Pickering emulsion gels based on halloysite nanotubes and ionic biopolymers: properties and
cleaning action on marble surface.
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Abstract

We have fabricated ecocompatible Pickering emulsions based on halloysite nanotubes and ionic
biopolymers (chitosan and pectin) from renewable resources. The effect of pectin and chitosan on
the Pickering emulsion was investigated by direct visualization of the oil droplets and by the
thermodynamic characterization at the interface. Pectin enhances the Pickering emulsion stability,
while a phase separation and non-homogeneous gel was observed in the presence of chitosan. We
have demonstrated that the Pickering emulsion in pectin based gel phase is suitable for wax layer
removal from marble surface. A controlled cleaning is achieved by tuning the contact time between
the gel and the marble surface. This work opens to new sustainable approach in preparing cleaning

formulations for conservation of Cultural Heritage.
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Introduction

Emulsions are widely used in cleaning protocols and they are particularly attractive in the
conservation of Cultural Heritage. Oil-in-water emulsions present as the main advantage the
possibility to obtain a controlled cleaning, minimizing the use of organic solvents for the removal of
hydrophobic coherent layers onto a surface. The use of emulsions combines the detergency and surface
active properties of the surfactant with the synergistic solving action of the organic solvent. Typically,
microemulsions are engineered and preferred to emulsion due to their thermodynamic stability. The first
successful use of microemulsion to art conservation is reported for the frescoes by Masaccio and Masolino
(Brancacci Chapel in Florence, Italy).! In the recent years, several formulations were proposed, with the aim
of solving specific cleaning issues, the main of which are selective and controlled removal of undesired
materials, sustainable products as well as reducing the risk of surfactant/cleaning agents residuals on the
artwork surface.>” Particular attention is devoted to the uncontrolled spreading and penetration of the
formulations that can lead to unpredictable damage effects. To overcome these issues, alternatives for
emulsion stabilizers and gel forming strategies should be considered. In this regards, Pickering emulsion

could represent a perspective approach.

Pickering emulsions are stabilized with solid particles instead of surfactants and they exhibit high
stability due to their opposition to Oswald ripening and coalescence phenomena.® Among solid
inexpensive and sustainable stabilizers, clay minerals with variable hollow tubular morphology are
very promising. Halloysite nanotubes (HNTs) were very efficient in oil-in-water emulsion
stabilization so that it was proposed for oil remediation technology.”® In this respect, HNTs
represent the great advantage to be easily dispersed in water media without time-consuming

exfoliation procedures needed for other platy clays. Halloysite nanotubes can be used in water
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purification, catalysis, drug delivery, packaging and in conservation of
cultural heritage as consolidant agents*'*? due to their versatile surface chemistry and interesting
colloidal properties.®,**** Very recently, the combination of HNTs with anionic surfactants
generated inorganic micelles with solubilization ability toward hydrophobic payloads.!'%%%’
Additionally, HNTs are no toxic for cells, yeast and multicellular organisms.'*?%32 HNTSs are quite
polydisperse in size with characteristic sizes largely dependent on the deposit. Their typical length
is of ca. 1 um while the external diameter and the lumen range between 50-80 nm and 10-15 nm,

respectively.?3 3¢

As concerns the thickener additives to increase the viscosity of the emulsion, different biopolymers
are commonly used in conservation such as cellulose ethers and other polysaccharides (agar,

xanthan gum). These rigid gels allow minimizing the amount of residues left after the application.”’



Here, we propose a new strategy for designing Pickering emulsion based on Halloysite nanotubes
and exploring chitosan and pectin as thickener additives. These two biopolymers represent very
abundant and low cost materials and their use is in agreement with the idea of circular economy
being waste of food industry. Nanocomposite films of halloysite nanotubes in combination with
pectin and chitosan have been considered promising for sustainable packaging applications, and
tissue engineering.'>¥®#  Their use as thickeners can have an influence in the

stabilization/destabilization and detergency ability of the Pickering emulsion.



Experimental
Materials

Citrus Pectin (degree of methyl esterification 24%, Mw = 30-100 Kg mol'), n-decane, Ba(OH).,
NaOH, Chitosan (75-85% deacetylated, Mw = 50-190 Kg mol!), glacial acetic acid and halloysite
(HNT) are from Sigma. All the products were used without further purification. Water from reverse

osmosis with a specific resistivity greater than 1 MQ cm was used was used.

Pickering emulsion preparation

HNTs were dispersed in water at 1.0%, after ultrasonication (10 min), the dispersion was kept under
stirring overnight. n-Decane was added to the dispersion at a oil:water ratio of 1:3. Emulsion was
obtained by vortex mixing for 2 min. The obtained emulsion was creamy-white and stable for more

than a month at room temperature.
Pectin and Chitosan gel preparation

Pectin was dissolved in water (5 wt %) under magnetic stirring at 70 °C. The solution was left to
equilibrate under magnetic stirring overnight at room temperature. Then, an appropriate amount of
HNTs and n-Decane were added to the pectin solution following the protocol described for the
Pickering emulsion preparation. The gel phase was obtained by adding Ba(OH): saturated solution
(ca. 47 g dm™) under magnetic stirring. The final barium hydroxide concentration in the gel was 0.4

wt% and the gel pH was 8.2.

Chitosan was dissolved at 2 wt% in acetic acid (1 wt%) aqueous solution under magnetic stirring at
room temperature. The solution was kept under magnetic stirring overnight at room temperature.
Pickering emulsion was prepared based on the previously described protocol by adding appropriate
amounts of HNTs and n-Decane to the chitosan solution. The gel phase was obtained by adding
dropwise Na(OH) solution (1.5 M) under magnetic stirring. The final sodium hydroxide

concentration in the gel was ca. 0.3 M and the gel pH was 12.1.

Methods

The surface morphology of the halloysite nanotubes was studied by using a microscope ESEM FEI
QUANTA 200F. Before each SEM 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 (<6x10™* Pa) for simultaneous secondary
electron, the energy of the beam was 20 kV and the working distance was 10 mm. Minimal electron

dose condition was set to avoid damage of the sample. Fluorescence spectra of pectin based gel and



marble surface were recorded using Fluoromax 4 (Jobin-Yvon) spectrofluorometer (30° angle
geometry). Excitation wavelength was fixed at 313 nm, while the emission spectra were registered
from 330 to 600 nm. Water contact angle measurements were performed with an apparatus
equipped with a CCD camera with high-resolution (OCA 20, Data Physics Instruments). SCA 20
software (Data Physics Instruments) was used for data analysis. The water contact angle just after
the deposition (0;) was measured by placing a droplet of 10.0 = 0.5 puL onto the solid surface. Each
measurement was repeated three times at least, and the average values are reported. The color
parameter changes of the marble surface upon cleaning was followed by the image analysis
according to literature,*> acquiring by a flatbed digital scanner images as RGB files at a spatial
resolution of 1200 dpi and converting the image to Lab coordinates by means of Imagel software.
The color change expressed as AE parameter was calculated as average value in an area of ca. lcm
x lem. The “cleaned” marble surface was defined for water contact angle and color change
experiments by considering the surface after polishing with sandpaper. The surface tension
experiments were carried out by using a programmable tensiometer (KSV Sigma 70) equipped with
a Wilhemy plate at 25.0 + 0.1 °C. The platinum plate was lowered to the surface of the solution, and
the downward force to the plate was measured. Surface tension was obtained as the force divided by
the perimeter of the plate. The optical micrographs were taken with an

Optika polarizing microscope at room temperature.

Confocal laser scanning microscopy (CLSM) images were taken using a LSM 780 instrument (Carl
Zeiss). The emulsion was first vortexed for 20 s, then a droplet (7uL) of the emulsion was placed
onto a glass slide and sandwiched by a glass coverslip. The fluorescence was excited using a 488
nm argon laser, images were processed using ZEN Black software. Dark-field and corresponding
fluorescence microscopy images were captured using an Olympus BXS51 upright microscope
equipped with 100x fluorite objective, a Cytoviva® high annular aperture dark-field condenser and
DAGE CCD camera. Fluorescence in sample was excited using an X-cite 120Q wide-field
fluorescence excitation light source (Excelitas Technologies) a Cytoviva® Dual Mode Fluorescence
system, exposure time was 300 ps. Images were captured using Exponent 7 software (Dage-MTTI).
Reflected light spectra were recorded in 400-1000 nm with a 2.0 nm spectral resolution using a
Specim spectrometer and Pixelfly USB (PCO) CCD camera. ENVI 4.8 software was used to
process the spectra obtained. Atomic force microscopy (AFM) images were obtained using a
Dimension Icon instrument (Bruker) equipped with ScanAsyst-Air (Bruker) probes (nominal length
115 pum, tip radius 2 nm, spring constant 0.4 nm™') (Bruker) were used throughout. AFM raw data

obtained were processed using Nanoscope Analysis software v 1.7 (Bruker).






Results and Discussion

Characterization of Pickering emulsion

The Pickering emulsions in gel were imaged by an optical microscope. The Oil/HNTs/water
Pickering emulsion clearly showed the presence of oil droplets having a radius ranging between 20
to 40 um (Figure 1). This value is in agreement with that reported for similar system in the
literature.” Interestingly, the presence of biopolymer (both chitosan and pectin) and the formation of
gel phase affected both the stability and the distribution of the oil droplets in the Pickering
emulsions. As shown in Figure 1, Pickering emulsion in chitosan gel possesses a clear phase
separation although the oil droplet are still present. In contrast, oil droplets are homogenesly
dispersed in pectin gel phase. Compared to oil/HNTs/water Pickering emulsions, the droplet size
distribution is shifted towards smaller value in the presence of pectin gel. Therefore, pectin
simultaneously acts as gelling agent and emulsion stabilizer. The confocal imaging confirms the
optical observations. It should be noted that the detected fluorescence signal is due to pectin auto
fluorescence and it shows an accumulation of the biopolymer close to the droplet (Figure 2). Based
on the collected images, one cannot exclude that pectin is also penetrating the droplets. Dark-field
images and hyperspectral data analysis provided a deeper understanding on the halloysite nanotubes
location within the emulsion system. Comparing correlative dark-field and fluorescence microscopy
images of the emulsion droplets in water one can see the intensive light scattering originating from
halloysite covering the chitosan gels (Figure 2 a,b) . The reflected light spectra obtained from the
droplets is reminiscent of those for pure HNTs and the hyperspectral images indicate the nanotubes
interfacial accumulation. In addition, CLSM images were also taken to confirm the morphology and
size distribution of the emulsion droplets (Figure 2 d). Atomic force microscopy in nanomechanical
PeakForce Tapping mode was applied to investigate the distribution of halloysite nanotubes within
the pectin gels (Figure 3). As one can see, the individual nanotubes are distributed diffusely, some
being embedded into the pectin matrix, while the others reside on the top of the pectin layer, as
confirmed by non-specific adhesion measurement. Interestingly, pectin areas exhibited a much
higher (ca. 25-27 nN) non-specific adhesion towards the AFM probe tip that surface-exposed HNTs
(5-12 nN).
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Figure 1. Optical images of Pickering emulsions and size distribution for oil droplets.
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Figure 2. Dark-field (a) and corresponding transmitted light fluorescence (b) images of Pickering
emulsions, reflected light spectra (green curve - pectin; blue curve - halloysite) and confocal

imaging (c) of Pickering emulsion in pectin gel.
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Figure 3. Atomic force microscopy images of dried Pickering emulsion in pectin gel taken in

PeakForce Tapping nanomechanical mode.

A deeper investigation on the stability of the Pickering emulsion can be achieved by studying the
interfacial activity of clay nanotubes in aqueous media. The free energy change (AGd) when the

nanotube is detached from oil/water interface and submerged into the aqueous phase is given by’

AGd = 2rLyow (sin0-0cosO-rL'0cosd+rL ' cos’0sind) (1)

where r and L are radius and length of the nanotubes, yow is the tension of oil-water interface and 0

)‘43

the three-phase contact angle measured with the tablet method (Figure 4 Calculation was



performed by using the r and L values from literature.”> The measured yow and 0 values are
collected with the calculated AGd in Table 1. In all cases, HNTs are strongly bond at the interface
being that the detaching energy is much larger than the thermal energy. For n-
dodecane/HNTs/water Pickering emulsion, Owosen et al’ reported a detaching energy value equals
to (3.45x10%KT, which is consistent with our result (Table 1). It is clearly detected that both
biopolymers enhance the HNTs affinity towards the oil/water interface as evidenced by the AGd
results. This effect is stronger for pectin addition, which induced a AGd increase larger than one
order of magnitude with respect to that of n-decane/HNTs/water system.The stabilizing effect of
pectin is consistent with its accumulation at the oil/water interface evidenced by confocal imaging.
Based on the thermodynamic and morphological results, we can conclude that pectin is the better
biopolymer to prepare stable emulsion. Interestingly, the addition of dications can allow to increase

the viscosity of the Pickering emulsion formed in pectin gel.
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Figure 4. Contact angle experiment for water droplet in decane media onto HNTs tablet surface.

Table 1. Interfacial properties for n-decane/HNTs/aqueous phase systems.

Aqueous phase Yow / MmN m! 0/° AGd/KT
water 35.6+0.6 37+1.2 7.0 x 104
Water+chitosan 2wt% 35.0+1.0 59.7+1.5 27 x 10*
Water+pectin 5 wt% 27.5+0.9 117.1£0.8 125 x 10*

Cleaning of marble surface
We carried out a test on the ability of Pickering emulsion in pectin gel for the removal of wax from

a marble surface. A thin layer of ca. 100 um of beeswax was deposited on marble samples. After



this treatment the surface color appeared altered and it turned from white to brownish. The choice
of wax has a double purpose: 1) it can be considered as a model system for an hydrophobic layer, ii)
it was used as protective layer for marble artifacts in the past and nowadays its removal is a first
step for a cleaning protocol in Conservation of Cultural Heritage. The efficacy of the wax removal
from a marble surface was estimated by monitoring both the water contact angle and the
colorimeter parameters of the surface as a function of gel application time. Figure 5 shows the
macroscopic cleaning action of the gel application on the marble surface. As concerns the
colorimeter parameters, it is typically accepted that AE<2.3 indicates undistinguished colors for
human eyes. As reported in Figure 6, the pectin based gel is more efficient than chitosan in wax
removal. This result is likely related to the structural characteristics of the Pickering emulsions,
which presents phase separation and a uniformity in chitosan and pectin gels, respectively. Water
contact angle data are sensitive to the cleaning process and they show that the marble surface is free
of hydrophobic substances after ca. 50 min of gel application time (Figure 7). Going further, we
decided to monitor the presence of pectin residuals onto the marble surface after the cleaning
procedure. To this aim fluorescence spectra were collected before and after surface rinsing with
water and a cotton swabs. Results indicated that pectin residuals are below detection limit if a
proper water rinsing is performed after gel application (Figure 8).

Finally, the Pickering emulsion in pectin gel was tested in a real artwork. The cherubs of the funeral
monument of Placido Caruso from St. Joseph’s Chapel in Polizzi Generosa (Italy) was selected,
although a very little information about the nature of the coating was available, the surface appeared
far from the typical white of marble likely due to coherent layer of dust. Moreover, the hydrophobic
nature of the deposit is proved by the low and inefficient cleaning action of water applied with a
cotton swab. Thus, cleaning was carried out by means of the Pickering emulsion in pectin gel phase.
The optical photos before and after the treatment (Figure 9) show the promising results in terms of

whitening and controlled cleaning of the surface after 10 min contact time.
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Figure 5. Optical photo of marble sample before and after Pickering emulsion in pectin gel

application.
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Figure 6. Color difference parameter for marble surface during cleaning with Pickering in Pectin
and Chitosan gels as a function of the gel application time. Control refers to untreated region.

Dashed line is the contact angle on polished marble surface.
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Figure 7. Water contact angle onto marble surface during cleaning with Pickering in Pectin gel as a

function of the gel application time. Dashed line is the contact angle on polished marble surface.
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Figure 7. Fluorescence spectra from pectin gel, marble surface after cleaning with Pickering in

Pectin gel and mechanical or water rinsing for gel removal.



Figure 9. Application of the Pickering in Pectin gel system on cherubs of the funeral monument of
Placido Caruso (Polizzi Generosa, Italy). Left hand side: Before cleaning. Right hand side: After

cleaning. In the dashed box, the cleaning region.

Conclusions

Pickering emulsions gels were successfully fabricated by the combination of halloysite nanotubes
and biopolyelectrolites (pectin and chitosan). We observed that the adsorption of the nanotubes at
the water/oil interface is strongly favored from the thermodynamic point of view and it provides a
steric barrier against drop coalescence. The synergistic stabilization of emulsions was evidenced by
halloysite and biopolymers (chitosan or pectin). Pectin allowed us to obtain a stable and uniform gel
from the Pickering emulsion and the polymer/nanotubes accumulation at the oil droplet surface was
imaged. Therefore, a oil pool dispersed in micro-ranged droplets separated from the continuous
water phase by the nanotubes/pectin layer is obtained. The system is very promising in practical
applications related to controlled cleaning of stone based artifacts. In particular the dispersion of oil
into small droplets will ensure a non-aggressive and safe cleaning agent while the gel nature
provides a well defined area of application. In addition to the encouraging cleaning performance,
the prepared formulations follows a sustainable receipt being all components, with the exception of
the oil phase, from natural sources. The large amount availability at low cost of halloysite
nanotubes and pectin additionally renders conversion to large scale applications feasible. Finally,
the main contribution that this work offers in the field of nanomaterials for the cleaning of artworks

is the introduction of the Pickering emulsion in gel phase by using biocompatible ingredients.
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