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Pickering Emulsions Stabilized by Halloysite Nanotubes:
From General Aspects to Technological Applications

Lorenzo Lisuzzo, Giuseppe Cavallaro, Stefana Milioto, and Giuseppe Lazzara*

Besides surfactants, which decrease the interfacial tension between two
immiscible liquids, also interfacially active particles can successfully stabilize
an emulsion system by attaching at the liquid-liquid interface. The preparation
of the resulting Pickering emulsions has been so far investigated starting

from the study of the interactions arising between the dispersed droplets

and the stabilizers, till the application of these systems in a wide range of
different fields. This work is intended to provide an overall overview about the
development of Pickering emulsions by considering the most general aspects
and scanning the diverse types of solid stabilizers. Among them, Halloysite
nanotubes play a major role as naturally derived clay with emulsifying

capability owing to their cheap, abundant, green and biocompatible properties.

Therefore, the design of Halloysite stabilized Pickering emulsions is the main
content of this review, which will survey the role of nanotubes in providing
colloidal stability and will comprehensively sum up the use of these particles
in technological and industrial purposes: from environmental to catalytic, from

industrial or personal uses can increase
environmental pollution (e.g., water con-
tamination or CO, production) and can
also lead to adverse health effects (e.g.,
irritation, allergic reactions or hemolytic
issues).l Hence, an eco-friendly and sus-
tainable alternative had to be found.
Pickering emulsions, which are named
after the scientist who firstly reported
about them, are characterized by the pres-
ence of interfacially active particles which
provide stability.”) These Pickering sta-
bilizers adsorb at the oil/water interface,
in the case of an oil-in-water or an water-
in-oil emulsion, and play their role.®l In
particular, unlike conventional surfactants
stabilized systems, the high colloidal sta-
bility has not to be found in the decrease

health to cultural heritage related applications.

1. Introduction

Since the pioneering studies of Ramsden and Pickering in the
early years of the last century, particles stabilized emulsions
have been fascinating the scientific and academic commu-
nity.}?l It is well known that an emulsion is a thermodynami-
cally unstable system composed of two immiscible liquids
where one is dispersed in the other.’] Due to the high surface
energy between the two immiscible phases, the droplets tend to
coalesce until their complete separation.

To prevent their breaking, conventional emulsions are gen-
erally stabilized by the addition of surfactants which can form
a molecular film around the droplets and decrease the interfa-
cial tension.’) However, their utilization can cause some det-
rimental effects. The large-scale application of surfactants for

L. Lisuzzo, G. Cavallaro, S. Milioto, G. Lazzara
Dipartimento di Fisica e Chimica

Universita degli Studi di Palermo

Viale delle Scienze, pad. 17, Palermo 90128, Italy
E-mail: giuseppe.lazzara@unipa.it

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202102346.

© 2022 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms
of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/admi.202102346

Adv. Mater. Interfaces 2022, 9, 2102346 2102346 (10f 29)

of the surface tension but in the formation
of a physical barrier at the interface.’! The
irreversible anchoring of (nano)particles
can be explained by taking into account
the high energy needed for their desorption from the interface
of the two immiscible liquids.'”) Hence, a strong steric barrier
is created and the emulsions possess a high resistance to coa-
lescence, deformation and Ostwald ripening with an effective
protection of the droplet for a long time.!®!

Although the design of Pickering emulsions did not immedi-
ately receive much attention at the very beginning due to the lack
of knowledge and to the limited choice of stabilizers, the recent
advances of nanotechnology and material science provided a
favorable scenario for their development on a large scale.l'!l The
several advantages of Pickering emulsions compared with sur-
factants stabilized droplets (e.g., reduced or no toxicity, low cost of
production, easy storage, simple recovery) are the basis for their
use in a wide range of different applications nowadays, ranging
from food science to cosmetics, from oil recovery to catalysis and
to drug delivery.">™ Many factors can affect the Pickering emul-
sions system. For instance, the chemical nature of the stabilizing
particles, their shape and size but also their concentration and
charge, the type of oil used during the preparation, the interactions
arising between the counterparts, the pH of the medium, etc.!

As a consequence, the investigation of nanoclays based Pick-
ering emulsions has become a major topic in material science
and nanotechnology due to the wide choice of starting raw
materials, each one possessing its peculiar features. In this
paper, we will firstly focus on the general aspects and physico-
chemical insights of Pickering systems. Then, the different par-
ticles which are mainly used for their design will be concisely
considered. More interestingly, this review wants to sum up the
recent advances in nanoclay-based Pickering emulsions with a
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special focus on Halloysite Nanotubes by reporting their devel-
opment and also surveying the different fields of applications,
which will be the main object of our attention here.

2. Pickering Emulsions: A General Overview

2.1. Adsorption of Pickering Stabilizers at the Interface:
Physico-Chemical Insights

The formation of Pickering emulsions is the result of many fac-
tors which play a specific role in the emulsification mechanism.

Binks et al. reported that the energy needed for a spherical
particle to be desorbed from the oil/water interface, namely the
detachment energy (AE,), can be described as:["*!

AEdet = n-rzyo/w (1 il(:OSH')Z (1)

where r is the radius of the spherical particle, y,, is the interfa-
cial tension between oil and water, 6 is the three-phase contact
angle (also known as the wetting contact angle). The “+” refers
to desorption to the oil phase whereas the “-” refers to desorp-
tion to the water phase.

It is clear that the dimension of the adsorbing particles, the
interfacial tension of the emulsion and the wettability are cru-
cial parameters governing the stabilization of the Pickering
system, as aforementioned.

In particular, the solid particles should attach at the oil/water
interface being partially wetted by the two liquids and the mag-
nitude of the contact angle determines the type of emulsion,
either oil-in-water or water-in-oil (Figure 1).%1 Hydrophilic par-
ticles (0 < 90°) preferentially form O/W emulsions while hydro-
phobic particles (6 > 90°) tend to stabilize W/O droplets in the
case of a single layer. When the Pickering emulsions are sta-
bilized by multiple layers, instead, the values of contact angle
fall within 15° < 6 < 120° for O/W and 50.7° < 6 < 160° for W/O
emulsions, respectively.']
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Figure 1. Scheme representing the relationship between the particles
contact angle and the type of Pickering emulsions (O/W or W/O).
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From Equation (1) one can see that also the dimensions of par-
ticles control the stability in terms of detachment energy. Indeed,
AEg., increases with the square of the sphere radius so that larger
particles provide higher stabilization. However, Li et al. sug-
gested that an upper limit must be considered to avoid sedimen-
tation and to oppose the decrease of the adsorption kinetics, the
result of which would be a less efficient packing at the liquid—
liquid interface, as observed for extensively large starch particles
used as stabilizers with no droplets formation.'®1! On the oppo-
site side, a lower limit is also required to reach a significant value
of AE4 and to avoid the Brownian effects to become significant
enough to prevent the attachment of particles at the liquid-liquid
interface.’% As a general hypothesis, the diameter of a spherical
stabilizing particle should be in the order of some micrometers
to be irreversibly adsorbed, being the ratio between the detach-
ment energy and the thermal energy (AEg.t/k,T) = 10721

This is in contrast with conventional emulsions, where sur-
factants constantly adsorb and desorb from the interface.??
While in the latter case the stabilization is attributed to the vari-
ation of the interfacial tension, Pickering emulsions are irre-
versibly covered by solid particles that provide steric hindrance,
thus avoiding coalesce upon droplets collision.?*24

Besides, the rheological variations and the increase of vis-
cosity due to the presence of solids also contribute to the
stability enhancement.”>*] As a direct consequence, it was
reported that the concentration of the active solids can affect
the stability of Pickering emulsions. It can be intuitively noted
that, as long as the concentration increases, a thicker layer is
formed around each droplet and it slows down the coalescence
rate while increasing the viscosity of the system. 28]

Besides being partially wetted by both the immiscible liquids
without dissolving and besides the careful control of the par-
ticles dimensions needed to reach the formation of Pickering
emulsions, the surface charge of Pickering stabilizers also plays
a proper major role. The magnitude of the surface charge can
be measured through {-potential experiments. This parameter
is crucial because it directly affects the adsorption of the solids
and the interface. In particular, the particles tend to repel each
other when the surface charge is very high and their attach-
ment onto the droplet surface cannot occur.?”! Contrarily to it,
a low surface charge promotes the coalescence and aggregation
of particles at the interface, thus increasing the stability of the
final emulsions system.[?%]

It is worth to note that electrostatic attractions between the
solid particles and the droplet surface with opposite charge
could also be involved.?% In light of these aspects, the environ-
mental conditions must be considered because they can be tai-
lored to adjust and optimize the surface charges. Any variations
of pH or ionic strength could alter the electrostatic interactions
through protonation/deprotonation of functional groups and
also through screening effects created by the presence of elec-
trolytes in the surrounding proximity of the interface.l’!

As described in Equation (1) the interfacial tension between
oil and water holds a certain importance in the resulting adsorp-
tion mechanism although the system stability is not related to
its direct reduction. Nonetheless, it was reported that the nature
of the continuous and dispersed liquid phases determines the
microstructure of the emulsions.?? For instance, the different
polarity, hydrophobicity and chemistry of functional groups in the
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oil phase can considerably change the interfacial energy and the
droplet interactions with the Pickering stabilizers, thus affecting
the strength of attachment and the final stability.**l More inter-
estingly, the volume fractions of the two liquids should also be
considered because they define the final surface that will be
covered by the solid particles.*¥ Literature reports that the ratio
between the two phases influences the stability, the size and the
type of emulsions, which showed an inversion (from oil-in-water
to water-in-oil or vice versa) at a characteristic oil fraction value.”
It should be now clear that different parameters must be taken
into account for the proper design of stable Pickering emulsions,
each of them providing its specific contribution. Hence, the great
interest for these systems arose and developed till nowadays.

2.2. What Kind of Particles Can Act as Pickering Emulsifiers?

The different factors affecting the formation of Pickering emul-
sions and their stability were debated by a general perspective
in the previous paragraph. Until here, we referred to the inter-
facially active particles adsorbing at the liquid-liquid interface
as “Pickering particles”, “Pickering stabilizers”, or simply as
“solids”. However, a broad class of materials can be used for this
purpose, depending on the final application for which the system
has been thought: cosmetics, pharmaceutical formulations,
food coatings, paints, catalysis, environmental remediation, etc.
Herein, we will try to provide a clear overview of these materials.

Owing to their manageability and high colloidal stability, inor-
ganic particles have been explored from the very beginning for the
preparation of Pickering emulsions. To give an example, calcium
carbonate (CaCO;) was employed for the droplets stabilization by
Komatsu et al., and furtherly used to create templated inorganic
capsules which are soluble in acidic media.l*®! Metal oxides such as
titania (TiO,) and magnetite (Fe;0,) were exploited with the aim
to provide the stabilized Pickering emulsions with photocatalytic
functionalities and magnetic-responsive performance.l’”-® For
instance, the emulsions can be reversibly switched between stable
and unstable states by mean of redox reactions or by applying
external magnetic field and they can be used as extraction systems
for purifying aqueous solutions with high efficiency.*” Literature
also reports the preparation of nanoceria (CeO,) stabilized Pick-
ering emulsions for the design of nanocomposites possessing
transparency in the visible region combined with a strong UV
absorption, which is desired for UV-blocking coating applica-
tions.! Liu et al. developed black plasmonic colloidosomes by an
emulsion-templating method where gold nanoparticles (AuNPs)
were firstly used as Pickering stabilizers."! Undoubtedly, recent
achievements in nanotechnology and the development of particles
synthesis provided important tools for the fabrication of Pickering
systems. The possibility to control dimensions, morphology and
chemical groups on the surface made, among the others, silica
particles very interesting to such aim. Hydrophilic silica spheres
were used to stabilize oil-in-water emulsions by anchoring at the
liquid-liquid interface and forming a protecting monolayer on
the droplets external surface.”l Mesoporous silica with tunable
surface was used to successfully prepare both water-in-oil and oil-
in-water Pickering emulsions.*]

Inherently hydrophilic silica nanoparticles were modified
by in situ hydrophobization with oil molecules, such as dialkyl
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adipate, which enabled the formation of oil-in-water emulsions
whose stability strictly depends on the chain length of the
organic moiety.! More interestingly, it is reported that the
dimensions of the final droplets can be tailored by changing the
diameter of the silica particles used as solid stabilizers. Indeed,
the size of the Pickering emulsions decreases with smaller
silica nanospheres.! Also, Li et al. employed in situ polymer-
ization of SiO, to prepare Pickering emulsions with cinnamon
oil as inner core, thus possessing excellent and long-term anti-
bacterial properties, as showed by in vivo experiments.[*!

Nonetheless, some of these “hard nanoparticles” can show
side effects especially concerning health and cosmetics related
applications. Therefore, the need for particles of natural origin,
showing biocompatibility and environmental friendliness, has
become compelling.

The particle-like nature together with the ampholytic/amphi-
philic properties made proteins suitable for the adsorption at
the water/oil interface of Pickering emulsions (Figure 2).1%]

Literature reports about the preparation of spherical emul-
sion droplets stabilized by [lactoglobulin.*®! Plants derived
proteins are preferentially used due to their higher sustain-
ability compared to animal based products. Soy, lentils, chick-
peas, and corn proteins are only a few examples.[*->1

As a corn derived protein, zein possesses high hydropho-
bicity conferred by apolar aminoacids and this aspect repre-
sents an issue for the adsorption at liquid interfaces. Zou et al.
reported the increase of the hydrophilic character of zein by the
incorporation of tannic acid, which resulted in the formation of
functional Pickering stabilizers with tunable properties.>?

Besides, the use of polysaccharides offer many advantages
since they can be easily modified to tune their main properties
(e.g., hydrophobicity and charge) in order to reach the optimal
conditions for the stabilization of Pickering emulsions.**l Among
them, starch granules have been widely used to prepare emul-
sion systems with high resistance to the variation of pH or ionic
strength.’4 According to literature, this effect is most likely due
to the formation of an inter-droplets network similar to a gel-like
phase which confers thermo-responsive features to the system in
a swelled state with barrier performances.’! Similarly, Jiang et al.
reported the preparation of Pickering emulsions gels by exploiting
the gelling ability of a family of natural sulfated esters deriving
from polysaccharides, namely the k-carrageenans.”® Given the
high susceptibility to K* cations and the viscoelastic and brittle
properties of this class of hydrocolloids, they were employed for
the fabrication of oil-in-water droplets by changing the pH, the
ionic strength of the medium and the oil fraction.>®l

Due to their high aspect ratio, green and eco-sustainable cellu-
lose nanoparticles have been widely investigated for the design of
Pickering emulsions. The different types of nanocellulose showed
different capability to act as solid stabilizers due to their flexibility
and structural properties. Indeed, the longest and flexible BC (bac-
terial cellulose) has a slight effect on the formation of Pickering
emulsions whereas semi-flexible CNF (cellulose nanofibers) and
rigid CNC (cellulose nanocrystals) are good candidates (Figure 3).

In the former case the formation of droplet clusters can be
observed due to the depletion effect; in the latter case, instead,
the repulsive effect is dominant so that the different emulsions
can be well separated.’’! Starting from this, oppositely charged
cellulose nanofibrils were employed for the design of salt
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Figure 2. Proteins based Pickering emulsions: from the natural resource to the formation of particles. Reproduced with permission.”l Copyright 2020,

Elsevier Ltd.

responsive Pickering systems whereas cellulose nanocrystals
were used for the entrapment of thymol, which is an essential
oil immiscible with water, and the resulting stabilized particles
showed high larvicidal activity even after being embedded into
an alginate based matrix.l*®>%
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Figure 3. Cellulose nanocrystals (CNC), cellulose nanofibers (CNF), and
bacterial cellulose (BC) as stabilizers for Pickering emulsions. Repro-
duced with permission.[’] Copyright 2021, Elsevier Ltd.
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Moreover, in order to overcome some limitations to the use
of rigid particles (e.g., difficulty to deform and petrochemical
nature), also polymers based materials have been used for the
design of solids stabilized emulsions systems. Among them
poly(lactic acid) (PLA) and poly(caprolactone) (PCL) meet
the requirement for biocompatibility, Polystyrene (PS) and
poly(ethylene glycol) (PEG) were used for the fabrication of
colloidosomes and for the stabilization of Pickering emulsions
with a lipids based core and high coverage degree.®*%1 More
interestingly, pH and temperature responsive systems were
obtained by exploiting the proper features of poly(N-isopro-
pylacrylamide-co-methacrylic acid) (PNIPAM-MAA) microgel
particles, which can act a stabilizing shells by anchoring at the
interface of ionic liquid-in-water droplets.[®2

In addition, carbon-based particles such as carbon nano-
tubes, graphene nanoplatelets or carbon quantum dots have
been used for the development of Pickering emulsions to be
applied in catalysis, water remediation or biosensors produc-
tion.[3-] Tt was also reported that food-grade products such
as gelatin are necessary for the application of particle-stabilized
emulsions in food industry, where safety concerns are crucial
and they restrict the range of materials that can be employed
for the formulation of edible products.®®

It should be now clear that the range of particles that can be
used for the design of Pickering emulsions is very broad. Then,
we will try to provide more significant details about nanoclays
stabilized Pickering emulsions in the following paragraph.

2.3. Nanoclays Based Pickering Emulsions

Clay minerals are natural occurring materials structurally com-
posed by a tetrahedral sheet of silicon-oxygen and an octahedral
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sheet of aluminum or magnesium in a six-fold coordination
which are joined together by oxygen bridging to form 1:1, 2:1
and 2:1:1 phyllosilicates.”]

A common characteristic of clay minerals is their fine
grained natural structure. They can be divided into four major
groups in terms of the variation in the layered arrangement:
the kaolinite group, the smectite group, the illite group, and the
chlorite group.[®® Nanoclays belong to this wide family and they
have at least one dimension in the nanometric scale.

Due to their chemical and morphological properties, nano-
clays are excellent candidates for the stabilization of Pickering
emulsions. First of all, they are environmental friendly and bio-
compatible materials that can be used in basically all the appli-
cation domains.®] Their surface bears active groups, mainly
hydroxyls, which represent anchoring sites both for molecules
adsorption and for carrying out grafting reactions.”" As a direct
consequence, the wettability can be modulated to act as solid
stabilizers. It was previously discussed that this is a crucial
factor affecting the formation of Pickering systems.

Nanoclays can be easily dispersed in water or other organic
solvents depending on their external functionalization and the
viscosity of the dispersions can be controlled by volume frac-
tion variations.”!! Most importantly, these inorganic solids dis-
play a wide spectrum of different morphologies (i.e., layered,
rod-shaped, discoidal, fibrous, tubular) each of them with a
proper aspect ratio, anisotropy and size range."?

In Equation (1) the detachment energy was firstly reported.
However, it is worth to remember that Equation (1) can be
only used for spherical particles. Thence, a legitimate ques-
tion might arise regarding what happens for differently shaped
particles.

Literature reports that the detachment energy for a disc-like
particle with a negligible thickness is:"’]

AEdet =Yow ”Réisc (1 - |COS 9|) (2)

where Ry is the radius of the particle itself. Similarly, Ped-
direddy et al. deduced later that the detachment energy for a
rod-like particle can be expressed as:"

AE 4o = Yo Ig(1—|cos6]) 3)

where | and g are the length and width of the rod-like particle,
respectively.

Insightful details about the stabilization provided by
each particle can be obtained through the comparison of
Equations (1), (2) and (3). Indeed, it is possible to assess that the
detachment energy is a quadratic function of the term 1-|cos§|
for spheres and a linear function of the same term for rod- and
disc-like solids. Mathematically, these observations mean that
more energy is required to detach non spherical geometries
from a liquid-liquid interface in Pickering emulsions com-
pared to spherical particles, so that the former can act as stabi-
lizers more proficiently than the latter ones.”3! One should also
consider that any shape variations result in a different coverage
degree, which is maximized for discs and rods since they can
optimize their orientation at the interface.””! In light of it, ani-
sotropic particles can considerably improve the stabilization
of Pickering systems due to their morphology, besides their
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wettability, by irreversibly anchoring at the oil-water interface
and creating a physical barrier which provides steric hindrance
and inhibits Ostwald ripening and coalescence.”®! Therefore,
the various nanoclay minerals with different shapes play a
major role (Figure 4).

Literature reports the preparation of clays based emulsions
by using sepiolite, palygorskite and montmorillonite. In all
these cases, the interactions between the solids and the liquid
phases provided a strong barrier and limited the movements of
the droplets, thus avoiding their coalescence according to the
rheological properties of the systems. The presence of nano-
clays in the continuous phase is responsible for the increase of
the viscosity, which also represents a stabilizing factor./”!

Moreover, the type and concentration of nanoclays affects
the size of the final droplets which decreases when the particles
amount becomes higher as reported for, among others, mont-
morillonite and nonionic surfactants co-stabilized emulsions./®!
Also, Lu et al. investigated that the dimensions of attapulgite
nanorods stabilized droplets increased with increasing pH
values as a proof of the tunable interactions arising between the
clay and pH responsive chitosan.”)

Laponite, which is a synthetic layered magnesium silicate
from the hectorite group, was also employed as stabilizer
given its reversible thixotropic behavior and high negative
net charge.B% Stable emulsions were prepared by increasing
the ionic strength of toluene-in-water mixtures due to the
screening of repulsive forces. Otherwise, an increase of the
clay concentration rather than the ionic strength can also pro-
vide stability if it is high enough to induce the gel-like phase,
which is capable to overcome the repulsions.B) Among the
different applications, Yu et al. reported the use of laponite as
stabilizer for alkenylsuccinic anhydride (ASA) droplets, after
being modified with carbon nitride quantum dots to become
partially hydrophobic, for sizing procedures in the paper-
making industry.[#2

Similarly, montmorillonite particles can be modified with
surfactants to minimize the negative charge thus leading to
organophilic nanoclays that show high stabilizing efficiency
for the oil phase in a multiple emulsion system.® To give an
example, silane functionalization of montmorillonite platelets
increased the stability of oil-in-water emulsions and provided
a nucleation site for the formation of latex particles. Hence,
clay hydrophobic polymer latex nanocomposites with a clus-
tered structure were fabricated by using styrene and n-butyl
acrylate.[®3]

Kaolinite, which is the most representative clay in the group
which takes its name, has also been extensively investigated
for the preparation of Pickering emulsions. In particular, it
was reported that nanosheets display the ability to orient at the
interface and to form oil-in-water emulsions in the presence
of nut oil.B4 If the phase fraction increases, kaolinite particles
migrate from the water to the oil phase and form oil-in-water
droplets, due to the interactions between the clay surface and
the free fatty acids in the oil.®4 Similarly to the other clays,
the surface of kaolinite can be modified by the addition of sur-
factants in order to tailor its wettability. Neat nanosheets cannot
stabilize paraffin and formamide droplets because of the lack
of electrostatic effects whereas, after the modification with
non-ionic species, three months long stable emulsions can be
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Figure 4. Nanoclays with different morphologies for the stabilization of Pickering Emulsions.

fabricated.® Here again, pH and ionic strength, concentration
and volume fractions play a major role together with wettability.
It is worth to note that the chemical nature of kaolinite is the
same as halloysite nanotubes, which will be the main focus of
the following paragraphs.

3. Halloysite Nanotubes Based Pickering
Emulsions

3.1. A Hollow Nanotubular Clay with Peculiar Features

Halloysite nanotubes (HNTs) are natural occurring 1:1 phyl-
losilicates with unit formula identical to kaolinite, namely
Al,Si,05(OH),-nH,0, and they belong to the same clay
group.® HNTs are composed by the alternation of a tetrahedral
sheet of Si-O-Si overlapping an octahedral sheet of Al-OH and
the resulting layered kaolinite-like structure furtherly rolls up,
thus conferring the clay its very peculiar hollow nanotubular
morphology (Figure 5).5-% The difference between HNTs and
kaolinite structural organization is most likely related to some
packing disorder caused by the presence of two water mole-
cules in the interlayer volume.’” Indeed, the n coefficient in
the chemical formula of halloysite indicates the number of H,0
units, and it can be 0 or 2. Depending on it, halloysite can be
classified as anhydrous or hydrated and the distance between
each of the 15-20 rolling layers can be 0.7 or 1 nm, respec-
tively.”! The dimensions of the nanotubes depend on their
natural source of extraction and they can be polydisperse. The
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external diameter is in the range of 50-200 nm, the internal
diameter can be from 15 to 50 nm and the tubes length is
1-2 um'[92,93]

The different chemistry between the external (composed
of Si based tetrahedrons) and the internal (composed of Al
based octahedrons) surfaces provides halloysite with its most
interesting property. Indeed, the former is negatively charged
and the latter is positively charged in a wide pH range, from
2 to 8.9%1 As a consequence, it is possible to selectively
functionalize the different surfaces of halloysite by exploiting
electrostatic interactions with ionic molecules and charged
species.”*%l Cavallaro et al. demonstrated that anionic sur-
factants (e.g., sodium alkanoates) can be adsorbed into the
inner lumen of HNTs and the final net negative charge of the
nanotubes increases, thus providing a higher contribution
of the electrostatic repulsions and enhanced dispersion sta-
bility.’”l According to the DLVO theory, the stability of a col-
loidal system is related to the balance between the attractive
van der Waals forces and electrostatic repulsions caused by the
double layer surrounding each particle but, at the same time,
the ionic strength also plays a role in screening the repulsive
forces due to the reduction of the double layer width.%®! The
result of the selective functionalization with anionic species
inside the inner positive lumen of halloysite is the creation of
inorganic micelles, with a hydrophilic shell and a hydrophobic
core, which can be used for the efficient removal of pollutants
and hydrocarbons (both aliphatic and aromatic).’”! Contrarily
to it, instead, inorganic reverse micelles in non-aqueous media
can be easily prepared by the functionalization of HNTs outer
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100 nm

Figure 5. a) Halloysite model surface: H atoms are in white, O in red, Si
in yellow, and Al in blue. Reproduced with permission.®”] Copyright 2017,
American Chemical Society. b) SEM and c) TEM images for halloysite clay
nanotubes. Reproduced with permission.®¥ Copyright 2020, American
Chemical Society.

negative surface with cationic surfactants, such as alkyltri-
methylammonium bromides.°! In this case, the system dis-
plays a hydrophilic core and a hydrophobic shell that generate
an aqueous nano-pool in organic media. This particular class
of reverse micelles possesses different dispersibility in organic
solvents and they can be exploited for the stimuli responsive
release of active cargos.!11102]

Halloysite nanotubes have been widely investigated in the
recent times and they have been exploited for a broad range
of applications due to their peculiar morphology and high
aspect ratio, the different chemistry and opposite charges at
the internal/external surfaces, the presence of a nanoscaled
lumen suitable for either the loading or the delivery of mole-
cules, the affordable low cost and for their biocompatibility and
no-toxicity shown in several in vitro and in vivo assays.[%31%]
Literature reports many studies dealing with the encapsula-
tion of biologically and chemically active compounds within
the inner lumen of HNTSs, each of them taking into account the
electrostatic interactions between the molecules and the nano-
clay as driving force.l" The most crucial step in the whole
procedure for the loading of nanotubes consists in a vacuum
pumping in/out operation, where the host/guest dispersion is
brought from atmospheric pressure to a vacuum jar in order
to optimize the amount of encapsulated species by keeping
the system under low pressure conditions for 1-5 h and then
cycling it back to atmospheric values. Generally, this operation
is repeated for 3 times. Price et al. firstly reported the loading
of Tetracycline, Khellin, and Nicotinamide Adenine Dinucleo-
tide into halloysite by vacuum pumping and they observed an
overall slight fizzing of the HNTs suspension inside the jar.""!
At the beginning, this phenomenon was related to the removal
of air from the inner volume of nanotubes with the consequent

Adv. Mater. Interfaces 2022, 9, 2102346 2102346 (7 0f29)

INTERFACES

www.advmatinterfaces.de

enhancement of filling efficiency.'!®) However, it was recently
found that the slight fizzing can be explained by the removal
of water from a confined space due to its larger vapor pressure
and, consequently, faster evaporation rate that can be attrib-
uted to the Gibbs-Thomson effect, both in aqueous and organic
media.[117118]

Starting from these observation, different drug delivery sys-
tems were developed. For instance, non-steroidal anti-inflam-
matory drugs (NSAIDs) and antibiotics were encapsulated
within the lumen of HNTs and a broad range of different
functional smart nanomaterials for health applications were
prepared in combination with polymers, biopolymers or sur-
factants.'®121l The development of halloysite/keratin nano-
composites for the photoprotection of human air was also
reported.®] Besides, the preparation of poly (&-caprolactone)
(PCL) based nanocomposites with embedded lisozyme loaded
halloysite was carried out to design antimicrobial membranes
for food packaging applications.'?2l Similarly, antioxidant
species were loaded inside the nanoclays for the protection
and long-term storage of food.l?3] The creation of self-healing
protective coatings was also reached by loading HNTSs cavity
with corrosion inhibitors (e.g., benzotriazole) that can be
added to paints for the improvement of both the anticorro-
sion performances and the coating tensile strength.[124-126]
Moreover, halloysite has been widely investigated for cata-
Iytic purposes as well as for oils and chemicals capture in
environmental remediation, for the treatment and conserva-
tion of cultural heritage, the development of cementitious
materials for building technology and as nanofillers for the
design of novel bioplastics with enhanced thermo-mechanical
properties.[127-136]

3.2. HNTs as Interfacially Active Stabilizers

As a consequence of their numerous advantages (low cost, bio-
compatibility, environmental friendliness, mechanical strength,
different surface charges, hollow tubular morphology, etc.) and
their switchable partial surface wetting properties, Halloysite
Nanotubes are efficient candidates as interfacially active inor-
ganic particles for the formation of Pickering emulsions.

Assuming the geometry of a solid cylinder with flat faces and
with a three-phase contact angle, as shown in Figure 6a, it is
possible to approximate the tubular morphology of HNTs.['¥/]
According to what was previously discussed in the general
overview, the emulsion system can be destabilized by particles
desorption to the bulk phases and the contact angle at the oil-
water interface is the parameter defining which phase will be
preferred. Since halloysite-water-oil three phase contact angle
is <30° (25.6 £ 0.1° for halloysite — water — dodecane interface
measured by the compressed tablet method), pristine clay par-
ticles will more proficiently stabilize emulsions having H,O as
bulk phase.[138]

HNTs desorption from the oil-water interface to the aqueous
bulk phase can be considered as the most thermodynamically
favorable scenario. As a consequence, the study of the sur-
face free energy for cylindrically shaped particles results in a
detachment energy (AE) from the interface to water that can be

expressed as reported by Owoseni et al.:[1¥]
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Figure 6. a) Cylindrical geometry of halloysite in a side-on orientation at a
planar oil-water interface. b) Variation of free energy of detachment with
number of contacting cylindrical particles in capillary aggregates trapped
at the oil-water interface. Cylinders possess a length of 1 um with radius
ranging from 25 to 125 nm. Reproduced with permission.['] Copyright
2014, American Chemical Society.

(4)

2.
AEs = 2rLy0/w(sin0—9cose - rocosf + reos fsme)

where 0 is the three phase contact angle, %, is the interfacial
tension between oil and water, L and r are the length and radius
of the cylinder, respectively.

By taking into account the dimensions of halloysite, =1 um
long cylinder with radius =50 nm, the three phase contact angle
which is 25.6° when dodecane is the oil phase, and the dode-
cane—water interfacial tension of 49 + 1 mN m™ then it is pos-
sible to calculate the detachment energy. For this system AEg,
is (3.45 x 10%kT, meaning that the particles are irreversibly
adsorbed at the interface.*”]

Literature also reports that the existence of capillary inter-
actions between small particles due to the formation of a
meniscus at the oil-water interface.?l These attractive forces,
which typically overcome the thermal energy (kT factor), can
strongly affect the network of particles at the fluid interface,
thus provoking their interconnection and the formation of
aggregates.[141147]

For that concerns Halloysite Nanotubes, they are jammed
together at the interface in a chain-like assembly of cylindrical
particles whose final length is greater than the proper length
of a single nanotube, L’ > L >> r. Hence, Equation (4) can be
rewritten as:[¥]

AE4 =2rL'Y oy (sin6 — 0 cos ) (5)

As shown in Figure 6D, the energy of detachment increases
with the particle radius and, most interestingly, with the
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number of particles interconnecting by end-to-end linkages.
Indeed, the energy needed for the desorption of a network of
10 nanotubes, all of them approximately possessing a radius of
50 nm and a length of 1 um, increases by one order of mag-
nitude compared to the desorption of a single nanotube. This
enhancement of the energy of attachment is the result of capil-
lary interactions, which provide a strong contribution and play a
major role in halloysite anchoring at the oil-water interfaces.!'¥’]

Similar observations were made by Kpogbemabou et al.,
who investigated the preparation of oil-in-water Pickering
emulsions stabilized with three different pristine clays at high
concentration: namely 15 wt% of either halloysite or kaolinite
or attapulgite in the water phase. Notwithstanding the same
chemistry, halloysite can stabilize the system at higher oil frac-
tions compared to kaolinite. This effect is most likely related to
the higher specific area (i.e., 28 m? g~! for halloysite and 11 m? g!
for kaolinite, respectively), as a consequence of the different
morphological features.[*]

The prepared emulsions displayed similar long-term stability
even if no surface treatment was carried out for the three clays
and only a limited coalescence could be observed. Also, similar
values of droplet size and droplet size distribution were found,
regardless of the specific clay. More interestingly, rheological
studies enlightened the different behaviors between halloysite,
kaolinite and attapulgite.¥] For instance, halloysite based sys-
tems exhibited the highest yield stress and elastic modulus,
which is two order of magnitude larger than those of kaolinite
and palygorskite. Also, halloysite-based emulsions possess the
highest cohesive energy compared to kaolinite- and palygor-
skite-based emulsions which, instead, show similar behaviors.
The three systems have a gellike structure. The most rigid
structure, the highest cohesive energy and the lowest critical
deformation of halloysite based emulsions clearly indicate that
a strong network of nanotubes formed at the oil-water interface
due to the strong interactions between the elongated cylindrical
particles, thus enhancing their stability and cohesion.[]

Similarly, Cai et al. investigated the formation of Pickering
emulsion by using HNTs with uniform morphology prepared
from kaolinite. The stability was studied through the evalua-
tion of the emulsion volume fractions and the calculation of the
Creaming Index (CI), defined as:

Cl= (Z—) x 100% 6)

t

where h, is the volume of the emulsion layer and h; is the total
volume of the sample after stratification and separation. Hence,
a higher Creaming Index indicates a higher stability.

After a 3 weeks long equilibration period, the CI was 76% for
HNTs based emulsions and 56% for the kaolinite based emul-
sions, respectively. Thus, halloysite could act as a better emulsi-
fier than its sheet-like precursor. Similar behaviors were found
even after centrifugation.'* The reason of halloysite better per-
formance has to be found in its ability to form a regular and
ordered single layer of closely packed nanotubes at the water-
oil interface thank to their uniform shape and size, thus hin-
dering the coalescence of droplets and their aggregation. On
the other side, clay sheets cannot assembly in a well-organized
structure at the interface. Here again, viscosity plays a major
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role. It is reported that the viscosity of HNTs based systems is
2.5 times that of kaolinite based counterparts, accounting for
better stability.4

We have already reported that the formation and stabiliza-
tion of Pickering emulsions is strongly dependent on the wet-
ting properties of the particles."”] Hydrophilic particles can
stabilize oil-in-water emulsions whereas hydrophobic particles
can stabilize water-in-oil emulsions. It is also worth to note
that strongly hydrophilic/hydrophobic particles could not act
as droplets stabilizers but they could remain in the aqueous/
oil phase, instead. For what concerns halloysite nanotubes, the
presence of Si-OH groups on the external surface is crucial for
the modification of the clay, whose wettability can be tuned
from hydrophilic to hydrophobic. Undoubtedly, this factor will
affect the type and the main characteristics of the resulting
Pickering emulsions.

Literature reports the use of p#Aminopropyltriethoxysilane
(#APTES) for such purpose. Sadeh et al. investigated the
adsorption of HNTs and APTES modified HNTs at the water-
palm oil interface to provide meaningful details. ! In par-
ticular, they found that the adsorption coverage density at the
interface increases with the concentration of halloysite until a
critical micellar concentration (CMC) is reached. In this con-
dition, the coverage density reaches its maximum value and it
remains stable upon further addition of clay.

Moreover, the study of the interfacial tension as a function
of time showed that its decrease is higher for APTES-HNTs
compared to pristine HNTs and the interfacial tension reaches
a quasi-equilibrium state when the interface is completely cov-
ered by a monolayer of nanotubes. In both cases, the prepared
emulsions were stable over a period of 4 weeks and neither
creaming nor sedimentation were observed. Wettability studies
showed that APTES-HNTs were hydrophobic and pristine
HNTs were hydrophilic, given the values of their contact angles
(97 £ 2° and 29 * 1°, respectively). As a direct consequence, the
former resulted in W/O emulsions and the latter in O/W emul-
sions, as experimentally demonstrated.[*]

Ouadaker et al. exploited the formation of halloysite sta-
bilized Pickering emulsions as templates for the design of
porous granules via freeze granulation.”! For this purpose, the
emulsion was atomized and frozen by spraying it into liquid
nitrogen. Then, a freeze-drying step under vacuum conditions
allowed for the sublimation of ice thus leading to the forma-
tion of macroporous capsules which could retain the initial
morphological features. In order to get a better control of the
formulation, the effect of pH and ionic strength was investi-
gated together with the addition of organic binders (poly(vinyl
alcohol) (PVA) and poly(ethylene glycol) (PEG)). It was observed
that the increase of pH from 3.4 to 7 is responsible for a rapid
creaming of the system. This effect is most likely due to the
charge transition from positive to negative on the inner surface
of halloysite, with an overall shift of its {-potential toward more
negative values. Hence, the extent of repulsive interactions
between HNTs and the oil increases and the emulsion breaks.
Contrarily to that, it was also reported that the concentration of
NaCl does not influence the stability of the Pickering system
and its {potential: all emulsions were stable during several
weeks, regardless the significant variation of conductivity (from
0.1 mS cm™! without NaCl to 9 mS cm™ for [NaCl] = 0.1 m).
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These findings could be explained by invoking the adsorption
of Na* and CI” ions on the surfaces of halloysite.*] To con-
clude, electrostatic interactions play a major role on the main
features of the emulsions. A highly negative surface is not rec-
ommended for stabilization, which is reached with medium
zeta potential values."”! Furthermore, the addition of different
concentration of PVA and PEG also affected the preparation
of both Pickering emulsions. After their adsorption on hal-
loysite surface via hydrogen bonding, these polymers provided
a steric contribution and increased the hydrophobicity of the
clay. Figure 7a shows SEM images of the porous granules after
freeze-drying of Pickering emulsions at pH = 3.4 with different
concentrations of binders.

It is clear that all granules have spherical shape and their size
distribution increases with the concentration of PVA and PEG

0.2% PVA-0R2%REG 0.5% PVASDSAPE:

X o 3

1% PVA 1% PEG
~ Sufface

1% PVA = 1% PEG
- polishéd sfice-

—Granules 0% PVA-PEG
L Granules 0.2 % PVA-PEG
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Figure 7. a) SEM images of powders obtained by freeze granulation
from halloysite emulsions with different concentrations of PVA and PEG.
b) Dimensions of granules obtained by freeze granulation of halloysite
emulsions at natural pH with 0—0.2% — 0.5% — 1% PVA and PEG. Repro-
duced with permission.[¥] Copyright 2020, Elsevier Ltd.
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(Figure 7b). Many pores could be observed when the content
of organic polymers is low but, on the other side, the surface
became smoother and more homogeneous when the concentra-
tion increased up to 1%. Halloysite nanotubes could be observed
on the outer surface and porosities still exist, as shown by SEM
images of the polished cross section. The binders are needed
to retain the structure and give enough cohesion.”l Moreover,
these materials may have a high potential for the encapsula-
tion of organic substances or as support for catalytic purposes.
Similarly, Buruga et al. synthesized Poly(styrene-co-methylmeth-
acrylate) (PS-co-PMMA) nanospheres by the ultrasound-medi-
ated polymerization of halloysite stabilized Pickering nanoemul-
sions. The resulting material can find applications in medicine,
dentistry, paper, paint, and automotive industries.*”!

In their recent work, Stehl et al. reported the preparation
of halloysite stabilized dodecene-in-water Pickering emulsions
that can be used for all those applications requiring an efficient
filterability.®" To give an example, the final step of an homoge-
neously catalyzed reaction is the separation of the catalyst from
the products as part of a recyclable process. In this context, one
could carry out the reaction either in a system composed by two
immiscible phases or, as an alternative, in a system composed
by two completely miscible phases. However, both cases pre-
sent an issue: small contact area between the reactants (which

(a) Two immiscible phases

Qil Efficient separation
Small contact area

()
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means low conversion rate) for the former case or difficult
separation procedure for the latter case. The use of Pickering
emulsions can overcome these disadvantages and it can provide
both high contact area and simple filterability (Figure 8).

As a matter of fact, the attachment of nanotubes at the oil/
water interface is irreversible being the calculated AEg. =
22 582 kT (T'=295.15 K), which is 4 orders of magnitude higher
than the thermal energy kT. HNTs are laterally oriented and
bundled together.[>!

In this study, the concentration of the clay was increased
from 0 to 1 wt% and it was observed that the emulsions are
successfully stabilized against coalescence and phase separa-
tion. More interestingly, the increase in concentration leads to a
nonmonotonous decrease of droplets size which can be attrib-
uted to some changes in the packing parameter and to the cov-
erage of the emulsions. In particular, halloysite nanotubes are
isotropically oriented at low concentration and they re-organize
in a radial side-to-side configuration at high concentration.

Finally, the membrane filtration experiments showed that
the emulsions could be concentrated up to over 90 vol% oil
phase and still be easily separated as suggested by the forma-
tion of a halloysite layer on top of the membrane.[>"!

These results demonstrated the high potential to use halloysite
based Pickering emulsion in many technological applications such

(b) Two miscible phases

No separation
High contact area

Pickering Emulsion (PE) = Emulsion stabilized by
Halloysite nanotubes (HNTs)

High stability
High contact area

Halloysite nanotube

Stable oil droplet

Basic research

f(part. conc.)

Membrane filtration

Efficient separation

Application

Possible applications of filterable HNTs stabilized PE
Hydroformylation of olefins
Loading/Release of anticorrosive agents
Spill oil remediation

etc.

Figure 8. Schematic Illustration of Three Different Systems: a) A system composed of two immiscible phases, b) a system composed of two completely
miscible phases, and c) the application of Pickering emulsions stabilized by halloysite nanotubes for membrane filtration. Reproduced with permis-

sion.[3% Copyright 2020, American Chemical Society.
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as catalysis, loading/release of active species, oil spill remediation,
etc. These aspects will be discussed in the next paragraphs.

4. Applications of Halloysite Stabilized Pickering
Emulsions

4.1. HNTs Based Pickering Emulsions for Environmental Purposes

Ecological sustainability has become a major societal concern
and environmental protection has represented a compelling
challenge in the last decades.™ Unfortunately, the global
population had to deal with large scale disasters quite often. In
2010 an explosion on the Deepwater Horizon (DWH) oil well
drilling platform started one the largest oil spill in the world’s
history. In that occasion, several millions of crude petroleum
barrels were released in the Gulf of Mexico.®? It is well known
that oil spill can detrimentally affect the health of plants and
animals both in the marine and in the coastal environments.
Also, human health can experience several problems because of
it.>3] As a consequence, many efforts were made to develop oil
spill remediation technologies.

The addition of dispersants, which are mainly surfactants,
for the emulsification of the spills represents one of the most
efficient procedures. For instance, it is reported that over 2.1
million gallons of Corexit EC 9500A, which is made of anionic
and nonionic surfactants, were employed during the DWH dis-
aster. The reason has to be found in the capability of sur-
factants to reduce the oil-water interfacial tensions and to break
the oil into tiny droplets which can be degraded by the action
of naturally occurring degrading microorganisms, including
Alcanivorax borkumensis and Cycloclasticus pugetti.>*1>] Also,
“marine oil snow” flakes consisting of bacteria, dispersed oil
and suspended microparticles can form and precipitate at the
bottom of sea, being denser than water.’® To do it, the sur-
factants must be dissolved in organic solvents (i.e., propylene
glycol and petroleum distillates) but the employ of large
amounts of surfactants and hydrocarbon solvents caused addi-
tional concerns about their impact on the ecosystem and the
disposable income.l'™! Hence, it is important to develop envi-
ronmental-friendly technologies for the treatment of oil spills
by minimizing the use of toxic species.

Owoseni et al. reported the use of halloysite for oil spill reme-
diation by exploiting the capability of the clay to act as stabilizer
in Pickering emulsions. More interestingly, the inner volume
of nanotubes was loaded with COREXIT 9500 representative
surfactants which can be furtherly released. Surfactants and
halloysite nanotubes can act synergistically to stabilize the
emulsion: the adsorption of surfactant molecules at the inter-
face can decrease the interfacial tension of oil/water interface
while the attachment of HNTs provides a steric barrier to drop
coalescence.'”l Dodecane-in-water optical micrographs are
reported in Figure 9 and it can be clearly observed that Pick-
ering emulsions formed even without any surfactants addition
and they are stable for more than 3 months. Also, it is worth
to note that the diameter of the droplets is smaller as the con-
centration of HNTs increases. Cryo-SEM imaging showed that
each oil droplets is covered by a layer of interconnected nano-
tubes assembled in a side-on orientation, being this network
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denser at higher clay concentration. Hence, the formation of a
rigid and protective interfacial shell which provides rigidity and
steric hindrance to coalescence was confirmed.[*®!

The synergistic effects of halloysite and surfactants were
investigated through the encapsulation of DOSS, TWEEN 80
and SPAN 80 in multiple combinations and applied to crude oil
droplets without the use of any hydrocarbon solvents.

Herein, it was found that the release of the organic species
from the clay lowers the crude oil-in-saline water interfacial ten-
sion, which is effectively reduced to the appropriate level for
oil spill remediation.> In this case, the size of emulsions is
smaller than those prepared with pristine halloysite as unique
emulsifier and these smaller droplets will expose a larger
area to the final degradation operated by marine indigenous
bacteria.l'¥’]

In order to prevent the instantaneous release of surfactants
from the inner lumen of halloysite, literature also reports about
the use of end stoppers which can control the delivery.'%% For
instance, the preparation of a 2D metal-organic framework
formed by coordinating Fe(III) with phenolic compounds, then
called metal-phenolic networks (MPNs) was exploited to coat
the nanotubes and to keep the surfactants inside them. In this
case, a synergistic effect between the attachment of the clay at
the outer surface of oil droplets and the subsequent release of
the organic molecules plays a role in stabilizing the Pickering
emulsions as well. The combination of the steric contribution
with the decrease of the interfacial tension is efficient for spill
remediation. In particular, the MPN can be formed after the
loading of Tween 80 within the nanotubes and it can be fur-
therly dissolved at acidic pH values, typical of marine environ-
ments, through protonation of hydroxyl groups which breaks
the metal coordination. According to literature the MPN coating
represents 12% in weight without changing the morphology of
halloysite except for a slight variation in thickness. Indeed, the
external diameter of nanotubes increased from 62 *+ 2 nm in
pristine HNTS to 85 £ 13 nm in the MPN-Tween80—HNTs.[160]
As it was discussed for Equations (4) and (5), the three-phase
contact angle is a crucial parameter for the stabilization of
emulsions. Here, the coating of halloysite resulted in an
increase of this value from 32 + 3° for pristine HNTs up to
78 + 3° for MPN-Tween80-HNTS, thus approaching 90°, which
is the optimal value for stabilizing Pickering emulsions. The
calculation of the AEg,/kT led to 1.52 x 10® meaning that the
nanotubes are strongly attached with a side-on alignment at
the external surface of droplets, which are 182.9 + 14 um in size
and stable for 2 weeks. Then, the pH-responsive release of sur-
factants can reduce the interfacial tension to allow the droplets
to be suspended in the water column and separated. It should
be noted that the use of end stoppers is needed to avoid any
organic solvents based formulations and just water can be used
in the whole procedure./*]

Farinmade et al. also designed an innovative approach to
seal surfactants inside the lumen of halloysite to avoid their
immediate release.l'®!l In particular, HNTs can be coated by a
thin layer of wax, which then dissolves upon contact with the
oil droplets. Figure 10 reports the preparation scheme.

Firstly, halloysite can be loaded with the nonionic Tween
80 surfactant, used as model being an intrinsic component of
COREXIT 9500EC. This step was conducted by carrying out
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0.1 wt% HNTSs

Figure 9. Optical microscopy images of dodecane-in-water emulsions with different concentration of HNTs. Scale bars = 100 um (left). Cryo-SEM
images of dodecane-in-water emulsions stabilized by HNTs. HNTS concentrations are 0.1wt% (a—d) and 1wt% (e—h). Reproduced with permission.%’!

Copyright 2014, American Chemical Society.

vacuum pumping cycles to optimize the encapsulation effi-
ciency. Then, the wax coating of surfactant-loaded halloysite
nanotubes (S-HNTs) was achieved by dip-coating them in
molten paraffin and air drying to allow the wax layer to solidify
and form the wax-coated surfactant-loaded HNTs (WS-HNTs).

Here again, authors reported that the nanotubes morphology
is preserved after coating, with an increase in diameter from
60-80 nm for the pristine clay to 120-180 nm for WS-HNTs.
The three-phase contact angle changed as well, from 8° for
HNTs up to 54° WS-HNTs, accounting for higher hydropho-
bicity. Also, electrostatic repulsions became less strong, being
the {potential —2.5 + 2 mV after coating, whereas it was
—20 £ 3 mV for bare halloysite. Release studies showed that
the wax shell can effectively control the delivery of surfactants,
which is delayed compared to S-HNTs.[161

Interfacial tension measurements showed that W-HNTs had
no effects, whereas the WS-HNTs systems caused a fall of the
oil-water interfacial tension to values below 15 mN m™ within
2 min, as a consequence of wax dissolution and surfactants
release after the interaction with the oil. The formed Pickering
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emulsions are stable for a month and they have a diameter of
13 £ 8 um, below the 50 um threshold for stable drops that can
be dispersed in the water column.['®2l Hence, the stabilization
of droplets by stimuli responsive WS-HNTs, which trigger the
release of the organic payload after contact with the oil phase,
represents an efficient strategy for oil spill remediation and
it avoids the use of organic solvents. Being wax also a hydro-
carbon, it can be easily degraded by marine organisms such as
Alcanivorax borkumen.[16%]

Yu et al. reported the functionalization of halloysite with
amphiphilic polypeptoid polymers by surface-initiated ring-
opening polymerization method to be exploited as solid stabi-
lizers for oil spill remediation.[®¥ Most interestingly, they found
that the hydrophilicity and lipophilicity balance (HLB) deeply
affects the stabilizing efficiency of the modified clay. The HLB
factor is defined as the mass fraction of the hydrophilic seg-
ments over the entire mass of the whole grafted polymer and
it can be adjusted by controlling the initial ratio of hydrophobic
and hydrophilic monomers. Also, HLB displays higher values
the more hydrophilic the polypeptoid is.'*l In order to evaluate
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(I) Halloysite Nanotube (HNT)

(b)
HNT in Tween 80
Surfactant solution
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loaded HNT
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Bare HNTs
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Figure 10. a) Chemical structure of halloysite nanotubes and Tween 80 surfactant. b) Scheme of the preparation steps for surfactant-loaded halloysite
nanotubes coated with wax. Reproduced with permission.['®l Copyright 2020, American Chemical Society.

the effect of polypeptoid-grafted HNTs (g-HNTs) on the o/w
emulsion stability, dodecane-in-water emulsions were prepared
in artificial seawater (35 g L' NaCl). The measurement of the
Creaming Index enlightened the formation of highly stable sys-
tems when hydrophobic copolypeptides are coating the clay. Con-
versely, the CI showed that the emulsions containing the hydro-
philic polypeptoid-grafted HNTs are unstable. In the former
case (HLB = 12.0-15.0), the coalescence of Pickering emulsions
is hindered and their mean diameters remain unchanged after
7 days, as a consequence of modified nanotubes attachment
at the o/w interface and formation of an interconnected net-
work.!% Moreover, the study of the dynamic interfacial tension
at the dodecane-saline water interface showed that it is corre-
lated to the HLB of the grafted polypeptides, being lower when
the polymer is more hydrophobic. The calculation of the energy
of detachment, which was carried out by using experimentally
derived contact angle values (ranging from 42 £ 5° to 146 + 1°
as the hydrophobic content of the polypeptides increased) indi-
cated that the functionalization of halloysite deeply enhances its
partition and anchoring at the oil/water interface, being AEy
26 times higher than that of bare clay and also higher the more
hydrophobic is the stabilizer. The viscosity of the system was
also studied by steady shear experiments of dodecane-saline
water droplets stabilized by g-HNTs and it showed that, after
functionalization, the viscosity increased compared to pristine
halloysite thus contributing to the emulsion stability.'*4 Besides,
cell culture studies conducted on A. borkumensis showed that
polypeptoid-grafted HNTs enhanced the maximum cell num-
bers in the culture, especially for halloysite functionalized with
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more hydrophobic polypeptides. Since smaller emulsions can
be formed with larger interfacial area compared with the bare
clay stabilized system, this can also play a role in the increased
cell growth rate. Hence, g-HNTs are green and biocompatible
emulsifiers whose stabilizing efficiency is strongly influenced by
the HLB characteristics of the grafted polypeptides and they are
nontoxic toward the dominant hydrocarbon degrading bacteria
but, rather, they can stimulate their growth thus optimizing the
oil spill remediation.[64

With regard to this, Panchal et al. investigated the prolifera-
tion of hydrocarbonoclastic bacteria on oil/seawater emulsions
stabilized by pristine and ODTMS-modified halloysite.l'%?! As
a first observation, no significant difference was reported in
the growth rate and generation time of A. borkumensis in the
marine broth supplemented with clay stabilized n-hexadecane
or Macondo crude oil, meaning that halloysite is safe for the
organisms even after modification. On the other side, the met-
abolic activity of bacteria increased in the presence of HNTS,
indicating that the cells viability and ability to consume and
convert nutrients is enhanced. The colonization of oil droplets
with hydrocarbon-degrading microorganisms was observed
using bright field optical microscope. By using n-hexadecane
as unique source of carbon it was found that the addition of
ODTMS-HNTs leads to the formation of a dense patterned bio-
film of bacteria at the surface of the oil droplet after 5-7 days, as
result of the bacterial growth between different nanotubes. !¢
Most interestingly, the capability of A. borkumensis to proliferate
on the surface of crude oil droplets was investigated and com-
pared to the detergent-based technology (Figure 11).
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Figure 11. Optical microscopy images of crude oil emulsions formed with a,b) 1 wt% dispersant blend c,d), 1 wt% of pristine HNTs e,f) and 1 wt%
of hydrophobized ODTMS-halloysite 1 and 3 days after inoculation of A. borkumensis, respectively. Reproduced with permission.®¢l Copyright 2018,

Elsevier Ltd.

It is possible to observe that a small number of rod-shaped
cells are attached to the surface of droplets stabilized by the dis-
persant blend, which is composed by 48% non-ionic and 35%
anionic surfactants representative of Corexit, both at 1 and 3
days from bacteria inoculation (Figure 11a,b). This effect can be
most likely related to the repulsion between bacteria and the
anionic species or to the growth inhibition of cells. Conversely,
the proliferation on pristine halloysite stabilized emulsions
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occurs immediately but no further increase can be observed
after 3 days (Figure 1lc,d), whereas the bacteria proliferation
leads to the formation of a dense biofilm on ODTMS-halloysite
coated crude oil droplets (Figure 11e,f).I'%%! Starting from these
results, new perspectives to treat oil spill by bio-remediation
have been opened.

For instance, reversing the structure of HNTs stabilized
Pickering emulsions allowed to fabricate a new type of liquid
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marbles possessing a high amount of microorganisms encap-
sulated within the spherical structure.'®”] The growth of bac-
teria inside the marble, which is due to the hydrophobic modi-
fication of the clay, is responsible for the formation of a biofilm
that improves the resistance of the material thus keeping the
bacteria safe for a long period. This findings open up a new
strategy for the storage of microorganisms and for the waste-
water treatment.[’]

Literature also reports another method for the adsorptive
removal of oily pollutants from water and it deals with the
use mesoporous/macroporous HNTs based microparticles
prepared by a Pickering templated-assisted approach.l'®8] Hal-
loysite was firstly functionalized with chitosan to modify its
charge and the hydrophobic behavior in order to enhance the
attachment of the tubes at the oil/water interface. The design
of the porous microstructures was carried out by anchoring
the chitosan modified HNTs on SDS-stabilized ethyl acetate
emulsions via electrostatic interactions and Pickering effect. It
should be noted that SDS-coated surface is negatively charged
whereas the chitosan-modified nanoclay is positively charged.
The importance of charges and electrostatic interactions on the
formation of Pickering emulsions was previously elucidated.
Then, the pH was changed to favor the aggregation of drop-
lets which furtherly overcome solvent diffusion and evapora-
tion of ethyl acetate, washing and drying into the final porous
materials. The capability of these materials to adsorb crude oil
from water depends on several parameters, such as amount of
adsorbent, contact time, temperature. The pH also plays a role
because it can affect the interactions between the adsorbent and
the adsorbate. In this case, the best condition was measured to
be in the pH range between 5 and 6.9. Moreover, the oil drop-
lets uptake decreased with the increasing ionic strength of the
solution due to the screening effect of the surface charges. It
is also reported that the crosslinked microparticles led to lower
removal efficiency compared to non-crosslinked microparticles
because of their smaller BET surface. The optimization of all
these parameters resulted in the maximum removal of 94.5% of
emulsified oil by the chitosan-grafted HNTs microparticles.[!6®]

It is worth to note that the self-settleability of an adsorbent is
also crucial to its practical application because it makes easier
the final separation of adsorbent-adsorbate complex after the
water treatment. In this case, settleability studies showed that
the chitosan-grafted HNTs microparticles display the highest
self-settleability rate both in water (i.e., 83.53% in 30 min) and
emulsified solutions (96.48% in 30 min). Besides, the adsorbent
was regenerated by using a mixture of ethanol and hexane to
wash out the adsorbed oil and it was possible to re-use it for five
cycles with a minimal loss in performance. The high efficiency,
self-settleability and ease of regeneration make these materials
very promising for the treatment of water.[%8]

Finally, Zhou et al. developed a water-compatible molecu-
larly imprinted polymer via Pickering emulsion polymerization
using halloysite nanotubes (HNTs@MIP) as stabilizing solid
particles for the selective removal of 2,4-Dichlorophenoxyacetic
acid (2,4-D) in aqueous media.'®! It is well known that MIPs
are a class of functional materials prepared by the copolymeri-
zation and cross-linking of monomers with a template. After
the removal of the template, some cavities are created each of
them representing an adsorption site with high specificity.”"]
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2,4-D was chosen because its wide use as herbicide raises sev-
eral concerns related to water pollution, poor biodegradability,
and moderate toxicity. Since the obtained HNTs@MIP dis-
played high selectivity, excellent recognition and rapid kinetic
binding toward 2,4-D in water solution, it can be exploited for
the adsorption and separation of a broad class of chemicals for
environmental remediation. [

Besides the oil spill (bio-)remediation, HNTs based Pick-
ering emulsions can also be employed for the enhanced oil
recovery (EOR). In particular, literature reports the design of
highly stable Pickering systems based on halloysite coated with
glucose-based cationic nonionic surfactants which showed, as
results of the nanofluid flooding test, a significant improve-
ment of oil recovery efficiency and a good oil displacement
effect.”!l Despite the development of ecofriendly sources, fossil
fuels still represent the dominant energy resource in the global
supply and the EOR based approaches are crucial to increase
the productivity of oil wells with minor risks for the environ-
ment and the ecosystem.

4.2. HNTs Based Pickering Emulsions for Catalysis

Nowadays, nearly 80% of chemical reactions are catalyzed. It is
well known that homogeneous catalysis is a process displaying
high selectivity, quantitative yield and an advantageous reaction
path. However, several issues make the homogeneous catalysis
complicated to be performed because of low recyclability, diffi-
culty to separate products from catalyst, loss of the catalyst itself.
Hence, heterogeneous catalysis represents a valid alternative. In
this case, the phase of catalysts differs from that of the reactants
or products and both recycling and separation are easier pro-
cesses. The hydroformylation of olefins to aldehydes is one of the
most important reactions for industrial applications and it can be
heterogeneously catalyzed in a two-phase system by a rhodium
(Rh) based catalyst.”?l Being this reaction conducted in water, it
is limited only to short-chain olefins who display enough water
solubility compared to the hydrophobic long chain olefins. The
latter, indeed, must still be hydroformylated in a homogeneous
phase, with all the problems related to the loss of the metal,
which is very precious and expensive.[2

In this context, Pickering emulsions shown to be effi-
cient in interfacial catalytic reactions and can overcome these
limitations.

von Klitzing et al. reported the hydroformylation of long
chain olefins to aldehydes, namely dodecene to tridecanal, by
halloysite stabilized emulsions.'”?! Firstly, the structure of the
resulting emulsions was tailored by changing some experi-
mental conditions such as concentration of the clay, vortexing
time during preparation, degree of hydrophobization, length of
the nanotubes and salinity of the medium. It was found that
for emulsions with 0.5-1 wt% in halloysite, the size of drop-
lets is lower as the vortexing time increases from 1 to 3 min
and the length of nanotubes does not affect the average diam-
eter of Pickering emulsions. In this case, the distribution of
the droplets dimensions can be influenced, being narrower
as the tubes are longer and it can be most likely related to a
higher steric hindrance which prevents emulsions aggregation
and the formation of larger droplets which would constitute
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Figure 12. a,b) Images of halloysite stabilized emulsions at the mass ratios of 1:3 and 3:1. (c,f) Fluorescence microscope images of the emulsions.
c,d) The water phase was dyed with fluorescein, and e,f) the dodecene phase was dyed with nile red. c,e) Water to oil mass ratio of 1:3, (d,f) water to
oil mass ratio of 3:1. Reproduced with permission.”3l Copyright 2016, WILEY-VCH.

the distribution tail. Also, an increase in halloysite concentra-
tion leads to denser packing at the oil/water interface of later-
ally oriented nanotubes, which stabilize the droplets against
coalescence. In order to study the effect of ionic strength and
hydrophobicity, studies were conducted in pure water and
NaCl aqueous solutions, simulating seawater, by using pure,
Hexamethyldisilazane (HMDS) and octadecyltrimethylsilazane
(ODTMS) modified HNTs. It was found that the dimensions of
droplets decreased in the presence of salt, due to the screening
of electrostatic repulsions between nanotubes and to a denser
packing at the interface. For what concerns the modified clays,
instead, salt does not play a role on the interactions but the use
of halloysite with the highest hydrophobic behavior (ODTMS-
HNTs) leads to smaller droplets compared with HNTs pos-
sessing medium hydrophobization (HMDS-HNTs).[73]

In order to perform the hydroformylation of olefin,
1-dodecene was used as reactant and oil phase in the Pick-
ering emulsions stabilized by pristine halloysite. The catalyst
precursor was [Rh(acac)(CO,)] modified with a water soluble
ligand. The reaction was conducted in a multiphase system.
Figure 12 shows that, regardless of the water/dodecene ratio,
the prepared Pickering emulsions were always oil-in-water type.

Fluorescence microscopy images show that both fluorescein
dyed emulsions (Figure 12¢,d) and nile red dyed emulsions
(Figure 12e,f) are formed by oil droplets dispersed in the water
phase for 1:3 and 3:1 water:oil mass ratios. It was also possible
to observe that the oil phase is not completely dispersed in the
water phase for 1:3 ratio and, contrarily to it, it becomes homo-
geneously dispersed for 3:1 ratio, without any visible excess of
dodecene (Figure 12a,b).

The results of the catalyzed hydroformylation of 1-dodecene
to tridecanal showed that after 24 h more than 36 wt% of the
product was formed and the amount of by-product (i.e., iso-
aldehyde) remains negligible during the whole reaction. Hence,
the selectivity is very high and the catalyst in the water phase
can be easily recovered by membrane filtration after the reac-
tion without any consequences on the oil phase. These are the
most outstanding advantages in the use of Pickering emulsions
for catalytic purposes: the combination of the high selectivity
and high activity, typical of the homogeneous catalysis, with the
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efficient separation and easy recyclability proper of the hetero-
geneous catalysis.[3]

Also, Stehl et al. investigated the effects of the Rh based cata-
lyst on the energy of detachment, droplets size and stability of
halloysite based Pickering emulsions and they focused on the
influence of these parameters also on the hydroformylation of
1-dodecene.7 Tt is reported that the presence of the catalyst is
responsible for a time-dependent decrease of oil/water inter-
facial tension from 50 to 14 mN m™ after 20 min due to its
molecular adsorption at the interface. Interestingly, the varia-
tion of the energy provided to homogenize the components of
the Pickering system also affects the final result. For instance,
preparing the emulsions by high energy sonication leads to the
formation of oil-in-water nanometric droplets without particles
attached at the interface, given the too high curvature. Contrarily
to it, the employ of ultraturrax (UT) with a lower energy input
results in micrometric particles which display HNTs attached
at the external interface. Therefore, UT was preferred to ensure
the anchoring of solid stabilizers to the droplets, whose diameter
monotonously decreased with increasing the clay concentration.
Being the three phase contact angle of HNTSs = 30°, the energy of
detachment was calculated to be 34 192 kT. The further addition
of the Rh-based catalyst to the water phase caused a slight reduc-
tion of AEg to 25 009 kT, as a consequence of the decrease of the
contact angle. Nevertheless, in the case of HN'TS stabilized emul-
sions with the addition of the catalyst, the highest mechanical
stability was observed. This finding can be related to the higher
coverage degree and to the attractive capillary forces between
nanotubes, which lead to self-assembled bundles.

For what concerns the hydroformylation, instead, pristine
HNTs-stabilized Pickering emulsions prepared by low energy
input (UT) leads to a low conversion of 1-dodecene to tride-
canal (i.e., 13 wt%, TOF = 18 h7)). In comparison, Pickering
emulsions prepared by high energy input (sonication) show
an increase in conversion due to the smaller droplets size and
to the absence of particles at the interface which interrupt the
contact between the catalyst and the oil. However, both the
preparation protocols resulted in low amounts of by-products
in the oil phase and they display high selectivity. These factors,
together with absence of leaching or loss of catalyst and ease
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Figure 13. Preparation scheme for Pickering HIPEs derived hierarchical porous nitrogen-doped carbon supported bimetallic AuPd catalyst. Reproduced

with permission.[73l Copyright 2020, Elsevier Ltd.

of separation and recycling, make convenient the use of Pick-
ering emulsions which, still, combine the advantages of homo-
geneous and heterogeneous catalysis.["

Finally, Guan et al. reported a versatile strategy based on
halloysite stabilized Pickering high internal phase emulsions
(Pickering HIPEs) for the preparation of a hierarchical porous
nitrogen-doped carbon (NC) supported bimetallic AuPd catalyst
to be exploited for the selective aerobic oxidation of biomass
derivative 5-hydroxymethylfurfural (HMF) into high value-
added 2,5-furandicarboxylic acid (FDCA).”” Pickering HIPEs
are usually referred to as super-concentrated emulsions stabi-
lized by solid particles with a minimum internal phase volume
fraction.!”®l The aim to find an advantageous path to perform
this specific catalytic reaction is crucial in order to join together
the increasing societal need for energy and the compelling
demand for a green and sustainable development model to
decrease the environmental impact. HMF is a biomass deriva-
tive with similar chemical properties with terephthalic acid
(TPA). It is well known that the esterification of TPA leads to
the preparation of polyethylene terephthalate (PET), which is
one of the five major engineering petroleum-based plastics.['”’]
In this context, the preparation of FDCA would provide a renew-
able and eco-friendly polymer with better thermal stability and
mechanical performances than PET. As a consequence, the
former could replace the latter and the selective oxidation of
HMEF to obtain FDCA has attracted extensive attention. How-
ever, this reaction requires noble metals as catalysts and an
alkaline medium, which represents several issues due to its cor-
rosive activity and pollution.8] The employ of nitrogen-doped
carbon supports allows to overcome this limitation because the
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electron-rich properties of nitrogen promote the formation of
base sites on the catalyst surface, avoiding the addition of alka-
line solvents. The interaction between carbon nitride carriers
and the active substances improves the overall stability of the
catalyst."””] Figure 13 reports the preparation route.

Oleic acid modified HNTs were used as solid stabilizers
for Pickering HIPEs possessing toluene as oil phase. Then,
porous Poly(HIPEs) were obtained by thermal initiating rad-
ical polymerization. The addition of urea and further carboni-
zation allowed to prepare the porous nitrogen-doped carbon
(NC) support with hierarchically microporous, mesoporous,
and macroporous morphology. In this case, the presence of
Hypermer 2296 surfactant as co-emulsifier in the starting mix-
ture is responsible for the connection between pores in an open
cell structure. Finally, the bimetallic Au/Pd catalyst was loaded
onto the carrier, thus leading to the formation of the Au,Pd,/
NC system.[] Tt is worth to note that any variation in the urea
content affects the nitrogen doping and changing the amount
of AuPd metal gives raise to different loadings. Bearing the
NC support some base sites, the reaction can be conducted
without any alkaline addition. Most importantly, some syner-
gistic effects arise from the combination of the support and the
bimetallic centers.

The study of the catalyzed oxidation of HMF to FDCA using
molecular O, as an oxidant was conducted by evaluating the
effect of several parameters such as reaction temperature,
reaction time, oxygen pressure, Au/Pd mass ratio, catalyst
dosage and basicity of catalyst support. It is demonstrated that
the optimal conditions are 140°C, 12 h, 2.0 MPa O,, 60 mg
Auy sPdys/NC catalyst. In this case, increasing the basicity of
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NC did not increase the yield, which remains similar to that
one reached with a NC support showing mild alkaline character.

The results of conversion efficiency were very promising: the
highest yield of 96.7% FDCA was achieved under these optimal
reaction conditions. Furthermore, regeneration test revealed
that the obtained Au,Pd,/NC catalyst can be recovered and re-
used five times without significant loss of catalytic activity.””!
The green and environmentally friendly biomass conversion
can be carried out starting, here again, from the preparation of
Pickering emulsions to design a versatile and efficient nitrogen-
doped carbon supported base-free bimetallic catalyst.

Also Chen et al. used a Pickering high internal phase emul-
sion as template for the design of a bifunctional catalyst to be
exploited for the synthesis of S5-ethoxymethylfurfural (EMF)
from biomass derivatives. They reached high yields of EMF
in optimal reaction conditions in an ethanol/tetrahydrofuran
(THF) medium.!8

4.3. HNTs Based Pickering Emulsions for Health Applications

The self-assembly of nanoparticles at liquid-liquid interfaces
is a powerful tool that offers a straightforward pathway for the
production of organized nanostructures to be exploited in a
wide range of applications. As it was previously mentioned, the
design of Pickering emulsion holds a certain importance even
for health related applications and technologies.

For instance, Wei et al. reported the preparation of ibuprofen
loaded poly(lactic-co-glycolic acid) (PLGA) microparticles by
exploiting the formation of Pickering emulsions and solvent
volatilization.'® To do it, stable oil-in-water droplets were
formed using HNTs attached at the oil/water interface, being
the oil phase a dichloromethane (CH,Cl,) solution of PLGA.
Then, halloysite coated PLGA microparticles were fabricated
by the evaporation of CH,Cl, from the core of emulsions.
Figure 14a,b shows that these microparticles are completely
coated by nanotubes, as confirmed also by EDS analysis where
Al and Si peaks can be found, which are proper of halloysite
(Figure 14d).

Also, bare PLGA microparticles were reached after washing
the HNTs coated precursor with an acid aqueous solution com-
posed of HF and HCI, which can dissolve the nanoclays. They
preserve the spherical shape and possess a smooth surface after
the removal of the inorganic solids, which is confirmed by the
lack of Al and Si in the EDS spectra (Figure 14e,fh). As final
step, the encapsulation of ibuprofen into the PLGA micropar-
ticle was studied by dispersing it in the CH,Cl, solution of the
polymer during the first preparation step. Herein, it is reported
that the pH of the solution affects the loading efficiency of
the drug due to its protonation and deprotonation, which vary
the solubility. Similarly, the release kinetics of ibuprofen from
PLGA microparticles depends on pH and at pH =74 it is faster
compared to pH = 1.2. However, because of the barrier effect
of the polymeric matrix, some drug remains entrapped within
the microparticles and could be released only upon the disinte-
gration of PLGA. Fitting the profiles allowed to assess that the
release follows Fickian diffusion. It should be noted that the
reported structure is biodegradable, no molecular surfactants
are employed and PLGA is the only polymer used in the whole
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procedure.®! This is an important point because PLGA is certi-

fied by the Food and Drug Administration (FDA, USA) as safe
component in many health related fields from orthopedics to
tissue engineering, from drug carriers to delivery systems.['82]

Literature also reports another example of the employ of hal-
loysite stabilized Pickering emulsions for the preparation of
porous materials to be used in health applications. For instance,
Hu et al. developed a class of poly(L-lactic acid) (PLLA)-modi-
fied halloysite nanotubes (m-HNTs)/poly(e-caprolactone) (PCL)
porous scaffolds by solvent evaporation of water-in-PCL clay sta-
bilized droplets, which acted as templates.['83]

The characterization of PLLA-HNTs allowed to confirm that
the grafting and the hydrophobic modification of the nano-
tubes occurred. The amount of PLLA-COOH was found to be
3.45 wt%. For what concerns the m-HNTs stabilized Pickering
emulsions having a CH,-Cl, suspension of PCL as oil phase,
they can be easily dispersed in dichloromethane but they aggre-
gate in water. As a result, their water-in-oil nature was also
confirmed and they could be stored for about 1 month at room
temperature due to the high stability. Similarly to the previously
reported studies, the emulsions were smaller and more stable
as the clay concentration increased, due to the higher coverage
of the W/O interface and to the steric hindrance which pre-
vents collision and coalescence. Also, increasing the water to oil
volume ratio created destabilization because the m-HNTs were
not enough to cover the larger water—oil interfacial area of the
emulsions droplets, which tended to collide and coalesce.

As a consequence, tuning these parameters (i.e., m-HNTs
concentration, W/O volume ratios) allows to tailor the pores
dimension of the final m-HNTs/PCL scaffolds from sev-
eral dozen micrometers to over one hundred micrometers,
depending on the diameter of Pickering emulsions templates
before solvent evaporation. Since the bacterial infection can be
detrimental in the initial period of the scaffold implantation,
the antibacterial drug enrofloxacin (ENR) has been loaded into
the scaffolds. For this aim, ENR was dispersed in the oil phase
and the same preparation protocol was followed. The direct
solvent evaporation allowed to reach high loading efficien-
cies, ranging from 978 * 3.6% to 98.5 * 3.9%. The study of the
release kinetics displayed a burst release in the initial 12 h and a
sustained release in the following 150 h.['®3] Most interestingly,
the release rate increases for m-HNTs/PCL scaffold possessing
higher drug amounts and it is slower for less porous samples.
In this case, the use of higher amounts of halloysite during the
preparation is responsible for smaller pores diameters and the
ENR remains entrapped for longer time. Moreover, the inhibi-
tion zone method was used to evaluate the antibacterial activity
of the drug loaded scaffolds against E. coli (Figure 15).

It is clear that the control sample without any ENR loading
has no antimicrobial activity. Contrarily to it, the ENR-loaded
scaffolds formed a visible dark ring around them, proving their
excellent capability in inhibiting the growth of E. coli even after
192 h (Figure 15a—c). It is noteworthy that, after 40 h, the inhi-
bition ring is larger for the scaffold M;sEs compared to the
others, as a consequence of the higher amount of drug loaded
into its pores (Figure 15d). Finally, in vitro cell culture assay was
carried out to assess the biocompatibility of the m-HNTs/PCL
porous scaffold by seeding mouse bone mesenchymal stem
cells (mBMSCs). Figure 15e reports the proliferation ability of
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Figure 14. SEM images of a,b) HNTs-coated PLGA microparticles, e,f) bare-PLGA microparticles. d,h) EDS spectra of the hybrid microparticle and bare-
PLGA microparticle at areas in red squares in images (b) and (f), respectively. c,g) Optical microscopy images of HNTs-coated PLGA microparticles
and bare-PLGA microparticles, respectively. Reproduced with permission.®l Copyright 2012, Wiley Periodicals, Inc.

cells, here described as optical density (OD), as a function of
time after 1, 3, and 5 days after implantation in scaffolds with
different m-HNTs concentrations. It can be assessed that the
mBMSCs can survive and proliferate. Interestingly, the adhe-
sion and proliferation of cells was enhanced by increasing the
amount of HNTs into the PCL matrix due to the higher surface
roughness.

Adv. Mater. Interfaces 2022, 9, 2102346 2102346 (19 of 29)

In conclusions, the m-HNTs/PCL scaffolds possess tunable
morphology, they have long term antimicrobial properties and
they are also cytocompatible. All these features demonstrate
their great potential in tissue engineering and drug carriers
applications.['®3]

In their work, Li et al. exploited the capability of halloysite
nanotubes to attach at the interface, known as “Pickering effect”,
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Figure 15. Antibacterial activities of ENR-loaded scaffolds with different storage times against E. coli: a) 40 h, b) 60 h, and c) 192 h. d) Antibacterial
activities of ENR-loaded scaffolds with the storage time of 40 h against E. coli. e) Cell proliferation of BMSCs after 1, 3, and 5 days of culture on the
m-HNTs/PCL porous scaffolds with different m-HNTs concentrations. Reproduced with permission.®3 Copyright 2018, Springer.

to develop a biomimetic nanocarrier platform for target-specific
delivery of phototherapeutic agents.'® To do it, HNTs were
firstly coated with poly(sodium-p-styrenesulfonate) (PSS) to
enhance their biocompatibility and, then, their lumen was loaded
with the type-II photosensitizer indocyanine green (ICG). ICG is
a therapeutic agent for phototherapy, recognized and approved
by the US Food and Drug Administration, which can be activated
by near-infrared (NIR) irradiation to produce singlet oxygen and
thermal effects against specific tumor cells.'®] The inhibition of
cell proliferation via damaging of vital cell components including
membranes, proteins and DNA is crucial for the development of
phototherapy, as a valid alternative to chemotherapy and radio-
therapy, in a non-invasive treatment of cancer. Figure 16 reports
the different steps of this work.

After decorating HNTs with PSS, the encapsulation of IGC
within the lumen of the clay was driven by electrostatic attrac-
tions. It is reported that, upon 808 nm laser irradiation of the
HNTs-PSS-ICG, the nanocarriers show enhanced efficacy of
single oxygen photosensitization compared to pure IGC and the
yield became even higher in aqueous medium or PBS buffer
compared to organic solvents such as ethanol or DMSO.[¥4

The photodynamic behavior of the nanocarriers was investi-
gated after the attachment at the membrane of giant unilamellar
vesicles (GUVs) via Pickering effects. Upon NIR irradiation,
pristine clay had no effects and they showed biosafety. For
what concerns the HNTs-PSS-ICG, instead, an advanced mem-
brane disintegration was observed after 20 s, proving the high
photodynamic therapeutic performance of the nanocarriers in
oxidative membrane destruction. Aimed at investigating the cyto-
toxicity of the designed material against human breast cancer
cells, the HNTs-PSS-ICG nanocarriers were further coated with
MDA-MB-436 cell membranes to improve their biocompatibility
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and to endow them with target specificity in the therapy perfor-
mance owing to the inherent antigens in the membrane. After
the incubation of the MDA-MB-436 cells, which are human cer-
vical carcinoma tumor cells, with HNTs-PSS-ICG it could be
observed that the nanocarriers adsorbed on the cells surface by
membrane adhesion. In vitro studies of the phototherapeutic
performance showed that after 160 s of NIR irradiation, the
cancer cells membranes were significantly damaged whereas
their nucleus overcome little morphological variation. The cell
mortality reached a value up to 95%. Therefore, it is possible to
assess that the designed nanocarriers exhibit high therapeutic
effect in killing cancer cells by specifically targeting the mem-
brane, due to their coating, rather than the nuclei.

Also, in vivo phototherapy studies were performed with tumor-
bearing mice, which were subjected to tail intravenous injection
of the membrane-coated HNT-PSS-ICG nanocarriers. Results
showed a higher photothermal effect at the cancer site of mice
compared with the injection of free ICG or uncoated HNT-PSS-
ICG, under a safe irradiance of 300 mW cm at 808 nm. The
phototherapeutic treatment resulted in a reduction of the tumor
volume by a combination of photodynamic and photothermal
effects upon near-infrared light exposure. It is possible to conclude
that the HNT-PSS-ICG nanocarriers can specifically adsorb and
attach at the interface of the cancer cells via Pickering effect and,
once there, perform their excellent phototherapeutic activity.1%

4.4. HNTs Based Pickering Emulsions for Cultural Heritage

The consolidation and protection of cultural heritage represents
one of the most compelling challenges of our time. The need to
restore and protect the historical artifacts in order to bequeath
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Figure 16. Schematic illustrations of a) the preparation of membrane-coated HNT-PSS-ICG nanocarrier, b) targeting phototherapy in model mice
injected via tail vein with membrane-coated HNT-PSS-ICG nanocarriers and Pickering effect on cancer cell membrane, and c) specific targeting effect
of membrane-coated HNT-PSSICG nanocarrier on cell membrane and cell disruption under NIR light irradiation. Reproduced with permission.l®4

Copyright 2019, Elsevier Ltd.

them to the future generations as evidence of the past is crucial
and it requires the commitment of scientists, restorers, histo-
rians and technicians. Pickering emulsions can play a proper
role also in this field.[8¢

It is well known that conventional surfactants stabilized emul-
sions are widely used in cleaning protocols given their ability to
remove hydrophobic species from the surface of artworks by
entrapping them into their core, in the case of oil-in-water drop-
lets. Nevertheless, the uncontrolled spreading and penetration of
these formulations can cause serious damages. The need to find
alternative stabilizers, such as solid particles, arises in this context.

Cavallaro et al. designed a Pickering emulsions system based
on halloysite and on a renewable biopolymer, namely pectin,
for the removal of wax from marble surfaces.'® To do it, HNTs
stabilized oil droplets were prepared in a pectin aqueous solu-
tion and the addition of divalent cations allowed to increase the
viscosity of the medium and to create a gel-like phase around
them. In particular, the presence of the biopolymer in a gel-
like phase can affect the stability and the dimensions of the
Pickering emulsions.

Contrarily to chitosan, whose effect was also investigated
in this work, which is responsible for phase separation, the
employ of pectin provides further stabilization to the system.
Indeed, oil droplets are homogeneously dispersed in the pectin
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gel phase and the droplet size distribution is shifted toward
smaller values compared to oil/HNTs/water Pickering emul-
sions. The calculation of the energy of detachment, which is
70 x 10* kT for oil-in-water and 125 x 10* kT for oil-in-pectin
aqueous solution Pickering emulsions respectively, suggested
that halloysite is strongly bonded and the presence of pectin
enhanced the HNTs affinity toward the oil-water interface
being AEg4., one order of magnitude higher. Also, the shelf
life of the pectin Pickering emulsions gel was estimated to be
3 months. These effects are most likely related to the variation
of interfacial tension, contact angle, and viscosity.['¥’]

Afterward, the ability of the Pickering emulsions in the pectin
gel to remove wax from marble surfaces was investigated. The
choice of wax is crucial because it is a good model system for
hydrophobic layers on historical artworks and it was used in the
past as a protective coating. Nowadays, its removal represents
the first issue to handle during cleaning protocols.[#8l

At first, the wax removal efficiency was studied by both colori-
metric analysis and contact angle experiments after the applica-
tion on a common piece of marble. It was found that HNTs based
Pickering emulsions in the gel-like phase are able to remove the
hydrocarbon species and the efficiency increases as a function
of the contact time between the solid substrate and the cleaning
formulation.'¥181 In particular, the marble surface is free of
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Figure 17. Application of the Pickering emulsion in pectin gel system on
cherubs of the funeral monument of Placido Caruso (Polizzi Generosa,
Italy): before cleaning (left) and after cleaning (right). Reproduced with
permission."¥] Copyright 2019, American Chemical Society.

hydrophobic substances after =50 min long application time. It
is noteworthy that no pectin residues can be found on the treated
material after a proper water rinsing. Finally, the cleaning formu-
lation was tested on a real artwork: the cherubs of the funeral
monument of Placido Caruso from St. Joseph’s Chapel in Polizzi
Generosa (Italy). Results are reported in Figure 17.

Although the nature of the coating layer was unknown, it
was composed by hydrophobic species as suggested by ineffi-
cient water cleaning. Here, the employ of the designed formu-
lation made of halloysite stabilized Pickering emulsions in the
gel-like pectin phase resulted in a controlled cleaning process
of the surface, which appears whitened after 10 min long con-
tact time. Therefore, the designed system is very promising for
cultural heritage related applications, especially for marble or
stone based artworks. The presence of a gel provides an easier
manageability of the formulation, which can be swabbed in a
controlled area without spreading away. Besides, except for the
oil phase, all the components are green, eco-sustainable and
they are obtained from natural resources.'¥’]

Within the field of cultural heritage treatment, the conser-
vation of waterlogged archeological woods represents another
issue to tackle. After several centuries under water or anoxy
environments, the wooden structure loses mechanical resist-
ance due to the degradation of lignocellulosic polysaccharides
and lignin carried out by bacteria and fungi.® As a conse-
quence, their recovery is a critical problem because the art-
works can collapse and be destroyed upon drying before being
treated and exposed in museums or exhibitions.

In the recent times, several procedures have been devel-
oped and the most common ones deal with the use of
poly(ethylene) glycols (PEGs). This method was very prom-
ising at the beginning, since it allowed to reinforce the struc-
ture of the waterlogged woods with high efficiency in the
short term. However, later, some detrimental consequences
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were enlightened. For instance, the interactions between
PEGs polymeric chains and sulfate or iron compounds in the
woods are responsible for the production of acidic species
which increase the acidity inside the wooden structures, thus
enhancing the degradation in the long term.? The damage
of Vasa, a Swedish warship from the 17th century, is the most
popular example.['%3]

Other methods dealing with the use of biopolymers, ethers,
sugars, epoxy resins, or inorganic species are also critical due
to the need for high amounts of either organic solvents or acids
or they alter the aspects of the artworks in the long term.[1%419%]

In our previous work, we designed a novel protocol for the
consolidation and protection of waterlogged archeological woods
starting by the preparation of halloysite stabilized Pickering
emulsions possessing paraffin wax as inner core.”®! Herein, the
formation of oil-in-water droplets with nanotubes at the interface
was reached by exploiting the thermal properties of wax, which
is solid at room temperature and turns into liquid upon heating.
After melting, paraffin catches the clay around the droplets and
solid wax microparticles with halloysite entrapped at the outer
surfaces can be created after cooling down. Figure 18 reports the
SEM images as a function of halloysite content.

It can be observed that halloysite nanotubes are attached
at the external surface of the Pickering emulsions, whose
coverage degree depends on the clay concentration during
the preparation procedure, and it is higher as the amount of
HNTs increases. Moreover, as reported for others Pickering
systems, the particles are smaller when more solid stabilizers
are anchored at the interface. In order to study the effect of hal-
loysite on the crystallinity of the paraffin and to have insights
about the thermodynamics of wax melting, micro differential
scanning calorimetry (U-DSC) experiments were carried out.
It was found that, despite the transition temperature did not
change after the addition of clay compared to the pure hydro-
carbons, the enthalpy of the process (AH,,) decreased. This
finding is most likely due to the partial loss of crystallinity by
paraffin because of the nanoparticles anchoring at the outer
surface.l

Then, the designed microparticles were exploited for the
treatment of waterlogged archeological woods. After the
impregnation into wax/HNTs Pickering emulsions system,
both the transversal and the radial section of the woods were
coated by the wax/HNTs microparticles and the channels were
filled, contrarily to untreated samples who displayed empty
channels. It is worth to note that the treatment did not affect
colorimetric properties of the consolidated materials.

The evaluation of the mechanical properties was carried out
by dynamic-mechanical analysis (DMA). Figure 19a shows a
preliminary macroscopic assessment.

It is clear that the consolidated wood gained robustness
and mechanical resistance compared to the untreated sample,
which is very fragile.

For what concerns the analysis of stress versus strain curves
(Figure 19b), the results confirm that the treated wooden art-
works possess higher mechanical resistance, rigidity and stiff-
ness as showed by the enhancement of Young modulus and
stress at breaking point. Therefore, due to their dimensions,
the wax/HNTs microparticles can enter the wooden structure
by filling the empty pores, thus avoiding the collapse and the
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Figure 18. SEM images of wax/HNTs Pickering emulsions with increasing concentration of halloysite. Scale bars are 60 um. Reproduced with permis-

sion %8l Copyright 2021, American Chemical Society.

loss of the material structure. Besides the remarkable results
on the properties of the waterlogged archeological woods,
one of the most important features of the proposed treatment
protocol is its eco-friendliness. Water is the only solvent used
throughout the whole procedure, no organic volatile solvents
are employed, and this factor opens new perspective about the
possibility for this method to be scaled up for the treatment of
shipwrecks of larger dimensions.['%!

Afterward, starting from the preparation of wax/HNTs
Pickering emulsions, variable amounts of hydroxypropylcel-
lulose (HPC) were added in order to study its effects on the
colloidal behavior of the system.l'””] In particular, the pres-
ence of the biopolymer enhances the colloidal stability of the
Pickering emulsions by hindering their collision and aggre-
gation due to the increase of viscosity and to the decrease of
the surface tension in water. The solvent casting method was
carried out to prepare very homogeneous nanocomposites
displaying the wax/HNTs microparticles embedded in the cel-
lulosic matrix. Herein, wettability studies suggested that the
films hydrophobicity increased with the increasing amount

Adv. Mater. Interfaces 2022, 9, 2102346 2102346 (23 0f29)

of paraffin/halloysite microparticles and, more interestingly,
the rolling process of water droplets on the surface is facili-
tated. This feature is important especially for applications as
protective coatings because it endows an efficient removal of
other species from the treated material. Also, the addition of
microparticles is responsible for the decrease of the vapor
permeability of the nanocomposites, which can act as a gas
barrier. Studies on the transparency and colorimetric proper-
ties of the films suggested that they can be tuned by changing
the amount of the wax/HNTs microparticles in the polymeric
matrix. The thermal properties were also investigated and it
was found that the prepared nanocomposites can work as a
heat reservoirs better than pure HPC due to the presence of
paraffin. All these properties make the HPC/wax/halloysite
promising for application as packaging materials and/or for
the treatment of cultural heritage.™! Indeed, spraying this
formulation on the surface of a hydraulic mortar allowed to
obtain a protective hydrophobic coating on the stone, without
affecting its overall macroscopic aspect and colorimetric
features.[1%8]
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Figure 19. a) Optical photos of the waterlogged archeological wood before (up) and after (down) consolidation with wax/HNTs Pickering emulsions.
The scale bars are 1 cm. b) Stress versus strain curves for archeological wood consolidated with pure wax, wax/HNTs 0.05% w/w, and wax/HNTs 0.5%
w/w Pickering emulsions. Reproduced with permission.%®l Copyright 2021, American Chemical Society.

5. Conclusions and Perspectives

Pickering emulsions have received increasing attention in the
recent times due to their easy processing, manageability and great
potential in a wide range of applications. As reported in the first
paragraphs of this work, the colloidal stability of Pickering emul-
sions is crucial and it depends by many parameters such as the
nature and wettability of the solid stabilizing particles, their mor-
phology and concentration, the chemical nature of the oil phase,
the water/oil ratio, viscosity, pH and ionic strength of the environ-
ment, As a consequence, the physico-chemical properties of the
system (i.e., droplets size, rheology, stability) can be tailored.

For what concerns the interfacially active solids, a very
broad class of materials can be exploited for this purpose,
and they can have both organic and inorganic nature. Pro-
teins, polysaccharides, food-grade products, cellulosic deriva-
tives, polymers and carbon based particles are a few examples
of the former class. Gold nanoparticles, titania, magnetite,
nanoceria, silica, and nanoclays, instead, are some inorganic

Adv. Mater. Interfaces 2022, 9, 2102346 2102346 (24 of 29)

counterparts. Among clays, Halloysite Nanotubes hold a cer-
tain importance.

Owing to its peculiar hollow nanotubular morphology, sur-
face charges, aspect ratio, eco-friendliness, biocompatibility and
low cost, halloysite is an excellent material for the stabilization
of Pickering emulsions, as demonstrated by several volumes in
literature.

The adsorption of the clay particles at the liquid/liquid
interface, together with the existence of capillary interactions
between the tubes, provides steric hindrance to the droplets
and it prevents any collision, aggregation and phase separation.

This review discussed about these aspects in detail and also
enlightened the different fields where these particles can be
proficiently exploited. The environmental applications, con-
sisting of either oil spill (bio-)remediation or removal of pol-
luting chemicals from water has largely benefited from use
of halloysite based Pickering emulsions. Also, catalysis, drug
delivery and cultural heritage treatment represent other areas
of research and technology where the impact of halloysite
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stabilized Pickering emulsions has been strong. Undoubtedly,
being a quite new and open field, the research has not ceased.

New investigation routes are being taken and they deal
with the use of solids of mixed nature or binary particles for
the co-stabilization of droplets by joining together their proper
features (charges, morphologies, chemistry, wettability, etc.) to
create some emerging synergistic effects and to endow Pick-
ering emulsions with different functionalities. Also, the devel-
opment of multi-compartmented systems can be investigated to
create water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o)
double emulsions. In addition, halloysite stabilized Pickering
emulsions could also be exploited for the preparation of Janus
Nanotubes, which would be asymmetric particles bearing dif-
ferent functionalities on the two opposites sides of a single
nanotube, thus opening the way to a new class of materials,
which has not still been reported in literature.
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