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Abstract

Due to their localized surface plasmonic resonance properties, gold nanoparticles can
efficiently convert light into heat for rapid energy transfer in their microenvironment. Taking
advantage of this property, we have developed a new Pickering interfacial catalysis (PIC)
platform for the catalytic oxidation of cyclooctene at room temperature. Hydrophobic silica and
gold (Au/SiO2-C3) nanoparticles were combined with tri(dodecyltrimethylammonium)
dodecatungstophosphate  ([C12]s[PW12040]) nanoparticles acting both as on-site
heaters/plasmon activators and as in situ catalysts at the water/oil interface, under light radiation.
The catalytic performance of these new systems was significantly improved due to the
synergistic effect of the particles. In a second step, the grafting of ultra-small gold nanoparticles
(< 3 nm) on the surface of modified silica particles allowed the oxidation of alcohols such as
benzyl alcohol in Pickering emulsions. The systems obtained show better catalytic
performances without addition of base. Finally, the grafting of temperature-sensitive polymers
such as polyethylene glycol (PEG) onto silica nanoparticles (SiO2@PEG) has allowed the
development of new thermos-sensitive emulsion systems that can be destabilized at 80 <C
instead of centrifugation. The grafting of polyoxometalate onto these nanoparticles allowed the
transposition of the PIC concept to the oxidation of cyclooctene. The advantages of these “smart”
PIC systems hold great promise for the development of sustainable and green chemical

conversion process.

Keywords: Pickering emulsion; Pickering Interfacial Catalysis (PIC); Oxidation;

Nanoparticles; Silica; Gold; Polyoxometalate; Plasmonic; Synergy.



R&umeé

Gr&e aleurs propriéés de résonance plasmonique de surface localisee, les nanoparticules
d'or peuvent convertir efficacement la lumiée en chaleur pour un transfert d'éergie rapide dans
leur microenvironnement. En tirant profit de cette proprié& nous avons dé/elopp&une nouvelle
plateforme de catalyse interfaciale de Pickering (PIC) pour I'oxydation catalytique du
cycloocténe a température ambiante. Des nanoparticules de silice hydrophobée et d’or
(Au/SiO2-C3) ont é&é combinés ades nanoparticules de tri(dodéyltrimé&hylammonium)
dodé&atungstophosphate  ([C12]3s[PW12040]) agissant a la fois comme chauffages sur
site/activateurs plasmoniques et comme des catalyseurs in situ al'interface eau/huile, le tout
sous rayonnement lumineux. Les performances catalytiques de ces nouveaux systames ont &é
significativement améioré& gr&e al'effet synergique des particules. Dans un second temps, le
greffage de nanoparticules d’or ultra-fines (< 3 nm) &la surface de particules de silice modifie
a permis 1’oxydation d’alcools tels que 1’alcool benzylique en émulsions de Pickering. Les
systames obtenus présentent de meilleures performances catalytiques sans ajout de base. Enfin,
le greffage de polyméres sensibles ala tempé&ature tels que le polyéhyléne glycol (PEG) sur
des nanoparticules de silice (SiO2@PEG) a permis d’élaborer de nouveaux systémes
d’émulsions thermosensibles pouvant étre déstabilisées a 80 °C au lieu d’utiliser la
centrifugation. Le greffage de polyoxomésalate sur ces nanoparticules a permis de transposer le
concept PIC al'oxydation du cycloocténe. Les avantages de ces systémes PIC "intelligents"
sont tres prometteurs pour le déreloppement de procé&lés de conversion chimique durables et

&ologiques.

Mots-clé&: Emulsion de Pickering; Catalyse Interfaciale de Pickering (PIC); Oxydation;

Nanoparticules; Silice; Or; Polyoxoméallate; Plasmonique; Synergie.
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General introduction

General introduction

Catalytic oxidation plays an important role in the fine chemical industries [1-3]. The
traditional methods for catalytic oxidation have generally employed homogeneous catalysts (e.g.
metal salts or complexes) and stoichiometric oxidants (e.g. dichromate, permanganate, and
manganese dioxide), but the unrecyclable and toxic nature restrict their wider application [4, 5].
Green and sustainable processes are now the long-standing target for the development of
chemicals production. Researchers have investigated different alternatives for catalysts: metal-
organic frameworks (MOF) [6] and supported noble metal catalysts [7], and also alternatives
for conventional oxidants: H.O> [8], O2 [9] and tert-butyl hydroperoxide [10]. However, we
still face some challenges: how to increase activity and selectivity? how to develop green
solvent reaction or solvent-free systems? and how to reduce waste during the catalytic processes?
Moreover, a problem arises for the catalysts and the reactants located in different and non-
miscible phases. Biphasic reaction systems often suffer from low reaction efficiency because
of the high mass/heat transfer resistance, which is linked to the limited water/oil contact area
[11]. To overcome this limitation, co-solvents [12] and phase-transfer reagents [13] are used.
They allow the increase of the contact area and facilitate the transfer between phases. However,
the introduction of new additives can make their separation from the reaction system difficult

and harmful for the environment.

Pickering emulsions, composed of two immiscible phases stabilized by solid micro- or
nanosized particles, which was firstly reported by Ramsden (1903) [14] and Pickering (1907)
[15], have received increasing concerns in many different fields including pharmaceutics, drug
delivery, cosmetics, food industry, and more recently, catalysis [16, 17]. In the past decade, the
use of Pickering emulsions for catalysis has emerged as an advanced biphasic reaction platform
to overpass the limitations of the traditional technique [18, 19]. Conventional biphasic reaction
system often suffers from a low interfacial area of the two immiscible phases. The use of
Pickering interfacial catalysis (PI1C) system (i.e. emulsion stabilized by catalytic amphiphilic

NPs) is a promising strategy to improve the efficiency of biphasic reaction [20]. The location
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of solid catalysts at the interface can provide large oil-water interface areas to facilitate the mass
transfer of the reactants. Since the pioneering research conducted by Crossley et al. [21] in 2010,
PIC systems have demonstrated a great potential for different reactions, particularly in

reduction, acid catalysis, oxidation, photocatalysis, and transesterification/esterification

(Figure 1).
Acid catalysis

~~~~~~~~~~~ 7 Oxidation
- \\ )i
/’ ‘\ o
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Transesterification/ 7 Catalytic RN
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Figure 1. Main catalytic reaction types in Pickering interfacial catalysis system according to
the data extracted from SciFinder®.

So far, various nature of particles with tailored wettability have been used to stabilize PIC
systems, including metal, carbon, silica and enzyme based materials (Figure 2). Subsequently,
stimuli-responsive PIC systems have been developed by tuning the surface chemistry of the
particles sensitive to pH, temperature, light, gas, light or magnetic field [22]. Continuous flow
reactor and packed bed-like flow systems have been reported to take a step towards the
industrial needs [23, 24]. Also, such a PIC system can be used as a vehicle to carry out multi-

step cascade reactions to limit purification and isolation of intermediates [25].
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Others (17%) Metal particles
Clay (1%0) (28%)
Cellulose (2%0)
Polystyrene (3%o)
Graphene (6%0)

Carbon (23%)

Figure 2. Main particles used in Pickering interfacial catalysis system according to the data
from SciFinder®.

The booming development in PIC let us promoting the design of “smart” PIC system for
a sustainable and green chemical conversion. The goal of this thesis was to develop new
Pickering emulsion systems for catalytic hydrogen peroxide-based oxidation applications. The
manuscript has been divided into four chapters. Chapter I is a state of the art focusing on
emulsion stabilized by hybrid nanoparticles with an emphasis on the synergistic effects at the
water/oil interface. First, it is presented a list of different combination types of NPs and other
compounds with synergistic interactions for stabilizing emulsions. Secondly, the
physicochemical properties of the emulsion are discussed, such as their droplet size, long-term
stability, emulsion types and phase inversion, and rheological properties. The corresponding
mechanisms of synergism are then addressed. Finally, applications of such Pickering emulsions
are presented with their benefits for catalysis, photocatalysis, enhanced oil recovery, biomedical

and cosmetics and personal care product.

Chapter 11 reports the development of catalytic nanomaterials for the light-driven
oxidation of cyclooctene in a PIC system. The system combines amphiphilic silica NPs
decorated with gold nanoparticles, acting as on-site heaters/plasmon activators, and

[C12]3[PW12040] nanoparticles acting as catalysts. The preparation and characterization of the
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amphiphilic Au/SiO2-C3 NPs are detailed as well as the stability and plasmonic effects of the
dual NPs-stabilized emulsions. Then, the catalytic performances have been evaluated for the
plasmon-driven catalytic oxidation of cyclooctene using H>O, as an oxidant. The effect of
different experimental parameters on the catalytic performance have been investigated such as
the power density, the type of polyoxometalate (POM), the nature of solvent and the stirring

rate. Reusability test of the catalyst has also been studied.

Chapter 111 deals with the synthesis and characterization of amphiphilic Au@SiO»>-Cs
nanoparticles especially designed to be both catalysts and emulsifiers for improving the reaction
activity of the oxidation of benzyl alcohol under base-free conditions. The Au@SiO,-C3 NPs
are composed of hydrophobic silica core, and highly dispersed ultra-small Au NPs in situ
grafted onto the surface of the silica to be precisely localized ultra-small Au NPs at water/oil
interface. The catalysts are characterized by combining different techniques, including
transmission electron microscopy, infrared spectroscopy, thermal gravimetric analysis, X-ray
photoelectron spectroscopy and inductively coupled plasma. The physicochemical properties
of the emulsions stabilized by Au@SiO2-Cz NPs are presented as well as the catalytic
performance of Au@SiO»-Cs for the oxidation of alcohol in the PIC system, in comparison with

hydrophilic Au@SiO: in single phase catalysis system.

In chapter 1V, the preparation of a series of polyethylene glycol (PEG) functionalized
silica (SiO.@PEG) NPs with various molecular weights through a one-step synthesis are
reported. The physicochemical properties of the NPs are determined by transmission electron
microscopy, thermal gravimetric analysis, dynamic light scattering, tensiometry and zeta
potential measurements, and the formed emulsions have been characterized by optical
microscopy. The emulsions stabilized with SiO2@PEG NPs are used for the elaboration of
temperature-responsive Pickering emulsions. The effect of different oils has been investigated
for the temperature-triggered destabilization properties. Further, a PIC system based on the self-
assembly of SiO.@PEG and POMs is presented. The oxidative cleavage of cyclooctene in
Pickering emulsion is chosen as a reaction model in order to evaluate the efficiency of the

SiO,@PEG-POMs composites.
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Finally, a general conclusion highlights the results obtained and the main advantages of

the PIC concept are underlined. Outlooks of this work are also discussed.
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Chapter I. State of the art: Synergies at water/oil interface

1. Introduction

Emulsions are widely used in various industrial processes and commercial products, such
as cosmetic, drug delivery, food industry [1]. Usually, emulsions are stabilized by surfactant
molecules which adsorb at the oil-water interface to decrease the interfacial tension between
the phases. However, it is known that some adverse effects such as difficult recovery,
environment contamination, or microorganisms damage may be associated with the surfactants
[2, 3]. Moreover, there has been an increasing demand for “biocompatibility”, which limits their
use in some fields, food industry in particular. Alternatively, emulsions stabilized with micro-
or nano-sized particles - known as Pickering emulsions - are promising to address this issue [4,
5]. Solid particles play a pivotal part in the preparation of Pickering emulsions since they
provide a robust physical barrier against droplet coalescence thanks to their partial wettability
for each of the two immiscible phases. The nanoparticles (NPs) adsorb at the oil/water interface
to form an effective steric and electrostatic protective shield for the droplets. The type of
emulsion (oil-in-water (O/W) or water-in-oil (W/O)) is determined by the wettability of solid
particles at oil-water interface. The hydrophilic particles which are more easily wetted by the
water phase (0 < 90°), form oil droplets [6]. The opposite phenomenon occurs for more
lipophilic particles (i.e. water droplets). A wide variety of particles have been used in the past,
including inorganic, organic and hybrid NPs as Pickering emulsifiers [7-9]. There are several
advantages of using solid NPs compared to surfactants. Firstly, specific chemical functionalities
can be grafted onto solid particles giving some advantageous features in different applications,
like the existence of catalytic sites for catalytic reactions [10]. Secondly, the presence of
amphiphilic solid particles allows the increase of the interface areas between hydrophilic and
hydrophobic reagents at the nano- and microscales [11]. Thirdly, compared to molecular
surfactants, solid particles can be easily extracted from the emulsion after the destabilization of
the emulsion by different means such as centrifugation, salt addition, temperature increase [12,
13]. This character makes them as potential candidates in many significant processes, in

particular oil extraction and heterogeneous catalysis. Moreover, stimuli-responsive Pickering
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emulsion can be formed by the surface modification of NPs which can switch between
emulsification/demulsification and phase inversion through appropriate external stimuli (e.g.
pH [14], light [15], magnetic field [16], redox [17], temperature [18], etc.), and play an
increasingly role in specific applications, including drug delivery, catalyst recovery and

emulsion polymerization [19].

Since two decades, special attentions have been devoted to the development of Pickering
emulsion, including their preparation and properties, the morphology and chemical nature of
solid emulsifiers, and the different applications. For example, Yang et al. [20] described various
practical solid NPs used for the formation of Pickering emulsions, including hydroxyapatite,
silica, clay, magnetic NPs, chitosan, cyclodextrin, nanotube, and some food-grade stabilizers.
Ortiz et al. [21] compared the effect of the NPs morphologies on the type and stability of the
emulsion, and the current application of these emulsions. Wu et al. [22] introduced the effect
of the characteristics of NPs on the preparation and properties of Pickering emulsions.
Especially, they described the preparation methods of uniform-sized emulsions, including
microfluidic devices and membrane emulsification. Finally, they also discussed many
biomedical applications of Pickering emulsion, such as topical and oral drug delivery systems
and related materials using Pickering emulsions as templates. Zhu evaluated the recent
advances in starch modifications for the formation of emulsions, presenting a new sight for food
application [23]. Xiao et al. focused on emulsions stabilized by food-grade particles, and their
stabilization mechanisms based on interfacial microstructure observations as well as promising

research trends in basic research and fields of applications [24].

Currently, Pickering emulsions have dramatically changed the research scope of traditional
solid emulsifiers. This statement can be especially evidenced in terms of their interaction and
compatibility with material actively studied in other fields, such as polymer materials,
biomaterials and metal NPs. Synergistic interactions of NPs and additional substances allow to
create "smart" functional-hybrid with improved properties compared to individual components.
Hybrid NPs have attracted many attentions and opened the possibility to develop novel system

of Pickering emulsions. Remarkable synergistic effects have been observed in materials that
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combine NPs and different types of materials. Up to now, NPs have successfully formed many
functional hybrids with metal NPs, enzymes, surfactants, biomaterials and more. Such hybrids
are intensively explored for use in catalysis processes, food industry, enhanced oil recovery,

and so on.

This review aimed at giving an overview on the advancement of hybrid NPs at the
water/oil interface for the stabilization of emulsions. Different combinations of NPs with
synergistic interactions for stabilizing emulsions are listed below. The physicochemical
properties of these emulsions are discussed. Moreover, different mechanisms of wettability
modification or film formation are analyzed. Different applications of those Pickering

emulsions are presented.

2. Interactions between stabilizers at the W/O interface in Pickering

emulsions

The long-term stability versus the coalescence of Pickering emulsions ensures the form of
multitudinous micrometer-sized or even millimeter-sized emulsions, the stability, type (O/W or
W/O), morphology, characters of Pickering emulsions can be controlled by the properties of
solid particles. Encouraged by such unique merits, various solid particles, such as TiO2 [25],
CuO [26], silica [27], clay [28], polymer [29] and carbon material [30], with the advantages of
rigidity, dimensional stability, and thermal stability, have been widely researched for further
improving the properties or applications of Pickering emulsions. With the increased
requirements of highly efficient Pickering emulsions, a single particle is insufficient for
complex functions. In addition to single particle-laden interfaces, there has been growing
interest in stabilizing emulsions by particle-based composites. The synergistic effects between
different components cannot only keep the original properties of each components, but also
achieve further improvements by integrating the advantage of the different entities. Further
development of those promising nanomaterials requires a better understanding of particle

interactions, as well as of the nature of the assemblies. The connected particles and substances
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at the liquid-liquid interfaces provides new insights into the design and fabrication of a new
generation of Pickering emulsions (Figure 1). In this respect, the combination of different types

of substance with the Pickering particles, is presented and discussed in detail.

Synergistic effect

Wettability modification Colloidal tectonics Film formation
@ O Emulsifier H,0
Electrostatic interaction
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Hydrogen bonding
.’OHM Catalyst
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Figure 1. Schematic illustration of the combination of particles with functional substances for
the formation of Pickering emulsion.

2.1. Particle/particle interactions

Many types of particles, either inorganic or organic, fulfill the partial wetting condition for
stabilizing emulsions. Montmorillonites [31], polymeric latex [32], magnetic particles [33],
carbon nanotubes [34] have proved to be efficient stabilizers of emulsions. The combination of
particles of different chemical nature can even generate a composite with different properties
from the individual components. As an illustration, Binks et al. [35] have mixed two types of
silica particles with opposite wettability and used them as emulsifiers for water-toluene
Pickering emulsion. It has been found that the transitional inversion of emulsions occurs from
W/O to O/W with the addition of hydrophilic silica to systems stabilized by hydrophobic silica.
Moreover, an increase in the proportion of hydrophilic silica mixtures with hydrophobic silica

results in the deflocculation of water drops in the emulsions. Similarly, in a study of the
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synergistic effect between silica NPs and organoclay on emulsion stability, Liu et al. [36]
reported a high-temperature-resistant Pickering emulsion stabilized by organoclay and
intermediate hydrophobic silica NPs. Because of the swelling and exfoliation ability, the
organoclay NPs play a key role in the formation of networks in the continuous phase, while
silica NPs adsorbed at the water-oil interface to form a rigid fence around the organoclay. The
rheological properties of the resulting emulsions were found to be highly stable even after

thermal rolling at 220 <C.

Normally, hard particles are widely used as emulsifiers for Pickering emulsions, but some
Pickering emulsions have been achieved with soft particles, like microgels. Stock et al. [37]
employed soft and hydrophilic poly(N-isopropylacrylamide) microgel particles (MGs) and
hydrophobic silica NPs simultaneously stabilized emulsion. They revealed that the addition of
silica particles enabled the formation of W/O emulsions with hydrophilic particles. Interestingly,
the packing density of silica NPs at the interface between MGs is very dense, while the silica

NPs adsorbed onto the surface of MGs in a lose packing.

The use of transition metal NPs has also been extensively explored notably for the
heterogeneous catalysis. The stabilization of transition metal NPs is clearly crucial in their
application because of the agglomeration problem. Employing solid particles with the ability
of stabilizing emulsions allows to immobilize metal NPs as nanocatalysts with enhanced
activity. A popular method for preparing particles composites is the chemical reduction of metal
salts. Because of the coordination and electrostatic interaction between the heterocyclic cations
in the NPs and metal salts, the in situ generated metal NPs can be stabilized by solid emulsifiers.
For example, Yan et al. [38] used a Janus mesosilica nanosheets decorated with Pd NPs as
interface active catalyst for the hydrogenation of nitrobenzene and NaHB4. Because of the
perpendicular mesochannels of the silica NPs, the Pd NPs are uniformly loaded in the
mesochannels to offer efficient passageway. Similarly, Li et al. [39] prepared Janus-type
amphiphilic cellulose nanocrystal decorated with Pd NPs for catalysis, and the obtained

Pickering emulsion system can be applied for both hydrogenation and Suzuki reaction.
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Stehl et al. [40] illustrated the combination of surface-active rhodium catalyst (Rh-SX),
and hydrophilic silica NPs or hollow halloysite nanotubes (HNTs) for the fabrication of
emulsions, and studied the interconnections between catalyst and NPs (Figure 2). Rhodium
NPs attachment at the interface occurs if the droplet size is on the order of micrometers. The
ability of surface-active catalyst to adsorb onto the particle surface reduces the energy of
attachment. The synergistic effect between rhodium catalysts and silica NPs allows to decrease
the droplet size and improves the mechanical stability of the emulsion. The contact area
between catalyst and reagents is insufficient at low emulsion stability, while the particles may
block the transfer between catalyst and reagents at high emulsion stability. The authors have
demonstrated that the intermediate stability of emulsion system contributes to the
intensification of the hydroformylation process with the adjustment of particle properties,
providing the highest conversion of 42 wt.%, nearly 3 times higher in comparison to the two
other emulsions.

Reactor (Hydroformylation)
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Figure 2. Schematic illustration of the proposed mechanism of the stabilization of the Pickering
emulsions behavior during the hydroformylation. Left: The oil droplets stabilized by rhodium
catalysts and hollow halloysite nanotubes are represented as yellow balls and grey tubes. The
particles attach at the oil/water interface and stabilize the droplets against coalescence as
micrometer-sized reactors. Right: Comparison of the conversion of 1-dodecene versus stability
against coalescence in emulsion system formulated with silica and hollow halloysite nanotubes
and without particles (Rh-SX emulsion) (Ref. 40 with permission of American Chemical
Society).

Although carbon nanotubes have been already used for catalysis [41], their combination

with metallic particles to stabilize emulsions and for catalytic applications is very promising.
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Crossley et al. [42] have synthesized a family of recoverable catalysts that simultaneously
stabilize emulsions by depositing palladium onto carbon nanotube-inorganic oxide hybrid NPs.
The incorporation of solid catalysts at the interface between two phases exhibits excellent
catalytic activity for a broad range of reaction. The hybrid particles localized at water/oil
interface facilitate biphasic hydrodeoxygenation and condensation reactions. Zapata et al. [43]
used the same strategy to prepare Pd or Pt metallized nanohybrids, which can be used to
hydrogenate the aldol-condensation product at the water/oil interface in Pickering emulsions
system. NPs as effective carriers for metal NPs can impart "smart™ functions such as stimulus-
responsive Pickering interfacial catalysis. Zeng et al. [44] successfully prepared gold
NPs/amphiphilic core cross-linked supramolecular polymer particles (Au@CCSP) for
stabilizing chloroform/water interface in order to produce emulsions with thermo-, light-, and
amantadine hydrochloride guest-triggered demulsification, which also provided a good

platform for the heterogeneously catalytic reduction reaction of p-nitroanisole by NaBHa.

Polyoxometalates (POMs), anionic metal oxide clusters (with several to tens of negative
charges), have been extensively investigated for catalytic applications because of their tunable
acidity, redox properties, thermal stability, and unique electrical and optical sensitivity [45].
However, the pristine POMs have difficulties in their separation and recycling during the
catalysis process due to their hydrophilicity nature. Assembly of POMs with solid emulsifiers
is revealed to be a successful example for preparing heterogeneous POM catalysts in biphasic
reaction system, which is beneficial for increasing the mass transfer and facilitating catalyst
recovery. Tang et al. [46] synthesized HsPW12040-modified poly (1-vinyl-3-ethylimidazolium
bromide) (PILs) combined to silica@polystyrene/polydivinylbenzene (PS/PDVB) to form
Janus particles (JPs) (PA-PILs-JPs). The JPs are tailored for emulsification and catalysis and
can be utilized to emulsify immiscible ionic liquid ([BMIM]BF)/toluene emulsion. The
obtained emulsion can be filled in column reactor to improve the acylation reaction of toluene
with acetic anhydride. Excellent catalytic activity with a conversion of 95.3% and reusability
have been demonstrated. The interaction between moleculars or particles can induce self-

assembly for the fabrication of macroscopic supramolecular or supracolloids can be defined as
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“colloidal tectonics” [47]. Leclercq et al. [11] and Pacaud et al. [48] developed self-assembled
colloidal systems through the colloidal tectonics approach (Figure 3). The introduction of
PW12040> anions into an inclusion complex formed by the interaction between B-cyclodextrin
(CD) and oil molecules allows the stabilization of emulsions by these core-shell NPs and to

perform efficient catalytic activities as Pickering interfacial catalysis [49].
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Figure 3. Schematic illustrations for the preparation of CD@POM NPs by self-assembly of
complementary tectonics (CD, oil and POM): (i) Formation of CD NPs with CD and 1-decanol,
(if) POMs are deposited on the polar neutral interface of CD NPs (Ref. 38 with permission of
Wiley).

2.2. Particle/surfactant interactions

Surfactants with diverse structures and abundant chemical properties have been
extensively explored in various area. The interaction of NPs with surfactants have received
considerable interest owing to their simple preparation and improved properties. One of the
advantages of using surfactants to combine with NPs is to modify its surface characteristic,

especially its hydrophilic/hydrophobic properties.

2.2.1. Conventional surfactants

Clays are natural, low cost, biocompatible and applicable nanoparticles which have
attracted much attention in recent decades for a wide range of applications. The combination of

clay nanoparticles and surfactants can synergistically exhibit significant improvement in the
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surface-active properties. Wang et al. [50] exploited the strong synergistic effect between
nonionic surfactant Span 80 and NPs (layered double hydroxide particles or Laponite particles)
to stabilize emulsions. The adsorption of Span 80 on the layered double hydroxide particles
renders them more hydrophobic and enable them to stabilize W/O emulsions, while emulsions
stabilized by Laponite-Span 80 are always O/W type. In the hybrid system, both NPs and Span-
80 synergistically work together to increase the dilatational viscoelasticity modulus of the O/W
interface, leading to a gel-like particle layer locates at the interface to prevent the coalescence

of droplets.

Besides, Tan et al. [51] used tetramethylammonium chloride (TMAC)/Laponite hybrid
particles as stabilizers for alkenyl succinic anhydride (ASA)-in-oil emulsion via the adsorption
of TMAC on the surface of NPs. The presence of TMAC neutralizes the effective charge of
NPs and decreases the apparent viscosity. Moreover, the addition of TMAC reduces the
interfacial tension between ASA and Laponite aqueous dispersion. Thus, the hybrid
significantly reduces the emulsion droplet size and enhances the creaming stability of emulsions.
The addition of surfactant in laponite-stabilized emulsion allows the formation of a dense
network structures and the increase of viscosity in the continuous phase which is responsible
for the improvement of the emulsion stability. Zheng et al. [52] pointed out a correlation of the
rheological behavior of the resulting emulsions with the type of surfactants. Three types of
surfactants (i.e. dodecyltrimethylammonium bromide (DTAB), Pluronic F68 (F68), and sodium
dodecyl sulfate (SDS)) can adsorb onto the surface of laponite particles through electrostatic
interactions and hydrophobicity. A higher stability of laponite/surfactant Pickering emulsion
can be achieved because of the formation of a network structure. Especially, differences in the
rheology measurements can be observed between the three types of surfactants stabilized
emulsion. The emulsions of laponite/SDS and laponite/DTAB showed a yield stress and shear-
thinning, while laponite-stabilized emulsions and laponite/F68-stabilized emulsion behaved as

Newtonian fluids.

An investigation was performed on the fabrication of emulsions from solutions of

octadecylamine surfactant in oil and aqueous suspensions of laponite instead of suspending
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particles and surfactant in the same phase as previously described [53]. The results suggested
that the synergistic interaction occurred through the adsorption of surfactant from the oil phase
onto the particles at liquid/liquid interface can reduce the average droplet size because of the

enhanced particle adsorption at the O/W interface.

Like for clay NPs, several studies have been performed on synergistical effects of silica
NPs and surfactants. Worthen et al. [54] reported the preparation of O/W emulsions with a
combination of silica NPs and zwitterionic caprylamidopropyl betaine surfactant. The weak
interaction between surfactant and nanoparticle promotes synergism in the fabrication of
Pickering emulsions. At low adsorption of surfactant on the surface of silica NPs, a large
fraction of surfactant freely adsorbs at the oil-water interface to reduce the interfacial tension,
while the NPs provide a steric barrier to droplet coalescence, resulting in smaller droplets and
slower creaming rates. Wei et al. [55] investigated the effects of different types of cationic
surfactants on the properties of emulsions stabilized by silica NPs. These modified silica NPs
showed excellent emulsification properties compared to pure surfactants or hydrophilic silica
NPs. The presence of the electrostatic interaction between silica NPs and surfactants exhibits a
competitive adsorption with the surfactant molecules at the O/W interface. The modified NPs
IS not spontaneously adsorbed at the oil/water interface, which may be explained by the large

size of particles in comparison to the small surfactant molecules.

While Binks et al. [56] investigated the behavior of emulsion prepared by the synergic
interactions of negatively charged silica and cationic surfactant CTAB. The silica surface
become increasingly hydrophobic because the surfactant adsorption can effectively reduce the
water-oil interfacial tension, thus preventing droplets from coalescing. The most stable
emulsions can be obtained when particles have negligible charge and lead to flocculation. In
addition to the wettability control of the nanoparticle-surfactant hybrid, a synergistic effect can
be engineered by placing a surfactant, bearing responsive properties (such as pH, temperature,
magnetic field, redox, CO,...). Jiang et al. [57] obtained CO2/N2-switchable Pickering
emulsions by using a trace amount of N’-dodecyl-N,N-dimethylacetamidine surfactant

combination with silica NPs. Hydrophilic silica can be partially hydrophobized in situ by
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adsorption of the surfactant through electrostatic interactions and therefore able to stabilize
emulsion. At controlled temperatures, the surfactants can be switched to its active form, N’-
dodecyl-N,N-dimethylacetamidinium bicarbonate (amidinium/cationic), by exposure to water
and CO; and switched back to the inactive form (amidine/neutral) by bubbling N2 or air through
the solution. Both switchable surface-active particles and emulsions can be obtained by using
the same trigger. Yu et al. [58] reported switchable Pickering emulsions stabilized with silica
NPs and a trace amount of redox-switchable ferrocene surfactant (FcCOC1oN) (10 M). The
silica and surfactant act synergistically to form emulsion with long-term stability. It is
noteworthy that the surfactant concentration is reduced at least 100 times which would reduce
discharge to the environment. Similar redox-responsive Pickering emulsion was also observed
by Jiang et al. [59]. A trace amount of ferrocene azine surfactant (Fc*A) in combination with
SiO2 NPs by electrostatic interaction increases the hydrophobicity of SiO2 NPs, and the as-
obtained emulsifiers can significantly improve the stability of the emulsion. The synergy
between Fc*A and SiO2 NPs does not only improve the stability of emulsion, but also reduces

the amount of surfactants dramatically.

Other types of stimuli-responsive emulsions have been studied by using combination of
surfactant and silica NPs. Liu et al. [60] investigated the synergistic effect of fumed silica NPs
and surfactant for the generation of pH-responsive emulsions with a wide pH range. Stable
emulsions can be formed with the silica NPs and the N-(2-((2-aminoethyl) amino) ethyl)
octadecenamide surfactant at pH of 2~12, completely coinciding with the pH range in which
the highest flocculation occurs due to the introduction of the surfactant. Zhang et al. [61] used
conventional surfactant myristylamidopropyl amine oxide (C14PAO) modified hydrophilic SiO>
NPs through COz-controllable electrostatic attraction, which served as CO»-switchable
Pickering emulsifier. Jia et al. [62] prepared the oil/water emulsion stabilized with amphiphilic
sodium benzenesulfonate (SBS) molecules and hydrophilic AIOOH nanoparticles complexes.
The addition of SBS strongly increases the wettability of AIOOH NPs at the interface and
generates emulsion. The obtained emulsions have shear, temperature and electrolyte tolerances,

and can be applied to enhanced oil recovery. Hu et al. [63] observed that the in situ surface
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modification of cellulose nanocrystals (CNCs) by the adsorption of small amount of surfactants
could stabilize emulsion. The type and concentration of surfactant can be used to control the
continuous phase of the emulsion. The results showed that double phase inversion (from O/W
to W/O emulsion, followed by W/O to O/W emulsion) occurs with the increase of

didecyldimethylammonium bromide (DMAB) concentration in CNC emulsion.

2.2.2. Bio-based surfactants

More recently, there has been an increasing demand for “bio-sourced” in a range of
industrial applications, especially in cosmetics, food and pharmaceutics, which limit the use of
synthetic surfactants [64, 65]. Therefore, various bio-based surfactants have been explored as
promising alternatives to replace their conventional counterparts (e.g., tweens and spans) in
emulsion systems, like glycolipids [66], lipopeptides [67], and fatty acids [68]. The
combination of particles and natural surfactants may modulate the physical properties of NPs
and generate new functional composite materials. Pi et al. [69] investigated the formation of
crude oil-in-seawater Pickering emulsion co-stabilized by positively charged silica NPs and
anionic rhamnolipid. The in-situ adsorption of rhamnolipid onto the silica surface endowed a
steric barrier to prevent droplet coalescence. In comparison with the emulsion stabilized by
either silica or rhamnolipid alone, the silica and rhamnolipid acted synergistically to form
emulsion with smaller droplet size and higher stability. Zhao et al. [70] found that O/W
emulsions were synergistically stabilized by the complex formation of silica NPs and sodium
alginate derivative surfactant. They showed that the stability and viscoelastic properties of the
Pickering emulsions increased when the molecular weight of sodium alginate derivative
increased. Moreover, emulsions tend to be more stable with the increase of silica concentration

because of the enhancement of 3D structure rigidity.

Santini et al. [71] investigated the water/hexane emulsions stabilized by the formation of
palmitic acid-silica NPs complexes. The adsorption of surfactant at the particle surface leads to
the formation of dense and persistent layers at the interface, which prevent the droplet

coalescence. The study demonstrated that the most stable emulsions can be obtained only when
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the amount of surfactant leads to the formation of single surfactant layers onto the particles

surface.

2.3. Particle/polymer interactions

Polymers possess some unique properties, such as light weight, stability and tunable
thermal, have been extensively explored in material science [72, 73]. However, it remained
difficult to find suitable polymer for the formation of Pickering emulsion. The synergism of
polymers and particles remarkably improved the physical stability of emulsion and restructured
their rheology and interfacial structure. Especially, polymers adsorbed on the particles surface
can act as “soft” and “dynamic” building units, which can be controlled the self-assembly or
disassembly process via tuning the surrounding environment and generate new functional

composite materials [74].
2.3.1. Synthetic polymer

The combination of particle with polymers allows the development of stimuli-responsive
(e.g. light, temperature and pH) Pickering emulsion system. For example, a dual-responsive
(pH and magnetic) Pickering emulsion stabilized by nanocomposites (PDMNC) made of Fe304
nanoparticle and poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA) [75]. The
emulsification/demulsification of emulsion can be controlled by the synergistic effect from
magnetic force, surface wettability and surface charge of the PDMNC. The surface wettability
of the PDMNC was evaluated through water contact angle measurement, showing a decrease
in the contact angle by increasing the pH from 3 to 11 because the hydrophobicity of
PDMAEMA significantly increased when the deprotonation of surface amine groups occurred.
This remote-switchable Pickering emulsions can be potentially used in oil recovery system.
Generally, pH-responsive phase inversion Pickering emulsion make use of particles that have
functional groups that respond sharply to small changes in environment. Motornov et al. [76]
grafted mixed copolymer brushes (Poly(styrene-b-2-vinylpyridine-b-ethylene oxide)) on silica

NPs to fabricate stimuli-responsive colloidal system (Figure 4). The balance between
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hydrophobic polystyrene (PS) and hydrophilic polar fragments (charged poly (2-vinylpyridine)
(P2VP) and polyethylene oxide (PEO)) can be regulated by an external trigger. At pH < 4, the
polar component enhanced the hydrophilicity and drove the particles to form O/W type
emulsion. At pH > 4, the deprotonated P2VP components increased the hydrophobic properties

of the copolymer, leading to emulsion inversion to W/O type.
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Figure 4. Schematic illustration of structure of the O/W and W/O pH-responsive Pickering
emulsion. At pH < 3, O/W Pickering emulsion were formed, while the W/O Pickering emulsion
were obtained at pH > 4. (Ref 76 with permission from Wiley)

In addition to the development of stimuli-responsive Pickering emulsion, the most obvious
advantage of combining particles with polymers is the preparation of materials by Pickering
emulsion polymerization method. Zhou et al. [77] modified silica NPs with
ethacryloxypropyltrimethoxysilane (MPTMS) to stabilize the temperature-responsive
Pickering emulsion. The morphology of PS/SiO2 microspheres can be regulated via tuning SiO-
concentrations and initiator sorts. At low SiO> particles concentration, hollow spheres can be
obtained when water-solute initiator potassium persulfate was applied. Upon increasing the
concentration of SiO> particles, the core/shell structure microspheres can be formed with the
densely packed SiO- particles film when oil-solute initiator azobisisobutyronitrile was used.
The facile Pickering emulsion polymerization method hold great potential for the development

of material science.

Yet another interesting example of the combination of particle and polymers is given by

Huang et al. [78]. Bicontinuous jammed emulsions (bijels) can be formed with sub-micrometre
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domains by using carboxylated NPs and amine-terminated polymer (Figure 5). The colloidal
particles were bound to each other at the water/oil interface to create characteristic channel
diameter (10 um or less). This protocol allowed the bijels system to be achieved by using

different solvents, particles and functionalized polymers.

Figure 5. Schematic illustration of formation of bijels system prepared with particles and
polymers irreversibly bound at the oil-water interface.

2.3.2. Biopolymer

Biopolymers are materials intentionally made from substances derived from plants or
living organisms, such as protein and polysaccharides [79, 80]. The development of Pickering
emulsion stabilized with biopolymer have received growing interest because the increasing
demand for biodegradability and biocompatibility in food, personal care and medical
applications [81, 82]. However, the formation of stable Pickering emulsion based on
biopolymers are limited because normally the nature of biopolymer is very hydrophilic. The
surface modification strategies is required to modify the wettability of biopolymer. The fusion
of particles with biopolymers is considered as a facile alternative to chemical surface
modification process for fabricating composites with enhanced performance. As an illustration,
Lu et al. [83] reported that the surface of silica NPs can be in situ hydrophobized by the
electrostatic adsorption of sustainable amphoteric lignin (AML) and enable them to stabilize
pH-responsive in a narrow pH range from 3 to 4 (Figure 6). The positively charged
phenylpropane backbone of AML was introduced to improve the interfacial activity of the

negatively charged SiO> particles because of the electrostatic interaction, which enhanced the
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hydrophobicity and let the compounds adsorb at the oil/water interface. Above pH > 4, only a
small amount of AML can be adsorbed onto the SiO> surface due to their strong electrostatic

repulsion leading to unstable emulsion.
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Figure 6. Schematic illustration of pH-responsive mechanism of emulsions stabilized by
AML@SiO2 compounds. At 3 < pH < 4, the positively charged AML molecule adsorbed at the
surface of negatively charged silica by electrostatic adsorption. Upon increasing pH, phase
separation is caused by both negatively charged AML and silica. (Ref 83 with permission from
Elsevier)

Additionally, physical adsorption resulting from electrostatic interactions is a facile and
feasible way for developing synergistic effect between solid particles and polymers. Huan et al.
[84] investigated the combination of two oppositely charged nanopolysaccharides as
emulsifiers for oil/water Pickering emulsions. The long-term stability of the emulsions under
environmental stresses (pH and ionic strength) was enhanced as a result of the interfacial

adsorption and distribution of cellulose.

A combination of protein and food-grade biopolymer particles (cellulose or starch) have
been reported by Murray et al. [85]. The adsorbed film strength is increased in correlation with
an increase of the stability according to the measurement of interfacial shear viscosity. The

synergistic effect between protein and particles is responsible for the enhanced incorporation of
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particles into the adsorbed layer, thus leading to the increase of the interfacial jamming of
particles at the interface. In a similar way, Zembyla et al. [86] used a polyphenol-whey protein
(WPI) complex between hydrophobic polyphenol particles and hydrophilic biopolymers
(proteins). The results suggested that the main factors affecting complex formation and strength
of the film is the electrostatic attraction between oppositely-charged polyphenol particles and
proteins at the interface. The same phenomenon has been demonstrated by Jin et al. [87] with
the use of soy protein to modify montmorillonite, from highly ordered to highly intercalated or
fully exfoliated structures. The protein-coated clay took full advantage of the electrostatic
attraction and hydrogen bonding at the interface, more than 90 % of protein bound with the clay

at a mass ratio of 4:1.

Reger et al. [88] investigated the stabilization of emulsions using the in situ formed
composite of hydrophobin H Star Protein B (HPB) and clay (Laponite XLG). On the basis of
synergy interaction of two stabilizers, the hydrophobin-sandwiched clay particles act as sticky
particles and form a three-dimensional network in the emulsions, which is favorable for the
formation of gel-like emulsions (Figure 7). Especially, this clay—hydrophobin network does not

only enhance the elastic properties of the gels but also improves the stability of emulsions.
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Figure 7. Schematic illustration of the self-supporting three-dimensional hydrophobin—clay
network. The HPB molecules, clay, and the interaction between HPB are represented as a blue
linear loop, black oval and orange line. (Ref 88 with permission from The Royal Society of
Chemistry)
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Han et al. [89] fabricated food-grade Pickering emulsions using all-natural cellulose
nanofibrils (CNF) and nanocrystals (CNCs). Synergistic stabilization and tunable structures of
Pickering emulsions were investigated by varying CNF concentration at a fixed CNCs
concentration. Increasing CNF concentration, a dense network was formed in water phase to
limit the motion of oil droplets, thus increasing the viscosity and stability of the emulsions. The
synergism between nanocellulose exists and plays a crucial role in the properties of Pickering

emulsion.

2.4. Particle/enzyme interaction

As the core of biocatalysis, enzymatic reaction opens the door to chemical industry for its
higher efficiency and specificity as well as eco-friendly reaction conditions with less pollution
and byproduct [90, 91]. The lipase, one of the most important enzymes, has been extensively
explored for catalyzing a wide range of biochemical reactions (hydrolysis, transesterification/
esterification, alcoholysis, or acidolysis). However, the application of free lipase is limited by
its deficient activity, stability, and recyclability [92]. In particular, enzymes commonly present
activity in agueous media while the mass transfer of such systems is limited by the insufficient
interfacial area in biphasic aqueous-organic reaction system. The combination of solid
emulsifiers with enzyme is an emerging method for fabricating biohybrids that act as efficient
interfacial biocatalysts that simultaneously stabilize emulsions and catalyze reactions at the
water/oil interface. For example, enzymes have been immobilized in/on mesoporous silica [93],
polymer [94], metal-organic frameworks (MOFs) [95], graphene oxide nanosheets [96], and
Janus particles [97] for organic reactions at the water/oil interface. In such way, Yang et al. [98]
prepared W/O emulsions stabilized with lipase-loaded alginate (Alg) microparticles with a
coating of silanized titania NPs (E@QAIlg@s-TiOz). The wettability of E@Alg@s-TiO2 can be
adjusted by changing the chain length of grafted silane, thus endowing the formation of
emulsion (Figure 8). The capsules containing the “immobilized” lipase are present on the
surface of emulsion droplet and possess greater catalytic activity for the esterification of 1-

hexanol and hexanoic acid in comparison with the free dispersion of lipase.



Chapter I. State of the art: Synergies at water/oil interface

(a) Water/Paraffin Qil 2Alg +c.a2+ Ca-2Alg

J 43 ‘%
2 %)'fo ho) }‘,‘J} Coalescence . % f‘
Caz §+ {oagg: mmp ca2+ i Alg: ’/\é,’
; RN 5 7
209° oAy LN LA

(b) e

Enzymatic
catalysis

A

Silane (6~10 C atoms)
grafted TiO, nanoparticle

Span 80
Lipase

Alg microparticle

¢ € 7 @ ¢

E@AIlg@s-TiO, microparticle
with lipase immobilized

Water/Hexane

Figure 8. Schematic representation of emulsion stabilized with enzyme-immobilized surface-
active alginate microparticles for interfacial biocatalysis: (a) E@QAIg@s-TiO2 microparticles is
prepared through Alg gelation via coalescence of water/paraffin oil emulsion, (b) The
wettability of E@AIg@s-TiO2 microparticles is tuned by adjusting the chain length of grafted
silane, (c) enzymatic catalysis at water/hexene interface. (Ref 98 with permission from Wiley)

Another example is illustrated with the enzymatic hydrolysis and esterification reactions
performed in emulsions stabilized by the combination of lipase-coated silica NPs and surfactant
N,N-dimethyldodecylamine [99] . In comparison with its traditional free lipase counterpart, the
particle layer coated with the adsorbed lipase located at emulsion droplets interfaces maximizes
the interfacial areas and improves mass transfer between the two phases, leading to a great

improvement in catalytic performances.

The lipase has been also immobilized with clay particles by Li et al. [100] for further
emulsion stabilization. The results showed that the immobilized lipase presented greater
stability than the free lipase which might be attributed to a decline in the rate of denaturation of
the enzyme as a result of fixation in the hydrophilic environment. It has been shown that the
catalytic activity of emulsion stabilized by lipase/clay hybrid was more efficient and stable
because of the three-dimensional structure of the enzyme for catalysis. Especially, there was a
high level of activity after seven cycles, validating its ease of recovery and robust catalytic

stability.
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Dong et al. [101] used lipase AYS (Candida rugosa)-located mesoporous carbon
nanospheres to stabilize emulsion, and studied the catalytic performances in phytosterol
esterification/transesterification reaction system (Figure 9). The advantage of this method is
that the presence of an oil-water interface to assist “lid” opening of lipase that allows to improve
the catalytic efficiency. Moreover, the lipase-carbon nanosphere composite was easily

recyclable because of the high mechanical and chemical stability of the carbon nanosphere.
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Figure 9. Schematic illustration of conversion of phytosterol esters in O/W Pickering emulsion
stabilized with lipase@MCS, and with the catalysis-lipase immobilized on the surface. Under
stirring, the byproduct H2O was removed automatically and thus would “push” the reaction
forward. The conversion of phytosterol esters in Pickering emulsion system is 19-fold higher
than free lipase one-phase system (Ref 101 with permission from the American Chemical
Society).

2.5. Interfacial interaction with different types of particles

Considering that the properties of hybrid materials are strongly connected to the nature of
the components and their interconnection, the fabrication of emulsifiers with various types of
particles have been investigated to stabilize emulsions. Thus, different types of interfacial
interactions may occur which such a design principle that leads to stabilization or
destabilization of emulsions. For example, the addition of tannic acid (TA) to an emulsion

stabilized by cellulose nanocrystals (CNC) and methylcellulose has been studied by Hu et al.
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[102]. The emulsions prepared with the mixtures of CNCs and polymer can be transformed
without oil leakage into solid dry emulsions via freeze-drying. These dry emulsion exhibit
droplet coalescence within the solid matrix and thus cannot be redispersed in water. TA as an
additional stabilizing agent imparts dispersibility to the dried emulsions thanks to the
binding/adsorption of TA on MC-coated CNCs. The result showed that the synergistic
interaction of cellulose nanocrystals, methylcellulose, and TA creates a dense, insoluble shell
and stabilizes the emulsion during freeze-drying and redispersion processes. Jin et al. [103]
investigated the formation of protein—polyphenol—polysaccharide nanocomplexes, and located
at triglyceride oil/water interface to act as emulsifier. The study indicates that the interactions
between ternary complexes would be dominated by hydrophobic interactions and hydrogen
bonds. Their synergy in the formation of elastic film on the droplet surface leads to the decrease
of the amount of emulsifier. The results showed that highly stable emulsions were achieved

with the addition of 0.1 wt.% nanocomplexes, even at wide pH range from 1.5 to 7.5.

Wei et al. [104] prepared Pickering emulsion stabilized with zein colloidal particles
(ZCPs), propylene glycol alginate (PGA), and rhamnolipid (Rha) and assessed how the stability,
microstructure, rheology properties and in vitro gastrointestinal digestion are influenced by the
addition sequence and stabilizers composition. They found that emulsions tend to be more
stable when PGA was added first and then Rha, while the capacity of delaying lipolysis is

improved with the coexistence of ZCPs, PGA, and Rha.

Compared to emulsions stabilized by surfactant—polymer systems, the emulsions studied
by Sharma et al. [105] provide remarkably stable viscoelastic behavior at high pressure and
high temperature conditions. Indeed, the addition of NPs provides a steric resistance against
pressure induced droplet flocculation. Such property lets indicate its suitable use for oil field

applications.

Interfacial interactions can be adjusted on demand with switchable Pickering emulsions.
As example, Xu et al. [106] reported switchable emulsions with positively charged alumina

NPs and anionic surfactant sodium dodecyl sulfate (SDS) and CO2/Nz-responsive surfactant
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N’-dodecyl-N,N-dimethylacetamidine (DDAA). The hydrophilic alumina NPs are in situ
hydrophobized by the adsorption of SDS molecules on their surface. Once the emulsion is
formed, some CO; is bubbled. DDAA switches to the cationic amidinium form and forms ion

pairs with the SDS molecules. It results in the destabilization of the emulsion.

3. Physicochemical properties of Pickering emulsions

Whatever the synergy nature involved in the stabilization of Pickering emulsions, the
design of the synergistical combination of materials is crucial in order to finely tune the
physicochemical properties of the emulsions: droplet size, stability, emulsion type, phase

inversion, etc...

3.1. Droplet size of Pickering emulsions

When several components are combined into a synergistic composite designed for
emulsion stabilization, the size of the droplets can be modified in comparison with individual
components. In this purpose, Jiang et al. [107] prepared a paraffin oil / water emulsion with
silica particles in combination with Span 80 and Tween 80 surfactants for wood impregnation.
Based on the partially hydrophobized silica particles by the surfactants on the surface, the
stability of the obtained emulsions has been improved and the droplet size has been decreased.
The synergistic effect of the hydrophobicity of paraffin oil combined with the nano-effect of
the silica particles allow the authors to perform wood impregnation and the properties of the
impregnated wood benefit from the reduced water absorption, improved mechanical properties

and thermal stability.

The combination of different type of particles allows the stabilization of emulsion as
proposed by Wang et al. [108] silica / calcite particles mixture. It has been showed that the
increase of silica content in the particles mix decreases the stability and the droplet size of the
emulsions. Because the silica NPs were too hydrophilic, they can easily be desorbed from the

interfaces, while the density of the particles at the interfaces of the Pickering emulsions
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decreased, the stability of the emulsions also decreased. Moreover, they demonstrated that
larger silica particles were more easily adsorbed at the O/W interface and had more notable
effect on the emulsion stability. This can be explained by the higher adsorption energy of a

particle at the oil-water interface.

3.2. Stability of Pickering emulsions

Pickering emulsions present a superior stability compared to their surfactant-stabilized
counterparts. Their high stability is one of the significant advantages for their use in a variety
of industries spanning fields, such as food storage and bitumen emulsification. However, only
temporary stability may be required in others cases, such as liquid phase heterogeneous
catalysis and enhanced oil recovery. However, the use of Pickering emulsions stabilized with a
single stabilizer is limited for practical applications because complex function is necessary. The
overall performance of solid emulsifier is expected to achieve further improvements based on

the synergistic effects by integrating the advantages of different components.

Monoolein is a lipid based on a glycerol backbone functionalized with a hydrocarbon
attached through an ester bond. With a hydrophilic-lipophilic balance (HLB) of 3.8, the
molecule is considered as amphiphilic. Monoolein is insoluble in water but highly soluble in
oil which is interesting for drug delivery, emulsion stabilization [109]. Pichot et al. [110]
investigated the stability of O/W emulsions in the presence of both monoolein and colloidal
particles. The results showed that monoolein plays a key role in the initial “delay” of the
coalescence phenomena and induces further droplet break-up by rapidly covering the created
interface and reducing interfacial tension. Thus it allows the silica particles to assemble at the

oil/water interface and provide long-term stability of the emulsion.

Gao et al. [111] evaluate the synergistic effect of the addition of polysaccharide combined
with ultrasound treatment on the stability of low-salt myofibrillar protein. Both neutral
polysaccharide guar gum and cationic polysaccharide chitosan are studied. Because of the
formation of protein-polysaccharide agglomerates induced by high energy ultrasound, the

thickness of the interface film and electrostatic repulsion is increased, resulting in higher
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stability emulsion.

Wang et al. [112] investigated the formation of Pickering emulsion gel using the negatively
charged palygorskite NPs (PAL) and cationic surfactant cetyltrimethylammonium bromide
(CTAB). The emulsion ration was higher, and the stability under various environmental factors
was better. The researchers demonstrate that the self-assembly of CTAB-PAC in the continuous

phase can generate a three-dimensional network structure.

Yang et al. [113] revealed the synergistic interaction between stearyl trimethyl ammonium
chloride modified montmorillonite NPs (STAC/MMT) and Tween 85 on nano-emulsion
stability. It has been demonstrated that the emulsion prepared by STAC/MMT and Tween 85
had a better static stability and centrifugal stability. The addition of surfactant can reduce the
oil-water interfacial tension of the emulsion and change the wetting properties of the particles,
thus enhancing the stability of the emulsion. Surprisingly, the oil phase composition (Vitamin
E-to-mix oil phase ratio) has important effect on emulsion stability because the viscosity of oil
phase increased as the Vitamin E ratio increased, and the interaction between solid particles and
oil phases. The emulsion stability can be also increased by the use of nanogel as stabilizer.
Atarian et al. [114] have prepared sunflower oil / water emulsions stabilized with chitosan (CS)-
stearic acid (SA) nanogels. Such nanogels are formed by the connection between the amine
groups of CS and the carboxylic acid groups of SA. The authors revealed that the emulsion
stability was significantly increased with higher SA/CS ratios because of the reduction of
positive charges and the increase hydrophobicity of CS. This is due to the increase of the amide
linkages by increasing the SA content. Especially, the emulsions stabilized by CS-SA nanogels

present more oxidative stability compared with the emulsions stabilized by Tween 80.

It has been demonstrated that starch can be used to stabilize emulsions but also as co-
stabilizer [23]. Cazotti et al. [115] revealed that the in situ surface modification of starch NPs
(SNP) by the adsorption of styrene oxide (STO) could effectively stabilize Pickering mini-
emulsions. The obtained PS latex particles were nearly one-to-one copy in size to the initial

monomer droplets, confirming the successful stabilization of the mini-emulsion by SNP-STO.
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Their work indicated a synergistic effect between the low water solubility of styrene and SNP-
STO because of the interaction between the aromatic rings present on both styrene and modified
SNP-STO. Song et al. [116] prepared sunflower oil/water emulsions by using modified starch
particle and small molecular surfactants (e.g. sodium dodecyl sulfate, cetyltrimethylammonium
bromide and Tween 20) as stabilizers. The authors observed that the addition of starch particles
provides an interfacial film around each oil droplets and hinder the access of free radicals in the
chain reaction indicating a decreasing rate of oxidation. In addition, the unabsorbed particles
and surfactants were present at the continuous phase, increasing the viscosity of the emulsion
system and decreasing the diffuse of pro-oxidants. The results imply that starch particles are
compatible with anionic surfactants, and can enhance the physical and oxidative stabilities,
which is promising for future applications of food dispersions to deliver functional ingredients

into emulsions.

Hu et al. [117] prepared gel-like Pickering emulsions with hybrid B-cyclodextrin/short
linear glucan NPs (B-CD/SLG). The results demonstrated that the homogenously distributed p-
CD in hybrid B-CD/SLG NPs plays important role in enhanced water dispersity, accelerated
adsorption, and reduced interface tension during the emulsification process, while the addition
of SLG fractions strongly ensured the emulsions with constant creaming index values for long-

term storage.

Guo et al. [118] stabilized a trigger-responsive Pickering emulsion with silica NPs and
commercial N,N-dimethyl-N-dodecyl amine surfactant (C12-A). In this procedure, C12-A was
transformed into C12-CO> with positive charge after exposure to CO>. The surface of silica NPs
was modified with C12-CO> to render it hydrophobic through electrostatic attraction. The
resulting emulsion can be maintained stable for more than 6 months with CO2, and then be

quickly destabilized after bubbling N2 or by adding NaOH.

3.3. Emulsion types and phase inversion of Pickering emulsion

The emulsion type is determined by the wettability of the solid particle. O/W emulsions

are stabilized by hydrophilic particles while W/O emulsions are stabilized by hydrophobic
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particles. The natural NPs (such as silica, TiO2 and clay) are typically too hydrophilic to form
stable emulsion. The surface of these particles can be modified by grafting of functionalized
substances according to well-established protocols. The wettability of NPs can be adjusted with
a balance between the functional substances and the NPs properties. In particular, NPs can be
shuttled between a hydrophilic and a hydrophobic state through the compatible interactions
between surfactant and particles. The synergistic interaction between CaCO3z NPs and sodium
dodecyl sulfate (SDS) in emulsification process were investigated by Cui et al. [119]. With the
increased surfactant content, a phase inversion was observed from O/W — W/O — O/W. The
results suggested that the adsorption of surfactant on particle surfaces initially increases their
hydrophobicity, and thus, induces the first inversion (O/W — W/Q). The further adsorption of
surfactant forms a bilayer that renders particles more hydrophilic again and induces the second
phase inversion (W/O — O/W). Also, the threshold amount of surfactant concentration must
be reached for some NPs / surfactants system.

No emulsion W/0 emulsion

(A) Emulsions with SPAN-80 alone ’ - 3 P § “-i o
&ﬁ~wv§g§§§§?:

R B 2
,,_-..__...4.__."
p 5 o

Unstable o/w emulsnon Stable O/W emulslon w/o emulsnon

No emulsion

(8) Emulsmns W|th 0.3 wt % Kaolinite + SPAN 80 :

- E N iy = gﬁ ,;‘:‘ :3

_______—_

{0

e
01mM  0.5mM 1mM  2mM  3mM  5mM  7mM  10mM 15mM  20mM  30mM 50mM 100mM

S S S s

Increasing concentration of surfactant (SPAN-80)

Figure 10. (A) W/O emulsions stabilized solely by pure SPAN-80. (B) Emulsions formed when
a combination with varying quantity of SPAN-80 and fixed quantity of kaolinite (0.3 wt.%) was
used. Photographs were taken one hour after emulsion preparation. (Ref 120 with permission
from Elsevier)

In this direction, Nallamilli et al. [120] prepared decane / water emulsion stabilized by a
combination of nonionic surfactant Span-80 and kaolinite NPs. They observed no stable
emulsions formed at SPAN-80 concentrations < 3 mM, while stable W/O emulsions are formed

above 5 mM (Figure 10). When emulsions formed by a combination with different quantity of
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SPAN-80 and fixed quantity of kaolinite (0.3 wt.%), no emulsions were stable at concentration
below 3 mM, unstable O/W emulsions formed at concentration between 5 mM and 7 mM, stable
O/W emulsions formed at concentration between 10 mM and 30 mM. Interesting, a phase
inversion from O/W to W/O occurs at high SPAN-80 concentrations. This phase inversion was
attributed to the competitive adsorption of excess SPAN-80 on droplet while the bilayer-

covered particles remain dispersed.

The addition of salt can modify the surfactant / NPs equilibrium as demonstrated by Liu
et al. [121] with a Pickering emulsion stabilized by the adsorption of N-(2-((2-aminoethyl)
amino) ethyl)octadecenamide (C1sPDA) surfactant onto silica surfaces with Na,COs3 addition.
Under low surfactant concentration, the attractive interaction between silica NPs and surfactant
is slightly reduced as the hydration repulsive forces increase with the increase of salt
concentration that renders the particles hydrophilic (formation of O/W emulsions). Therefore,
with different surfactant concentrations and salt addition, the silica-stabilized emulsions
undergo phase inversion from O/W to W/O or vice versa (Figure 11). Under high salt
concentration, silica NPs are observed to be partially dispersed in the water phase because of
the increased interaction energies and the significantly decreased degree of flocculation, which

induces the destabilization of emulsions.
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Figure 11. Schematic illustrations of the relationship between silica flocculation induced by
C18PDA and the corresponding emulsion formation. W/O emulsion stabilized with silica and
C1sPDA, O/W emulsion is formed when the attraction between the silica NPs and C1sPDA is
decreased by salinity. (¢) No emulsion is formed at high salinity because the attractive
interaction between silica and C1sPDA is largely reduced (Ref 121 with permission from
Elsevier).
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3.4. Rheology properties of Pickering emulsions

Understanding the rheological properties of Pickering emulsions is critical for their
application, especially in related food processing, which required outstanding stability during
storage, freeze-thawing, and heating processes [122]. Zou et al. [123] prepared edible
emulsions stabilized by a zein/tannic acid complex colloidal particle (ZTP). Based on an
antisolvent approach and hydrogen bonding interaction between zein and tannic acid (TA), the
ZTP colloidal particles can be formed with near-neutral and enhanced interfacial reactivity.
These interaction triggers cross-links between the ZTP particles to form a continuous network
between the oil droplets, rendering the fabrication of stable emulsion gels (Figure 12). Lay-by-
lay interfacial architecture on the emulsion droplets surface is observed, which suggested the
formation of hierarchical interface microstructure by modulating the noncovalent interactions

between TA and zein.
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Figure 12. Schematic illustration of the preparation of emulsions gels stabilized with
zein/tannic acid complex colloidal particles. The synthesis of zein/TA complex is performed at
pH 5.0, then zein particles are coated by TA via an antisolvent method to form zein/TA colloidal
particles. These particles are then used to form Pickering emulsion gels. (Ref 123 with
permission from the American Chemical Society)

Bai et al. [124] studied the parameters that affect the depletion effect in emulsion stabilized
by two types of nanocellulose. The addition of CNF changed the viscosity and viscoelastic
properties of water phase, which generates an attraction between droplets. Therefore, three
regimes of concentration-dependent depletion stabilization were presented, including (1)
creaming of non-flocculated droplets at low cellulose nanofibrils concentration, (2) flocculation
at intermediate cellulose nanofibrils content and, (3) stabilization of the emulsions with

characteristic micron-sized droplets at the highest cellulose nanofibrils concentrations.
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Zembyla et al. [125] stabilized emulsions with the formation of particle-particle complex
at the W/O interface (Figure 13). A kind of double Pickering stabilization occurs: polyphenol
particles adsorb at the interface from the oil side and whey protein microgel (WPM) particles
adsorb at the interface from the aqueous side. In this case, the results showed that the synergistic
interactions between particle-particle complex result in the formation of viscoelastic film on
the oil-water interface, allowing the formation of stable droplets fully covered by a dense and
uniform monolayer of microgel particles. The authors also studied the effect of whey protein
particles concentration, and demonstrated that the WPM can act as a “colloidal glue” between
the water droplet and polyphenol crystals at higher concentration, giving a significant

improvement in the stability of emulsion.
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Figure 13. Schematic representation of the influence of whey protein microgel (WPM)
concentration in the particle-particle complex-stabilized emulsion. At low concentration of
WPM, both polyphenol crystals and WPM particles coexist at the interface of the droplets; at
high concentration of WPM, the WPM particles tend to aggregate with polyphenol crystals at
the interface and between the water droplets. (Ref 124 with permission from the American
Chemical Society)

Wang et al. [126] demonstrated synergistic stabilization of a novel Pickering emulsion by
two negatively charged particles: alginate and montmorillonite (MMT). The adsorption of
alginate molecular chains on the surface of MMT occurs through hydrogen bonding and
electrostatic interaction, which not only enhances the dispersion of MMT NPs, but also

improves the stability of the emulsion (Figure 14). Moreover, the viscoelasticity of the
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emulsion was increased with the addition of alginate, thus rendering a gel-like continuous phase

around the droplets which prevents the coalescence of droplets.
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Figure 14. Scheme of MMT/Alginate co-stabilized emulsion. Alginate molecular chains are
adsorbed on the surface of MMT via hydrogen bonding and electrostatic interaction, providing
a three-dimensional network in the continuous phase. (Ref 125 with permission from Elsevier)

4. Mechanism of synergism at the Pickering emulsion

Recently, many efforts have been directed to prepare NPs-based composite, aiming not
only to improve the compatibility of NPs with other components but also to take advantage of
the multifunctionality and enhanced properties of NPs for better emulsifiers. In particular, in
order to combine substances of interest with NPs, the interactions should be carefully chosen
based on the physicochemical properties. However, few mechanisms were proposed to explain
the synergistic interaction between NPs and their co-stabilizer for efficient composite

emulsifiers to stabilize emulsions.

4.1. Wettability alteration

It is well known that the surface activity of solid particles mainly depends on the surface
wettability. These two factors are important for the preparation of Pickering emulsions. Native
NPs without modification may not act as emulsifiers or, at the best, stabilize emulsion with low
efficiency. The adsorption of surfactants or NPs - through electrostatic attraction or hydrogen
bonding interaction - onto the solid surface can efficiently modify the wettability of NPs. So,
the modified particles preferentially stay at the oil/water interfaces and correspondingly bring

out stable emulsion. As illustration, Binks et al. [127] developed a route for the fabrication of
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O/W emulsions, through the combination of hydrophilic silica particles and the dissolved
adipate esters in the aqueous phase. The in situ hydrophobization of silica particles with oil
molecules is attributed to the formation of H-bonds between the carbonyl group of oil molecules

and the hydroxyl group on particle surfaces, which enable them to stabilize emulsion.

Yan et al. [128] prepared COz-responsive Pickering emulsion stabilized by biosourced
maleopimaric acid glycidyl methacrylate ester 3-(dimethylamino)-propylamine imide
(MPAGN) surfactant and silica NPs. After CO2 bubbling, the nonionic MPAGN was
transformed into the active cationic form, which can adsorb onto the surface of negatively
charged silica NPs via electrostatic interactions. More interestingly, the destabilization of
emulsions can be achieved with N2 bubbling because the electrostatic interaction vanishes

between NPs and surfactant.

Binks et al. [129] prepared emulsions stabilized by a mixture of oppositely charged silica
NPs and alumina-coated silica NPs. It has been determined that the mixture of two particles
types at certain amount leads to heteroaggregation and the decrease of net charge, which are
capable of forming stable O/W emulsion with excellent coalescence stability. Moreover, the
increased viscosity of the aqueous phase also plays an important role in the stability of emulsion.
Similar results have also been reported for two types of oppositely charged polystyrene latex
particles, in which the mixture of two particles are able to form emulsion with excellent stability
[130]. Dech&elles et al. [131] developed alumina-functionalized ordered SBA-15 particles,
which can be used to produce water/toluene emulsions. The results indicated that the emulsion
stability comes from a synergetic effect coming from the mesopores, stabilization through
interparticle capillary attractions, and the presence of a rough surface composed of

alumina/silica phases.

An investigation was performed on the influence of the adsorption of anionic (SDS),
cationic (CTAB), and nonionic (C12Es) surfactants on the surface of anionic silica NPs [132].
CTAB gives good adsorption and decreases the effective charge of the complex. It is noteworthy

that the increase of CTAB concentration induces the aggregation of silica and a subsequent
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destabilization of the emulsion. The combination of SDS molecules and silica NPs gives a
supercharged system by increasing the effective charge of silica, which contributes to the
increasing electric repulsion between particles. The effective charge on the particles does not
show any appreciable change when nonionic surfactant is added, and the interaction between
SDS and silica NPs result in the formation of very stable internally nanostructured emulsions

with a mean diameter of 400 nm.

In addition to using electrostatic interaction effect, weak interaction such as hydrogen
bonding is popular in the fabrication of Pickering emulsion for enhanced properties. Sieben et
al. [133] described that raw kaolinite NPs, with in-situ addition of oleic acid, were utilized to
achieve oil/water Pickering emulsion with better stability and higher emulsion volume. The
synergistic interaction of kaolinite and oleic acid can change the wettability of the particles due

to the hydrogen bonds and electrostatic interactions.

The mechanism of the synergism between the surfactant and silica NPs was explained by
Bazazi et al. [134]. They used hydrophilic silica nanoparticles dispersion in combination with
span micellar solution as emulsifier to in-situ generate double emulsion. The dynamic
interfacial tension (IFT) measurement was used to understand the span-silica interaction. They
found that the association between span and silica is attributed to the hydrophobic interaction
and hydrogen bonding. The swollen span micellar solution form microemulsion, while the silica

NPs gradually became surface-active by the adsorption of span and form a core-shell emulsion.

Xie et al. [135] developed a dual-responsive emulsion micro-reactor by combining light-
sensitive titania (TiOz2) and superparamagnetic iron oxide (FesO4) NPs as emulsifiers. The co-
adsorption of partially hydrophobic TiO:2 and partially hydrophilic FesO4 NPs at oil/water
interface is triggered by van der Waals forces, which formed the liquid oil film between the
squeezing interfaces thins. Under a desired position and time in a non-intrusive way, the

obtained emulsion provides a smart platform for chemical reaction with responsive ability.
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4.2. Increment in viscoelasticity

The viscoelastic behavior of emulsions can be adjusted in order to make them suitable with
some applications such as cosmetic or oil recovery Pi et al. [136] successfully fabricated oil-
in-sea water emulsion stabilized with the mixture of xanthan gum (XG) and silica NPs. XG and
silica NPs act synergistically to increase the viscoelasticity of the continuous phase and form a
thick layer at the droplet surface. The latter prevents the coalescence and the creaming of
droplets, which contribute to the formation of emulsion with smaller droplet size and greater
stability. Notably, the required amount of XG and silica NPs for effective oil dispersion is
significantly low thanks to the synergy of XG and silica NPs, which would reduce the potential
adverse environmental impacts. The synergistic interaction between silica NPs and an oil-
soluble amine surfactant has been studied by Whitby et al. [137] to form emulsion. They studied
the synergistic interaction between silica NPs and an oil-soluble amine surfactant for the
formation of viscoelastic composite layer at the O/W interface. The results showed that the
adsorption of surfactant on the surface of the silica can reduce the surficial tension, as well as
increase the particle hydrophobicity. The synergy between silica and surfactant contribute to
the increase in the dilational viscoelasticity, and by the formation of networking between

surfactant-coated particles, which produce and interfacial layer with non-Laplacian rheology.

4.3. In situ formation of Pickering interfacial catalyst

Pickering interfacial catalysis (PIC) concept appears as a promising solution to improve
the catalytic performance of biphasic reaction system and to enhance mass transfer between
substrates with opposite polarity [49]. In a PIC system, NPs can simultaneously act as
emulsifiers and interfacial catalysts located at the oil/water interface. Hybrid NPs present better
performance in various application, particularly in the field of heterogeneous catalysts. These
multifunctional catalysts can promote tandem or cascade reaction, where two or more
individual reactions are combined in a single process. Especially, the development of PIC
systems based on two types of NPs relying on the colloidal tectonics approach [138]. This

approach is to determine how to use attractive forces to control molecular self-assembly and
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produce new colloidal system with predetermined functions. In the case of catalytic system, the
colloidal tectonics approach allows the formation of intermediate systems between
homogeneous and heterogeneous mixtures from macroscopic and microscopic point of view,

thus combining the properties of homogeneous and heterogeneous catalysis.

Stabilization of emulsion by the combination of dodecyltrimethylammonium
phosphotungstate NPs [C12]3[PW12040] and silica particles functionalized with alkyl and
sulfonic acid groups [Cn/SOsH]@SiOz, based on the colloidal tectonics approach (Figure 15)
has been studied by Yang et al. [139]. Especially, the porous [C12]3s[PW12040] NPs allow the
accommodation of Cyg chains belonging to [C1e/SO3H]@SIO2, leading to their interlocking.
The synergistic interaction between two stabilizers determines the droplet size and the emulsion
stability. Such emulsions show high efficiency for the conversion of cycloalkene oxides into
diacids with aqueous H2O> combing the advantages of biphasic catalysis and homogeneous

catalysis without their limitations.
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Figure 15. Schematic illustrations of catalytic tandem reaction for the adipic acid synthesis by
using [C18/SO3H]@SiO2 and [C12]3[PW12040] nanoparticles both as catalyst and emulsifier. The
self-assembly of two NPs driven by partial penetration of the alkyl chains of [C1s/SO3:H]@SiO>
into [C12]3[PW12040]. (Ref 139 with permission from the Royal Society of Chemistry)

Recently, PIC concept has been adapted into Pickering interfacial biocatalysis (PIB), in
which biocatalysts and solid emulsifiers are combined. Sun et al. [140] developed a PIB system

based on recyclable enzyme—polymer composites that acted as both catalytic sites and
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stabilizers at water/oil interface. The combination of enzyme and polymer preserves the enzyme
structure, and the resulted emulsion system presents a significantly larger interfacial area.
Moreover, the presence of biocatalysts at the interface let to a 270-fold improvement of the

catalytic performance in comparison with a conventional biphasic system.

4.4. Film formation

Dried or solid O/W emulsions have received significant interest for different applications
such as drug delivery, food industries, paints and cosmetics. O/W emulsions can be dried by
freeze/spray-drying for the preparation of oil powders. This process allows to obtain powders
without oil leakage and to increase the shelf life of dispersed oil which is convenient for storage
and transportation. Narukulla et al. [141] employed tannic acid (TA) and polyacryloyl
hydrazide (PAHz)-Ag NPs to stabilize emulsions. The presence of TA reduces the concentration
of PAHz, decreases the droplet size and enhances the emulsion stability. Especially, the obtained
emulsions exhibit both freeze drying and re-dispersibility with containing nearly 98% oil. The
synergy effect between TA and PAHz-Ag NPs is mainly due to the hydrogen bonding
interaction and hydrophobic interaction with oil droplets. The as-obtained Pickering emulsions

show increased stability.

Gao et al. [142] prepared emulsions with superior stability, through in situ modification of
protein particles with small molecular weight surfactant sodium stearate (SS). The results
presented an enhanced adsorption and targeted accumulation of zein particles at the interface
with increasing SS concentration. Partial unfolding of zein particles modified by SS above its
critical complexation concentration triggered the aggregation and close packing of particles at
the oil/water interface, thus significantly improving the surface particle coverage and promoting
efficient packing of zein particle at the interface. Moreover, protein-based oil gels without oil

leakage were obtained by one-step freeze-drying of the zein-stabilized emulsions.
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5. Applications of Pickering emulsions

The choice of each components of multi-compositional NPs as emulsifiers gives the
opportunity to offer multiple applications, such as catalysis, photocatalysis, biomedical, etc. In
the following section, it is discussed the combination of particles with different substances used

to form “smart” emulsions for various applications.

5.1. Catalysis

Biphasic conditions are often required for catalytic reactions, and the use of emulsions for
catalysis provide larger interfacial areas when compared to traditional reaction systems. Among
them, many attempts have been performed to use metal NPs into a composite to achieve

synergistic functionalities.
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Figure 16. Schematic representation of emulsion stabilized by starch-based NPs and gold NPs.
Demulsification occurs under acidic condition with the tertiary amines protonation that renders
the surface hydrophilic and allows the NPs to desorb from the oil-water interface. Under basic
condition, the deprotonation of amines makes the surface more hydrophobic and the re-
adsorption at the interface takes place. (Ref 143 with permission from the Royal Society of
Chemistry)

Qi et al. [143] utilized starch-based NPs and gold NPs as multifunctional emulsifiers (D-
g-SNP/AUNP) to stabilize pH-responsive emulsion (Figure 16). The obtained emulsions act as

catalytic micro-reactors for catalytic hydrogenation of p-nitroanisole to p-anisidine. The yield
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obtained by the D-g-SNP/AuUNP stabilized O/W emulsion was as high as 95%, outperforming
the monophase system or planar interface system. These excellent catalytic performances are
due to the hydrophobic catalyst surface and the enhanced contact region, which facilitates the

adsorption of the reactants onto the catalyst surface and the increased mass transfer frequency.

Xue et al. [144] have employed graphene-based NPs/palladium NPs (Pd/GO-Si) to form
emulsions for the selective hydrogenation of cinnamaldehyde (CAL) to hydrocinnamaldehyde
(HCAL). The graphene modified by organic silicane permitts to enhance the lipophilicity of the
surface, and promotes the adsorption of reactants at the Pd/GO-Si-stabilized emulsion interface.
Based on the synergistic effect of graphene-based NPs and Pd NPs, the system presents high
catalytic activity with yield of 83 % in 20 mins. The catalyst has been conveniently recycled

for at least four times with no significant reduction in activity.

Xia et al. [145] synthesized amphiphilic catalysts HPW/P[tVPB-VP1] by loading
phosphotungstic acid (HPW) NPs onto pyridine-based polymer (P[tVPB-VPx]) NPs. Different
from the traditional amphiphilic catalysts, the polymer network structure of P[tVPB-VPX]
ensures the absorption of dibenzothiophene (DBT) (Figure 17). The as-obtained amphiphilic
HPW(50)/P[tVPB-VP1] presents ultra-fast and deep oxidative desulfurization rate, giving
complete conversion of DBT from within 15 min at 60 °C. The satisfying results are explained
by the catalyst that can assemble at the oil-water interface, which provides a fastest reaction

dynamics.

HPW(50)/P[tVPB-VP,] .
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Figure 17. Schematic illustration for simultaneous oxidation and extraction desulphurization
in emulsion catalyzed by HPW/(50)/P[tVPB-VP1] which also acts as emulsifiers and adsorbent.
(Ref 145 with permission from the American Chemical Society)
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The influence of particle wettability and concentration on the enzymatic catalytic reaction
has been studied by Rodriguez et al. [146]. They compared the catalytic performance of
aldoxime dehydratase in the enzymatic dehydration of n-octanaloxime to n-octanenitrile in both
emulsion type (W/O and O/W). This study highlight that the emulsion type can affect the

conversion of catalytic reaction.

Janus particles — in reference of the double-faced Roman god - have been extensively
investigated in recent years because of their asymmetric structures or functionality and diverse
potential applications. Dou and Wang [147] synthesized carbon-silica Janus particles containing
phosphotungstic active component as solid emulsifiers for Pickering emulsion. Such system
showed an excellent catalytic performance for oxidative desulfurization (99.86% obtained
under the optimal condition). Here, the existence of phosphotungstic component acts as the
active centers for the oxidation, whereas the considerable large interface between the extractant

and oil promotes the extraction process and the contact area of catalyst and reactants.

5.2. Photocatalysis

One important issue in the synthesis of photocatalytic material is to increase photoactive
material absorption in the visible light range and hot-electron transport to the reaction sites. Li
et al. [148] provided a novel method to form emulsions through unmodified TiO2 particles
(Figure 18). In dye-contained wastewater, the adsorption of dye molecules (reactive brilliant
red X3B, methyl orange, Congo red, and orange G) with characteristic sulfonate groups on the
surface of TiO2 particles leads to enhanced hydrophobicity of the particle surface and stabilize
emulsion. The results show that the prepared system significantly enhances the efficiency of
the photocatalytic degradation of the dyes in comparison with the non-emulsified system. The

material also shows a good recyclability for re-use under long-time irradiation.



Chapter I. State of the art: Synergies at water/oil interface

FO

- particle
@ : Photo-
o o o E catalysns
e ) o QO ‘ :
= surfactantfree direct f PE recycle I
emulsifying transfer

Figure 18. Schematic representation of photocatalytic dye degradation in O/W Pickering
emulsion stabilized by commercial TiO> NPs. The dye molecules attached on the surface of
TiO2 and tuned its wettability to be an emulsifier. (Ref 148 with permission from Elsevier)
Chen et al. [149] prepared imprinted photocatalyst ZnO/GO-MIPs via Pickering emulsion
polymerization technique and the in situ assembly of ZnO/graphene oxide on the synthetic
molecular receptors (MIPs). The obtained ZnO/GO-MIPs catalysts could efficiently

photoreduce Cr(VI) at the solid-water interface, and its efficiency was attributed to the

synergistic catalytic effect between solid MIP core and the aqueous phase.

5.3. Enhanced oil recovery

Pickering emulsion have been applied in petroleum industry because of their attractive
rheology characteristics. The utilization of NPs stabilized emulsion in the flooding and oil
recovery process offer significant advantages to surfactants or polymers stabilized emulsion,
such as excellent stability at high pressure and high temperature conditions, low cost, and
environment friendliness [150]. Additionally, introducing surfactants onto the surface of NPs
can also optimize rheological performance at extreme reservoir conditions by reducing the

interfacial tension and altering the wettability of porous media [151].

Pei et al. [152] used silica NPs and hexadecyltrimethylammonium bromide (CTAB) co-

stabilized emulsion flooding to enhance heavy oil recovery. The use of positively charged
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CTAB molecules allowed for the hydrophobization of negatively charged silica particles,
changing the wettability of silica NPs to promote their interfacial attachment at the interface.
The synergistic interaction between nanoparticle and surfactant leads to the decrease of NPs
concentration in the continuous aqueous phase, which results in the decrease of emulsion
viscosity. The obtained emulsion flooding gives a great potential for enhanced oil recovery in
waterflooded heavy oil reservoirs, with the permeability ranging from 500 mD to 2000 mD and
the crude oil viscosity being lower than 1000 mPa.s. Another example regarding the use of
silica and surfactant is given by Lee et al. [153]. The combination of silica,
dodecyltrimethylammonium bromide (DTAB), and alcohol propoxy sulfate (Alfoterra S23-7S-
90) can generate a structurally stable colloidal layer based on its optimal synergy effects. The
results of sandpack flooding, Berea sandstone core flooding, and slim tube sandpack flooding
experiments show that the colloidal solution could generate emulsion in situ at the pore scale

and improve the oil recovery by 27% compared with the brine flooding case.

Liu et al. [154] prepared surface-active nanofluid by using silica nanoparticles and
nonionic surfactant laurel monoanolamide, inducing the Pickering emulsions with in-situ
mobility control. Chemical enhanced oil recovery factor of 29.2% and cumulative oil recovery
of 70.9% suggested that surface-active nanofluid is the approach with great potential in

industrial oilfield application.

Zhao et al. [155] reported on similar studies about crude oil/water Pickering emulsion
stabilized by glucose-based cationic nonionic surfactant (GBDD)-modified halloysite
nanotubes (H-GDBB). The emulsion type has been inverted from O/W to W/O and finally to
O/W with the increase of GBDD concentration. Especially, H-GDBB nanofluid flooding could
not only “peel off” the oil droplets on the rock surface through “wedge” adsorption pressure,
but also form emulsion and reduce the displacement flow resistance and improve the oil
recovery. Yet another interesting example of a surfactant-polymer-nanoparticle (SPN) based
O/W Pickering emulsion system for application in enhanced oil recovery is given by Kumar et
al. [156], where silica NPs show synergetic effect in presence of sodium dodecyl benzene

sulfonate and carboxy methyl cellulose with the decrease of interfacial tension and droplet size
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of emulsion in comparison with its surfactant-polymer or surfactant counterparts. It is found
that adsorption of surfactant on the surface of silica modify its wettability as well as decrease
the interfacial energy at the oil/water interface, while the consistent high viscosity values with
addition of polymer had a significant effect on the rheological stability of emulsion. The
investigation of the application of nanofluid injections revealed that the additional oil recovery
of more than 24% could be achieved by injection of 0.5 pore volume of SPN-3 (at concentration
of polymer, surfactant and NPs at 1.5 %, 825 ppm and 0.25 wt.% respectively) Pickering

emulsion system after conventional water flooding.

5.4. Biomedical

NPs-stabilized emulsions are very promising materials for biomedical applications
because they have well-defined microstructures and they can be formulated with biocompatible
NPs. Moreover, Pickering emulsions can be dried to make powdered composites materials, as
well as destabilized to make coatings and adhesives by evaporating the volatile components to
have a film of active ingredients on a solid surface. Sarkars et al. [157] prepared emulsion with
lactoferrin nanogel particles (LFN) or a composite layer of LFN and inulin NPs (INP). The
results showed that both LFN and INP are located at the interface because of the electrostatic
attraction between oppositely charged LFN and INP at neutral and gastric pH. The presence of
the secondary interfacial layer of INP provides a protective coating to the emulsion and further
delay gastric digestion. This is mainly attributed to the formation of strong particle-particle
composite layers at pH = 3, and INP exhibited effective steric barrier that slows down the access

of pepsin to the LFN.

Sihler et al. [158] prepared inverse Pickering emulsions stabilized by silica NPs and
various polymeric surfactants, with outstanding stability and narrow droplet size distribution.
Silica particles are in situ hydrophobized by the adsorption of surfactant on the surface via van
der Waals interaction and hydrogen bonding. The silica particles do not only form the shell of
the emulsion droplets but some of them are obviously rendered hydrophilic and form a three-

dimensional network in the inner of the droplets. The high flexibility of the system has potential
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for biomedical applications like capsule cell interactions for drug delivery or diagnostics.

Sarkar et al. [159] developed emulsions stabilized by a composite layer of whey protein
isolate (WPI) and cellulose nanocrystals (CNCs). The results of transmission electron
microscopy, zeta potential, interfacial shear viscosity and theoretical surface coverage
suggested both CNCs and WPI located at the O/W interface because of the electrostatic
attraction between WPI and CNCs at pH 3. At an optimum concentration of CNCs, the
formation of strong protein-particle composite adsorbed layers slows the access of pepsin to the
protein interface, thus inhibiting droplet coalescence in the gastric phase. There are possibilities
that the formation of network by the CNC in the continuous phase reduced the kinetics of

proteolysis, or the formation of rigid CNC shell on the protein-coated droplets.

5.5. Cosmetics and personal care product

NPs-stabilized emulsions are significantly used in the formation of many cosmetic and
personal care products because they show superior stability compared to emulsions stabilized
by surfactants and polymer molecules. Recently, Rincénh-Fontén et al. [160] investigated the
synergic effect between mica and corn steep liquor-based biosurfactant extract to stabilize
emulsions containing water and a non-aqueous soluble antioxidant (vitamin E). Both
ingredients present a synergistic effect to form Pickering emulsion. The presence of
biosurfactant extract improves the emulsion volume up to 70 % after 22 days, whereas the
containing of 10 % mica component was able to increase the emulsion stability after 30 days of
experiment. All the components have been proved to absorb UV light, giving antioxidant and
sunscreen properties that suggests potential applications in cosmetic and pharmaceutical

industry.

Sadeghpour et al. [161] improved the hydrophobicity of silica NPs by simple adsorption
of oleic acid to their surfaces. Hydrophobic oils (long-chain alkanes, liquid paraffin, and liquid-
crystalline) can be stabilized by the combination of silica and oleic acid with extremely small
droplet size. Small angle X-ray scattering confirmed that the oleic acid-coated silica NPs were

not aggregated. The sample procedure, the biocompatible materials, and the obtained emulsion
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with high stability and small droplet size, were valuable for biological and body-care

applications.

6. Conclusion

Pickering emulsions stabilized with hybrid nanomaterial offer novel properties that gives
opportunities to use them or to integrate them in various industrial applications (food, cosmetics,
oil recovery, catalysis, and pharmaceuticals...). In this review, we have summarized the
considerable progress of the fabrication and application of the Pickering emulsion, with
synergies between NPs and functional substances happening at the oil/water interface, which
are not possible in most single nanoparticles system. Many efforts have been made to integrate
particles into different composites, such as the in situ modification with small surfactant or
polymer to tune the wettability of particles through electrostatic attraction and hydrogen
bonding interaction. However, there is considerable room to explore new functions and
materials, especially using particles in combination with emerging bio-sourced materials such
as biopolymer, biosurfactant and enzyme. In this regard, intriguing hybrid materials with
fantastic properties can be further developed and implemented in food and biocatalysis field.
Especially, there has been booming interest in the development of switchable Pickering
emulsion (emulsification/demulsification or phase inversion), which are triggered by surface
wettability change response to the external controllable stimuli. With the increasingly demand
of stimuli-responsive Pickering emulsion in various application (such as enhanced oil recovery
and catalyst/product recovery), the construction of the more advanced emulsifiers endowed
with stimuli responsiveness or bifunctionality need to be further systematically explored and
require the in-depth study. The use of bijels system to carry out biphasic catalysis is a promising
way to precise control of the reactions happened at the interface between the two immiscible
phases. Moreover, the upcoming research and development in the bijels system should focus
on the continuous flow reactors to addresses the limitation of the conventional batch reactors
for the demand of industrial. Further investigation of novel hybrid nanomaterial is closely

dependent on a better understanding of the mechanism, especially the interaction derived from
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the interface between particles and functional substances, will undoubtedly help precise design
and improve the value of the hybrid nanomaterials. This will inspire ideas and catalyze more

directions to harness the Pickering emulsion to a wider scope of application.
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Chapter Il. Light-driven Pickering interfacial catalysis

1. Introduction

Owing to their localized surface plasmon resonance (LSPR) properties, noble metal NPs
based on silver and gold can effectively enhance the spectral absorption to generate hot
electrons and photothermal effect by hyperthermia [1-3]. These characteristics allow an
efficient conversion of light-to-energy and energy transfer to the microenvironment around the
NP surface (Figure 1a). Among noble metal particles, Au NPs (NPs) are most commonly used
as plasmonic materials and catalysts due to their low reactivity, easy fabrication and facile
application. Moreover, they are used for target therapy by local heating in biological
applications [4, 5].
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Figure 1. (a) Schematic illustration of localized surface plasmon resonance in Au NPs. (b)
Scheme describing the transfer of hot charge carriers to the surroundings and relaxation of
charge carriers into heat. (c) Schematic illustration of photocatalytic mechanism of TiO2 under
light irradiation.
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Semiconductors can be used as photocatalysts (Figure 1c) for oxidation reactions,
including TiO2 [6], WO3 [7] and ZnO [8]. While electron—hole pairs are generated from
photocatalysts, LSPR can serve as an additional energy input through converting light energy
into a hot carrier [9] (Figure 1b). Depending on the different decay pathways of plasmonic
energy, the mechanisms of hot carriers in the chemical reaction are proposed as follows: (1)
optically excited hot electrons can inject into the electrorn-accepting states of nearby surface
and can take part in the reaction; (2) photo-induced hot carriers play a negligible role in
activating the surface adsorbed reactants, but convert energy into heat through energy exchange
between electrons and phonons; (3) both hot carrier-driven reactant activation and photothermal

heating exist and can act synergistically to drive the chemical reactions.

000000
ALERL

Sensing

Imaging Photocatalysis

Figure 2. Applications of Au NPs, including imaging, therapy, sensing, laser and plasmonic
catalysis.

The plasmonic properties of Au NPs are dictated by their size, shape and composition, as
well as by the surrounding conditions such as the pH, concentration and ionic environment.
They are used in a great deal of applications including optical devices, biological sensing, and
photocatalysis [10-12] (Figure 2). For example, Au nanospheres [13], nanorods [14] and
nanoshells [15] have strong absorption in near-infrared light region to generate both hot
electrons and hyperthermia effects. Hou et al. [16] prepared monodisperse and uniform
theranostic agents based on core/shell/shell Fes04@SiO.@Au-PEG NPs by a seed growth

method. Because of their excellent superparamagnetic and plasmonic properties, the obtained
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NPs were used as contrast agents for magnetic resonance and computed tomography dual
imaging, and high photothermal therapies. Inspired by LSPR properties that enable a significant
and rapid increase of the local temperature at the nanometer scale, Au NPs have also found a
broad range of applications in the chemical industry as plasmonic catalysts for oxidation [17],

reduction [18], hydrogenation reactions [19], and so on [20, 21].

In general, most of catalytic reactions are driven by thermal energy. However, in a
conventional heating approach, the thermal energy generated by external heating during the
chemical reaction cannot be precisely localized on the catalyst surface, and heat dissipates into
the surroundings, resulting in energy loss. High operating temperature can result in negative
side effects such as undesired selectivity for products in partial-oxidation reactions and catalyst
deactivation. The integration of plasmonic NPs in a catalytic system can be remarkably
beneficial for the design of new catalyst systems [22, 23]. Ideally, the heating of the catalytic
system can be performed in the presence of photothermal agent via remote light irradiation [24-
26]. When photothermal transformation gets close to the catalytic centers, heating can become
much more effective. Compared to conventional external heating, plasmon-driven catalysis
utilizes hot electrons and/or a temperature gradient on the catalyst surface under light irradiation
to accelerate the catalytic activity, and makes the catalytic process greener [27, 28]. Moreover,
the reaction pathways can be shifted by injecting hot carriers into specific chemical bonds, thus
changing the reaction selectivity. Indeed, several studies have reported photoassisted-improved
catalytic process under light irradiation using plasmonic particles based materials, like hybrid
Ag@SBA-15 [29], Pt-decorated graphene oxide [30] and Au coated Fez0s@SiO; [31]. The
results from these studies clearly demonstrate the possibility of using plasmonic noble metal

NPs as energy converters to drive catalytic reaction at moderate bulk temperature.

Organic-aqueous biphasic catalysis systems are common when performing reactions
between immiscible reagents and catalysts, such as oxidation, biomass conversion, Suzuki
coupling, and polymerization [32-34]. Despite their benefits, conventional biphasic systems
often suffer from low reaction efficiency because of high mass/heat transfer resistances due to

limited organic/aqueous interfacial area [35]. To address this limitation, Pickering interfacial
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catalysis (PIC) is a promising strategy to improve the efficiency of biphasic chemical reactions
[36-39]. In PIC systems, the solid NPs act both as catalyst and emulsifier at the organic/aqueous
interface, which increases the interfacial area for mass transport, thus promoting catalytic
efficiency [40, 41]. The first example of catalytic reaction in Pickering emulsion was reported
by Crossley et al. [42]. Pd/carbon nanotube-inorganic oxide hybrid NPs not only showed
interfacial activity for stabilizing Pickering emulsions, but also enhanced the reaction efficiency
for the biphasic hydrodeoxygenation of phenolic compounds (98% conversion of
glutaraldehyde in emulsion and 58% in single aqueous phase), and hydrogenation and
etherification of aldehydes. Later, a variety of interfacial-active catalysts were developed for
PIC, ranging from acid/base to oxidation/epoxidation catalysts, as reviewed by Pera-Titus et al.
[43]. Until now, improvements have been reported on PIC systems, but high reaction
temperature and long reaction time are still required [44, 45], which cause excessive energy and
cost. For example, Fan et al. [46] used amphiphilic silica NPs functionalized with alkyl chains
and alkyl sulfonic groups to stabilize Pickering emulsion for the etherification of glycerol with
dodecanol at 150 <C for 16 h. Thus, it is necessary to develop a suitable strategy to conduct

interfacial reactions at milder conditions.

Polyoxometalates (POMSs) are anionic metal oxide clusters based on high-valent transition
metals (such as M, Mo, W, V and Nb) that have been developed and applied for various
reactions, including transesterification, hydrolysis, Friedel-Crafts alkylation and oxidation of
olefins, alcohols, alkanes, etc. [47-49]. POMs exist in numerous types of structures. For
example, the phosphomolybdate, [PMo012040]*, and the silicotungstate, [SiW12040]*, anions
have the same structure as [PW12040]*", display the so-called Keggin ionic type with the generic
formula [YM12040], where Y is the heteroatom (normally P, Si, or B), and M is the addenda
atom (such as Mo or W). The studies have focused mainly on the Keggin-type heteropolyanions
because of their high availability and stability, and they can be used as efficient catalysts for the
selective oxidation of substrates using H20: as oxidant [50-52]. However, their hydrophilic
nature limits their application because of complex separation and recycling. As a way out,

different approaches have been proposed for heterogenizing POM catalysts. In particular, POM-
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based [C12]3[PW12040] catalysts resulting from the attractive interaction (ionic type) between
dodecyltrimethylammonium chains and phopshotungstate anions have proven to be excellent
candidates for stabilizing Pickering emulsion with high catalytic activity for the oxidation of
olefins [53, 54]. In a recent work, Yang et al. [55] used the colloidal tectonics approach to
prepare emulsions stabilized by the interaction between [C12]3[PW12040] and amphiphilic silica
NPs. The self-assembly of dual NPs resulted in their synergistic and superior performance for

the cleavage of olefins.

Bearing these facts in mind, we have developed catalytic nanomaterials for light-driven
oxidation of olefins in a PIC system. The system combines amphiphilic silica NPs loaded with
Au NPs, acting as on-site heaters/plasmon activators, and [C12]s[PW12040] NPs acting as
catalysts (Figure 3). The physicochemical properties, stability and plasmonic effects of the
emulsion stabilized with dual NPs have been systematically investigated. Then, the catalytic
activity has been evaluated for the plasmon-assisted catalytic oxidation of cyclooctene using
H>0> as oxidant under light irradiation. More importantly, the synergistic catalysis and on-site
heater/plasmon activators for the oxidation of cyclooctene afforded much higher yield at milder

conditions which cannot be achieved by the sole use of [C12]s[PW12040] NPs.

UV light

oil 1 oil

Localized heating at the interface

[C1o]a[PW1,0 4] Au/SiO,-C,

Figure 3. Schematic illustration of the PIC system designed in this study using self-assembled
amphiphilic silica NPs loaded with Au NPs, acting as on-site heaters/plasmon activators, and
[C12]3[PW12040] NPs, acting as catalyst, under light irradiation.
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2. Experimental part

2.1. Materials

Reagent-grade HAuUCIls 3H20 (99.9%), sodium citrate (99%), NaBHa (98%), (3-
aminopropyl)triethoxysilane (APTES, 99%), sodium hydroxide (NaOH, 99%) and
trimethoxy(propyl)silane (97%) were purchased from Aldrich (USA). Aerosil®200 was a
generous gift from Evonik Industries AG (Germany). Hydrogen peroxide (50%) was supplied
by VWR International (France). Cyclooctene (95%) was procured from TCI (Japan). Toluene
(99%) and heptane (99%) were supplied by Sigma-Aldrich. CDClz (99.8%) was purchased
from Euriso-top (France). All the aqueous solutions were prepared using Millipore water
produced by a water purification system with a water resistivity higher than 18.2 MQ cm

(Barnstead, Thermo Scientific, USA).

2.2. Synthesis of amphiphilic silica NPs (SiO2-Cs)

In a typical procedure [56], a suspension of Aerosil®200 was prepared by adding 0.5 g
Aerosil®200 in 200 mL water/ethanol solution (1/1 v/v, pH = 9.8). Then, 0.91 mL (5 mmol) of
trimethoxy(propyl)silane (Cs) was slowly added into the suspension under vigorous stirring.
Furthermore, 0.105 mL (0.5 mmol) of APTES was added to the suspension. The reaction
mixture was stirred at room temperature for 1 h, followed by heating at 80 <C for 1 h. The NPs
were collected by centrifugation, and were washed with water and ethanol six times. Ultimately,

the amphiphilic SiO2-C3 NPs were dried at 80 <C overnight.

2.3. Synthesis of Au NPs

Au NPs were obtained using the protocol reported by Turkevich et al. [57]. In brief, 95
mL of an aqueous solution of HAuCls 3H20 (1 wt.%) was prepared, and then 2 mL of an
aqueous solution of sodium citrate (38.8 mM) was added under vigorous stirring. After 1 min,
1 mL of a freshly prepared NaBH4 aqueous solution (10 mM) was added to the mixture which

took a reddish color. The Au dispersion was stored under darkness at 4 <C.
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2.4. Synthesis of Au-loaded amphiphilic silica NPs (Au/ SiO2-Cs)

Au NPs were immobilized on the surface of amphiphilic SiO2-Cs NPs by self-assembly
method [58]. Firstly, 3 mL of a Au NPs dispersion (obtained in section 2.3) were added to 3 mL
of an ethanolic dispersion of SiO2-Cz NPs (1.5 wt.%) under vigorous stirring. The Au/SiO2-Cs
NPs was collected by centrifugation and washed with deionized water three times. The NPs
were collected and then dried in an oven at 80 <C overnight. A scheme of the protocol for

preparing Au/SiO2-C3 NPs in provided in Figure 4.

2.5. Synthesis of amphiphilic POM NPs ([C12]3[PW12040])

Amphiphilic POM NPs were prepared by the protocol described in ref. [55]. Briefly, 100
mL of an aqueous solution of dodecyltrimethylammonium bromide [C12][Br] (0.2 M) was
eluted on a hydroxide ion exchange resin to obtain an aqueous solution of [C12][OH]. An
aqueous solution of HsPW12040 (around 6.5 mmol, 10 M) was added dropwise to the aqueous
[C12][OH] solution (0.3 mM) until pH 7 at 25 <C under dry Ar and vigorous magnetic stirring
(1,500 rpm). The colorless precipitate of tri(dodecyltrimethylammonium) phosphotungstate
was obtained after a few minutes. The resulting [C12]3[PW12040] NPs were collected and

washed with water to remove impurities, and then lyophilized (Figure 5).

APTES/C,
Modification

SiO, .
Au/SiO,-C,4
NaBH,
i 0"CHg !
A HaC T O-Si—~—NH, |
| APTES Hyo—°
HAUCI, H,0 O/CHS
u H H
4 Hy H VWV H3C\O*S‘\i\/CH3 ;

Na;CsHs0; |
Au NP \ Gy HyC-O

Figure 4. Schematic representation of the synthesis protocol of amphiphilic silica SiO,-C3, Au,
and Au/SiO2-Cz NPs.
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Figure 5. Schematic representation of the synthesis protocol of amphiphilic [C12]3[PW12040]
NPs.

2.6. Physicochemical characterization of NPs

The Au and Au/SiO»-C3 NPs were visualized by high-resolution transmission electron

microscopy (HRTEM) using a JEOL JSM-6360LV microscope at a voltage of 200 kV.

The UV-Vis spectra of Au and Au/SiO2-Cs NPs were recorded with a Nano Photometer

N60 spectrometer (IMPLEN, Germany).

The nanoparticle size distribution and zeta potential of the different particle dispersions
were obtained using Zetasizer (Nano ZS ZEN 3600, Malvern, UK) equipped with a He-Ne laser
at 632.8 nm, using 0.1 wt.% particles dispersed in water at room temperature (a few drop of

ethanol was added inside to wet hydrophobic NPs).

Fourier transform infrared spectroscopy (FT-IR) was performed using a Nicolet 380 FTIR

Spectrometer equipped with an attenuated total reflector (Thermo Electron, USA).

Thermogravimetric analyses (TGA) were performed on a Q500 (TA Instruments, USA).
In a typical test, at least 10 mg of sample was heated from 30 to 900 <C at a rate of 10 <T/min

under nitrogen atmosphere (60 mL (STP)/min).

Contact angle measurement was performed by the sessile drop method (DSA 100 Kriss
GmbH, Germany) by deposing a small drop of 4 L of water onto the pellet with 100 mg NPs

compressed at 1800 bar during 10 min.

The Au loading in the Au/SiO,-Cs NPs was quantified by Agilent 5110 vertical dual view

inductively coupled plasma optical emission spectrometer (ICP-OES) equipped with an
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OneNeb nebulizer, a quartz double pass spray chamber and a quartz torch (Agilent). In a typical
test, 50 mg samples were weighed and 1ml HF/1ml HCIl/Iml HNO3s were added and heated at
110 <T in closed teflon tubes for 24 h. Then, 30 ml of ultrapure water were added. The cleared

solutions were filtered at 0.45 um and diluted for the ICP-OES analysis.

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Ultra DLD
spectrometer using a monochromatic Al Ka radiation (1486.6 eV) operating at 225 W (15 mA,
15kV). High-resolution spectra were collected using an analysis area of ~300 pm X 700 pm

and a 20 eV pass energy.
2.7. Preparation of emulsions

Typically, 1.0 wt.% Au/SiO,-C3z and 1.8 wt.% [C12]3[PW12040] were dispersed in 1.5 mL
of oil phase and ultrasound for 5 min, followed by the addition of 1.5 mL of water ina 5 mL
glass vial. Emulsions were formed using Ultraturrax T10 basic (IKA, Germany) at room

temperature and 11,500 rpm for 2 min.

2.8. Emulsion characterization

Optical micrographs were taken using a VHX-900 F digital microscope equipped with a
VH-Z100UR/WIT lens (Keyence, France). The emulsions were diluted with the continuous
phase before observation, and photographs from different locations of the emulsion drop were
taken to represent the general view of the emulsion droplets. The images were analyzed using
ImageJ software (National Institutes of Health, USA) to measure the droplet diameter. The log-
normal distribution function was obtained after statistical analysis of the micrographs using

OriginPro 8® (OriginLab, USA).

The emulsion stability was characterized at 60 <T by static multiple light scattering (SMLYS)
using a Turbiscan Lab (Formulaction, France) operating with a near-infrared light source (A =
880 nm). Transmission mode was used to analyze from clear to turbid dispersions while
backscattering mode was used to analyze opaque and concentrated dispersions [59-61]. The

light intensity of emulsion usually changes slightly, indicating a low change of droplet
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concentration and higher stability. More specifically, the ABS intensity decreases for larger
particle sizes (coalescence and flocculation) or at lower particle concentrations (sedimentation
and creaming) when the particle size is larger than the incident wavelength. The decrease in
ABS at the top layer of an emulsion indicates a decrease in the top concentration and
clarification of upper layer. In contrast, an increase of AT at the top layer reflects the
clarification process. Moreover, the backscattering light is more sensitive for detecting
emulsion droplets because they have high obscuration which can reflect the backscattering light
[62]. Meanwhile, transmission light is suitable to evaluate the diluted emulsion phase [63].
Several emulsion instability phenomena such as creaming, sedimentation, flocculation,
coalescence and Ostwald ripening are depicted in Figure 6. Although gravitational separation
can sometimes happen due to the difference in the density of the two immiscible phases,
coalescence involving collision of two or more small droplets to form a single larger droplet

can be considered as the parent instability mechanism [64-66].
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Figure 6. Schematic representation of destabilization mechanisms of emulsions, where the
yellow dots represent the droplets and the blue background indicates the continuous phase.

2.9. Photothermal conversion measurements
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The photothermal conversion experiments were carried out under light irradiation using a
Hg-Xe lamp (LightningCure LC8, Hamamatsu, Japan) incorporating a filter (A9616-09) inside
to select the irradiation light (Figure 7). A thermal insulation was made with PS foam at the
outside of the cuvette to limit heat dissipation. A 495-nm long-pass filter was placed between
the sample and the light source (Figure A-2). The UV light irradiance distribution was
dependent on the distance from the light output end to the target surface. The longer the distance
from the light source to the target sample, the lower the power density and the larger beam size
can be obtained. The light source was placed at 2 cm from the surface of the cuvette rendering
a maximum power of 355 mW measured using an 843-R optical power meter (Newport
Corporation). The beam size focused to around 6.7 mm with the maximum power density of 1
W/cm?. The temperature change of the solution was recorded using a data logger thermometer
YC-727U (Maximum Electronic Co., LTD). The thermometer was kept outside the irradiation
area to avoid photoheating of the iron-made probe. A magnetic stirrer was used for gentle
stirring. In the photothermal conversion test, | mL of Au NPs dispersion or Au/SiO2-Cs
emulsion were irradiated with light. The temperature change of the prepared sample was

recorded every 20 s.

Light Filter  Sample Stirring plate

Thermometer

-

OO

PC

UV Lamp

1

Figure 7. Scheme of the experimental setup used for measuring temperature changes under
light irradiation mediated by NPs. Nomenclature: Light indicates UV lamp irradiation; filter
indicates the 495 nm long-pass filter; sample indicates the aqueous solution or emulsion sample
in a quartz cuvette (I mL), and thermometer connected to computer for recording the
temperature change; stirring plate was set at 120 rpm to keep the sample homogeneous.



Chapter II. Light-driven Pickering interfacial catalysis

2.10. Plasmon-assisted catalytic tests

In a typical catalytic test, 1.5 mL of toluene containing cyclooctene (2 mol/L) and 1.5 mL
of water containing 1.2 equiv. H.O> (50%) were added to a 5-mL glass vial, followed by
[C12]3[PW12040] (50 mg) and Au/SiO»-Cs (30 mg) at room temperature. The final dispersion
was emulsified using an Ultraturrax at 11,500 rpm for 2 min. Then, 1 mL of the obtained
emulsion was added into a 2-mL cuvette, and it was gently stirred at 120 rpm under light
irradiation (495 nm wavelength) at a given power density for the desired period of time. The

temperature change inside the emulsion was recorded every 20 s.

After the reaction, the system was demulsified by centrifugation, the upper oil phase was
separated by decantation, and it was dissolved in CDCls, whereas C>Cl4H2 was used as internal
standard for analysis. Then, 50 L of the oil phase, 50 L (0.5 mol/L) of the internal standard
solution and 400 pL of deuterated CDClIs were added in a NMR tube. The yield was measured
by *H NMR on an Advance 300 Bruker spectrometer at 300.12 MHz.

For catalyst reuse experiments, the mixed NPs were collected by centrifugation and dried
at 80 C. The emulsification protocol describe above was repeated and the subsequent catalytic

run was carried out.

For control experiments, the catalytic reaction was performed at the same emulsification
and reaction conditions described above, but under heating in an oil bath (IKA, RCT standard,
heat output 600 W), and the temperature was set as the corresponding maximum temperature
reached with the light-driven experiment. Another catalytic reaction was carried out at identical

conditions at room temperature in a dark environment, i.e. without light irradiation.

The laser-driven catalytic experiments were carried out with the same setup and identical
catalytic reaction conditions, but changing the light source. For pulsed laser tests, a 532 nm
pulsed laser Surelite 1l (Continuum, USA) operating in 10 Hz repetition rate and 10 ns pulse
width was employed to investigate the plasmon-assisted oxidation of olefins in emulsion. The
average power is set to around 500 mW and the beam size of the laser focused to around 10

mm, while the average power density of the pulsed laser is around 100 mW/cm?,
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3. Results and discussion

3.1 Synthesis and characterization of NPs

3.1.1. Dynamic light scattering measurements

The dynamic properties of the NPs in aqueous solution were characterized using dynamic
light scattering (DLS) [67-69]. Table 1 shows the results of the mean particle size and zeta
potential of the as-prepared NPs. The Au NPs have a hydrodynamic diameter around 13 nm,
with a zeta potential of —34.7 mV. It is also observed that the hydrodynamic diameter of bare
SiO2 NPs is around 90 nm, with a negative surface charge of —38 mV. After surface modification,
the surface charge of SiO2-Cs NPs becomes strongly positive (+42.6 mV), which can be
attributed to protonated amine groups on silica surface. By comparing the surface charge of
Si0O2-Cs and Au/SiO2-Cs, the overall charge of Au/SiO2-C3 NPs decreases slightly (+40.3 mV),
suggesting that the silica surface is not fully covered with Au NPs [70]. The hydrodynamic
diameter of the SiO2-Cs NPs is about 200 nm in water. This observation points out partial
aggregation of NPs. The average hydrodynamic diameter of Au/SiO2-Cz NPs remains
approximately the same as SiO2-C3 NPs. Finally, [C12]3[PW12040] NPs display a hydrodynamic

diameter of 48 nm, with a negative surface charge of —31.7 mV.

Table 1 Main physicochemical properties of the NPs prepared in this study

Au SiO, Si02-Cz3 AU/SIO2-C3  [C12]3[PW12040]
Dp (nm)? 13 90 190 207 48
¢ (mV)° -34.7 -38 42.6 40.3 -31.7

8 Hydrodynamic diameter of NPs measured by DLS. ® Determined for 0.1 wt.% NPs
suspensions in water at 25 <C in neutral pH.

To better understand the interaction between water and the dispersed particles, a series of
zeta potential measurements were carried out as a function of the pH. As shown in Figure 8a,

the surface charge of SiO,-C3 NPs evolves from positive to negative with a zeta potential
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ranging from +59.9 mV to —49.4 mV by increasing the pH from 2 to 12 with an isoelectric point
(IEP) at around pH 10. The positive charge is attributed to the presence of amine groups on the
silica surface, which tend to be fully protonated and form -NHs" at low pH. By comparing the
surface charge of SiO>-Cs and Au/SiO2-Cs at pH 2 (Figure 8b), the zeta potential exhibits a
slightly higher value in the former case (+59.9 mV vs. +53.3 mV). This observation points out
the presence of free amine groups after decoration with Au NPs. Above pH 10, the amine groups
are fully deprotonated and a negative zeta potential is observed (up to —41.2 mV at pH 12).
Compared to SiO.-C3 NPs, Au/SiO2-Cs NPs display a lower surface charge value over the pH
because of the presence of Au NPs on the surface. When more Au NPs are grafted on the silica
surface (the amount of Au increases from 8 to 24 pg), the surface charge value slightly
decreases. The SiO»-Cz and Au/SiO2-C3 NPs dispersions are stable below pH 8 and above 12,

since zeta potential values are outside the range +30 mV [71].

60 60

40 40
0.1 Wt.% Si0,-C,

20 A 20
= 0.1 Wt.% AU/SIO,-C, (8 pg Au)

—— 0.1 wt.% AU/SiO,-C, (24 pg Au)
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-40 -40 \

0 IEP o IEP

{ -potential / mV
¢ -potential / mV

pH pH

Figure 8. Evolution of the zeta potential as a function of the pH for dispersions of SiO»-Cz and
AU/SiO2-C3 NPs in water at 25 <T (IEP = isoelectric point). pH adjusted using different
concentration of HCI and NaOH (1 to 10 M) aqueous solution. (a) 0.1 wt.% SiO,-Cs dispersion
in deionized water; (b) 0.1 wt.% Au/SiO»-Cs dispersion at variable Au loading.

In order to develop a PIC system, the surface of silica NPs was decorated with Keggin-
type H3sPW12040, and the zeta potential was measured to assess the electrostatic interactions
between Au/SiO2-Cz and HaPW1204o (Figure 9a). In the preparations, Hs3PW1204o solution was
used to adjust the pH of the Au/SiO,-Cz dispersion. The surface charge of Au/SiO»-Cs +

H3PW 12040 mixture is negative (-53.6 mV) at pH 2.2. Compared to Au/SiO>-Cz NPs in the acid
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pH range, the addition of H3sPW1,04 affects the surface charge of Au/SiO>-Cs NPs. The
protonation of -NH. groups by addition of H3PW12O4o results in the formation of ammonium
POM, that is [-CH2NH3]3[PW12040] [72-74]. As the HsPW12040 concentration increases from
0.001 to 14 umol/L (pH from 6.5 to 2.4), the surface charge of SiO>-Cz NPs evolves from
positive to negative (from +36.5 to -55.9 mV), while the IEP is reached at pH 4, indicating that
the amine groups on the silica surface have been fully covered with -[PW12040]* anions. Above
pH 4, an excess of free amine groups leads to a positive charge. This phenomenon could indicate
that [PW12040]* ions are coated on the surface of SiO2-Cs NPs and induces the formation of
SiO,-Ca/HsPW12040 complex. Moreover, the adsorption of [PW12040]> on the surface of

Au/SiO2-C3 NPs is favorable for catalysis in a Pickering emulsion system.
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Figure 9. Evolution of the zeta potential as a function of the pH for 0.1 wt.% SiO2-Cs and
Au/SiO2-C3 NPs (8 nug Au loading amount) dispersion in water at 25 <C. (a) pH adjusted with
H3PW1204 solution (1 to 10* M); (b) pH adjusted with NasPW12040 solution (1 to 10 M).

NasPW12040is Keggin type polyoxotungstate sodium salt that can be adsorbed on the silica
surface. It is noteworthy that the interaction of SiO2-C3 NPs with NasPW1204g is similar to that
of H3PW12040 alone because [PW12040]* induces the formation of H* in water (Figure 9b).
The surface of Au/SiO2-C3 NPs in water is positive (+40.3 mV) at neutral pH. The higher the
NasPW12040 concentration, the lower the Au/SiO,-Cs surface charge. It indicates the effective
adsorption of [PW12040]> on the surface of Au/SiO2-Cs. As the NasPW12040 concentration
continues to increase, multiple-layer adsorption of [PW12040]*> on Au/SiO2-C3 may be formed

[75, 76]. Above pH 4, the zeta potential of Au/SiO2-C3 NPs turns positive.
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3.1.2. Transmission electron microscopy characterization

The surface architecture and morphology of the different NPs were characterized by TEM
(Figure 10). Au NPs present a uniform spherical structure (Figure 10a). The immobilization
of Au NPs on SiO2-C3 NPs is confirmed in Figure 10b and c, although the amount of Au NPs
visible is low. The TEM image indicates that Au/SiO,-C3 particles are spherical with large size
polydispersity, which is consistent with the DLS measurement. Au NPs (highlighted by red
circles) are well dispersed on the silica surface. Image analysis indicates a size of Au NPs

around 4.5 nm (Figure 10d). Based on the ICP analysis, the loading of Au is about 0.13 wt.%.

»
o, *

2 4 6 8 10
Particle size (nm)

Figure 10. TEM micrograph of (a) Au NPs, (b and ¢) Au/SiO2-Cz NPs and (d) the particle size
distributions of the Au NPs.

3.1.3. X-ray photoelectron spectroscopy analysis

XPS was performed to evaluate the surface composition and oxidation state of Au in
Au/SiO,-Cz. Typically, the binding energy of Au (4f7;2) component for a standard metallic gold

film (AuP) is observed at 84.0 eV. However, the binding energy of Au 4f can vary depending on
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the particle size of Au NPs the support. It can be seen in Figure 11 that the binding energy of
the Au (4f72) component for Au/SiO2-Cs is measured to be 83.9 eV, confirming that the Au
surface is mainly in the metallic state. This negative peak shift in the binding energy could be

attributed to the metal-support (Au/SiOz) interaction and chemical environment [77, 78].

Intensity (a.u.)

92 90 88 86 84 82 80
Binding Energy (eV)

Figure 11. XPS Au 4f scan of Au/SiO2-C3z NPs.
3.1.4. UV-vis spectroscopy

As displayed in Figure 12, Au NPs exhibit a significant surface plasmon resonance
characteristic band at around 518 nm [79, 80]. Most notably, the spectrum of Au/SiO,-C3 shows
a band at around 528 nm that is slightly shifted compared with that of Au NPs. This can be
explained by the variation in the distances between Au NPs and the change of dielectric constant
due to the silica environment [81]. However, pure H3PW12040 and [C12]3[PW12040] only display

the UV-light absorption properties.
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Figure 12. UV-vis spectra of Au, Au/SiO2-Cs, Hs3PW12040 and [C12]3[PW12040] dispersion. The
spectra were measured using deionized water for Au NPs, HsPW12040 and [C12]3[PW120a0],
and SiO2-Csz for Au/SiO2-C3z NPs, respectively, which were used as references.

3.1.5. Thermostability

The stability of the different particles was investigated by thermogravimetric analysis. As
shown in Figure 13, SiO2 NPs show high thermal stability with a weight loss of 0.4% from 30
to 200 <C, which is attributed to water desorption. The total weight loss is observed to be 1.5%
for the bare SiO: in the whole range of 30-900 <C due to condensation of silanol groups in the
temperature range 200-900 <C [56]. Both SiO2-Cs and Au/SiO2-C3 NPs show almost no weight
loss (1.0%) from 30 to 200 <C. For SiO2-Csz NPs, a weight loss of 15.3% between 400 <C and
600 <C is observed that can be assigned to the decomposition of amine groups and Cz chains,
but with no significant weight change between 600 to 900 <T. Au/SiO2-Cs NPs exhibit a similar
trend with a weight change about 14.5% between 400 to 600 <C. This observation supports the

excellent stability of the obtained Au/SiO2-C3 NPs.
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Figure 13. Thermogravimetric profiles of SiO, SiO2-Cz and Au/SiO2-Cs NPs. Experimental
conditions: 10-20 mg samples for each analysis, 10 < /min from 30 to 900 <C and N2 as
atmosphere.

3.1.6. Fourier transform infrared spectroscopy

To confirm the presence of alkyl chains and amine groups on the silica surface, the FT-IR
spectra of SiO2, SiO2-Cs and Au/SiO2-Cs NPs were measured. As shown in Figure 14, two
bands at 1070 and 810 cm® can be attributed to asymmetric and stretching vibrations of Si-O-
Si bonds, respectively. After surface modification with Cz chains and amine groups,
characteristic bands appear at 2993 and 2904 cm™ that can be attributed to —CH> stretching
vibrations in the Cs chain. The absorption band at 1505 cm™ (bending vibration of —NH)
confirms the grating of APTES on the silica surface. Characteristic bands appear at 930 cm™
can be assigned to stretching modes of Si-C groups. The Au NPs coating does not affect the
spectrum of Au/SiO2-Cz NPs compared to SiO2-Cz NPs. These results prove the successful

functionalization of Au/SiO2-C3z NPs.
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Figure 14. FT-IR spectra (transmittance mode) of SiO2, SiO.-Cz and Au/SiO2-Cz NPs. (a)
Complete spectra. (b) and (c) Magnification of the spectra.

3.1.7. Water contact angle analysis

The surface wettability of the particles was characterized by water contact angle analysis.
The hydrophilic SiO2 NPs show no measurable contact angle because of instantaneous water
absorption [82]. In contrast, as shown in Figure 15, the water contact angle of SiO,-Cs is 108°,
indicating that Cs moieties successfully modify the silica surface. Au/SiO2-C3 NPs are less
hydrophobic (98°) than SiO,-Cs because of the hydrophilicity of the grafted Au NPs.
[C12]3[PW12040] NPs are less hydrophobic (93°). According the Bancroft rule [83], emulsion

stabilized with these NPs are expected to be water-in-oil.

Au/SiO,-C, [C1215[PW1,0,]

Figure 15. Photographs of water droplets deposited on compressed NPs and corresponding
contact angles measured with water.
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3.2. Physicochemical properties of the Pickering emulsions

3.2.1. Synergistic effect between Au/SiO2-Cs and polyoxometalates (POMSs) nanoparticles

The emulsification properties of Au/SiO2-C3 NPs + POMs (here, POM correspond to
[C12]3[PW12040] or H3PW12040 NPs) for a 50 : 50 (v/v) water/toluene biphasic system were
investigated with different mass fractions of POM. The emulsions were observed by optical
microscopy to assess the emulsion type and the evolution of the average droplets size with the

POM mass fraction (Figure 16, Figure 17, Table A-1 and A-2).
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Figure 16. (a) Photographs of emulsion droplets stabilized by Au/SiO»>-Cs NPs +
[C12]3[PW12040] NPs at variable mass fractions; (b) Evolution of the average droplet size as a
function of the [C12]3s[PW12040] mass fraction for emulsions stabilized by Au/SiO.-C3 NPs +
[C12]3[PW12040] NPs (the guided line is added manually). The inset present the micrographs of
water-in-oil emulsions. Emulsification conditions: 1.5 mL toluene, 1.5 mL water, 80 mg NPs
(2.8 wt.%), emulsification at 11,500 rpm for 2 min.

A water-in-oil emulsion is obtained using [C12]s[PW12040] NPs, and the average droplet

size is 18 um. In parallel, Au/SiO2-Cs NPs can stabilize a water-in-oil emulsion with an average
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droplet size of 22 um. In this case, the color of the emulsion becomes pink due to the presence
of Au NPs. In contrast, the droplet size of the emulsions stabilized with Au/SiO2-C3 NPs +
[C12]3[PW12040] NPs are 2—4 times smaller compared to the average droplet size of the
emulsion stabilized by Au/SiO2-Cs NP or [C12]s[PW12040] NPs alone. The emulsion droplets
have smaller and more uniform by changing the mass ratio between Au/SiO2-C3 NPs +
[C12]3[PW12040] NPs, suggesting a synergistic effect between both NPs. The combination of
Au/SiO2-C3 NPs and [C12]3[PW12040] NPs shows almost zero zeta potential (-3 mV), indicating

that both NPs show electrostatic interaction or neutralization to produce a complex.
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Figure 17. (a) Photographs of emulsion droplets stabilized by Au/SiO2-Cz NPs + H3PW 12040
NPs at variable mass fractions; (b) Evolution of the average droplet size as a function of the
H3PW 12,040 mass fraction for emulsions stabilized by Au/SiO2-C3 NPs + H3PW12040 NPs (the
guided line is added manually). The inset present the micrographs of water-in-oil emulsions.
Emulsification conditions: 1.5 mL toluene, 1.5 mL water, 80 mg NPs (2.8 wt.%), emulsification
at 11,500 rpm for 2 min.

Opposing the above observations, the droplet size of emulsions stabilized by Au/SiO»>-Cs
NPs + Hs3PW12040 NPs decreases first, and then increases with the HsPW12049 mass fraction in

the mixture despite the lower total amount of solid particles in the system. This can be explained
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by the pH induced change of surface charge of Au/SiO2-Cz NPs [36]. The pH of the emulsion
stabilized with mixed Au/SiO2-Cs NPs + H3PW12040 was estimated by adding 1 wt.% emulsion
to water, and the pH evolves from 3.6 to 4.3. Based on the results of zeta potential, the surface
charge of Au/SiO2-Cs is highly negative in the presence of HsPW12040. This high surface charge

value usually refers to the ability to form a relatively stable suspension.

3.2.2. Emulsion stability

The emulsion stability was evaluated as a function of time for Au/SiO2-Cz NPs and POM
NPs, and for a mixture of both NPs (Figure 18). Combining both NPs, the emulsions are much
more stable with no obvious collapse after 6 h at 60 <C compared to the emulsions prepared
with only Au/SiO2-Cz or POM NPs. To gain more insight into the stability of the emulsions,
multiple light scattering measurements were performed using Turbiscan to monitor the change
of transmission (AT) and backscattering (ABS) light intensity. Both the AT and ABS intensities
are a function of the volume of the emulsion phase at a specific height and droplet size of the

sample.
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Figure 18. Photographs (a-d) and emulsion volume fractions (e) of water/toluene Pickering
emulsion stabilized by Au/SiO2-Cz NPs, [C12]3[PW12040] NPs, and a 40/60 wt.% combination
of Au/SiO,-Cz NPs + POM NPs at 60 <C. Emulsification conditions: 1.5 mL toluene, 1.5 mL
water, 80 mg (2.8 wt.%) NPs, 11,500 rpm for 2 min.

The obtained curves represent the variation of ABS and AT from the bottom of the sample
to the top, with the curve color changing from blue to red from 0 to 6 h (Figure 19). The ABS
value of the top layer of [Ci2]3[PW12040] NPs drops sharply as the AT signal dramatically
increases, which suggests that the top of the emulsion is clarified due to gravity-induced
migration. Moreover, the slight decrease in ABS in the middle portion of the emulsion can be

interpreted as an increase of the droplet size, which may be due to coalescence or flocculation.
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Figure 19. Backscattering (ABS) and transmission (AT) signals vs. sample height and time at
60 <C for water/toluene (1/1 v/v) Pickering emulsions stabilized by [C12]3[PW12040] NPs (a and
a’), Au/SiO2-C3 NPs (b and b’), and a 40/60 wt.% combination of SiO,-Cs NPs +
[C12]3[PW12040] NPs (c and ¢’), Au/SiO2-Cz NPs + [C12]3[PW12040] NPs (d and d’), SiO2-Cs
NPs + HaPW12040 (e and €”) and Au/SiO2-Cz NPs + HsPW 12040 (f and ') from O h (blue curve)
to 6 h (red curve). Emulsification conditions: 80 mg NPs, 1.5 mL water, 1.5 mL toluene,
emulsified at 11500 rpm for 2 min.

For the emulsion stabilized by Au/SiO2-Cs NPs, the slight variation of ABS suggests good
stability. Moreover, the AT signal stays almost unchanged over time (6 h), pointing out no
apparent stratification. Compared with the emulsion stabilized solely by [C12]3s[PW12040] NPs
or Au/SiO2-C3 NPs, the emulsion stability in the presence of combined Au/SiO2-Cz NPs +
[C12]3[PW12040] NPs is more pronounced, which can be observed by the changes in the
backscattering and transmission results. The slight change of ABS points out lower creaming.
On the top of the emulsion, the lower ABS and higher AT represent the clarified layer induced
by sedimentation and/or aggregation of droplets. The emulsion stabilized by Au/SiO2-Cz NPs
+ H3PW12040 NPs exhibits a clear drop in ABS at the upper layer of the emulsion, which is a
clear evidence of creaming. A tiny change of ABS is observed in the middle part of the emulsion
that confirms emulsion stability. The addition of HsPW12040 to the system results in a pH
decrease. The emulsions stabilized by Au/SiO2-C3 NPs + POM NPs show higher emulsion

volume, reflecting the excellent stability of the obtained emulsion.

Based on these results, we can conclude that the emulsion stability in the presence of

AU/SiO2-C3 NPs + POM NPs is higher than that of emulsions stabilized by solely NPs. This
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observation can be explained by the formation of a compact interfacial layer by aggregation of
NPs that is likely to protect the droplet surface and limit flocculation or coalescence of water
droplets [84, 85]. The sharp drop of ABS at the sample top should be attributed to
demulsification due to severe gravity separation, which produces clarification at the top layer.
Coalescence also occurs at the middle layer of the emulsion. Especially, the emulsion viscosity
decreases at high temperature, which promotes the change in droplet size and particle migration.
In the meantime, the high temperature promotes the collision of water droplets and accelerates
emulsion destabilization [86]. Both AT and ABS signals rapidly change within the first 2 h and
tend to be balanced over time. These results indicate that the layering process occurs
immediately after emulsion preparation, and the sample can maintain long-term stability once

equilibrium is reached.

Before testing the catalytic efficiency of the system, it is important to study the emulsion
stability in the presence of the substrate or product (Figure 20). Indeed, the oil properties play
a key role in emulsion stabilization because they directly affect the wetting of NPs. It can be
clearly observed that the emulsion stabilized with cyclooctene solution (2 mol/L) used as oil is
quite similar to the original emulsion (i.e. toluene). Moreover, the emulsion stabilized with
cyclooctene oxide (2 mol/L) as oil possesses only a lower ABS signal within the whole tested
height and is almost unchanged over time, suggesting neither creaming nor phase separation.

These results suggest high emulsion stability in the presence of the reactant and product.
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AU/SIO,-Cq + [Cyp]5[PW,0,4]
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Figure 20. Backscattering (ABS) and transmission (AT) signals vs. sample height and time at
60 <C for water/toluene (containing substrate or product) emulsions stabilized by a 40/60 wt.%
combination of Au/SiO2-Cz NPs and [C12]3[PW12040] NPs from 0 h (blue curve) to 6 h (red
curve). Emulsification conditions: 80 mg NPs, 50/50 v/v, emulsified at 11500 rpm for 2 min, (a
and a’) using 2 mol/L cyclooctene (substrate) in toluene as oil phase and (b and b’) using 2
mol/L cyclooctene oxide (product) in toluene as oil phase.

3.3. Study of plasmon-induced photothermal effect

Since both Au and Au/SiO2-Cs NPs have a broad surface plasmon resonance peak at
around 518 nm, it results in the absorption of light in the visible range (Figure A-2 and A-3).
Au NPs absorb strongly light and can generate heat via localized photothermal effect. To
investigate the photothermal properties of Au NPs, the temperature profile of Au NPs dispersion
and Au/SiO2-Cz NPs-stabilized emulsion generated by focalized light irradiation was
performed (Figure 21). The photothermal curves exhibit a marked photothermal effect for Au
NPs dispersion with the highest temperature increase (24 <C) vs. only 10 <C for water at the
same conditions (Figure 21a). Increasing the amount of Au NPs (from 4 to 40 pg) leads to a
AT increase from 16.1 to 24 °C. The maximal temperature obtained for Au NPs dispersion at
40 pg is 48 <C. The temperature increases for Au/SiO2-Cs NPs-stabilized emulsion and for pure
Au NPs are similar. Figure 21b shows the photothermal profiles for the emulsion stabilized
with variable Au NPs amount. The highest photothermal effect is observed for Au/SiO-Cs-
stabilized emulsion with 13 pg Au (AT increase of 20.6 °C), and the maximal temperature
reached 47 <C. No significant temperature change was observed by further increasing the Au

amount. In the emulsions system, the high viscosity of the medium might hinder heat diffusion
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[87]. Besides, Au NPs are densely packed at the both inner and outer interface of the droplets,
resulting in poor heat transfer into outer phase of the emulsion while the local temperature of
the solid particle shell is expected to be much higher [88, 89]. Local heating remains the high-

temperature zone in microscale which cannot be detected using a thermometer which is placed

at the upper layer of emulsion.
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Figure 21. Photothermal profiles of Au NPs dispersion and Au/SiO»-Cs-stabilized emulsion.
(a) Temperature profiles of ultrapure water and Au NPs dispersion at variable concentration as
a function of light irradiation time at a power density of 1 W/cm?. (b) Temperature profiles of
SiO2-Cs NPs and Au/SiO.-Cz-stabilized emulsion at variable Au concentration as a function of
light irradiation time at a power density of 1 W/cm?. (c) Temperature profiles of Au NPs
dispersion with different power density as a function of light irradiation time using 13 pg Au
NPs. (d) Temperature profiles of Au/SiO,-Cs-stabilized emulsion with different power density
as a function of light irradiation time using 13 ug Au NPs.

Further investigations of the dependence of the photothermal effect on the power density
for Au dispersion and Au/SiO.-Cs-stabilized emulsion were performed. The photothermal

curves present a strong power-dependent effect for Au NPs dispersion by increasing the power
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density from 0.26 to 1 W/cm? (Figure 21c). Similar trends are observed for the emulsion
(Figure 21d). The Au/SiO,-Cs-stabilized emulsion displays an analogous power density
dependence of photothermal performance, pointing out that Au NPs located at the droplet
interface have a notable photothermal performance. It is worth to point out that the temperatures
described above correspond to the global temperature of the system, and it is highly probable

that the temperature near the surface of the Au NPs is much higher.
3.4. Catalytic performance

3.4.1. Plasmon-driven interfacial activation

Given that the photothermal properties of the Au NPs on the Au/SiO,-Cs-stabilized
emulsion can be harnessed to increase temperature under light irradiation, we aim to effectively
utilize the light-induced heat/hot electrons to improve the catalytic performance of
[C12]3[PW12040] NPs for oxidation reactions in a PIC system. Thus, the catalytic oxidation of
cyclooctene in Pickering emulsion was chosen as a proof-of-concept to evaluate the catalytic
activity of combined Au/SiO2-C3 NPs + [Ci2]s[PW12040] NPs under light irradiation. For
comparison, control experiments were carried out at room temperature without light irradiation.
To exclude the bulk thermal effect of light irradiation, the reaction was performed at the same
conditions, but light was replaced by external heating. Indeed, the temperature in the emulsion
increased only slightly (around 3 <C) under 0.26 W/cm? light irradiation during 60 min.
Therefore, the oil bath temperature was set at 28 <C and dark experiments were performed at
this temperature. The results of the cyclooctene oxidation under light irradiation, together with

the control experiments are summarized in Figure 22.

Blank experiments were carried out with Au, SiO»-C3z and Au/SiO2-Cs NPs. SiO»-Cs and
AU/SiO,-C3z NPs give stable water-in-oil emulsions with the catalytic system in the presence of
H20.. No conversion is observed for experiments both in the presence and absence of light at
room temperature, and with external heating at 28 <C. These results point out that Au/SiO,-C3

NPs alone are not catalytically active for the cyclooctene oxidation.
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Using [C12]3[PW12040] NPs, the cyclooctene oxide yield is only 19% under light, while
11% yield is achieved using [C12]3[PW12040] NPs at the same conditions at room temperature.
Furthermore, a thermal experiment at 28 <C catalyzed by [C12]3[PW12040] NPs results in 20%
yield of cyclooctene oxide at 95-100% selectivity which is only slightly higher than the yield
obtained for the experiment performed under light at room temperature. These results point out
that the presence of light does not improve the catalytic performance of [C12]s[PW12040] NPs

alone for cyclooctene oxidation.
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Figure 22. Yield of cyclooctene oxide in the oxidation of cyclooctene over various NPs.
Reaction conditions: 40 xg Au NPs, 30 mg SiO2-C3 NPs, 30 mg Au/SiO2-C3 NPs. 50 mg
[C12]3[PW12040] NPs, 50 mg [Ci2]3[PW12040] NPs + 30 mg SiO2-Cs NPs, and 50 mg
[C12]3[PW12040] NPs + 30 mg Au/SiO2-Cz NPs are used in the reaction, respectively; 1.5 mL
water (containing 1.2 equiv. H202), 1.5 mL toluene (2 mol/L cyclooctene), emulsification at
11,500 rpm for 2 min, put 1 mL emulsion in the cuvette under the light (0.26 W/cm? power
density), at room temperature (25 <) and in heater (28 <C), respectively. Results based on 'H
NMR analysis.

Next, the reaction was performed by combining SiO2-C3 and [C12]3s[PW12040] NPs. The
results show a markedly higher yield of cyclooctene oxide after 60 min at the three reaction

conditions compared to that of the reaction with their sole counterpart. The difference could be
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attributed to the synergy effect of SiO2-Cs and [C12]3[PW12040] NPs at the water-oil interface,
which can be explained by the smaller droplet size and higher emulsion volume compared to
the emulsions stabilized by [C12]3s[PW12040] NPs (Table A-4), allowing higher interfacial area
[90, 91].

To assess the effect of plasmon-driven interfacial activation on the catalytic reaction, the
reaction over Au/SiO2-Cz + [C12]3[PW12040] NPs was conducted while keeping all variables
unaltered (i.e. 60 min light irradiation, 50/50 v/v, 80 mg NPs). Strikingly, a high cyclooctene
yield is obtained when Au/SiO2-Cs and [Ci2]s[PW12040] NPs are added. Au/SiO2-Cs +
[C12]3[PW12040] NPs give 21% yield within 60 min at room temperature. At the same time, a
slight increase of yield to 26% is observed under thermal heating at 28 <C. Interesting, the
catalytic performance of Au/SiO,-Cz + [C12]3[PW12040] NPs is increased by focalized light
irradiation, reaching 57% yield of cyclooctene oxide after 60 min. These results clearly show a

positive impact of light irradiation on the reaction efficiency.

We infer from the results above that the enhanced catalytic efficiency might be attributed
to local plasmon-driven heating/activation at the water-oil interface. Au NPs provide efficient
conversion of light to heat/hot electrons under light irradiation, and then thermal energy
dissipation to the microenvironment around NPs, enhancing the reaction rate. Therefore, it can
be concluded that the large activity gap between the light-driven and conventional thermally-
driven reactions should be attributed to the synergy effect of Au/SiO2-Cs (the unique interfacial

location of the Au NPs) and [C12]s[PW12040] NPs at the water-oil interface.
3.4.2. Effect of power density

One important feature of Au NPs is that their LSPR properties can be tailored by tuning
the power density of light irradiation. In this view, the catalytic performance of Au/SiO2-Cz +
[C12]3[PW12040] NPs was studied at variable power density (Figure 23). By increasing it from
0.26 to 1 W/cm?, the yield of cyclooctene oxide increases gradually from 57 to 94%. Control
experiments were performed in an oil bath thermostated at the temperature reached in the

emulsion during the experiment under light irradiation (from 28 to 47 <C for 60 min). Under
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light irradiation, the yield is 1.6-4.5 times higher than thermal heating and room temperature.
In previous studies, single [C12]3[PW12040] NPs afford 98% yield of cyclooctene oxide after 3
h at 65 <C in emulsion system [54]. The TOF for light-driven system at a power density of 1
W/cm? is 188 h, whereas the TOF for emulsions stabilized by [C12]s[PW12040] NPs alone is
much lower (32 h'%). The catalytic efficiency of the light-driven experiment is higher, implying
a greater contribution of the temperature increase at the interface. The yield increases linearly
with the light intensity. The gap between the reaction yield between the experiment with light
irradiation and with thermal heating points out an important local heating at the water-oil

interface.
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Figure 23. Yield of cyclooctene oxide over Au/SiO2-Cs + [C12]3[PW12040] NPs under light
irradiation at variable power density or upon heating at different temperatures. Reaction
conditions: 30 mg Au/SiO2-C3 NPs, 50 mg [C12]3[PWi12040] NPs, 1.5 mL toluene (containing 2
mol/L cyclooctene) and 1.5 mL water (containing 1.2 equiv. H20-), emulsification at 11500 rpm
for 2 min, 120 rpm, 60 min. Results based on *H NMR.

3.4.3. Effect of reaction time

The time-dependent yield of cyclooctene oxidation over [C12]3s[PW12040] and Au/SiO2-Cs

NPs is shown in Figure 24a. The reaction rate of the cyclooctene oxidation was compared for
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experiments under light irradiation, room temperature and external heating. The thermal
experiments were regulated at 47 <C with external heating, which corresponds to the highest
temperature obtained with the emulsion stabilized by combined [C12]3[PW12040] and Au/SiO-
Cs NPs under 1 W/cm? light irradiation. The cyclooctene oxide yield under light reaches 99%
within 75 min, while for conventional heating at 47 <C and at room temperature the yield is 63%
and 24%, respectively. Based on the kinetic plots in Figure 24b and the kinetic equation In
(Ci/Co) = -kt, the catalytic oxidation of cyclooctene process follows a first order kinetics. The
kinetic constant under light irradiation is k = 0.05 min*, which is much larger than k = 0.01

mint under conventional heating and k = 0.003 min™ at room temperature.
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Figure 24. (a) Time-evolution of the yield of cyclooctene oxide for cyclooctene oxidation using
[C12]3[PW12040] and Au/SiO,-Cs (60/40 wt.%) NPs under light irradiation, room temperature
and external heating (the lines are a guide to the eye), (b) Kinetic plots under light irradiation,
room temperature and external heating. Reaction conditions: 30 mg Au/SiO2-Cs NPs, 50 mg
[C12]3[PW12040] NPs, 1.5 mL toluene (containing 2 mol/L cyclooctene) and 1.5 mL water
(containing 1.2 equiv. H202), emulsification at 11,500 rpm for 2 min, 120 rpm. Results based
on *H NMR.

3.4.4. Effect of the type of POM

Based on the above observations, it can be concluded that light-driven interfacial catalysis
greatly impacts cyclooctene oxidation. To further demonstrate the advantage of interfacial
catalysis in our reaction, control experiments were carried out by replacing [C12]3[PW12040]
NPs by water-soluble HsPW12040 (Figure 25). Under identical light irradiation conditions (1

W/cm?), Au/SiO,-C3 NPs + H3sPW120a40-stabilized emulsion gives only 8% yield within 60 min.
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For experiments performed with no light irradiation or in the absence of Au/SiO2-Cz NPs, the
yield of cyclooctene is negligible. These results can be explained by the lack of interfacial
contact between substrates and catalysts [55], and illustrate the benefits of the PIC system under

light.
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Figure 25. Results for cyclooctene oxidation using different types of POMs and combinations
with Au/SiO2-Cs NPs: only 50 mg H3PWi12040, only 50 mg [Ci2]s[PW12040] NPs, or
combination of 50 mg HsPW12040 + 30 mg Au/SiO2-Cz NPs, and 50 mg [C12]3[PW12040] + 30
mg Au/SiO2-Cs NPs. Reactions conditions: 1.5 mL toluene (containing 2 mol/L cyclooctene)
and 1.5 mL water (containing 1.2 equiv. H202), emulsification at 11,500 rpm for 2 min, 120
rpm. Results based on *H NMR.

It is noteworthy that the high yield of cyclooctene oxide achieved in cyclooctene oxidation
might be attributed to several factors: 1) presence of catalytic sites [C12]3s[PW12040] at the water-
oil interface leading to a large contact area between reactants and catalysts and favoring the
mass transfer; 2) synergistic effect between Au/SiO2-Cz NPs and [Ci2]3[PW12040] NPs
providing the interfacial location of catalytic sites and on-site heater during the reaction; 3)
coverage of the droplet surface by a thicker layer of closely packed Au/SiO2-Cz NPs +
[C12]3[PW12040] NPs responsible for emulsion stability [92, 93].
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3.4.5. Effect of [C12]3s[PW12040] concentration

The effect of catalyst amount on the catalytic activity was further studied (Figure 26). The
yield of cyclooctene oxide under light irradiation was gradually increased from 36 to 94% while

increasing the [C12]3s[PW12040] NP concentration from 0.5 to 1.8 wt.%.
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Figure 26. Evolution of the yield of cyclooctene oxide with the mass fraction of of
[C12]3[PW12040] for the oxidation of cyclooctene using a combination of [C12]3[PW12040] and
Au/SiO2-C3 NPs. Reactions conditions: 80 mg NPs, 1.5 mL toluene (containing 2 mol/L
cyclooctene) and 1.5 mL water (containing 1.2 equiv. H202), emulsification at 11500 rpm for 2
min, 120 rpm. Results based on *H NMR.

By increasing the mass fraction between Au/SiO2-C3 NPs + [C12]3[PW12040] NPs, the
average droplet size evolved from 6.4 to 8 um (Table A-1). The smaller droplet size provides
much larger interfacial area where the catalytic NPs are localized, affording a high mass transfer

rate.

3.3.6. Effect of stirring speed

Next, we studied the effect of the stirring speed on the catalytic performance (Figure 27).
Without stirring, the combination of Au/SiO2-C3 + [C12]3[PW12040] NPs affords 63% yield of

cyclooctene oxide within 60 min under thermal heating, which is almost equal to the yield
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obtained using gentle stirring (59% vyield within 60 min, 120 rpm). In parallel, the yield of
cyclooctene oxide reaches 21% within 60 min at room temperature whatever irrespective pf the
stirring speed. Under light irradiation, the emulsion without stirring gives 83% yield within 60
min, which is higher than the value obtained under thermal heating. Interestingly, the yields
with/without stirring are comparable (94%, within 60 min). The slight decrease of yield might

be attributed to the inhomogeneity of light irradiation during the reaction.
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Figure 27. Yield of cyclooctene oxide with/without stirring under light irradiation, room
temperature and external heating (47 °C). Reactions conditions: 30 mg Au/SiO2-Cs NPs, 50 mg
[C12]3[PW12040] NPs, 1.5 mL toluene (containing 2 mol/L cyclooctene) and 1.5 mL water
(containing 1.2 equiv. H20.), emulsification at 11,500 rpm for 2 min, 60 min, no stirring or 120
rpm. Results based on *H NMR.

3.4.7. Effect of solvent

To demonstrate the versatility of the Au/SiO2-Cz + [Ci2]3[PW12040] NP system, the
influence of different solvents was investigated. As shown in Figure 28, the yield of
cyclooctene oxide reaches 95% in heptane within 60 min under light irradiation, which is 1.4
to 3.5 times higher than that obtained under conventional heating or at room temperature,

respectively. The emulsion volume is 98% is for Au/SiO2-Cs + [C12]3[PW12040] NPs-stabilized
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water/n-heptane emulsion with a mean droplet size of 13.7 um, suggesting preferential
adsorption of particles at the water-oil interface (Table A-3). The results point out that n-

heptane is also suitable for our reaction system.
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Figure 28. Results for cyclooctene oxidation with different organic solvents. Reactions
conditions: 30 mg Au/SiO2-C3 NPs, 50 mg [C12]s[PW12040] NPs, 1.5 mL organic solvents
(containing 2 mol/L cyclooctene) and 1.5 mL water (containing 1.2 equiv. H203), emulsification
at 11500 rpm for 2 min, 120 rpm, 60 min, 120 rpm. Results based on *H NMR.

3.4.8. Effect of water/oil ratio

The effect of the water/oil ratio on the catalytic performance was also studied (Figure 29).
Increasing the water/oil ratio from 50:50 to 65:35 substantially reduces the yield of cyclooctene
oxide from 94% to 68% under light irradiation, whereas it decreases from 58% to 40% under
external heating, and decreases from 21% to 15% at room temperature, respectively. Moreover,
no emulsion is obtained when the water/oil ratio is further increased to 75:25. In contrast, the
emulsion volume is 30% with excess oil by decreasing the water/oil ratio from 50:50 to 35:65,

but this system is not suitable for catalysis.

To explain this behavior, we investigated the effect of the water/oil ratio on the emulsion
properties (Table A-3). The combination of Au/SiO2-C3 and [C12]3[PW12040] NPs generates a

stable emulsion for a water/oil ratio ranging from 50:50 to 65:35, with an increased emulsion
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volume from 92% to 100%. Although full emulsification is obtained at 65:35 ratio, the viscosity

is too high, which results in a lower yield. At 75:25 ratio, the particles disperse in the oil phase,

resulting in no emulsion formation.
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Figure 29. Evolution of cyclooctene oxide with different water/oil ratio under light irradiation,
at room temperature and in the external heating (47 °C). Reactions conditions: 30 mg Au/SiO-
Csz NPs, 50 mg [C12]3[PW12040] NPs, certain amount organic solvents (containing 2 mol/L
cyclooctene) and certain amount water (containing 1.2 equiv. H202), emulsification at 11,500
rpm for 2 min, 120 rpm, 60 min, 120 rpm. Results based on *H NMR.

3.4.9. Effect of pulsed laser

The LSPR of noble metal NPs can be excited by UV, visible, near-infrared (NIR) light or
laser, and is dictated by the size, shape and composition of plasmonic NPs [94-96]. One of the
disadvantages of using UV lamps is the broad spectral range and most of their spectrum lies
outside the absorption spectra of plasmonic noble metal NPs [97, 98]. Unlike UV light, lasers
exhibit higher photonic efficiency, deeper penetration and sharper spectrum. Pulsed lasers can
be utilized to create highly localized heating (Figure 30), to achieve significant temperature at
nanoscale [99-101]. This is because of the short duration of the optical excitation compared to
the time scale needed for heat to diffuse through the distance of the mean interparticle- spacing.

Thus the significant temperature rise is localized at the nanoscale.
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Figure 30. Schematic illustration of the output power of (a) continuous wave laser beam and
(b) pulsed laser beam versus irradiation time.

To study the catalytic performance of the particles under 532-nm pulsed laser, dedicated
catalytic tests were conducted. As shown in Figure 31, cyclooctene is almost transformed to
cyclooctene oxide within 60 min under pulsed laser irradiation, with 91% yield of cyclooctene
oxide. Compared with the reaction conditions without pulsed laser irradiation at room
temperature, the activity increases by more than 4.4 times.
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Figure 31. Results for cyclooctene oxidation over Au/SiO2-Cs + [C12]3[PW12040] NPs under
light or laser irradiation, room temperature and external heating. Reactions conditions: 30 mg
Au/SiO2-C3 NPs, 50 mg [C12]3[PW12040] NPs, 1.5 mL toluene (containing 2 mol/L cyclooctene)
and 1.5 mL water (containing 1.2 equiv. H202), emulsification at 11,500 rpm for 2 min, 120
rpm, 60 min, 120 rpm. Results based on *H NMR.
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The pulsed laser irradiation-driven catalytic performance was further studied by
comparing the reaction progress at constant temperature (T= 43 <C) corresponding at the
highest temperature reached during the laser-driven catalytic reaction. The yield of cyclooctene

oxide is 50%, which is still far smaller than the value measured for the experiment under pulsed

laser irradiation.

The effect of Au/SiO,-Cs concentration on the catalytic performance was further studied.
H>02 might be in deficit since Au NPs can facilitate its decomposition. Therefore, 1.5 equiv.
H>0O> were added to the reaction system (instead of 1.2 equiv. H20>). As depicted in Figure 32,
under pulsed laser irradiation, decreasing the Au/SiO2-Cs concentration from 1.0 to 0.5 wt.%
results in a decline of the yield from 95% to 73%. Besides, the yield decreases slightly for the
reaction performed under conventional heating and at room temperature at lower Au/SiO,-C3

concentration. Overall, these results clearly demonstrate the key role of Au/SiO2-Cs NPs in the

laser-driven catalytic experiments.

100 [ under laser irradiation [[] At room temperature [ In heater

80

60

Yield / %

40

20

T T T
1.0 Wt.% 0.5 Wt.%
AU/SIiO,-C, AU/SIO,-C,

Figure 32. Results for cyclooctene oxidation over Au/SiO,-C3z and [C12]3[PW12040] NPs under
pulsed laser irradiation, room temperature and external heating. Reactions conditions: 30 mg
or 15 mg Au/SiO2-C3 NPs, 50 mg [C12]3[PW12040] NPs, 1.5 mL toluene (containing 2 mol/L
cyclooctene) and 1.5 mL water (containing 1.5 equiv. H20>), emulsification at 11500 rpm for 2
min, 120 rpm, 60 min, 120 rpm. Results based on *H NMR.
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To understand the effect of Au/SiO2-Cs NPs on the catalytic performance, the influence of
the droplets size and emulsion properties was studied. The catalytic performance of Au/SiO»-
Cz + [C12]3s[PW12040] NPs is highly dependent on the emulsion properties (Table A-3). As the
Au/SiO2-C3 NPs concentration increases from 0.5 to 1.0 wt.%, the emulsion volume increases
from 83% to 92% along with a droplets size decline from 11.3 to 8 um. This suggests that a
higher particle concentration leads to a denser shell, reducing coalescence and resulting in turn

into the formation of a stable emulsion.

3.5. Scope of substrates

To assess the versatility of Au/SiO2-C3 and [Ci12]3[PW12040] NPs in the light-driven
activated biphasic reaction, a variety of cyclic olefins were tested. The results are summarized
in Table 2. Cyclohexene oxidation results mainly in 1,2-cyclohexanediol with 70% vyield after
1 h under light irradiation (entry 2). In contrast, the yield is 57% at 47 <C. In both cases, no
cyclohexene epoxide is observed due to fast ring opening in emulsion. In the case of limonene,
1,2-limonene oxide is obtained as main product together with carvone as minor product.
Although the limonene conversion is slightly lower under light compared to the experiment at
47 <T (35% vs. 45% after 2 h), the yield of 1,2-limonene oxide is higher in the former case (29%
vs. 11%) due to a much higher selectivity (83% vs. 24%). The oxidation of 1-octene shows 11%
yield to 1,2-epoxyoctane after 2 h in the light-driven test, whereas it is only 3% yield at 47 <C.
Compared to batch reaction counterparts, the light-driven reaction using our system exhibits an
enhanced catalytic efficiency. In a previous study [54], conventional thermal experiments were
performed with single [C12]3s[PW12040] NPs and the yield of 1,2-limonene oxide reached 79%
after 6 h at 65 <C. The conversion of 1-octene into 1,2-epoxyoctane using [C12]3[PW12040] NPs
gave a yield of was 43% at 65 <C after 6 h. Linear olefins, such as 1-octene and limonene, are
far less-reactive than olefins because of the inherent inactivity of substrates [102]. These results
demonstrate the versatility of the Au/SiO2-C3z and [Ci12]3[PW12040] NPs-stabilized emulsion

system for the light-driven oxidation of olefins.
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Table 2 Catalytic results for oxidation of olefins in water/toluene Pickering
emulsion stabilized Au/SiO2-Cs + [C12]3[PW12040] NPs

Light irradiation Heater (47 <C)
Conv. (%) Yield (%) Conv. (%) Yield (%)

Substrate t/h

o 94 94° 61 58a
@ 1 70 70° 57 57b
é 2 35 29°/ 8.0 45 11°/6.5¢
RSN 2 12 11° 3 3¢

Reactions conditions: 30 mg Au/SiO2-C3 NPs, 50 mg [C12]3[PW12040] NPs, 1.5 mL toluene
(containing 2 mol/L substrates) and 1.5 mL water (containing 1.2 equiv. H202), emulsification
at 11500 rpm for 2 min, 60 min, 120 rpm. Results based on *H NMR for 2 cyclooctene oxide, °
1,2-cyclohexanediol, ¢ 1,2-limonene oxide, ¢ carvone and ¢ 1,2-epoxyoctane.

3.6. Reusability

Finally, the reusability of the Au/SiO2-Cs + [C12]3s[PW12040] NP system was investigated.
A loss of NPs is observed during emulsification and washing of NPs. The catalyst loss is one
of the reasons for activity loss of the reaction system. To limit their loss, NPs were collected
and dried after each catalytic reaction followed by centrifugation. It can be considered that there
is no solid products in the catalytic system, other than catalytic NPs. Then, the catalysts were
re-emulsified with fresh cyclooctene solution and water. As shown in Figure 33, Au/SiO2-C3 +
[C12]3[PW12040] NPs can be reused for at least five runs without loss of catalytic activity. In
parallel, the reusability of Au/SiO2-Cz + [Ci2]3[PW120s0] NPs was investigated under
conventional heating. No change was observed for the yield after five consecutive runs. This
body of results demonstrate the absence of catalyst poisoning during the reaction. The TEM
micrographs of the recovered Au/SiO2-Cs + [C12]3[PW12040] NPs show the presence of small
Au NPs aggregates, and the microstructure of the hybrid particles does not change significantly

compared to the fresh material (Figure 34a and b). The particle size distribution of Au NPs is
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similar to that of fresh Au/SiO2-C3 NPs (Figure 34c). The reused particles can still form stable
emulsion (Figure 34d and Table A-5), resulting from a perfect interfacial activity of the NPs.
Their facile recovery combined with their excellent stability make Au/SiO2-Cs +

[C12]3[PW12040] NPs promising in catalytic reactions.

[ under light irradiation [ In heater

100

Yield / %

1 2 3 4 5
Cycle number

Figure 33. Catalytic performance of the reaction system with 40/60 wt.% Au/SiO,-C3z and
[C12]3[PW12040] NPs in five consecutive runs. Results based on *H NMR.

6 8 10 12 14
Particle size (nm)

Figure 34. (a and b) TEM images of recovered Au/SiO,-Cs + [C12]3[PW12040] NPs after the
fifth run. (c) Particle size distribution of Au NPs in Au/SiO.-C3 NPs after the fifth run. (d)

Optical micrographs of the Pickering emulsion after the fifth run (the inset is a photograph of
the emulsion).
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3.7. Discussion

Reduction of energy consumption is key to develop more efficient processes. A question
that emerges from the results presented in the above sections is to assess whether plasmonic
heating under light irradiation can be used to activate chemical reactions more efficiently

compared to the conventional thermal heating in PIC systems.

The determination of the theoretical energy (Qry) that is required for a reaction mixture
to reach a certain temperature can be calculated from equation (1) and the determination of
energy input (Q;) for the energy supplied by the lamp is represented as equation (2) which is
given in terms of power dissipation and the time of exposure. From these, the overall energy
saving factor (n) of the light irradiation compared to the theoretical minimum energy required

can be calculated from equation (3):

Qry = mcpAT (1)
QL= Pangt 2)
N =(Qru—QL)/Qru (3)

where m is the mass of the biphasic system (g); cp is the specific heat capacity of each phase
(Jg~'°C~1); and AT is the temperature change observed for the reaction (<C). Besides, P, is
the average power output of the lamp (W), At is the light irradiation time (h) and n is the
saving under plasmon heating compared to thermal heating (energy saving %).

In chemical reaction using a thermal batch reactor, we suppose the energy supplied from
heating reaction mixture from low temperature to high temperature is equal to the cooling
process from high temperature to low temperature. Therefore, the overall energy required Qry

is represented as equation (4):

Qry = QTH—heating + QTH—cooling (4)

where Qrp—peating 1S the energy required from low temperature to high temperature and
QrH-cooling 1S the energy required from high temperature to low temperature.

For example, if 10 mL water/toluene Pickering emulsion reaction mixture (1/1 v/v) is
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carried out for 1 h in both conventional thermal heating and light irradiation systems,
temperature required for catalytic system is 80 <C. We compute below the energy difference for

heating/cooling a batch and a continuous flow reactor.

Batch reactor:
1) Energy delivered during conventional thermal heating method

a. Energy supplied for heating reaction mixture from room temperature to 80 <C

QrH-heating = McpAT = (my cpy + mrcpr) AT
= (Vwpwcpw + Vrprcpr)AT
®)
2 2
— 1560 ]

10 10
= ((—) X 1% 4.18 + (—) X 0.87 x 1.72> x (80 — 25)

where my, and m, are the mass of water and toluene (g), respectively; cpy, and cpy are the
specific heat capacity of water and toluene, respectively (Jg~1°C1); and AT is the temperature
change observed for the reaction.

b. Energy supplied for cooling reaction mixture from 80 <C to room temperature

QTH—cooling = QTH—heating = 1560 ] (6)

c. Total energy supplied for conventional thermal heating method

Qrw = QTH—heating + QTH—cooling = 1560 + 1560 = 3120] (7

2) Energy delivered during light irradiation

a. Energy delivered during light irradiation for 1 h.

QL = PapgAt = PyensitySveamDt = PaensieyT(r?)At
=1x3.14 x (0.67/2)2x 1 = 0.35W/h (8)
= 0.35 X 3600 = 1260]
where Pyensity IS the power density of the lamp (1 W/cm?), Speqm represent the light beam

area (cm?) and r is light beam radius (cm).

3) Percentage of energy saved (%)
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Qe —Qu) _ (3120 — 1260)
"= T0m 3120

Starting from this point, the reaction conditions must be re-evaluated. For example, 10

% 100 = 59% ©)

mL/h water/toluene Pickering emulsion reaction mixture (1/1 v/v) is used for 1 h in both
continuous flow reactor and light irradiation systems, and temperature required for catalytic

system is also 80 <C.

Continuous flow reactor:
1) Energy delivered during conventional thermal heating method

a. Energy supplied for heating reaction mixture from room temperature to 80 C

Qflow—heating = mcpAT = QTH—heating = 1560 ] (10)

b. Total energy supplied during conventional thermal heating method

Qflow = Qflow—heating + Qflow—cooling = 1560 + 1560 = 3120] (11)

c. Heat power ascribed to flowrate

Pflow = Pheating flow + Pcooling flow

= (10/3600) x 1560 + (10/3600) x 1560 = 8.7 W (12
d. Energy delivered for 1 h.
Qftow = Priow X At =87 x 1 =87 W/h = 8.7 x 3600 = 31192 (13)
Qtotai—fiow = Qfiow + Qry = 31192 + 3120 = 34312 ] (14)
2) Energy delivered during light irradiation for 1 h
QL_fiow = Pug X At = 0.35x 1 = 0.35 W/h = 0.35 x 3600 = 1260 ] (15)
Qtotal-1 = Qr-fiow T+ @ = 1260 + 1260 = 2520 ] (16)
3) Percentage of energy saved (%0)
_ (Quotat—piow = Quotar-) _ (34312 -2520) - o an

Qtotal—flow 34312

Based on the results above, we can conclude that light-driven heterogeneous catalytic

reaction in PIC system is more efficient than conventional thermal heating reaction, with a
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potential energy saving of about 50-90%. Indeed, it is not necessary to heat all the mass of
substance to drive the reaction in heterogeneous catalysis. Plasmonic effect provides direct local
heating at the surface of active sites, thus avoiding unnecessary heating of the whole reaction
system. Moreover, plasmonic heating allows a rapid start-up and shutdown process with good
credentials for continuous flow operations. Furthermore, the utilization of low cost, safe and
environmentally friendly light emitting diodes (LEDs) could increase even more the benefits

for plasmonic heating applications.

4. Conclusions

In summary, we have designed a PIC system that benefits from the photothermal effect of
plasmonic Au NPs and the catalytic properties of [C12]s[PW12040] NPs for the oxidation of
cyclooctene with H2O». The combination of Au/SiO2-Cz NPs with [C12]3[PW12040] NPs does
not only enhance the emulsion stability, but also allows selective photoactivation of the
water/oil interface. As a result, combined Au/SiO2-Cz and [C12]3s[PW12040] NPs catalyze the
oxidation of olefins in emulsion under light irradiation. Compared to thermal-driven
counterparts, light irradiation (1 W/cm?) affords higher catalytic activity. The synergistic effect
of combined Au/SiO.-C3z and [C12]3s[PW12040] NPs improves the catalytic process unlike for
sole particles. We infer that Au/SiO2-Cz NPs play a role of on-site heaters/activators at the
water/oil interface in contact with the [Ci2]s[PW12040] NPs. Thanks to the stabilization
endowed by Au/SiO,-Cz and [C12]3[PW12040] NPs, the catalytic activity can be maintained for
at least five catalytic runs. This work represents a first attempt of employing light for
accelerating the catalytic efficiency by combining plasmon-driven photothermal effects of Au
NPs and Pickering emulsions, opening an avenue for engineering remotely controlled heating

processes instead of traditional heaters to carry out heterogeneous catalytic reactions.
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1. Introduction

The oxidation of alcohols into their corresponding carbonyl compounds is an important
reaction to produce fine chemicals [1-3]. In particular, the selective oxidation of primary
alcohols into aldehydes has attracted more and more interest because of their critical role in the
fragrance industry [4]. Many reactions have been established using stoichiometric oxygen
donors such as chromate or permanganate, but these reagents are expensive and toxic [5, 6].
Nitroxyl radicals such as 2,2,6,6,-tetramethyl-piperidine-1-oxyl (TEMPO) in combination with
a stoichiometric oxidant such as sodium hypochlorite can significantly enhance the oxidation
efficiency using oxygen and nitric acid [7-9]. However, nitric acid is highly corrosive and
produces waste. Considering the increasing concern to design green processes, it is highly

desirable to develop a green alternative for efficient alcohol oxidation.

So far, a remarkable number of metal NPs have been extensively studied for selective
oxidation of alcohols under mild conditions, especially based on Pd [10], Cu [11], Co [12], and
Ru [13] NPs, with different oxidants such as aqueous H2O2 [14], tert-Butyl hydroperoxide
(TBHP) [15] and air/molecular oxygen [16]. Recently, the unexpectedly high activity of Au
NPs for CO oxidation has motivated its use for the liquid-phase oxidation of alcohols [17-19].
Unlike supported Pd and Pt catalysts, Au NPs with ultra-small size exhibit very high selectivity
and are less prone to metal leaching, over-oxidation, and self-poisoning [20, 21]. The
remarkable catalytic performance of Au strongly depends on the NP size, which can be
controlled by the preparation method and the support nature [22]. Thus, silica [23], graphite
[24], titanium dioxide [25], nanoceria [26], and alumina [27] have been used as supports for Au
NPs, which were used as active heterogeneous catalysts for benzyl alcohol oxidation Corma et
al. [28] reported that Au nanoclusters deposited on metal oxides show a high catalytic activity
for the oxidation of various alcohols. Besides, the combination of Au with a second type of
metal to form a bimetallic catalyst can promote benzyl alcohol oxidation due to a synergistic
effect between both metals [29]. However, basic promoters such as NaOH and K>COs are often

needed for oxidation of alcohol [30, 31], but they suffer from cumbersome post-processing
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problems, since they generate salt after neutralization, which is incompatible with the Green
Chemistry principles. In parallel, the low solubility of organic molecules in water and the small
reaction interface lead to low catalytic efficiency. To improve the interface activity, co-solvent
[32], surfactant [33] and continuous-flow microreactors [34, 35] have been used, but additives
or complex equipment is required to boost the solid/liquid contact on the catalyst surface [36-
38]. Therefore, developing a novel catalytic system providing a green and base-free reaction

platform still remains a major challenge.

Pickering interfacial catalysis (PIC), as a new and efficient interfacial catalytic system, has
been developed to improve and boost the reaction activity of biphasic reactions [39-41]. Unlike
traditional biphasic reactions, PIC systems show the following inherent advantages: (1) large
interfacial area to decrease the diffusion-related limitation in biphasic reaction; (2) improved
catalytic activity/selectivity driven by the solubility difference in the organic/aqueous phase; (3)
facile emulsification/ demulsification; (4) increased ecological benefits. Surface wettability of
solid NPs plays a crucial role in the formation and stabilization of Pickering emulsions [42-44].
In pioneering studies, Li et al. [45] prepared phosphotungstate-functionalized mesoporous
Janus silica nanosheets by selectively decorating ammonium phosphotungstate (PW) on the one
side of silica nanosheets. PW-functionalized silica materials displayed excellent catalytic
activity and selectivity in the oxidation of benzyl alcohol by the formation of H,O»-switchable
Pickering emulsions. Jing et al. [46] reported novel amphiphilic Po@amZSM-5 nanoreactors
by in situ reduction of Pb NPs (1.5 nm) on the surface of ultra-small amphiphilic zeolites
(amZSM-5). The as-prepared Pb@amZSM-5 nanoreactors showed excellent amphiphilicity for
stabilizing Pickering emulsions with uniform droplets around 50 pum and exhibited high

catalytic activity for the selective oxidation of alcohols using air as oxidant without base.

The higher catalytic activity of Au NPs in benzyl alcohol oxidation is often observed in
the presence of base promoters (such as hydroxides and carbonates) [47, 48]. A striking
example is the selective oxidation of benzyl alcohol into benzoic acid using hydrogen peroxide
in an Au-based catalytic microcapillary reactor [49]. The Au NPs immobilization into fused

silica capillary tubing were used as microreactors, which provide the shortened diffusion path
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of the reagents. Under optimized conditions (80 <C, resident time = 639 s), the conversion of
benzyl alcohol over 100% can be achieved with high selectivity of benzoic acid, using a
substrate:H>O2:base = 1:10:3 ratio. Benzyl alcohol oxidation in the presence of ceria supported
Au NPs (Au—CeO2) with the addition of K2COs as oxidant was also studied by Nozaki et al.
[50], the catalysts Au—CeO, was synthesized using amorphous alloy as a precursor and followed
by directly alloying Au with Ce—Al alloy, which exhibited excellent catalytic activity for the
oxidation of benzyl alcohol to benzaldehyde. However, the addition of K2COs are necessary in
these systems to obtain good catalytic performance. Indeed, the presence of hydroxide ions can
assist the dehydrogenation of the alcohol in the catalytic oxidation process, thus accelerating
the catalytic activity. Also, the subsequent oxidation of benzaldehyde is boosted at high pH

environment, leading to the high yield of benzoic yield in aqueous solvents.

Herein we have synthesized surface-active NPs behaving both as catalyst and emulsifier
to precisely localize catalytic sites at the water-oil interface and conduct the base-free oxidation
of benzyl alcohol using aqueous H20- as oxidant. Specifically, we prepared Au@SiO2-Cz NPs
composed of a hydrophobic silica core and highly dispersed Au NPs immaobilized on the silica
surface. The Au@SiO,-C3 NPs were used to formulate a stable Pickering emulsion platform
for interfacial catalysis. Unlike hydrophilic Au@SiO2> NPs and single-phase catalysis,
Au@SiO,-Cz NPs exhibited higher catalytic performance for the selective oxidation of benzyl
alcohol in PIC system. We show that the interfacial location of the Au NPs plays a key role in

achieving outstanding catalytic activity.

2. Experimental section

2.1. Materials

Reagent-grade HAuCls 3H20 (99.9 %), NaBHa, (3-aminopropyl)triethoxysilane (APTES),
sodium hydroxide, trimethoxy(propyl)silane (Cz) (97%), tert-Butyl hydroperoxide (70%)
(TBHP) were purchased from Aldrich (USA). Aerosil®200 was a generous gift from Evonik
Industries AG (Germany). Benzyl alcohol (99%) was procured from TCI (Japan). CDCls
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(99.8%) was supplied by Euriso-top (France). Tetrakis(hydroxymethyl)phosphonium chloride
(THPC) solution (80% in H20) and 1,1,2,2-tetrachloroethane were obtained from Sigma. All
the water solutions were prepared using Millipore water produced in a water purification device

with a water resistivity higher than 18.2 MQ cm (Barnstead, Thermo Scientific, USA).

2.2. Synthesis of ultra-small Au NPs

In a typical synthesis of ultra-small Au NPs [51], 45.5 mL of water were added into a 100-
mL round-bottomed flask at room temperature and stirred at 500 rpm. Then, 1.5 mL of an
aqueous solution of NaOH (0.2 mol/L) and the reducing agent THPC (1 mL of a solution
composed of 1.2 mL of 80% THPC aqueous solution diluted to 100 mL with water) were added
into the flask. After the addition of THPC for two min, 2 mL of solution containing 20 mg fresh
HAuUCI, (dark-aged for 15 min before use) were added to the flask, resulting in the formation
of an orange-brown hydrosol. The as-prepared ultra-small Au NP dispersion was stored in a

refrigerator at 4 <C under darkness.

2.3. Synthesis of amphiphilic silica NPs (SiO2-Cs)

Amphiphilic silica NPs were prepared by a typical procedure described before [52].
Briefly, 0.5 g of Aerosil®200 were dispersed in 200 mL of water/ethanol solution (1/1 v/v, pH
9.8) in an ultrasonic for 30 min and stirred for further 30 min at 500 rpm. Subsequently, 5 mmol
of trimethoxy(propyl)silane (Cs) were slowly added into the suspension and stirred for another
5 min. Then, 0.5 mmol of APTES were added dropwise into the reaction system, and the
mixture was stirred at room temperature for another 1 h, followed by heating to 80 <C for 1 h.
The resulting SiO2-C3 NPs were collected by centrifugation and washed six times with water
and ethanol at 5000 rpm for 10 min to remove residual organosilane, and then dried at 80 <C

overnight.

2.4. Synthesis of ultra-small Au grafted amphiphilic silica NPs (Au/SiO2-Cs)

Ultra-small Au NPs were immobilized on the surface of amphiphilic SiO.-C3 NPs by the

self-assembly method [53]. In a typical preparation, 3 mL of ultra-small Au NP dispersion (see
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section 2.3) were slowly added to 3 mL of SiO.-C3 ethanolic dispersion (1.5 wt.%) at room
temperature under stirring at 800 rpm. After centrifugation, washing with water and ethanol,

drying in an oven at 80 ‘C overnight, the Au/SiO2-Cs NPs were obtained.

2.5. Synthesis of Au-loaded amphiphilic silica NPs (Au@SiO2-Cs)

Au@SiO,-C3 NPs were prepared by the in situ method [54, 55]. In a typical preparation,
0.5 g of SiO2-C3 NPs were dispersed in 200 mL of ethanol under sonication for 10 min, and
stirred for 2 h at room temperature. Then, 18 mL of an aqueous HAuCl4solution (14 mg HAuUCI.,
2 mmol/L) were added and stirred for 2 h. Then, 38 mL of freshly prepared NaBH4 aqueous
solution (20 mg NaBHa, 14 mmol/L) were added and the color of the solution turned orange-
brown immediately. After 1 h, the obtained NPs were collected by centrifugation, followed by
washing with water and ethanol to remove impurities, and dried at 80 <C overnight to obtain

the Au@SiO,-C3s NPs.

2.6. Synthesis of Au-loaded hydrophilic silica NPs (Au@SiO3)

The Au@SiO2 NPs were synthesized by the one-pot method [56]. In a typical preparation,
0.5 g of Aerosil®200 NPs were dispersed in 200 mL of distilled water under sonication for 10
min at room temperature. Then, 211 L of APTES were added into the solution under vigorous
stirring at 80 <T for 3 h. Next, 10 mg of HAuCIs were dissolved in 1 mL of water, and the
solution was added to the dispersion under stirring. A NaOH solution was used to set the pH in
the range 5-7. After stirring for 1 h at 80 <C, 1 mL of the reducing agent solution containing 10
mg NaBH4 was added into the solution, and the color of dispersion turned into brown-orange
immediately. The mixture was kept for further 2 h under heating. The Au@SiO2 NPs were
separated by centrifugation, washed with distilled water and ethanol for six times, and dried at

80 <C overnight.

2.7. NPs characterization

The size distribution and zeta potential of the different NPs were measured by dynamic

light scattering (DLS) measurements using a Zetasizer Nano ZS ZEN 3600 (Malvern, UK).
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The transmission electron microscopic (TEM) images were collected on a FEI Tecnai G2

F20s-twin D573 field emission transmission electron microscope operating at 200 kV.

The Fourier transform infrared (FT-IR) spectra were recorded on a Thermo Nicolet

AVATAR spectrometer in the range 400-4000 cm'™,

Thermogravimetric analysis (TGA) was carried out on a TGA Q500 thermal analyzer from

30t0 900 <T in N2 flow using a heating rate of 10 <T/min and 10-20 mg sample.

The Au content was measured using an Agilent’s 5110 vertical dual view inductively
coupled plasma optical emission spectrometer (ICP-OES) equipped with an OneNeb nebulizer,
a quartz double pass spray chamber and a quartz torch (Agilent). 50 mg dried samples were
weight, and ImL HF / ImL HCI/ ImL HNO3 were added and heated at 110 <C in closed Teflon
tubes for 24 h. Then, 30 mL of ultrapure water were added. The clsolutions were filtered at 0.45

um and diluted for ICP-OES analysis.

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD
spectrometer using monochromatic Al Ka radiation (1486.6 eV) operating at 225 W (15 mA,
15kV). The spectra were collected using an analysis area of <300 pm x 700 um and a 20 eV

pass energy.

The water contact angles were characterized using a water static contact angle meter
(Kruss DSA25S, Germany) equipped with a charge-coupled camera. Typically, a drop of water
(4 L) was placed on the pellets made by compressing the particles power at 1800 bar pressure

for 10 min.

2.8. Emulsion preparation

Typically, 1.8 wt.% Au@SiO2-Cs NPs were weighted in a glass vessel before adding 1.5
mL of oil phase and 1.5 mL of water at room temperature. Emulsions were formed using Ultra-

turrax T10 homogenizer (IKA, Germany) at a stirring rate of 11,500 rpm for 2 min.

2.9. Emulsion characterization
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Optical microphotographs of the emulsions were recorded on a VHX-900 F digital
microscope equipped with 100X to 1000X magnification lens VH-Z100UR/W/T (Keyence,
France). The droplet diameter was measured using ImageJ software (National Institutes of
Health, USA). The droplet size distribution was obtained by treatment of experimental data
with log-normal function (OriginPro 8®, USA). The volume fraction of the emulsion phase was
monitored after the freshly prepared emulsion was suspended for a certain time using ImageJ

software.

2.10. Catalytic tests

The oxidation of benzyl alcohol with TBHP was carried out in a 10-mL sealed glass vial.
In a typical test, 75 mg of Au@SiO2-C3 NPs were dispersed in 1.5 mL of toluene containing
benzyl alcohol (0.1 mol/L), followed by the addition of 1.5 mL of water containing TBHP (42
L, 70%, 2.0 equiv.). The mixture was emulsified using an Ultraturrax at 11,500 rpm for 2 min
and then sealed and heated at 80 <C for a certain time under magnetic stirring (500 rpm). After
the reaction, the emulsion was cooled down to room temperature and centrifuged. The upper
layer oil phase containing the product was collected by decantation and analyzed and quantified
by 'H NMR. Nuclear magnetic resonance (NMR) measurements were conducted on a Bruker
Avance-500 spectrometer. CDCl3z was used as solvent for the oil phase, whereas CoH2Cls was
used as internal standard. For the recyclability tests, the Au@SiO2-Cs NPs were washed five
times with ethanol and water and dried in an oven overnight. Freshly prepared 1.5 mL of toluene
containing benzyl alcohol (0.1 mol/L) and 1.5 mL of water containing TBHP (2.0 equiv.) were

added into the recycled Au@SiO2-Cz NPs for the next run.

Catalytic tests in toluene were carried out in 3 mL of toluene and 75 mg of Au@SiO2-Cs
NPs, followed by the addition of benzyl alcohol (16 L) and TBHP (2.0 equiv.). The mixture
was sealed and transferred to an oil bath for reaction at 80 <C for 3 h. After the reaction, the
mixture was centrifuged to separate the solution from the catalyst, and the collected organic

phase was analyzed by *H NMR.



Chapter III. Ultra-small Au nanoparticles on silica particles for alcohol oxidation

In the case of single water phase catalytic reaction, the pH of deionized water was adjusted
to pH 9-11 using an aqueous NaOH solution. In a typical test, 75 mg of Au@SiO2 NPs were
dispersed in 3 mL of water, followed by the addition of benzyl alcohol (32 L) and TBHP (2.0
equiv.). The resulting dispersion was stirred at 80 <T for 3 h. After reaction, the system was
cool down, and the solution was centrifuged to separate the aqueous phase. An excess amount
of an aqueous HCI solution was added to neutralize the base and decrease the solubility of
products in water. The products were extracted with CH2Cl for five times, and the obtained
solution was dried over MgSO4 to remove trace water. The solvent was then evaporated, and

the products were identified and quantified by *H NMR.

3. Results and discussion

3.1. Synthesis and characterization of NPs

3.1.1. Preparation of nanoparticles

A schematic illustration of the synthesis procedure of amphiphilic NPs is presented in
Scheme 1. Briefly, Cs chains and APTES were covalently grafted on silica by silanization.
Then, ultra-small Au NPs were immobilized on the surface of the NPs to prepare the
interfacially-active catalyst. Both the self-assembled and in-situ reduction method were used to
generate Au NPs. The final Au-loaded samples were denoted as Au/SiO,-Cz (method A') and
Au@SiO,-C3z (method A""), respectively. Besides, the hydrophilic catalyst was synthesized by
grafting APTES on the silica surface by silanization. The Au NPs were immobilized on the
silica surface by adsorption of HAuCIls; on amine groups, followed by reduction, and were

labeled as Au@SiO, (method B).
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Scheme 1. Schematic representation of the synthesis protocol of Au/SiO2-C3 NPs (method A'),
Au@SiO,-C3 NPs (method A’") and Au@SiO2 NPs (method B).

Zeta potential measurements were performed to measure the surface charge of the silica
NPs before and after surface functionalization. To examine the dynamic properties of the
obtained NPs in dispersion, we measured the hydrodynamic diameter by DLS. The mean size

and surface charge of the obtained NPs are listed in Table 1.

Table 1 Main physicochemical characteristics of the NPs

Au SiO;  Si0,-Cz  AU/SIO-Cz3 Au@SiO,-Cz3  Au@SiO-

Dn(nm)® 23 90 190 210 254 210
¢ (mV) -357 -38 42.6 40.2 35.6 32.7

2 Hydrodynamic diameter of NPs measured by DLS. ? Determined for 0.1 wt.% NPs dispersion
in water at 25 <C in neutral pH.

In method A, ultra-small Au NP (2.3 nm) aqueous dispersion is obtained by reduction of
chloroauric acid with THPC. The bare silica NPs has a hydrodynamic diameter around 90 nm
with a negative charge of -38 mV. In contrast, the surface charge and structure of SiO2-C3 NPs
are significantly affected by surface modification. The SiO2-Cz NPs exhibit a mean size of 190

nm with a zeta potential of +42.6 mV at pH 7. The positive surface charge of SiO>-Cs NPs is
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ascribed to the protonated amine groups (-NHs™) on the silica surface (pH 7 > isoelectric point)
[57]. Then, Au NPs (-35.7 mV) were immobilized on the SiO>-Cs NPs by electrostatic
interaction. The hydrodynamic diameter (210 nm) of the obtained Au/SiO2-C3 NPs keeps
almost unchanged compared to SiO2-Cz NPs, while the surface charge of Au/SiO2-Cz NPs (-

40.2 mV) decreases slightly due to the negatively charged Au NPs.

In method A", the Au@SiO2-C3 NPs were prepared by in situ grafting the Au NPs on
SiO2-C3 NPs. Unlike SiO2-C3 NPs, the charge of Au@SiO2-Cs NPs also decreases slightly
(+35.6 mV). This can be explained by the negative Au NPs immobilized on the positive amine

groups via electrostatic attraction, thus inducing a decrease of the effective surface charge.

The Au@SiO2 NPs show an average diameter of 210 nm, with a surface charge of +32.7
mV. The hydrodynamic diameter is larger than that measured by TEM, suggesting partial

aggregation of NPs due to polymerization of APTES [56, 58].

3.1.2. Transmission electron microscopy characterization

To identify the morphology structure of the as-prepared samples, TEM micrographs were
measured on the different NPs (Figure 1-2). As displayed in Figure 1a and b, the ultra-small
Au NPs are spherical and have a broad particle size distribution. Figure 2a-b indicate the
successful immobilization of Au NPs on SiO2-Cz NPs. The size distribution (Figure 2c) of Au
NPs lies in the range of 0.3-7 nm with an average diameter of 1.1 nm. As depicted in Figures
2d-e, the Au NPs synthesized by the in-situ method are uniform and well dispersed on SiO»-Ca.
Au NPs show a narrow size distribution around 1.1 nm (Figure 2f). The Au@SiO2-C3 NPs
present an irregular spherical morphology. Aggregation of Au@SiO2 NPs is visible in Figure
29. The larger NP clusters suggest strong interaction between the amine groups on the silica
surface. Au NPs on Au@SiO; are dispersed uniformly and show.an average size (1.2 nm),

which is similar to the size of Au NPs immobilized on Au@SiO»-C3 NPs.
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Figure 2. TEM image of the as-prepared samples and the corresponding Au size distribution.
(a-d) ultra-small Au NPs, and Au/SiO2-Cs, (e-h) Au@SiO2-Cs, (i-1) Au@SiO2 NPs.

Overall, using a simple synthetic pathway, we can coat the silica surface with uniform and
mono-dispersed Au NPs without modifying the structure of silica particles. The Au loading on
Au@SiO,-C3 NPs is about 0.46 wt.% based on ICP analysis, while the Au loading on Au@SiO>

is 0.36 wt.%.
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3.1.3. UV-vis spectroscopy

The UV-vis spectra of the ultra-small Au, Au/SiO2-C3z, Au@SiO2-Cs and Au@SiO2 NPs
are shown in Figure 3a-b. The spectra of ultra-small Au do not exhibit any plasmonic
absorbance, while Au/SiO2-Cz, Au@SiO2-Cz and Au@SiO2 NPs show very weak plasmonic
absorbance around 520 nm (Figure 3b). The weak plasmonic absorbance of the NPs can be
explained by the variation of distances between Au NPs due to the silica environment. The

presence of a weak plasmon feature further evidences that Au NPs possess ultra-small size.

d Ultrasmall  AWSIOC, AU@SIO;C, AuSIO,
Au

Au@SiO,-C,
— AU/SIiO,

AU/SiO,-C,4
— Ultra small Au

Adsorbance

T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 3. (a) Photographs of dispersions, (b) UV spectra of ultra-small Au, Au/SiO2-Cs,
Au@SiO,-C3, and Au@SiO2 NPs. The spectra were measured using deionized water for ultra-
small Au NPs, and SiO2-Cs for Au/SiO2-Cs, Au@SiO2-Cs, and Au@SiO2 NPs, respectively,
which were used as reference.

3.1.4. X-ray photoelectron spectroscopy analysis

The Au state on the as-prepared Au@SiO2-Cs NPs was investigated by XPS (Figure 4),
suggesting that the Au" precursors is fully reduced to yield Au® NPs. The binding energy of
Au 4f7, for Au@SiO2-Cs NPs is about 83.5 eV, which moves approximately 0.5 eV towards
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lower binding energy relative to the binding energy (84.0 eV) of Au 4f7> compared to a metallic
Au film (Au®) [59]. This observation can be explained by the interaction between Au and SiO2-

Cs, which modifies the electron density of Au [60, 61].

Intensity (a.u.)

Binding Energy (eV)

Figure 4. XPS spectra of Au 4f core level for Au@SiO2-Cz NPs.
3.1.5. Fourier transform infrared spectroscopy

FT-IR spectroscopy was used to assess composition of the NPs (Figure 5). The
Aerosil®200 silica NPs show a characteristic band at 1076 cm™ due to the Si-O vibration. For
both Au@SiO, and Au@SiO2-C3 NPs, a band appears around 1505 cm™ corresponding to the
bending vibration of N—H groups. This observation indicates the successful grafting of amine
groups on the silica surface. For Au@SiO2-Cs NPs, two bands of 2993 and 2904 cm™ can be
assigned to the stretching vibrations of —CHz groups. After Au NPs deposition, the spectra of

Au@SiO2-C3 and Au@SiO2 NPs remain unchanged.
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Figure 5. FT-IR spectra of Aerosil®200 silica, Au@SiO2, Au@SiO,-Cs NPs. (a) The whole
spectra. (b and ¢) The main transmittance peaks have been highlighted for more clarity.

3.1.6. Thermostability

To confirm the thermal stability of the as-prepared NPs, thermogravimetric analysis was
performed (Figure 6). SiO2> NPs show high thermal stability with weight loss of only 0.4%
from 30 to 200 <C, which can be attributed to the water desorption. From 200 to 900 <C, a slight
weight loss is observed due to silica dehydroxylation [62]. The TGA curve of Au@SiO2-Cs
NPs presents two stages: i) a weight loss of 0.5% below 150 <C due to absorbed moisture,
pointing out the hydrophobic properties of the NPs; ii) a weight loss of 13.8% between 400 to
600 <T that can be attributed to the decomposition of alkyl chains. Besides, the weight loss
observed for Au@SiO: (1.2%) between 30-200 <C corresponds to the desorption of adsorbed
water. The main weight loss (4.1%) corresponds to the decomposition of amine groups between
200-600 <C. These results demonstrate that the as-prepared particles have good thermal stability
in the range of 30 to 400 <C, and that the functional groups are grafted on the surface of silica

particles.
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Figure 6. Thermogravimetric profiles of SiO2, Au@SiO. and Au@SiO2-Cs NPs. Experimental
conditions: 10-20 mg samples for each analysis, 10 <C /min from 30 to 900 <C and N2 as
atmosphere.

3.1.7. Water contact angle analysis

The surface wettability of particles plays an important role in the formation and stability
of Pickering emulsion. The near-neutral wettability (contact angle around 90°) can promote
efficient positioning of particles at the water-oil interface, providing a steric barrier against
droplet coalescence. The surface wettability of silica particles can be adjusted via surface
functionalization. The water contact angle of SiO2-Cz, Au@SiO2-Cz and Au@SiO2 NPs was

measured (Figure 7).

/108 950 ac O\

Figure 7. The water contact angle of SiO,-C3z, Au@SiO,-Cs, and Au@SiOs.
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Bare silica is too hydrophilic to measure the water contact angle. The water contact angle
of SiO2-C3z NPs is around 108°, whereas Au@SiO.-Cz NPs have near-neutral wettability (95°)
and Au@SiO2 NPs has a contact angle around 40°. Au@SiO2-Cz NPs are more hydrophobic

because of the alkyl chains grafted on the silica surface.
3.2. Physicochemical properties of the Pickering emulsions

3.2.1. Influence of the organic solvents

The emulsifying properties of the NPs for water/oil biphasic systems was investigated.
Since the nature of oil is of great importance for the NP wettability and emulsion stabilization,
the influence of the different oils on the emulsion stability was studied (Figure 8 and Table A-
6). Amphiphilic Au@SiO2-Cs NPs can generate well-defined water-in-oil emulsion with
toluene (emulsion volume up to 85%), n-heptane (81%) and cyclohexane (80%). However, no
emulsion is obtained with benzyl alcohol and dibutyl ether. The optical microscopy images
show that the as-prepared emulsions with three types of oils have uniform droplets (Figure 9),

and an average size of 17 jum (toluene), 14 pm (cyclohexane) and 29 pm (n-heptane).

Benzyl Dibutyl
alcohol ether

Toluene Cyclohexane Heptane

50/50 water/oil

Au@SioO,
50/50 water/oil

Figure 8. (a) Photographs of Pickering emulsion stabilized by Au@SiO2-Cz and Au@SiO2 NPs.
Conditions: 1.5 mL oil, 1.5 mL water, 75 mg NPs (2.7 wt.%), emulsified at 11,500 rpm for 2
min.
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Figure 9. Emulsion volume fraction, mean droplet size and typical optical micrograph of a
Pickering emulsion stabilized by Au@SiO2-Cz and Au@SiO2 NPs. Conditions: 1.5 mL toluene,
1.5 mL water, 75 mg NPs (2.7 wt.%), emulsified at 11,500 rpm for 2 min.

For comparison, the emulsication properties of Au@SiO2 were also investigated. The
photographs of the emulsion and the corresponding optical microscopy images are displayed in
Figure 8 and 9. The droplet of n-heptane/H>O emulsions stabilized by Au@SiO2 NPs have an
average size of 38 m with the emulsion volume fraction of 65%. No emulsion is observed with
Au@SiO. for cyclohexane, toluene, benzyl alcohol and dibutyl ether. This significant
difference between Au@SiO2-Cs and Au@SiO2 NPs can be attributed to their distinct surface
wettability. Thus, Au@SiO.-Cz NPs can be used as emulsifiers for preparing Pickering
emulsions. Moreover, such small droplets can remarkably enhance the catalytic performance

of the nanoreactors in biphasic reaction because of short diffusion distances [63].

3.2.2. Emulsion stability

To investigate the stability of the obtained emulsions, we performed light scattering
experiments using Turbiscan Lab Expert. The backscattering and transmission profiles of laser
irradiation (880 nm) were measured along the height of glass vial. It is worth noting that the
delta backscattering (ABS) profile represents the emulsion coalescence, creaming and
sedimentation process over the time, while the delta transmission (AT) profiles can be used to
analyze the formation of a clarified serum layer (Figure 10). Considering that ABS intensity is
a function of the volume of the emulsion phase at a specific height and droplet size in the glass

vial, the ABS intensity decreases either with the droplet size or by decreasing the droplet
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concentration, since the average emulsion droplet size is larger than the incident wavelength.
The sharp decrease in ABS at the top layer of the emulsion suggests a decrease in the top
concentration and clarification of the layer. In such case, ABS is more representative than AT
for characterizing emulsion destabilization because of the ability of emulsion droplets to scatter
light beam [64, 65]. The variation of ABS and AT over the time as a function of the height of

the vial reflects the moving trend of droplets and predicates the stability of Pickering emulsions.

Figure 10. Schematic representation of time-evolution of the clarification and sedimentation
process (BS is backscattered light and T is transmitted light, while the blue dots represent the
water droplets and yellow backgrounding indicates the continuous oil phase).

The evolution of ABS and AT intensities over time for the emulsion stabilized with
Au@SiO2-C3 NPs is shown in Figure 11. ABS of the Au@SiO2-C3 NPs emulsion is sharply
reduced at the top layer of the sample over the time, but no obvious variation is observed in the
sample height range of 0 to 18 mm (Figure 11a). AT intensity at the top layer of the sample
increases sharply during the first 2 h (Figure 11b) and keeps constant after 3 h. This indicates
that the main instability at the top layer of the emulsion is s clarification phenomenon, and
serious gravity migration may occur at the top layer. As mentioned previously, the droplet size
is larger than the wavelength of light source, thus, the slight decrease of ABS in the middle part
of the sample is attributed to the variation of the droplet size. A growth of the droplet size
(caused by flocculation and coalescence) can lead to global variations in the middle of the

sample, while emulsion droplets migration (sedimentation processes) leads to local variations
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of the concentration at the top layer of the samples. Especially, the high temperature at 60 <C
could also accelerate emulsion destabilization. Overall, these results clearly state that the as-
prepared Au@SiO2-C3 NPs can form stable emulsions at high temperature, and flocculation

and coalescence are the main destabilization processes of emulsion.
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Figure 11. (a) Delta backscattering (ABS) and (b) delta transmission (AT) signals vs. sample
height and time at 60 < for water/toluene (1/1 v/v) Pickering emulsions stabilized by
Au@SiO,-Cz from 0 h (blue curve) to 12 h (red curve). Reaction conditions: 75 mg NPs, 1.5
mL water, 1.5 mL toluene, emulsified at 11500 rpm for 2 min.

3.3. Catalytic performance

The oxidation of benzyl alcohol was first carried out in water over Au@SiO2 NPs
with/without base (NaOH) (Figure 12). As expected, a blank test shows negligible conversion.
Au@SiO2 NPs allow 54% conversion and 78% selectivity to benzoic acid without base and low
selectivity (3%) toward benzaldehyde. The catalytic performance of Au@SiO2 NPs depends on
the pH of the reaction system. Increasing the pH from 7 to 11 substantially enhances the benzyl
alcohol conversion from 54% to 82%, with concomitant increase of the selectivity to benzoic

acid from 78% to 88%.
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Figure 12. Effect of pH on benzyl alcohol conversion and selectivity catalyzed by Au@SiO-
NPs in water. Reaction conditions: 2.7 wt.% Au@SiO2 NPs, 3 mL water, 32 uL benzyl alcohol,
2.0 equiv. TBHP, NaOH solution is used to adjust the pH, 11,500 rpm for 2 min, 80 <C, 3 h,
500 rpm.

To compare the catalytic activity of the conventional base-assisted system with that of
base-free PIC system, Au@SiO»-Csz-stabilized emulsions were employed as a platform to create
an efficient and recyclable water/oil biphasic system. The catalytic results are provided in
Figure 13 together with results of blank tests over SiO2-Cs NPs and with TBHP but without
catalyst. As expected, benzyl alcohol can be hardly converted without catalyst with only 5%
conversion. SiO2-Cz NPs give low catalytic conversion (7%) with 2% selectivity to
benzaldehyde although a stable emulsion can be formed. It indicates that SiO2-Cs NPs are not
catalytically active for the reaction. In contrast, Au@SiO>-Cs NPs provide high conversion
(87%) within 3 h in the presence of a Pickering emulsion with 92% and 6% selectivity to

benzaldehyde and benzoic acid, respectively.

To assess the benefits of interfacial catalysis, we explored the catalytic performance of
Au@SiO2-C3 NPs in toluene. Au@SiO,-Cz NPs show 58% conversion with 94% and 3%

selectivity to benzadelyde and benzoic acid, respectively.
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Figure 13. Comparison of benzyl alcohol conversion, benzaldehyde and benzoic acid
selectivities under PIC system and in water and toluene single phases. Reaction conditions: 2.7
wt.% Au@SiO2-Cz NPs, 1.5 mL benzyl alcohol in toluene (0.1 mol/L), 2.0 equiv. TBHP
dissolved in 1.5 mL water, 11,500 rpm for 2 min, 80 <C, 3 h, 500 rpm. The test in toluene was
conducted using 3 mL of toluene with benzyl alcohol (0.05 mol/L).

These results indicate that the catalytic activity of Au@SiO.-C3 NPs is lower in toluene
compared to the PIC system. At the same reaction volume and catalyst loading, the enhanced
activity in PIC can be ascribed to the large interfacial contact area and the presence of catalyst
at the water-oil interface (Figure 14). Moreover, benzaldehyde is more soluble in toluene than
in benzyl alcohol, and its solubility is much lower in water than in benzyl alcohol [66, 67].
Benefiting from the solubility difference between benzyl alcohol and benzaldehyde in the
biphasic system, benzaldehyde is promptly extracted by toluene avoiding further oxidation [68].
The combination of the large contact area, short diffusion distance and unique interfacial

location of Au NPs provides high reaction efficiency of Au@SiO»-Cz NPs in PIC system.

Overall, constructing a catalytic system with catalysts located at interface play an
important role for developing base-free alcohol oxidation process. As a greener alternative, PIC
system demonstrated: (1) improved catalytic activity; (2) ease of product and catalyst separation;

(3) environmentally friendly. Since the grafting of such noble metallic particles on emulsifiers
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can be easily realized by diverse particles, we envisage this concept can be utilized as a versatile

technique for the application in chemical engineering.

Oil

H,0 &
TBHP

Figure 14. Schematic illustration of selective oxidation of benzyl alcohol to benzaldehyde and
benzoic acid over Au@SiO,-C3 catalytic NPs. Au@SiO2-Cs NPs can catalyze the reaction at
the water-oil interface and the substrate and product migrate to both the oil and water phases as
the reaction proceeds.

3.4. Reusability

To assess the catalyst stability, we investigated the recyclability of Au@SiO2-Cz NPs.
After the reaction, centrifugation was carried out to achieve demulsification. The NPs were
separated from the reaction mixture by washing with ethanol and drying in air before the
subsequent run. As shown in Figure 15, Au@SiO2-Cz NPs shows 83% conversion with 82%
selectivity to benzaldehyde after the fourth run. The TEM image of recovered Au@SiO2-C3
NPs shows that the Au NPs are well dispersed on the silica surface with an average size around
1.6 nm (Figure 16a-c), which is similar to that of freshly prepared Au@SiO.-Cz NPs (1.1 nm).
The optical micrograph image of well-defined Pickering emulsion after the fourth run confirms
that the interfacial activity keeps unchanged (Figure 16d and Table A-7). Moreover, the
average size of the emulsion droplets stabilized by the recovered Au@SiO-Csz is around 30 um,

which is larger than that of the fresh emulsion (17 um).
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Figure 15. Catalytic performance of Au@SiO2-C3 NPs in the oxidation of benzyl alcohol in
four consecutive runs.
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Figure 16. (a and b) TEM images of recovered Au@SiO2-Cz NPs after the fourth run. (c)
Particle size distribution of Au NPs in Au/SiO2-Cs NPs after the fourth run. (d) Optical

microscopy of Pickering emulsion droplets after the fourth run (the inset shows a photograph
of the emulsion).
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4. Conclusions

In conclusion, we designed and fabricated surface-active catalysts composed of modified
silica NPs and ultra-small Au NPs for the oxidation of benzyl alcohol in a PIC system. To obtain
surface-active properties with catalytic centers, Cs chains and amine groups were introduced
on the silica surface by silanization. The incorporation of amine groups allowed immobilization
of Au NPs. Stable Pickering emulsion with large oil-water interface areas were generated using
amphiphic Au@SiO2-Cz NPs, these NPs outperformed hydrophilic Au@SiO2 NPs in terms of
emulsion volume and droplet size. Taking advantage of the emulsion properties and precise
positioning of ultra-small Au NPs at the oil-water interface, Au@SiO2-C3 NPs exhibited a
remarkable catalytic performance in PIC system under base-free conditions, and the yield of
benzaldehyde was 1.5 times higher than that obtained in toluene. Such a significant
improvement is attributed to the pronounced increase of reaction interface to alleviate the
diffusion barrier between oil-soluble and water-soluble reactants. This work broadens the scope
of noble metal NPs loaded material as emulsifiers and provides new insights for constructing

novel and efficient reaction system.
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Chapter IV. Temperature-responsive Pickering emulsions

1. Introduction

Emulsions are metastable mixtures of two immiscible liquid phases - a dispersed phase
and a continuous phase, e.g. oil and water - that is stabilized either by surfactant or by solid
particles [1,2]. Particle-stabilized emulsions, also called Pickering emulsions, are more stable
than conventional emulsions. Pickering emulsions may be useful for reducing the surfactants
amount and so, the risk for health and environment [3]. Although a long-term stability is
generally the final aim of a formulation process for food, cosmetics, paints, etc., a transitory
stability (i.e. on demand destabilization) might be wanted for other applications such as
emulsions polymerization [4], oil recovery [5] or catalyst recovery [6] in order to collect the
product of interest. In these cases, additional disruption mechanisms need to be introduced to
achieve the destabilization of the system, which may increase the costs and the energy

consumption.

Bare hydrophilic silica nanoparticles (NPs) can stabilize water/polar oil emulsions without
any surface functionalization even if they are partially wet by these oils [7,8]. Although the use
of bare silica NPs is costless and timeless compared to surface functionalized NP, it may be
appropriate to functionalize the silica NPs surface for preparing emulsions with other types of
oils and giving them additional functionalities. The grafting of silanes with specific functional
groups is well known and controlled [9,10] and permits to enhance the wetting properties. The
grafting of other types of materials is also possible, e.g. inorganic species (alumina, metals...)

[11,12] or polymers [13-15] which allows the preparation of different types of emulsions.

The surface functionalization can limit the desorption of particles from interface, for
instance, but also allows to add stimuli-responsive properties to the emulsions. Developing
amphiphilic particles and changing their surface properties, in other words their wettability, in
response to a stimulus is very promising. As a result, stimuli-responsive Pickering emulsions
have gained increased amounts of attention in recent years. Thus, various trigger-responsive
materials have been prepared leading to Pickering emulsions being responsive itself to the

trigger such as temperature, pH, light, magnetic field [2,16-18]. Using temperature change for
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emulsion destabilization is one of the less invasive method to set up, compared to the addition

of chemicals or change of the pH of the system. In addition, it can be reversible.

Polyethylene glycol (PEG), also called polyethylene oxide (PEQO), and PEG methyl ether
(mPEG) are water-soluble and temperature-responsive polymers [19]. The temperature increase
induces a modification of the conformation of the polyoxoethylene chains (from polar to
nonpolar due to dehydration of the ethylene oxide units) and emulsions stabilized with PEG-
based surfactants can undergo a phase separation or a phase inversion (from oil-in-water to
water-in-oil) [14,20-22]. Surface active particles are more attractive than surfactants since they
form much more stable emulsions [23]. One approach to obtain a synergetic effect of a PEG-
based surfactant and the highest stability provided by silica NPs has been studied by Yue Zhu
et al. [24]. By combining silica NPs and polyoxyethylene monodecyl ethers (C1o0En), which
adsorbs on the silica surface, they could obtain the formation of stable emulsions which are
destabilized with temperature. However, the use of PEG adsorbed onto the silica surface may
induce the release of some PEG molecules in one of the two phases when the emulsion is

destabilized.

One way to overcome this issue is to covalently bind the PEG onto the silica NPs
[21,25,26]. Although temperature-responsive Pickering emulsions prepared with PEG-
functionalized silica particles has been reported in the literature [14], the preparation of the
particles is a multi-step and time-consuming process - synthesis of NPs followed by the grafting

of the different functional silanes.

Herein, we report on the elaboration and characterization of temperature-responsive
Pickering emulsions stabilized with PEG-functionalized silica particles (SiO2@PEG). The
particles were prepared through a one-step synthesis based on the hydrolysis and condensation
of the silica precursor in the presence of PEG with various molecular weight (MW 200, 400,
550, 2000, 5000 g.mol™?). The physicochemical properties of the NPs have been thoroughly
characterized before the preparation of emulsions. We find that SiO,@mPEG 550 NPs form

temperature-responsive Pickering emulsions with oils of different nature. These emulsions
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undergo a clear temperature-triggered destabilization when heated from room temperature to
80 <C while no destabilization has been observed for emulsions stabilized with longer PEG
chains (MW 2000 and 5000 g.mol™). Polyoxometalates (POMs), which are used as catalysts,
tend to spontaneously adsorb onto hydrophilic surface (such as PEG or polyethoxylated
surfactant) through a self-assembly [27]. The use of SiO.@PEG NPs as support for POMs fulfill
the concept of Pickering interfacial catalysis (PIC). Further investigations were conducted,
including the grafting of POMs onto the SiO2@mPEG NPs and their use for the oxidative

cleavage of cyclooctene.

2. Experimental section

2.1. Chemicals

All chemicals were used as purchased. Tetraethyl orthosilicate (TEOS) (98 wt.%, Sigma-
Aldrich), ammonia (25 wt.%, Chem Lab), absolute ethanol (VWR), poly(ethylene glycol) 200
(Sigma-Aldrich), poly(ethylene glycol) 400 (Sigma-Aldrich), poly(ethylene glycol) 1500
(Acros organics), poly(ethylene glycol)mono methyl ether 550 (Sigma-Aldrich), poly(ethylene
glycol)mono methyl ether 2000 (Sigma-Aldrich), poly(ethylene glycol)mono methyl ether
5000 (Sigma-Aldrich), cyclopentyl methyl ether (> 99.9 %, Sigma Aldrich), toluene (99.85 %,
Acros Organics), heptane (Analytical reagent grade, Fischer Scientific), isopropyl myristate
(Sigma Aldrich), paraffin oil (Cooper), squalane (99 %, Acros Organics). H3[P(W3010)4] xH20
(reagent grade, Sigma-Aldrich). Cyclooctene (98 %, TCI). D20 (99.9 %) was purchased from
Euriso-top (France). All aqueous solutions were prepared with ultrapure water obtained from a

Thermo Scientific system (12.2 MQ.cm, Millipore AG).
2.2. Synthesis of bare silica nanoparticles

The silica particles were synthesized following procedure reported in the literature [28].
13.5 mL of ultrapure water, 184 mL of absolute ethanol, and 41 mL of NHsOH were mixed in
a 500 mL round-bottom flask and stirred at 300 rpm at 40 <C. 11 mL of TEOS was added at

once to the mixture. It was left stirring for 1 hour with a reflux cooling. The particles suspension



Chapter IV. Temperature-responsive Pickering emulsions

was purified by several cycles of centrifugation and redispersion.
2.3. One-pot synthesis of polyethylene glycol silica nanoparticles (SiO2@PEG)

The SiO2@PEG NPs were synthesized according to a protocol adapted from [29]. 6 mL
of TEOS and 72 mL of ethanol were mixed under vigorous stirring for 5 min at 65 <C. 17.1 mL
of water and 3.8 mL of ammonia were added. 3 g of PEG (or mPEG) dissolved in ethanol are
added dropwise within 5 min. The mixture was stirred for one hour with reflux cooling. The

particles were washed by centrifugation and transferred into ultrapure water.

2.4. Physicochemical characterization of NPs

2.4.1. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were carried out using a light scattering
goniometer instrument from LS Instruments (3D LS Spectrometer, Switzerland) equipped with
a 25 mW He-Ne laser light source (JDS Uniphase) operating at A = 632.8 nm. The scattering
spectrum was measured using two single-mode fiber detections and two high-sensitivity APD
detectors (SPCM-AQR-13-FC, PerkinElmer). The samples were filled into cylindrical tubes
with a diameter of 7.5 mm and placed in the temperature-controlled index matching bath, where
the temperature was fixed at 25 <C. Measurements were performed at scattering angles of 90<

The average hydrodynamic radius was obtained through a second order cumulant analysis.
2.4.2. (-Potential measurements

The -potential of the particles was measured on a Zetasizer Nano-ZS ZEN 3600 (Malvern

Instruments, UK) at 25 <C. 20 mg of particles were dispersed in 1 mL of aqueous solutions.
2.4.3 'H NMR spectroscopy

The *H NMR spectra were recorded on a Bruker Avance 300 at 300 MHz (Bruker, USA).
D>0 was used as solvent for the analysis. Chemical shifts were given in ppm and were measured

relative to the TMS.

2.4.4. Transmission Electron Microscopy
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The transmission electron microscopy (TEM) micrographs were obtained on a TECNAI
G2-20 Twin microscope (FEI, USA), equipped with a LaB6 filament operating at 200 kV. Two
drops of nanoparticles suspension were deposited on a carbon—copper grid (CF200-Cu,

Electron Microscopy Sciences, USA).
2.4.5. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were performed using a Q500 instruments (TA
Instruments, USA). In a typical analysis, 10-15 mg product was placed in a Pt crucible. The
sample was at first equilibrated at 120 <C, and then heated at 10 <T/min to 900 <C, under

nitrogen.
2.4.6 Surface tension measurement

The surface tension measurements of sample were performed with a Kriss K100
tensiometer. In a typical experiment, the rod was immersed in the liquid studied at a rate of 10
mm.min~! and an immersion depth of 2 mm. Calibration with ultrapure water was carried out.
For each measurement, the surface tension values were sampled every 3 s until the standard
deviation was below 0.1 mN.m™!. Three measurements were taken in a row for each sample.
No temperature correction was made to the previous measured values, since the observed
deviations - between 0.1 and 0.7 mN.m™! - were larger than the temperature corrections,

expected to be below 0.2 mN.m™.

The measurements of the surface tension as a function of temperature were performed with
10 mL aqueous suspension of nanoparticles at 1 wt.% between 25 <T and 80 <C. An equilibrium

time of 25 min was applied between the temperature increase and the measurement.
2.5. Preparation and characterization of emulsions

The emulsions were prepared using water phase containing the silica nanoparticles (1.5
mL) and different oils (1.5 mL). The emulsification was performed with an Ultraturrax T10

basic (IKA Works, Inc., Germany) for 60 s at 11500 rpm at room temperature.
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Optical micrographs were acquired with a VHX-900 microscope from Keyence. The

measurement of the droplets diameter size was performed with the Keyence software 1.6.1.0.

The distribution function (log-normal) of emulsion droplets diameters was obtained by
treatment of at least 200 individual measurements using Origin 9.1® (OriginLab corporation,

US) according to Eq. 1:

¢ 2
o g
T VImep T 207 (1)

where y is the probability for having droplets of diameter (@), ® is an asymmetric factor (i.e.
measure of width), the peak will be approximately symmetric when o is small, @nm is the median
droplets diameter (Jm corresponds to the peak center when the log-normal is approximately
symmetric), and A is the amplitude and corresponds to the area under the curve. The @m, ©,

and A are parameters characterizing the size distribution of the droplets.

The emulsion stabilized with HsPW12040-decorated SiO.@mPEG NPs were prepared as
following. In a toluene/water biphasic system, 1.5 mL toluene and 1.5 mL SiO.@mPEG
aqueous dispersion were weight, followed by adding 3.0 wt.% solid Hs3PW1204 directly. The

emulsions were obtained after stirring at 11500 rpm for 2 min.
2.6. Temperature-responsive behavior of the emulsions

The temperature-responsive behavior of the emulsions was tested by heating the vials in a

water bath a gentle stirring at 100 rpm up to 80 <C.
2.7. Catalytic tests

In a typical run, 1.5 mL toluene containing the given cyclootene (2 mol/L) and 1.5 mL
water containing 3.5 equiv. H202 (50 %) and 1.5 wt.% SiO,@mPEG were added to a 5 mL vial,
followed by adding 3.0 wt.% H3PW12040. The system was pre-emulsified using an Ultra-
Turrax® (IKA T 25) at 11,500 rpm for 2 min. The reactor was sealed, heated at 65 <C for 6 h
under stirring (500 rpm). After the reaction, the system was demulsified by centrifugation, the

upper oil phase was separated by decantation, and it was dissolved in CDCls, whereas n-
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dodecane was used as internal standard for analysis. The aqueous phase was diluted in
deuterated DMSO using n-dodecanol as internal standard. The yield was measured by *H NMR

on an Advance 300 Bruker spectrometer at 300.12 MHz.

(A
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Scheme 1. Schematic illustration of the method of A) one pot synthesis of the SiO.@PEG NPs,
B) Preparation of the emulsions stabilized by the SiO.@PEG NPs and C) Temperature-induced
destabilization of the emulsion.

3. Results and Discussion

3.1. Synthesis and characterizations

3.1.1. Transmission electron microscopy characterization

The morphology and the size of the SiO.@PEG NPs were studied by TEM (Figure 1).
They present a spherical shape with rough surface. It is noteworthy the presence of small

particles that are linked as a pearl necklace extending out the particles for SiO@PEG 400 and
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SiO2@mPEG 550 (Figure 1a-b). These small particles in such branch-like structure were not
observed in previous studies [29]. The formation of such particles may be due to the
condensation of silica onto the PEG chains extending out the main silica particles. The presence
of small NPs (~ 20 nm) around and attached to the core make the particle rough and may help

the stabilization of emulsions as it has been demonstrated by San Miguel et al. [30].

Figure 1. TEM images of a) SiO-@PEG 400, b) SiO.@mPEG 550 and ¢) SiO.@mPEG 5000
NPs synthesized by the one-step method.

3.1.2. Dynamic light scattering measurements

The size of the particles has also been measured by DLS (Table 1). As for TEM results,
no clear trend has been observed as a function of PEG molecular weight. While for low
molecular weight (200 to 550), PEG and mPEG gives the same range of size, i.e. 150-180 nm,
for bigger PEG (or mPEG), a smaller size has been observed. It may be explained by the
formation of much more silica nuclei on the PEG with longer chain (more ether groups) and
thus, the final size of silica particles is low compared to other batches. However, the sizes
measured by DLS are close to the sizes of the NPs (core + branches) measured on TEM pictures,
particularly for SiO,@PEG 400 (125 nm measured on TEM), SiO2@mPEG 550 (200 nm
measured on TEM) and SiO2@PEG 5000 (77 nm measured on TEM). It indicates that the

chains of NPs are attached to the core.

In order to verify the presence of PEG onto the surface of silica particles, several
characterizations have been performed. First, the (-potential values of the NPs were measured

as a function of the PEG (or mPEG) weight (Table 1). Short chain lengths have surface charges
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comparable to bare silica. NPs functionalized with bigger PEG show a higher reduction of
surface charge. Hence, short PEG chains extend less out of the surface of the NPs, which may
explain values close to the (-potential of silica. The increase of MW of PEG, which is a nonionic

polymer, decreases the surface charge of the NPs [31].

Table 1. Size hydrodynamic diameter measured in DLS and { potential of bare silica NPs and
SiO2@PEG NPs dispersed in ultrapure water.

Hydrodynamic diameter Zeta potential
Particles

(nm) (mV)

Bare silica 110 -55
SiO2@PEG 200 180 -59
SiO2@PEG 400 150 -59.7
SiO2@mPEG 550 180 - 46
SiO,@mPEG 2000 320 -29.1
SiO2@mPEG 5000 80 -31.6

3.1.3. Nuclear magnetic resonance spectroscopy

The presence of PEG on the surface of the NPs was investigated by *H NMR spectroscopy
(Figure A-6). *H NMR spectrum of SiO,@mPEG 550 NPs was compared to the spectrum of
silica NPs functionalized with mPEG 500 through the two-step protocol proposed by
Bjcrkegren et al. [14] were measured. Both spectra show peak that corresponds to the presence
of PEG (3.6 ppm). This result suggests that the peak of SiO.@mPEG 5000 is less intense than
the peak of the silica NPs functionalized through the two-step method[32]. The nature of
interaction between silica and PEG is different for the two types of NPs. Particles grafted with
a coupling agent have the PEG molecules covalently attached to their surface, which puts all
these molecules in a similar environment resulting in a sharp peak. On the other hand, the broad
peak of the SiIO,@mPEG 550 particles prepared with one-pot method suggests that the
molecules of PEG are in different environments, i.e. a part of the PEG is inside the SiO> core

and the other part is outside of the core. The synthesis of SIO2@PEG consists in a modified
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Stcher synthesis of silica in presence of PEG developed by Akbari et al [29]. According to Xu
et al. [33], the hydrolysis step of the sol-gel process of the silica precursor competes with the
transesterification between the PEG and silica precursor (TEOS) before the condensation. This
method allows to entrap the PEG by a covalent binding, within the silica NPs but also onto the

surface.

In order to check that the presence of PEG in the samples is not due to the residual PEG
molecule — not attached on silica network — the NPs have been centrifuged and redispersed in
water several times. *H NMR spectra of two supernatants have been performed to control the
absence of free PEG in the suspension (Figure A-7). The *H NMR spectra of two supernatants
have been performed after 3 and 5 washing cycles. While after three washing step, some free
PEG molecules are still present, after five washing steps no more free PEG molecule are present
(peak reduced to noise level). This result proves that the washing steps were effective to remove

free PEG molecules.
3.1.4. Thermostability

The SIO2@PEG NPs were characterized with TGA measurements (Figure 2). First, the
dTGA curve of the SiO>@mMPEG 550 shows a main peak at 365 <C and two shoulders at 290 C
and 510 <C. While the signal at 290 <C corresponds to the PEG degradation and silica
dehydroxylation, the signal at 510 <C can be attributed to the dehydroxylation of isolated
hydroxyl groups like it was measured for the bare silica NPs [34]. The main peak of the dTGA
of SiIO2@mPEG 550 at 365 <C can be attributed to the degradation of grafted PEG species [35].
Apeak at around 275 <T is also visible in the dTGA curve of the silica NPs that can be attributed
to the dihydroxylation of some hydroxyl groups. The peak at 365 <C of dTGA curve of
SiIO2@mPEG 550 is similar to the peak of SIO2@GPTMS@PEG 2000. These results may

suggest that the mPEG 550 is covalently attached to the NPs.
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Figure 2. dTGA curves of mPEG 550, bare silica NPs and SiO.@mPEG 550 NPs. Experiments

were conducted at 10 <T/min to 900 <C, under nitrogen.
3.1.5. Surface tension measurement

The surface tension of the NPs was measured in order to compare the surface activity of
the SiO.@PEG with bare silica NPs. The surface tension of aqueous suspension of bare silica
NPs is known to be around 72 mN.m™! whatever the concentration which indicates the
negligible effect of their presence. [36,37]. Surprisingly, at room temperature, the surface
tension of the aqueous suspension of SiIO2@mPEG 550 NPs is at the same order, around 71
mN.m~! whatever the different concentrations measured (Figure A-8). Surface tensions of
aqueous suspensions of SiO>@mPEG 5000 and SiO@GPTMS@mPEG 2000 are 10 % lower
at around 65 mN.m™!. These results would indicate that the short length of mMPEG (MW 550)
does not modify enough the surface tension of silica dispersion at room temperature. Hence,
longer chain PEGs are more capable of reducing the surface tension with better steric
stabilization on the surface once adsorbed. No significant change in surface tension has been
observed by increasing the concentration of the NPs from 0.5 to 2.5 wt.%, whatever the nature

of the NPs.
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Figure 3. Surface tension as a function of temperature of aqueous suspensions of the different
SiO2@PEG NPs with concentration (1 wt.%).

The surface tension of the aqueous suspensions of purified PEG-functionalized NPs has
been also measured as a function of the temperature in order to determine the temperature-
responsive behavior of the NPs (Figure 3). The measurements have been performed at a fixed
NPs concentration (1 wt.%). Two groups of data can be observed. In one hand, the SiO2@PEG
200 and SiO.@mPEG 550 with a surface tension at around 72 mN.m™! that corresponds to the
surface tension of water. The NPs have no or very small effects on the surface tension at room
temperature. In the other hand, SiO2@PEG 400, SiO,@mPEG 2000 and SiO,@mPEG 5000
have a surface tension decreased at around 65 mN.m™! at room temperature, indicating they are
surface active. Unlike the SiO2@PEG 200 and SiO.@mPEG 550, they should provide better
stabilization for emulsions. These results may indicate that the NPs are surface active when the

surface coverage of PEG is high enough [14]. The presence of PEG chains may be indeed more
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important onto the surface of the particles when using mPEG 2000 and mPEG 5000, with long

chains.

When the temperature is increased up to 60 <C, the surface tensions of the dispersions
decrease linearly and a break of the slope appears for higher temperatures. The surface tension
of NPs functionalized with short chains of PEG (PEG 200, PEG 400 and mPEG 550) decreases
faster for temperature higher than 60 <C while the surface tension of NPs functionalized with
long chains of PEG is stabilized (mPEG 2000) or decreases slower (MPEG 5000). According
to these results, the temperature-responsive behavior of Pickering emulsion were investigated
at room temperature and at 80 <C, clearly above the temperature of change of behavior, i.e. T =

60 <C.

3.2. Physicochemical properties of the Pickering emulsions

3.2.1. Influence of the nanoparticles

Water / toluene emulsions (50/50) have been prepared with the SiO.@PEG NPs (Figure
4). As expected, particles grafted with small PEG, i.e. PEG 200, were poor stabilizers while
O/W emulsion phase could be obtained with particles grafted with PEG of MW > 400. [38].
The emulsions have been observed under optical microscope (Figure 4). The mean size of the
droplets has been determined from the size distribution, obtained from the statistical analysis
of the optical micrograph. It is around 35 pm for the emulsions stabilized with SiO.@PEG 400
and SiO.@mMPEG 550 while smaller size of droplets for the emulsion stabilized with

SiO,@mPEG 2000 and SiO,@mPEG 5000 has been measured.
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Figure 4. Appearance of the toluene/water (1:1 v/v) emulsions stabilized by silica NPs (1 wt.%)
grafted with different types of PEG (top); Optical microscope pictures of the droplets for the
corresponding emulsions (bottom). Scale bars: 50 pm.

3.2.2. Temperature-responsive behavior of the Pickering emulsion

The temperature-responsive behavior of SiO2@PEG NPs-stabilized emulsions has been
tested by applying an increase of temperature from 25 to 80 <C (Figure 5). Shorter chains of
PEG are expected to have a better temperature-responsive behavior than long PEG chain
according to the measurements of the surface tension (Figure 3). They require less energy to
dehydrate compared to longer chains. SiO.@PEG 200 could not stabilize emulsion, hence it
can be considered as unsuitable for the following. Both SiO2@PEG 400 and SiO2@mPEG 550
gave emulsions at room temperature and have presented a temperature-responsive behavior
with temperature increase, i.e. a clear phase separation. Despite having stable emulsions, the
particles with longer chains of PEG have almost no temperature-responsive behavior when
heated (SiO.@mPEG 2000), as expected. Moreover, the emulsion stabilized by SiO.@mPEG
5000 maintains stable. The temperature responsive behavior or the PEG-functionalized silica
particles can be attributed to the hydrophilic/nydrophobic balance of the PEG/mPEG chains. At

low temperature, the balance between the ether oxygen of EO chain-water interaction and
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carbon-carbon backbones of PEG is enough to let the SiO.@PEG particles stabilizing
emulsions [39]. With the increase of temperature, the hydrogen bonds between the EO chain
and water become weaker [40]. At high temperature, the distribution of the PEG/mPEG chain
at the oil-water interface is modified which results in the destabilization of the emulsion [41].
Especially, the SiO.@PEG particles become more hydrophilic with the increase of the chain
length, improving the ability of EO units to form more hydrogen bonds with water. In this way,
the increase in the chain length of the PEG also increases the energy required to break the
hydrogen bonds between EO units and water molecules. According to these results and the
previous characterizations, SiO.@mPEG550 NPs are the most suitable particles for stabilizing

water / toluene emulsions and giving them a temperature-responsive behavior.

25 °C

80 °C

Figure 5. Pictures of the toluene/water (1:1 v/v) emulsions stabilized with silica particles (1

wt.%) grafted with different length of PEG, at 25 <C and 80 <C.

The influence of the nature and polarity of the oils on the final properties of the emulsions
and their temperature-responsiveness have been investigated. The emulsions have been
compared to emulsions prepared with bare silica NPs, pure mPEG 550 and a mixture of bare

silica NPs and mPEG 550 (Figure 6).
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Figure 6. Appearance of the oil/water (1:1 v/v, different nature of oil) emulsions stabilized with
bare silica (1 wt.%), mPEG 550 (0.07 wt.%), a mixture of bare silicaand mPEG 550 (11:1 ratio,
1 wt.%) and silica particles (1 wt.%) grafted with type of PEG at 25 and 80 <C.

As expected, emulsions could be obtained with paraffin oil, isopropyl myristate, CPME
and squalane [42]. A destabilization occurs when the temperature increases but it could be
explained by the gentle stirring used to homogenize the temperature that may accelerate the
natural destabilization of the emulsions. Pure mPEG 550 molecules stabilize emulsions with
almost all oils (except isopropyl myristate, probably due to the poor solubility of mPEG in this
oil). A temperature-triggered destabilization occurs except for toluene. Stable emulsions were

obtained with the mixture silica NPs and mPEG 550 was used whatever the nature of the oil. A
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weak temperature-triggered destabilization happens except for emulsion prepared with
squalane. Hence, oils with higher polarity (e.g. heptane) are more favorable to obtain Pickering
emulsions with bare silica and pure PEG [42,43]. When SiO.@mPEG 550 NPs were used,
stable emulsions were obtained at room temperature and a clear destabilization occurs at 80 <C.
Here, the results show that the SiO.@mPEG 550 NPs can form stable and temperature-

responsive emulsions with oils of different nature.

3.3. Elaboration of Pickering interfacial catalysis (PI1C) system

Stimuli-responsive materials present a great potential to design “smart” PIC process. Since
Pickering emulsion is highly stable - with the densely packed NPs layers at the interface - the
separation of the catalyst from the emulsion is performed by centrifugation or filtration. These
two processes lead to the catalyst loss and energy consuming, which is unfavorable for the
economic viability and sustainability of the chemical process. Therefore, the concept of “smart”
Pickering emulsion responsive to an external trigger opens a new avenue for catalytic process.
The use of stimuli-responsive nanomaterials allows to stabilize emulsion and also an external
stimulus (such as pH, CO or salt addition, light, magnetic or temperature) to trigger the

adsorption/desorption process.
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Figure 7. Schematic illustration of the self-assembly of SiO.@mPEG and HsPW12040 and the
preparation of SiO.@mPEG-POMs particles-stabilized emulsion.

A PIC system is elaborated the oxidative cleavage of cyclooctene (Figure 7). To do so,
POMs (H3PW12040) have been grafted onto the SiO.@mPEG NPs [44]. The location of the
catalytic sites at the water/oil interface provides a large interface area to overcome the diffusion

barriers, and thus the improvement of the catalytic efficiency.
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3.3.1. Transmission electron microscopy characterization

The surface structure and morphology of the HsPW12,O40-decorated SiO.@mPEG 500 NPs
were investigated by TEM. It can be observed that many tiny black dots are grafted onto the
silica surface (Figure 8b), which are not present before the POM adsorption (Figure 8a). This

demonstrates the completion of the self-assembly of SiO,@mPEG500 and HzPW120.4o.

Figure 8. TEM micrograph of the SiO.@PEG 550 NPs (a) and SiO2@PEG 550-POM NPs (b).

3.3.2. Preparation of Pickering emulsion

The emulsifying properties of the combination of HsPW12,040-decorated SiO,@mPEG 500
NPs for the biphasic system was studied (Figure 9a). As expected, SiO.@mPEG 550,
SiO.@mPEG 2000 and SiO.@mPEG 5000 NPs used as control experiments stabilized well-
defined O/W emulsion. However, no emulsion can be obtained with SiO2@mPEG 550 NPs
after the addition of Hs3PW12040 in the system. SiO>@mPEG 2000 and SiO.@mPEG 5000 NPs
are more effective in emulsifying emulsion in the presence of HsPW1204 (Figure 9b and Table
A-8), with an increase of the emulsion volume from 69 % to 74 % and from 68 % to 88 %,
respectively. The average droplet sizes depend on the different emulsifiers: SiO2@mPEG 2000-
POMs (17 um) and SiO>@mPEG 5000-POMs (12 um). Such fine droplets could improve the

catalytic activity of biphasic reaction with a short diffusion distance and high contact area [45].
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Figure 9. (a) Photographs of emulsion stabilized by single 1.5 wt.% SiO.@mPEG NPs and a
combination of 1.5 wt.% SiO,@mPEG and 3.0 wt.% HsPW12040 NPs; (b) The emulsion
volume and average droplet size of the obtained emulsion (the guided line is added manually).
The inset present the micrographs of the O/ W emulsions. Conditions: 1.5 mL toluene, 1.5 mL
water, 1.5 wt.% SiO,@mPEG, 3.0 wt.% H3zPW 12049, emulsified at 11500 rpm for 2 min.

3.3.3. Catalytic results
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Figure 10. Mechanism of oxidative cleavage of olefins by H.O> for epoxide, diol and acid
formation.

The oxidative cleavage of cyclooctene in Pickering emulsion has been chosen as a reaction

model in order to evaluate the catalytic performance of the POM-decorated SiO>@mMPEG NPs
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(Table 2). 2 mol/L cyclooctene dissolved in toluene as oil phase and H20 were diluted in water

as aqueous phase. With the addition of SiO>@mPEG and POMs, a stable emulsion was formed.

Table 2 Catalytic results for the oxidative cleavage of cyclooctene in Pickering emulsion

Conversion Yield of  Yieldof Yield of

n SiO.@PEG Catalyst ~ Emulsion _ _ _
(%) epoxide (%) diol (%) acid (%)
1.5wt.%
) / yes 2 / / 0.6
SiO,@mPEG 2000
1.5wt.%
2 ) / yes 2 / 1 0.1
SiO.@mPEG 5000
3.0wt.%
3 / no 4 3 0.5 1
H3PW 12040
1.5 wt.% 3.0 wt.%
4 ) yes 21 / 4 0.5
SIOz@mPEG 2000 H3PW12040
1.5 wt.% 3.0wt.%
5 ] yes 44 22 0.8 5
SiO,@mPEG 5000  H3PW12040
1.5 wt.% 3.0wt.%
62 yes 43 18 0.8 6

SiO,@mPEG 5000 H3PW12040

Reaction conditions: 1.5 mL toluene (2 mol/L cyclooctene), 3.5 equiv. H2O2 were diluted in 1.5
mL water, emulsified with Ultra-Turrax at 11500 rpm for 2 min, reaction temperature 65 °C, 6
h, 500 rpm. & Without stirring.

To assess the influence of emulsion on the oxidation, the first series of experiments are
carried out with SiO,@mPEG or with POMs. The experiments with SiO,@mPEG 2000 and
SiO.@mPEG 5000 give a negligible conversion of cyclooctene (2%), confirming that the
SiO.@mPEG NPs are not catalytically active for the oxidation. In the case of POMs alone, a
low conversion (4%) is observed along with the negligible yield (1%) to suberic acid. For the
combination of SiO,@mPEG 2000 and POMs, poor catalytic efficiency of cyclooctene (21%
of conversion and yield of 4% to diol) could be due to the breaking of emulsion during the
reaction. In contrast, significant yield of the main products is obtained with SiO,@mPEG 5000
and POMs under the same conditions. Around 44% of cyclooctene have been converted within
6 h at 65 °C (22% yield of epoxide and 5% yield of suberic acid). This is 11 times higher than

the conversion obtained with a biphasic system (i.e. no emulsion). In order to demonstrate the
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advantage of the PIC system, the oxidation of cyclooctene has been also evaluated under
stirring-free conditions. Notably, almost no difference has been observed. The high catalytic
performance of the system can be attributed to the synergistic effect of SIO,@mPEG 5000 NPs
and POMs, which might provide a more efficient interface for the reactants and so, to enhance

significantly the reactivity of the biphasic reaction.

4. Conclusion

A series of PEG-functionalized-SiO2 NPs have been prepared via a one-step method and
were used for the elaboration of temperature-responsive Pickering emulsions. The
physicochemical properties of the NPs as well as the presence of PEG molecules anchored on
the particles have been thoroughly studied. A drop of the surface tension has been observed
near 60 <C for three length of PEG (MW 200, 400 and 550). Stable Pickering emulsions,
obtained with several oils of different polarity, were stabilized with NPs functionalized different
PEG length (except with the shortest, 200 g.mol™). Emulsions stabilized with SiO.@mPEG
550 NPs underwent a clear destabilization with temperature (from room temperature to 80 <C)
whatever the nature of the oil compared to the other PEG lengths studied and bare silica NPs,
mMPEG 550 and their mixture. By introducing POMs on the surface of SiO2@PEG NPs via self-
assembly, a PIC system for oxidative cleavage of cyclooctene is conducted. Stable O/W
Pickering emulsion can be obtained with the combination of SiO.@PEG and POMs. As a result,
the use of SiIO.@PEG 5000-POMs NPs as PIC platform enhanced the catalytic activity up to
11-fold for the biphasic oxidation of cyclooctene. However, further investigations should be
performed to optimize the reaction conditions to improve the efficiency of the system and to

get a faster stimulus-responsive demulsification.
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Conclusion and outlooks

The present work focused on the development of novel surface-active nanoparticles for the
fabrication of Pickering emulsions and their application to catalytic oxidation. In the Pickering
interfacial catalysis (PIC) concept, water/oil (W/O) biphasic systems are emulsified by solid amphiphilic
catalysts, creating a large interfacial surface that accelerates mass/heat transfer (Figure 1). This work
places a particular emphasis on the preparation of multifunctional hybrid nanoparticles and their

synergistic effect at W/O interface for PIC.

» | Emulsification |©

Figure 1. Schematic illustration of the solid particles at the oil-water interface in Pickering
interfacial catalysis (PIC) system.

The current research highlights a promising way to integrate functional substances into
multifunctional particles in order to tackle problems and challenges in the application of
Pickering emulsions (Chapter 1). Inspired by the synergistic effect between nanomaterials in
Pickering emulsions, we designed an innovative PIC system for the oxidation of cyclooctene
with H20., that benefits from the photothermal effect of gold nanoparticles Au/SiO»-Cs and
the catalytic properties of the amphiphilic polyoxometalate nanoparticles [C12]3s[PW12040]
which have largely been studied and applied to PIC in previous theses in our group (Chapter
I1). Au/SiO2-C3 combined with [C12]3[PW12040] NPs synergistically improve not only the
emulsion properties such as its stability but also allows selective photo-activation at the
water/oil interface (Figure 2). As a result, the association of both these nanoparticles at the
WI/O interface exhibits an outstanding catalytic performance for the oxidation of cyclooctene
in emulsion under light irradiation (1 W/cm?) at room temperature, with a catalytic
efficiency of 188 h-l. Compared to the process driven by conventional thermal-driven or at
room temperature counterparts, light irradiation affords 1.6—4.5 times catalytic activity

enhancement. The enhanced catalytic efficiency can be attributed to the local
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heating/activation effect of Au/SiO»-Cz at the W/O interface in contact with [C12]3[PW12040].
The oxidation of linear olefins is carried out to extend the scope of the system. The emulsify
property and catalytic efficiency of the NPs are well maintained for at least five consecutive
runs. In comparison to both traditional biphasic reaction and PIC system, the light-driven PIC
system demonstrated: (1) enhanced catalytic performance; (2) mild and green reaction

conditions; (3) easy of product separation and catalyst recovery.

UV light

Oil
Localized heating at the interface

[C1als[PW 1,041 Au/SiO,-C,

Figure 2. Schematic illustration of the PIC system using self-assembled amphiphilic silica NPs
loaded with Au NPs, acting as on-site heaters/plasmon activators, and [C12]s[PW12040] NPs,
acting as catalyst, under light irradiation.

The catalytic properties of the ultra-small gold nanoparticles for the oxidation of benzyl
alcohol in PIC system have then been investigated (Chapter I11). Surface-active catalysts
composed of modified silica nanoparticles with ultra-small gold nanoparticles (1.1 nm)
adsorbed onto their surface have been prepared and characterized. The superior surface
activity Au@SiO2-Cs NPs were able to stabilize Pickering emulsions, providing larger oil-
water interface areas, favorable to a higher catalytic activity. Moreover, Au@SiO2-C3 NPs
outperform hydrophilic Au@SiO2 NPs in terms of emulsion stability with smaller droplet sizes
(17 and 38 um for Au@SiO2-Cs and Au@SiOz, respectively). Taking advantage of the emulsion
properties and precise positioning of the ultra-small gold nanoparticles at oil/water interfaces,

the Au@SiO2-Cs NPs exhibit a remarkable catalytic performance under base-free conditions,
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resulting in a benzyl alcohol conversion of 87% with the selectivity of 92% to benzaldehyde
within 3 h at 80 <C. The vyield of benzaldehyde is actually 1.5 times higher than the yield
obtained in single oil phase catalysis system while the high selectivity of benzoic acid can be
obtained with hydrophilic Au@SiO: catalysts in aqueous phase catalysis system with the
addition of base. Moreover, the prepared Au@SiO2-Cs NPs could be recycled and reused for at
least four runs without apparent loss of activity. The enhanced catalytic performance is
attributed to the increased interfacial area and the precise positioning of catalytic sites at the

water/oil interface.

Finally, we have developed another types of Pickering nanoparticles based on PEG-
functionalized silica which were obtained via a one-step method an which present an
additional property for the elaboration of temperature-responsive Pickering emulsions
(Chapter 1V). Thus, emulsions stabilized with SiO.@mPEG 550 nanoparticles undergo a
clear destabilization with temperature (from room temperature to 80 <C) whatever the nature of
the oil. The temperature responsive behavior can be attributed to the hydrophilic/hydrophobic
balance of the PEG/mPEG chain at different temperature. This work has been published in
Colloids and Surfaces A: Physicochemical and Engineering Aspects. By introducing
tungstophosphoric acid H:PW12049 (POMS) onto the surface of the SiO.@PEG nanoparticles
via self-assembly, the fabrication of PIC system for catalytic oxidation could be envisaged.
Stable O/W Pickering emulsions can actually be stabilized by the combination of SiO.@PEG
and POM with high emulsion volume (up to 88%) and uniform droplet size (12 pum). The
catalytic performance of the prepared SiO2@PEG-POM NPs shows an 11-fold catalytic
activity enhancement in the emulsion system for the oxidation of cyclooctene compared to a
simply stirred W/O and not stabilized biphasic system. The creation of a large contact area in
the emulsion system is proposed to alleviate the diffusion barrier between oil-soluble and water-

soluble reactants in favor of the catalytic activity enhancement.

Despite the great progress over the past few years regarding the fabrication and application
of PIC systems, there is still considerable room to explore novel amphiphilic catalysts,

especially using emulsifiers in combination with noble metallic nanoparticles, alloy
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nanoparticles, or bio-substances. The precise design of the amphiphilic catalysts should greatly
improve the catalytic performance with the construction of Pickering emulsion. Besides, the
future opportunities and challenges of the PIC concept are specified as follows, in terms of

material design and “smart” control PIC process.

The combination of Au/SiO2-Cs and [Ci2]3s[PW12040] nanoparticles was found to
efficiently catalyze the oxidation of olefins in emulsion under light irradiation, while ultra-small
gold nanoparticles exhibited good catalytic activity in PIC system. As a perspective, two types

of Au NPs can be merged into a multifunctional nanomaterial (Figure 3).

Photothermal
properties

Catalytic
properties
A

Ultra-small Au
NPs (< 3 nm)

(3-200 nm)

Core/shell/shell
structure

Figure 3. Schematic illustration of the multifunctional catalysts combining photothermal and
catalytic properties.

Au NPs can be embedded in silica NPs to form a core/shell structure, followed by
organosilane coating process that render the surface-active properties. Then, ultra-small Au NPs
can be attached onto silica surface. By constructing plasmonic photothermal catalysts, dual-
functional roles (hot carrier excitation and photothermal conversion) can synergistically
contribute to the chemical reaction [1, 2]. The utilization of multifunctional catalysts under
plasmonic photothermal technology could efficiently improve conversion efficiency under

mild reaction conditions.

There has also been booming interest in the development of switchable Pickering
emulsions (emulsification/demulsification or phase inversion), which are triggered by surface
wettability change response to the external stimuli [3-5]. The smart control of the Pickering

emulsions opens a new route for integrating the in situ catalyst recovery and product
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separation during the catalytic reaction (Figure 4). Especially, external force (such as light,
magnetic field and temperature) are attractive approach to control the stability of the emulsion

because of the easy operation and no addition of extra components [6-8].

Stimulus-responsive
Pickering interfacial catalysis

A
VY,
<] =
> Q
0 |Demulsification P \ Q
O —
] [ nght
3 Emulsification

Magnetic
field

\
T
\

Temperature

Figure 4. Schematic illustration of the stimulus-responsive Pickering interfacial catalysis
system.

It is noteworthy that temperature has attracted considerable interest as a trigger for
Pickering emulsions which provides a simple way to change reversibly the behavior of the
system. Generally speaking, emulsions are often destabilized by increasing the temperature.
However, catalytic reactions often require high temperatures to get good reaction activity. The
balance point between rapid demulsification of emulsions and high stability is a front-burner
issue to build “smart” PIC system. The construction of the more sophisticated emulsifiers
endows with stimuli responsiveness or bifunctionality needs to be further systematically

explored and requires the in-depth study in the application of the PIC system.
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Appendix 1 Detailed information of Pickering emulsion for chapter 11

A 1.1 Pickering emulsion stabilized by the combination of two NPs.

Reaction conditions: 80 mg NPs, 1.5 mL toluene, 1.5 mL H-0, emulsified with Ultra-Turrax at 11500 rpm for 2 min, the microscopic observations were
monitored after 6 h.

Table A-1 Emulsion stabilized by mixture of Au/SiO,-Cs and [C12]s[PW12040] with different mixing ratio.

C12]3[PW12040]/
[Cazkel . 1204] Emulsion Microscopic photograph Distribution of the Droplet size
AU/S|OZ'C3 Photo . . PDI
) volume ratio (X400) droplet size (nm)
ratio (wt.%o)
0/100 0.85 21.9 0.9
20/80 0.97 6.4 0.5
40
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40/60 0.96 6.9 0.7
60/40 0.92 8.0 0.8
20/80 0.85 9.6 0.7
100/0 0.80 18.1 0.8




Table A-2 Emulsion stabilized by mixture of Au/SiO.-C3; and HsPW1204 with different mixing ratio.

Appendix

H3PW1,040/
’ ) 10 Emulsion Microscopic photograph Distribution of the Droplet size
Au/SiO2-Cs Photo . . PDI
. volume ratio (X400) droplet size (nm)
ratio (wt.%0)
0/100 0.85 21.9 0.9
20/80 0.86 9.6 0.6
40/60 0.92 13.1 0.8
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60/40

0.91

11.6

0.9

20/80

0.72

14.8

0.9

100/0
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A 1.2 Pickering emulsion stabilized by the combination of two NPs with different parameters.
Reaction conditions: certain amount of NPs, 1.5 mL oil, 1.5 mL H,O, emulsified with Ultra-Turrax at 11500 rpm for 2 min, the microscopic observations were
monitored after 6 h.

Table A-3 Emulsion stabilized by a mixture of Au/SiO-Cs and [C12]3s[PW12040] with different oil and recycled NPs.

. Qil Water/oil Emulsion Microscopic photograph Distribution of the Droplet
Emulsifiers Photo PDI

type ratio volume ratio (X400) droplet size size (um)

-_—

1.0 wt.%
Au/ SiOz-Cs
+
1.8 Wt.%
[C12]s[PW12040]

heptane 50/50 0.98 13.7 0.9

0.5 wt.%
AU/SiO-Cs
+
1.8 wt.%
[C12]5[PW12040]

Toluene 50/50 0.83 11.3 0.8

1.0 wt.%
Au/ SiOz-Cs
+
1.8 Wt.%
[Ci2]3[PW12040]

Toluene 65/35 1.00 10.0 0.8
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Table A-4 Emulsion stabilized by single SiO-Cs, single [C12]s[PW12040], and the mixture of SiO,-Cs and [C12]s[PW12040] or HsPW12040.

. Emulsion Microscopic Distribution of the Droplet size
Emulsifiers Photo . ) PDI
volume ratio | photograph (X400) droplet size (nm)

1.8 wt.%

0.81
[C12]5[PW12040]

20.8 0.8

1.0 wt.%

. 0.88
SIOz-C3

42.5 /

0 20 40 60 80 100

1.0wt.%
SiO-Cs
+
1.8 Wt.%
H3PW 12040

0.88 14.1 0.4

o N A O ®

.
L
-

1.0 wt.%
Si0,-C3
+
1.8 wt.%
[C12]5[PW12040]

0.85 13.0 0.6
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A 1.3 Pickering emulsion stabilized by the recycled NPs.

Reaction conditions: Recycled Au/SiO»-Cs and [Ci2]3s[PW12040] NPs, 1.5 mL toluene, 1.5 mL H20, emulsified with Ultra-Turrax at 11500 rpm for 2 min, the
microscopic observations were monitored after 6 h.

Table A-5 Emulsion stabilized by recycled Au/SiO,-Cs and [C12]3s[PW12040].

. . Emulsion Microscopic photograph . i Droplet size
Emulsifiers Photo Oil type i Distribution of diameter PDI
volume ratio (X400) (um)

Recycled I—

1.0 Wt.% W—
Au/SiO,-Cs

R Toluene 0.86 12.6 0.6
1.8 wt.%

10 20 30 40

[C12]3[PW12040]
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Appendix 2 Detailed information of Pickering emulsion for chapter III

Reaction conditions: 75 mg Au@SiO,-C; or Au@SiO, NPs, 1.5 mL toluene, 1.5 mL H,0, emulsified with Ultra-Turrax at 11500 rpm for 2 min, the microscopic

observations were monitored after 12 h.

Table A-6 Emulsion stabilized by ultra-small Au@SiO.-Cs.

Emulsion

. i Emulsion Microscopic photograph o . Droplet
Emulsifiers Photo Oil type volume Distribution of diameter . PDI

type . (X400) size (um)

ratio
15
2.7 WL Toluene W/O 0.85 ! 17.4 0.7
Au@SiO2-Cs ' ' '
10 20 30 40 50
2.7 wt.%

’ Cyclohexane | W/O 0.81 14.0 0.3

Au@SiO2-Cs
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2.7 WL Heptane W/O 0.8 29.1 /
AU@SiO2-Cs P ' |
2.7 W% Heptane Oo/W 0.65 38 0.9
AU@SiO; P | |
20 40 60 80 100
Table A-7 Emulsion stabilized by recycled Au@SiO,-C3 NPs.
Emulsion Emulsion Microscopic photograph Droplet size
Emulsifiers Photo Oil type volume picp grap Distribution of diameter P PDI
type . (X400) (nm)
ratio
Recycled
Toluene W/O 0.82 29.6 /

Au@SiO2-Cs




Appendix

Appendix 3 Detailed information of Pickering emulsion for chapter IV

Reaction conditions: 42 mg SiO.@mPEG, 88 mg H3PW12040, 1.5 mL toluene, 1.5 mL H,O, emulsified with Ultra-Turrax at 11500 rpm for 2 min, the microscopic
observations were monitored after one day.

Table A-8 Emulsion stabilized by single SiO.@mPEG and the mixture of SiO.@mMPEG and HzPW120.4o.

Emulsion
Emulsion Microscopic photograph Droplet size
Emulsifiers Photo volume picp grap Distribution of diameter P PDI
type . (X400) (um)
ratio
1.5wt.%
. Oo/W 0.68 29.7 0.6
SiO,@mPEG 550
1.5 wt.%
SiO,@mPEG 550
+ / / / / / /
3.0wt.%
H3sPW12040
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1.5 wt.%
SiO@mPEG 2000

O/W

0.69

18.8

0.5

1.5 wt.%
SiO,@mPEG 2000
+
3.0 wt.%
H3PW 12040

o/w

0.74

16.9

0.5

1.5wt.%
SiO.@mPEG 5000

o/w

0.68

10 20 30 40 50

18.2

0.2

1.5 wt.%
SiO,@mPEG 5000
+
3.0 Wt.%
H3PW 12040

o/w

0.88

10 20 30 40 50

11.5

0.5
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Appendix 4 The UV spectral distribution of the lamp for chapter 11

100

365 nm wide band type

80 +

60

40

Relative irradiance (%)

20

: , . , :
200 400 600 800
Wavelength (nm)

Figure A-1. The select wavelength range in the UV lamp and the measured power is 800 m\W.
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Figure A-2. The select wavelength range matched with 495 nm long-pass filter in the UV lamp. The
measured power is 380 mW.
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Figure A-3. The absorption spectra of Au dispersion, Au/SiO.-Cs dispersion and the cutted spectral
distribution of UV lamp. The overlapped area are the real absorption wavelength during the reaction.
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Appendix 5 Product identification for chapter 11

A5.1. starting substrates
(1) Cyclooctene
'H NMR (CDCl; as solvent): & (ppm) = 1.47 (m, 4H CH,), 2.14 (m, 4H, CH), 5.78 (m, 2H, CH=CH).

(2) Cyclohexene
'H NMR (CDCl; as solvent): & (ppm) = 1.61 (m, 4H CH,), 1.98 (m, 4H, CH,), 5.67 (m, 2H, CH=CH).

(3) Limonene
'H NMR (CDCl; as solvent): & (ppm) = 1.65 (m, 3H CHs), 1.73 (m, 3H, CH3), 1.19 to 2.37 (m, 7H,
CHy), 4.70 (m, 2H, CH=CH), 5.40 (m, 1H, C-H)

(4) 1-octene
'H NMR (CDCl; as solvent): & (ppm) = 0.87 (m, 3H, CH3), 1.04 to 1.53 (m, 8H, CH,), 2.02 (m, 2H,
CHy), 4.91 (m, 1H, C-H), 4.97 (m, 1H, C-H), 5.77 (m, 1H, C-H)

A 5.2. Epoxidation products

(1) Cyclooctene oxide
'H NMR (CDCl; as solvent): & (ppm) = 1.21-2.02 (m, overlaid peaks, CH>), 3.10 (m, 2H, CH,-CO
epoxide).

(2) Cyclohexene oxide
'H NMR (DMSO-ds as solvent): & (ppm) = 1.11 (m, 4H, CH,), 1.54-1.76 (2 peaks, 4H, axial and
equatorial CH,), 3.10 (s, 2H, CH-0), the peak of OH is often due to the presence of humidity.

(3) 1,2-Cyclohexanediol

'H NMR (CDCls as solvent): & (ppm) = 1.21-2.02 (m, overlaid peaks, CH>), 3.10 (m, 2H, CH»-CO
epoxide).

(4) Limonene oxide

'H NMR (CDCl; as solvent): & (ppm) = 1.22 (m, 3H CH3), 1.60 (m, 3H, CHs), 1.72 to 2.17 (m,
7H, CHy), 3.05 (m, 1H, CH-CO), 4.63 (m, 2H, CH=CH).

(5) 1,2-epoxyoctane
'H NMR (CDCls as solvent): & (ppm) = 0.91 (m, 3H CHs), 1.31 (m, 8H, CH,), 1.46 (m, 1H, C-H),
1.53 (m, 1H, C-H), 2.47 (m, 1H, CH-CO epoxide), 2.91 (m, 1H, CH-CO epoxide)
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A5.3. NMR spectra

[rel]

The NME wpeak of cyclooctene and cyclooctene oxide in the presence of internal standard
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Figure A-4. *H NMR spectra of cyclooctene and cyclooctene oxide in the presence of CoH,Cls as
internal standard and toluene used as solvent.
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Appendix 6 Product identification for chapter 111

A 5.1 substrate and product

@)

)

®)

(4)

Benzyl alcohol
'H NMR (CDCls as solvent): & (ppm) = 2.3 (m, 1H O-H), 4.59 (m, 2H, CH), 7.40 to 7.19 (m, 5H,
C-H).

Benzaldehyde
'H NMR (CDCls as solvent): § (ppm) = 7.51 (m, 2H C-H), 7.61 (m, 1H, C-H), 7.87 (m, 2H, C-H),
10.0 (m, 1H, C-H).

Benzoic acid
'H NMR (CDCl; as solvent): § (ppm) = 7.45 (m, 2H C-H), 7.62 (m, 1H, C-H), 8.12 (m, 2H, C-H),
12.09 (m, 1H, O-H).

Benzyl benzoate
'H NMR (CDCls as solvent): & (ppm) = 5.354 (m, 2H, CH), 7.46 to 7.26 (m, 5H, C-H), 7.41 (m,
2H, C-H), 7.55 (m, 1H, C-H), 8.07 (m, 2H, C-H).

A5.2. NMR spectra

The NMR spectra of benzyl alcohol, benzaldehyde and befizoic acid in the presence of internal standard

0.4

03

O

01

IS 5\ ;5 | o,

10 9 8 7 6 5 [ppm]

‘ '11

Figure A-5. 'H NMR spectra of benzyl alcohol, benzaldehyde and benzoic acid in the presence of
C2HCl, as internal standard and toluene used as solvent.
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Appendix 7 Product identification for chapter IV

AN Si0,@mPEG

%
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Si0,@GPTMS@mPEG i
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Figure A-6. 'H NMR spectra of SiO,@mPEG 5000 and SiO,@GPTMS@mPEG 5000
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Figure A-7. '"H NMR spectra of the aqueous supernatant after 3 (blue) and 5 (red) washing steps of
Si0@mPEG 5000 NPs.
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Figure A-8. Surface tension of aqueous suspensions of SiO,@mPEG 550, SiO,@mPEG 2000 and
Si02@mPEG 5000 NPs as a function of concentration.
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A zeries of PEG-funchionalized zilica nanoparticles with warious molecular weight (MW 200, 400, 550, 2000,
5000 g.mol l] have been prepared through a one-step synthesiz and further used for the claboration of

PRG temperature-responzive Pickering. The physicochemical properties of the nanoparticles were determined by

Funectionalized silica
Temperature-responsive nanoparticles

TEM, TGA, DLS, surface tension and zeta potential measurementz and the formed emulsions have been char-
acterized by optical microscopy. The ability of 5103@mPEG 550 to form temperature-responsive emulzions with

oils of different nature has been explained by the hydrophilic/hydrophobic balance of the PEG/mPEG chains.
The emulsions stabilized with PEG-functionalized 5103 NPs undergo a clear temperature-triggered destabiliza-
tion from room temperature to 80 “C due to the modification of the distribution of the PEG/mPEG chain at the

oil-water interface.

1. Introduction

Emulsions are metastable mixwres of two immiscible liquid phases -
a dispersed phase and a continuous phase, e.g. oil and water - thar is
stabilized either by surfactant or by solid particles [1.2].
Particle-stabilized emulsions, also called Pickering emulsions, are more
stable than conventional emulsions. Pickering emulsions may be useful
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for reducing the surfactants amount and so, the risk for health and
environment [3]. Although a long-term stability is generally the final
aim of a formulation process for food, cosmetics, paints, ete., a transitory
stability (ie. on demand destabilization) might be wanted for other
applications such as emulsions polymerization [4], oil recovery [5] or
catalyst recovery [6] in order to collect the product of interest. In these
cases, additional disruption mechanisms need to be introeduced w
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achieve the destabilization of the system, which may increase the costs
and the energy consumption.

Bare hydrophilie silica nanoparticles (NPs) can stabilize water/polar
oil emulsions without any surface functionalization even if they are
partially wet by these oils [7,6]. Although the use of bare silica NPs is
costless and timeless compared to surface functionalized NP, it may be
appropriate to functionalize the silica NPs surface for preparing emul-
sions with other types of oils and giving them additional functionalities.
The grafting of silanes with specific functional groups iz well known and
controlled [9.10] and permits to enhance the wetting properties. The
grafting of other types of materials is also possible, ¢.g. inorganic species
(alumina, metals...) [11,12] or polymers [13-15] which allows the
preparation of different types of emulsions.

The surface functionalization can limit the desorption ef particles
from interface, for instance, but alse allows to add stimuli-responsive
properties to the emulsions. Developing amphiphilic particles and
changing their surface properties, in other words their wettability, in
respense to a stimulus is very promising. As a result, stimuli-responsive
Pickering emulsions have gained increased amounts of attention in
recent years. Thus, various wigger-responsive materials have been pre-
pared leading to Pickering emulsions being responsive itself to the
trigger such as temperature, pH, light, magnetic field [2,16-138]. Using
remperature change for emulsion destabilization is one of the less
invasive method to set up. compared to the addition of chemicals or
change of the pH of the system. In addition, it can be reversible.

Polyethylene glycol (PEG), also called polyethylene oxide (PEQ), and
PEG methyl ether (mPEG) are water-seluble and rtemperatre-
respensive polymers [19]. The temperature increase induces a modifi-
cation of the conformation of the polyoxoethylene chains (from polar to
nonpolar due to dehydration of the ethylene oxide units) and emulsiens
stabilized with PEG-based surfactants can undergo a phase separation or
a phase inversion (from oil-in-water to water-in-oil) [14,20-22], Surface
active particles are more attractive than surfactants since they form
much more stable emulsions [23]. One approach to obtain a synergetic
effect of a PEG-based surfactant and the highest stability provided by
silica NPs has been studied by Yue Zhu et al. [24]. By combining silica
NPs and polyexyethylene monodecyl ethers (C,oE,), which adsorbs on
the silica surface, they could obtain the formation of stable emulsions
which are destabilized with temperature. However, the use of PEG
adsorbed onto the silica surface may induce the release of some PEG
melecules in one of the two phases when the emulsion is destabilized.

One way to overcome this issue is to covalently bind the PEG onto the
silica NPs [21,25,26]. Although temperature-responsive Pickering
emulsions prepared with PEG-functionalized silica particles has been
reported in the literature [14,27], the preparation of the particles is a
multi-step and time-consuming process - synthesis of NPs followed by
the grafting of the different functional silanes.

Herein, we report on the elaboration and characterization of
temperature-responsive Pickering emulsions stabilized with PEG-
functionalized silica particles (Si02@PEG). The particles were pre-
pared through a onestep synthesiz based on the hydrelysis and
condensation of the silica precursor in the presence of PEG with various
meolecular weight (MW 200, 400, 550, 2000, 5000 g.mol"}. The phys-
icochemical properties of the NPs have been thoroughly characterized
before the preparation of emulsions. We find that 5i0.@mPEG 550 NPs
form temperature-responsive Pickering emulsions with eils of different
nature. These emulsions underge a clear temperature-triggered desta-
bilization when heated from room temperature to 80 “C while no
destabilization has been observed for emulsions stabilized with longer
PEG chains (MW 2000 and 5000 g.mel™'). This work provides an
interesting and easy approach to prepare temperature-responsive Pick-
ering emulsions with PEG-modified silica particles that are synthesized
via a one pot synthesis. Moreover, it demonstrates the possibility to
stabilize emulsions witheut the presence of hydrophobic silanes on the
silica surface.
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2. Materials and methods
2.1. Chemicals

All chemieals were used as purchased. Tetraethyl orthosilicate
(TEOS) (98 widt, Sigma-Aldrich), ammonia (25 wit%, Chem Lab). ab-
solute ethanol (VWRY), poly(ethylene glycol) 200 (Sigma-Aldrich), poly
(ethylene glycol) 400 (Sigma-Aldrich), poly{ethylene glycol)mono
methyl ether 550 (Sigma-Aldrich), poly(ethylene glycol)mono methyl
ether 2000 (Sigma-Aldrich), pely(ethylene glycol)mono methyl ether
5000 (Sigma-Aldrich), cyclopentyl methyl ether (> 99.9%, Sigma
Aldrich), toluene (99.85%, Acros Organics), heptane (Analytical reagent
grade, Fischer Scientific), isopropyl myristate (Sigma Aldrich), paraffin
oil (Cooper), squalane (99%, Acros Organies). DO (99.9%) was pur-
chased from Euriso-top (France). All aqueous solutions were prepared
with ultrapure water obtained from a Thermo Secientific system (12.2
Mlem, Millipore AG).

2.2, Synthesis of bare silica nanoparticles

The silica particles were synthesized following a procedure reported
in the literature [22]. 13.5 mL of ultrapure water, 184 mL of absolute
ethanol, and 41 mL of NH4OH were mixed in a 500 mL round-bottom
flask and stirred at 300 rpm at 40 °C. 11 mL of TEOS was added at
once to the mixture. It was left stirring for 1 h with a reflux cooling. The
particles suspension was purified by several eycles of centrifugation and
redispersion.

2.3. One-pot synthesis of polyethylene glycol silica nanoparticles
(5i0-@PEG)

The Si0.@PEG NPs were synthesized aeccording to a protocel
adapted from [29]. & mL of TEOS and 72 mL of ethanol were mixed
under vigerous stirring for 5 min at 65 °C. 17.1 mL of water and 3.8 mL
of ammonia were added. 3 g of PEG (or mPEG) disselved in ethanol are
added dropwise within 5 min. The mixture was stirred for one hour with
reflux cooling., The particles were washed by centrifugation and trans-
ferred into ultrapure water.

2.4, Dynamic light scattering (DLS)

Dynamic light scattering (DLS) experiments were carried out using a
light scawering goniometer insorument from LS Instruments (3D LS
Spectrometer, Switzerland) equipped with a 25 mW He-Ne laser light
source (JDS Uniphase) operating at » = 632.8 nm. The scattering
spectrum was measured using two single-mode fiber detections and two
high-sensitivity APD detectors (SPCM-AQR-13-FC, PerkinElmer). The
samples were filled into eylindrical mbes with a diameter of 7.5 mm and
placed in the temperature-contrelled index matching bath, where the
temperature was fixed ar 25 °C. Measurements were performed at
scattering angles of 90 °. The average hydrodynamic radius was ob-
tained through a second erder cumulant analysis.

2.5 'H NMR SPECTOsCopy

The 'H NMR spectra were recorded on a Bruker Avance 300 at 300
MHz (Bruker, USA). DO was used as solvent for the analysis. Chemical
shifts were given in ppm and were measured relative to the TMS.

2.6, Transmission electron microscopy

The transmission electron microscopy (TEM) micrographs were ob-
tained on a TECNAI G2-20 Twin microscope (FEL, USA), equipped with
a LaB6 filament operating at 200 kV. Two drops of nanoparticles sus-
pension were deposited on a carbon-copper grid (CF200-Cu, Electron
Microscopy Sciences, USA).
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2.7. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were performed using a Q500
insoruments (TA Instruments, USA). In a typical analysis, 10-15 mg
product were placed in a Pt crucible. The sample was at first equilibrared
at 120 °C, and then heated at 10 *C/min to 900 °C, under nitrogen.

2.8, Surface tension measurement

The surface tension measurements of sample were performed with a
Kriiss K100 tensiometer. In a typical experiment, the rod was immersed
in the liquid studied at a rate of 10 mm.min "' and an immersion depth of
2 mm. Calibration with ultrapure water was earried out. For each
measurement, the surface tension values were sampled every 3 s until
the standard deviation was below 0.1 mN.m™'. Three measurements
were taken in a row for each sample. No temperature correction was
made to the previous measured values, since the observed deviations -
between 0.1 and 0.7 mN.m™' - were larger than the temperature cor-
rections, expected to be below 0.2 mN.m .

The measurements of the surface tension as a function of tempera-
ture were performed with 10 mL aqueous suspension of nanoparticles at
1 wit% between 25 °C and 80 °C. An equilibrium time of 25 min was
applied between the temperature increase and the measurement.

2.9. Optical microscopy

Optical micrographs were acquired with a VHX-900 microscope from
Eeyence, The measurement of the droplets diameter size was performed
with the Keyence software 1.6.1.0.

The distribution function (log-normal) of emulsion droplets di-
ameters was cbtained by trearment of at least 200 individual measure-
ments using Origin 9.1® (OriginLab cerporation, US) according to Eq.
(1)

T W

where y is the probability for having droplets of diameter (@), w is an
asymmetric factor (Le. measure of width), the peak will be approxi-
mately symmetric when w is small, @, is the median droplets diameter
(@, corresponds to the peak center when the log-normal is approxi-
mately symmetric), and A is the amplitude and corresponds to the area
under the curve. The @, o, and A are parameters characterizing the size
distribution of the droplets.

2.10. (-potential measurements

The C-potential of the particles was measured on a Zetasizer Nano-Z5
ZEN 3600 (Malvern Instruments, UK) at 25 °C. 20 mg of particles were
dispersed in 1 mL of aqueous solutions.

2.11. Temperature-responsive behavior of the emulsions

The temperature-responsive behavior of the emulsions was tested by
heating the vials in a water bath a gentle stirring at 100 rpm up te 80 *C.
(Scheme 1).

2.12. Particle-stabilized emulsions preparation

The emulsions were prepared using water phase containing the silica
nanoparticles (1.5 mL) and different oils (1.5 mL). The emulsification
was performed with an Ultraturrax T10 basic (IKA Works, Inc., Ger-
many) fer 60 s ar 11,500 rpm at room temperature,
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5i0,@PEG MPs

Preparation of 5i0,@PEG particles-stabilized emulsion J/

-
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Scheme 1. Schematic illustration of the method of A) one pot synthesiz of the
5i0.@PEG NPz, B) Preparation of the emulsions stabilized by the S10.@PEG
NPz and C) Temperature-induced destabilization of the emulsion.

3. Results and discussion

The morphelogy and the size of the Si0:@PEG NPs were studied by
TEM (Fig. 1). They present a rough surface unlike the bare silica NPs
(Fig. S1-2). It is noteworthy the presence of small particles that are linked
as a pearl necklace extending out the particles for Si0.@PEG 400 and
5i02@mPEG 550 (Fig. 1a-b). These small particles in such branch-like
structure were not observed in previous studies [29]. The formation of
such particles may be due to the condensation of silica onto the PEG
chains extending out the main silica particles. The presence of small NPs
(— 20 nm) around and artached to the core make the particles rough and
may help the stabilization of emulsions as it has been demonstrated by
San Miguel e al. [30].

The size of the particles has also been measured by DLS (Table 1). As
for TEM results, no clear trend has been observed as a function of PEG
molecular weight. While for low molecular weight (200 550), PEG and
mPEG gives the same range of size, Le. 150-180 nm, for bigger PEG (or
mPEG), a smaller size has been observed. It may be explained by the
formation of much more silica nuclei on the PEG with longer chain
(more ether groups) and thus, the final size of silica particles is low
compared to other batches. However, the sizes measured by DLS are
close to the sizes of the NPs (core + branches) measured on TEM pic-
tures, particularly for Si0O;@PEG 400 (125 nm measured on TEM),
Si0.@mPEG 550 (200 nm measured on TEM) and Si0-@mPEG 5000
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Fig. 1. TEM images of a) Si0,@PEG 400, b) 510, @mPEG 550 and c) 5i0;@mPEG 5000 NPz synthesized by the one-step method.

Table 1
Size hydrodynamic diameter measured in DLS and C-potential of bare silica NPz
and S102@PEG NPs dizpersed in ultrapure water.

Particles Hydrodynamic diameter (nm) Zeta potential (mV)
Bare zilica 110 55

5i0,@PEG 200 180 -5o

5i0,FPEG 400 150 -5e.7

5i0,@mPEG 550 180 -46

5i0,@mPEG 2000 320 -281

5i0,@mPEG 5000 80 -316

(77 nm measured on TEM). It indicates that the chains of NPs are
attached to the core.

In order o verify the presence of PEG onto the surface of silica
particles, several characterizations have been performed. First, the
L-potential values of the NPs were measured as a funetion of the PEG (or
mPEG) weight (Table 1). Short chain lengths have surface charges
comparable to bare silica. NPs functionalized with bigger PEG show a
higher reduction of surface charge. Hence, short PEG chains extend less
out of the surface of the NPs, which may explain values close to the
[-potential of silica. The increase of MW of PEG, which is a nonionie
polymer, decreases the surface charge of the NPs [31].

The presence of PEG on the surface of the NPs was investigated by 'H
NMR spectroscopy. (Fig. 51-5) 'H NMR spectrum of 5i0x@mPEG 550
NPs was compared to the spectrum of silica NPs functionalized with
mPEG 500 through the two-step protocol proposed by Bjdrkegren et al.
[14] were measured. Both spectra show peak that corresponds to the
presence of PEG (3.6 ppm). This result suggests that the peak of
5i02@mPEG 5000 is less intense than the peak of the silica NPs func-
tionalized through the two-step method [32]. The nature of interaction
between silica and PEG is different for the two types of NPs. Particles
grafted with a coupling agent have the PEG molecules covalently
attached to their surface, which puts all these molecules in a similar
environment resulting in a sharp peak. On the other hand, the broad
peak of the SiOy@mPEG 550 particles prepared with one-pot method
suggests that the molecules of PEG are in different environments, Le. a
part of the PEG is inside the 5i0y core and the other part is outside of the
core, The synthesis of Si0.@PEG consists in a modified Stober synthesis
of silica in presence of PEG developed by Akbari et al. [29]. According to
Xu et al. [33], the hydrolysis step of the sol-gel process of the silica
precursor competes with the transesterification between the PEG and
silica precursor (TEOS) before the condensation. This method allows to
entrap the PEG by a covalent binding, within the silica NPs but also onto
the surface.

The Si0;@PEG NPs were characterized with TGA measurements
(Fig. 2). First, the dTGA curve of the Si0,@mPEG 550 shows a main
peak at 365 °C and two shoulders at 290 °C and 510 °C. While the signal
at 290 °C corresponds to the PEG degradation (as measured for pure

mPEGS5E0
™ 200 o¢

dTGA (wt % [ °C)

Si0,@mPEGS50 1, —

.'l 365 °C
J \

100 200 300 400 500 600 VOO -BIJG 900
Temperature ("C)

Fig. 2. dTGA curves of mPEG 550, bare silica NPz and 510.@mFEG 550 NPs.
Experiments were conductad at 10 “C/min to 900 “C, under nitrogen.

mPEG 550, Fig. 51-4) and silica dehydroxylation, the signal at510 °C can
be attributed to the dehydroxylation of isolated hydroxyl groups like it
‘was measured for the bare silica NPs [34]. The main peak of the dTGA of
5i0;@mPEG 550 at 365°C can be attributed to the degradation of
grafted PEG species [35]. A peak at around 275 °GC is also visible in the
dTGA curve of the silica NPs that can be atributed to the dihydrox-
ylation of some hydroxyl groups. The peak at 365 °C of dTGA curve of
5i0,@mPEG 550 is similar to the peak of Si0.@GPTMS@PEG 2000.
These results may suggest that the mPEG 550 is covalently attached to
the NPs.

In order to check that the presence of PEG in the samples is not due to
the residual PEG molecule — not attached on silica network — the NPs
have been centrifuged and redispersed in water several times. 'H NMR
spectra of two supernatants have been performed to control the absence
of free PEG in the suspension (Fig. 51-6). The '"H NMR spectra of two
supernatants have been performed after 3 and 5 washing cycles. While
after three washing steps, some free PEG molecules are still present,
after five washing steps no more free PEG molecules are present (peak
reduced to noise level). This result proves that the washing steps were
effective to remove free PEG molecules.

The surface tension of the NPs was measured in order to compare the
surface activity of the SiOy@PEG with bare silica NPs. The surface
tension of aqueous suspension of bare silica NPs is known to be around
72 mN.m~! whatever the concentration which indicates the negligible
effect of their presence [36,37]. Surprisingly, at room temperature, the
surface tension of the aqueous suspension of 5i0,@mPEG 550 NPs is at
the same order, around 71 mN.m ™' whatever the different concentra-
tions measured (Fig. 51-7). Surface tensions of aqueous suspensions of
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Si0,@mPEG 5000 and S10.@GPTMS@mPEG 2000 are 10% lower at
around 65 mN.m~ . These results would indicate that the short length of
mPEG (MW 550) does not medify enough the surface tension of silica
dispersion at room temperature. Hence, longer PEG chains are more
capable of reducing the surface tension with better steric stabilization on
the surface once adsorbed. No significant change in surface tension has
been observed by increasing the concentration of the NPs from 0.5 to
2.5 wt2%, whatever the nature of the NPs.

The surface tension of the aqueous suspensions of purified PEG-
functionalized NPs has been also measured as a function of the tem-
perature in order to determine the temperature-respensive behavior of
the NPs. (Fig. 3) The measurements have been performed at a fixed NPs
concentration (1 wt3t). Two groups of data can be observed. In one
hand, the 5i0.@PEG 200 and 5i0.@mPEG 550 with a surface tension at
around 72 mN.m ™" that corresponds to the surface tension of water. The
NPs have no or very small effects on the surface tension at room tem-
perature. In the other hand. 5i0,@PEG 400, 5i0;@mPEG 2000 and
Si0.(@mMPEG 5000 have a surface tension decreased at around 65 mMN.
m™ " at reom temperature, indicating they are surface active. Unlike the
5i02@PEG 200 and 5i0,@mPEG 550, they should provide better sta-
bilization for emulsions. These results may indicate that the NPs are
surface active when the surface coverage of PEG is high enough [14].
The presence of PEG chains may be indeed more important onto the
surface of the particles when using mPEG 2000 and mPEG 5000, with
long chains.

When the temperature is increased up to 60 *C, the surface tensions
of the dispersions decrease linearly and a break of the slope appears for
higher temperatures. The surface tension of NPs functionalized with
short chains of PEG (PEG 200, PEG 400 and mPEG 550) decreases faster
for temperature higher than 60 °C while the surface tension of NPs
funcdonalized with long chains of PEG is stabilized (mPEG 2000) or
decreases slower (mPEG 5000). According to these results, the
temperature-responsive behavior of Pickering emulsions was invest-
gared at room temperamre and at 80 °C, clearly above the temperature
of change of behavior, ie. T = 60°C.

Water / toluene emulsions (50/50) have been prepared with the
5i02(@PEG NPs (Fig. 4). As expected, particles grafted with small PEG, i
e. PEG 200, were poor stabilizers while 0/W emulsion phase could be
obtained with pardcles grafted with PEG of MW =400 [33]. The
emulsions have been observed under optical microscope (Fig. 4). The
mean size of the droplets has been determined from the size distribution,

75
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Fig. 3. Surface tension as a function of temperature of aqueous suzpensions of
the different 510,@PEG NPs. Concentration (1 wi3h).
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Fig. 4. Appearance of the toluene/water (1:1 v/v) emulsions stabilized by cil-
ica NPz (1 wi3h) grafted with different typez of PEG (fop); Optical microscope
picturez of the droplets for the corresponding emulsions (bottom). Scale
bars: 50 um.

obtained from the stadstcal analysis of the optical micrographs. It is
around 35 pm for the emulsions stabilized with SiOL@PEG 400 and
5i0,@mPEG 550 while smaller size of droplets for the emulsion stabi-
lized with 5i0-@mPEG 2000 and Si0,(@mPEG 5000 has been measured.

The temperature-responsive behavior of Si0,@PEG NPs-stabilized
emulsions has been tested by applying an increase of temperature
from 25° to 80° C (Fig. 5). Sherter chains of PEG are expected to have a
better temperature-responsive behavier than leng PEG chains according
to the measurements of the surface tension (Fig. 3). They require less
energy to dehydrate compared to lenger chains. 5i0,@PEG 200 could
not stabilize emulzion, hence it can be conzidered az unsuitable for the
following. Both 5i0O2@PEG 400 and SiO2@mPEG 550 gave emulsions at
room temperature and have presented a temperature-responsive
behavior with temperature increase, ie. a clear phase separation.
Despite having stable emulsions, the particles with longer chains of PEG
have almest no temperature-responsive behavior when heated
(Si0x@mPEG 2000), as expected. Moreover, the emulsion stabilized by
Si0,@mPEG 5000 maintains stable. The temperature responsive
behavior or the PEG-functionalized silica particles can be attributed to
the hydrophilic/hydrophobic balance of the PEG/mPEG chains. At low
temperature, the balance between the ether oxygen of EO chain-water
interaction and carbon-carbon backbones of PEG is enough to let the
Si0@PEG particles stabilizing emulsions [39]. With the increase of
temperature, the hydrogen bonds between the EO chain and water
become weaker [40]. At high temperature, the distribution of the
PEG/mPEG chains at the oil-water interface is modified which results in

Fig. 5. Pictures of the toluene/water (1:1 v/v) emulsions stabilized with silica
particles (1 wt3) grafted with different length of PEG, at 25°C and 80 “C.
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the destabilization of the emulsion [41]. Especially, the SiO,@PEG
particles become more hydrophilic with the increase of the chain length,
improving the ability of EO units to form more hydrogen bonds with
water. In this way, the increase in the chain length of the PEG also in-
creases the energy required to break the hydrogen bonds between EO
units and water molecules. According to these results and the previous
characterizations, 5i0,@mPEG 550 NPs are the most suitable particles
for stabilizing water / toluene emulsions and giving them a
temperature-responsive behavior.

In order to verify the ability of SiO,@mPEG 550 NPs to stabilize
emulsion with other oils, several emulsions have been prepared with
different oils: toluene, heptane, paraffin oil, isopropyl myristate, CPME
and squalane. (Fig. 5I-3-13) The influence of the nature and polarity of
the oils on the final properties of the emulsions and their temperature-
responsiveness have been investigated. The emulsions have been
compared to emulsions prepared with bare silica NPs, pure mPEG 550
and a mixture of bare silica NPs and mPEG 550 (Fig. 6). As expected,
emulsions could be obtained with paraffin oil, isopropyl myristate,
CPME and squalane [42]. A destabilization occurs when the temperature
increases but it could be explained by the gentle stirring used to ho-
mogenize the temperature that may accelerate the natural destabiliza-
tion of the emulsions. Pure mPEG 550 molecules stabilize emulsions
with almost all oils (except isopropyl myristate, probably due to the poor
solubility of mPEG in this oil). A temperature-triggered destabilization
occurs except for toluene. Stable emulsions were obtained with the
mixture silica NPs and mPEG 550 was used whatever the nature of the
oil. A weak temperature-triggered destabilization happens except for
emulsion prepared with squalane. Hence, oils with higher polarity (e.g.
heptane) are more favorable to obtain Pickering emulsions with bare
silica and pure PEG [42 43]. When SiO,@mPEG 550 NPs were used,
stable emulsions were obtained at room temperature and a clear

Bare silica

25°C

80 °C
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destabilization occurs at 80°C. Here, the results show that the
SiO,@mPEG 550 NPs can form stable and temperature-responsive
emulsions with oils of different nature.

4. Conclusion

A series of PEG-functionalized-SiO, NPs have been prepared via a
one-step method and were used for the elaboration of temperature-
responsive Pickering emulsions. The physicochemical properties of the
NPs as well as the presence of PEG molecules anchored on the particles
have been thoroughly studied. A drop of the surface tension has been
observed near 60 °C for three length of PEG (MW 200, 400 and 550).
Stable Pickering emulsions, obtained with several oils of different po-
larity, were stabilized with NPs functionalized different PEG length
(except with the shortest, 200 g.mol"). Emulsions stabilized with
Si0,@mPEG 550 NPs underwent a clear destabilization with tempera-
ture (from room temperature to 80 °C) whatever the nature of the oil
compared to the other PEG lengths studied and bare silica NPs, mPEG
550 and their mixture.

Further investigations are currently conducted, including the graft-
ing of polyoxometalates onto the poly(ethylene glycol)-functionalized
silica particles for catalytic applications. Polyoxometalates, which are
used as catalysts, tend to spontaneously adsorb onto hydrophilic surface
(such as PEG or polyethoxylated surfactant) through a self-assembly[44.
45]. After a completed reaction, the catalyst is usually collected by
filtration or centrifugation which are time and energy consuming tech-
niques and not suitable for industrial process. The use of Si02@PEG NPs
as support for polyoxometalates would help to recover the catalysts and
the products after a temperature-trigger destabilization.

mPEG 550

Fig. 6. Appearance of the oil/water (1:1 v/v, different nature of oil) emulsions stabilized with bare zilica (1 wt3), mPEG 550 (0.07 wt36), a mixture of bare silica and
mPEG 550 (11:1 ratio, ] wt%) and cilica particles (1 wt3) grafted with mPEG 550 at 25 and 80 °C.
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