
Regarding GP_microwax, we observed that rinsing with ethanol resulted in geopolymers
with a WVP similar to the GP sample. Therefore, removing the wax microparticles leads to
the formation of geopolymeric materials with a comparable porosity to the GP material.
This was confirmed using a helium pycnometer, a reliable technique for investigating the
skeletal density and porosity of geopolymeric materials'>®. It was found that incorporating
microwax into the halloysite-based geopolymer increased the skeletal density (2.27 £+ 0.03
g cm™ and 2.358 + 0.011 g cm™ for GP and GP_microwax, respectively), which can be
attributed to a reduction in closed pores. This discovery is in agreement with flexural
experiments that showed improved stored energy up to breaking with the addition of
microwax to the geopolymer (Figure 5.7). Previous literature suggests that reducing the
volume of closed pores can enhance the mechanical performance of geopolymers based on

kaolinite and metakaolinite!>!>®. We estimated that the porosity of GP_microwax is
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significantly lower than that of GP: 24.8 % and 49.9%, respectively. The washing
procedure did not affect the porosity of the unfilled geopolymer. However, an increase to
50.1% was observed for the GP_microwax sample, indicating that ethanol treatment
effectively removes microwax particles from the geopolymer structure. The highest
porosity of 64.4% was found in the washed GP_wax (Rwaxnnt = 0.25) sample, consistent

with its highest water vapor permeability.
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Figure 5.9. Water vapor permeability of GP sample and filled geopolymers before and
after wax removal.

In this chapter, natural materials applicable for engineering purposes due to their flexibility
and heat absorption capacity have been developed. In particular, halloysite nanotubes and
beeswax microspheres have been used to create new hybrid geopolymers. Using
thermogravimetric analysis, we estimated that our proposed method allowed to obtain
halloysite-based geopolymers containing approximately 0.07 wt% of beeswax
microspheres with a diameter of 3-5 um.

Despite the small amount of beeswax, the incorporation of these microparticles into the
geopolymeric network led to significant improvements in both flexural characteristics and
heat storage capacity compared to the unfilled geopolymer. Specifically, the stored energy
up to the breaking point increased 5 times. These improvements can be attributed to the
homogeneous distribution of the beeswax microspheres within the geopolymeric matrix, as

evidenced by the structural characteristics and the morphology of the filled materials.
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Hybrid geopolymers filled with beeswax at variable compositions were also prepared to
compare the effect of the different ways of filling on the performances and it demonstrated
composition-dependent properties reflecting the random dispersion of beeswax.
Improvements in flexibility and heat storage capacity were achieved only after adding a
larger amount (around 40 wt%) of beeswax. Notably, compared to the microwax loading,
in order to obtain composite geopolymers with similar performances, the incorporation of
beeswax required an amount of approximately one order of magnitude larger. Additionally,
we found that both beeswax and microwax could be easily removed by washing the hybrid
geopolymers with ethanol. Interestingly, the water vapor permeability of the washed
geopolymers depended on the initial amount of wax incorporated in the geopolymeric
network.

This research constitutes the first step for the development of geopolymers filled with
phase change materials, such as wax microspheres, which have the potential to function as

smart thermal regulation systems in various engineering and biotechnology applications.
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6. Application of halloysite-based geopolymers as
protective layers

6.1 Treatment of the steel surface with geopolymeric protective layers

Previous studies highlighted the use of geopolymer coatings on metal substrates as
effective barriers for concrete, providing protection and thermal insulation!®. The main
characteristic of these protective layers is hydrophobicity, in order to ensure reduced water
adhesion and resistance to biological species growth. However, it is important to note that
clay-based geopolymers are inherently hydrophilic due to their chemical characteristics.

To address this issue, microwax particles derived from Pickering emulsions can be
used!61:162.

In this study, beeswax microparticles were embedded within the geopolymeric network to
enhance hydrophobicity, thereby creating a new protective layer for coating applications
on steel sheets. The geopolymeric samples employed here are the same as the ones
presented in the previous Chapter 5 (in alternative, refer to the Attached Manuscript IV).
The coating process involved brushing the surface of the steel substrates with the
geopolymeric paste, known as GP microwax. Then, the final hardening step was performed
by placing the treated steel samples in an oven at 50 °C for 48 h. For comparison, the steel
substrates were also treated with halloysite-based geopolymer (GP), without any beeswax
addition.

The optical micrographs reported in Figure 6.1 evaluate the effect of the coating layers at a
micrometric level. The steel sheet exhibited a smooth and relatively homogeneous surface
after undergoing the geopolymeric coating treatments. However, there are still
microdomains and particle aggregation visible on both the GP and GP microwax treated

steel sheets.
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Figure 6.1. Optical micrographs of the steel surfaces treated with GP and GP microwax.

6.2 Characterization of the treated steel

The presence of the different geopolymeric treatments also influences the wettability of the
steel substrates (Figure 6.2). With this in mind, we performed water contact angle
measurements on both the untreated and treated surfaces. The untreated steel is hydrophilic
with a contact angle of 52.3°, which remains constant over the time. When the surface is
coated with the halloysite-based geopolymer GP, it becomes much more hydrophilic with a
contact angle of 8.1° after the deposition of the droplet. This is likely due to the smoother
surface created by the coating but especially to the high hydrophilicity of halloysite based
geopolymers, which interact with water. However, when the surface is coated with
GP_microwax, it remains hydrophilic with a contact angle of 49.2° that only slightly
decreases to 44.3° after 60 seconds without any cleaning step carried out. Interestingly, the
surface becomes more hydrophobic after washing many times with water, with the contact
angle increasing to 83.6° and then slightly decreasing to 74.2° after one minute. These
variations are likely due to the excess of halloysite nanotubes, which increase the
hydrophilic behavior of the material. Interestingly, it is worth noting that the treatment
remains stuck on the surface even after multiple washes. On the contrary, the hydrophobic
contribution to the geopolymer wettability is hence enhanced when the wax microparticles
can interact with the water droplet after washing away the excess of clay.

It is important to note that the addition of hydrophobic beeswax can also affect the

smoothness of the micron level coating surface.
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Figure 6.2. (a) Water droplets profiles at t =0 s and t = 60 s after their deposition on the
surface of the samples. (b) Water contact angle kinetics.

The droplet evolution on the surface over time was again analysed by fitting the curves
with the Equation 5.2 and the water contact angle kinetics are shown in Figure 6.2 (b). The
analysis reveals that the presence of microwax particles in the coating layer decreases the
process rate, as indicated by the reduction of kg (Table 6.1). Additionally, it was observed a
lower spreading contribution, as indicated by the decrease of n for the treated steel with

GP_microwax compared to the pure halloysite-based geopolymeric coating.
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Table 6.1. Fitting parameters of the kinetic evolution of water contact angles.

Sample ko (s™) n
GP/ Steel 0.121 £ 0.007 0.54 +£0.02
GP_microwax / Steel (after washing)  0.043 + 0.006 0.35+0.04

X-ray fluorescence (XRF) studies were conducted to analyze the chemical composition of
the steel sheets before and after the treatments (Figure 6.3).

It is important to note that the main peaks found in all the three tested systems were
associated with the presence of Chromium, Manganese, and Iron, which are components of
the bare steel sheets. However, after the treatment procedures were carried out, Silicon and
Aluminum were found on the surface. Interestingly, the intensity of the Si and Al peaks
was higher in the steel treated with GP compared to the steel coated with GP_microwax
(inset in Figure 6.3). Iron and Chromium constitute the main components of the steel
sheets, 70.85 and 18.10 wt%, respectively. However, after the treatment, although Fe and
Cr are still the most abundant elements, the GP microwax treated steel contained 11.21
wt% of Al and 11.26 wt% of Si. Furthermore, the GP treated steel exhibited even higher
concentrations of these elements, with 19.57 wt% of Al and 18.62 wt% of Si. It is worth
noting that the Al/Si ratio is ca. 1, which is characteristic of pristine halloysite ''*. These
findings also agree with the contact angle data, as a higher nanotube content in the coating

layer results in a more hydrophilic surface.
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Figure 6.3. XRF spectra of untreated and treated steel.

In summary, halloysite-based geopolymers have been used for application as protective
layers on steel substrates. The choice of the steel material is connected to the fact that the
steel 1s widely used in construction and simultaneously we wanted to investigate the
presence of adhesion of the prepared geopolymeric paste on smooth surfaces. On the other
hand, future research studies are needed to include also other kind of surfaces.

The materials were treated with both GP and GP_microwax geopolymeric formulations
and it turned out that thanks to the presence of microwax particles, the wettability
properties of the steel surfaces underwent a modification. Both the untreated steel and the
GP treated one showed hydrophilic features. On the contrary, the treatment with GP
microwax enhanced the hydrophobicity of the material, giving new perspectives in

protective coating.

86



7. Concluding remarks

The main objective of this PhD thesis was to prepare and characterize new composite
geopolymers based on halloysite nanoclays, with a particular focus on the specific features
of the nanoclays that can be used as precursors.

Firstly, a novel protocol for the separation of halloysite/kaolinite mixtures was proposed in
order to purify natural samples of halloysite that often contain varying levels of platy
kaolinite nanoparticles depending on their geological source. The variable effects of
sucrose addition on the aqueous colloidal stability of both nanoclays were exploited.

It was observed that the diffusion of halloysite nanotubes in water is influenced by the
sucrose concentration while, on the other hand, any effects were detected for kaolinite
nanoplates. Results showed that amounts of sucrose less than 10 wt% enhanced the
sedimentation kinetics of halloysite nanotubes, while this effect was avoided by increasing
the concentration (> 10 wt%), in agreement with the significant screening towards the
attractive interactions between the clay nanotubes. Interestingly, the dispersibility of
kaolinite was strongly reduced with sucrose > 10 wt%. The fitting analysis of the
differential thermogravimetric curves by split Gaussian functions allowed to estimate the
halloysite contents in the separated materials in water and 10 wt% of sucrose. Based on the
obtained data, the separation efficiency of halloysite/kaolinite mixtures was optimized in
10 wt% sucrose aqueous solution, which influenced the aqueous colloidal stability and

the sedimentation kinetics of both nanoclays.

Considering the different properties observed due to the distinct morphologies of these
nanoclays, NMR techniques were used to explore the water diffusion and relaxation
characteristics in platy kaolinite and two types of halloysite nanotubes. It was
demonstrated the presence of different water populations and two diffusion coefficients
related to the confined and bulk water were calculated for the investigated systems.
Moreover, the unique structure of Patch halloysite, with longer and thinner nanotubes,
influenced the water diffusion and relaxation more than the other nanoclays. Interestingly,
comparing the diffusion and relaxation of HNT and halloysite-based geopolymer, it turned
out that GP possesses a fast component, which is related to the confined water in its

porosities, but its amount is lower compared with the one confined in the nanotubes.
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Furthermore, it was also found that Patch halloysite, because of its characteristic fibrous
structure, had different rheological properties compared to halloysite from other sources. A
detailed rheological study on Patch samples at different concentrations was then presented
showing the formation of hydrogels even at low concentrations.

Following the first part of this research project, which focused on characterizing some
features of nanoclays as precursors for geopolymeric synthesis, a new method for
preparing composite geopolymers was proposed. Specifically, halloysite-based
geopolymers filled with beeswax microparticles were prepared. According to the
morphological and structural investigations, the microwax particles were uniformly
dispersed within the geopolymeric network, resulting in excellent properties for the hybrid
geopolymers. Although the low amount of microwax, their loading within the
geopolymeric network generated relevant improvements in the flexural characteristics and
heat storage capacity with respect to the unfilled geopolymer. Comparisons were also
made with halloysite-based geopolymers filled with different amounts of beeswax,
showing that the properties varied depending on the composition and the random
dispersion of the beeswax. Only adding a large amount of beeswax, a significant
improvement in flexibility and heat storage capacity was achieved compared to filling with
microwax particles alone. Namely, the filling with beeswax requires contents of ca. one
order larger than the loading of microwax to obtain composite geopolymers with
comparable performances. Moreover, by rinsing with ethanol, the removal of microwax
and wax from the composite geopolymers has been obtained, proving that the porosity of
the materials can be controlled by the initial composition of wax. The porosity of
GP_microwax was estimated to be significantly lower with respect to that of unfilled GP.
The washing procedure did not alter the porosity of GP, while a significant enhancement
was detected for GP_microwax sample.

The presence of phase change materials confined in the geopolymeric network made this
composite material suitable for various applications, particularly in terms of heat storage
and flexural performance.

Finally, in the last part of this thesis, the presented halloysite-based geopolymer filled with
microwax particles was employed for application as a protective coating on steel substrates

by brush deposition. For comparison, geopolymeric coating without wax was also reported.
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After the treatment with both geopolymeric formulations, the steel surfaces appear
homogeneous and smooth. Interestingly, the presence of microwax particles altered the
wettability properties of the steel surface.

As a matter of fact, both the untreated steel and the GP treated present hydrophilic values
of water contact angle. Conversely, the treatment of the steel sheet with GP_microwax
enhanced the hydrophobicity features of the material surface, giving new perspectives in
the application of geopolymers as protective coating.

Overall, this research work has implications for the development of environmentally
friendly clay-based materials and represents the starting point for the design of
geopolymers filled with a phase change material that can act as smart thermal regulation

systems for several applications within engineering and biotechnology.
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ARTICLE INFO ABSTRACT
Keywords: In this work, we propose an easy strategy for the separation of halloysite/kaolinite mixtures in sucrose aqueous
Halloysite nanotubes solution. Preliminarily, we investigated the influence of the sucrose addition on the colloidal stability of kaolinite
Nanoclays N nanoplates and halloysite nanotubes (HNTs) dispersed in water. Dynamic Light Scattering (DLS) measurements
Aqueou.s colloidal stability revealed that the HNTs aqueous mobility is dependent on the sucrose concentration, while the {-potential is
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TGA negligibly affected by the addition of the carbohydrate in the aqueous solvent. On the other hand, any variations

on the surface charge and dynamic behavior of kaolinite were detected in the presence of sucrose. The obtained
C-potential and DLS results were useful to interpret the sedimentation kinetics of kaolinite and halloysite dis-
persions. In particular, the peculiar sedimentation behavior of halloysite were discussed by considering the
screening effect of sucrose on the attractive interactions between the nanotubes. The latter was evaluated by the
calculation of the corresponding Hamaker constants. On this basis, we estimated that the optimization of the
separation between kaolinite and halloysite might be achieved in 10 wt% sucrose aqueous solution. This hy-
pothesis was confirmed by the separation experiments, which exploited the different sedimentation behavior of
halloysite and kaolinite. Thermogravimetric experiments on the separated material and kaolinite/halloysite
composites with variable composition allowed us to determine the efficiency of the separation protocol. To this
purpose, the differential thermogravimetric curves were accurately analysed by using split Gaussian functions. In
conclusion, this paper represents a further step in the purification of natural halloysite samples exploiting the
ability of sucrose to control the attractive forces of the clay nanotubes as well as the colloidal stability of kaolinite
nanoplates in aqueous solvent.
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1. Introduction

Nowadays, nanoclays are receiving the attention of researchers in
several fields, including material sciences [1-3], engineering [4-6] and
biology [7-10] due to their physico-chemical properties,
environmental-friendly nature and low cost [11].

Among the clay nanoparticles, halloysite nanotubes (HNTs) have
attracted particular interest. They are aluminosilicates characterized by
a chemical formula of Al;Si;Os5(OH)4 * nH,O and a hollow tubular
structure with a spiral conformation [12]. Halloysite is formed by
rolling-up a kaolin double layer yielding a tubular structure. Their sizes
depend on the geological deposit. Averagely, the tubes’ length range
within 0.5-1.5 ym and the outer diameter is between 50 and 100 nm,
whereas for internal diameter of the cavity is from 10 to 20 nm.

The external surface is composed of Si-O-Si groups and the internal
lumen surface of Al-OH. In light of this and considering the charges of
alumina and silica substrates, it is observed a charge separation in the
pH range between 2 and 8 [13], in particular the inner lumen carries a
positive charge, while the outer surface is negatively charged [14]. Inner
and outer surfaces can be selectively modified by exploiting covalent
and supramolecular interactions [15-18]. Accordingly, halloysite
nanotubes have been developed as carriers for controlled release of
active agents [19-32], as fillers for polymers [33-39] and for decon-
tamination purposes [40-45]. Due to its high specific surface, halloysite
was used as catalytic support for technological applications [46-54].
Recently, halloysite was successfully employed for the protective
coating of hair [55,56]. The chemical composition of halloysite is similar
to that of kaolinite except for the presence of water molecules between
the unit layers. Similarly to halloysite, kaolinite has been exploited in
many fields as inorganic support with adsorption application [57,58] or
as precursor in geopolymeric materials [59,60].

Typically, halloysite samples are contaminated by a certain amount
(ca. 10 wt%) of platy kaolinite nanoparticles depending on the deposit
[61]. This aspect might be relevant for some applications where the high
purity of halloysite is requested. As example, the presence of kaolinite
nanoplates can reduce the efficiency of HNT as nanocarriers for phar-
maceutical and biomedical applications. To the light of this consider-
ation, the development of separation protocols for halloysite samples
represents a challenging task for their applications in pharmaceutics and
biomedicine.

According to literature, the sedimentation behavior of nanoparticles
in a colloidal systems depends on several factors, including the specific
interactions as well as the viscosity and the ionic strength of the solvent
[62-64] that can induce aggregation decreasing the colloidal stability.
The separation of kaolinite nanoplates can be favored by adding inor-
ganic flocculants [65], such as aluminium and iron salts or other greener
flocculants [66]. Moreover, the addition of polymers can influence the
sedimentation kinetics of kaolinite dispersed in water [67].

In this work, we investigated the effects of sucrose addition on the
colloidal stability of halloysite and kaolinite in aqueous media. Specif-
ically, the screening effect of sucrose towards the attractive interactions
between the clay nanotubes was studied according to the DLVO theory.
In this regard, it should be noted that the addition of variable amounts of
monosaccharides (glucose) or disaccharides (sucrose and maltose) rep-
resents an efficient strategy to control the stability of aqueous disper-
sions because of their influence on the physico-chemical properties
(dielectric constant, refractive index and viscosity) of water [68]. The
effects of sugars on the attractions between dispersed nanoparticles can
be evaluated according to the Hamaker constant. On the other hand, the
addition of non ionic macromolecules (such as polymers and surfac-
tants) can be affect the aqueous colloidal stability of nanoclays due to
steric interactions and depletion processes as reported for kaolinite
dispersions containing variable amounts of biopolymer [67].

In conclusion, the influence of sucrose concentration on the sedi-
mentation kinetics of both nanoclays was investigated in order to
maximize the separation efficiency in halloysite/kaolinite aqueous
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mixtures. The obtained results can be useful to develop purification
protocols for natural halloysites.

2. Materials and methods
2.1. Materials

Halloysite nanotubes (HNTs) were provided by Imerys Ceramics.
They are from Matauri Bay (New Zealand). The HNTs possess a specific
surface area of 28.6 m? g ! [61]. Their length range between 100 and
3000 nm, while the intervals for the inner and outer diameters are 15-70
and 50-200 nm, respectively [33]. Compared to halloysite obtained
from Dragon Mine [61], the employed HNTs do not contain impurities of
kaolinite. SEM image of HNTs from Matauri Bay are presented in Fig. 1.
Kaolinite (Kao) and sucrose (purity > 99.5%) are Sigma Aldrich prod-
ucts. Water from reverse osmosis (Elga model Option 3) with a specific
resistivity greater than 1 MQ cm was used.

2.2. Preparation of dispersions

As concerns sedimentation experiments, halloysite nanotubes and
kaolinite (concentration of 2 wt%) were separately added to 5 mL of
sucrose solutions with variable concentration ranging from 1 to 35 wt%.

The obtained dispersions were sonicated for 15 min, magnetically
stirred for 2 h and equilibrated for 2 h to monitor the colloidal stability
of the nanoparticles.

Dynamic Light Scattering (DLS) and {-potential tests were conducted
on HNTs or kaolinite dispersed in sucrose solutions at variable concen-
tration. The dispersions were prepared by 15 min of sonication followed
by 2 h of magnetically stirring.

2.3. Separation of halloysite/kaolinite mixtures

Separation experiments of halloysite/kaolinite mixtures were con-
ducted as reported below. Firstly, we prepared halloysite/kaolinite
mixtures with a 1:1 mass ratio in 10 wt% sucrose aqueous solution. The
concentration of both nanoclays was fixed at 2 wt%. The dispersion was
sonicated for 15 min, magnetically stirred for 2 h and equilibrated for
30 min, which does not guarantee the complete sedimentation of the
nanoparticles. Then, we removed the upper part of the dispersion cor-
responding to 30% of the total volume. Then, the recovered suspension

Fig. 1. SEM image of halloysite nanotubes.
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was dried at 50 °C. Finally, the dried powder was washed five times with
water to remove sucrose and then, stored in a desiccator at 25 °C and
relative humidity of 75%. For comparison, the separation experiment
was conducted using water as solvent.

2.4. Methods

The refractive indexes (RI) of the sucrose solutions were determined
through an automatic refractometer (Model GPR 11-37, Index In-
struments). Sample amounts were directly placed into the instrument
cell where they were left to equilibrate. All measurements were per-
formed at 25.0 + 0.1 °C.

The viscosity experiments were carried out by using an Ubbelohde
viscosimeter, which was aligned perpendicularly in a plexiglass box with
circulating water (thermostatted with a Haake D8 apparatus). The ab-
solute viscosity () of the sucrose solutions were estimated at
25.0 £ 0.1 °C.

The dielectric constant of sucrose solutions was determined by
means of a Hewlett-Packard impedance analyzer (HP 4294 A) equipped
with HP 16451B dielectric test fixtures. The experiments were con-
ducted at 25 £ 0.1 °C.

¢-potential and dynamic light scattering (DLS) measurements on the
nanoclay aqueous dispersions were performed by a Zetasizer NANO-ZS
(Malvern Instruments) at 25 + 0.1 °C. °C. For {-Potential experiments a
disposable folded capillary cell was used. As concerns DLS experiments,
the field-time autocorrelation functions were described by a mono-
exponential decay which provides the decay rate (r) of the diffusive
mode. For the translational motion, the diffusion coefficient at a given
concentration is D¢ = I'/q? where q is the scattering vector given by
47~ 1sin(0/2) being n the refractive index, A the wavelength
(632.8 nm) and 0 the scattering angle (173°).

The sedimentation experiments were carried out in glass tubes of ca.
2 cm in diameter and length of ca. 6 cm. The kaolinite and halloysite
dispersions were imaged in fixed intervals of time for 2 h. Then, the
sedimentation volume and the settling velocity of the two clays in su-
crose solutions were obtained from the sedimentation front, which was
determined by using ImageJ software.

Thermogravimetric experiments were performed by using a Q5000
IR apparatus (TA Instruments) under inert atmosphere. To this purpose,
the measurements were conducted under nitrogen flows of 25 and
10 cm® min~! for the sample and the balance, respectively. Tests were
carried out by heating the sample from room temperature to 700 °C with
a heating rate of 20 °C min~!. TGA analyses were conducted on the
materials obtained from the separation of halloysite/kaolinite mixtures.
In addition, TG experiments were performed on halloysite/kaolinite
composites at variable composition and their pristine components. The
temperature calibration of the apparatus was conducted on the basis of
the Curie temperatures of standards as reported in literature [69,70].

Scanning electron microscopy (SEM) was conducted using a micro-
scope ESEM FEI QUANTA 200 F. Prior to the experiment, the surface of
the clays was coated with gold in argon by means of an Edwards Sputter
Coater S150A to avoid charging under electron beam. The analyses were
carried out in high vacuum mode (< 6 x 10-4 Pa) for simultaneous
secondary electron; the energy of the beam was 25 kV and the working
distance was 10 mm.

3. Results and discussion
3.1. Properties of the sucrose solutions

Preliminarily investigations on the sucrose solutions were conducted
for a proper analysis and interpretation of the colloidal behavior of the
nanoclay dispersions. The obtained results are presented in Table 1. It
should be noted that the investigated properties affect the electropho-
retic mobility, the aqueous dynamic characteristics and the sedimenta-
tion properties of the nanoparticles dispersed in the aqueous sucrose
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solutions.

3.2. Effects of sucrose on the aqueous diffusion behavior and surface
charge of clay nanoparticles

The influence of sucrose addition on the aqueous diffusion coeffi-
cient of both HNTs and kaolinite was explored by Dynamic Light Scat-
tering. As a general result, we detected that kaolinite possess lower
diffusion coefficients in the aqueous solvents compared to those of
halloysite (Fig. 2).

These findings can be related to the larger sizes of kaolinite nano-
particles and their consequent reduced mobility in water with respect to
that of HNTs. We observed that the sucrose addition does not affect the
diffusion coefficient of kaolinite. On the other hand, the aqueous
mobility of HNTs is significantly influenced by the presence of sucrose in
the medium. As shown in Fig. 2, the addition of small amounts of sucrose
(concentration up to ca. 5 wt%) induced a decrease of the diffusion
coefficient of halloysite indicating that the dynamic behavior of the
nanotubes was reduced. Oppositely, the further addition of sucrose
generated a slight increase of the diffusion coefficient highlighting that
the diffusivity of HNTs was enhanced. These trends can be related to the
peculiar influence of sucrose on the interactions between the halloysite
nanotubes dispersed in water. As shown by {-potential results (Table 2),
the presence of sucrose slightly alters the surface charge of HNTs as well
as kaolinite.

Based on the data in Table 2, we can state that the electrostatic re-
pulsions between the kaolinite nanoparticles in sucrose solutions are
comparable to those in water. As concerns HNTs, we observed a slight
decrease of the absolute {-potential value in the presence of sucrose. It
should be noted that the {-potential are negative within the whole su-
crose concentration range. In general, the {-potential values of halloysite
are more negative with respect to those of kaolinite for all the investi-
gated sucrose concentrations. Compared to kaolinite nanoplates, hal-
loysite nanotubes exhibited stronger repulsive interactions hindering
their aggregation.

It is important to evidence that the presence of sucrose can affect the
Van Der Waals interactions between the nanoparticles. Specifically, the
sucrose addition can reduce the attractive interactions between the
dispersed nanoclays altering the colloidal stability of the dispersions.
These effects are dependent on the sucrose concentration as suggested
by the results on the aqueous diffusion coefficient of halloysite (Fig. 2).
The influence of the sucrose concentration on the Van der Waals
attractive interactions between HNTs will be extensively discussed in
the paragraph 3.3.

3.3. Sedimentation of clay nanoparticles dispersed in sucrose solutions

As shown in Fig. 3, kaolinite and halloysite dispersions possess
different macroscopic characteristics, which depend on the sucrose
concentration as well as on the equilibration time after the preparation.

Based on the images reported in Fig. 3a, we observed that the in-
crease of the sucrose concentration from 2.5 to 10 wt% slowed down the
lowering of the sedimentation front in the halloysite dispersions.
Accordingly, we can state that the kinetics of the HNTs sedimentation is

Table 1
Refractive index, relative dielectric constant and viscosity of sucrose solutions in
water at 25 °C.

Sucrose concentration / wt% RI & n/mPas
0 1.3325 78.4 0.8891
1.27 1.3363 78.2 1.028
2.52 1.3379 77.9 1.055
4.8 1.3405 77.4 1.146
9.88 1.3491 76.1 1.336
15.5 1.3568 74.7 1.592
25.9 1.3702 72.0 2.175
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Fig. 2. Aqueous diffusion coefficients of HNTs and kaolinite as functions of sucrose concentration.

Table 2
C-potential of halloysite and kaolinite in sucrose solutions at variable
concentration.

Sucrose concentration / wt% {-potential / mV

Halloysite Kaolinite
0 -341+1.5 219+ 1.1
4.8 -32.6 £ 1.1 -21.3+1.5
9.88 -32.4+1.4 -22.0+1.2
15.56 -32.3+1.3 -22.3+1.2

faster for the lower sucrose concentration. The complete separation
between the dispersed nanoparticles and the solvent was detected after
2 h of equilibration for both sucrose concentrations. Fig. 3b displays the
kaolinite suspensions after 30 min of equilibration. We observed that
kaolinite dispersed in water does not evidence a clear sedimentation
front between the sediment and the supernatant. This observation is
valid for all the kaolinite dispersions with sucrose concentration lower
than 10 wt%. In order to quantitatively describe the sedimentation ki-
netics, we analyzed the time evolution of the sedimentation profiles of
HNTs and kaolinite dispersions through ImageJ software. In detail, we
determined the sedimentation volume fraction after 2 h of equilibration
once the process is certainly complete. Moreover, we estimated the
settling velocity from the slope of the sedimentation front vs time plot as
reported in our previous work regarding the effect of the ionic strength
on the aqueous colloidal stability of several halloysites [62]. Based on
the macroscopic observations (Fig. 4b), the settling velocity for kaolinite
can be determined only in aqueous media containing sucrose with a
concentration > 10 wt%.

Fig. 4a shows that sedimentation volume fraction values of kaolinite
are lower than those of halloysite and they are almost constant
throughout the investigated sucrose concentration range. As a general
result, the kaolinite sedimentation is faster compared to that of

halloysite for sucrose > 10 wt% as evidenced by the settling velocity
data (Fig. 4b). It is remarkable to evidence that the different sedimen-
tation kinetics could be useful for a proper separation of kaolinite and
halloysite in natural samples containing both nanoclays. The addition of
the carbohydrate did not alter neither the sedimentation volume frac-
tion nor the settling velocity (for sucrose > 10 wt%) of kaolinite dis-
persions. In contrast, the presence of sucrose affected the sedimentation
kinetics of halloysite nanotubes dispersed in water. We detected that the
velocity of the HNTs sedimentation is enhanced for sucrose concentra-
tion up to 5 wt%, while a further addition of sucrose generated the
opposite effect. Similarly, the sedimentation volume fraction presents a
minimum value at 5 wt%. The relation between the sedimentation pa-
rameters and the sucrose concentration (Fig. 4) are consistent with the
DLS data, which evidenced that the HNTs diffusion in water is reduced
for small concentrations of sugar reaching a minimum value at 5 wt% of
carbohydrate.

3.4. Sedimentation kinetics of halloysite: the influence of sucrose addition
on the Van der Waals interactions

The influence of the sucrose concentration on the sedimentation
parameters can be discussed in terms of balance between Van der Waals
forces and repulsive interactions between the nanoparticles (DLVO
theory). It should be noted this approach is not suitable for the
description of the kaolinite sedimentation because of the large sizes of
the nanoparticles. Accordingly, DLS experiments at variable sucrose
concentration evidenced that the hydrodynamic diameter of kaolinite
ranges between 1828 + 146 nm and 2796 + 223 nm. These values were
determined at sucrose concentrations equal to 1.27 and 15.5 wt%,
respectively. As expected, the addition of sucrose generated slight var-
iations of the surface charge of HNTs (Table 2). Therefore, we can
conclude that the presence of sucrose does not affect the repulsive in-
teractions between the halloysite nanotubes. On the other hand, we can
predict that the Van der Waals attractive forces are influenced by
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sucrose. In this regard, we calculated the Hamaker constant vs sucrose
concentration for HNTs dispersions by the following equation

3 —&)\’ | 3ho, P-nd
AH:ZkBT-C‘ 82) + (nf — )
e 8VI (o} ) (20v/nf 1)

where kg is the Boltzmann constant, T is the absolute temperature, € is
the dielectric constant, n is the refractive index and v. is the mean
ionization frequency of the material and it is ~ 3.10> Hz 10'°. Here, the
subscript 1 and 2 refer to halloysite and sucrose solution, respectively.
Fig. 5 reports the Hamaker constant function normalized by the thermal
energy (kpT) for halloysite nanotubes dispersed in aqueous solvent
containing variable amounts of sucrose. To this purpose, we considered
the fitted curves for the dielectric constant and the refractive of index of
aqueous solutions with variable sucrose concentration (see Supple-
mentary Materials).

As shown in Fig. 5, the Hamaker constant is positive for all the su-
crose concentrations indicating that the Van der Waals forces are
attractive. We observed that the sucrose addition decreases the attrac-
tive forces between the nanotubes dispersed in water. In other words,
the reduction of the Hamaker constant agrees with the screening of the
Van der Waals interactions between the dispersed nanotubes. This effect
is enhanced by increasing the sucrose amount in the aqueous medium.
The decreasing trend of the Hamaker constant on the sucrose concen-
tration (Fig. 5) can be described by a binomial equation within the
whole investigated range. Interestingly, a linear region with slight var-
iations of the Hamaker constant can be identified for sucrose <5 wt%. In
detail, we estimated that the reduction of the Hamaker constant is lower
than 2% highlighting that the influence of sucrose on the attractions
between the nanoparticles is negligible for sugar concentration up to ca.
5 wt%.

Based on these considerations, we can hypothesize that the attractive
forces are largely predominant with respect to the repulsions in the
presence of small amounts of sucrose and, consequently, the clustering
between HNTs is favored. Accordingly, the aqueous diffusion coefficient
decreased (Fig. 2) and the sedimentation kinetics was enhanced
(Fig. 4b). These results are also consistent with the slight reduction of
the HNTs surface (Table 2). On the other hand, the discrepancy between
attractions and repulsions was reduced for sucrose concentration
> 10 wt% explaining both DLS data and the sedimentation parameters.
Namely, the attractive forces are significantly screened by sucrose
determining an increase of the aqueous mobility and an improvement of
the colloidal stability of the nanotubes.

@
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3.5. Separation of halloysite and kaolinite in sucrose solution

Generally, natural clay samples are mixtures of different minerals
limiting their use for several purposes. Within this, it should be noted
that natural halloysites can contain variable amounts of kaolinite.
Therefore, the successful separation of halloysite and kaolinite is crucial
to make HNTs suitable for technological applications. Here, we exploi-
ted their sedimentation kinetics in sucrose solutions to obtain an effi-
cient separation of the two nanoclays in halloysite/kaolinite mixtures.
The protocol used for the separation of halloysite and kaolinite is
described in the paragraph 2.3. Scanning electron microscopy evidenced
the co-presence of few kaolinite nanoplates and a large amount of hal-
loysite nanotubes in the sample obtained from 10 wt% sucrose solution
(see Supplementary Materials). The efficiency of the separation pro-
cedure was estimated by thermogravimetry, which is a powerful tech-
nique for the quantitative and qualitative characterization of
multicomponent materials [1,71]. Fig. 6 compares the differential
thermogravimetric curves of pristine nanoclays and their mixture
(HNT/Kaolinite 50:50) with those of the materials obtained by the
separation through both water and 10 wt% sucrose solution. According
to literature [72,73], pure halloysite exhibited the main mass loss in the
temperature range between 400 and 600 °C due to expulsion of the
interlayer water molecules, while kaolinite evidenced a significant mass
reduction in a broader range (between 480 and 700 °C). On this basis,
we focused the analysis of the differential thermogravimetric curves of
the separated materials within the range 400-700 °C.

Firstly, we determined the peak temperatures (Tpeax) for the different
samples from the minimum of the differential thermogravimetric curves.
As shown in Supplementary Materials, a linear function was detected for
the dependence of Tpeax on the composition of halloysite/kaolinite
mixtures. Based on the linear fitting of this trend, we calculated the mass
percent of halloysite in the separated materials from the corresponding
Tpeax values (503.8 and 514.8 °C from sucrose solution and water,
respectively). We determined that the halloysite contents are 97 + 3 wt
% and 59 + 3 wt% for the materials obtained from the separation
through 10 wt% sucrose solution and water, respectively.

A more accurate analysis was conducted by the fitting of the DTG
curves using Fityk software [74]. The split Gaussian function was used as
model for the analysis of the DTG curves. As shown in Supplementary
Materials, DTG curves of both pristine kaolinite and halloysite were
fitted using the split Gaussian equation, which can be expressed as:

dm/dT = (dm/dT)*-exp[-In(2)-(T — TeW/ATL)? for T < Tc )
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Fig. 5. Dependence of the Hamaker constant for HNTs on the sucrose concentration. The function was calculated on the basis of Eq. (1) and taking into account the
fitted curved for the dielectric constant and the refractive of index of sucrose aqueous solutions (see Supplementary Materials).
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and:
dm/dT = (dm/dT)*-[-In(2)-(T — Tc)/ATR)? for T > T¢ 3)

where T¢ is the temperature at the center of the function, ATy, and
ATy are the left and right widths indicated as temperature ranges, while
(dm/dT)* is the common value for the left and right sides.

The parameters obtained by the fitting of the DTG curves of kaolinite
and halloysite are reported in Supplementary Materials. The DTG curves
of halloysite/kaolinite mixtures with variable composition were suc-
cessfully fitted by combining the split Gaussian equations of halloysite
and kaolinite. Specifically, (dm/dT)* for halloysite and kaolinite con-
tributions were considered as fitting parameters, while Tc, AT, and ATg
for both nanoclays were fixed (the values determined by the fitting of the
DTG curves of pristine HNT and kaolinite). As example, Fig. 7a compares
the experimental and calculated DTG curves for the mixture composed
by 50 wt% of halloysite. In addition, Fig. 7b shows separately the split
Gaussian functions combined for the fitting analysis. Based on the fitted
DTG curves, we can estimate the mass percent of halloysite in the
mixture by using the following equation.

HNT(Wt%)sge = 100-(A(SGE)unt/(A(SGE)Mm) 4

being A(SGE)y the area obtained by the integration of the split
Gaussian function of the mixture, while A(SGE)yyr is the integral area
for the single contribution of halloysite used in the fitting analysis.
Fig. 7c shows a linear trend of the calculated HNT(wt%)sgg values and
the halloysite mass percent employed for the preparation of the mix-
tures. The linear fitting of the data presented in Fig. 7c allowed us to
determine a calibration curve for the calculation of the HNT content in
halloysite/kaolinite composite samples with unknown composition
including the separated material obtained by the protocol reported in

the paragraph 2.3.

As evidenced in Fig. 8a, the DTG curve of the sample separated from
sucrose solution can be analyzed by using the combination of the split
Gaussian equations of halloysite and kaolinite. Fig. 8b shows that the
contribution of halloysite to the fitting analysis is significantly higher
compared to that of kaolinite. Based on the corresponding HNT(wt%)sgg
value (84.3 wt%) and the calibration curve (Fig. 7c), we determined that
the halloysite content in the separated material is equal to 89 + 5 wt%,
which confirms that the separation procedure in sucrose aqueous solu-
tion was very efficient. On the other hand, we determined that the
sample separated from water presents a HNT(wt%)sgg value of 51.6 wt
%. On this basis, we calculated a HNT content equals to 53 + 4 wt%,
which is significantly lower to that detected for the material separated
from 10 wt% sucrose. According to these results, we can state that the
addition of sucrose in the aqueous solvent favors the separation between
the nanoclays. This finding can be related to the macroscopic observa-
tions of the dispersions (Fig. 3) and the sedimentation kinetics (Fig. 4),
which highlighted that the addition of 10 wt% of sucrose decreases the
kaolinite colloidal stability, while the settling velocity of halloysite was
slightly affected.

4. Conclusions

This study was aimed to develop a novel protocol for the separation
of halloysite/kaolinite mixtures by exploiting the variable effects of
sucrose addition on the aqueous colloidal stability of both nanoclays. In
this regard, it should be noted that the control of the nanoclays sedi-
mentation is crucial for the purification of natural halloysite samples.
Based on Dynamic Light Scattering (DLS) results, we observed that the
influence of sucrose on the diffusion of halloysite nanotubes in water is



M.M. Calvino et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 641 (2022) 128530

A 2 -1
Derivative mass / % °C

Ja o B B IR T WELEZ S e e I LB |

Experimental
Calculated

T Dy YAl DR 0 B v vl I

-1

1

11

g
=
= -0.02 F
Z [
g -004 [ ]
2 - ]
'g -0.06 .
g s ® HNT contribution 1
a -0'08;— *  Kaolinite contribution | 7
001 e v w1 b e b by 1w
460 480 50 520 540 560 58 600 620
Temperature / °C
100 R L e e
) -
80 [ > S
[63)] L -
S ol @t
:\; 60 -'— > - L]
= i o
z L -
= 40 N - -
2 | g
- -
20 - 2 ® Experimental data
b e = == Lincar fitting
OB o o e o o ey
0 20 40 60 80 100

HNT content (from preparation) / wt%
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dependent on the concentration of the carbohydrate, while any effects
were detected for kaolinite nanoplates. As expected, the surface charge
of the nanoclays is slightly influenced by the presence of the carbohy-
drate. According to the DLS and {-potential data, we observed that small
amounts of sucrose (< 10 wt%) enhanced the sedimentation kinetics of
halloysite nanotubes. This effect was avoided by increase the sucrose
concentration (> 10 wt%) in agreement with the significant screening
towards the attractive interactions between the clay nanotubes. Inter-
estingly, the dispersibility of kaolinite was strongly reduced in the
presence of sucrose with a concentration larger than 10 wt%. On this
basis, we evaluated that the separation efficiency of halloysite/kaolinite
mixtures can be optimized in 10 wt% sucrose aqueous solution. Ther-
mogravimetry was employed to determine the quantitative composition
of the materials separated in water as well as in 10 wt% sucrose solution.
The fitting analysis of the differential thermogravimetric curves by split
Gaussian functions allowed us to estimate that the halloysite contents in
the separated materials. We detected that the presence of 10 wt% su-
crose in the aqueous medium generated a significant increase of the

halloysite content (89 + 5 wt%) in the separated material with respect
to that obtained by the separation in water (53 + 4 wt%). In conclusion,
this paper demonstrated that a successful separation between halloysite
and kaolinite can be achieved by the addition of sucrose in aqueous
solvents. The separation efficiency can be controlled by the sucrose
concentration, which influenced the aqueous colloidal stability and
sedimentation kinetics of both nanoclays. Remarkably, the proposed
protocol can be exploited for the purification of natural halloysite
samples.
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Abstract

The rheological behaviour of Patch halloysite nanotubes (PT Hal) was investigated here. Their
peculiar morphology shows longer and thinner nanotubes and gives rise to the formation of gel-like
systems that are not evidenced in halloysite from other natural sources. According to frequency
sweep tests, PT Hal possesses solid-like characteristics even at low concentrations, suggesting that
the material is highly structured. Interestingly, flow ramp analysis evidenced two distinct behaviours
based on the clay concentration: a yield stress was detected only from 0.75 wt%, indicating the
sample's ability to resist deformation or breaking. Furthermore, the study investigated the influence
of ionic strength, revealing that the addition of salt did not significantly affect the gel's properties of
this clay. Accordingly, in this work we propose a new hydrogel system based on green nanoclays
that can be suitable for industrial and biological applications as well as for cultural heritage.
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1. Introduction

Halloysite is a naturally occurring nanoclay with a unique hollow tubular structure. Generally, the
length of halloysite nanotubes is approximately 1 pm, while the external and internal diameters vary
within the ranges of 20 to 200 nm and 10 to 70 nm, respectively. Its properties and characteristics,
such as the sizes, specific surface and polydispersity are influenced by the geological deposit from
which they are sourced [1]. Among them, the Patch halloysite (PT Hal), sourced from Western
Australia, is acknowledged as a highly pure variety of halloysite (content of ca. 96%)[2]. These
nanotubes exhibit thinner tubes and an exceptional length extending up to 30 um. Moreover, they
also stand up for their fibrous structure forming clusters that appear as patches. It is worth noting that
the external and internal surfaces of halloysite have distinct chemical properties, with the former
being negatively charged and the latter being positively charged across a wide pH range [3].

This characteristic enables the loading of negative molecules into the inner lumen and the interaction
of positive active species with the outer surface. Halloysite also represents a versatile nanofiller that
can be incorporated into biopolymeric matrices [4—6], obtaining green nanocomposite materials
suitable for a wide range of applications, including medicine [7-10], cosmetics [11,12], packaging
[13—15] and environmental remediation [16-25]. Moreover, halloysite nanotubes are effective as
catalytic supports [26-32], additives for metal batteries [33,34] and nanocarriers for functional
molecules with biological and chemical activities [35-39].

Most research studies exploring the use of halloysite nanotubes as nanomaterials have focused on
halloysite derived from one of the primary sources, typically New Zealand or USA, but its properties
can differ based on its origin, owing to the distinct local conditions under which it was formed [40].
For instance, Makaremi et al.[40] demonstrated that shorter nanotubes showed superior capacity in
encapsulating salicylic acid within their hollow structure compared to patchy and longer halloysite
nanotubes as they require additional time and energy to have the active molecule loaded in the tubes.
On the other hand, it is known that halloysite does not form gel itself. Actually, Luo et al. [41] proved
that the sol—gel transition occurs at a concentration of ca. 40 wt% and the aqueous dispersion exhibits
a pH-induced gelation when hydrochloric acid is added, due to the reduced repulsive electrostatic
forces between the nanotubes.

Thus, our study wants to point out that, thanks to its peculiar fibrous structure, Patch has different
rheological features with respect to halloysite from other natural sources. Accordingly, a rheological
study on patch halloysite samples at different concentrations is presented here.

In addition, literature reports that the colloidal stability of nanoclays can be influenced by several
factors, including the addition of polymers [42,43] as well as the ionic strength [44]. Moreover,
changing the ionic strength in a system can also have significant effects on gel-like structures [45,46],
such as swelling [47], increased stability [48] or viscosity due to stronger interactions with the
components of the gel [49]. Since, according to the literature, NaCl concentration affects the settling
velocity of halloysite dispersions, we also investigated its influence in the PT Hal hydrogels in this
study.

2. Materials and methods

2.1 Materials



Ultra HalloPure Halloysite (UP_Hal) was a gift by I-Minerals Inc. mined in the geological deposit
of Latah County

(NW Idaho, North America) and Patch Halloysite (PT Hal) (Kalgoorie, Western Australia) is a kind
donation provided by Dr. Keith Norrish from his collection and research on Patch (CSIRO Soils,
Adelaide). NaCl (> 99%, CAS 7647-14-5) and NaOH pellets ( > 98%, CAS 1310-73-2) were Sigma
Aldrich products.

2.2 Patch halloysite purification

The separation of coarse impurities was performed by following a procedure reported elsewhere for
PT Hal samples [1,2]. In particular, 5 grams of PT Hal were grounded in a mortar. The obtained
powder was dispersed in deionized water and the pH was set between 7.5 and 8 by using a sodium
hydroxide solution 0.1 M. Several cycles of sonication and washing in 1.5 L of water were carried
out to purify the sample. After that, the dispersion was filtered by a peristaltic pump to exclude coarse
residuals and dried at 50 °C for 48 hours.

2.3 Hydrogel preparation

Patch halloysite, after purification, was dispersed in deionized water at different concentrations:
0.005, 0.1, 0.5, 0.75, 1 and 2 wt%. Then, samples were sonicated for 15 minutes and stirred for 48
hours to avoid the formation of aggregates.

The same procedure was performed to prepare UP_Hal samples for comparison at 1 wt%.

Patch halloysite nanotubes were added to NaCl aqueous solutions at four different concentrations
(101,102, 10 and 10-* M) and the obtained dispersions were sonicated for 15 min and magnetically
stirred for 2 days.

2.4 Methods
2.4.1 Thermogravimetric Analysis (TGA)

Thermogravimetric experiments were carried out using a Q5000 IR apparatus (TA Instruments)
under inert atmosphere using nitrogen flows of 25 and 10 cm?® min! for the sample and the balance,
respectively. Samples were heated in a platinum pan from room temperature to 800 °C with a
scanning rate of 20 °C min'.

2.4.2 X-ray Fluorescence (XRF)



X-ray Fluorescence (XRF) Spectrometry was performed using an Olympus Innov X DS-2000 Delta
Standard Alloy XRF Handheld Analyzer operating in the Alloy Plus analysis mode.

2.4.3 (-Potential

{-Potential measurements were performed by means of a Zetasizer NANO-ZS (Malvern Instruments)
under isothermal conditions at 25.0 + 0.1 °C. The tests were carried out by using a disposable folded
capillary cell and the concentration of PT Hal dispersion was 0.001 wt%. The (-potential was
calculated using the Smoluchowski approximation, which is considered an accurate approximation
for particles larger than 0.2 um in aqueous solutions. All experiments were replicated three times,
and the average values were reported.

2.4.4 X-ray Diffraction (XRD)

The patterns were obtained from an X-ray diffractometer (Rigaku, MiniFlex) with a CuKa radiation
source including a nickel filter and working at 40 kV and 15 mA. The wavelength of the X-ray beam
was 1.5406 A, and the layer spacing of the samples was calculated by the Bragg's equation, which
can be expressed as

nA = 2dsin® (1)

where 0 is the angle that the outgoing beam forms with the crystalline layer, A is the wavelength of
the radiation, d is the distance between two adjacent layers and n can be 1,2 or 3.

The angle for scanning ranged from 2 ° to 70 ° with a rate of 20 ° min"! and a step of 0.02°.
2.4.5 Scanning electron microscopy

The ultra-high resolution field emission scanning electron microscope (FE-SEM, Hitachi SU8010)
was used to observe the morphologies of halloysite nanotubes. A thin layer of platinum was applied
to coat the samples in order to avoid electrostatic charging. Additionally, the morphology of halloysite
nanotubes was also observed using the transmission mode (STEM) of the same FE-SEM instrument
with a voltage of 30 kv.

2.4.6 Rheology

The rheological characterization of PT Hal dispersions was studied using a Discovery HR-1
rheometer (TA Instruments) with a parallel plate geometry (800-1000 um gap and 20 mm diameter).
Amplitude sweep, frequency sweep and flow ramp stress tests were performed after conditioning the
sample at 25 °C. The amplitude sweep tests were conducted at a constant angular frequency of 100
rad s! while increasing the oscillation strain from 0,001 % and 100 %. For frequency sweep tests,
the angular frequency was ranged from 0.1 to 100 rad s'! at a fixed strain amplitude of 0.1 %. Flow
ramp tests were instead performed increasing the stress from 0 to 50 Pa.

3. Results and Discussion

3.1 Patch Purification



XRF measurement allowed to obtain the chemical composition of UP_Hal and PT Hal before and
after the purification. As reported in Table 1, PT Hal not purified (PT _Hal NP) presents lower
silicon content than the same sample after purification (PT _Hal P) which has an enrichment of 6%
in silicon. Moreover, PT Hal P shows a decrease of the amount of Ti, Mg, Cr and Mn. On the other
hand, iron content is nearly constant after purification, and it is present in a minimal amount.

It has been previously reported [2,50] that patch halloysite samples usually contain less than 1 % of
iron. Actually, we found a value of 2.52% in PT_Hal NP that can be attributed to the different levels
of iron oxide contamination. As a matter of fact, Churchman et al.[50] stated that, even if iron is not
part of the structure, it can influence the size of halloysite particles by restraining crystal growth. The
substitution of the smaller AI3* ion with the larger Fe3* ion in the octahedral sheet of halloysite can
also happen with high levels of Fe,O3 (ca. 4%) leading to more planar layers as in kaolinite. This is
reflected by the fact that halloysite with long tubular particles tends to contain low Fe content whereas
shorter and approximately platy particles often contain high levels of structural Fe, as demonstrated
by the results reported in Table 1 for UP_Hal. Moreover, besides the amount of iron, it showed very
similar chemical composition compared to PT_Hal. In general, the obtained XRF results are also in
agreement with literature data reported elsewhere [51] for halloysite nanotube samples.

Table 1. Chemical composition of UP_Hal and PT_Hal samples before and after the purification.

Sample Al/ wt%  Si/ wt% Mg/ wt% Fe/wt%  Ti/wt% Cr/wt% Mn/ wt%

UP_Hal 41.740.4 52.1+04  1.440.6  3.89+0.09  0.8+0.1 ND 0.08+0.02

PT Hal P 41.1£03 53.5£0.3 1.2+04  2.99+0.06 0.47+0.09 0.18+0.02 ND

PT_Hal NP 41.05+04 46.840.4 2.2+0.6 2.52+0.07 6.7£0.2  0.20+0.03 0.07+0.01

Thermogravimetric curves of UP_Hal, purified and not purified PT_Hal are reported in Fig. 1. All
the samples exhibited the two mass losses typical of halloysite: the first one until 150 °C and the
second one in the range between 350 and 550 °C, respectively related to physically adsorbed water
molecules and the dehydroxylation of aluminium inner sheets. The residual mass at 800 °C and the
mass losses at each step (30-150 °C and 350-550 °C) are reported in Supporting Information (Table
S1). Concerning the first mass loss, UP_Hal showed the lowest value (1.17%) compared to the
PT Hal samples. Furthermore, the main difference between the two samples of Patch halloysite is
related to the percentage of the first mass loss and consequently the residual mass at 800 °C. It is
equal to 82% for the purified PT Hal and 79% for the not purified PT Hal. During the purification
protocol, impurities have been washed away and consequently, we observed a lower value of residual
mass in PT_Hal P. On the other hand, the second mass loss is comparable for the three investigated
samples.
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Fig. 1. Thermogravimetric curves of UP Hal, non-purified (PT_Hal NP) and purified (PT Hal P)
Patch Halloysite.

3.2 Comparison between PT_Hal and UP_Hal

Before deeply analysing the rheological behavior of these peculiar clays, we focused our attention
on the differences occurring between them.

A morphological characterization of PT_Hal and UP_Hal is presented in Fig. 2. SEM micrographs
reveal that PT Hal exhibits much greater length and thinness of the tubes. They are characterized by
outer diameters ranging from 40 to 55 nm, inner diameters between 12 and 22 nm and lengths ranging
from 200 to 30,000 nm. Moreover, PT_Hal tubes are entangled and bent, forming a structure similar
to a bird nest. Since the walls are very thin, they are susceptible to breakage into shorter fragments,
but still intact tubes can be observed as bundles of tightly packed parallel tubes.

On the other hand, UP_Hal, possesses shorter and stubby tubes ranging in length from 100 nm to 2
um, while the outer diameter ranges between 100 and 200 nm and the inner diameter between 10 and
70 nm (Fig.2.(g)).



Fig.2. Morphological properties of pure Patch and UltraPure Halloysite. (a-d) Scanning electron
microscopy micrographs of PT _Hal P (e-f) Scanning transmission electron microscopy micrographs
showing patchy entangled halloysite nanotubes of PT Hal P (g) Scanning transmission electron
microscopy micrographs of UP_Hal.

X-ray diffraction patterns of both UP_Hal and PT Hal exhibited the typical diffraction pattern of
dehydrated halloysite (Fig. S1). The dehydration of Patch was previously reported [52] by following
the continuous collection of XRD patterns whilst in situ heating and it was showed that the
dehydration produces some irregular d-spacings probably due to the interstratification of hydrated
and dehydrated halloysite layers and the interference between the regular flattened tubes with ca. 8
A d-spacing. In particular, peaks were observed at 20 = 12.0, 19.9, 24.7, 35.0, 38.3, 54.9 and 62.4



corresponded to (001), (100), (002), (110), (003), (210) and (300) planes, respectively [S3]. The (001)
plane corresponds to a basal spacing of 0.72 nm, which identifies these samples as halloysite-(7 A).

Traces of quartz were identified only in the PT Hal sample, corresponding to a sharp peak at 26=
26° and 60°.

A qualitative evaluation of the gel formation is shown in Fig 3. We reported the images of PT Hal
and UP_Hal 1 wt % before and after the inversion. Despite the same concentration of PT Hal, it is

stable to the tube inversion test showing a gel-like structure compared to the same or even higher
concentrations of UP_Hal in which it is not evidenced.

UP_Hal PT_Hal

. “/ a ,/ —\\
- " ‘A

|
(1800

Fig. 3. Inversion test of PT_Hal and UP_Hal 1 wt%.

3.3 Rheological characterization of PT_ Hal

Aimed to characterize the viscoelastic behavior of the clay, amplitude sweep tests were performed
by measuring the strain amplitude dependence of the storage and loss moduli (G’, G”).

In Fig. 4 we reported two concentrations as examples of the more comprehensive concentration range
investigated in this work, just to show the linear viscoelastic regions. Namely, below 10 % strain, G’
is higher than G”, for both PT Hal at 1 and 2 wt %, suggesting a gel-like structure. As a matter of
fact, in this region both moduli remain constant, indicating the presence of the linear viscoelastic
region. The crossover strain points are clearly displayed after 10 % strain and their values were
calculated determining the point at which G’=G”. As shown in Fig 4, the crossing points between G'
and G" moduli are shifted to higher oscillation strain by increasing the clay concentration.
Specifically, they are at 16.30 % and 45.52% for PT_Hal 1 and 2 wt %, respectively.
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Having pinpointed the linear viscoelastic regions, angular frequency sweep tests were performed,
imposing a constant strain on the systems at variable frequency. Usually, frequency sweep curves
give a rheological description of the product behavior during storage and application [54-56]. The
obtained rheological data are displayed in Fig 5a), showing G’ and G moduli as a function of the
angular frequency. As a general result, the storage modulus (G’) is larger than the loss modulus (G”)
in the entire range of frequency. Namely, for a gel-like material G* and G” curves are constant,
remarking that PT Hal behaves like a solid and suggesting that the material is highly structured
starting from a concentration of 0.75 wt%. High frequencies correspond to short time scales and low
frequencies to longer time scales. This means that the gel-like structure is time-independent [57,58],
highlighting their stability over time. Moreover, Fig 5b) shows that increasing the concentration both
moduli increase and the G* medium values are higher than G” from 0.005 wt% along the angular
frequency range investigated.
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Fig. 5. a) Results of angular frequency sweep tests on PT Hal at 2, 1 and 0.75 wt%. Full and empty
symbols indicate Storage modulus (G’) and Loss modulus (G”), respectively. b) Storage and Loss
moduli as a function of the clay concentration.

We calculated the average tand values within the angular frequency range between 0.1 and 100 rad
s by G”’/G’ ratios. The obtained data (see Supporting Information) confirmed the solid-like behavior
of the hydrogels being that tand is lower than 0.1 for all the investigated dispersions. We detected
that tand is nearly constant throughout the entire concentration range highlighting the predominance
of the elastic contribution.
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The viscosity as a function of the shear rate can provide relevant information about its performance
and processing. With this in mind, flow curves are reported in Fig 6. The viscosity displays higher
values increasing the concentration of the clay. Accordingly, the most considerable difference is
evidenced for PT Hal 2 wt%, which presents an order of magnitude of increment with respect to 1
wt%. It is clear that the microstructure plays a crucial role in determining the rheological behavior of
the system. In this case, two phenomena should be taken into consideration to explain the rheology
of Patch halloysite.

The first is that increasing the concentration, the interactions between the nanotubes are enhanced
promoting a higher viscosity of the system. Another crucial factor is represented also by the presence
of a bird nest structure in PT_Hal in which the nanotubes are entangled with each other and bent[40],
reducing the free water diffusion between the nanotubes. In this regard, geometrical considerations
can give a more comprehensive view about the influence of the tube’s morphology on the rheology.
We can consider a contact distance given by the average length of the nanotubes and assume a simple
cubic model to calculate the critical overlapping volume fraction ¢*:

¢* =mRY/L? @)

where R and L are the external radius and the length of the nanotubes, respectively. Volume fraction
values of ca. 4-10% for aqueous dispersions of halloysite from Dragon Mine have been previously
reported [3]. Here, the calculated ¢*, by considering average values for R and L [2], are 3.1% for
UP_Hal and 0.03% for PT Hal. This means that the volume required to generate the nanotubes
entanglement is 100 times lower for PT_Hal than UP_Hal. Namely, the critical concentration for the
hydrogel formation is reached at lower concentration for PT Hal samples with respect to shorter and
stubby halloysite clay nanotubes.

Moreover, the presence of this network-like structures in PT_Hal, reduces the fluid flow, contributing
to the higher viscosity of the system [59,60].

On the other hand, the viscosity below 0.75 wt% assumes low values pointing out that the network
is not structured as in 1 wt%. As a result of this transition, the material undergoes a change from an
apparently solid state to a liquid state, allowing it to flow easily. All the samples, starting from a
shear stress of 0.1 s*! exhibited shear thinning, as represented by the decrease of viscosity with
increasing the shear rate. This phenomenon is requested in hydrogel for biomedical applications since
they should exhibit viscous flow under shear stress and self-healing properties as reported elsewhere
[61,62].

It should be noted that PT Hal 0.75, 1 and 2 wt% at very low shear rate exhibited an increase of the
viscosity up to a critical value, beyond which it decreases. Thus, this indicates the presence of yield
stress that is better evidenced in Fig 7. where the shear stress as a function of the shear rate is reported.
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Accordingly, the yield stress reflects the resistance of the sample structure to deformation or break
and it is detected starting from PT_Hal 0.75 wt%. The flow begins when an applied stress is strong
enough to disturb the gel-like structure of the material, resulting in a significant decrease in viscosity,
as previously shown in Fig 6. This is better highlighted by looking at the inset in Fig 7, where the
yield stress is not evidenced up to a concentration of 0.5 wt% and these curves start from 0 Pa,
meaning that the material flows and it is easily deformable. On the contrary, the yield stress of
PT Hal 2 wt% is remarkable as it is significantly higher than less concentrated samples, reaching a
value of ca. 28 Pa (Table 2).

Thus, we can state that PT_Hal is a non-Newtonian fluid and specifically, it can be classified as a
Pseudoplastic fluid at low concentration and as Bingham Plastic fluid at concentrations greater than
0.5 wt%.
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Table 2. Yield stress values.

Sample Yield Stress o,/ Pa

PT_Hal 0.005 wt % 0
PT Hal 0.1 wt % 0
PT Hal 0.5 wt % 0
PT_Hal 0.75 wt % 3.07

PT Hal 1 wt % 4.69
PT Hal2 wt % 28.08

To better investigate the rheological properties of Patch halloysite, the Carreau (Eq. 3)) and Carreau-
Yasuda models (Eq. (4)) were applied to the experimental flow curves obtaining the fitting
parameters reported in Table S3.

N— Mo 1
Mo — Moo = n (3)
[1+ (ky)*)?

N— Mo . -
P 1+ (k)

4)

Here, n is the viscosity at zero shear rate, 1, is the viscosity at infinite shear rate, k represents the
consistency index or relaxation time and n and a are two dimensionless parameters. The Carreau-
Yasuda model is an extension of the Carreau model. In particular, the main difference between the
two models is linked to the ability to capture shear thinning or thickening behaviours. The Carreau
model is usually referred to as shear thinning, meaning that the fluid viscosity decreases as the shear
rate increases. In contrast, the Carreau Yasuda model is used for both shear thinning and thickening
behaviours [63]. The presence of yield stress led to the Carreau Yasuda model to better fit the analysed
curves as reported in Supporting Information (Table S3).

An increase in zero-shear rate viscosity and consistency with increasing PT Hal concentration is
detected and showed in Fig. 8.
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3.4 Effect of ionic strength

The ionic strength can have a strong impact on gel-like structures, and it was widely reported in
literature[64,65]. For example, it has been demonstrated that the addition of NaCl can weaken the
gel structure of cellulose nanocrystal suspensions and decrease the viscosity as well[66]. With this in
mind, the effect of ionic strength on the investigated gels was evaluated. Accordingly, flow ramp
tests performed on PT Hal 1 wt% in water and at different NaCl concentrations are reported in Fig.
9. It can be noted that the gel-like network is not destroyed by adding the salt and with respect to
water, lower concentrations of NaCl do not affect the rheology properties. As a matter of fact, the
viscosity curves of PT_Hal in water and in NaCl 10 M are overlapped. There is a small effect of
ionic strength increasing the NaCl concentration evidenced by a minimal increase of viscosity.
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Fig. 9. Flow ramp tests. Viscosity as a function of the shear rate for PT _Hal 1 wt % in water and
NaCl at different concentrations.
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{ potential measurements were carried out in order to have information about the surface charge of
the nanotubes. As reported by Cavallaro et al.[44], although Hal from different natural sources can
show similar responses to salt addition, they present differences in the effective charge that can
influence their colloidal stability. The surface charge (o) was estimated from the { potential values as
established by the Grahame equation:

1
o = (8RTegyC)*sinh (%) (5)

where ¢ is the solvent relative dielectric constant, gy is the vacuum dielectric constant, C is the bulk
concentration of electrolyte, e is the electron elemental charge, and Z is 1 for NaCl.

As shown in Table 3, the addition of NaCl generated a slight decrease of the absolute value of
potential for PT Hal. These results can be explained by considering the screening effect of Na™ ions
towards the negative surface charge of PT_Hal. Namely, the presence of the electrolyte in the aqueous
medium caused a reduction of the Debye length inducing a decrease of { potential absolute value. As
expected, the screening effect was enhanced by increasing the ionic strength of the aqueous
dispersion. Similar results were observed for halloysite nanotubes from other sources (Matauri Bay
and Dragon Mine) [44].

Table 3. { Potential PT_Hal samples in water and NaCl.

Sample ¢ Potential / mVSurface charge 6 / mC m?
PT Hal -17.5 /

PT Hal/NaCl 10+ M -15.5 1.13-10

PT Hal/NaCl 102 M -14.0 1.02:104

4. Conclusions

This work aims to characterize PT_Hal clay samples from a rheological point of view, highlighting
that clay microstructure plays a key role on it. As a matter of facts, their different morphology led to
peculiar physico-chemical properties that are not evidenced in UP_Hal. PT Hal shows thinner and
longer tubes creating a structure similar to a bird nest allowing the formation of gel-like structures.
It was proved by dynamic viscoelastic tests that PT Hal is a non-Newtonian fluid and G’ is higher
than G”, meaning that the system is highly structured. Flow curves provided information about the
viscosity related to shear rates, which is crucial in the production field where the product is subjected
to stirring and pumping processes and namely different shear rates. Accordingly, two different
behaviours were evidenced depending on the clay concentration: from 0.75 wt% a yield stress is
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detected, reflecting the sample’s ability to withstand deformation, or breaking. The effect of ionic
strength was also evaluated, showing that the addition of salt doesn’t affect the properties of the gel
since there isn’t a significant change in both  potential and viscosity of PT Hal samples.
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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano This work proposes a novel protocol for the fabrication of halloysite based geopolymers filled with beeswax
microparticles obtained from Pickering emulsions. The actual filling of the microwax into the geopolymers has
been demonstrated by using several techniques, including thermal analyses, spectroscopies, microscopies and
contact angle experiments. According to the morphological and structural investigations, microwax spherical
particles (diameter ranging between ca. 3 and 5 um) have been homogeneously dispersed within the geo-
polymeric network conferring excellent properties to the hybrid geopolymers in terms of mechanical perfor-
mances and heat storage capacity although their low content in the hybrid material. For comparison, we have
prepared and characterized hybrid geopolymers obtained by the loading of variable amounts of beeswax within
the geopolymeric matrix. Reliable enhancements of the flexural characteristics and heat absorption capacity have
been achieved only with a large content of beeswax. Moreover, the removal of microvax and wax from the hybrid
geopolymers has been obtained by rinsing with ethanol. The washed geopolymers have been characterized by
wettability and water vapour permeability experiments, which have been proved that the beeswax has been
removed and the porosity of the materials can be controlled by the initial composition of the hybrid geopolymers.

In conclusion, this paper puts forward an easy strategy to fabricate composite geopolymers with heat storage
capacity due to presence of phase change materials (microwax particles) confined in the geopolymeric network.
Their enhanced flexural performances make the hybrid geoppolymers suitable as building materials.

Keywords:
Geopolymers
Halloysite nanotubes
Pickering emulsion
Beeswax

1. Introduction

The interest in producing eco-friendly materials from natural re-
sources or industrial by-products has increased in recent years [1,2]. In
the construction field, the growing demand for cement production at a
large scale further attracted researchers towards its effect on global
warming by the emissions of carbon dioxide [3]. In this regard, research
is currently focused on geopolymeric materials that offer new perspec-
tives in environmental remediation technologies and can be synthesized
from various industrial by-products such as fly rice husk ashes [4],
furnace slag [5] and natural clays [6].

Geopolymers are inorganic polymeric materials that possess an
amorphous network of aluminosilicates. They are obtained from a
geopolymerization process with an alkaline activating solution leading
to the formation of three-dimensional structures with Si-O-Al bonds.
Poli-silicon-oxo-aluminate network is composed by SiO4 and AlO4

groups with a bridging oxygen between silicon and aluminum atoms and
negative charges of AlO4 groups that are typically balanced by sodium
(Na™) or potassium (K*) cations. Geopolymers have the empirical for-
mula Mp[- (Si02); ~AlO5] - wH50 where M is a cation (Na¥, KT or Ca®™),
n is the degree of polycondensation, z is 1, 2, or 3 and w is the number of
water molecules. There are three classes of geopolymers on dependence
of of the Si/Al ratio: polysialate (-Si-O-Al-O), polysialate-siloxo
(-Si-O-Al-0-Si-O-) and polysialate-disiloxo (-Si-O-Al-O-Si-O—
Si-O) for Si/Al ratio equals to 1, 2 and 3, respectively [7]. Once the
precursors have been completely reacted, the geopolymeric bulk struc-
ture is intrinsically micro and mesoporous. The amount of these poros-
ities (ranging from 30 to 60 vol%) is related to the system’s composition
and to the specific Si/Al ratio. Furthermore, also highly porous geo-
polymers and geopolymer foams (porosity > 70 vol%) are getting
attention due to their physical properties in terms of high thermal and
chemical stability and other applications that cannot be pursued using
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the traditional geopolymer matrix. As examples, these materials can be
employed as adsorbents [8,9], acoustic and thermal insulators [10] and
adsorbents for heavy metals [11]. Porosity can be introduced on purpose
into the micro- and meso-porous geopolymer matrix by removing a
“sacrificial” material from its network [12].

The microstructure of geopolymer mortar can be improved by
nanoparticles [13] due to their ability to be uniformly dispersed in the
binder paste. Nowadays, nanoparticles are widely employed in combi-
nation with several traditional materials in order to modify and improve
specific properties, developing modern multifunctional products. For
instance, nanoclays are suitable as additives of cement concretes to
enhance their mechanical performances because of their peculiar
physical chemistry, morphology, and charge characteristics. Among clay
nanoparticles, halloysite nanotubes (HNTs) are emerging natural alu-
minosilicates belonging to the category of phyllosilicates with the
chemical formula of AlySi;Os(OH)4 * 2 H30. These nanomaterials are
widely used in for industrial and biotechnological applications because
of their low cost, ecocompatibility and low toxicity [14-17]. Halloysite
nanotubes have a hollow tubular structure and an inner surface con-
sisting of octahedral gibbsite (AI-OH), while the outer surface is formed
by siloxanes (Si-O-Si). The sizes of the nanotubes depend on their
natural source of extraction [18]. The tube length is 1-2 pm, external
diameter is between 50 and 200 nm, while the internal diameter ranges
between 15 and 50 nm. The halloysite surfaces charges are influenced by
pH due to the ionization equilibria of the Si-O groups (external surface)
and Al-OH groups (internal surface). Consequently, the inner and the
outer surfaces are positively and negatively charged, respectively, for
pH ranging between 2 and 10. On this basis, ionic molecules can be used
for the specific surface functionalization to improve the HNTs reactivity
and selectivity and/or to drive the encapsulation of functional species
within the halloysite lumen [19,20]. On this basis, halloysite can be
exploited in several fields, such as adsorbent for wastewater remediation
[21-26], catalytic support [21,22,27-31], drug delivery [32-37],
biomedicine [38-40], cosmetics [41,42] and pharmaceutics [43,44].
Chemically, halloysite is very similar to kaolinite, which does not
possess the two water molecules located between the tetrahedral layer
and the octahedral one. These clays also have different morphology
being that kaolinite is a platy nanoparticle with a basic unit of a
two-dimensional layer of silicate groups bonded to a layer of aluminate
groups. Both halloysite and kaolinite can be used as aluminosilicate
precursors in geopolymer synthesis as reported in literature [45-47].
Notably, metakaolin obtained from kaolinite containing traces of hal-
loysite was investigated [48]. It was observed that the presence of HNTs
leads to a higher silicon and aluminum dissolution and, consequently, to
an increase of the geopolymerization rate with respect to the pure
kaolinite improving the reactivity [49]. Halloysite can also act as an
interfacial active particle to stabilize the resulting Pickering emulsions
[50-53].

The development of new hybrid materials drives to realize products
that can have different properties by tuning the chemical composition of
the two phases [54]. As reported in literature, the presence of additives
in geopolymers can lead to an enhancement of their physico-chemical
properties. In the last decade, both organic and inorganic additives,
such as micro silica, micro fibrils and carbon fibers, were successfully
employed to improve the mechanical performances and the thermal
resistance of geopolymers as well to enhance the geopolymerization
reaction for concrete application [55-57]. For instance, nano-SiO2 can
improve the microstructure, hardening properties and compressive
strength of fly ash-based geopolymers [58]. It was demonstrated that
their durability properties can be extended compared to ordinary geo-
polymeric concrete also by employing bio-additives [59,60]. The effect
of silica fume, alumina, quartz powder, fibres and nanomaterials as
additives was explored mostly on slag or fly ash based geopolymers [61]
but a deeper investigation on clay based geopolymers is needed. Here,
we propose new hybrid halloysite-based geopolymers with microwax
particles obtained from dried Pickering emulsion. For comparison, we
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prepared hybrid geopolymers filled with beeswax at variable composi-
tion. Within this, it should be noted that the nanoencapsulation of phase
change materials was recently explored to fabricate advanced thermal
storage systems [62-64]. The final products represent the starting point
for the design of hybrid and green geopolymers including confined
microwax (phase change material) with a high thermal capacity that can
be strategic for energy storage applications. The filled geopolymers
could be employed for construction industry as a green concrete alter-
native to the traditional cements reducing the greenhouse gas emissions.

2. Materials and methods
2.1. Materials

Halloysite nanotubes (HNTs), beeswax, sodium hydroxide and Nile
Red are Sigma Aldrich products. Ethanol (96%) is from Honeywell.

2.2. Preparation of pickering emulsions

The Pickering emulsion was prepared using a similar protocol re-
ported elsewhere for halloysite/paraffin.[65] Firstly, 0.3 g of solid
beeswax were added to 100 mL of water under magnetic stirring at
80 °C. After wax was completely dispersed, 1.2 g of halloysite nanotubes
were added to the emulsion that was subjected to ultrasounds for 10
min. The obtained dispersion was magnetically stirred for 30 min at
80 °C. Then, the heating system was turned off and the emulsion was
kept under stirring until the temperature of 25 °C was achieved. This
strategy allowed us to obtain solid stable wax microparticles surrounded
by halloysite nanotubes. According to literature [65], particles of
well-defined spherical shape of about ten micrometers can be obtained
using the mentioned protocol. After 24 h, the resulting Pickering
emulsion was stable at room temperature, and it was dried under vac-
uum to obtain the powder.

2.3. Preparation of geopolymers filled with wax and microwax particles

Firstly, we dried the Pickering emulsion under vacuum at room
temperature allowing us to obtain microwax spheres. Then, the micro-
particles were mixed with the same amount of pure halloysite nanotubes
and, subsequently, with the alkaline activating solution (NaOH 12 M).
Sodium cations (Na™) balance the equal negative charges of four-
coordinated Al ([AlO4]) in the geopolymeric network. Accordingly,
the NaOH/HNTs ratio was set to 1. After mixing at 25 °C, a homoge-
neous slurry was obtained, and it was placed into a plastic mold and
cured at 50 °C for 48 h.

For comparison, a very similar procedure was carried out to prepare
geopolymers filled with beeswax at different wax/halloysite ratios,
Rwax/unt (Table 1) and an unfilled conventional geopolymer. Once
added the alkaline activator solution to halloysite nanotubes, solid
beeswax was incorporated under heating at 70 °C until we obtained a
homogeneous geopolymer slurry (Fig. 1). The last step for all samples
was curing at 50 °C for 48 h in a rectangular plastic mold.

A schematic illustration of the preparation protocol developed for
the filled geopolymers is displayed in Fig. 1.

Table 1
List of the geopolymer samples with the percentages of each components.

Sample Rwax/HNT HNT / wt% Beeswax / wt% NaOH / wt%
GP 0 50 0 50

GP_wax 0.25 44.4 11.2 44.4

GP_wax 0.5 40 20 40

GP_wax 0.75 36.4 27.2 36.4

GP_wax 1 33.3 33.4 33.3
GP_microwax 0.07 * 48.3 3.4 48.3

*calculated from TGA.
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Fig. 1. Schematic representation of the preparation protocol for geopolymer filled with microwax particles (a) and wax (b).

2.4. Methods

2.4.1. Thermogravimetric analysis (TGA)

Thermogravimetric experiments were performed by means of a
Q5000 IR apparatus (TA Instruments) under inert atmosphere using
nitrogen flows of 25 and 10 cm® min~! for the sample and the balance,
respectively. Each sample (ca. 10 mg) was heated in a platinum pan

from room temperature to 700 °C with a scanning rate of 20 °C min L.

2.4.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were carried
out with the TA Instruments DSC (2920 CE) under nitrogen flow at-
mosphere (flow rate of 60 cm® min~ 1) from — 20-110 °C with a heating
rate of 10 °C min~ !. We used aluminum pans, while the mass sample
was ca. 2 mg. The melting temperature (Ty,) of beeswax in the geo-
polymer materials was calculated and defined as the maximum of the
endothermic peak occurring in the range between 30 and 70 °C. The
enthalpy of the melting process was estimated by the integration of the
peaks and expressed as Joule per gram of beeswax. The calibration was
performed by using the indium as standard.

2.4.3. FT-IR spectroscopy

FT-IR spectra in KBr pellets were measured using a Perkin-Elmer FT-
IR Spectrum One instrument in the spectral region between 4000 and
400 cm™!. An average of 30 scans per sample using a nominal resolution
of 4 cm™! was registered.

2.4.4. X-ray Diffraction (XRD)

The patterns were obtained from an X-ray diffractometer (Rigaku,
MiniFlex) with a CuKa radiation source including a nickel filter and
working at 40 kV and 15 mA. The wavelength of the X-ray beam was
1.5406 A, and the layer spacing of the samples was calculated by the and
Bragg’s equation, which can be expressed as

n\ = 2dsin® (@D)]

where 0 is the angle that the outgoing beam forms with the crystalline
layer, A is the wavelength of the radiation, d is the distance between two
adjacent layers and n can be 1,2 or 3.

The angle for scanning was ranged from 2° to 70° with a rate of

20° min~* and a step of 0.02°.

2.4.5. Nile Red essay

1 mg of Nile red was dissolved in 10 mL of ethanol and stirred until
the compound was completely solubilized. One drop of this solution was
used to cover all the samples that, after drying in the oven for 10 min,
were observed under UV-lamp irradiation in a dark room.

2.4.6. Water contact angle measurements

Water contact angle measurements were carried out by using an
optical contact angle apparatus (OCA 20, Data Physics Instruments,
Filderstadt, Germany) implemented with a video measuring system with
a high-resolution CCD camera and a high-performance digitizing
adapter. Data acquisition was conducted by SCA 20 software (Data
Physics Instruments, Filderstadt, Germany). The water contact angle in
air was measured through the sessile drop method by gently placing a
water droplet of 10 + 0.5 pL onto the surface of the geopolymer block by
a syringe pointed vertically down onto the sample. The tests were con-
ducted at a temperature of 25.0 £ 0.1 °C. Images were collected at a rate
of 25 frames per second starting from the deposition of the drop to 60 s

2.4.7. Scanning Electron Microscopy (SEM)

morphological investigations were conducted by a SEM microscope
(Desktop SEM Phenom PRO X PHENOM) with magnification field
160-350.000x and voltage in the range between 4.8 and 20.5 kV. As
concerns SEM analyses, each sample was preliminarily coated with gold
to avoid charging effects under an electron beam.

2.4.8. Water vapour permeability analysis

Water vapor permeability tests were performed, at a temperature of
28 + 1 °C and relative humidity of 30 2% in a desiccator, which
contained a saturated solution of calcium chloride dehydrate and twelve
bottles (50 mL, 2 cm inner diameter) full of water. A thermohygrometer
was placed inside the equipment to check the environmental parame-
ters. Geopolymers were fixed on the top of each bottle and the water
transferred through the materials, and absorbed by the desiccant, was
determined from the weight loss of the bottle every 24 h for 10 days.
Water vapor transmission rate (WVTR) and water vapor permeability
were calculated by applying the following equations.
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WVTR = (Am/AtA) 2

WVP = WVTR (L/Ap) 3

where Am/At is the slope of each line obtained from the weight loss
of samples over time (g/h), A is the exposed surface area of the sample
(m?), L is the thickness of the sample (m) and Ap is the difference of
partial pressure (Pa) between saturation solution at 30% of relative
humidity and saturation water vapor pressure at a temperature of 28 °C.

2.4.9. Thermal imaging

A FLIR E6-XT infrared camera (FLIR Commercial Systems Inc.) with
240 x 180 pixels and a temperature range from — 20-550 °C was
employed for thermal imaging analysis. Samples were placed vertically
on an electric hot plate and heated to 60 °C. Thermal images were
analyzed through FLIR Tools software.

2.4.10. Dynamic mechanical analysis

Dynamic mechanical analysis was conducted with a DMA Q800 (TA
Instruments) and specifically by using a three-point bending clamp at
25 °C. The ramp force was set at 0.2 N min~! from 0.01 to 10 N.

2.4.11. Helium pycnometer

The Accupyc 1330 Micromeritics gas pycnometer was employed to
determine the skeletal density and the porosity of the geopolymeric
samples (before and after the washing by ethanol) by measuring the
pressure change of helium (purity of 99.995%) in a calibrated volume.
The apparatus has a 10 cm® cell suitable for the analysis of small spec-
imens of the geopolymers. Standards for the volume calibration (balls
purchased from Micromeritics, V¢ = 6.371684 cm®) were used. The
measurements were carried out at 25 °C.

3. Results and discussion

Preliminarily investigations of geopolymers were carried out by
thermal analyses (TGA and DSC) and spectroscopies (XRD and FT-IR) to
evaluate the actual formation of the geopolymeric network. The thermal
behavior and the structural characteristics of geopolymers and their
corresponding precursor (Halloysite) will be presented and discussed in
the following paragraph.

3.1. Characterization of geopolymers: thermal analyses and
spectroscopies

Fig. 2 compares the thermogravimetric (TG) curves of geopolymers
with pristine halloysite.
We observed that pristine halloysite presents an evident mass loss in
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Fig. 2. Thermogravimetric curves of HNT, GP, GP_wax (Ryaxmunt = 0.75)
and GP_microwax.
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the range between 400 and 500 °C due to the expulsion of the interlayer
water molecules from the HNT structure [66]. As expected, this signal
was not detected in all geopolymers due to the structural changes of
halloysite clay after the geopolymerization reaction. On the other hand,
the geopolymer samples showed a significant mass reduction (ca. 10 wt
%) from 25° to 200°C as a consequence of the evaporation process of
physically adsorbed water molecules.

The conventional geopolymer (sample GP) did not evidence any
further mass losses within the investigated temperature range. On the
other hand, GP_wax and GP_microwax evidenced a clear mass change at
ca. 350 °C because of thermal decomposition of beeswax filled within
the geopolymeric network. Accordingly, their residual masses at 700 °C
(ca. 68 and 75 wt% for GP_wax and GP_microwax, respectively) are
lower than the conventional geopolymer (ca. 80 wt%).

Moreover, thermogravimetric data provided the weight fraction of
wax in GP_microwax calculated as follows.

X(wax) = (MD790 p — MD70ounT)/(MD700wax — MD700HNT) @

where MD7qg p, MD7gounT and MDygowax refer to degraded matters at
700 °C of wax/halloysite particles, halloysite and beeswax, respectively.
From the calculated y(wax) value, we determined the wax/HNT mass
ratio in the GP_microwax sample (Table 1).

The presence of crystalline beeswax within the filled geopolymers
was confirmed by DSC curves (see Supplementary Material),which
showed endothermic peaks at ca. 65-70 °C due to the melting of the
organic macromolecules. According to literature [67], this signal is
related to the solid-liquid transition, while the slight shoulder occurring
at a lower temperature (ca. 30-40 °C) to a solid-solid transition. We
estimated the melting temperature Ty, of the filled beeswax by the
minimum of the DSC peaks. Interestingly, the Ty, of GP_microwax is
larger with respect to those of GP_wax samples (Table 2). Furthermore,
the integration of the peaks provided the enthalpies (AHy) of the
melting process (Table 2).

The AHp, were expressed in J g’1 of beeswax, which is the compo-
nent providing the melting signal. As described by Lvov et al. [68] the
wax crystallinity is partially destroyed by halloysite nanotubes. As a
matter of fact, the obtained values indicate a reduction of the enthalpy
by increasing the wax/HNT ratio (Fig. 3) indicating a decrease of the
wax crystallinity in the geopolymeric network.

FT-IR spectra for HNT, GP and GP_wax are illustrated in Fig. 4 and a
detailed assignment of all the identified peaks is reported in Supple-
mentary Material (Table 1S). According to literature [67,69], halloysite
nanotubes possess two characteristic bands at 3698 and 3608 cm™!
representing the stretching of hydroxyl groups in the inner and outer
surfaces. The signals at 1093 and 1028 cm™' are assigned to the
stretching vibrations of apical Si-O and Si—O-Si, respectively. The peaks
at 796 cm ! can be attributed to the symmetric stretching of Si-O-Si,
while the signals at 692 and 753 cm ™! are related to the perpendicular
stretching of Si-O-Al. Moreover, the band observed at 533 cm ™! reflects
the deformation vibration of Al-O-Si.

On the other hand, geopolymerization influences the position of the
peaks leading to the disappearance of the aforementioned characteristic
signals of halloysite at ca. 3600 cm™'. FTIR spectra of geopolymers
(Fig. 4) present bands at 3458 and 1658 cm ! related to the —-OH

Table 2

Thermal parameters of beeswax and geopolymer samples.
Sample R wax/HNT AH/Jg! Tm / °C
Beeswax / 205 66.2
GP / / /
GP_wax 0.25 193 65.5
GP_wax 0.5 188 65.8
GP_wax 0.75 127 64.5
GP_wax 1 105 64.7
GP_microwax 0.07 191 70.0
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Fig. 4. FT-IR spectra of HNT, GP, GP_microwax and GP_wax (Rwax/unt = 0.75).

stretching and bending vibrations of water’s hydration.[70] Fig. 4
showed the often called “main band” between 1025 and 1015 cm™?
attributed to Si—O—T (T = tetrahedral Si or Al) asymmetric stretching
vibration. Hajimohammadi et al.[71] stated that this band depends on
connectivity and Si/Al ratio. Moreover, they revealed that it can be
attributed to the presence of predominantly Si-O-Al bonds. It can be
evidenced that there is a shift of this band from 1044 cm ™! in HNT to
1012 cm™! in geopolymers that is related to the degree of geo-
polymerization. As reported in literature, this shift is caused by the
increased substitution of Al in the tetrahedral silicate network [71-73].
Namely, the higher Si/Al ratios, the higher the silicon content and the
band will be moved to higher wavenumbers as a result of reorganization
and condensation with higher Si contribution to the gel structure.

The bands at 718 and 450 cm™! can be associated with Si—O—Al
bending vibration and in-plane Si—O-Si stretching vibration, respec-
tively [74]. Furthermore, we observed additional FT-IR signals in the
filled geopolymers with variable intensities on dependence of the
wax/HNT ratio attributed to the presence of beeswax [75]. The presence
of beeswax in the geopolymer structure was confirmed by the peaks at
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2920 and 2848 cm™! (CH, asymmetric and symmetric stretching vi-
brations, respectively), 1737 cm ™! (C=0 stretching vibration) as well as
1472 and 720 cm™ ! (scissor deformation vibration and rocking vibra-
tions of CH; groups, respectively).

Structural differences after geopolymerization are evidenced by the
diffractometer. XRD patterns of the geopolymers are illustrated in Fig. 5.
The diffractogram of HNT exhibits the first reflection at 20 = 11.8° in
agreement with the dehydrated form of halloysite (basal spacing of
7.47 A). Besides, the reflections at 19.9 and 24.3° can be related to the
basal spacing of 4.4 and 3.6 A, respectively. These signals were not
detected in both the unfilled and filled geopolymers, which exhibited a
broad reflection band from 20° to 40° (20), highlighting the formation of
an amorphous geopolymeric network. In addition, all the geopolymers
evidenced reflections attributed to quartz [76,77] and traces of hydro-
sodalite phase that could appear after alkali activation [78]. As shown in
Fig. 5, both GP_wax and GP_microwax samples evidenced the reflection
signals (19.1, 21.2, 23.6, 29.7 and 39.9°) attributed to the orthorhombic
structure of beeswax corresponding to d equals to 4.6, 4.2, 3.8, 3.1 and
2.3A respectively.[79-81] It should be noted that the intensities of
these peaks are reduced in the filled geopolymers compared to those of
pure beeswax. These results are consistent with the reduction of the
crystallinity of beeswax, as evidenced in DSC data (Table 2).

3.2. Morphology and surface properties of filled geopolymers

3.2.1. Nile red essay

The filling of geopolymers with wax and wax microparticles was
demonstrated using the qualitative essay of hydrophobicity by Nile Red.
It was used as a fluorescent probe because this molecule is highly

A A Beeswax

® Halloysite

_ B Quartz

- % Hydrosodalite

Beeswax -

Intensity / a.u.

[ ] HNT
L ™ *
13
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W -
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| S A -—
I GP_wax R =075
wavlINT
i TR Lo Pa— Fa—" ol F— F— Lo —
10 20 30 40 50 60 70
20/°

Fig. 5. Diffractograms of Beeswax, HNT, GP, GP_microwax and GP_wax Ryax/
unt = 0.75.
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emissive in hydrophobic environments and it shows a red luminescence
under UV light irradiation. As shown in Fig. 6, the pristine geopolymer
did not evidence any luminescence in agreement with its hydrophilic
character. In contrast, the filled geopolymers are luminescent because of
the presence of the hydrophobic beeswax. Interestingly, GP_microwax
exhibited a high luminescence although the small amount of wax
entrapped within the geopolymeric network. The latter could be an
indication of the high dispersibility of the wax microparticles within the
geopolymeric matrix.

3.2.2. SEM analyses

SEM images of GP, GP_wax (Rwax/unt= 1) and GP_microwax are
displayed in Fig. 7. We observed that the filling with both wax and
microwax particles induces significant changes in the morphology of the
geopolymer. Specifically, GP showed a denser and more homogeneous
matrix with respect to those of filled geopolymers (Fig. 7a). GP evi-
denced the presence of few halloysite nanotubes embedded within the
geopolymeric matrix that can be considered as residual precursors of the
geopolymerization. GP_wax exhibited an irregular morphology with the
wax randomly distributed within the geopolymer network (Fig. 7b). In
contrast, GP_microwax showed a uniform distribution of the wax mi-
croparticles that reduced the compactness of the geopolymer (Fig. 7c). It
should be evidenced that the wax microparticles present a spherical
shape with a diameter ranging between 3 and 5 um. As shown in Fig. 7d,
the surface of the wax microparticles is covered by spherical nano-
particles (diameter of ca. 400 nm) of halloysite, which lost its tubular
morphology as a consequence of the alkaline activation.

3.2.3. Wettability

The filling of geopolymers with both wax and microwax induced
significant changes in the wettability properties (Fig. 8). Due to its very
hydrophilic character, the initial water contact angle of HNTs based
geopolymer was not measureable. On the other hand, we determined the
water contact angle values just after their deposition on both GP_wax
and GP_microwax materials (Table 3). Accordingly, we can state that the
filling of the geopolymeric network generated the hydrophobization of
the surface, which can be related to the variation of its chemical
composition (being wax hydrophobic) as well as to the enhancement of
its roughness. The latter is consistent with SEM images (Fig. 7). Similar
observations were done for hydrophilic films loaded with hydrophobic
coffee particles [82].

It should be noted that the surface hydrophobization generated by
wax microparticles is lower compared to that observed in GP_wax ma-
terials, which exhibited larger contact angle values by increasing the
wax content (Table 3). Namely, increasing the percentage of wax causes
a relevant change of 6; values (initial contact angle) up to 116°, due to
the more hydrophobic character (Table 3). These observations could
indicate that the hydrophobization of the geopolymer is predominantly
caused by variations of the surface chemistry.

Additionally, we investigated the kinetic evolution of the water

Beeswax GP

GP_wax
Rysonvy = 0.5
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contact angle using the following equation

0= 0exp(—kot") ()

where 6; is the initial contact angle extrapolated at zero time, kq esti-
mates the process rate, and n has fractional values according to the
occurrence of absorption and spreading i.e. n = 0 for pure absorption
and n = 1 for pure spreading. As example, the comparison between the
experimental and calculated data for GP_wax (Ryax/unt = 1) is pre-
sented in Fig. 9, while the obtained fitting parameters for all the filled
geopolymers are listed in Table 3.

3.3. Heat storage capacity of filled geopolymers

The heat storage capacity of GP, GP_wax and GP_microwax was
studied by using thermal images of geopolymeric materials placed on a
support kept at 60 °C, which guarantees that the wax melting was
reached. Therefore, microwax particles and wax can act as phase change
fillers absorbing thermal energy. As example, Fig. 10a shows the thermal
images of GP_microwax compared to GP_wax (Ryax/unt = 0.25). Based
on the analysis of the thermal images, we determined the temperature
gradient on dependence of the distance from the support. The obtained
trends are presented in Fig. 10b. As expected, the gradient temperature
shows negative values because of the heat dissipation along the geo-
polymer material for all the investigated samples. As a general result,
exponential decreasing trends were detected. It should be noted that GP
and GP_wax (Ryax/uanT = 0.25) exhibit similar trends indicating that the
wax addition did not alter the heat absorption capacity of the geo-
polymer. Accordingly, the gradient temperature values at the top of the
sample (5 mm of distance from the support) were — 10.99 and
— 11.06 °C for GP and GP_wax (Rwax/unt = 0.25), respectively. On the
other hand, larger amount of wax loaded in the geopolymeric network
(GP_wax at Ryax/unt = 0.75) affected the heat absorption behaviour of
the geopolymer being that the gradient temperature at 5 mm was -
4.07 °C. Interestingly, filling with wax microparticles significantly
reduced the gradient temperature (- 7.42 °C at the top of the GP_mi-
crowax sample) despite the very low amount of wax entrapped within
the geopolymeric network. In this regard, we should remind that
GP_microwax presents Ryax/unt €quals to 0.07 (Table 1). This effect
could be due to the uniform distribution of wax microparticles within
the geopolymeric matrix.

3.4. Mechanical performances of filled geopolymers

We investigated the effects of wax and microwax particles loadings
on the flexural properties of geopolymers. Fig. 11a compares the stress
vs strain curves of GP, GP_microwax and GP_wax at variable composi-
tions (Rwax/unt = 0.25 and 0.75). Compared to the unfilled geopolymer,
GP_microwax and GP_wax materials showed lower elastic modulus and
stress at breaking point values, while the ultimate elongation was
enhanced (Table 4). On this basis, we can state that the loading with

GP_wax
Rysunesy =1

GP_microwax

Fig. 6. Nile Red essay for Beeswax, GP, GP_wax (Ryax/unt = 0.5 and 1) and GP_microwax.
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Fig. 7. SEM images of GP (a), GP_wax (Rwax/unt = 1) (b) and GP_microwax (c-e).
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&t
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Fig. 8. Images of the water droplets contact just after their deposition on GP,
GP_microwax and GP_wax (Ryax/unT = 1).

both wax and microwax enhanced the flexibility of the geopolymers. It
should be noted that GP_microwax presents higher stiffness with low
deformation due to the homogeneous distribution of microwax particles
into the geopolymeric matrix. Compared to the GP material, the elastic
modulus of GP filled with wax microparticles is ca. 6 times lower, while
the ultimate elongation was enhanced by a factor of 6. Furthermore, the
integration of stress vs strain curves allowed us to estimate the stored

Table 3
Fitting parameters obtained from the kinetic analysis of water contact angle
data.

Sample R wax/HNT 0;/° ko /s n

GP 0 ND ND ND
GP_microwax 0.07 33.4 0.018 + 0.002 0.63 £ 0.03
GP_wax 0.25 61.8 0.17 £ 0.01 0.22 + 0.01
GP_wax 0.5 77.6 0.020 + 0.003 0.67 + 0.03
GP_wax 0.75 82.3 0.058 + 0.003 0.34 £ 0.09
GP_wax 1 116.0 0.086 + 0.004 0.303 + 0.009

energy at the breaking point. As shown in Fig. 11b, GP_wax (Ryax/HNT =
0.75) possesses the strongest capacity to store energy during the flexural
tests. Interestingly, the energy requested for the breaking of GP_micro-
wax is higher with respect to that of GP_wax (Rwax/unt = 0.25) despite
its lower amount of wax due to the homogeneous filling of the micro-
particles within the geopolymeric network. Compared to the unfilled
geopolymer, the stored energy up to breaking was enhanced by factors
of ca. 2.5 and 5 for GP_wax (Rwax/unt = 0.25) and GP_microwax,
respectively. It should be noted that GP_microwax presents a wax
loading lower of ca. 3 times with respect to that of GP_wax (Rwax/unt =
0.25).

3.5. Wax removal from filled geopolymers by rinsing with ethanol
Filled geopolymers were rinsed with ethanol to remove wax from the

geopolymeric network and consequently, to obtain materials with
controlled porosity. The actual removal of wax was highlighted by Nile
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Fig. 9. Water contact angle as a function of time for GP_wax (Ryax/unt = 1).
The red line represents the fitting according to the Eq. 5.
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Fig. 10. Thermal images of GP_microwax and GP_wax (Ryax/unt = 0.25) (a).
Temperature gradient as a function of the sample profile for GP, GP_microwax
and GP_wax (Ryax/unt = 0.25 and 0.75) (b).

Red essay and TG curves, which showed that washed geopolymers did
not present any mass loss in the temperature range between 300 and
400 °C (see Supplementary Material). Accordingly, Nile Red essay evi-
denced that GP_wax materials are not luminescent after their washing by
ethanol (Fig. 12a).

As expected, the washing procedure altered the wettability and the
water vapor permeability properties of the filled geopolymers due to the
wax removal. The complete wax removal was proved by the very hy-
drophilic character of the washed geopolymers. As example, the water
droplet for washed GP_wax (Ryax/unt = 0.75) is presented in Fig. 12b.
The effect of the washing procedure on water vapor permeability of
filled geopolymers are reported in Fig. 12c¢. Prior to the geopolymer
rinsing with ethanol, the presence of both wax and microwax induced a
reduction of the water permeability compared with that of GP sample,
which agrees with the surface hydrophobization evidenced by the water
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Fig. 11. Stress vs strain curves (a) and stored energies up to breaking (b) for
GP, GP_microwax, GP_wax (Rwax/unt = 0.25 and 0.75). The relative error for
stored energies up to breaking is 2%.

Table 4
Elastic modulus, stress and elongation at breaking point.”.

Sample Elastic Stress at Breaking Elongation at
Modulus / point / MPa Breaking point / %
MPa
GP 5425 1.8 0.03
GP_microwax 863 1.5 0.18
GP_wax (Ryax/HNT 603 0.8 0.17
=0.25)
GP_wax (Ryax/HNT 261 1.2 0.69
=0.75)

? The relative error is 2%.

contact angle data (Table 3). Specifically, the WVP results of the filled
geopolymers could be attributed to the tortuosity effect as well as to
decrease of geopolymer sorption sites for water molecules. Similar ob-
servations were detected for hydroxypropylcellulose films filled with
wax microparticles [83]. On the other hand, an increase of the water
permeability was observed after the rinsing step due to the actual
removal of wax from the geopolymeric network (Fig. 12c). Interestingly,
the washed geopolymers evidenced different water permeability ca-
pacity on dependence of the initial wax content. The largest WVP value
was determined for GP_wax (Rwax/unt = 0.25), which possess a
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Fig. 12. Comparison of Nile Red essay for GP_wax (Ryax/unt = 0.5 and 0.75) after their washing with ethanol (a). Image of the water droplet after its deposition on
washed GP_wax (Ryax/unt = 0.75) (b). Water vapor permeability of GP material and filled geopolymers before and after wax removal. Dotted line represents WVP

value of GP sample.

significant higher water vapor permeability compared to that of GP
material. The increase of Ryax/unt (0.5 and 0.75) allows us to obtain
geopolymers with a lower WVP value after their washing with ethanol.
Namely, we can state that GP_wax (Ryax/unt = 0.25) presents a higher
porosity with respect to those of GP_wax (Ryax/unt = 0.5 and 0.75). As
concerns GP_microwax, we detected that the rinsing with ethanol pro-
duced geopolymers with a water vapor permeability comparable with
that of GP sample. On this basis, we can conclude that the removal of
wax microparticles drives to the formation of geopolymeric materials
with similar porosity respect to that of GP material. The latter was
confirmed by helium pycnometer, which is a powerful technique to
investigate the skeletal density and, consequently, the porosity of geo-
polymeric materials [74]. We observed that the incorporation of
microwax within the HNT based geopolymer generates an increase of
the skeletal density (2.27 + 0.03 g cm™ and 2.358 + 0.011 g cm™ for
GP and GP_microwax, respectively) that can be attributed to a reduction
of closed pores. This finding agrees with the flexural experiments, which
evidenced that the stored energy up to breaking was enhanced by the
filling of the geopolymer with microwax (Fig. 11b). In this regard,
literature reports that the mechanical performances of geopolymers
based on kaolinite [84] and metakaolinite [74] can be improved by
decreasing the volume of closed pores. We estimated that the porosity of
GP_microwax (24.8%) is significantly lower with respect to that of GP
(49.9%). The washing procedure did not alter the porosity of the unfilled
geopolymer, while an enhancement up to 50.1% was detected for
GP_microwax sample confirming that the treatment by ethanol is

effective to remove the microwax particles from the geopolymer struc-
ture. The largest porosity (64.4%) was detected for the washed GP_wax
(Rwax/unt = 0.25) sample in agreement with its highest water vapor
permeability (Fig. 12b).

4. Conclusions

Hybrid geopolymers based on halloysite nanotubes and beeswax
microspheres (diameter of ca. 3 — 5 um) have been developed as natural
materials suitable for engineering applications because of their flexi-
bility and heat absorption capacity. Based on the thermogravimetric
analyses, we estimated that the proposed protocol allowed us to obtain
halloysite based geopolymers containing ca. 0.06 wt% of beeswax mi-
croparticles. Although the low amount of microwax, their loading
within the geopolymeric network generated relevant improvements of
the flexural characteristics and heat storage capacity with respect to the
unfilled geopolymer. In this regard, the stored energy up to breaking was
increased by a factor of 5. These effects can be attributed to the homo-
geneous distribution of microwax particles (obtained from the Pickering
emulsion) within the geopolymeric matrix as evidenced by the structural
characteristics and the morphology of the composite geopolymers.

For comparison, halloysite based geopolymers filled with variable
amounts of beeswax were fabricated. Their properties are dependent on
their composition, and they reflect the random dispersion of the
beeswax. Relevant improvements of the flexibility and heat storage ca-
pacity can be achieved by adding a large amount (ca. 40 wt%) of



M.M. Calvino et al.

beeswax. Namely, the filling with beeswax requires contents of ca. 1
order larger than the loading of microwax to obtain composite geo-
polymers with comparable performances.

Finally, we detected that both beeswax and microwax can be easily
removed by washing the hybrid geopolymers with ethanol. Interest-
ingly, the water vapour permeability of the washed geopolymers de-
pends on the initial amount of wax incorporated in the geopolymeric
network.

This work represents the starting point for the design of geopolymers
filled with a phase change material (wax microparticles) that can act as
smart thermal regulation systems for several applications within engi-
neering and biotechnology.
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A halloysite-based geopolymer filled with microwax particles was designed as a protective layer on steel sub-
strates. Beeswax microparticles were obtained from the clay stabilized Pickering emulsions and they were ho-
mogeneously dispersed within the geopolymeric network, thus improving the coating physico-chemical
properties. Specifically, this treatment changed the steel’s wettability by increasing its hydrophobicity. More-

over, XRF analysis was conducted in order to have details on the chemical compositions.

1. Introduction

Geopolymers are an innovative and green alternative for construc-
tion materials due to the employing of industrial by-products or natural
resources with the benefit of the reduction of carbon dioxide emissions
[1]. They consist of cross-linked tetrahedral [AlO4] and [SiO4] groups
with alkali metal cations, and are synthesized by activating an alumi-
nosilicate precursor with a highly alkaline solution [2,3]. Among the
precursors, clay minerals as kaolinite and halloysite nanotubes are
commonly used given their low cost, eco-friendliness and biocompati-
bility [4-7]. Geopolymer coatings on metal substrates as protective and
thermal barriers for concrete have been reported [8]. In order to guar-
antee low water adhesion and to reduce the growth of biological species,
hydrophobicity is one of the main characteristics of the protective layers
[9]. As a matter of fact, it should be noted that geopolymers are inher-
ently hydrophilic because of the hydroxyl groups on their surface.
Therefore, microwax particles obtained from Pickering emulsions has
been employed [10-12]. In this work beeswax microparticles were
embedded within the geopolymeric network to increase the hydropho-
bicity, obtaining a new protective layer on steel sheets for coating
applications.

* Corresponding author.
E-mail address: giuseppe.cavallaro@unipa.it (G. Cavallaro).

https://doi.org/10.1016/j.matlet.2022.133257

2. Experimental section
2.1. Geopolymer preparation and treatment of the steel sheets

Beeswax, Halloysite (HNTs), ethanol (>99.5 %), acetone (>99.5 %)
and sodium hydroxide (>98 %) are Sigma Aldrich products. Steel sheets
are a gift from Puleo SpA, Italy. The beeswax/HNTs microparticles were
prepared via Pickering emulsions as reported in literature [10]. After-
wards, a NaOH solution (12 M) was added to the dried beeswax/HNTs
microparticles at 1:1 NaOH/HNTs ratio, resulting in a viscous and
flowing paste. Prior to any treatment, the steel sheets were degreased in
acetone using an ultrasonic bath and washed with deionized water and
ethanol. The coating of the steel substrates was performed by brushing
the surface with the geopolymeric paste (GP microwax). The final
hardening step was carried out by placing the treated steel samples in an
oven at 50 °C for 48 h. Then, samples were washed many times by
pouring about 100 mL of water on their surface and by dipping them into
50 mL of water overnight. Finally, the treated samples were dried at
room conditions for 5 days before characterization. It is worth to note
that the same protocol was used for the treatment of the steel substrates
with pure halloysite based geopolymer (GP), without any beeswax
addition for comparison.

2.2. Characterization

Optical images of the samples were obtained by a digital microscope
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Fig. 1. Optical micrographs of untreated steel and sheets coated with HNTs based geopolymer and beeswax/HNTs microparticles based geopolymer.
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Fig. 2. (a) Water contact angle curves as a function of time, (b water droplets profiles at t = 0 s and t = 60 s after their deposition on the surface of the samples.

Table 1
Fitting parameters of the water contact angle kinetic evolution.
Ko (s™ n
GP/Steel 0.121 £ 0.007 0.54 + 0.02
GP microwax/Steel (washed) 0.043 £ 0.006 0.35 £ 0.04

(CoolingTech).

The wettability was investigated through water contact angle mea-
surements in the sessile drop method, by employing an optical apparatus
(OCA 20, Data Physics Instruments) at 25.0 + 0.1 °C. X-ray Fluorescence
(XRF) Spectrometry was carried out by an Olympus Innov-X DS-2000
Delta.

3. Results and discussion

Optical microscopy was conducted to observe the morphological
features of the treated and untreated steel sheets, and to evaluate the
effect of the coating layers at a micrometric level (Fig. 1).

The surface of the bare steel sheets appears heterogeneous and
porous, while it looks smoother and homogeneous after the treatments.

This effect can be related to the filling of pores with the coating pro-
tective materials, even though some microdomains and aggregation of
particles can be observed on both the GP and GP microwax treated steel
sheets. Accordingly, we can state that both treatments are effective in
reducing the steel porosity although GP and GP microwax are not totally
incorporated within the steel structure.

Untreated sheet is hydrophilic and its contact angle is 52.3° without
any variation as a function of time (Fig. 2). Once the surface is coated
with the halloysite based geopolymer, it becomes much more hydro-
philic and its contact angle falls to 8.1°. This effect can be related both to
the high hydrophilicity of halloysite based geopolymer which can
interact with the water via hydrogen bonding with the —~OH groups on
the surface, and to the smoother surface of the sample [13].

A different behaviour was recorded after coating with the beeswax/
HNTs microparticles based geopolymer. For instance, the material is still
hydrophilic with a contact angle of 49.2° that barely decreases to 44.3°
after 60 s before any cleaning step is carried out. Remarkably, the
treated steel becomes more hydrophobic after washing the surface with
water. The value soared to 83.6° and then it slightly decreased to 74.2°
after one minute.

These variations can be most likely related to the excess of halloysite
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Fig. 3. XRF spectra of treated and untreated steel sheets.

nanotubes. After washing away the excess of clay, the microwax parti-
cles on the surface can interact with the water droplet thus enhancing
the hydrophobic contribution to the wettability of the material. It should
be noted that the addition of hydrophobic beewax can affect the micron-
level coating surface structure smoothness.

In order to have more details about the droplet evolution on the
surface, the data were analyzed by fitting the curves with the following
equation:

© = 0; exp(-kg T ") (@)

where 6; is the contact angle at t = 0, kg is the constant related to the
kinetics of the process and n is a coefficient which describes the mech-
anism of the water droplet evolution after its deposition on the solid
substrate. In particular, values for n range from O to 1 on dependence of
the absorption and spreading contributions, respectively.

It is clear that the presence of the microwax particles within the
coating layer is responsible for a decrease of the process rate, as evi-
denced by kg reduction (Table 1). Similarly, the mechanism of the water
droplet evolution on the treated steel sheet is affected, being the
spreading contribution lower compared to the pure halloysite based
geopolymeric coating, as suggested by the decrease of n (Table 1).

Aimed at characterizing the chemical composition of the protective
layers on the steel sheets, XRF studies were carried out (Fig. 3). It is
worth to note that, in the three investigated systems, the most significant
peaks are related to the presence of Chromium, Manganese and Iron
which are proper components of the bare steel sheet. After the treatment
protocols are carried out, instead, Silicon and Aluminum can be detected
on the surface. Most interestingly, the intensity of the Si and Al peaks is
higher for GP treated steel compared to the steel coated with beeswax/
HNTs microparticles based geopolymer (inset in Fig. 3).

Iron and Chromium are the main components of the steel sheets in
terms of composition, with 70.85 and 18.10 wt%, respectively. After the
treatment protocols, instead, Al and Si are detected significantly. Despite
Fe and Cr are still the most abundant elements, the amounts of Al and Si
are 11.21 and 11.26 wt%, respectively, for GP microwax treated sample.
Besides, the quantities of these elements increase up to 19.57 and 18.62
wt% in the GP treated steel. It should be noted that the Al/Si ratio is ca.

1, which is typical for pristine halloysite [14]. These findings are also in
agreement with the contact angle data. Indeed, the higher the amount of
nanotubes in the coating layer, the more hydrophilic the surface.

4. Conclusions

Halloysite-based geopolymer with beeswax microparticles has been
employed as protective layer on steel sheets by brush deposition. For
comparison, geopolymeric coating without wax was also reported. After
the treatment with both geopolymeric formulations, the steel surfaces
appear more homogeneous and smoother. The presence of microwax
particles changed the wettability properties of the steel surfaces. In fact,
the untreated steel and the GP treated both present hydrophilic values of
contact angle. On the other hand, the treatment of the steel sheet with
GP microwax enhanced the hydrophobicity features of the material
giving new perspectives in protective coating.
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