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Abstract

The design of novel nanocomposite films based on hydroxypropyl cellulose (HPC) and
wax/halloysite hybrid microspheres has been reported.

In particular, we firstly prepared wax/clay Pickering emulsions which were characterized by
thermogravimetric analysis and microscopy. SEM images allowed to have more detailed insights on
the nanotubes disposition at the wax/water interface, acting as an outer stabilizing shell. Therefore,
the cellulosic biopolymer was added and it was found that HPC enhances the colloidal stability of
the particles, preventing their coalescence and sedimentation. The preparation of the composite
films was carried out by solvent casting method, which enabled the development of very
homogeneous materials. Contact angle and sliding angle measurements showed that the increasing
amount of wax/halloysite microparticles into the biopolymeric matrix is responsible for an
enhanced hydrophobic nature of the films and, at the same time, it facilitates the rolling process of
droplets on the surfaces, thus making the prepared materials promising protective coatings. These
findings were also confirmed by the decrease of the vapor permeability of the nanocomposites,
which can act as gas barrier. Moreover, the effect of the composition on the optical properties,
namely transparency and colorimetric features, was investigated together with the thermal
properties of the biofilms. Results demonstrated that the presence of wax/halloysite microspheres as
fillers within the HPC matrix has profound effects on the prepared systems, which were evaluated
to be good energy storage and heat reservoir materials. In light of these aspects, the new

HPC/wax/halloysite nanocomposites represent promising tools for the surface modification.



1. Introduction
Cutting-edge technologies have recently acquired a certain importance in order to develop
innovative smart functional materials and to tackle some critical technological issues.! The creation
of a new material strictly depends on the preparation of its constituent building blocks, which can
dictate and control the overall features of the resulting engineered architecture.>?> Among the wide
range of different new platforms that have been prepared and investigated, the design of emulsions
is very attractive and it presents many advantages due to the possibility to reach thermodynamic
stability.* In particular, the versatility of colloidal particles endows the emulsion systems with some
unique and tailored features which enable the fabrication of a wide range of different materials.>® It
is well-known that an emulsion is a multiphase system composed of two immiscible liquids where
one of them is dispersed into the other in the form of droplets.” Despite emulsions are usually
stabilized by surfactants or amphiphilic species, the interface of a multiphasic system can also be
stabilized by interfacially-active solid particles, as firstly reported by the pioneering studies of
Ramsden and Pickering.®® In particular, the mechanism of stabilization is referred to a kinetic
barrier that avoids the coalescence and agglomeration due to steric hindrance and volume
exclusion.'® Recently, several biopolymers have been employed for the design of Pickering
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emulsions, and namely polysaccharides and their derivatives, macromolecules such as proteins

13-16 cellulosic materials such as micro- and nano-fibrils or nanocrystals.!”!® Besides the

and lipids,
“‘surfactant-free” character of these systems, Pickering emulsions meet the current demand for
green and ecofriendly materials using particles derived from renewable and eco-sustainable

sources.'” A wide variety of inorganic nanoparticles can be used as stabilizers for oil-in-water
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emulsions: silica,’*?! magnetite and iron oxide,?? gold nanoparticles,>*** graphene oxide,? latex and
naturally occurring clays.?®?” Unlike conventional emulsions stabilized by surfactants, the
possibility to provide a physical barrier to the Pickering emulsions can vary as a function of the
nanoparticles main peculiarities such as chemistry and morphology.?® For instance, nanoclays play a
major role within this issue, since they can possess different shape, aspect ratio, specific surface
area, anisotropic morphology, surface net charge and functional groups.?” Among them, Halloysite
Nanotubes (HNTSs) are natural aluminosilicates whose most distinctive characteristic is their typical
hollow tubular morphology.*® This unique feature provides halloysite with two different surfaces.’!
For instance, the external surface of HNTs is composed of silicon oxygen tetrahedron whereas the
internal lumen consists of alumina oxygen octahedrons, so that the outer surface is distributed
mainly with Si-O-Si groups and the inner surface is composed of Al-OH.?**} As a consequence, the

former is negatively charged whilst the latter is positively charged in the 2-8 pH range and they can

be selectively modified by both electrostatic and covalent functionalization in order to tailor the



nanoclay physico-chemical properties, thus exploiting the different chemistry of the groups each
surface is bearing and their different charge.**® Most importantly, the inner volume of the clay can
be loaded with active species and biomolecules for storage and delivery purposes.>’ ™ Different in
vitro and in vivo studies also reported that HNTs are not toxic and they show cyto-
compatibility.** Literature reports the design of Pickering emulsions with halloysite nanotubes as

stabilizing components for applications in oil-spill bioremediation,***’

storage and growth of
bacterial cultures,*® catalysis and cultural heritage treatment.** Besides, one of the main use of
HNTs is related to the preparation of nanocomposites.’'>> Within this field, the employ of clay
nanotubes and naturally derived biopolymers plays a major role as alternative for the design of eco-
friendly materials aimed to replace the petrolchemical-based plastics,”*-* thus encouraging a more
respectful development model. Indeed, literature reports different strategies and it provides different
tools for the preparation of biohybrid functional materials, which can be used in a wide range of
technological applications due to their overall properties, such as markedly improved mechanical
performances.>>~>’ For instance, chitosan nanocomposite films with embedded HNTs and alginate
in a tablet-like architecture or cellulose nanofibers based composite papers with halloysite and
sepiolite were prepared for drug delivery purposes.®® Also, pectin bionanocomposite films filled
with halloysite nanotubes were developed as potential protective materials for food packaging
applications.’® Furthermore HNTs based nanocomposites with cellulosic derivative polymers (e.g.
methylcellulose and hydroxypropyl cellulose) were also investigated as promising perspective for
several industrial applications.®®! In this work, we tried to move a step forwards. Starting from the
attained knowledge about Pickering emulsions and bionanocomposites, we tried to prepare a novel
biofilm based on a hydroxypropyl cellulose matrix with embedded paraffin wax/halloysite
microspheres. The choice of paraffin as inner core of the pickering emulsion possesses a
fundamental importance. Due to its thermal properties, the wax can act as an energy storage
material. This aspect is strategic for both the preparation of the pickering emulsions with HNTs
entrapped at the oil/water interface and for the application of the resulting biofilm as protective

material for packaging purposes and restoration and conservation of cultural heritage.



2. Experimental

2.1. Materials
Halloysite nanotubes, HNTs (Al2Si205(OH)4-2H20) were a gift from [-Minerals Inc, they
possess almost 90% of halloysite with about 9.5% of kaolinite and 0.5% of quartz.
Hydroxypropyl cellulose (HPC, Mw = 80 kg mol!) and microcrystalline wax (melting point
from 45 to 58 °C) were Sigma-Aldrich products. Calcium Chloride Dihydrate (=99%) was

from Panreac.

2.2. Preparation of wax/halloysite Pickering emulsions
At first, water was heated up to 90 °C and wax was added at the concentration of 0.25 wt. %
under magnetic stirring. After the complete melting of paraffin, halloysite nanotubes were
added 1,5 wt. % to the mixture. At this point, the dispersion was subjected to ultrasounds for
10 minutes and it was stirred at high temperature condition for 30 minutes. Afterwards, the
heating system was turned off in order to cool down the sample while stirring. The obtained

emulsion was creamy white and stable for one week at room temperature.

2.3. Preparation of composite biofilms
Hydroxypropyl cellulose was dissolved in the Pickering emulsions system at the
concentrations of 1 wt. %, 2 wt. %, 3 wt. % and magnetically stirred overnight at room
temperature. Each solution was poured into a glass Petri dish (6 cm in diameter) and the
solvent casting method was carried out at reduced pressure conditions for 48 h in order to
form a thin film. The same procedure was applied for the preparation of a thin film of pure
HPC previously dispersed in water and magnetically stirred overnight at room temperature.

The composition of the composite films is expressed as mass ratio HNT:HPC (Runt:Hpc).

2.4 Methods
2.4.1 Optical microscopy
The optical micrographs were taken with an Optika polarizing microscope at room temperature,

and the size distribution was obtained by using Imagel software.®

2.4.2 Scanning electron miscroscopy (SEM)
Electron microscopy images have been carried out by using a microscope ESEM FEI QUANTA
200F. Before each experiment, the surface of the sample was coated with gold in argon by means

of an Edwards Sputter Coater S150A to avoid charging under electron beam. The measurements



were carried out in high vacuum mode (< 6 x 107*Pa) for simultaneous secondary electron; the

energy of the beam was 10 kV and the working distance was 10 mm.

2.4.3 Water contact angle measurements
Contact angle measurements were performed by means of an optical contact angle apparatus (OCA
20, Data Physics Instruments) equipped with a video measuring system having a high-resolution
CCD camera and a high-performance digitizing adapter. SCA 20 software (Data Physics
Instruments) was used for data acquisition. Rectangular (1x2 cm?) films were fixed on top of a
plane solid support with double-sided tape and kept flat throughout the analysis. The contact angle
(9) of water in air was measured by the sessile drop method by gently placing a droplet of 12.0 £
0.5 pL onto the surface of the film. Temperature was set at 25.0 = 0.1 °C for the support and the
injecting syringe as well. Images were collected 25 times per second, starting from the deposition
of the drop to 60 s. The evolution of 9, the evaporation kinetics, the volume (V) and the surface
area (A) of droplet was monitored using a software-assisted image-processing procedure. A

minimum of 2 droplets were examined for each film sample.

2.4.4 Sliding angle experiments

The sliding angle indicates the critical angle at which a liquid droplet begins to slide down on an
inclined plate. It is a method to characterize the dynamic interaction at the liquid/solid interface.
The sliding angle measurement was performed by wooden support handcraft with a hinge that
allows us to change the angle (Figure S1).

A Digital Microscope was used for video measuring system having a high-resolution camera and a
high-performance digitizing adapter. Rectangular films (1x2 cm?) were fixed on top of a plane solid
support with double-sided tape and kept flat throughout the analysis. It was placed a droplet of 12.0
+ 0.5 pL onto the surface of the film with the injecting syringe and the wood support was gently
moved upwards until the drop slides. A Java-based image processing program, Imagel, was used

for data acquisition and sliding angle @ measured.

2.4.5. Colorimetric analysis
Colour parameters of films were measured using a colorimeter (NH300 Colorimeter, 3NH Shanghai
Co., Ltd.). The device was calibrated using black and white plates. CQCS3 Software was used for
data acquisition. Total colour differences (AE), a« (red-green), L = (lightness), and b * (yellow-blue)
parameters, whiteness Index (WI) and yellowness Index (YI) were measured for each film and

compared with a white coloured surface as indicated by the colorimetric parameters of the standard.



2.4.6. Thermogravimetry
The thermogravimetric analysis (TGA) were performed using a Q5000 IR apparatus (TA
Instruments, New Castle, DE, USA) under the nitrogen flow of 25 cm® min™' for the sample and 10
cm® min? for the balance. The calibration was carried out by means of Curie temperature of
standards (nickel, cobalt and their alloys). The weight of each sample was ca. 10 mg and each
sample were placed in a platinum pan and heated from room temperature to 900°C with a rate of
20°C min’!. The loading of the polymer and the wax was determined from the residual mass at

700°C by considering the water content as reported in the literature.

2.4.7. Films Transparency
The experiments were carried out at 25.0 £0.1 °C by using a Beckman spectrophotometer (model
DU-640). An absorption spectrum was determined for each film. The transmission spectrum was

obtained as:
T%= 10Z") (1)

where A is the absorbance. The attenuation coefficient at the wavelength of 700 nm (K700 /mm™) for

each sample was computed as:
K700 = A/(2.3xD) (2)

where A is the absorbance at wavelength of 700 nm and D is the thickness of the rectangular film
measured with a micrometer (10~ mm). It has to be noted that at 700 nm films do not show any

adsorption band.

2.4.8 Thermal imaging experiments
Thermal imaging analysis was performed using infrared camera (FLIR E6-XT, FLIR Commercial
Systems Inc.) with 43.200 (240 x 180) pixel and wide temperature range from -20 °C to 550 °C.
Films were heated at a temperature of 170°C with an electric hot plate. The cooling process was
studied taking photos of films each 5-10 minutes with the camera from the range 170°C to 25°C.
Thermal images were imported and analysed on FLIR Tools®. Average temperature within each

film were calculated in an area of ca. 1x1 ¢m?.



2.4.9 Water Permeability Analysis

The water vapour transmission rate (WVTR) is the rate of water vapour permeating through the
film. The tests were carried out at temperature 27 + 2 °C and 30 *+ 2% relative humidity using a
saturated solution of Calcium Chloride Dihydrate. Circular bottles (25ml, 1,5 cm inner diameter)
were used to determine the water vapour permeability of each film. Biofilms were cut into a
circular shape whose diameter was larger than the inner diameter of the bottle and they were fixed,
by using a modelling paste, on the top of each bottle. Samples were placed in a desiccator which
contained a saturated solution of Calcium Chloride Dihydrate. A thermohygrometer was placed
inside the equipment to confirm the environmental parameters (Figure S2-S3).

The water transferred through the films, and absorbed by the desiccant, was determined from the
weight loss of the bottle after every hour for a 5h period using an electronic weighing balance
(0.00001 g accuracy), then it was decided to measure samples after 24h, 4 days, 7 days, 11 days, 14
days, 20 days and 27 days.

The water vapour transmission rate (WVTR) and water vapour permeability (WVP) were

calculated as

WVTR=(Am/AtA) (3)
WVP=WVTR(L/Ap) (4)

where Am/At 1s he slope of each line obtained from the weight loss of samples over time (g/h), 4 is
the exposed surface area of the film (m?), L is the thickness of the film (m), and Ap is the difference
of partial pressure (Pa) between saturation solution at 32% of relative humidity and saturation water

vapour pressure at temperature of 27° C.

3. Results and discussion

3.1 Halloysite/wax Pickering emulsion: the effect of HPC
Pickering emulsions based on wax in water stabilized by halloysite nanotubes have been prepared at
a temperature above the wax melting point and afterwards they were cooled down to room
temperature. This strategy, sketched in Figure la, allowed us to obtain stable solid wax
microparticles surrounded by halloysite nanotubes. In particular, the wax/HNTs Pickering emulsion
system imaged by an optical microscope clearly showed the presence of droplets having a well-

defined spherical shape with an average droplet size in the order of tens of microns (Figure 1b).



Besides optical micrographs, the morphology of the samples was also investigated by scanning
electron microscopy. Figure 1c reports the image with a lower magnification. It is noteworthy that
the proposed protocol allowed the preparation of a significant amount of Pickering emulsions,
which are perfectly shaped and quite monodispersed in size. The details of the particles external
surface are enlighten in Figure 1d. Herein, SEM micrographs with higher magnification clearly
show the presence of halloysite nanotubes at the interface. HNTs completely cover the solid wax
emulsions and they are preferentially oriented onto the spherical surface, following its proper
curvature. This effect is most likely due to the choice of the paraffin as inner core, which forms
liquid emulsions at high temperature conditions but it solidifies when cooled down, thus entrapping
the inorganic nanotubes at its external surface. Interestingly, the particle distribution was unaltered

if the emulsion is dried out at ambient temperature and reduced pressure and re-dispersed in water.
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Figure 1. Scheme of the preparation protocol (a), optical images (b) and Scanning Electron

Microscopy images (c,d) of the halloysite/wax Pickering emulsions.

Then, a stable aliquot of the emulsion was pipetted into a Petri dish and dried out under reduced
pressure before thermogravimetric analysis. For comparison, wax and halloysite were also

measured. Derivative mass signals (Figure 2) show the wax main degradation between 200 and



300°C while halloysite possesses the typical dehydration mass loss at ca. 500°C.% As concerns the
wax/halloysite particles the mass losses of both paraffin and clay are evidenced and, by using the
rule of mixtures (see SI) taking into account the different water content for each material, one can
estimate that the wax represents 3.1% by mass or 8.4% by volume. The relatively large amount of
halloysite in the wax/halloysite particles indicates that the nanotubes are not only at the interface

but they may penetrate the spherical particle.
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Figure 2. Differential thermogravimetric analysis for wax, Halloysite nanotubes and dried

wax/halloysite particles.

Literature reports for oil/halloysite based emulsions indicate that adding biopolymers can either
stabilize or disrupt the colloidal stability of such a system.’® With this in mind we prepared the

wax/halloysite Pickering emulsions in water and the addition of variable amounts of hydroxypropyl



cellulose (HPC) was tested. From a visual inspection of the emulsion systems, one can conclude
that the presence of HPC enhances the colloidal stability over time, thus hindering the particles

coalescence and settling (Figure 3).
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Figure 3. Optical images of Pickering emulsions at different time intervals after their preparation.

An example of optical microscopy image for Pickering emulsion containing HPC is provided in
Figure 4, where its effect on the particles overall dimensions is also highlighted.

Indeed, HPC influences the droplets size distribution and, in particular, the increase of the polymer
amounts is responsible for a smaller drop size. These results are in agreement with the stabilization
of the emulsions observed in Figure 3 and they can be explained by considering the ability of HPC
in lowering the surface tension of water. A similar result was observed in the presence of pectin for

liquid oil in water Pickering emulsions.>
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Figure 4. Size distribution and optical microscopy image of wax/HNTs Pickering emulsions in the
presence of HPC.

3.2 Composite biofilms

Thereafter, nanocomposites based on wax/halloysite particles containing variable amounts of HPC
were prepared. The film forming ability of HPC is well documented in literature;®° the presence of
wax in such a polymer matrix can tune the physico-chemical properties. The optical microscopy
images of the prepared films are provided in Figure 5 and they are very homogeneous, with the only

exception of the sample containing the largest amount of wax/halloysite particles that clearly shows
different domains within the system.

Raxt:apc=1-5 Runt:apc=0.75 Runt:apc=0.5

0.5mm 0.5mm 0.5mm




Figure 5. Optical images of HPC films containing wax/halloysite particles. Bottom images have

been collected under transmitted light.

3.2.1 Water contact angle and sliding angle
As a matter of fact, the key factors influencing the surface wettability of a material are: i) the
chemical composition and therefore its water affinity; ii) the surface roughness. Therefore, water
contact angle (3) and sliding angle (®) measurements are sensitive to both these properties and they
represent important parameters to provide the suitability of a given film for a specific application. In
case of biofilms with a relevant water affinity, the time resolved experiments are needed as the 3
values can vary over time due to adsorption/spreading phenomena. The 3 vs time curves show an

exponential function that can be analyzed quantitatively through the following equation:®*

9=9iexp(kst") (5)

where (91) is the zero time extrapolated contact angle, kg measures the process rate, and n assumes
fractional values ascribable to the occurrence of absorption and spreading mechanisms. Equation
successfully fitted our data, providing the parameters reported in Table 1. The n values reveal that
both spreading and absorption take place. Accordingly, n = 0 and 1 for pure absorption and pure
spreading, respectively.®*

As evidenced in Figure 6, a higher percentage of HNTs and therefore of wax/halloysite particles
causes an increase of 9 in agreement with a more hydrophobic nature of the surface. It should be
noted that a steady value of contact angle (ca. 90°) is obtained above ca. Runt:pc=0.3 indicating
that the surface saturation is reached and therefore it can not be altered by further addition of
paraffin/nanoclay microspheres. It is noteworthy that, from the percolation theory, a value of = 0.3
is expected as a limit for interconnected particles in weekly interacting systems in agreement with

the contact angle findings.®®
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Figure 6. Contact Angle extrapolated at zero time for HPC films containing HNT/wax particles.

As concerns the sliding angle, it shows that the droplet rolling process under gravity is facilitated in
the presence of the wax/halloysite particles being ® values lower than that for HPC (see Table 1).

Therefore, the cooperation between the low surface energy and the presence of micrometric
structures results in a high water contact angle and a small sliding angle. The low values of sliding
angles are promising for the film protection ability as it endows a rapid removal of droplets

decreasing the possibility of sludge accumulation onto the protected material.

Table 1. Water Contact Angle Fitting Parameters and Sliding Angle Values.

RuNT:HPC ko/s™ n d/°
0 0.058 £0.008 0.299+0.001 17.8
0.125 0.032 £0.002 0.331+0.001
0.165 0.015 £ 0.005 0.534+0.007
0.50 0.094 +0.004 0.346+0.004 13.5
0.75 0.046 + 0.006 0.370+£0.001 11.4
1.50 0.056 +0.006 0.390+0.001 8.4

3.2.2 Water Permeability analysis
The water transport properties through the prepared biofilms have been investigated by measuring
the water vapour permeability (Figure 7).
The HPC film containing the wax/halloysite particles have smaller WVP value compared to the

pristine polymer. In particular a monotonic decrease of WVP vs Runt.npc is observed up to a nearly



constant value. Based on literature such a monotonic decrease in nanocomposites can be ascribed to
efficient tortuosity effect and/or decrease of polymer sorption sites.®® The first contribute is relevant
when particles with high aspect ratios are employed while the second contribute reflects the better
filler/matrix affinity than matrix/transported molecule. In our case, the filler has a spherical
symmetry and therefore the second term should be the dominant one.

It should be noted that the abrupt change in WVP vs Runt:npc 1s consistent with the water contact

angle results and therefore with the percolation limit of the system.
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Figure 7. Water vapour permeability for HPC films containing variable amount of wax/halloysite

particles.

3.2.3 Optical properties: Colorimetric and Transparency

Color and transparency of polymeric films represent important optical properties that are relevant
in many industrial applications. The morphology of the film and the filler concentration play a
major role in influencing the colorimetric analysis and the efficiency of light scattering for
transparency measurement. Both these parameters are sensitive to the presence of fillers. The linear
attenuation coefficient is the ability of a material to attenuate the beam of radiation that passes
through it due to its density, therefore morphology and the tendency to form aggregates is affected.
For all of the investigated systems, the light attenuation coefficient values are almost independent

from the wavelength in the 400 to 800 nm range (values are reported in Table S1) and therefore the



attenuation coefficient at 700 nm (K7o0) will be discussed hereafter. The K700 dependence on the

filler concentration for a polymeric films containing spherical particles is:%’

K700 ¢ R (6)

where R is the radius of the spherical particles scattering light while ¢ is their volume fraction. The

trend in Figure 8 confirms the expected changes in the attenuation coefficient and it proves the

good dispersion of the wax/halloysite particles within the polymer matrix up to Rant.upc=0.75.
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Figure 8. Attenuation coefficient at 700 nm for HPC films containing variable amount of

wax/halloysite particles.

The colorimetric data of films where collected by placing the film onto a standard white and the
results are reported in Table 2. The CIELAB color space is defined by lightness (L*) and hue (a*
and b*). In this color space, L* has the value from 0 (black) to 100 (white). a* (redness, greenness)
and b* (yellowness and blueness) have positive or negative values to indicate a chromatic color.
The color change is calculated with respect to the white standard and expressed as AE.®

HPC film does not alter the color of the control surface as for human eyes it is reported 2.3 as a AE

limit for undistinguished colors.®



On the contrary, the lightness L* of films decreased after the addition of wax/halloysite
microspheres compared to the control and the chromaticity moves toward yellow as it is well

demonstrated in the CIE diagram (Figure 9).

Table 2. Colorimetric Parameters.?

RHuNT:HPC L* a* b* AE*

0 96.37 -0.26 1.71 1.685
0.125 91.08 1.96 14.09 15.313
0.165 91.37 1.889  13.85 14.974

0.5 69.47 18.30  43.82 54911
0.75 71.96 16.74 4249  52.092
1.50 68.8 18.18  40.55 52.664

2Control: White Paper, L*=97.166, a*=-0.337, b*=0.224,
¢*=0.405, h*=146.423

. ! | Ranpaec=05 300
| / 3500
' 0.400 14000 - :f{HNT:I{PC=O'7S

)
Ravraec=0-135 | RHNT:4C=1'5

0.350¢

; [ | — \)300.
0.0 0.1 0.2 03 04 05 06 0.7 038

X 0.300 0.350 0.400 0.450

Figure 9. Colour parameter displayed on CIE Diagram 1931 2°.



3.2.4 Thermal behavior: Thermogravimetry and Thermal imaging experiments
Figure 10 shows the differential thermogravimetric curves (DTG) for the biofilm deriving from
HPC and wax/halloysite particles at different ratios. The analysis of the DTG curves provided a
clear description of the several degradation steps occurring in the nanocomposites.
The first mass loss occurs in the temperature range between 25 and 150 °C as a consequence of the
evaporation of the water physically adsorbed on the materials; the second mass loss (200 - 400°C)
is the HPC pyrolytic degradation while the third mass loss above 420°C is due to the two water
molecules that are present in the halloysite interlayer.®® It is evidenced a decrease of the degradation
temperature for HPC by 60°C when the maximum amount of wax/halloysite particles are included
in the nanocomposite. A similar effect was observed in literature for HPC filled with halloysite
nanotubes at filler content above 30 % by mass, therefore the interactions between HPC and the

nanoclay are likely responsible of this thermal behaviour.®
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Figure 10. Differential thermogravimetric curves for the HPC films containing wax/halloysite

particles at variable concentration (full lines).

The dynamic response of the nanocomposites during the cooling was monitored by using a
thermocamera and by following the temperature relaxation after heating up the samples onto a hot
metal plate at 170 °C (below the degradation temperature observed by TGA). The temperature
profiles evidenced an exponential decay following the simple Newton law. The time constant (t)

obtained from the exponential fitting of the experimental temperature vs time data is given by:

T =mass X Cp/(Area x HT) (7



where Cp is the specific heat capacity and HT is the heat transfer coefficient of the nanocomposite.
Table 3 reports the Cp/HT values obtained after normalization for the mass and the characteristic
size of the analyzed materials. The results indicate that the sample with the largest amount of
wax/halloysite particles can work as heat reservoir better than pure HPC. This finding is in

agreement with other wax/halloysite based composites proposed in the literature.”®

Table 3. Thermal properties from TGA and thermocamera analysis.

RunT:HPC To Cp/HT
oC Jm: W' g!
0 350.8 8.11+0.07
0.5 3222 8.02+0.07
0.75 306.3 10.98+0.10

1.50 288.9




4. Conclusions
The starting point of this work was the preparation of paraffin based Pickering emulsions with
halloysite nanotubes as stabilizing interfacially active solids. The prepared particles were well
shaped and quite monodispersed in size, with the inorganic clay covering the external surface and
assuming a preferential orientation, as observed by optical and scanning electron microscopies. This
effect is probably due to the choice of wax as inner core, which is molten during the preparation
procedure and it entraps halloysite upon cooling down due to its transition to the solid state. In
particular, we also estimated that that nanotubes can also penetrate the spherical particles, due to
their relatively large amount, as investigated by Thermogravimetric Analysis.
Aimed at studying its influence on the stability of the Pickering emulsions, we added variable
amounts of hydroxypropyl cellulose (HPC) to the wax/halloysite systems. It was found that HPC
enhances the colloidal stability of the particles, avoiding their coalescence thus hindering their
aggregation and sedimentation. Therefore, besides the stabilization role of halloysite nanotubes
which act as an external steric barrier, the effect of HPC also plays a major role in lowering the
surface tension of water, resulting in a very stable system over time.
Then, we moved a step forwards. Indeed, we prepared nanocomposite biofilms by using the solvent
casting method, starting from the wax/HNTs Pickering emulsions in presence of the cellulosic
polymer. The wettability of the obtained films, which are very homogeneous, was studied by
focusing the contact angle and sliding angle. It was found that the former increases as the amount of
paraffin/halloysite increases, due to a more hydrophobic nature of the surface, then reaching a
constant value at the typical conditions of interconnected particles in weekly interacting systems,
according to the percolation theory. For what concerns the sliding angle, instead, the values
decrease as the amount of wax/halloysite fillers increases, thus facilitating the rolling process of the
droplets on the biofilm surface. This is a very promising factor that enables the system to be used as
protecting agent, since it endows an efficient removal of other species from the protected material.
Afterwards, water permeability analysis was carried out and it allowed us to demonstrate that the
presence of the wax/halloysite spherical particles within the biopolymeric matrix is responsible for
a monotonic decrease of the nanocomposites vapor permeability.
Since the optical properties are crucial for many industrial applications, we studied the transparency
and colorimetric features of the biofilms. It is noteworthy that both these properties strictly depend
on the morphology of the materials and on the filler concentration. For instance, the ability of the
prepared samples to attenuate the beam of radiation that passes through them is enhanced by the
increasing amount of wax/halloysite fillers within the HPC matrix. Similarly, the chromaticity of

the biofilms is affected by the addition of the paraffin/clay microspheres, as demonstrated by the



decrease of the overall lightness. Finally, we investigated the thermal properties of the
nanocomposites by focusing their dynamic response upon relaxation after being heated up. This
analysis, which was carried out with a thermocamera, allowed us to assess that the prepared films
can be used as energy storage and heat reservoir materials. In conclusion, this work reports the
preparation of HPC/wax/halloysite biofilms starting from the preparation of paraffin/clay Pickering
emulsions. Due to their detailed features, these materials represent an interesting new architecture
which can be exploited in many technological application. For instance, findings on wettability,
chromaticity, transparency and heat storage efficiency make the prepared biofilms very promising
for food packaging and for the protection of surfaces in the field of cultural heritage treatment and

conservation.
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