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Abstract

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 geopolymeric network conferring excellent
properties to the hybrid geopolymers in terms of mechanical performances 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.
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1. Introduction

The interest in producing eco-friendly materials from natural resources 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 perspectives 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 formula Ma[- (SiO2); —
AlO;] - wH20 where M is a cation (Na*, K* 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-O-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 structure is intrinsically
micro and mesoporous. The amount of these porosities (ranging from 30 to 60 vol%) is related to the
system's composition and to the specific Si/Al ratio. Furthermore, also highly porous geopolymers
and geopolymer foams (porosity > 70vol%) are getting attention due to their physical properties in
terms of high thermal and chemical stability and other applications that cannot be pursued using 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
combination 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
(HNTSs) are emerging natural aluminosilicates belonging to the category of phyllosilicates with the
chemical formula of Al>Si2Os(OH)4" 2H20. 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 consisting of octahedral
gibbsite (Al-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 pum, 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 HNTSs 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.
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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
halloysite was investigated [48]. It was observed that the presence of HNTSs 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-SiO, 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 geopolymeric 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 prepared hybrid geopolymers
filled with beeswax at variable composition. 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 alternative 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 reported elsewhere for
halloysite/paraffin.[65] Firstly, 0.3 grams of solid beeswax were added to 100 ml of water under
magnetic stirring at 80 °C. After wax was completely dispersed, 1.2 grams of halloysite nanotubes
were added to the emulsion that was subjected to ultrasounds for 10 minutes. The obtained dispersion
was magnetically stirred for 30 minutes 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 hours, the resulting Pickering emulsion was stable at room

temperature, and it was dried under vacuum 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 microparticles 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/HNTSs ratio was set to 1. After mixing at 25 °C, a homogeneous
slurry was obtained, and it was placed into a plastic mold and cured at 50 °C for 48 hours.

For comparison, a very similar procedure was carried out to prepare geopolymers filled with beeswax

at different wax/halloysite ratios, RwaxnnT (Table 1) and an unfilled conventional geopolymer. Once
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added the alkaline activator solution to halloysite nanotubes, solid beeswax was incorporated under
heating at 70°C until we obtained a homogeneous geopolymer slurry (Figure 1). The last step for all
samples was curing at 50 °C for 48 hours in a rectangular plastic mold.

A schematic illustration of the preparation protocol developed for the filled geopolymers is displayed

in Figure 1.
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Figure 1. Schematic representation of the preparation protocol for geopolymer filled with microwax

particles (a) and wax (b).

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 1 333 334 333
GP_microwax 0.07" 48.3 3.4 48.3

*calculated from TGA



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™,

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 atmosphere (flow rate of 60 cm® min~!) from — 20 to 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 (Tm) of beeswax in the geopolymer 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



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 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 minutes, 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 uL onto the surface of the geopolymer block by a syringe pointed vertically down onto the sample.
The tests were conducted 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 parameters. 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 hours for 10 days. Water vapor transmission rate (WVTR)

and water vapor permeability were calculated by applying the following equations.

WVTR = (AM/AtA) )

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 to 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 specimens of the geopolymers. Standards for the volume

calibration (balls purchased from Micromeritics, Vca = 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

Figure 2 compares the thermogravimetric (TG) curves of geopolymers with pristine halloysite.

0
95 |
90 —
X g5 |
©n [
3 I
= 80

75 HNT . .

m— G P N ]

70 i o = e .

GP_wax (R,,,,unt 0.75 ~. i

——————— =

= = GP_microwax ; i | ]

0 100 200 300 400 500 600 700

Temperature / °C

Figure 2. Thermogravimetric curves of HNT, GP, GP_wax (Rwaxxnt = 0.75) and GP_microwax.

10



We observed that pristine halloysite presents an evident mass loss in 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) = (MD7oop — MD7001nT)/(MD700wax — MD700HNT) 4)
where MD7oop, MD7oonnt and MDroowax refer to degraded matters at 700 °C of wax/halloysite
particles, halloysite and beeswax, respectively. From the calculated x(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 Tm of the filled beeswax by the minimum of the
DSC peaks. Interestingly, the Tm of GP_microwax is larger with respect to those of GP_wax samples
(Table 2). Furthermore, the integration of the peaks provided the enthalpies (AHm) of the melting

process (Table 2).
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Table 2. Thermal parameters of beeswax and geopolymer samples

Sample R waxHNT AH/J g? 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

The AHm were expressed in J g~! of beeswax, which is the component 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 (Figure 3) indicating a decrease of the wax crystallinity in the geopolymeric network.
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Figure 3. Enthalpy of the wax melting process for filled geopolymers with variable wax/HNT ratio.

FT-IR spectra for HNT, GP and GP_wax are illustrated in Figure 4 and a detailed assignment of all
the identified peaks is reported in Supplementary 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'*
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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 AI-O-Si.
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Figure 4. FT-IR spectra of HNT, GP, GP_microwax and GP_wax (RwaxHnt = 0.75).

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 (Figure 4) present bands at 3458 and 1658 cm™ related to the —OH
stretching and bending vibrations of water’s hydration.[70] Figure 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™

13



in geopolymers that is related to the degree of geopolymerization. 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, respectively [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 2920 and 2848 cm™ (CH. asymmetric and symmetric stretching vibrations,
respectively), 1737 cm™? (C=0 stretching vibration) as well as 1472 and 720 cm™ (scissor
deformation vibration and rocking vibrations of CH groups, respectively).

Structural differences after geopolymerization are evidenced by the diffractometer. XRD patterns of
the geopolymers are illustrated in Figure 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° (260), highlighting the formation of an amorphous geopolymeric
network. In addition, all the geopolymers evidenced reflections attributed to quartz [76,77] and traces
of hydrosodalite phase that could appear after alkali activation [78]. As shown in Figure 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 2.3 A 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).
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Figure 5. Diffractograms of Beeswax, HNT, GP, GP_microwax and GP_waX RwaxHnt = 0.75.

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 emissive in hydrophobic environments and it shows a red luminescence under UV light
irradiation. As shown in Figure 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
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latter could be an indication of the high dispersibility of the wax microparticles within the

geopolymeric matrix.

Beeswax GP GP_wax GP_wax GP_microwax

Ryavmnt = 0.5 Ryaxvmnt =1

Figure 6. Nile Red essay for Beeswax, GP, GP_wax (Rwaw+nt = 0.5 and 1) and GP_microwax.
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3.2.2 SEM analyses

SEM images of GP, GP_wax (RwaxxnT= 1) and GP_microwax are displayed in Figure 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 (Figure 7a). GP evidenced 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 (Figure 7b). In contrast, GP_microwax showed a uniform distribution
of the wax microparticles that reduced the compactness of the geopolymer (Figure 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 Figure 7d, the surface of the wax microparticles is covered by spherical
nanoparticles (diameter of ca. 400 nm) of halloysite, which lost its tubular morphology as a

consequence of the alkaline activation.
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Figure 7. SEM images of GP (a), GP_wax (Rwax+nt = 1) (b) and GP_microwax (c-e).

3.2.3 Wettability

The filling of geopolymers with both wax and microwax induced significant changes in the
wettability properties (Figure 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
17



SEM images (Figure 7). Similar observations were done for hydrophilic films loaded with

hydrophobic coffee particles [82].
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Figure 8. Images of the water droplets contact just after their deposition on GP, GP_microwax and
GP_wax (RwaxnnT = 1).

It should be noted that the surface hydrophobization generated by wax microparticles is lower
compared to that observed in GP_wax materials, which exhibited larger contact angle values by
increasing the wax content (Table 3). Namely, increasing the percentage of wax causes a relevant
change of 0 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 contact angle using the following

equation

0 = 0;exp(—kgt™) )
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where 0i is the initial contact angle extrapolated at zero time, ko estimates 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 (Rwawnnt = 1) IS presented in Figure 9, while the obtained fitting

parameters for all the filled geopolymers are listed in Table 3.
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Figure 9. Water contact angle as a function of time for GP_wax (RwawnnT = 1). The red line represents
the fitting according to the equation 5.

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

Sample R asinT 0,/° Ky / st n
GP 0 ND ND ND
GP_microwax 0.07 334 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

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
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thermal energy. As example, Figure 10a shows the thermal images of GP_microwax compared to
GP_wax (Rwawnnt = 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 Figure 10b. As expected, the gradient temperature shows negative values because of the
heat dissipation along the geopolymer material for all the investigated samples. As a general result,
exponential decreasing trends were detected. It should be noted that GP and GP_wax (RwawHNT =
0.25) exhibit similar trends indicating that the wax addition did not alter the heat absorption capacity
of the geopolymer. 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 (Rwawnnt = 0.25),
respectively. On the other hand, larger amount of wax loaded in the geopolymeric network (GP_wax
at Rwawnnt = 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_microwax sample) despite the very
low amount of wax entrapped within the geopolymeric network. In this regard, we should remind
that GP_microwax presents RwaxxnT equals to 0.07 (Table 1). This effect could be due to the uniform

distribution of wax microparticles within the geopolymeric matrix.
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Figure 10. Thermal images of GP_microwax and GP_wax (Rwaxxnt = 0.25) (a). Temperature
gradient as a function of the sample profile for GP, GP_microwax and GP_wax (Rwax+nt = 0.25 and
0.75) (b).

3.4 Mechanical performances of filled geopolymers

We investigated the effects of wax and microwax particles loadings on the flexural properties of
geopolymers. Figure 11a compares the stress vs strain curves of GP, GP_microwax and GP_wax at
variable compositions (Rwaxnunt = 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 both wax and microwax enhanced the flexibility of the geopolymers. It should be noted
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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 energy at the breaking point. As shown in Figure 11b, GP_wax
(Rwawnnt = 0.75) possesses the strongest capacity to store energy during the flexural tests.
Interestingly, the energy requested for the breaking of GP_microwax is higher with respect to that of
GP_wax (Rwawnnt = 0.25) despite its lower amount of wax due to the homogeneous filling of the
microparticles 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 (Rwawrnt = 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 (RwaxnnT = 0.25).
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Figure 11. Stress vs strain curves (a) and stored energies up to breaking (b) for GP, GP_microwax,

GP_wax (RwawnnT = 0.25 and 0.75). The relative error for stored energies up to breaking is 2%.
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Table 4. Elastic modulus, stress and elongation at breaking point.?

Sample Elastic Modulus / Stress at Breaking point / Elongation at Breaking
MPa MPa point / %
GP 5425 1.8 0.03
GP_microwax 863 15 0.18
GP_wax (Rwawrnt = 0.25) 603 0.8 0.17
GP_wax (Rwaxhnt = 0.75) 261 1.2 0.69

@The relative error is 2%.

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 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 evidenced that GP_wax materials are not luminescent after

their washing by ethanol (Figure 12a).
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Figure 12. Comparison of Nile Red essay for GP_wax (Rwaxxnt = 0.5 and 0.75) after their washing
with ethanol (a). Image of the water droplet after its deposition on washed GP_wax (RwaxHnT = 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.

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 hydrophilic character of the washed geopolymers. As example, the water droplet for
washed GP_wax (Rwaxxnt = 0.75) is presented in Figure 12b. The effect of the washing procedure
on water vapor permeability of filled geopolymers are reported in Figure 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
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evidenced by the water 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 observations 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 (Figure 12c).
Interestingly, the washed geopolymers evidenced different water permeability capacity on
dependence of the initial wax content. The largest WVP value was determined for GP_wax (RwaxHNT
=0.25), which possess a significant higher water vapor permeability compared to that of GP material.
The increase of RwavnnT (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 (Rwawrnt = 0.25) presents a
higher porosity with respect to those of GP_wax (Rwawnnt = 0.5 and 0.75). As concerns
GP_microwax, we detected that the rinsing with ethanol produced 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 geopolymeric 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 (Figure 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
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particles from the geopolymer structure. The largest porosity (64.4 %) was detected for the washed
GP_wax (Rwaxnnt = 0.25) sample in agreement with its highest water vapor permeability (Figure

12h).

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
flexibility 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 microparticles. 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 homogeneous
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 capacity can be
achieved by adding a large amount (ca. 40 wt%) of beeswax. Namely, the filling with beeswax
requires contents of ca. 1 order larger than the loading of microwax to obtain composite geopolymers
with comparable performances.

Finally, we detected that both beeswax and microwax can be easily removed by washing the hybrid
geopolymers with ethanol. Interestingly, the water vapour permeability of the washed geopolymers

depends on the initial amount of wax incorporated in the geopolymeric network.

27



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 engineering and biotechnology.
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