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Abstract 

Self-assembly is a very versatile tool for the fabrication of materials on the nanoscale and plays 

a predominant role in the formation and stabilization of both classical (surfactant stabilized) 

and Pickering (particle stabilized) emulsions which for their part find numerous applications in 

e. g. biomedicine, cosmetics and food industry. Furthermore, emulsion droplets can serve as 

templates for different materials as well as compartments for reactants or chemical reactions. 

One of the most important tasks with respect to both the preparation and the application of 

emulsions is to understand the underlying self-assembly process and gain control over it as 

this enables the rational design of emulsions with specific physical and chemical properties.  

The different projects covered within this thesis focus on the in situ preparation of stabilizing 

units for Pickering emulsions by different self-assembly processes at the oil-water interface. 

Subsequently, the as-prepared emulsion droplets are modified either physically or chemically. 

Although in any case the miniemulsion technique is applied in order to obtain emulsions with 

droplet sizes in the sub-µm range, two fundamentally different systems are investigated: on 

the one hand, commercially available hydrophilic silica nanoparticles are hydrophobized in situ 

by the self-assembly with neutral polymeric hydrophobizing agents and consequently used to 

stabilize aqueous droplets with a diameter between 180 and 450 nm in an oily continuous 

phase. In the first step, the adsorption behaviour of the hydrophobizing agent on silica 

nanoparticles as well as the influence of size and charge of the particles, kind and amount of 

hydrophobizing agent and the composition of the aqueous dispersed phase on emulsion 

characteristics is evaluated. In the second step, the initially milky-white emulsion is heated to 

evaporate water from the inside of the droplets and subsequently change the composition of 

the aqueous phase. As the stabilizing particles are small compared to the wavelength of visible 

light, one emulsion droplet and the corresponding stabilizing nanoparticles act as one single 

scattering object. This enables the fine-tuning of the refractive index (RI) of the emulsion 

droplets by evaporation of water and consequently the preparation of Pickering emulsions with 

a remarkable transmittance of up to 86 % across the visible spectrum without adjusting the RI 

of the particles. This property is unique in the field of Pickering emulsions as the only reports 

on highly transparent particle stabilized emulsions deal with polymeric particles whose RI is 

carefully matched with the one of both the continuous and the dispersed phase before 

preparing the emulsion.  

The second emulsion system is used to establish a completely new approach of stabilizing 

emulsions. Water-soluble organic dyes are shown to self-assemble into aggregates in situ at 

the oil-water interface and these dye aggregates act as very efficient stabilizers for oil-in-water 

emulsions. Thus, in contrast to conventional Pickering emulsions, the stabilizing particular 
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units are formed in situ instead of being already employed in the form of nanoparticles. By 

comparing the stabilization behaviour of fluorescein as an example for water-soluble dyes with 

the one of the classical amphiphile sodium dodecyl sulfate (SDS) exemplarily, similarities and 

differences between surfactants and dye aggregates as stabilizers for direct miniemulsions are 

revealed. Different parameters such as interfacial tension, concentration of the stabilizer, 

salinity of the aqueous phase, pH-value and polarity of the organic oil are taken into account 

and discussed. With respect to potential applications, not only the stabilization but also the 

controlled destabilization of emulsions might be of special interest. For Pickering emulsions 

stabilized by dye aggregates, different methods of demulsification including heating, addition 

of electrolyte, change in pH-value and addition of solid adsorbents are investigated and show 

the great potential of this new kind of stabilizer regarding the controlled phase separation of 

emulsions which are typically stable for years when letting unaffected. Since it could be shown 

that styrene can be employed as the organic liquid in dye stabilized emulsions, the follow-up 

work focusses on the free radical polymerization of styrene in emulsion droplets stabilized by 

fluorescein and alizarin yellow. The system containing alizarin yellow is investigated in detail 

with respect to the influence of dye concentration and ultrasonication time on the resulting latex 

as well as the nucleation mechanism of the polymerization. In the last step, oil droplets 

containing the silica precursor tetraethyl orthosilicate (TEOS) are stabilized by different anionic 

and cationic dyes and the hydrolysis and condensation reaction at the oil-water interface is 

investigated. By the choice of the proper dye, either one silica capsule or many monodisperse 

sub-20 nm silica particles are obtained from one single emulsion droplet. The formation of 

small nanoparticles in emulsions stabilized by negatively charged dyes is consequently 

investigated as this reaction is unexpected while the formation of silica capsules has already 

been described in literature for emulsions stabilized by e. g. cetyltrimethylammonium bromide 

(CTAB). As the oil-water interface in miniemulsions is much bigger than macroscopic 

interfaces, the kinetics of hydrolysis and condensation reaction is increased significantly which 

enables the synthesis of silica particles at ambient temperature and pH-value under static 

conditions. As organic solvents can be abandoned completely and the stabilizing dye can be 

removed with the help of solid adsorbents easily, particle dispersions comprising only water at 

neutral pH, particles and traces of ethanol can be prepared in accordance with the idea of 

“green chemistry” which is in contrast to literature known synthesis routes to sub-20 nm silica 

nanoparticles. In order to get a better understanding of the reaction mechanism, several 

parameters such as concentration of the dye, salinity, pH-value, reaction temperature, reaction 

time and kind of the stabilizing dye are taken into account and varied systematically.  
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In summary, different self-assembly processes were investigated in order to understand their 

role in the formation of stabilizing units for Pickering emulsions with droplet sizes in the sub-

µm range. The respective findings contribute to the subsequent rational physical or chemical 

modification of emulsion droplets. Hence, the preparation of highly transparent Pickering 

emulsions stabilized by commercially available silica nanoparticles in a very simple two-step 

process without adjusting the RI of the stabilizing particles could be implemented. On the other 

hand, water-soluble organic dyes which are frequently applied for colouring applications were 

introduced as new building blocks for the in situ preparation of dye aggregates which act as a 

kind of molecular scale Pickering stabilizer in direct miniemulsion systems. These emulsion 

droplets were successfully used as templates for i) the free radical polymerization of styrene 

inside the droplets which enables the preparation of surfactant free latex and ii) the interfacial 

hydrolysis and condensation reaction of TEOS which results in either silica capsules if 

positively charged dyes are employed as stabilizers or sub-20 nm silica particles in the case 

of anionic dyes. As the dyes are easily removable from the emulsion system by the addition of 

an appropriate solid adsorbent, these emulsions can be separated in a stabilizer-free oil and a 

stabilizer-free aqueous phase in a very controlled manner which is unique in the field of both 

Pickering and classical emulsions. Thus, dye stabilized emulsions offer a great potential for 

several applications including the compartmentalization of chemical reactions as they enable 

a very simple work-up. 
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1 Structure of the thesis and motivation 

If all the different parts that are needed to build a functional device on the macroscopic scale 

are put together in a box and this box is shaken, will you end up with the device you intended 

to produce? Of course you won’t, human intervention and tools are required to put the different 

parts together in the right way. In nature, however, there are numerous examples of processes 

in which disordered components (“building blocks”) arrange spontaneously to form ordered 

structures or patterns without human intervention. This kind of autonomous organization is 

called “self-assembly” and is essential for living systems. Self-assembly can be observed on 

all length scales one can imagine: on the molecular scale, the arrangement of molecules in 

self-assembled monolayers (SAMs), the folding of proteins including the formation of 

secondary, tertiary and quaternary structures as well as the formation of lipid bilayers or liquid 

crystals are the most popular examples. Colloids and nanoparticles (NPs) are also able to self-

assemble and form e. g. colloidal crystals or highly ordered monolayers. Animals organize 

themselves in schools (dolphins) or swarms (ants and birds). On the biggest possible scale, 

solar systems and galaxies are examples for self-assembly.[1,2]  

Especially in the field of nanotechnology, self-assembly is one of the most valuable tools for 

the fabrication of defined structures. Materials with defined sizes and structures are crucial 

nowadays for innumerable applications in electronics, catalysis, sensing, medicine and 

information technology and it is expected that the economical relevance of nanotechnology will 

further increase in the future.[3–9] On the other hand, the formation of stable emulsions (oil 

droplets dispersed in water or vice versa) by either surfactants (“classical emulsions”) or solid 

particles (“Pickering emulsions”) includes self-assembly of the stabilizing species at the liquid-

liquid interface. Emulsions cannot only find applications in the field of biomedicine, cosmetics 

and food industry but they can also serve as templates for the manufacturing of nanomaterials 

such as colloidal capsules or as compartments for chemical reactions either within the droplets 

or at the oil-water interface.[10–13] Because of this variety of applications, emulsions are still a 

research field of outstanding interest and many groups focus on the development of new 

emulsion stabilizers which enhance the stability of the droplets or introduce functionality to the 

system. On the other hand, mechanistical studies are conducted in order to further understand 

the stabilization behaviour. Recently, not only the stabilization but also the destabilization of 

emulsions has come to the fore. While for applications in the food industrial or cosmetic range 

emulsions are typically wanted to be of outstanding stability, the compartmentalization of 

chemical reactions is a good example to explain the necessity of a controlled destabilization 

of an emulsion. If a chemical reaction is conducted within emulsion droplets, the aqueous and 

the oil phase have to be separated for the subsequent work up. Therefore, it is crucial to gain 

control over the stability of the respective emulsion: during the reaction, emulsion stability has 
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to be maintained, while controlled demulsification has to take place afterwards to facilitate the 

work up.  

Classical emulsions are typically prepared in a one-step process: all components (i. e. oil, 

water and surfactant) are mixed and droplets are generated via for example shaking, stirring 

or ultrasonication. However, for some applications surfactants are detrimental and classical 

emulsions are typically less stable than Pickering emulsions. In the case of particle-stabilized 

emulsions, the crucial requirement for obtaining stable emulsions is that the particles are 

partially wetted by both liquids. There are numerous examples of solid particles which fulfil this 

criterium for certain oil-water combinations, but other types of particles which are attractive 

candidates such as for example silica nanoparticles are typically too hydrophilic and cannot 

adsorb at the oil-water interface. This is why these particles have to be modified either ex situ 

which means that an additional reaction step is necessary or in situ which allows the system 

to be a little more flexible with respect to chemical and physical properties and their 

modifications. 

The aim of this work is the in situ preparation of stabilizing units for Pickering emulsions by 

self-assembly at the oil-water interface as well as a subsequent modification of the droplets to 

obtain emulsions or materials with different chemical or physical properties. In the first step, 

the self-assembly process and the stabilization of the respective Pickering emulsion should be 

studied and understood in order to use this knowledge to be able to chemically or physically 

modify the system afterwards in the second step. As there are many reports on Pickering 

emulsions with droplet sizes in the micrometer range but for many applications, droplets with 

diameters below 1 µm are desirable or even crucial,[14–17] the main focus lies on the stabilization 

of small emulsion droplets with the help of the miniemulsion technique. Two different emulsion 

systems are investigated: the first system focusses on inverse (water-in-oil) miniemulsions 

stabilized by a combination of silica nanoparticles and a block copolymer as the 

hydrophobizing agent (see Figure 1 left hand side top). Two self-assembly processes are 

decisive for successful stabilization: first, the block copolymer has to adsorb on the surface of 

the silica nanoparticles (SNPs) in order to render them partially hydrophobic. Second, these 

partially hydrophobic SNPs have to self-assemble at the oil-water interface and stabilize the 

water droplets within the oily continuous phase. After the successful preparation of such 

emulsions, the physical properties of emulsion droplets are fine-tuned in situ. An oil with a 

rather high boiling point (> 250 °C) and a low vapor pressure is chosen as the continuous 

phase in order to evaporate water from the inside of the droplets (see Figure 1 left hand side 

bottom). Upon decreasing the water content of the system, both the droplet size is decreased 

and the refractive index (RI) of the dispersed phase is increased. Thus, it is possible to obtain 

emulsions with both droplet sizes which are not accessible via the initially applied 
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homogenization process and RIs of the droplets that can be matched with the RI of the 

surrounding liquid resulting in transparent Pickering emulsions. Transparency in emulsion 

systems can be used for the performance of spectroscopy at the interface or inside the 

droplets,[18,19] microscopy of a bulk emulsion[20] or light-induced chemical reactions inside 

emulsion droplets[21] and has not been described in literature for Pickering emulsions stabilized 

by silica particles yet. In general, there are only reports about highly transparent Pickering 

emulsions stabilized by polymeric particles or worm-like structures and the preparation of these 

stabilizing units is a quite elaborate process as the RI of the block copolymers has to match 

the one of the aqueous and the oil phase. The system described within this work is much less 

complicated since it includes only the single step preparation of the Pickering emulsion 

followed by gentle heating. In addition, it provides a much higher degree of flexibility as the RI 

of the dispersed phase can be fine-tuned between the RI of the initial composition containing 

water and the RI of the water free mixture. Thus, different oils can be employed as the 

continuous phase and isorefractivity between both phases can be achieved without preparing 

new stabilizing particles but simple heating if the RI of the oil is in an appropriate range. Such 

an outstanding versatility with respect to the variation of the physical properties of a Pickering 

emulsion has not yet been reported in literature.  

The second emulsion system investigated herein deals with a completely new approach of 

stabilizing Pickering emulsions. Instead of using already existing solid particles as stabilizing 

species, water-soluble dyes are applied in their molecular form. These dyes self-assemble into 

aggregates at the oil-water interface forming the stabilizing units in situ (see Figure 1 right hand 

side top). This method combines the advantages of both classical and Pickering emulsions: 

on the one hand, cheap and easily accessible dyes are employed in their molecular form 

without the need of an upstream preparation step of stabilizing particles or the addition of any 

modification agent. On the other hand, the molecular form of the dyes is hardly surface active 

which is an advantage with respect to some applications. Moreover, the aggregated form of 

the dyes is a very effective and efficient stabilizer for o/w emulsions and provides high stability 

to the respective emulsions. Apart from that, dyes are known to adsorb strongly to a variety of 

solid adsorbents which enables their removal from the emulsion system by the addition of an 

appropriate adsorbent. This in turn provides the possibility of a controlled demulsification which 

is desirable for some applications as mentioned above. Subsequently, the dye-stabilized 

emulsions are chemically modified by different polymerization processes since these 

stabilizers are i) easily removable in a process that can be followed visually from the final 

polymer particles or capsules in contrast to both solid particles and conventional surfactants 

and ii) introduce additional functionality such as colourfulness to the final particles or capsules. 



Structure of the thesis and motivation
 

 
4 

 

 

 

Figure 1: Summary of the different projects and systems investigated within this work as well as the 

publications SS1 – SS5 reporting on the respective studies in detail. All studies deal with the in situ 

preparation of stabilizing units for Pickering emulsions by different self-assembly processes. On the one 

hand, already existing nanoparticles are hydrophobized in situ (left hand side, SS1) while in the second 

system, water-soluble dyes are employed in their molecular form and self-assemble into aggregates at 

the oil-water interface which leads to the in situ formation of particular stabilizing structures (right hand 

side, SS2). Subsequently, the properties of the emulsion droplets are modified either chemically or 

physically by different polymerization processes which lead to the formation of solid particles or capsules 

of different materials (right hand side bottom, SS3 and SS4) or by evaporating water from the inside of 

the droplets which leads to a change in both droplet size and refractive index of the dispersed phase 

(left hand side bottom, SS5). 
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First, styrene is employed as the oil as a model monomer for free radical polymerization and 

both fluorescein and alizarin yellow are shown to be compatible stabilizers for this kind of 

polymerization within the droplets (see Figure 1 right hand side bottom on the right). Second, 

the hydrolysis and condensation of tetraethyl orthosilicate in dye-stabilized emulsions is 

chosen since the dye concentration at the interface is comparably high and water-soluble dyes 

are known to interact with silica.[22] By variation of the stabilizing dye, either silica capsules or 

very small and monodisperse silica nanoparticles are the product of this reaction (see Figure 1 

right hand side bottom on the left). The formation of sub-20 nm SNPs is consequently 

investigated as this reaction is unexpected while the formation of silica capsules has already 

been described in literature. Small SNPs with a monomodal size distribution have plenty of 

attractive applications as e. g. fillers in polymer composites, templates for hollow capsules or 

porous materials or stabilizers for Pickering emulsions. In addition, they are employed for 

biomedical and optical applications. Moreover, in contrast to syntheses of sub-20 nm SNPs 

described in literature, the formation of these nanoparticles in dye-stabilized emulsions can be 

conducted at ambient pH-value and temperature without the addition of any organic solvent 

under static conditions which is in total accordance with the principle of “green chemistry” and 

justifies the effort for understanding the system in order to enlarge the size range of SNPs that 

can be prepared via this method. 

In the following sections, an overview of the state of research will be given and the own 

publications SS1 – SS5 (see  Figure 1) will be discussed in context with the state of the art. 

Schemes with a red frame presenting the respective part of  Figure 1 are used to facilitate the 

differentiation between own work and examples from literature. Starting from the self-assembly 

behaviour of amphiphiles and the stabilization of classical emulsions, the main focus lies on 

Pickering emulsions in section 2.2. After some general aspects, the modification of particles 

both ex situ and in situ is described and similarities as well as differences to the strategy 

employed in SS1 are discussed. Subsequently, methods other than stabilizing emulsions by 

surfactants or particles are presented and SS2 which deals with the use of water-soluble dyes 

as emulsion stabilizers is introduced in more detail. In the next part, different applications of 

Pickering emulsions including drug delivery, compartmentalization of chemical reactions and 

emulsion droplets as templates for colloidosomes, polymerization and complex materials are 

reviewed. In the context of polymerization in Pickering miniemulsions, the main findings of SS3 

are discussed. Hereafter, the focus is placed on the hydrolysis and condensation reaction of 

TEOS at the interface of dye-stabilized emulsions (SS4). In order to get a better understanding 

of the importance of the facile preparation of sub-20 nm silica nanoparticles, the most important 

application fields of these small SNPs are introduced and the new synthesis route reported in 

SS4 is compared to methods described already in literature. The next section highlights the 
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importance of transparent emulsions as well as strategies for the preparation of transparent 

Pickering emulsions. The chapter is completed by showing the advantages of the physical 

modification of an existing Pickering emulsion in situ (SS5) over conventional methods which 

include the adjustment of the refractive index of the stabilizing particles to both the aqueous 

and the oil phase. Subsequently, several examples for the controlled demulsification of both 

classical and Pickering emulsions are given. Another advantage of emulsions stabilized by 

water-soluble dyes is discussed in this context as the stabilizing species can be removed 

completely by the addition of solid adsorbents which is shown in SS2 and SS4. After a short 

summary and an outlook, the publications SS1 – SS5 including the contribution of each author 

are reprinted. 
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2 State of research including own work  

2.1 Self-Assembly of amphiphiles 

Amphiphiles are one of the most prominent substance classes that show numerous self-

assembly processes as these molecules possess both a hydrophilic and a hydrophobic part 

which are thermodynamically incompatible. Typically, their hydrophobic part consists of a long 

hydrocarbon chain while the hydrophilic head can be of ionic or nonionic nature. Amphiphiles 

can be divided into several classes: anionic amphiphiles such as the prominent sodium dodecyl 

sulfate bear a negatively charged hydrophilic part and a cation as counterion (e. g. Na+, K+ or 

NH4
+). They are frequently employed as soaps or detergents.[23] Cetyltrimethylammonium 

bromide is an example for cationic amphiphiles which carry a positive charge at the hydrophilic 

part of the molecule together with a negatively charged counterion, typically a halide. 

Amphoteric amphiphiles possess a zwitterionic head group (e. g. phospholipids, betaines). 

Apart from charged head groups, poly(ethylene oxide) chains can be employed as the 

hydrophilic part of an amphiphile. One example for these nonionic amphiphiles is the block 

copolymer poly(ethylene-co-butylene)-block-poly(ethylene oxide) (P(E/B)-PEO). According to 

Griffin[24], nonionic amphiphiles can be further characterized by the so-called HLB-value 

(hydrophilic-lipophilic balance) originally introduced for poly(ethylene oxide) comprising 

amphiphiles. It describes the ratio between the molecular weight of the hydrophilic block (MH) 

and the overall molecular weight of the polymer (Mtot): 

 

As the ratios between MH and Mtot can be any value between 0 and 1, the scale for the HLB-

value ranges from 0 to 20. An HLB-value of 0 describes a completely hydrophobic molecule, 

while totally hydrophilic substances exhibit an HLB-value of 20. Further extensions of the HLB 

concept to include other hydrophilic groups than ethylene oxide are known in literature 

especially that by Davies.[25] 

Because of their special molecular structure, amphiphiles are surface active agents (i. e. 

surfactants). If amphiphiles are put into water, a certain amount of the amphiphilic molecules 

will be dissolved molecularly in the aqueous medium. However, while the polar part interacts 

with water strongly, the nonpolar part tends to point out of the aqueous phase, either into air 

or a nonpolar second liquid.[26] This leads to a self-assembly of amphiphiles at the air-water or 

oil-water interface and is accompanied by a decrease in either surface or interfacial tension. 

As soon as the interface is covered with surfactant molecules, excess amphiphilic molecules 

begin to aggregate in the bulk aqueous phase in a way that the hydrophilic parts of the 
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surfactants point to the water and the hydrophobic parts form the core of the aggregate. These 

aggregates are called micelles and consequently, the concentration of surfactant above which 

such aggregates are formed is referred to as the critical micelle concentration (cmc). Besides 

the concentration of surfactant, temperature, pH-value and ionic strength of the solution, the 

molecular geometry in terms of the critical packing parameter (CPP) of the respective 

amphiphile is decisive for the size and the shape of micelles formed.[26,27] CPP describes the 

relation between the volume of the hydrophobic part of the surfactant in the core of the micelle 

(V) and the product of the hydrophilic headgroup surface area (a0) and the length of the 

hydrophobic chain (lc):  

 

A summary of the different types of micellar aggregate morphologies is given in Figure 2. While 

spherical micelles are formed at low critical packing parameters (CPP < 1/3), cylindrical 

structures are predominant for CPPs between 1/3 and 1/2. If the critical packing parameter 

increases further but is still below 1, bilayer vesicles with an internal cavity are formed. For 

CPP = 1, the amphiphile itself exhibits a cylindrical shape and lamellar micellar phases can be 

found. As soon as the critical packing parameter exceeds 1, the hydrophobic part of the 

amphiphile predominates over the hydrophilic part and consequently, inverse micellar 

structures in which the hydrophobic part of the molecules points to the outside are formed. Just 

as for the case of water-soluble surfactants, vesicular (1 < CPP < 2), cylindrical (2 < CPP < 3) 

and spherical (CPP > 3) micelles in oil are possible. 
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Figure 2: Different amphiphile morphologies and the resulting micellar structures predicted with the help 

of CPP. Reprinted from Ref.[26] http://dx.doi.org/10.1155/2015/151683 is licensed under a Creative 

Commons license: CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

The main forces that contribute to the formation of micelles are hydrogen bonding, hydrophobic 

effects, van der Waals forces and electrostatic interactions. These soft interactions are weak 

compared to covalent bonds, but as they are many the overall force is strong enough to hold 

micellar structures together.[26,28] Moreover, the fact that micelles are not covalently crosslinked 

ensures a high flexibility of the molecules within these aggregates: the lifetime of an amphiphilic 

molecule in a small micelle is in the range of 10-5 to 10-3 seconds which indicates a fast 

exchange between surfactants within the micelle and molecularly dissolved amphiphiles in the 

surrounding bulk phase.[26] In addition, the reversibility of the self-assembling process is 
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preserved by the weak interactions. There are two main driving forces for the self-assembly of 

amphiphiles into micellar structures in water: on the one hand, an enthalpic gain is achieved 

by hydrogen bonding of the hydrophilic head groups pointing towards the bulk aqueous 

phase.[26] The second effect is called the hydrophobic effect and describes the gain in entropy 

in the bulk water when the hydrophobic parts of the amphiphiles are aggregated to form the 

core of the micelle. In the case of molecularly dissolved surfactant molecules, the hydrogen 

bonding network of water is disturbed as the water molecules have to rearrange around the 

hydrophobic compound. The water molecules in the direct neighbourhood of the hydrophobic 

compound have to build hydrogen bonds pointing away from the nonpolar substance which 

results in a higher order and a loss of entropy. Upon aggregation of the hydrophobic parts and 

formation of a bigger cavity (“clathrate”) within the hydrogen bonding network of the bulk water, 

less water molecules are involved in the encapsulation of the nonpolar substance which 

causes a gain in entropy compared to the molecular dissolution of the amphiphiles.[26,29,30]  

2.1.1 Emulsions stabilized by amphiphiles 

As already mentioned above, amphiphiles cannot only assemble in a bulk aqueous phase to 

form micelles but they also self-assemble at an oil-water interface even at concentrations far 

below the cmc. This property makes them valuable candidates for the stabilization of 

emulsions. Emulsions consist of droplets of one liquid (“dispersed phase”) dispersed in another 

liquid (“continuous phase”). The two involved liquids must not be miscible with each other and 

typically, one of them is water while the other one is an organic liquid (“oil”). Emulsions can be 

classified in direct (oil-in-water, o/w) and inverse emulsions (water-in-oil, w/o emulsions) as 

well as multiple emulsions (w/o/w or o/w/o).[31,32] Emulsions comprising only water and oil are 

not stable since the creation of droplets goes along with an increase in interfacial area which 

is energetically unfavourable. Surfactants, however, possess the ability to adsorb at the o/w 

interface, lower the interfacial tension (IFT), facilitate therefore the droplet formation and 

decrease the endeavour of the system to decrease the interfacial area. Moreover, they protect 

emulsion droplets from coalescence. Ionic surfactants stabilize emulsion droplets via 

electrostatic repulsion. On the other hand, nonionic surfactants (i. e. block copolymers) act as 

steric stabilizers since an approximation of two emulsion droplets bearing a polymeric block 

on their outside results in an increased polymer concentration between the droplets. This 

produces an osmotic pressure which causes solvent molecules from the continuous phase to 

diffuse between the droplets and dilute the polymer. Moreover, an interaction between 

polymers adsorbed to different droplets decreases the flexibility of the chains and causes a 

loss of entropy which is unfavourable.[23,33,34]  
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Apart from w/o and o/w, emulsions can be classified with respect to their droplet size, stability, 

amount of surfactant and preparation method in the three categories macro-, micro- and mini- 

or nanoemulsion.[31] Macroemulsions are thermodynamically instable systems containing 

droplets in the size range of several hundred nanometers to several hundred micrometers. 

They are stabilized by a rather large amount of surfactant and contain therefore free micelles. 

Macroemulsions are typically produced by stirring or shaking the mixture of oil, water and 

surfactant. Microemulsions, however, are thermodynamically stable and don’t need any 

energetical input for their formation as they form spontaneously. In contrast to 

macroemulsions, they are not turbid but transparent and exhibit droplets in the range of 

5 – 200 nm with a very narrow size distribution. They are stabilized with the help of huge 

amounts of surfactant (over 50 % of the dispersed phase) together with a co-surfactant.[32,35] 

Miniemulsions, also called nanoemulsions in literature, are characterized by droplets with 

diameters between 30 and 500 nm with a very narrow size distribution which is expressed in 

low polydispersity indices (PDIs).[36] They are kinetically stable, stabilized with rather low 

amounts of surfactant and thus, they don’t contain free micelles. In contrast to macro- and 

microemulsions, they contain a so-called osmotic pressure agent which is a substance that is 

soluble in the dispersed phase but completely insoluble in the continuous phase. Because of 

this property, it produces an osmotic pressure within the emulsion droplets that acts against 

the Laplace pressure and therefore increases the stability of the emulsion against Ostwald 

ripening.[37–39] Typically, salts or sugars are used as osmotic pressure agents for inverse 

miniemulsions while long chained alkanes are frequently employed in direct miniemulsions. 

Miniemulsions are prepared with the help of high shear forces like ultrasonication or high 

pressure homogenization which are necessary to produce droplets in the nanometer range.  

2.2 Pickering emulsions 

Not only molecules but also solid particles can possess the ability to self-assemble at an either 

flat or bent oil-water interface, which makes them suitable candidates as stabilizers for 

emulsions, similar to surfactants. The driving force is the reduction of the o/w interfacial area 

which typically exhibits a much higher interfacial tension and interfacial energy than the solid-

liquid interfaces which are created as soon as solid particles adsorb to the o/w interface. Other 

than amphiphilic molecules, colloidal particles don’t assemble into micellar aggregates in the 

bulk aqueous or oil phase. Although Ramsden[40] described the adsorption of particles to the 

liquid-air interface in 1903 and had the guess that this could also occur at the interface between 

two liquids, particle-stabilized emulsions are named after Spencer Umfreville Pickering who 

published an article about emulsions stabilized by solid particles in 1907.[41] For the stability of 

such Pickering emulsions not only different properties of particles (such as size,[42] shape[43–45] 
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and material[11,41,45–54]), the nature of the oil,[50,55] the temperature[56] and the composition of 

both the aqueous and the oil phase[55,57,58] are essential, but one of the most important influence 

factors is the particle wettability. A measure of how good a particle is wetted by water and oil 

is the contact angle θ which is measured at a planar interphase through the aqueous phase 

(see Figure 3 top). Particles can only act es Pickering stabilizers if they are wetted partially by 

both employed liquids. In terms of the contact angle this means that θ must neither be 0° 

(particles are completely hydrophilic and will stay in the aqueous phase) nor 180° (particles 

are completely hydrophobic and will stay in the oil phase).[46,49,53,59–61] Already in 1923, the 

group around Finkle[59] described that in Pickering emulsions the liquid by which the particles 

are wetted better becomes the continuous phase. With rather hydrophilic particles with a 

contact angle of less than 90° the larger part of the particles will stay in the aqueous phase 

which wets them better and an oil-in-water (o/w, direct) emulsion is formed. On the other hand, 

rather hydrophobic particles with a contact angle of more than 90° are able to stabilize water-

in-oil (w/o, inverse) Pickering emulsions (see Figure 3 bottom).[59,62] 

 

Figure 3: Top: possible positions of a spherical particle which is partially wetted by water and oil at a flat 

oil-water interface. Left: If the particle is rather hydrophilic, the bigger part stays in the aqueous phase 

and the contact angle  is smaller than 90°. Middle: A particle which is wetted equally by water and oil 

shows a contact angle of 90°. Right: Contact angles larger than 90° are observed for rather hydrophobic 

particles. Bottom: Rather hydrophilic particles (left) at a bent interface are able to stabilize o/w 

emulsions, while rather hydrophobic ones (right) tend to stabilize inverse emulsions (based on Ref.[53]). 

From a thermodynamic point of view the adsorption energy E of a particle at an oil-water 

interface can be calculated if θ, the radius r of the particle and the interfacial tension γO/W 

between oil and water are known:  

 

For hydrophilic particles the negative sign, for hydrophobic particles the positive sign has to be 

used for the expression in brackets. This adsorption energy indicates how much energy has 
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to be applied to desorb the particle from the interface and is therefore an important parameter 

for the stability of Pickering emulsions. It gets clear that the adsorption energy reaches its 

maximum for a contact angle of 90° if all other parameters are kept constant. On the other 

hand there is no energy required to remove a particle with a contact angle of either 0° or 180° 

from the interface which explains why totally hydrophilic or hydrophobic particles are not able 

to stabilize Pickering emulsions.[49] Particles with contact angles between 50 and 130° however 

adsorb nearly irreversibly to the interface and are in respect thereof fundamentally different 

from surfactants as the latter are normally liable to dynamic adsorption and desorption 

processes (see Figure 4).[63] 

 

Figure 4: Adsorption energy of a particle with a diameter of 10 nm at an oil-water interface with an 

interfacial tension of 36 mN/m at a temperature of 298 K.[49] At low (0° - 20°) and high (160° - 180°) 

contact angles, the adsorption energy is very low (10 kT or less) which indicates that very hydrophilic 

and very hydrophobic particles are not held in the interface, while particles which are wetted by both 

liquids equally and show a contact angle of 90° exhibit an adsorption energy of almost 3000 kT and are 

therefore held strongly in the interface. Reprinted with permission from (Langmuir, 2000, 16, 8622). 

Copyright (2000) American Chemical Society. 

Although the adsorption energy reaches a maximum for θ = 90°, particles with this property 

are not the best choice for the stabilization of an emulsion. On the one hand it is impossible 

from a geometric point of view to cover a bent surface with particles that are located with equal 

parts of their surface in the inner and the outer phase. On the other hand the capillary pressure 

pmax between the particles which depends on the contact angle, the oil-water interfacial tension, 

the particles’ diameter and a constant b which depends on the packing of the particles at the 

interface, hast to be taken into account:[64–67] 

 

At a contact angle of 90° this capillary pressure becomes 0 which means that the liquid 

meniscus which is formed between two particles is not stable. Therefore, it is not possible to 
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obtain stable emulsions with helps of these particles, although the adsorption energy is at the 

maximum. Both the capillary pressure and the adsorption energy contribute to the stability of 

a Pickering emulsion, but the adsorption energy is the more important factor. That’s why 

particles exhibiting a contact angle between 70° and 84° or between 94° and 110° are most 

suitable to stabilize o/w or w/o emulsions, respectively. 

2.2.1 Particles used as stabilizers for Pickering emulsions 

A variety of different particles with different sizes and shapes including (surface modified) 

silica[43,48,50,58,68–72] or other inorganic nanoparticles,[44,73–79] polymer particles,[42,80–85] 

microgels,[86,87] Janus particles[88–90] and particles made from biopolymers[91–94] have been 

reported in literature as stabilizers for Pickering emulsions. In the following, an overview over 

both particles which exhibit an appropriate wettability without any surface modification and 

particles which have to be modified prior to being able to stabilize Pickering emulsions will be 

given. Moreover, different methods to adjust the particles’ wettability will be discussed and 

compared. 

2.2.1.1 Particles exhibiting an appropriate wettability without modification 

There are several reports on nanoparticles which possess an appropriate wettability to stabilize 

Pickering emulsions without adjusting their surface. Binks and Olusanya[95] described the 

stabilization behaviour of different organic pigments. While the most hydrophilic pigment 

orange with a contact angle slightly below 90° is able to stabilize n-heptane-in-water 

emulsions, other investigated pigments (red, yellow, green and blue) exhibit contact angles 

higher than 100° and turned out to be potent stabilizers for w/o-emulsions. In addition, they 

used pigments of intermediate hydrophobicity (violet and indigo) which could stabilize both 

direct and inverse emulsions depending on the volume fraction of water within the system. 

Bizmark and Ioannidis[91] reported on the use of ethyl cellulose nanoparticles with a contact 

angle between 80° and 90° for the stabilization of o/w emulsions. The group around Miele[96] 

investigated the ability of exfoliated hexagonal boron nitride (h-BN) to stabilize Pickering 

emulsions. Since the two-dimensional h-BN is a rather hydrophobic material, stable w/o 

emulsions could be obtained. As expected, the mean diameter of emulsion droplets decreases 

with an increase in h-BN concentration. Bon and Chen[97] made use of two Pickering stabilizers 

on different length scales: in the first step, laponite clay discs were employed to stabilize a 

styrene-in-water miniemulsion which was followed by the radical polymerization of styrene 

inside the droplets. The resulting polystyrene particles can be characterized by a diameter of 

approximately 200 nm and are decorated with clay platelets. Subsequently, those polystyrene 

nanoparticles were self-assembled in another Pickering emulsion at the interface between 
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water and a mixture of poly(diethoxysiloxane) and hexadecane. In the last step, the addition 

of a base catalysed the hydrolysis and condensation process of the silica precursor at the o/w 

interface which results in silica capsules decorated with clay discs-armored polystyrene 

nanoparticles. Li and Ngai[98] prepared poly(styrene-co-N-isopropylacrylamide)(PS-co-NIPAM) 

particles and subsequently used them as stabilizers. After redispersion in water, these polymer 

particles were able to stabilize up to 80 vol% of n-hexane by adsorption at the o/w interface 

and the formation of a gel by excess particles in the aqueous phase. This allows the 

preparation of Pickering emulsions that don’t cream and are characterized by a stability of 

several months. Drying these emulsions in air leads to a highly porous polymeric material. 

The group around Armes[99] suggested triblock copolymer vesicles with different surface 

roughnesses prepared via polymerization-induced self-assembly (PISA) as emulsion 

stabilizers (see Figure 5). They could show that the mean diameter of n-dodecane droplets in 

water decreases with an increase in the concentration of triblock copolymer vesicles and that 

emulsion stability increases with an increase in the surface roughness of the vesicles.  

 

Figure 5: TEM images of triblock copolymer vesicles prepared by PISA. G, H and B represent glycerol 

monomethacrylate, 2-hydroxypropyl methacrylate and benzyl methacrylate blocks in the copolymer, 

respectively. Reprinted from Ref.[99] https://pubs.rsc.org/en/content/articlehtml/2015/sc/c5sc02346g is 

licensed under a Creative Commons license: CC BY 3.0, https://creativecommons.org/licenses/by/3.0/. 

Frelichowska et al.[50] showed that also very hydrophilic silica particles can be used as 

stabilizers for Pickering emulsions if the oil is not too non-polar. Especially short-chain esters 

proved to be suitable oils to be stabilized by bare silica particles as they are on the one hand 

polar enough and exhibit on the other hand a very low interfacial tension against water (below 

30 mN/m). Thus, 20 % ethyl acetate, butyl acetate, diethyl adipate and diisopropyl adipate as 

well as the short-chain alcohol butanol could be stabilized in water. The more polar the oil, the 

less amount of silica nanoparticles is required to obtain stable emulsions and the higher the 

amount of silica particles, the smaller the emulsion droplets that are obtained. Binks and Yin[100] 
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investigated a very similar system containing hydrophilic silica nanoparticles, water and dialkyl 

adipate oils. Their findings indicate that the shorter the alkyl chains of the oil the more stable 

emulsions can be obtained. They attribute this behaviour to an enhanced solubility of the oil in 

water. As soon as enough oil molecules are part of the aqueous phase and can come in contact 

with the particles, adsorption of the oil to the SNPs takes place which renders the particles 

more hydrophobic and therefore enable them to stabilize o/w emulsions. Another strategy to 

enable bare silica particles to stabilize oil droplets has been proposed by Ma et al.[101]. Instead 

of dispersing the silica nanoparticles in water, they used a particle dispersion in isopropanol 

as the polar phase of the emulsion and stabilized a mixture of styrene and N-

isopropylacrylamide inside the droplets. After radical polymerization, temperature responsive 

polymer particles decorated with silica particles that could be taken up by human prostate 

cancer cells were obtained which makes them possible candidates for smart drug delivery 

vehicles. 

2.2.1.2 Adjustment of particles’ wettability ex situ 

Besides using a polar oil or dispersing the particles in isopropanol, there are different methods 

to enable too hydrophilic native particles to stabilize emulsions by adjusting their wetting 

properties. One of the most straight-forward strategies is the surface modification ex situ where 

reactive groups on the surface of the particles are derivatized. There have been many reports 

in literature about the reaction of silanol groups on the surface of silica nanoparticles with e. g. 

alkyl silanes which causes a partial hydrophobization and therefore an increase in contact 

angle.[43,49,52,55–58,71,72,78,102–114] Another possibility is the coverage of the particles’ surface with 

polymer brushes which allows not only a partial hydrophobization but also an introduction of 

additional functionality.[54,72,89,115,116] Saigal et al.[54] prepared silica nanoparticles with different 

grafting densities of poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes by atom-

transfer radical polymerization (ATRP). These particles were used to stabilize both xylene-in-

water and cyclohexane-in-water emulsions. In general, particles with a lower grafting density 

turned out to be the better stabilizers. As PDMAEMA has a lower critical solution temperature 

(LCST) in water, the surface-coated particles are forced to aggregate and flocculate when the 

dispersion is heated over a certain temperature (critical flocculation temperature, CFT). 

Consequently, emulsions stabilized by these particles are temperature responsive and can be 

easily broken by heating above the CFT. In a similar way, the group around Huck[115] has grown 

cationic poly(2-(methacryloyloxy)-ethyl-trimethyl-ammonium chloride) (PMETAC) brushes 

from the surface of silica nanoparticles by ATRP and showed that suspensions of these 

particles are responsive to the addition of perchlorate ions. Therefore, the wetting behaviour 

of the particles and their ability to act as emulsion stabilizers can be controlled by the addition 
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of ClO4
-
. Wang et al.[89] proposed another interesting strategy to modify the surface of silica 

nanoparticles in a grafting-to approach which is shown in Figure 6. In the first step, they 

prepared a block copolymer which consists of a poly(methyl methacrylate) (PMMA) and a 

poly(tert-butyl methacrylate) (Pt-BMA) block linked by a short poly(glycidyl methacrylate) 

(PGMA) chain. Subsequently, the epoxy groups of the PGMA block were reacted with surface 

silanol groups to result in particles decorated with V-shaped polymer brushes. In the last step, 

Pt-BMA was hydrolysed to poly(methacrylic acid) (PMAA) to result in particles which can self-

assemble at the o/w interface and are therefore able to stabilize water-in-toluene emulsions. 

These particles are pH responsive as an increase in pH-value causes the deprotonation of the 

PMAA and renders the hydrophilic block negatively charged which even increases the 

hydrophilicity of this block. Consequently, the particles’ wettability changes and toluene-in-

water emulsions can be stabilized at high pH-values.  

  

     

Figure 6: Surface modification of bare silica nanoparticles with polymer brushes via a grafting-to 

approach. The grafting of poly(methyl methacrylate)-b-poly(glycidyl methacrylate)-b-poly(tert-butyl 

methacrylate) to the particles’ surface with helps of triethylamine (TEA) is followed by the acid hydrolysis 

of the Pt-BMA block catalysed by trifluoroacetic acid (TFA). The resulting particles can stabilize either 

w/o emulsions at low pH-values or o/w-emulsions at high pH-values by self-assembly at the toluene-

water interface. Adapted by permission from [Springer Nature]: Springer, Colloid and Polymer Science, 

Silica nanoparticle covered with mixed polymer brushes as Janus particles at water/oil interface, 

Yizheng Wang, Deqin Fan, Junpo He, Yuliang Yang. Copyright (2011) 

2.2.1.3 Adjustment of particles’ wettability in situ 

On the other hand, different in situ treatments have been proposed to enable the adsorption 

and self-assembly of nanoparticles at the oil-water interface. As most hydrophilic particles 

contain functional groups on their surface which can be ionized, changes in the pH-value can 

influence the surface properties. While highly charged particles are fully wetted by water, less 

charged particles are less hydrophilic and can therefore be used as Pickering stabilizers. The 

charge can be lowered by adjusting the pH to a value close to the isoelectric point (IEP) of the 

particles.[117] Binks and Lumsdon[48] reported on toluene-in-water emulsions stabilized by silica 

particles at different pH-values. It turned out that emulsions are most stable against 
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coalescence at a pH of approximately 4 which indicates that particles with a low charge 

stabilize oil droplets better than uncharged particles as the isoelectric point of silica is at pH 2. 

The group around Sun[79] investigated the stability of o/w emulsions stabilized by layered 

double hydroxides (LDHs) particles depending on pH. These magnesium aluminium 

hydroxides are permanently positively charged in an aqueous environment and their zeta-

potential can be reduced from + 40 mV at pH 9.25 to approximately + 20 mV at pH 12 which 

is accompanied by a steady increase in particle size indicating aggregation. Also, the three-

phase contact angle for water increases slightly from 30° to 50° when the pH-value is increased 

which shows that the particles’ wettability by oil increases at higher pH-values although  is 

still far below 90°. Therefore, it is not surprising that the droplet size of liquid paraffin-in-water 

emulsions stabilized by LDHs particles decreases and the stability of these emulsions 

increases with an increase in pH to a certain extent. At very high pH-values, however, particles 

flocculate very strongly which is followed by precipitation. This observation is in accordance to 

other reports and indicates as well that a pH-value close to the IEP of the particles is favourable 

for emulsion stability because electrostatic repulsion of neighbouring particles at the interface 

is reduced but still at least a low charge is necessary to prevent particles from complete 

flocculation and precipitation. Binks and Lumsdon[55] went one step further and showed that it 

is also possible to change the type of emulsion from w/o at lower pH-values which render their 

silica particles more hydrophobic to o/w at high pH-values as the particles are better wetted by 

water under these conditions.  

Another activation strategy includes the addition of different kinds of salt to either the aqueous 

or the oil phase.[117] Binks and Whitby[47] were able to show that in o/w emulsions stabilized by 

silica nanoparticles the addition of salt (CaCl2) could reduce the release of oil significantly from 

100 % (no salt added) to 36 % (10-5 M CaCl2). Upon further increasing the salt concentration 

to 10-3 M, however, emulsion stability decreases and 97 % of the oil are released. Binks and 

Lumsdon[48] investigated the influence of LaCl3 on the stability of toluene-in-water emulsions 

stabilized by silica nanoparticles. They showed that emulsion stability passes a maximum 

when lanthanum chloride with a concentration between 2 and 5 mM was added at pH 10 (see 

Figure 7). Particles start flocculating under these conditions at a concentration of 2 mM LaCl3 

while they are not flocculated at low pH-values at all and thus, no stable emulsions can be 

obtained at low pH. These findings show that in this case flocculation is essential for emulsion 

stability, but considerable flocculation entails destabilization of the emulsion. 
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Figure 7: Evaluation of the stability of a toluene-in-water emulsion stabilized by silica nanoparticles 

which are activated by the addition of LaCl3. The open circles (left hand ordinate) show that creaming is 

less pronounced if LaCl3 concentrations between 2 and 5 mM are applied. In the same concentration 

range, coalescence (filled circles, right hand ordinate) is lowest which indicates that intermediate 

concentrations of lanthanum chloride promote emulsion stability best. Reproduced from Ref.[48] with 

permission from the PCCP Owner Societies.  

The group around Bell[118] proposed the use of oil-soluble salts such as tetrabutylammonium 

nitrate (TBA+NO3
-) as so-called promoters for the self-assembly of negatively charged particles 

like titania or silica at o/w interfaces. These salts consist of a hydrophobic cation which will stay 

in the oil while the hydrophilic anion will diffuse to the aqueous phase. Consequently, TBA+ in 

the oil near the interface will screen the negative charges of the nanoparticles and reduce 

Coulombic repulsion. Due to van der Waals attraction, the particles are now able to form a 

closed-packed layer at the interface (see Figure 8). 

 

Figure 8: Self-assembly of negatively charged nanoparticles at the o/w interface promoted by e. g. 

tetrabutylammonium nitrate. The TBA+-ions (promoters) stay in the oil-phase and screen the negative 

charge of the particles. Reprinted with permission from (Nano Lett., 2016, 16, 5255). Copyright (2016) 

American Chemical Society. 

It can be concluded that an increased electrolyte concentration leads to less electrostatic 

repulsion of charged particles according to DLVO theory[119,120] which causes two effects: on 

the one hand neighbouring particles adsorbed to the interface act less repelling; this screening 

effect is also promoted by the adsorption of counter ions from an oil-soluble salt which allows 
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particles to form a closed-packed layer at the interface.[118] On the other hand, water-soluble 

salts cause partial flocculation of particles which enhances their tendency to adsorb at the 

interface and increases the viscosity of the surrounding aqueous phase. However, there’s 

always an optimal amount of salt as a too high electrolyte concentration causes complete 

flocculation followed by precipitation of the particles which leads to a destabilization of the 

emulsion.[47,48,76,109,117,121–123] 

Apart from different salts, short-chain alcohols can be added in order to render hydrophilic 

nanoparticles surface-active. Reincke et al.[124] could show that negatively charged gold 

nanoparticles are not able to self-assemble at an water/heptane interface, but spontaneously 

form a closed-packed layer upon addition of ethanol. Short-chain alcohols can adsorb to the 

particles’ surface by replacing the counter-ions which are normally adsorbed. This causes the 

shielding of the charge leading to a reduction in the charge density and enabling the 

spontaneous assembly at an oil-water interface.[117]  

Kim et al.[125] proposed a very interesting way to promote the adsorption of hydrophilic silica 

nanoparticles to hexadecane droplets and simultaneously suppress their desorption from the 

interface by adding polyethylene glycol (PEG). Neither the particles nor the polymer alone are 

suitable stabilizers for o/w emulsions while the combination of both leads to stable emulsions 

with an oil volume fraction of up to 90 %. The authors attribute this behaviour to depletion 

interaction between particles and oil droplets. Depletion forces could also occur between 

individual particles, but no significant flocculation of particles was observed indicating that this 

is not the predominant effect within this system. The estimated depletion attraction between 

particles and deformable oil droplets is higher than the energy barrier of particle-oil interaction. 

Therefore, particles are able to adsorb at the o/w interface and stabilize the emulsion (see 

Figure 9). Once the particles are adsorbed at the interface, depletion forces suppress their 

desorption. Each particle desorbing from the oil droplets would be placed back at the interface 

immediately because of depletion attraction. The addition of large amounts of PEG, however, 

prevents particles from adsorbing at the o/w interface presumably because the interface is 

already covered by polymer brushes. 
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Figure 9: Depletion attraction promote the adsorption of silica particles to the o/w interface and suppress 

their desorption from the droplets. Reprinted with permission from Ref.[125] 

http://dx.doi.org/10.1038/ncomms14305 is licensed under a Creative Commons license: CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 

One of the most common methods is the adsorption of organic molecules to the particles’ 

surface in order to tune the wettability of the particles which leads to a very effective activation.   

Haase et al.[126] stabilized a mixture of diethyl phthalate and 8-hydroxyquinoline (8-HQ) in 

water. 8-HQ is used as both the hydrophobizing agent and a corrosion inhibitor for possible 

applications. The stability of these emulsions depends a lot on the pH-value. At neutral or basic 

pH, negligible amounts of 8-HQ are protonated. Therefore, hardly any of the hydrophobizing 

agent is adsorbed to the silica particles and the particles are left too hydrophilic to stabilize 

emulsions. Between pH 4.4 and 5.5, stable emulsions are obtained as a monolayer of 

protonated 8-HQ is formed around the silica nanoparticles which adjusts the wettability 

adequately. At lower pH-values, however, a double layer of protonated 8-HQ renders the 

particles too hydrophilic and therefore unable to stabilize emulsions again (see Figure 10).  

 

Figure 10: Interaction between negatively charged silica nanoparticles (grey balls) with 8-

hydroxychinoline at different pH-values. Reprinted with permission from (J. Phys. Chem. C, 2010, 114, 

17304). Copyright (2010) American Chemical Society.   
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A similar system was investigated by Li and Stöver[123] who used potassium hydrogen phthalate 

(KHP) to activate alumina-coated silica nanoparticles. In acidic milieu, the particles are 

positively charged and KHP does not carry a charge which renders the SNPs too hydrophilic 

to stabilize xylene-in-water emulsions. In a pH-range between 3.5 and 5.5, KHP is negatively 

charged and therefore able to adsorb to the surface of the positively charged particles. These 

activated particles are able to stabilize direct emulsions. These emulsions can be destabilized 

by either lowering the pH-value (see above) or base addition as at high pH-values both the 

particles and KHP are negatively charged and therefore, no partial hydrophobization of the 

SNPs is possible any longer. Li et al.[74] made use of the water-soluble dye methyl orange (MO) 

to adsorb onto LDH particles which causes an increase in contact angle from originally 30° to 

up to over 40° and consequently emulsions with enhanced stability containing smaller oil 

droplets.   

Not only particles which are too hydrophilic can be activated by this method; the adsorption of 

polar molecules can also render particles interfacial active which are initially wetted almost 

completely by oil. Thijssen et al.[82] reported on w/o emulsions stabilized by a mixture of PMMA 

particles and the water-soluble dye rhodamine B (RhB). They were able to prove that there is 

a synergistic effect and that the dye acts in two different ways: first, it lowers the o/w interfacial 

tension and facilitates droplet formation and second, it adsorbs to the hydrophobic PMMA 

particles, decreases the contact angle and enables the adsorption of those particles to the o/w 

interface.  

Apart from small organic molecules, macromolecules can be used to tune the wettability of 

different nanoparticles. Li and Stöver[127] used poly(sodium styrenesulfonate) (PSS) in 

combination with positively charged, alumina coated silica nanoparticles to stabilize xylene-in-

water emulsions. Williams and Armes[128] made use of poly(ethylene imine) (PEI) for the 

adjustment of hydrophilic silica nanoparticles. By variation of the ratio between polymer and 

nanoparticles, they were able to generate stabilizers for both o/w and w/o emulsions. This 

leads to the opportunity to stabilize w/o/w emulsions with two different batches of PEI/silica 

hybrid particles. With this system, it is possible to encapsulate both one single or multiple water 

droplets in one oil droplet. After cross-linking of the PEI with a bisepoxy-based polymer which 

is either soluble in water or in oil, a new colloidal structure of colloidosome(s)-in-colloidosome 

is obtained (see Figure 11).  
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Figure 11: Preparation of w/o/w double emulsions and colloidosomes-in-colloidosomes using PEI/silica 

hybrid nanoparticles. The wettability of these particles can be fine-tuned by adjusting the PEI/silica ratio. 

Reprinted with permission from (Langmuir, 2014, 30, 2703). Copyright (2014) American Chemical 

Society. 

Midmore[129] reported on the combination of silica nanoparticles and hydroxypropyl cellulose 

(HPC) as powerful stabilizer for o/w emulsions with a volume fraction of the dispersed phase 

as high as 80 %. It is supposed that the polymer acts as flocculant for the particles and that 

HPC/silica flocs which form a two-dimensional gel-like network at the interface are the 

stabilizing species in the system. Alison et al.[130] used a biopolymer in order to activate silica 

nanoparticles for the stabilization of oil droplets in water. They applied different amounts of 

chitosan which adsorbs to the negatively charged surface of the silica particles at pH 5.5 and 

renders them hydrophobic enough to act as Pickering stabilizers as long as chitosan 

concentrations of 1 wt% are employed. At 5 wt% chitosan, particles agglomerates are formed 

due to the higher extent of hydrophobization and the stabilization mechanism changes from 

particles which are adsorbed at the o/w interface to particles that form a network in the aqueous 

phase which prevents oil droplets from coalescence.  

The adsorption of (oppositely charged) surfactants to the surface of hydrophilic particles leads 

to a very effective activation as the hydrophobic part of the molecule points away from the 

particle rendering it much less hydrophilic. Already in 1998, Midmore[131] published a report on 

the synergistic effect between silica particles and non-ionic polyoxyethylene (POE) surfactants 

when it comes to stabilizing o/w emulsions. Neither the surfactants Tween, Brij, and 

synperonic® exhibiting a variety of HLB values nor the bare silica particles were able to stabilize 

emulsions at the employed concentration, but stable emulsions were obtained when a mixture 

of particles and surfactants was employed. It turned out that emulsion stability depends on the 

length of the POE chain: the longer the hydrophilic part of the surfactant, the more stable are 

the resulting emulsions. Binks and Whitby[47] investigated a system containing silica particles 

and the cationic surfactant n-dodecyltrimethylammonium bromide (DTAB). They attributed the 

stabilizing behaviour of the mixture of particles and surfactants to the adsorption of the 

amphiphile both to the o/w interface and to the particles’ surface. In another work, Binks et al.[68] 
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showed the synergistic effect between negatively charged silica nanoparticles and 

hexadecyltrimethylammonium bromide (CTAB) on the stabilizing behaviour of o/w emulsions. 

Although CTAB alone is a good stabilizer for this type of emulsion, the addition of silica 

particles even improved emulsion stability. As an explanation, the authors state that the 

surfactant forces particles to aggregate and the resulting particle/CTAB flocs are adsorbed to 

the o/w interface and act as excellent stabilizers. Additionally, flocs remaining in water increase 

the viscosity of the continuous phase which lowers the rate of coalescence. The same effect 

has been shown for positively charged alumina-coated silica particles in combination with the 

anionic surfactant SDS by the same group.[132] Cui et al.[133] performed stabilizing experiments 

with silica particles and different cationic surfactants such as DTAB, CTAB, a gemini surfactant 

with two cationic head-groups and two hydrophobic tails as well as a double-chain cationic 

surfactant. Stable toluene-in-water emulsions could be obtained by employing a mixture of 

hydrophilic particles and little amounts of surfactant. However, if the ratio between particles 

and surfactants is increased, only in the case of the double-chain cationic surfactants particles 

are rendered hydrophobic enough to stabilize w/o emulsions. In any other case, particles are 

still wetted by water better than by oil and in addition, free surfactant molecules contribute to 

the stabilization of o/w emulsions. For the double-chain surfactant, o/w emulsions are formed 

again when the amount of surfactant is further increased due to bilayer adsorption on the 

particles’ surface rendering the SNPs hydrophilic again. This effect has been further 

investigated by Binks et al.[69] and direct measurements of contact angles of silica particles 

modified with different amounts of the double-chain surfactant didecyldimethylammonium 

bromide (di-C10DMAB) have been performed. It was shown that at low di-C10DMAB 

concentrations, particles are hydrophilic exhibiting contact angles for water below 90°. An 

increase in the surfactant concentration is followed by an increase in  up to approximately 

105° which justifies the ability of these particles to stabilize w/o emulsions. At very high 

concentrations of di-C10DMAB, contact angles below 90° are achieved, particles are rendered 

hydrophilic and stabilize direct emulsions again (see Figure 12).  
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Figure 12: Influence of the ratio between the double-chain cationic surfactant di-C10DMAB and 

hydrophilic SNPs on the particles’ wetting and stabilization behaviour. At low surfactant concentrations, 

particles are partially hydrophobized but still hydrophilic enough to stabilize o/w emulsions as the contact 

angle for water is below 90° while at intermediate concentrations, the particles’ surface is completely 

covered by di-C10DMAB. This leads to contact angles higher than 90° and consequently, w/o emulsions 

are formed. At high surfactant concentrations, however, a bilayer of di-C10DMAB renders the particles 

hydrophilic again. Adapted with permission from (Langmuir, 2013, 29, 4923). Copyright (2013) American 

Chemical Society. 

The group around Weichold[75] reported on the use of cationic boehmite nanoparticles together 

with p-dodecylbenzenesulfonic acid (DBSA) and the nonsurfactant p-toluenesulfonic acid 

(TSA) to stabilize o/w emulsions. Both combinations led to stable emulsions. While TSA only 

adsorbs to the particles and changes their wettability, DBSA adsorbs to both the particles’ 

surface and the o/w interface acting as hydrophobizing agent and additional stabilizer. The use 

of small boehmite nanoparticles with a diameter of 8 nm opens the way to time-triggered 

collapse of the emulsion because these particles dissolve in the presence of acids which 

causes the destabilization of the emulsion. Akartuna et al.[73] modified alumina particles in situ 

by the addition of carboxylic acids with 2 to 5 carbon atoms as short-chain amphiphiles. They 

were able to show that this modification allows the initially hydrophilic particles to stabilize 

octane-in-water emulsions as long as the concentration of the amphiphile is high enough to 

make sure that the particles are partially wetted by the oil but sufficiently low to avoid 

aggregation and flocculation of the particles.  

In all examples stated until now both the particles and the surfactant have originally been 

dispersed and dissolved, respectively, in the same phase. There are only few reports on 

Pickering emulsion systems where hydrophilic particles are initially dispersed in the aqueous 

phase while the hydrophobizing agent is dissolved in oil. Pichot et al.[134] investigated the 

stability of vegetable oil-in-water emulsions stabilized by a combination of hydrophilic silica 

particles and the oil-soluble surfactant monoolein. It could be shown that at constant surfactant 
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concentration, the mean droplet diameter decreases with an increase in silica concentration. 

The same trend could be observed for an increase in the monoolein concentration at a fixed 

particle concentration. The authors suggest that the surfactant adsorbs to the interface of the 

oil droplets in a first step both inhibiting the coalescence of these droplets and lower the 

interfacial tension which facilitates the formation of smaller droplets. This gives time to the 

particles to diffuse and adsorb to the interface. The group around Prestidge[135,136] showed that 

it is possible to prepare oil-in-water emulsions stabilized by silica particles which originate from 

the aqueous phase together with lecithin or oleylamine which are dissolved in oil. The stability 

of these emulsions depends strongly on the oil phase. While polar oils can be stabilized by 

relatively low amounts of particles, emulsions made from a non-polar oil-phase are less stable. 

The combination of lecithin and silica leads to droplets as small as 200 nm which is in contrast 

to most of the other reports where droplet diameters are typically in the µm-range. Okada 

et al.[137] made use of the interaction between hydroxyapatite (HAp) nanoparticles and 

polystyrene which is terminated with a carboxy group. While neither particles nor the polymer 

alone were able to stabilize dichloromethane-in-water emulsions, but the combination of both 

led to stable emulsions. The end-group modification of polystyrene was shown to be absolutely 

necessary as silica particles could not act as stabilizers together with unmodified polystyrene 

which was dissolved in the oil due to insufficient interaction. In 2013, Bollhorst et al.[70] were 

able to stabilize sub-µm water droplets in decane by the combination of either negatively 

charged silica nanoparticles with the anionic surfactant stearic acid or by positively charged 

alumina nanoparticles together with the cationic surfactant stearyl amine. They propose that 

the charged surfactant adsorbs to the o/w interface and acts as a local electrolyte. Therefore, 

electrostatic repulsion between the particles is attenuated which allows their self-assembly at 

the interface. The structures produced with help of this method are remarkably stable and can 

be transferred from an oily continuous phase to an aqueous continuous phase by 

centrifugation.  

Both the ex situ and the in situ activation of particles offer some advantages and 

disadvantages. The chemical grafting is irreversible and guarantees that the particles’ wetting 

properties are not affected by external conditions. This means that in most instances the 

emulsion can be diluted, the pH-value can be changed and salt or oil can be added without 

changing the properties of the particles. Furthermore, there is no equilibrium between modified 

and unmodified particles as well as any hydrophobizing agent. In addition, the method is very 

flexible and allows the fine-tuning of the particles’ wetting and stabilization behaviour. On the 

other hand, the chemical grafting requires an additional synthetic step which has to be followed 

by an accurate work-up in order to make sure that all by-products and non-reacted educts are 

completely removed. After modification, the particles have to be redispersed in the desired 
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medium which might be challenging and of course the chemical bond has to be stable against 

hydrolysis. The addition of salt or some low molecular weight compounds as well as changing 

the pH-value in order to obtain an in situ activation however might be problematic as soon as 

any sensitive compounds are involved. If macromolecules or ionic surfactants are used to 

modify the particles’ surface, it is challenging to ensure that no residual surface-active 

components stay in solution. These compounds could adsorb to the interface themselves 

which makes it difficult to determine the contribution of particles to the stabilization and 

moreover the surfactant-free character of the Pickering emulsion and some of the advantages 

which go along with it are lost.[11] However, an in situ modification offers the advantage of 

reversibility which enables a change of the particles’ properties within the emulsion system. 

Therefore, it is possible to change e. g. the droplet size and even the kind of emulsion (direct 

or inverse) without synthesizing new stabilizing particles with adjusted properties. Furthermore, 

it facilitates the work-up after a reaction which has been conducted e. g. in the emulsion 

droplets or at the interface as these emulsions can typically be destabilized much easier than 

Pickering emulsions stabilized by ex situ modified particles. Furthermore, in the case of 

adsorbing macromolecules or surfactants to the particles, the wetting behaviour of the 

nanoparticles can be tuned. This enables the rational design of particles which can either 

stabilize direct or inverse emulsions or even both. By increasing the amount of surfactant, 

(double) phase inversion can be induced which shows the outstanding flexibility of these 

systems.  

Most of the reports introduced above deal with Pickering emulsions with droplet sizes in the 

micrometer range. Regarding Pickering emulsion droplets as possible candidates for e. g. drug 

delivery or bioimaging, smaller droplets in the range of several hundred nanometers might be 

of special interest in order to take advantage of the enhanced permeation and retention 

effect.[14–17] There are only a few groups that focus on the preparation of Pickering emulsions 

with droplet sizes below 1 µm. Bon and co-workers investigated a Pickering emulsion system 

containing styrene, an oil-soluble initiator and n-hexadecane as the dispersed oil phase 

stabilized by small Laponite clay discs in an aqueous continuous phase. Via ultrasonication, 

droplets in the submicron dimension were obtained and consequently used as polymerization 

vessels.[97,138] The group around Prestidge[136,139] employed a combination of hydrophilic silica 

nanoparticles and either lecithin or oleylamine to stabilize submicron oil droplets in water. They 

could show that both ultrasonication and high-pressure homogenisation are powerful methods 

to end up with droplets as small as 200 nm. Landfester and co-workers made use of the 

miniemulsion process to stabilize oil droplets containing either polymers or polymerizable 

monomers with diameters in the range of several hundred nanometers by silica nanoparticles, 

alumina-coated silica nanoparticles or a combination of silica nanoparticles and different 
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surfactants.[140–143] The preparation of inverse Pickering emulsions with droplet diameters 

below 1 µm has also been reported. Binks and Lumsdon[102] stabilized water droplets with a 

diameter of 600 nm in toluene by hydrophobic silica nanoparticles with a primary diameter of 

5 – 30 nm. Instead of ultrasonication, a rotor-stator homogenization device was applied. The 

work of Bollhorst et al.[70] using likely charged nanoparticles and surfactants for the stabilization 

of w/o emulsions with droplet diameters between 200 and 420 nm has been instanced above. 

The same group also reported on the preparation of sub-µm water droplets stabilized by a 

combination of positively or negatively charged nanodiamonds in combination with stearyl 

amine or stearic acid, respectively,[144] and on the use of likely charged silica nanoparticles, 

iron oxide nanoparticles and either stearyl amine or stearic acid for the preparation of Pickering 

emulsions with droplet sizes in the range of several hundred nanometers.[145]  

Within this work, a combination of the in situ modification of hydrophilic silica nanoparticles 

with different oil-soluble surfactants and the miniemulsion technique was used to prepare 

Pickering emulsions with a monomodal droplet size distribution and droplets sized below 

500 nm (SS1).[146] The dispersed phase consists of an aqueous particle dispersion containing 

salt as the osmotic pressure agent which suppresses Ostwald ripening of the emulsion 

droplets. The continuous phase contains the surfactant dissolved in IsoparM, which is a 

hydrocarbon mixture mainly in the range of C12−C15 containing both linear and branched 

components. Upon direct ultrasonication, Pickering emulsions are formed with the partially 

hydrophobized particles acting as stabilizers for the aqueous droplets (see Figure 13). Detailed 

investigations on the influence of the concentration of hydrophobizing agent, composition of 

the aqueous phase and the kind of particles were performed with poly(ethylene-co-butylene)-

block-poly(ethylene oxide) (P(E/B)-PEO) with a HLB value of 8.3 as the hydrophobizing agent 

or surfactant. Furthermore, other neutral and charged oil-soluble surfactants were analysed 

with respect to their ability to adsorb to silica nanoparticles, partially hydrophobize them and 

render them wettable by both water and oil.  
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Figure 13: Schematic representation of the preparation of inverse Pickering emulsions stabilized by 

in situ hydrophobized silica nanoparticles.  

Starting from the standard emulsion containing 30 mg of P(E/B)-PEO dissolved in 16.5 mL of 

IsoparM as well as 600 µL of water, 10 mg of NaCl and 400 mg of 36 wt% silica dispersion 

comprising negatively charged particles with a diameter of 22 nm, which can be characterized 

by a mean droplet diameter of approximately 300 nm and a PDI below 0.1, smaller droplets 

down to 180 nm can be obtained by increasing the amount of the hydrophobizing agent while 

larger droplets of up to 475 nm are accessible at lower P(E/B)-PEO concentrations. This 

finding indicates that with an increase in the P(E/B)-PEO concentration the amount of 

stabilizing species is increased as a smaller droplet size at a constant volume of the dispersed 

phase means that a larger interface has to be stabilized. Two possible explanations can be 

found for this behaviour: on the one hand, P(E/B)-PEO could act as a classical surfactant and 

stabilize emulsion droplets on its own. On the other hand, at least at low P(E/B)-PEO amounts 

some of the hydrophilic silica particles which originate from the aqueous phase could stay 

completely in the interior of the droplets which implies that at higher concentrations of P(E/B)-

PEO these particles could be partially hydrophobized, act as stabilizers as well and ensure 

that a larger interface can be stabilized. Cryo-SEM images were made to provide insight into 

the emulsion droplets (see Figure 14). It can be clearly seen that some silica particles reside 

inside the droplets and don’t contribute to the stabilization by adsorption at the o/w interface at 

a P(E/B)-PEO amount of 30 mg. This observation strengthens the assumption that partially 

hydrophobized silica nanoparticles rather than single surfactant molecules are the stabilizing 

species in this system. The particles at the interface seem to be closely packed (see 

Figure 14), which leads to the conclusion that only roughly 10 % of the o/w interface is 

accessible for the surfactant. Of course surfactant adsorption at the interface between the 

particles cannot be excluded but it is assumed to play a negligible role. 
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Figure 14: Cryo-SEM image of a w/o emulsion stabilized by a combination of hydrophilic silica 

nanoparticles and the surfactant P(E/B)-PEO showing that not all of the particles are located at the oil-

water interface. Some particles stay inside the aqueous droplets and from a kind of network. Adapted 

with permission from (Langmuir, 2015, 31, 10392). Copyright (2015) American Chemical Society. 

Furthermore, some emulsions were prepared with different amounts of P(E/B)-PEO but without 

particles and both the resulting droplet size and the droplet size distribution represented by the 

PDI were compared to the respective system containing silica nanoparticles. A clear 

enhancement of emulsion stability upon particle addition could be shown. The effect is more 

pronounced for low surfactant concentrations. In the case of 7.5 mg, droplets as small as 

475 nm are obtained in the particle-containing emulsion whereas the mean droplet diameter is 

approximately 850 nm without particles. 4 weeks after preparation, the droplet size has not 

changed in the emulsion containing particles and the PDI is still below 0.2 which shows good 

stability against coalescence. In the emulsion without particles, however, droplets are not 

stable against coalescence since the mean diameter increases to over 1 µm and the PDI 

increases from 0.3 to over 0.6. These findings confirm that within this system silica 

nanoparticles are essential to guarantee high emulsion stability. Subsequently, the volume of 

the aqueous phase was changed and it could be shown that the droplet diameter can be fine-

tuned by the amount of water which is added to the silica dispersion. The system proved also 

a great flexibility with respect to the size and kind of particles, as comparable results as 

described above were achieved by employing positively charged alumina-coated nanoparticles 

and the size of both positively and negatively charged particles can be reduced to 12 nm. 

Moreover, other hydrophobizing agents such as P(E/B)-PEO with different HLB values, 

polyisobutylene succinimide pentaamine (Lubrizol®U), lecithin and polyglycerol polyricinoleate 

(PGPR 90) can be applied in combination with silica nanoparticles. Especially the use of 

lecithin and PGPR 90 are of special interest as they are both biocompatible and offer therefore 

the possibility to apply these Pickering emulsions in biological systems. Regarding this point it 

is noteworthy that not only water containing sodium chloride but also an aqueous phase on the 
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basis of phosphate buffered saline (PBS) can be used for the dispersed phase. Finally, all of 

the investigated emulsions did not only show a remarkable long-term stability but also high 

resistance upon drying. The Pickering emulsions could be dried on a copper grid and 

characterized with the help of transmission electron microscopy (TEM). TEM images confirm 

not only the high homogeneity of droplets as already indicated by the low PDI in DLS 

measurements. The fact that the particular structure of the droplets’ surface stays intact even 

in high vacuum points out a remarkable stability of the stabilizing shell. Thus, the system 

introduced herein offers a great potential regarding applications as e. g. drug delivery systems 

or for bioimaging applications. Moreover, the high flexibility described above gives rise to the 

assumption that other particles with e. g. catalytic properties could be applied as stabilizers 

which makes the small droplets potential candidates as compartmentalization for chemical 

reactions. 

2.3 Other stabilization mechanisms for emulsions 

Beside classical emulsions stabilized by surfactants and Pickering emulsions stabilized by 

solid particles which are wetted partially by both water and oil, there are a couple of emulsion 

systems described in literature which make use of other stabilization mechanisms.  

Recently, Marina et al.[147] suggested that highly hydrophilic silica nanoparticles are able to 

stabilize o/w emulsions at a pH of 2.5 due to attractive van der Waals forces between the oil 

droplet and the particles. With the help of ellipsometry they determined the refractive index 

profile across a planar interface between water and toluene with and without SNPs at pH 2.5 

and could show that the particles are not adsorbed at the o/w interface. On the other hand, 

emulsion stability depends on the kind of oil employed as dispersed phase: while droplets of 

perfluorohexane, hexane and octane could not be stabilized, stable emulsions were obtained 

with hexadecane, toluene and xylene. The authors attribute this behaviour to a positive 

Hamaker constant which goes along with attractive van der Waals interactions for organic 

solvents exhibiting a significant larger refractive index than water (hexadecane, toluene and 

xylene). On the other hand, the Hamaker constant of perfluorohexane in this system is even 

negative which results in van der Waals repulsion. Thus, no stable perfluorohexane-in-water 

emulsions can be obtained. As the particles were shown not to be immersed in the o/w 

interface as stated above, they form most likely a closed shell around the oil droplets prohibiting 

them from coalescence. Xu et al.[148] reported on a new stabilization mechanism for o/w 

emulsions including charged particles and like-charged surfactants. The special feature about 

this stabilization system is that both particles and surfactants are employed at very low 

concentrations which makes it an economically friendly alternative to classical or Pickering 

emulsions. The charged surfactant adsorbs at the o/w interface and lowers the interfacial 
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tension which facilitates droplet formation. This process is supported by the particles in the 

surrounding aqueous phase due to electrostatic repulsion. Consequently, likely charged 

droplets repel each other while the particles form lamella-like structures in the continuous 

phase between the emulsion droplets. Therefore, water drainage is reduced and both 

flocculation and coalescence of the droplets is prevented. The authors showed that this 

principle can be applied to both positively (alumina particles and CTAB) and negatively (silica 

and SDS) charged stabilization systems and a variety of oils ranging from hydrocarbons to 

aromatic compounds and triglycerides can be applied as dispersed phase. Uchman et al.[149] 

introduced the term “molecular-scale Pickering stabilizers” for metallacarboranes, a substance 

class which shows surface activity due to self-assembly without classical amphiphilic topology. 

They compared the aggregation association of Na[3,3’-Co(C2B9H11)2] (Na-[CoD]) and the 

classical surfactant SDS. By measuring the surface tension of an aqueous solution with 

different concentrations of both Na-[CoD] and SDS it turns out that the cluster is surface active 

as the surface tension is decreased with an increase in Na-[CoD] concentration, but that SDS 

is more hydrophobic than the cluster and forms micelles/aggregates at a lower concentration 

than Na-[CoD]. Moreover, the classical surfactant accumulates to a larger extent than the 

cluster, as the slope of  versus ln(c) is much higher for SDS which goes along with a higher 

surface excess. The authors conclude that while SDS exhibits a hydrophilic and a hydrophobic 

part, Na-[CoD] is fairly hydrophilic. Therefore, the hydrophobic tail of SDS points into air at the 

air/water interface while the clusters accumulate at the aqueous side of the interface. Because 

of the considerably low surface activity – the surface tension of water is only lowered to 

approximately 60 mN/m upon addition of Na-[CoD] – and the bulkiness of the clusters, this 

substance class is called “molecular-scale” Pickering stabilizer. Unlike solid particles which 

can be seen as “classical” Pickering stabilizers, the metallacarboranes were shown to form 

supramolecular structures in water like lamellae, vesicles and worm-like structures just like 

classical surfactants do. Leunissen et al.[150] reported on the phenomenon of (preferential) ion 

partitioning at o/w interfaces which offers the possibility of creating stable emulsions without 

any additional surface active compounds. They investigated a system containing 5 wt% of 

water in cyclohexyl bromide (CHB). Upon mixing these components with the help of an 

ultrasonication bath, stable w/o emulsions can be prepared. The droplets of these emulsions 

were proven to arrange in a Wigner structure (see Figure 15) which was attributed to the same 

repulsive interactions which prevent droplets from coalescing. Via electrophoresis the authors 

were able to show that the droplets are positively charged. This on first sight puzzling fact can 

be explained with preferential ion partitioning: Within the system, several ions are present, 

mainly H+, OH- and Br- (due to a radical dehalogenation reaction, small amounts of HBr are 

produced from CHB). Among these ions, H+ exhibits the strongest affinity to water. Therefore, 

it accumulates within the aqueous phase rendering the water droplets positively charged. The 
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same effect could be observed for bromoform, chloroform, dichloromethane and several 

mixtures of CHB with cis-decalin, while emulsions containing only water and either dodecane, 

cyclohexane or cis-decalin were not stable. This observation was correlated with the dielectric 

constants oil of the oils: stable emulsions can only be obtained from oils which allow 

spontaneous charge dissociation (4 < oil < 10) which is not the case if the oil is too non-polar. 

The reverse effect of oil droplets which are stabilized in an aqueous environment because of 

a negatively charged interface due to preferential OH- adsorption has already been reported 

and explained by Marinova et al.[151] in 1996. 

 

Figure 15: Microscopy images of water droplets in CHB (A) and CHB-cis-decalin (B) stabilized without 

any additional surface-active compound but due to ion partitioning. The droplets are positively charged 

therefore repelling each other and arranging in a crystal-like order (“Wigner structure”). Reprinted from 

Ref. [150]. Copyright (2007) National Academy of Sciences. 

Within this work, a new method for stabilizing o/w emulsions is presented in SS2.[152] It has 

been stated above that water-soluble dyes such as methyl orange (MO) and rhodamine B 

(RhB) can be used as either hydrophobizing or hydrophilizing agents.[74,82] This behaviour is 

reasonable as negatively charged MO adsorbs to the surface of positively charged LDH 

particles which causes a reduction in their zeta-potential and renders the particles more 

hydrophobic. On the other hand, the -system of RhB can interact with PMMA particles and/or 

NBD (7-nitrobenzo-2-oxa-1,3-diazol) which was used to fluorescently label the particles. As 

RhB is positively charged at neutral pH-values, the surface of the polymer particles is left more 

hydrophilic after adsorption of the dye. Both groups entitled the respective dye as “surfactant”, 

most likely because Thijssen et al.[82] have observed temporary stabilizing behaviour for RhB 

alone without any particles. The same observation was made within this work, but the 

stabilizing behaviour of water-soluble dyes was extended to a variety of dyes as well as 

different oils and emulsions that are stable over years and not only temporary were 

obtained.[152] Nevertheless, the chemical structure of those dyes does not lead to assuming 

any amphiphilic behaviour since the charge of the dyes is not fixed at one specific position, but 

it is delocalized over the aromatic system. Therefore, it is not possible to figure out a hydrophilic 

and a hydrophobic part of the molecule as it is the case for classical ionic surfactants. Having 
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in mind that water-soluble dyes are known to form aggregates under specific conditions in 

aqueous solutions[153–160] and that particles don’t have to possess an amphiphilic structure for 

showing stabilizing properties as stated in the sections above, dye-aggregates are proposed 

to act as “molecular-scale Pickering stabilizers” in o/w emulsion systems (see Figure 16). 

 

Figure 16: Schematic representation of the main point of SS2. Water-soluble dyes stabilize oil droplets 

in their aggregated form acting as “molecular-scale Pickering stabilizers”.  

This assumption is supported by surface- and interfacial tension measurements which 

demonstrate that at concentrations of the fluorescein sodium salt (in the following called 

fluorescein or FL for simplicity) which are sufficient to stabilize emulsion droplets of the highly 

hydrophobic hydrocarbon mixture IsoparM in water, no noteworthy interfacial activity can be 

detected. To give some examples, the interfacial tension (IFT) between IsoparM and an 

aqueous fluorescein solution with a concentration of 0.1 mg/mL is still 36 mN/m compared to 

35.7 mN/m for pure (MilliQ) water. In contrast to the classical surfactant SDS, which is not able 

to stabilize emulsions at concentrations that don’t affect the IFT, traces of fluorescein (as low 

as 0.05 mg/mL) are sufficient to produce stable emulsions. The surface activity is even lower, 

as up to concentrations of 1 mg/mL fluorescein in water does not cause any change in the 

surface tension of aqueous solutions. Analog curve shapes for the IFT and the surface tension 

of aqueous Na-[CoD] solutions as a function of ln(c) reported by Uchman et al.[149] give rise to 

the assumption that water-soluble dyes and metallacarboranes act similarly with respect to 

their interfacial activity. In both cases, the concentration where the interfacial or surface 

tension, respectively, starts to decrease, is at higher concentrations than for SDS which 

indicates less hydrophobicity than the one of the classical surfactant. Furthermore, for both FL 

and Na-[CoD] the adsorption at the interface can be described as a continuous process without 

a sudden formation of a close-packed monolayer or two-dimensional structures.[149] Other than 

in the case of Na-[CoD], the second kink in the curve which indicates micelle formation is 

missing for FL, which shows that no micellar aggregates as described for classical surfactants 

or metallacarboranes are formed. Further experiments promoting the suggestion that water-
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soluble dyes stabilize emulsions in their aggregated form are the droplet size evolutions upon 

changing on the one hand the concentration of FL and on the other hand the salinity of the 

aqueous phase at a fixed c(FL). Other than expected and experimentally proven for classical 

surfactants, there are optimal concentrations for both FL and NaCl regarding emulsion stability 

and droplet size (see Figure 17). This observation gives rise to the assumption that in the first 

regime, where mean droplet sizes decrease, respectively, the concentration of stabilizing 

species increases while in the second regime less species acting as stabilizers are present 

which is accompanied by an increase in droplet size or even phase separation. Both an 

increase in the dye concentration and in the salinity is known to promote aggregation, which 

may be used to explain the first regime. Subsequently, a further increase in either FL or NaCl 

concentration could lead to the formation of not only more but also bigger aggregates which 

are not able to stabilize oil droplets any more.  

 

Figure 17: Droplet size evolution upon changing the salinity of the aqueous phase at a fixed 

c(FL) = 0.5 mg/mL (a) and upon changing the concentration of FL (b). In both cases, the behaviour of 

FL (blue spheres) is compared with the one of SDS (red squares). The legend shown in (b) is also true 

for (a). Adapted with permission from (Langmuir, 2017, 33, 1239). Copyright (2017) American Chemical 

Society.   

The presence of dye FL aggregated at the oil droplets can be proven by UV-vis spectroscopy. 

By letting an emulsion stabilized with fluorescein stand for several weeks, separation in a 

cream-phase at the top where oil droplets are accumulated and a serum phase which hardly 

contains any emulsion droplets any more occurs caused by the difference in oil and water 

density. This process can be reversed by simple shaking and is therefore no sign of instability; 

nevertheless, it allows for the separate analysis of the droplets-containing cream and the 

serum by UV-vis spectroscopy. The spectra obtained are completely different: while the 

spectrum of the serum shows one characteristic band at 492 nm in the spectrum which can be 

attributed to the monomeric form of FL, this band is split in at least two bands at higher and 

lower wavelengths, respectively, in the spectrum of the cream. This splitting has been 

predicted in literature for the calculated dimer and trimer spectrum of FL in aqueous media. 
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Those aggregated species accumulate in the cream together with oil droplets which indicates 

that the aggregates are located at the o/w interface since in the surrounding serum no 

aggregated FL species can be detected. The similar behaviour at the interface with respect to 

surface and interfacial tension together with a comparable bulkiness of both Na-[CoD] and FL 

justifies the designation of water-soluble dyes as “molecular-scale Pickering stabilizers” 

following the suggestion of Uchman et al.[149]  

2.4 Applications of Pickering emulsions 

Similar as emulsions stabilized by classical surfactants, Pickering emulsions find a variety of 

applications in different fields including biomedical applications such as bioimaging and drug 

delivery, manufacture of nanomaterials, food applications, compartmentalization for chemical 

reactions, (mini)emulsion polymerization or as templates for colloidal capsules and 

colloidosomes.[10–13] In the following, some examples for the most prominent application areas 

are given. 

2.4.1 Pickering emulsion droplets as drug-delivery systems 

In order to design drug-delivery systems, several parameters such as biocompatibility, 

encapsulation efficiency, controlled release and cell adhesion among others have to be taken 

into account. Pickering emulsions offer a great potential with respect to these demands since 

e. g. in contrast to low molecular-weight surfactants, particles are often non- or low toxic and 

don’t show haemolytic behaviour. Moreover, Pickering emulsions can normally be 

characterized by an enhanced stability and the particular shell around the droplets acts as a 

diffusion barrier which prevents encapsulated substances from diffusing out into the 

surrounding liquid. In addition, particle-stabilized emulsions are typically very robust and can 

even be dried which opens the pathway to a solid delivery form for biomedical 

applications.[11,13,15,105,106,109,135,139,161–164] Frelichowska et al.[105,106] investigated the skin 

absorption of both caffeine as a hydrophilic and all-trans retinol as a hydrophobic model drug 

from water or oil droplets stabilized with partially hydrophobized silica nanoparticles, 

respectively. The pig skin permeation rate of caffeine from the Pickering emulsion turned out 

to be threefold higher than from a surfactant-stabilized emulsion. In both cases, the hydrophilic 

model drug accumulated predominantly in the receptor fluids, but the amount of caffeine was 

significantly higher for particle-stabilized emulsions. This behaviour was attributed to a better 

adhesion of Pickering emulsion droplets to the surface of the skin.[106] On the other hand, the 

kinetics of uptake and the accumulation of all-trans retinol in the stratum corneum of pig skin 

was investigated and compared with the respective behaviour of surfactant-stabilized 

emulsions. The results show similar uptake kinetics for both emulsions but an enhanced 
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accumulation of vitamin A in the stratum corneum is observed in the case of the Pickering 

emulsion while diffusion through the stratum corneum into the viable epidermis and dermis 

takes place if the hydrophobic model drug originates from droplets stabilized by a classical 

surfactant. Thus, the authors conclude that Pickering emulsions are suitable drug-delivery 

systems for hydrophobic drugs for targeting the stratum corneum or in order to create a 

reservoir in the stratum corneum from which the drug can diffuse slowly to the deeper layers 

of the skin.[105] Similar results and a sustained release of all-trans retinol from oil droplets 

stabilized with a mixture of silica nanoparticles and oleylamine or lecithin has been reported 

by the group around Prestidge.[139,162] In addition, this group was able to enhance the stability 

of vitamin A to UV radiation by the encapsulation in oil droplets stabilized by a mixture of silica 

nanoparticles and oleylamine. This protection is essential for retaining the function of all-trans 

retinol.[161] The same group investigated the influence of shell composition and interfacial layers 

of silica nanoparticles on the release profile of the hydrophobic model drug di-butyl-phthalate 

(DBP).[109,164] They could show that depending on the concentration of NaCl in the outer 

aqueous phase the particles aggregate to different extents. Thus, a permeable monolayer or 

semi-permeable multilayers of particles are formed around the oil droplets which controls the 

release kinetics. At high salinities, the release of DBP is significantly slowed down as long as 

the DBP loading level is low, i. e. the released concentration is below the saturation limit. The 

authors could show that the activation energies for release are approximately 10 times higher 

than for barriers built up by classical polymeric stabilizers such as Pluronics®. For high DBP 

loading levels that cause a released concentration above the saturation limit, however, particle 

monolayers enhance the release of DBP compared to uncoated droplets. This is presumably 

due to adsorption of DBP to silica which increases the interfacial concentration and is 

subsequently followed by dissolution of DBP by the surrounding water. The described effect is 

less pronounced when multilayers of particles are used for the stabilization. It can be concluded 

that particles have a significant influence on the release behaviour of the hydrophobic model 

drug as they can either sustain or enhance the release behaviour to different extents, 

depending on the conditions (salinity, degree of loading).[109,164]  

2.4.2 Pickering emulsion droplets as compartments for reactants 

The conduction of chemical reactions in Pickering emulsions can have different reasons. In 

many cases, either different starting materials or the starting materials and the respective 

catalyst exhibit very different polarities and therefore, some components are oil-soluble while 

others dissolve in an aqueous environment. Besides the use of very difficult solvent mixtures, 

those reactions can be run in a batch organic-aqueous biphasic system which has the 

drawback of a very small o/w interface where the reaction can take place. One strategy to 
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overcome this problem is the performance of the reaction in emulsion. Zhang et al.[165] 

proposed the compartmentalization of water-soluble catalysts for organic reactions into 

Pickering emulsion droplets. After packing the emulsion into a column reactor, they were able 

to conduct three different interface catalyses in a continuous flow process. The general 

principle of this method is illustrated schematically in Figure 18. 

 

Figure 18: Aqueous Pickering emulsion droplets packed into a column reactor are used to encapsulate 

a water-soluble catalyst which reacts with the oil-soluble reactants in a continuous flow biphasic catalysis 

reaction. Adapted with permission from (J. Am. Chem. Soc., 2016, 138, 10173). Copyright (2016) 

American Chemical Society. 

The authors were able to show that water-soluble catalysts such as H2SO4, heteropolyacid 

(HPA) and Candida antarctica enzyme (lipase) are retained in emulsion droplets with an 

efficiency of over 95 % even when organic liquid is flowed through the column for 120 h. 

Subsequently, an acid-catalyzed addition reaction for the synthesis of tetrahydropyranyl 

ethers, a ring-opening reaction of epoxides with anilines catalyzed by HPA and an enzymatic 

reaction were successfully conducted. An enhanced catalytic activity compared to the bulk oil-

water biphasic system could be shown in addition to a durability over 2000 h without 

exchanging the emulsion droplets in the column. Moreover, this method is much more in 

accordance with “green chemistry” than the bulk biphasic process. Similarly, Huang and 

Yang[166] observed a fivefold increased reaction rate for a hydrogenation reaction in w/o 

Pickering emulsion compared to the conventional bulk heterophase system. Yang et al.[167] 

reported on the separate compartmentalization of incompatible water-soluble reactants in 

Pickering emulsion droplets. After layering the two emulsions, oil-soluble starting materials can 

access e. g. both droplets containing acid and droplets containing base. This concept opens 

the pathway to the conduction of cascade reactions mimicking multistep cascade reactions 

which can be found in living systems. As a model reaction, the authors chose the one-pot 

deacetylation-reduction cascade of benzaldehyde dimethylacetal into benzyl alcohol. In the 

first reaction step, the acetal reacts with an acid to form the aldehyde which is subsequently 
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reduced to the alcohol by NaBH4. Thus, one Pickering emulsion containing HCl in the aqueous 

phase and another one containing NaBH4 was prepared and layered. Afterwards, 

benzaldehyde dimethylacetal was added to flow through the different emulsion layers. The 

results of the cascade reaction are shown in Figure 19. It can be clearly seen that the reaction 

is only successful in an emulsion system containing two different kinds of aqueous droplets, 

one containing HCl and the other containing the reducing agent. As soon as one of these two 

essential components is missing or the reaction is conducted in the bulk heterophase system, 

the main part of the product is either unreacted starting material or benzylaldehyde. 

 

Figure 19: Deacetylation-reduction cascade of benzaldehyde dimethylacetal. The final composition of 

the reaction containing HCl and NaBH4 in the bulk biphasic system shows that only negligible amounts 

of the desired product (red) are formed and far over 90 % of the starting material (green) are left 

unreacted (a1). The same is true for an emulsion system containing only NaBH4 and no HCl (a2). If only 

one kind of Pickering emulsion containing HCl is applied and the reducing agent is missing, 

benzaldehyde dimethylacetal is converted completely to the aldehyde (dark red) (a3) while a full 

conversion to the alcohol can be observed in the system containing two different droplet types containing 

HCl and NaBH4, respectively (a4). Adapted with permission from (J. Am. Chem. Soc., 2015, 137, 1362). 

Copyright (2015) American Chemical Society. 

Beside this deacetylation-reduction reaction, three more cascades were investigated. For the 

deacetylation-Knoevenagel reaction, benzaldehyde dimethylacetal was used as the starting 

material again and HCl was encapsulated for the first step. As the second catalyst, 

ethanolamine was employed to enable the reaction of benzaldehyde with malononitrile. As an 

alternative, benzaldehyde was reacted with nitromethane in the presence of ethylenediamine 

in the emulsion droplets. The fourth reaction includes the diazotization of different substituted 

anilines in the presence of NaNO2 followed by the iodization with NaI which is encapsulated in 

the second kind of emulsion droplets. For all reaction cascades, conditions could be found that 

resulted in moderate to very good yields of the desired product. Chen et al.[168] went even one 

step further and designed surface-active artificial enzyme (SAE) particles on the basis of 
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mesoporous silica particles bearing octyl groups on the outside as well as amino and thiol 

groups on the inner surface. Subsequently, ultrafine gold nanoparticles were adsorbed to the 

thiol groups within the pores. Afterwards, thiol-ended catalytic groups were deposited on those 

gold nanoparticles. The authors used peptides, metal complexes and DNAzymes for this 

purpose in order to mimic esterase, phosphotriesterase, and peroxidase activities. Those 

particles were used to stabilize oil droplets containing hydrophobic substrates in an outer 

aqueous phase and subsequently catalyse the conversion of these substrates to water-soluble 

products. The authors were not only able to prove the catalytic activity of SAE particles, but 

they could also show that the artificial enzymes are much more robust than native ones since 

they did not lose activity noticeably and can therefore be re-used.  

2.4.3 Pickering emulsion droplets as templates for colloidosomes 

Emulsion droplets which are stabilized by solid particles can also be used as templates for the 

production of so-called colloidosomes which are hollow capsules composed of densely packed 

colloidal particles that are linked together. Those colloidosomes are characterized by a certain 

elasticity and permeability due to the porous structure of the particular shell.[169,170] An example 

of a colloidosome consisting of polystyrene particles which have been connected by sintering 

is shown in Figure 20. 

 

Figure 20: Scanning electron microscopy (SEM) images of a colloidosome. A: The shell of the capsule 

is composed of PS particles. B, C: Close-ups of A) and B), respectively. The particles have been fixed 

on their positions by sintering (C). From [Science, 2002, 298, 1006]. Reprinted with permission from 

AAAS. 

There is a variety of possibilities for the linkage of the colloidal particles so that they stay on 

their positions and form a robust shell that can also be transferred into another solvent after 

preparation. One possibility that has already been introduced is simple heating of the system 

which causes sintering of the particles.[169,171,172] Other ways to connect the particles include 

gelling of the core,[81,173,174] van der Waals or electrostatic interactions between the single 

particles[15,70,144,145,175,176] and covalent linkage.[16,80,83,84,173,177–181] Since colloidosomes exhibit a 
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very similar structure as Pickering emulsion droplets but the stability and robustness are 

increased compared to the emulsion system, these structures can find applications in the field 

of drug delivery or nanoreactors. A controlled release of any encapsulated compound can be 

achieved by diffusion through the pores which can be controlled to a certain extent by the 

choice of the particles that are used to build the shell.[169] The pseudo-triangular pores between 

smaller nanoparticles are obviously smaller than the interstices between large colloids. 

Moreover, if the particles are fixed by sintering, it is possible to gain control over the pore size 

by variation of the heating conditions.[172] Oher possibilities of controlled release include the 

swelling of the particles under specific conditions,[173] the coating with a pH responsive polymer 

which can selectively block the pores or allow encapsulated substances to diffuse out[177] or 

the aimed rupture of the shell by high shear forces[169] or upon changing the pH.[176] Especially 

for an application as drug delivery systems, colloidosomes should not exceed a size of 1 µm 

in order to profit from the enhanced permeation and retention effect.[14–17] In the following 

section, some examples for submicron colloidosomes are presented.  

As already introduced earlier, Bollhorst et al.[70] stabilized water droplets in oil with a 

combination of likely charged particles and surfactants. The resulting Pickering emulsion 

droplets with diameters less than 1 µm are very stable and particles are held together so 

strongly without any additional cross-linking that the as-prepared colloidosomes could be 

transferred into water by centrifugation. The shell-structure was remained and could be proven 

by cryo-SEM images and further confirmed by HAADF (high angle annular dark field) 

measurements. However, not only the sub-µm colloidosomes can be found in the resulting 

aqueous dispersion, but also free particles as well as large agglomerates with diameters in the 

µm range. In the following-up work, the same group prepared colloidosomes which consist of 

nanodiamonds (NDs) and are therefore called “diamandosomes”.[144] Again, either positively 

charged NDs in combination with stearyl amine or negatively charged NDs together with stearic 

acid were used to build up the particular shell around aqueous droplets. The resulting 

colloidosomes are characterized by diameters between 200 and 500 nm and a very robust 

shell. It was again Bollhorst et al.[145] who introduced the formation of submicron colloidosomes 

by coassembling superparamagnetic iron oxide nanoparticles (SPIONs) and fluorescent-dye-

doped silica nanoparticles (FSNPs) together with a likely charged surfactant. In the first step, 

they showed that stable colloidosomes can be prepared from either particle sort alone. Upon 

combining SPIONs and FSNPs, however, colloidosomes that can potentially be used for 

combined treatment and diagnostic methods are produced.[145] Recently, Jiang et al.[16] 

reported on the preparation of all-silica submicron colloidosomes. They used partially 

hydrophobized silica nanoparticles for the stabilization of w/o emulsions. Upon addition of 

tetraethyl orthosilicate (TEOS), those particles were covalently linked to form a shell. Li et al.[15] 
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proposed a very elegant way to prepare colloidosomes that can be destabilized by a light 

trigger. They used both positively and negatively charged silica nanoparticles surface modified 

with different amounts of (3-nitro-N-(3-(triethoxysilyl)propyl)-4-(((3-(triethoxysilyl)-propyl)-

amino)methyl)-benzamid) (NB, see Figure 21 a) as building blocks for the particular shell. By 

combining equal mass fractions of both positively and negatively charged NB modified silica 

nanoparticles (NBSNPs), stable colloidosomes were obtained while each particle sort alone 

failed to form resistant particular shells around the oil droplets. Upon irradiation with light, NB 

undergoes photocleavage (see Figure 21 a) and the originally positively charged organic 

moiety on the surface of the SNPs is rendered neutral. This in turn results in a negative overall 

charge of the initially positively charged SNPs due to silanol groups on their surface. On the 

other hand, the zeta-potential of initially negatively charged silica particles decreases further 

from -50 mV to -80 mV upon irradiation (see Figure 21 b). Thus, electrostatic repulsion 

between like charged particles at the droplets’ surface causes complete damage of the 

colloidosomes (see Figure 21 c) which has been proven by an encapsulation and release 

experiment with the hydrophobic dye nile red as a model (see Figure 21 d).   

 

Figure 21: Preparation and application of colloidosomes for light-triggered cargo release. (3-nitro-N-(3-

(triethoxysilyl)propyl)-4-(((3-(triethoxysilyl)-propyl)-amino)methyl)benzamid) (NB) as an initially 

positively charged silane which turns neutral upon photocleavage is used to modify the surface of 
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negatively charged silica nanoparticles to different extents (a). Upon irradiation, initially positively 

charged NBSN-2 particles are rendered negatively charged while initially negatively charged NBSN-1 

particles stay negatively charged (b). As a consequence, originally stable colloidosomes composed of 

a combination of NBSN-1 and -2 can be destabilized by irradiation (c), which leads to the controlled 

release of a cargo (d). Reprinted with permission from (Angew. Chemie Int. Ed., 2015, 54, 6804). 

Copyright (2015) John Wiley and Sons. 

2.4.4 Pickering emulsion droplets as templates for polymerization and complex 

materials 

The example of Bon et al.[97] who used Pickering emulsions for the preparation of complex 

nanopatterned silica nanoparticles has been given above. They used a three-step process 

including two different kinds of Pickering emulsion and hydrolysis and condensation reaction 

to obtain silica capsules decorated with clay discs-armored polystyrene nanoparticles. Without 

the oil-water interface of Pickering emulsions as templates, such complex structures would be 

hardly accessible. Xu et al.[182] made use of Pickering emulsions for the fabrication of 

anisotropic gold and platinum capsules with single holes. In the first step, they stabilized 

droplets of molten paraffine wax in water with the help of Cu2O multifacet particles at 70 °C. 

After cooling to room temperature and solidification of the wax, polyvinylpyrrolidone and either 

HAuCl4 or H2PtCl6 was added which induces a galvanic reaction whereby Cu+ from the 

stabilizing Cu2O particles is oxidized to Cu2+ and elemental gold or platinum, respectively, is 

built at the surface of the multifacet particles. As one side of the Cu2O particles is not accessible 

by the gold or platinum precursor, hollow capsules which bare a hole on one side are formed. 

Subsequently, the enhanced catalytic activity of these structures compared to closed capsules 

was shown in a model reaction.  

The work of Zhang et al.[183] who prepared w/o/w double emulsions stabilized by in situ 

fabricated silica nanoparticles has been introduced earlier. By polymerizing the MMA 

containing oil phase between the silica layers they were able to produce silica-PMMA hybrid 

microcapsules. Chen et al.[178] also reported on the formation of organic–inorganic hybrid 

hollow spheres. They used titania nanoparticles to stabilise oil droplets containing styrene, 

divinylbenzene (DVB), hexadecane and the initiator 2,2′-azobis(2,4-dimethyl valeronitrile). 

Consequently, the emulsion was heated to 51 °C which induces the radical polymerization of 

styrene and DVB to form a polymer network. Drying and solvent evaporation leads to capsules 

with a shell composed of cross-linked polystyrene and TiO2 nanoparticles. Similar raspberry-

like organic-inorganic hybrid capsules were prepared by Cao et al.[140] via Pickering 

miniemulsion polymerization. They used silica-stabilized hexadecane droplets as templates for 

the polymerization of a mixture of styrene, 4-vinylpyridine and DVB initiated by ,’-
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azoisobutyronitrile (AIBN) at 72 °C. Stable colloidal systems leading to the desired hybrid 

capsules could only be obtained by adjusting the pH of the aqueous continuous phase to 

9 – 9.5. Capsule diameters between 200 nm and several micrometers can be achieved by the 

application of different amounts of silica nanoparticles as stabilizers. The same group prepared 

similar structures by the solvent displacement technique.[141] They applied oil droplets 

containing poly(styrene-co-4-vinyl pyridine) (poly(St-co-4-VP)) as the polymer, tetrahydrofuran 

(THF) as the good solvent for the polymer and hexadecane as the soft template stabilized by 

silica nanoparticles. Raspberry-like capsules are formed upon diffusion of THF to the aqueous 

phase which causes the precipitation of the polymer which is not soluble in the droplets 

containing hexadecane any longer. The size of the capsules could be tuned from tens of 

micrometers to several hundred nanometers by adjusting the homogenization method. While 

big capsules are obtained when the oil-water mixture is mechanically stirred, submicron 

structures are accessible via ultrasonication. Polymerization within Pickering emulsion droplets 

cannot only result in hybrid material capsules but also in polymer particles decorated with 

Pickering stabilizers. Ma et al.[101] prepared polystyrene particles with a shell composed of silica 

nanoparticles via radical polymerization of styrene in droplets stabilized by SNPs. They used 

either 2,2-azobis(2-methyl-N-(2-hydroxyethyl)propionamide (V-086) or potassium 

peroxodisulfate (KPS) as initiator and observed two different mechanisms resulting in different 

sized polymer particles for the two initiator systems. In the case of KPS, droplet nucleation 

leads to polystyrene particles in the micrometer range. However, if V-086 is used as an initiator, 

a homogeneous coagulative nucleation mechanism is proposed which opens the way to 

polymer particles with diameters of approximately 200 nm. Additionally, they used N-

isopropylacrylamide as a comonomer together with styrene and fabricated polystyrene/poly(N-

isopropylacrylamide)-silica core-shell nanoparticles. These polymer particles were proven to 

be temperature responsive and are taken up by human prostate cancer cells which gives rise 

to the assumption that they can act as “smart” and controlled drug delivery vehicles.[101] The 

group around Bourgeat-Lami[184] introduced a way to load solid Laponite clay particles with 2,2-

azobis(2-methylpropionamidine) hydrochloride (AIBA) and make them act as both stabilizers 

and solid initiator systems for the copolymerization of styrene (St) and butyl acrylate (BuA) in 

emulsion droplets. Consequently, poly(St-co-BuA)/Laponite composite latexes could be 

obtained. Pakdel et al.[185] prepared silica-coated PMMA particles via radical polymerization of 

MMA in emulsion droplets stabilized by in situ formed silica nanoparticles. All examples given 

until now deal with hybrid materials containing inorganic particles at the outside and the organic 

polymer at the inside of the resulting structure. In contrast, van Wijk et al.[186] reported on the 

preparation of poly(methyl methacrylate) (PMMA)–silica microcapsules bearing silica at the 

inside and PMMA particles at the outside of the capsules. They started from an inverse 

Pickering emulsion stabilized by PMMA particles in combination with poly(styrene-block-
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(ethylene-co-propylene)) (PS-b-EP). Subsequently, n-hexylamine as an oil-soluble and 

amphiphilic catalyst and TEOS as the silica precursor were added which is followed by an 

interfacial sol-gel process producing a silica shell at the inside of the emulsion droplets. The 

thickness of this shell can be controlled by the amount of TEOS which is added and ranges 

from 150 to 800 nm. This allows the adjustment of permeability of the capsules as thicker walls 

provide less diffusion from the inside to the outside than thin shells which makes these 

capsules potential candidates for the encapsulation and controlled release of drugs or selective 

reactants. 

2.4.4.1 Polymerization in Pickering mini- or nanoemulsions 

In order to obtain polymer particles with sizes in the range of hundreds of nanometers 

decorated with smaller (inorganic) nanoparticles, Pickering mini- or nanoemulsion 

polymerization is a commonly used technique. As introduced earlier, miniemulsions are 

kinetically stable with droplet sizes in the range of 30 – 500 nm. In contrast to macro- or 

microemulsions they contain an osmotic pressure agent which is soluble in the dispersed 

phase but insoluble in the surrounding outer phase and acts against the Laplace pressure to 

prevent droplets from undergoing Ostwald ripening.[36] Tiarks et al.[143] used several different 

monomers such as styrene, butyl acrylate and MMA in combination with 4-vinylpyridine, the 

osmotic pressure agent hexadecane and AIBN as initiator for the radical polymerization as oil 

phase in miniemulsions stabilized by a mixture of silica nanoparticles and different surfactants 

including SDS, cetyltrimethylammonium chloride (CTMA-Cl) as well as the non-ionic surfactant 

Lutensol AT50. After polymerization of the oil droplets, different hybrid structures were 

obtained depending on the surfactant employed in combination with the silica nanoparticles. 

Without any additional surfactant, stable miniemulsions are obtained as long as the oil-phase 

is not too hydrophobic. Pure styrene could not be stabilized while a mixture of styrene and 4-

VP results in stable polymer particles with silica particles sticking to them at the outside after 

polymerization. These structures were referred to as “hedgehog” morphology by the authors. 

Both the addition of SDS and Lutensol AT50 does not improve the incorporation of silica 

particles in the polymeric material. Upon adding CTMA-Cl, however, different effects could be 

observed depending on the concentration of surfactant. Small amounts of CTMA-Cl result in 

hedgehog structures with an improved coupling between silica and polymer particles. On the 

other hand, large amounts of the surfactant render the silica nanoparticles so hydrophobic by 

adsorbing at their surface that the particles are not contributing to the stabilization of the 

monomer droplets any longer. Instead they stay completely in the oil-phase and are 

incorporated within the polymer particles after polymerization which shows the flexibility of the 

system regarding the formation of differently structured hybrid materials. Schrade et al.[142] 
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reported on the preparation of raspberry-like polymer particles with a shell consisting of 

inorganic particles. They used positively charged alumina-coated silica nanoparticles to 

stabilize droplets of different monomer mixtures consisting of styrene and either acrylic acid 

(AA), methacrylic acid (MAA) or acrylamide (AAm) in an aqueous continuous phase. 

Hexadecane was employed as osmotic pressure agent and radical polymerization was initiated 

by AIBN. Stable systems could only be obtained from a combination of styrene with AA, MAA 

or AAm which is attributed to an insufficient interaction of positively charged nanoparticles with 

pure styrene. An increase in the pH-value of the aqueous phase increases the fraction of AA 

and MAA, respectively, dissolved in water which results in destabilization of the emulsion 

system. Therefore, it turned out to be important to adjust the pH to about 2. Hybrid silica-

polymer particles with sizes between 750 nm and 300 nm and a raspberry-like structure could 

be obtained by variation of the comonomer, the employed amount of silica and the size of silica 

nanoparticles (22 nm and 12 nm, respectively).  

Based on the finding that dye-aggregates can act as stabilizers for direct emulsions as 

introduced earlier,[152] within this work the radical polymerization of styrene in emulsions 

stabilized by either fluorescein (see SS2[152]) or alizarin yellow (see SS3[187]) is investigated. In 

contrast to other Pickering miniemulsion polymerizations, the dyes cannot only be used as 

stabilizers but also to introduce additional functionality such as colourfulness to the final latex. 

On the other hand, it might be useful to have access to pure polymeric particles which are 

neither decorated with solid particles nor with surfactant molecules regarding applications in 

the field of cosmetics, coatings or adhesives. Polymer particles which are prepared via 

classical Pickering emulsion polymerization bear solid particles on their surface which cannot 

be removed easily. One possibility to get rid of these particles is e. g. the treatment of the 

material with HF in order to dissolve for example silica particles. Nevertheless, the resulting 

polymer particles won’t exhibit a smooth surface after dissolution of the initially stabilizing 

particles, but their structure will be turned into a morphology similar to a golf ball. Latexes 

originating from classical emulsion polymerization, however, are stabilized by surfactants that 

are adsorbed at the particles’ interface. Those surfactants are normally colourless and 

therefore, the purification process is hard to trace. The removal of dyes from polymer particles 

however can be followed either visually or with the help of UV-vis spectroscopy. Moreover, 

dyes can be adsorbed to (dye-specific) adsorbents which is a great advantage over 

conventional surfactants and will be described and discussed in detail in the next chapter. As 

a proof of concept, the radical polymerization of styrene initiated by an oil soluble azo initiator 

in a miniemulsion stabilized by fluorescein was conducted. After 20 h at 40 °C, over 90 % of 

the monomer have been converted to polystyrene and polymer particles with a size of 

approximately 300 nm are obtained. The washing of these particles with aqueous sodium 
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hydroxide solution could be easily followed visually by the fading colour of both the particles 

and the washing solutions.[152] More detailed investigations including mechanistical studies 

were performed for the polymerization of styrene in emulsion droplets stabilized by alizarin 

yellow GG (AY) (see Figure 22).[187] A water-soluble azo-initiator was employed which enables 

polymerization to be completed after 180 min at 70 °C. The influence of dye concentration as 

well as ultrasonication time used for homogenization before starting the polymerization by 

adding the initiator was investigated.  

 

Figure 22: Schematic representation of the radical polymerization of styrene in miniemulsions stabilized 

by alizarin yellow GG (AY).  

As expected, droplet sizes could successfully be decreased with an increase in AY 

concentration or in ultrasonication time. Coincidently the droplet size distribution expressed by 

the polydispersity index (PDI) is improved. Subsequently, the nucleation mechanism and 

kinetics of styrene polymerization in emulsion droplets was investigated. It could be shown that 

dye-stabilized styrene droplets act as nanoreactors at AY concentrations equal to or higher 

than 1 mg/mL by comparing both droplet and particle diameters and determining Nf/Ni which 

represents the ratio between the number of final latex particle in a unit volume Nf and the 

number of initial droplets in a unit volume Ni. For dye concentrations of 1, 1.5 and 2 mg/mL, 

respectively, Nf/Ni values of 0.95, 0.99 and 0.99 were obtained which shows that in these cases 

one droplet is transferred to one polymer particle. At lower AY concentrations, Nf/Ni does not 

exceed 0.8 indicating aggregation and merging of the droplets. If these emulsions are allowed 

to stand for 24 h prior to starting the polymerization, however, Nf/Ni could be increased to 0.93 

which suggests that droplets have already merged before the polymerization was initiated. The 

concentration of AY does not only affect the size of the final polymer particles (diameters 

between 450 nm and 180 nm are accessible by variation of the dye concentration between 0.3 

and 2 mg/mL), it has also a great influence on the conversion and polymerization rate Rp of 

styrene. Final conversions of over 90 % could be achieved for all polymerization runs; however, 

the highest conversion of 96 % was obtained for the two batches exhibiting the highest dye 

concentration. It could be shown that the polymerization kinetics is faster for samples 
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containing a higher amount of AY compared to those at low AY concentrations which is related 

to smaller droplet sizes. Moreover, the plot of Rp versus reaction time showed the typical 

behaviour of miniemulsion polymerizations for c(AY) ≥ 1 mg/mL. For lower concentrations, the 

third regime which shows an exponential decay just as it is known for bulk polymerizations is 

more pronounced. All in all, alizarin yellow GG has been shown to act as a fully compatible 

stabilizer for miniemulsion polymerization and it can be assumed that this is also true for other 

water-soluble dyes.[187] This might be beneficial in further polymerizations as the stability of 

dye-stabilized emulsions strongly depends on the combination of external conditions such as 

pH-value and temperature and dye.[152] Thus, the dye used as stabilizer for a specific 

miniemulsion polymerization can be adjusted to the conditions required or desired for the 

polymerization. 

2.4.4.2 Hydrolysis and condensation reaction of TEOS at the interface of dye-

stabilized emulsion droplets 

In the polymerization system described in the previous section, the interface of dye-stabilized 

emulsion droplets plays a subordinate role with minor influence on the outcome of the reaction. 

As the dye concentration at the interface is high compared to the bulk aqueous phase and the 

dyes are equipped with several functional groups, interfacial reactions are assumed to be much 

more interesting than reactions in the bulk oil phase. Since water-soluble dyes are known to 

interact with silica[22] the hydrolysis and condensation reaction of TEOS originating from the 

interior of the emulsion droplets was decided to be investigated within this work. Several 

examples of similar reactions in comparable emulsion systems but with different stabilizers of 

emulsion droplets have been described in literature. Peng et al.[188] reported on the sol-gel 

process at the interface of oil droplets containing TEOS, octane and hexadecane stabilized by 

CTAB in an aqueous continuous phase. After homogenization via ultrasonication and an 

incubation time of 24 hours, hollow silica capsules were obtained. This behaviour is quite 

reasonable and can be explained as follows: TEOS diffuses from the oil droplets to the 

interface where hydrolysis takes place. This process is followed by quick condensation of the 

silicate-species. Consequently, a silica shell is formed around the oil droplets which for their 

part act as soft templates.[188] Cao and co-workers[189] reported on the formation of silica 

capsules in the submicrometer range via hydrolysis and condensation of TEOS in inverse 

miniemulsions. Aqueous droplets acted as templates for the deposition of the silica shell in a 

system comprising P(E/B)-PEO with a low HLB-value in cyclohexane as well as water with a 

defined pH-value. After preparation of the respective miniemulsion, TEOS was added to the 

outer oil phase and the mixture was stirred at 40 °C for 24 hours to complete interfacial 

hydrolysis and condensation. Controlled porosity could be introduced to the silica capsules by 
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adding different amounts of CTAB to the aqueous phase. A similar approach was described in 

the following-up work by Cao et al.[190] where transition-metal salts were added to the aqueous 

phase instead of CTAB. Consequently, silica capsules with diameters below 1 µm containing 

e. g. Co(BF4)2 or Fe(BF4)2 were obtained by the interfacial sol-gel process in inverse 

miniemulsion. The examples of van Wijk et al.[186] and Jiang et al.[16] who used the addition of 

TEOS to the oil phase of inverse Pickering emulsions in order to obtain covalently cross-linked 

particular shells around the oil droplets have been given earlier.  

In all of these examples, hollow structures with a shell composed of either pure silica or a 

hybrid material containing silica are obtained. Within this work, comparable results were 

achieved when cationic water-soluble dyes are employed as stabilizers for oil droplets 

containing TEOS (see SS4[191]). As an example, silica capsules can be produced after 7 days 

reaction time from an emulsion comprising 20 mg of crystal violet (CV) dissolved in 10 mL of 

water at ambient pH (5 - 6) and an oil phase consisting of 360 µL of TEOS, 180 µL of toluene 

and 60 µL of n-hexadecane (see Figure 23 A and B). The interfacial hydrolysis and 

condensation reaction can be conducted at room temperature without stirring. The resulting 

capsules show a monodisperse size distribution and exhibit a diameter of approximately 

150 nm (TEM). It is quite obvious that one capsule results from one emulsion droplet since the 

droplets in the original emulsion were characterized by a diameter of 190 nm (DLS). As soon 

as negatively charged dyes such as congo red (CR) are employed as stabilizers, however, 

small massive silica particles are obtained (see Figure 23 C and D). 
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Figure 23: TEM images of silica capsules formed from an emulsion stabilized by CV (A and B) and small 

silica nanoparticles formed from an emulsion stabilized by CR (C and D). The scale bars are 500 nm 

(A and C) and 200 nm (B and D). Reprinted with permission from (ACS Appl. Mater. Interfaces, 2018, 

10, 24310). Copyright (2018) American Chemical Society. 

If 5 mg of CR are used instead of 20 mg of CV in the emulsion system described above and 

all of the other parameters are kept constant, SNPs with a diameter of approximately 16 nm 

(TEM) which are very uniform in both size and shape are produced. Both from the TEM image 

of this sample (see Figure 23 C) and from the fact that the droplets in the emulsion had a 

diameter in the range of hundreds of nanometers which is much bigger than the one of the 

resulting particles it can be concluded that in this case not only one but many particles are 

formed from one single emulsion droplet. A schematic overview of these findings is given in 

Figure 24.  

 

Figure 24: Schematic representation of the formation of both silica capsules and small silica 

nanoparticles from miniemulsions stabilized by cationic and anionic dyes, respectively. 

As the formation of silica capsules templated by emulsion droplets is well-understood and 

conventional emulsion systems are frequently applied for the preparation of these structures, 

further experiments, mechanistical studies and explanations will focus on the formation of sub-

20 nm SNPs from dye-stabilized emulsions within this work. Such small and monodisperse 

silica nanoparticles are very interesting as they exhibit a variety of applications ranging from 

the preparation of polymer composites over biomedical and optical applications to their use as 

templates for hollow capsules or porous materials. In addition, silica nanoparticles are 

employed as stabilizers for Pickering emulsions very frequently as shown in numerous 

examples in previous sections. In the following section, an overview of both applications and 

synthesis strategies for sub-20 nm silica nanoparticles will be given followed by a more detailed 

summary of the system investigated within this work. 
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2.4.4.2.1  Applications of sub-20 nm silica nanoparticles  

One of the most prominent applications of small SNPs can be found in the field of polymer 

science where they are frequently used as fillers in polymer blends in order to tune chemical, 

physical, thermal and mechanical properties such as thermal stability, glass transition 

temperature (TG), dielectric constant, elastic or storage modulus.[192] Yu and Chen[193] used 

SNPs with a diameter of 15 nm to improve the thermal stability of an acrylic polymer. They 

were able to show that thermal stability increases with an increase in the silica content of their 

thin films while the high transparency of the material was maintained. In a similar manner, Liu 

et al.[194] were able to increase the thermal stability of epoxy resins by adding SNPs with a size 

of 10 – 20 nm. While the thermal stability increased with an increase in the silica content up to 

70 wt%, a drop in TG was observed at the same time which is due to the plasticizing effect of 

the colloids. The group around Scarinzi and Mascia[195] investigated epoxy-silica 

nanocomposites with respect to their mechanical properties. The addition of up to 10 wt% of 

SNPs with a diameter of 10 – 15 nm results in a significantly enhanced fracture toughness. 

Furthermore, the critical crack-length for the onset of crack propagation could be increased. 

Vega-Baudrit et al.[196] combined thermoplastic polyurethane (TPU) with 7 nm sized silica 

nanoparticles of different hydrophilicities. Independent from the surface groups of the particles, 

their addition caused an improvement in mechanical, rheological, thermal and adhesion 

properties of TPUs. The more hydrophilic the particles are, the more phase-separation 

between hard and soft regions in the TPU could be observed which goes along with a higher 

crystallinity and an increase in the brittle fractureness.  

Moreover, small SNPs are frequently employed for different optical uses. For coating 

applications, it is usually desirable that the particles used to prepare the film are much smaller 

than the wavelength of visible light in order to reduce scattering effects and render the coating 

transparent. Sub-20 nm SNPs fulfil this requirement and are therefore frequently employed for 

the preparation of antireflecting, antifogging or superhydrophobic films. In addition, surfaces 

with roughness on two different length scales (micro- and nanoscale) mimicking the structure 

of for example lotus leaves are beneficial. The group around Rubner[197] suggested a layer-by-

layer processing of two different polymers together with both 50 and 20 nm sized SNPs for the 

preparation of transparent superhydrophobic coatings. In a first step, they deposited a layer 

composed of poly(sodium 4-styrenesulfonate) (SPS) and poly(allylamine hydrochloride) (PAH) 

on a glass substrate in order to guarantee adhesion of the following layers. Subsequently, 

several layers containing PAH as well as silica nanoparticles with a diameter of 50 and 20 nm 

were assembled onto the adhesion layer providing roughness on the larger scale. 

Subsequently, three layers containing only the smaller SNPs and PAH were deposited (see 
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Figure 25 a). These top layers guarantee roughness on the nanoscale and prevent water from 

penetrating the lower layers. Finally, the surface was turned hydrophobic by the deposition of 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane. The resulting coating is characterized by a 

transmittance of up to almost 95 % at a wavelength of 584 nm and shows very promising 

superhydrophobic properties as the contact angle of water droplets on the surface is > 150° 

and contact angle hysteresis is very low (5° – 7°) (see Figure 25 b). 

 

Figure 25: Schematic representation of the multilayer coating containing two different polymers along 

with silica nanoparticles (20 and 50 nm) (a). This coating shows good superhydrophobic properties as 

well as high transparency (b; the right side of the glass is coated while the left one is not). Reprinted 

with permission from (Langmuir, 2007, 23, 7293). Copyright (2007) American Chemical Society. 

The same group used a very similar approach of layer-by-layer assembly of SPS, PAH and 

silica nanoparticles with a diameter of 7 nm to create coatings with antireflection and 

antifogging properties.[198] To guarantee antifogging properties, however, water contact angles 

of less than 5° are required. That’s why the layer-by-layer assembly in this case is not followed 

by a treatment with a hydrophobizing silane. It turned out that more than eight bilayers are 

necessary to obtain the desired wetting properties which was not possible for silica particles 

with a diameter of 12 nm or 22 nm, respectively, as aggregation of these particles induced light 

scattering and therefore, the transparency was lost. For the smallest SNPs with a size of 7 nm, 

however, even films consisting of over 10 bilayers showed excellent transmittance values of 

up to over 99 %. This indicates that the film is not only transparent, but also antireflective as 

the transmittance of pure glass is only 92 %. In addition, antifogging behaviour has been shown 

to be provided by this coating since the contact angle of water is below 5°. This superwetting 

is most likely caused by the nanoporosity of the film. Liu et al.[199] reported on the preparation 

of films consisting of ultrasmall silica nanoparticles with diameters below 10 nm for deep-

ultraviolet antireflection coatings. With the smallest particles (4.8 nm), they were able to obtain 

an excellent transmittance of 99.92 % in the deep-ultraviolet band. 

Another broad application field of small SNPs is their use as templates. Choi and Kuroda[200] 

employed small SNPs with diameters between 10 nm and 20 nm synthesized from a solution 

containing water, TEOS and tris(hydroxymethyl)aminomethane (THAM) for the preparation of 
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mesoporous carbon. As the particles are very uniform in size, they assemble into a well-defined 

three-dimensional array upon solvent evaporation. THAM does not only act as a catalyst in the 

SNP synthesis, but also as a promoter for self-assembly and the carbon source in this system. 

Consequently, mesoporous carbon was obtained by simply heating the silica array with sulfuric 

acid to 100 °C and 250 °C which causes polymerization and carbonization of THAM, 

respectively. In the last step, the silica particles were removed by dissolving them with the help 

of HF. Watanabe et al.[201] went one step further and reported on the preparation of porous 

carbon with pore sizes between 40 nm and 200 nm. In order to obtain silica nanoparticles that 

are monodisperse enough to act as template, they prepared very uniform SNPs with a diameter 

of 14 nm which were used as seeds for further particle growth. Thus, they were able to obtain 

highly monodisperse SNPs with different diameters by running several regrowth cycles. These 

particles were assembled in three-dimensional arrays and carbon replica of these structures 

were obtained by acid catalysed polymerization and subsequent carbonization of furfuryl 

alcohol. In the last step, SNPs were dissolved using HF. Similar regrowth approaches were 

reported by Hartlen et al.[202] and the group around Rezwan.[203] The former prepared SNPs in 

the range between 50 nm and 100 nm by a Stöber silica regrowth process using small SNPs 

as seeds. The particles with larger diameters exhibited polydispersities as low as 2 %, which 

is typically not possible to obtain for particles prepared via the classical Stöber process. These 

particles in turn can be used for self-assembly and templating purpose. In addition, they 

showed another big advantage of the regrowth method over conventional particle synthesis: 

the fluorescent dye rhodamine 6G could successfully be incorporated and fixed within the 

particles’ structure by a silica shell when it was added to the aqueous solution containing seeds 

and further silica precursor. The group around Rezwan[203] used fluorescently labelled silica 

seeds with a diameter of 10 nm for the production of larger SNPs with sizes between 30 nm 

and 90 nm. Subsequently, they performed cell experiments with these particles and were able 

to show that these SNPs can be detected and therefore followed easily because of their 

fluorescence properties.  

Quan et al.[204] employed small SNPs in biomedical applications and investigated dye-doped 

silica nanoparticles with different sizes with respect to their ability to be taken up by sentinel 

lymph nodes (SLNs) and, therefore, to be able to image them. For the preparation of bigger 

particles (e. g. 120 nm), they also used the seeded regrowth method in order to obtain uniform 

particles. They could show that only small SNPs with a diameter of 12 nm can be used for the 

identification of SLNs because they are taken up by SLNs within 10 minutes after intradermal 

injection. Furthermore, they are distributed evenly inside the SLN and can be detected via non-

invasive imaging which was not possible for bigger particles with a diameter of 120 nm. 
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2.4.4.2.2 Synthesis of small SNPs 

Until now, a variety of synthesis routes to sub-20 nm silica nanoparticles has been reported in 

literature. Although the classical Stöber process can only be applied for the preparation of silica 

particles in the micron size range[205], several modifications have been proposed in order to 

extent the size range accessible via this method. Liu et al.[199] reported on the preparation of 

SNPs in the range between 4.8 nm and approximately 60 nm by adding the polymeric 

surfactant Triton X-100 to the reaction mixture proposed by Stöber (aqueous ammonia 

solution, TEOS and ethanol). After stirring the mixture with a pH-value between 10.5 and 11.5 

at ambient temperature for 6 hours and aging for 14 days, the final particles were transferred 

into films via dip-coating. The size of the resulting particles can be controlled by variation of 

the concentration of ammonia and Triton X-100. An increase in the amount of polymer added 

to the reaction mixture or a decrease in the ammonia concentration is accompanied by a 

decrease in the particles’ diameter. However, very small particles tend to aggregate strongly 

and in order to obtain pure SNPs, extensive washing is required to remove the surfactant from 

the dispersion. Han et al.[206] also stayed quite close to the recipe introduced by Stöber, but 

added some lithium hydroxide to the solution containing water, TEOS, ethanol and ammonia. 

Particles with diameters between 15 nm and 230 nm could be isolated after stirring the reaction 

mixture for 6 h at room temperature. Small particles were obtained at either low or high LiOH 

concentrations and low ammonia concentration while bigger particles can be produced by 

adding an intermediate amount of LiOH. Nevertheless, the resulting particles are quite irregular 

in both size and shape. The group around Tatsumisago[207] proposed a system containing 

TEOS, aqueous ammonia solution (25 %) and ethanol for the preparation of SNPs with 

diameters between 7.6 nm and 60 nm at ambient temperature within 24 h under stirring. Less 

water or more ethanol in the reaction mixture resulted in bigger particles. The resulting silica 

sols can be concentrated under reduced pressure so that dispersions with particle 

concentrations of remarkable 15 wt% can be achieved. The diameter of the particles 

determined by DLS does not change upon this process; however, particles seem to aggregate 

as in the TEM images network-like structures rather than single particles are found. Kim and 

co-workers[208] suggested the fabrication of small SNPs at room temperature within one hour 

in a system containing water, TEOS, methanol and ammonium hydroxide at high pH-values 

(>11). They were able to gain control over the size of the resulting particles by changing the 

amount of TEOS, ammonium hydroxide and water or by adding ethanol instead of methanol. 

An increase in TEOS or NH4OH concentration, a decrease in the amount of water added to 

the reaction mixture or switching from methanol to ethanol are appropriate ways to obtain 

particles with larger diameters. Via this method, SNPs with sizes between 5 nm and 450 nm 

are accessible; however, TEM images prove that the resulting particles are not uniform in size 
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and shape which might be a disadvantage for certain applications. Apart from alkoxy silanes, 

elemental silicon has been used as the precursor for the preparation of silica nanoparticles 

with diameters between 12 nm and 100 nm.[209] High temperatures between 65 and 90 °C in 

combination with a pH-value of 12 which is adjusted with ammonia and NaOH in an aqueous 

system lead to the formation of particles out of elemental silicon after approximately two and a 

half hours under vigorous stirring. The size of the particles can be tuned by variation of the 

reaction temperature; at higher temperatures, bigger particles are produced. As an alternative, 

microreactor systems have been proposed for the fabrication of SNPs with diameters ranging 

from 20 nm to the micrometer range in a continuous flow device.[210,211] Small particles are 

obtained at high temperatures of 80 °C and high pH values of >11 from an ammonia-catalysed 

reaction mixture containing TEOS, water and ethanol. The size of the particles can be fine-

tuned by adjusting the reaction time and the concentrations of the employed reactants, but 

20 nm is the smallest size accessible via this method and the resulting particles exhibit a rather 

broad size distribution. Another approach is proposed by Choi and Kurada[200] who reported on 

the use of tris(hydroxymethyl)aminomethane (THAM) as a catalyst for the hydrolysis and 

condensation reaction of TEOS in aqueous solution at pH-values between 9.5 and 11.5 and 

temperatures between 40 °C and 80 °C. In contrast to the classical Stöber process and to the 

examples stated until now, ammonia is replaced by THAM and no alcohol is contained in the 

initial reaction mixture which is beneficial with respect to increased stability of the prepared 

particles against dissolution in contrast to alcohol containing systems.[212] They were able to 

produce monodisperse silica nanoparticles with sizes between 10 nm and 20 nm after 24 h of 

stirring. The size can be fine-tuned by varying the reaction temperature, the concentration of 

THAM and the amount of TEOS. While higher temperatures and an increase in the TEOS 

concentration lead to SNPs with a larger diameter, more THAM within the system results in a 

higher pH-value which is accompanied by a decrease in the final particle size. Besides 

modified Stöber processes, hydrolysis and condensation of a silica precursor in 

microemulsions or micellar systems has been used as a synthesis route to small SNPs.[213–215] 

Exemplarily, Finnie et al.[213] reported on the fabrication of silica nanoparticles with a diameter 

of 5 nm at pH 1.05 and 11 nm at pH 10.85, respectively. They employed a system containing 

cyclohexane, water, nitric acid or ammonia solution, respectively, tetramethyl orthosilicate 

(TMOS) and a surfactant. One of the drawbacks of this method turns obvious when the relation 

between the amount of TMOS and the surfactant is considered: 0.356 g of TMOS are mixed 

together with 2.64 g of the surfactant. Thus, the isolation of pure SNPs from the reaction 

mixture is very laborious and difficult.  

All synthesis routes described until now make use of rather harsh conditions, i. e. high 

temperatures and/or high pH-values. In 2006, Yokoi et al.[216] reported on a very innovative 
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approach using a two-phase system comprising an aqueous solution of the amino acid L-lysine 

and a mixture of octane and TEOS as the oil phase. This system was stirred for 20 h without 

disturbing the upper oil phase at 60 °C followed by aging under static conditions for another 

20 h at 100 °C. After evaporation and calcination, organic-free particles with a mean diameter 

of 12 nm were isolated. Although relatively high temperatures are applied in this approach, the 

pH-value can be reduced to 9.2. The amino acid acts not only as a base catalyst in this 

reaction, but also as a growth inhibitor that prevents particles from growing larger and as a 

buffer which guarantees that the pH-value does not change during hydrolysis and 

condensation reaction.[216,217] The underlying principle of this system is the slow supply of 

silicate species to the aqueous phase due to the small contact area between oil and water. 

Furthermore, the hydrolysis of TEOS at the present pH-value is relatively slow and the solubility 

of silicate species is low while the condensation rate is rather high. Consequently, silicate 

species in the aqueous environment are consumed immediately and nuclei are formed. In the 

course of the reaction, these nucleation seeds grow further to finally form uniformly sized 

nanoparticles. Bigger particles with a size of 23 nm could be obtained by employing a 1:1 

mixture of L- and D-lysine while pure D-lysine resulted in particles with a diameter of 12 nm 

just as stated earlier for the L-isomer. Several groups adapted this two-phase system 

containing either lysine or arginine as catalyst and growth inhibitor, managed to optimize 

reaction conditions and made a much bigger range of particle diameters accessible via this 

method.[202,217–222] Yokoi and co-workers themselves went into more detail in their following-up 

studies.[217] By running the synthesis at 60 °C without an additional organic solvent and varying 

the composition of reactants and stirring conditions, particles with diameters between 8 and 

35 nm could be prepared. The most important findings include that particles grow bigger with 

a decrease in the stirring rate; under static conditions, however, no single uniform particles 

could be obtained. An increase in the amount of TEOS added on top of the aqueous phase 

causes the formation of bigger particles, while an increase in the concentration of the amino 

acid goes along with an increase in the pH-value which in turn entails the formation of smaller 

particles. Furthermore, mechanistic studies were performed showing that the formation of the 

particles within this system follows the classical “LaMer mechanism”[223] which comprises a 

burst nucleation phase which is followed by growth of the nuclei to form particles upon 

monomer addition but without producing further nuclei. This mechanism can be taken into 

account for the explanation that smaller particles are formed at higher pH-values: since a 

higher pH-value causes a faster hydrolysis of TEOS, more silicate species are provided initially 

leading to the formation of more nuclei and consequently smaller final particles. The same 

argumentation is true for the influence of the stirring rate. Similar results and explanations have 

been provided by Fouilloux and co-workers[219,220] who investigated the influence of reaction 

temperature additionally.[219] Upon increasing the reaction temperature, bigger particles were 
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obtained. At first sight this result is puzzling as the hydrolysis rate increases with an increase 

in temperature which should result in the formation of more nucleation seeds and subsequently 

the particles should grow smaller. On the other hand, the solubility of silica has to be taken into 

account. At higher temperatures, the silica solubility is higher than at lower temperatures which 

causes a reduction of the critical supersaturation at which nuclei are formed. This in turn entails 

the formation of fewer and bigger nuclei and consequently bigger particles are produced at 

higher temperatures.[219] Hristov et al.[221] were able to show that it is possible to produce 

monodisperse SNPs with diameters ranging from 10 nm – 120 nm even under static 

conditions. They investigated the influence of different organic liquids such as ethanol, 

isopropanol, butanol, hexanol and cyclohexane as additives to TEOS in the oil phase of the 

two-phase system at 70 °C. The main finding was that the higher the polarity of the additive, 

the higher the supply of silicate species to the aqueous phase and the smaller particles are 

finally obtained. However, as the batches investigated include only very small volumes (1 mL 

of aqueous phase is employed), it is questionable whether the results can be transferred to 

larger scales, especially with respect to the static reaction conditions. In a 1 mL scale at 70 °C 

it is quite likely that diffusion is very fast and it does not make a huge difference whether the 

mixture is stirred or not. Moreover, the relation between o/w interface to the bulk volume of 

water is relatively high when the reaction is performed in an Eppendorf tube. At a bigger scale 

of several tens to hundreds of milliliters, however, diffusion may be much more limited.  

As amino acids are more costly than other low molecular weight primary amines or ammonia 

and on the other hand challenging to remove from the reaction mixture if pure SNPs are 

desired, the group around Okuba[224] changed L-lysine against ammonia, n-propylamine and 

n-butylamine in the same two-phase system as described above. Upon stirring for 24 hours at 

60 °C, small and uniform SNPs could be obtained from all systems exhibiting pH-values of 

10.8 - 11.4. The particles’ diameter can be fine-tuned by variation of the initial pH-value as 

higher concentrations of the base catalyst result in smaller particles. The authors draw the 

conclusion that not the amino acid but the initially relatively high pH-value plays the key role in 

the successful preparation of small, regularly sized SNPs in this two-phase system. Quan 

et al.[204] proposed another gentle method for the preparation of silica nanoparticles with 

diameters in the range of 7 nm – 30 nm. They used a kind of emulsion system without 

employing a surfactant for stabilization by vigorously stirring a mixture of TEOS and 

cyclohexane as the oil phase and an alkaline buffered aqueous solution. Within this 

experimental setup, they varied both the reaction temperature from 25 °C to 75 °C and the pH-

value between 7 and 11.8. At 70 °C, monodisperse particles where obtained at pH-values 

equal to or above 8 while at neutral pH only particular networks were the product of the 

reaction. When the pH-value is set to either 9.0 or 9.8, monodisperse SNPs with diameters of 
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10 nm and 7 nm, respectively, can be synthesised at ambient temperature. The size of the 

particles can be tuned by either changing the reaction temperature (higher temperatures result 

in bigger particles) or varying the pH-value (more basic conditions cause the formation of 

smaller SNPs). One big advantage of this method is the possibility of upscaling. Up to 12.7 g 

of silica particles can be produced from one batch under maintenance of regularity in both size 

(25 nm) and shape. Ding et al.[225] proposed the synthesis of SNPs with a diameter of 10 nm 

by simply adding 10 µL of TEOS to 1 mL of water at 45 °C which is followed by ultrasonication 

and stirring for 24 hours. However, these particles exhibit an irregular shape and look more 

like flakes than like particles in the TEM images. Furthermore, the hydrodynamic diameter of 

these SNPs is 20 nm which is attributed to swelling in water. This in turn indicates a lack of 

cross-linking in the material and gives rise to the assumption that the objects prepared via this 

method are no solid particles but rather swollen nanogels made from poly(silicic acid).  

2.4.4.2.3 Sub-20 nm silica nanoparticles produced in dye-stabilized miniemulsions 

As already introduced above, a completely new approach for the preparation of small SNPs is 

given within this work.[191] As soon as a negatively charged dye such as congo red, alizarin 

yellow GG, eosin Y or fluorescein is used to stabilize oil droplets containing the silica precursor 

TEOS in an aqueous continuous phase and the resulting emulsion is allowed to stand for a 

certain time, small SNPs which are very regular in both size and shape are obtained. Neither 

an additional catalyst nor elevated temperatures or stirring of the system is required for the 

production of these particles which makes this approach a very attractive alternative to the 

synthesis routes described above. The dye does not only act as stabilizer in this system but is 

also responsible for an adjustment of the pH-value at the interface. While the relatively low dye 

concentrations which are normally in the range of 0.5 mg/mL – 1 mg/mL don’t affect the pH-

value in the bulk aqueous phase, an accumulation at the droplets’ surface leads to much higher 

interfacial concentrations of the dye which causes a significant change of the pH-value at the 

oil-water interface compared to the surrounding continuous phase. Assuming that the interface 

exhibits a thickness of 10 nm, concentrations up to 40 mg/mL of CR around the oil droplets 

are achieved when bulk concentrations of 2.5 mg/mL or 5 mg/mL are initially employed. Even 

if a concentration of only 0.5 mg/mL of CR is used to prepare the emulsion, the resulting 

interfacial concentration reaches a value of 20 mg/mL. This high interfacial concentration in 

turn brings about a strong increase in the pH-value at the interface. While an aqueous solution 

of CR with a concentration of 0.5 mg/mL has a pH-value of 5 – 6 which does not differ from 

pure water with MilliQ grade, the pH increases to above 9 for a CR concentration of 10 mg/mL 

(see Figure 26). Thus, it can be assumed that even higher interfacial concentrations of 

20 – 40 mg/mL result in pH-values above 10 around the emulsion droplets. 
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Figure 26: The pH-value of an aqueous CR solution estimated with the help of indicator paper increases 

with an increase in the dye concentration. While a pH-value of 5 – 6 is measured for a concentration of 

0.5 mg/mL, an increase in concentration over 1 to 10 mg/mL results in a change of the pH-value over 

6 – 7 to > 9. Reprinted with permission from (ACS Appl. Mater. Interfaces, 2018, 10, 24310). Copyright 

(2018) American Chemical Society. 

On the contrary, positively charged dyes at higher concentrations cause a decrease in the pH-

value of an aqueous solution. Furthermore, comparative studies between L-arginine and dyes 

in emulsions stabilized with the classical surfactants CTAB and SDS showed that the dyes act 

also as growth-inhibitors similar to the amino acid. With the help of these observations, the 

different silica-structures formed from emulsion droplets stabilized by oppositely charged dyes 

can be explained: as long as the interfacial pH-value is high which is the case if emulsion 

droplets are stabilized by negatively charged dyes, rapid hydrolysis occurs when TEOS from 

the inside of the droplets reaches the interface. Subsequent supersaturation causes the 

formation of nuclei which is followed by the growth of particles either by the addition of 

monomer or by aggregation. Since this growth takes place under alkaline conditions, no 

gelation is observed.[226] As a result, many silica nanoparticles are formed from one single 

emulsion droplet. Under acidic conditions which are caused by positively charged dyes, 

however, the silicate-species produced by hydrolysis and condensation are less charged than 

in an alkaline milieu. Consequently, aggregation is enhanced and after an initial phase in which 

silica particles with diameters in the range of 2 – 4 nm are formed, a silica-network is built 

along the oil-water interface.[226] Thus, the emulsion droplets serve as soft templates and one 

hollow silica capsule is formed from one emulsion droplet. An overview of the different 

mechanisms is given in Figure 27. 
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Figure 27: Schematic representation of the mechanisms leading to different silica structures from dye-

stabilized emulsions containing TEOS in the oil-phase. The scheme of polymerization behaviour of silica 

has been adapted from Iler[227]. Scale bars in the TEM images are 50 nm. Independent of the type of 

dye used to stabilize the emulsion droplets, hydrolysis and condensation at the oil-water interface follows 

the purple path initially. After the silica particles have reached a size of approximately 5 nm, aggregation 

and interconnection is followed by the formation of hollow capsules around emulsion droplets in the low-

pH regime caused by positively charged dyes (blue reaction pathway in the left-hand side). On the 

contrary, under alkaline conditions at the interface which are caused by negatively charged dyes as 

stabilizers, interconnection of the particles is suppressed and growth of the single particles continues 

until the final size is reached (red reaction pathway on the right-hand side). This in turn results in the 

formation of many sub-20 nm SNPs from one single emulsion droplet. Adapted with permission from 

(ACS Appl. Mater. Interfaces, 2018, 10, 24310). Copyright (2018) American Chemical Society. 

These findings were used to tune the final size of the particles. It is known from literature that, 

provided that particle growth follows the “LaMer mechanism”,[223] a faster hydrolysis of TEOS 

causes the formation of more nuclei and thus smaller final particles.[217,219,220] Consequently, 

emulsions with different concentrations of CR but the same composition of the oil-phase and 

the same volume ratio between continuous and dispersed phase were prepared. It turned out 
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that with an increase in the CR concentration from 0.25 mg/mL to 2.5 mg/mL the diameter of 

the final particles decreases from 16.9 nm to 11.4 nm if the same composition and the same 

reaction conditions as described above are used. This behaviour can be explained by both a 

decrease in the size of emulsion droplets and an increase in the interfacial concentration of 

CR induced by an increase in the initial CR concentration. While the former leads to an 

increase in the interfacial area, the latter causes an increase in the interfacial pH-value as 

introduced earlier. Both effects bring about an increase in the hydrolysis rate. As this goes 

along with a decrease in the final particles’ diameter, it can be concluded that the formation of 

small SNPs within this system follows the “LaMer mechanism”. In order to further decrease the 

diameter of the particles, ammonia buffer or L-arginine can be added which allows the 

preparation of particles with diameters below 10 nm. SNPs as small as 6 nm are accessible 

when the reaction time is reduced to 1 hour in the ammonia buffered system. However, fine-

tuning of the particles’ size by variation of the reaction time is accompanied by incomplete 

hydrolysis and condensation reaction which results in low yields. Other parameters that were 

found to influence the diameter of the resulting particles are temperature, salinity and the kind 

of dye used as stabilizer. When the reaction temperature is increased from room temperature 

to 60 °C, particles grow larger which is again in accordance with literature and can be explained 

with the higher solubility of silica at elevated temperatures.[219] The addition of sodium chloride 

to the aqueous phase has the same effect. An explanation for this behaviour can be found in 

DLVO-theory:[119,120] an increase in the salinity causes stronger shielding of the charges of the 

silicate species which is followed by enhanced aggregation of nucleation seeds and/or small 

particles. Changing the stabilizing negatively charged dye from congo red to e. g. fluorescein 

is another way to produce larger SNPs. This can be attributed to the fact that on the one hand 

in contrast to fluorescein, congo red is equipped with amino groups which are known to 

catalyse the hydrolysis of TEOS. On the other hand, congo red has a stronger influence on the 

interfacial pH-value than fluorescein. Taking into account all of the aforementioned 

parameters, SNPs with sizes between approximately 6 and 30 nm can be produced in dye-

stabilized emulsions (see Figure 28). 
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Figure 28: Overview over the particle sizes accessible via hydrolysis and condensation of TEOS in dye-

stabilized emulsions. The particles’ diameter can be influenced by the concentration of the stabilizing 

dye, pH-value, reaction temperature and time, salinity and the kind of dye used for stabilization. Scale 

bars in the TEM images are 50 nm. Reprinted with permission from (ACS Appl. Mater. Interfaces, 2018, 

10, 24310). Copyright (2018) American Chemical Society. 

As the synthesis of small SNPs in dye-stabilized emulsions described until now can be 

conducted at ambient pH and temperature under static conditions, only the use of additional 

organic solvents (toluene and hexadecane) contradicts the principle of “green chemistry”. It 

could be shown that it is even possible to obtain uniform SNPs from an emulsion containing 

only water, TEOS and congo red at room temperature without stirring which in turn is in 

complete accordance with “green chemistry”. Moreover, 2 mL of TEOS can be employed with 

8 mL of aqueous CR solution for the formation of SNPs with PDIs below 10 % which allows 

the production of 0.5 g of particles from one single 10 mL batch. The high flexibility of the 

system together with that aspect of “green chemistry” and the fact that the reaction can be run 

under static conditions in contrast to other synthesis methods reported in literature show 

already some big advantages of the approach described herein. Moreover, the emulsion 

comprising only water, TEOS and CR offers the possibility to obtain aqueous silica dispersions 

at ambient pH containing only water, silica particles and traces of ethanol without any washing 

and redispersion steps by removing the dye with an appropriate adsorbent. This method of 

removal of dyes from dye-stabilized emulsions will be described and discussed in detain later. 

Briefly, CR adsorbs quantitatively to adsorbents like chitosan and nylon. Thus, the work-up of 

the particles from an emulsion stabilized by CR can be conducted by simply placing a nylon 

filter paper into the dispersion. The removal of the dye is quite quick and can be followed easily 
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visually. Complete removal of CR was proven by UV-vis spectroscopy. This easy work-up 

process is another big advantage over systems described in literature until now. In addition, 

the final silica dispersions are stable for months both before and after removal of the dye and 

can therefore be used as stock. Possible reasons might be the ambient pH-value in the bulk 

aqueous phase and the lack of alcohol in the system which is known to guarantee higher 

stability of silica sols against dissolution.[212] Furthermore, surface-modification of the SNPs 

can be conducted in situ by employing TEOS together with a co-precursor like e. g. 

octadecyltriethoxysilane and phenyltriethoxysilane. Thus, particles with a partially hydrophobic 

surface which are required for example for the stabilization of Pickering emulsions can be 

produced.  

As Cryo-SEM images have proven that the particles are located at the surface of the emulsion 

droplets after their formation in dye-stabilized emulsions, the question whether they act as 

Pickering stabilizers themselves arises. Further investigations are necessary in order to shine 

light on this issue. If the particles contribute to the stabilization of the oil droplets that serve as 

a depot for TEOS, they would act as in situ formed Pickering stabilizers. There are only two 

examples in literature where the particles used for the stabilization of emulsions are not only 

activated but produced in situ, but in both cases, the particles are neither round nor uniform. 

Pakdel et al.[185] introduced in situ prepared silica nanoparticles to stabilize methyl 

methacrylate (MMA) droplets in water. They started from a system containing MMA and an 

aqueous sodium silicate solution under stirring. Subsequently, carbon dioxide and an aqueous 

CTAB solution is added which causes the reaction of Na2SiO3 to silica. The cationic surfactant 

CTAB adsorbs to the negatively charged surface of as-prepared silica nanoparticles which on 

the one hand prevents them from further growth and on the other hand renders them surface-

active. Consequently, the sub-50 nm silica nanoparticles adsorb to MMA droplets and prevent 

them from coalescence. Zhang et al.[183] proposed a similar way to create surface-modified 

silica nanoparticles that are even able to stabilize w/o/w double emulsions without any 

additional surfactant in situ. In the first step, they prepared a w/o emulsion containing an 

aqueous triethylamine (TEA) solution as the dispersed phase as well as a mixture of styrene, 

TEOS and -(trimethoxysilyl) propyl methacrylate (MPS) as the outer oil phase under stirring. 

Hydrolysis and condensation reaction of both TEOS and MPS at the o/w interface causes the 

formation of silica nanoparticles which are partially hydrophobized by MPS. As this co-

precursor is highly oil-soluble it is assumed that anisotropically modified particles are formed 

which bear the hydrophobic groups on one side and hydrophilic silanol groups on the other 

one. The particles are very small and not uniform in size and shape, but they are able to 

stabilize the emulsion. Upon addition of further water and homogenization by applying high 
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speed shearing, w/o/w double emulsions are formed and the in situ prepared silica 

nanoparticles act as sole stabilizer. 

2.4.5 Transparent emulsions 

All of the examples outlined above of reactions within or at the surface of emulsion droplets 

dealt with the chemical modification of the emulsion system. However, physical manipulations 

can be conducted as well. One possibility is the evaporation of some liquid from the dispersed 

phase which causes a shrinkage of the emulsion droplets and may extent the accessible 

droplet size range. On the other hand, the modification of the physical properties of the droplets 

such as the refractive index is shown in SS5 and will be discussed in more detail in the following 

section.[228] 

For the examples of applications introduced until now, the appearance of the emulsion is not 

of interest. Due to light-scattering caused by the droplets as soon as the refractive index (RI) 

of the dispersed phase does not match the RI of the surrounding liquid, emulsions are typically 

milky-white. The same is true for Pickering emulsions which normally scatter light even 

stronger than classical emulsions as the stabilizing particles and/or aggregates act as 

scattering objects as well. However, for some applications such as spectroscopy at the 

interface or inside the droplets,[18,19] microscopy of a bulk emulsion[20] or light-induced chemical 

reactions inside emulsion droplets[21] the fabrication of transparent emulsions is beneficial or 

even crucial. In the case of classical emulsions transparency can be introduced by simply 

matching the RI of both employed phases since the stabilizing surfactant molecules are 

typically too small to scatter light.[18,20,21] As stated above, it is a bigger challenge to create 

transparent Pickering emulsions as the RI of the dispersed and the continuous phase as well 

as the one of the stabilizing particles has to be the same.[19,229,230] The group around 

Armes[19,229] however has reported on two different Pickering emulsion systems exhibiting high 

transparency. On the one hand, Thompson et al.[229] investigated non-aqueous Pickering 

emulsions consisting of ethylene glycol as the dispersed phase and different n-alkanes as the 

continuous phase. Poly(lauryl methacrylate)-poly(benzyl methacrylate) (L-B) diblock 

copolymer worms with a mean diblock composition of L16-B37 were used as stabilizers (see 

Figure 29).  



State of research including own work
 

 
65 

 

 

Figure 29: Structural formula of the diblock copolymer poly(lauryl methacrylate)-poly(benzyl 

methacrylate) (L-B) with a mean diblock composition of L16-B37 as well as a TEM image showing the 

worm-like morphology of the polymer. Adapted with permission from Ref.[229] 

https://pubs.acs.org/doi/10.1021/acs.langmuir.5b00630 is licensed under a Creative Commons license: 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

When n-dodecane is used as the continuous phase, emulsions with droplet sizes between 19 

and 220 µm (depending on the stabilizer concentration) and rather low turbidity are produced, 

but the transmittance is still as low as 16 % which indicates that no transparent emulsions can 

be obtained since the RI of dodecane (1.42) does not match the RI of ethylene glycol (1.43). 

However, the application of at least 92 % n-tetradecane with an RI of 1.43 leads to Pickering 

emulsions that are not opaque any more upon visual inspection. Indeed, a transmittance of up 

to 81 % at higher wavelengths was confirmed, i. e., high transparency for an emulsion 

containing 0.06 wt% of L16-B37 and ethylene glycol droplets with a mean diameter of 240 µm. 

Higher concentrations of the diblock copolymer cause a decrease in droplet size but go along 

with a decrease in transparency at the same time which indicates that not emulsion droplets, 

but the polymer acts as main scattering source in this system. This is reasonable as the RI of 

L16-B37 is 1.57 and therefore much higher than the RI of tetradecane and ethylene glycol. In a 

follow-up publication, Rymaruk et al.[19] were able to achieve transparencies as high as 96 % 

across the visible spectrum for o/w emulsions. They used poly(glycerol monomethacrylate)56–

poly(2,2,2-trifluoroethyl methacrylate)500 [PGMA–PTFEMA] diblock copolymer nanoparticles 

with a hydrodynamic diameter of approximately 100 nm for the stabilization of n-dodecane 

droplets which are 20 - 100 µm in size in water. As water and dodecane are characterized by 

rather different RIs (1.33 vs. 1.42), sucrose was added to the aqueous phase in order to adjust 

the RI of the continuous phase to that of the dispersed phase. While emulsions prepared with 

pure water and dodecane exhibit a transmittance of 0 % at 400 nm, the addition of 50 wt% 

sucrose to the aqueous phase causes the transmittance of the respective emulsion to increase 

to 98 %. The same effect could be achieved by adding glycerol instead of sucrose. Higher 

sucrose concentrations, however, result again in turbid emulsions as the RI of the continuous 
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phase exceeds 1.42 in these cases. These findings in combination with the results from the 

previous study indicate that the employed particles possess also an RI that matches the one 

of dodecane. The control experiment with RI matched aqueous and oil phase but poly(glycerol 

monomethacrylate)56–poly(benzyl methacrylate)300 (PLMA56–PTFEMA300) nanoparticles which 

are characterized by a RI higher than 1.42 as stabilizer resulted in turbid emulsions. This 

confirms that it is crucial to match the refractive indices of all employed components in order 

to obtain transparent Pickering emulsions. The authors went even one step further and 

prepared transparent double-emulsions by adding more hydrophobic PLMA39–PTFEMA800 

nanoparticles and additional dodecane to an o/w emulsion stabilized by PLMA56–PTFEMA300 

nanoparticles and subsequent homogenization. The resulting Pickering double emulsion 

showed a mean transmittance of 89 % over the visible spectrum which confirms its high 

transparency. Apart from polymer particles and worms, silica particles have been proposed as 

stabilizers for low-turbidity non-aqueous Pickering emulsions with liquid paraffin as the 

dispersed and poly(ethylene glycol)300 as the continuous phase by the group around Binks.[230] 

Nevertheless, these emulsions are not highly transparent as on the one hand the RI of the 

employed liquid paraffin differs slightly from the RI of the surrounding liquid and on the other 

hand, the silica particles have a much lower RI than the other components in the system. Thus, 

these particles scatter light significantly which causes a certain turbidity. Within this work, a 

new method for the preparation of highly transparent w/o Pickering emulsions based on the 

system introduced earlier containing P(E/B)-PEO dissolved in an oil (typically IsoparM) and an 

aqueous phase comprising water, hydrophilic silica nanoparticles and salt is presented in 

SS5.[228] The stabilizing particles are as small as 20 nm and both the particles and the aqueous 

droplets act as one single scattering object instead of particles and droplets being individual 

scattering objects. Therefore, transparency can be introduced by simply matching the water-

phase including the particles with the RI of the oil-phase and no RI adjustment of the particles 

is necessary. However, emulsions prepared with the standard composition as described 

above[146] are milky-white. The reason for this appearance is that the RI of the aqueous phase 

is 1.346 while IsoparM exhibits an RI of 1.437. In principle, there are different possibilities to 

make an emulsion like this turn transparent: on the one hand, additives such as sucrose or 

glycerol to the aqueous phase could be used to increase the RI inside the droplets as stated 

above. On the other hand, a low-refractive index oil could be added to the continuous phase. 

However, this is quite challenging as common oils have typically RIs higher than 1.346 which 

makes them inappropriate. (Per)fluorinated oils are known to have very low RIs, some of them 

even exhibit a lower RI than water. Anyway, these oils are immiscible with IsoparM or other 

non-fluorinated oils and cannot be used as single oil for the continuous phase either as it is 

incapable of dissolving P(E/B)-PEO which is required for the partial hydrophobization of the 

silica nanoparticles. The third option is to increase either the silica content or the salinity of the 
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aqueous phase. An increase in the amount of NaCl in the water-phase would force the silica 

particles to aggregation followed by precipitation; the silica particle concentration, however, is 

already 36 wt% and therefore quite difficult to further increase and maintain colloidal stability. 

The approach chosen within this work is an in situ modification of the emulsion, which is initially 

prepared as described above resulting in a milky-white appearance. As IsoparM has a high 

boiling point of approximately 250 °C and emulsions are stable upon heating, it is possible to 

evaporate some water from the emulsion droplets by simply heating the emulsion in an open 

vessel to 75 °C. This causes an increase in both the NaCl and silica concentration inside the 

droplets which is accompanied by an increase in the RI of the disperse phase. Consequently, 

at a certain point the RI of the droplets matches the one of IsoparM and the emulsion turns 

transparent. A schematic representation of this process is shown in Figure 30. Transmittance 

measurements confirm that the transmittance over the visible spectrum increases from less 

than 0.2 % to 86 % and even exceeds 90 % at higher wavelengths. Further heating results in 

turbidity again which is caused by progressive reduction of the water amount in the system 

and a simultaneous increase in both salinity and silica concentration which goes along with a 

further increase in the RI of the aqueous phase. Consequently, the RI of the dispersed phase 

exceeds the one of IsoparM and light is scattered by the droplets again. This in situ 

modification of the emulsion does not only allow the fabrication of transparent inverse Pickering 

emulsions but enables also the fine-tuning of the droplets’ diameter as the evaporation of water 

from the dispersed phase causes a shrinkage of the droplets. Moreover, it could be shown that 

as soon as the emulsion is transparent it can be turned turbid again by adding an oil which has 

either a lower or a higher RI than the oil used initially. On the other hand, the transmittance of 

an emulsion that has been heated for a long period of time and has turned turbid again after 

having been transparent can be increased again by adding an oil with a higher RI than the 

originally employed one as long as its RI is also higher than the one of the mixture of water, 

NaCl and silica at that point in time (e. g. toluene or bromobenzene). If the emulsion has been 

heated for a short period of time and has not turned transparent yet or if the emulsion is 

prepared with a higher concentration of silica from the beginning, the same result can be 

obtained by the addition of a low refractive oil (e. g. n-pentane). These observations confirm 

that within this system turbidity is caused by the scattering of aqueous emulsion droplets which 

don’t exhibit the same RI as the surrounding oil. On the other hand, these findings in 

combination with the linear scaling of the RI of several solvent mixtures enable the calculation 

of the RI and therefore also determining the composition of the dispersed phase over a large 

range by titrating the emulsion until it is transparent. In addition, this method could serve as 

reaction control for chemical reactions that are conducted inside the emulsion droplets as long 

as it is accompanied by a change in the refractive index.  
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Figure 30: Schematic representation of the preparation of transparent inverse Pickering emulsions 

without adjusting the refractive index of the stabilizing particles by heating and thus evaporating water 

from the inside of the emulsion droplets. This process leads to a refractive index match of the aqueous 

phase containing water, sodium chloride and silica nanoparticles and the continuous phase containing 

an oil (typically IsoparM) and P(E/B)-PEO. 

2.5 Destabilization of emulsions 

With respect to some applications of emulsions introduced in the previous section such as 

transport systems or compartments for reactions that make use of the much larger o/w 

interface compared to the respective bulk system, not only the stabilization but also the 

destabilization of emulsions is a key issue. It is necessary to ensure that encapsulated 

compounds can be released by a certain trigger and that the work-up after a chemical reaction 

is feasible. Therefore, several groups proposed emulsion systems which can be destabilized 

and separated in an aqueous and an oil phase in a controlled manner and some examples will 

be given in the following. Takahashi et al.[231] used the redox-active surfactant (11- 

ferrocenylundecyl)trimethylammonium bromide (FTMA) for the stabilization of n-octane-in-

water emulsions. In its reduced state, FTMA carries one positive charge and shows classical 

amphiphilic behaviour; therefore, it is able to stabilize o/w emulsions. Upon oxidation by the 

addition of Fe2(SO4)3, the ferrocenyl group becomes positively charged as well and 

subsequently, FTMA is too hydrophilic and desorbs from the o/w interface which results in 

phase-separation of the emulsion. The addition of (L)-ascorbic acid to the system containing 

oxidized FTMA, water and oil, however, renders FTMA amphiphilic again by reducing the 

ferrocenyl group. That’s why upon agitation, a stable emulsion is formed again. Zhang et al.[232] 

employed potassium dodecyl seleninate (C12SeO2K) as a surfactant which is switchable by 

acid/base-mediated redox reactions. In an acidic milieu, C12SeO2K can be reduced by KI to 

didodecyl diselenide (C12Se)2 which is not surface-active any longer (see Figure 31 a). By 



State of research including own work
 

 
69 

 

adding a base, iodine oxidizes (C12Se)2 to C12SeO2K which acts as a surfactant again and 

stabilizes o/w emulsions (see Figure 31 b). One of the drawbacks of the two examples for 

demulsification stated above is the addition of either an oxidizing or a reducing agent which 

stays within the system and may complicate the work-up after for example an interfacial 

reaction that has been conducted in the emulsion droplets. 

 

Figure 31: The interfacial tension between water and petroleum ether is dramatically decreased when 

C12SeO2K is added while it is not affected by the addition of (C12Se)2 (a). Thus, o/w emulsions can be 

stabilized by C12SeO2K and demulsification occurs upon reduction of the surface-active species by the 

addition of KI in acidic milieu. This switching is reversible (b). Adapted with permission from (Langmuir, 

2016, 32, 13728). Copyright (2016) American Chemical Society. 

The group around Sun[233] overcame this problem by using a gemini surfactant whose 

stabilization behaviour depends on the pH-value and which is therefore switchable by CO2. In 

the first step, Jeffamine D 230 which carries two terminal amino groups and oleic acid (HOA) 

were assembled at a ratio of 1:2 via electrostatic interaction to form the “superamphiphile” D-

OA which is able to stabilize o/w emulsions very efficiently. Phase-separation of these 

emulsions could be induced by bubbling CO2 through the system which leads to the 

protonation of the OA--ions. Subsequently, HOA is not able to interact with the positively 

charged amino groups any longer which results in a dissociation of the surface-active D-OA 

into free oleic acid and free twofold positively charged Jeffamine. None of these components 

is able to act as a stabilizer and consequently, the emulsion is broken. Re-assembly of oleic 

acid and Jeffamine can be achieved by removing CO2 upon bubbling nitrogen through the 

system at 60 °C. On the other hand, different strategies to remove either the water or the oil 

by appropriate adsorbents have been proposed. One advantage of this adsorption technique 

is that either the pure aqueous or oil phase is obtained without any further separation step. Lin 

et al.[234] applied a zinc-based zeolitic imidazolate framework (ZIF-8) to remove oil droplets 

from an oil-in-water emulsion. Negatively charged soybean-oil droplets can adsorb to this 

material due to electrostatic and hydrophobic interactions and the pure aqueous phase is left 

after the adsorption process. Wang et al.[235] on the other hand proposed a Janus cotton fabric 
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which bears poly(dimethylsiloxane) (PDMS) on the one side while the other side is covered by 

poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA). While the PDMAEMA side is wetted 

by water and causes oil droplets from o/w emulsions to coalescence, the side bearing PDMS 

is superhydrophobic and can only be passed by oil. Therefore, oil can be separated from direct 

emulsions by filtering through the Janus cotton fabric if the PDMAEMA-coated side points 

towards the emulsion while no liquid permeates the material for the case that the PDMS-

bearing side faces the emulsion. 

2.5.1 Destabilization of Pickering emulsions 

Not only for emulsions stabilized by classical surfactants but also for Pickering emulsions 

several destabilization mechanisms have been proposed in order to make them even more 

attractive candidates for transport systems or reaction compartments. Xia et al.[236] reported on 

emulsions consisting of water, n-decane, either graphite powder or barium sulfate as solid 

particles and stearic acid to adjust the particles’ wettability. Stable w/o emulsions could be 

obtained by employing graphite powder while barium sulfate stabilizes o/w emulsions. In order 

to destabilize those emulsions, two different methods were applied and compared: heating to 

90 °C in an oil bath and microwave radiation. The first observation the authors made is that 

emulsions stabilized by graphite are generally more stable than the ones with barium sulfate. 

Nevertheless, both types of emulsion could be destabilized very efficiently by microwave 

irradiation within a few minutes. This destabilizing method turned out to be advantageous over 

conventional heating in an oil bath as the latter is less efficient even if emulsions are heated 

for 40 minutes. However, the energetic input within this demulsification method is quite high 

which makes it problematic if some sensitive compounds are part of the system. A more gentle 

process was proposed by the group around Meng[237] who investigated surface-modified titania 

nanoparticles as light-sensitive Pickering emulsion stabilizers. Trichlorododecylsilane was 

reacted with titania in the first step rendering the nanoparticles too hydrophobic to stabilize 

water droplets in n-hexane (see Figure 32 a) and b)). Upon exposure to UV-light, the alkyl 

chains are degraded and the resulting particles exhibit a contact angle close to 100° which 

makes them appropriate stabilizers for w/o emulsions (see Figure 32 c) and d)). Further 

irradiation however leads to the formation of hydroxy groups on the surface of the titania 

nanoparticles which goes along with a drop of the contact angle to < 90° and therefore leads 

to a desorption of the particles from the interface of the water droplets (see Figure 32 e) and f)). 

Thus, it is possible to encapsulate a certain cargo in the aqueous droplets and trigger 

demulsification and the release of the cargo by shining UV-light on the emulsion. In a follow-

up work, the same group used this on-demand coalescence of emulsion droplets to carry out 

chemical reactions in Pickering emulsions.[238] The starting materials of the reaction were 
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encapsulated separately in droplets stabilized by a combination of surface-modified titania and 

magnetic iron oxide nanoparticles. Subsequently, the droplets were brought in contact with the 

help of a magnet and subsequent irradiation with UV-light lead to controlled coalescence which 

enable the desired chemical reaction. 

 

Figure 32: Effect of surface modification of titania nanoparticles on their ability to stabilize w/o emulsions. 

Long alkyl chains (C13H25) render the particles too hydrophobic to act as Pickering stabilizers (a and b). 

Upon irradiation, the alkyl chains are degraded and the resulting particles modified with C7H15-chains 

are good stabilizers for inverse emulsions (c and d). Exposure to UV-light of this emulsion leads to 

demulsification as the particles become too hydrophilic (e and f). Adapted with permission from 

(Langmuir, 2016, 32, 9254). Copyright (2016) American Chemical Society. 

Another example for the destabilization of Pickering emulsions or colloidosomes using 

irradiation with visible light reported by Li et al.[15] has been given above.  

There are several reports on Pickering emulsions which can be destabilized by changing the 

pH-value. The system introduced by Li and Stöver[123] using hydrophilic silica nanoparticles in 

combination with potassium hydrogen phthalate which hydrophobizes the particles to various 

extents at different pH-values has been described earlier just as the pH-dependent surface 

modification of SNPs with 8-hydroxyquinoline reported by Haase et al.[126] Both methods can 

of course not only be used for adjusting the particles’ wettability with respect to their 

emulsification properties, but also for efficient demulsification of an existing emulsion. Huang 

and Yang[166] modified the stabilizing silica particles with both hydrophobic (MeO)3Si(CH2)7CH3 

and 10 % of the pH-sensitive (MeO)3SiCH2CH2CH2(NHCH2CH2)2NH2. At ambient pH-values 

(7-8), the organic chains on the particles don’t carry any charges and the particles are 

hydrophobic enough to stabilize w/o emulsions (see Figure 33 a and b left). Upon addition of 

acid, the amino groups are protonated rendering the particles positively charged and therefore 

too hydrophilic to act as stabilizers for w/o emulsions (see Figure 33 a right). Consequently, 
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these particles desorb from the w/o interface and the emulsion is broken (Figure 33 b middle). 

When the pH-value is raised again by adding some sodium hydroxide solution, the SNPs 

regain their ability to stabilize Pickering emulsions. The system is not only flexible with respect 

to the switchable wetting behaviour of particles, but also to the kind of oil which is used as 

continuous phase. The authors reported on stable water droplets in ethyl acetate, toluene, 

benzene, ether, dichloromethane and chloroform. In addition, they were able to load 

catalytically active Pd nanoparticles on the stabilizing SNPs and performed hydrogenation 

reactions at the o/w interface of these emulsions. After the successful reaction, the emulsions 

were demulsified by adding some acid. The product stays in the oil phase and can be easily 

separated as the particles stay in the aqueous phase. Afterwards, new oil can be added and 

after adjusting the pH-value to 7-8, another reaction cycle can be driven (see Figure 33 b).  

 

Figure 33: Protonation of the initially hydrophobic modified silica nanoparticle leads to a charged and 

therefore hydrophilic particle (a). While at pH 7-8 the modified particles are able to stabilize w/o 

emulsions, phase-separation occurs upon addition of acid. Particles can be recovered by adjusting the 

pH to 7-8 again (b). Republished with permission of The Royal Society of Chemistry, from A pH-switched 

Pickering emulsion catalytic system: high reaction efficiency and facile catalyst recycling, Jianping 

Huang and Hengquan Yang, 51, 34, 2015; permission conveyed through Copyright Clearance Center, 

Inc. 

The group around Binks[239] employed silica nanoparticles in combination with the zwitterionic 

surfactant dodecyldimethylcarboxylbetaine to create a pH-switchable Pickering stabilizer. At 

pH-values below 5, stable emulsions could be obtained as the surfactant is positively charged 

under these conditions allowing its interaction with negatively charged silica particles. This 

causes both a partial hydrophobization and flocculation of the SNPs rendering them surface 
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active and making them Pickering stabilizers for n-decane- or toluene-in-water emulsions. 

When some sodium hydroxide solution is added to the system, the surfactant is rendered 

zwitterionic which causes desorption from the particles’ surface accompanied by coalescence 

of the oil droplets. This behaviour is reversible which allows the cycling between stable 

emulsions at low pH and unstable emulsions at pH > 5. After several cycles, however, emulsion 

stability decreases because of the accumulation of NaCl in the aqueous phase which causes 

the screening of electrostatic interactions between silica and the surfactant. Zhang et al.[240] 

found a way to overcome this problem by changing the pH in their system not by adding 

hydrochloric acid and sodium hydroxide solution, but by bubbling either CO2 or N2 through the 

emulsion. Similar to the system described before, they used hydrophilic silica nanoparticles in 

combination with the CO2-sensitive surfactant N-(3-(dimethylamino)propyl)alkyl amide (alkyl = 

dodecyl, tetradecyl and hexadecyl) which is able to adsorb to the particles’ interface as soon 

as the amino group is protonated. This state is reached by the addition of carbon dioxide and 

deprotonation followed by demulsification occurs by bubbling nitrogen through the emulsion. 

Jiang et al.[241] went even one step further and developed a Pickering emulsion system which 

is responsive to both pH and light. They employed negatively charged SNPs together with 4-

butyl-4-(4-N,N-dimethylbutoxyamine) azobenzene bicarbonate (AZO-B4). This surfactant 

possesses the same CO2-sensitivity as N-(3-(dimethylamino)propyl)alkyl amides but in 

addition, it can be switched between the cis and the trans isomer. As long as the surfactant is 

charged which is the case when CO2 is bubbled through the system, it is able to interact with 

the particles which results in stable emulsions. Depending on the configuration of the 

surfactant, however, the amount of adsorbed surfactant varies. The cis- AZO-B4 is bulky and 

exhibits steric hindrance which causes less adsorption to the particles than in the case of the 

trans-isomer. Consequently, the trans-surfactant renders the particles more hydrophobic and 

therefore more surface-active which results in smaller emulsion droplets. Upon irradiation with 

UV-light, the configuration of the double bond changes, particles are left less hydrophobic and 

bigger emulsion droplets are obtained. Bubbling nitrogen through the emulsion, however, 

results in phase-separation in both cases (see Figure 34). 
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Figure 34: In its neutral form, the surfactant 4-butyl-4-(4-N,N-dimethylbutoxyamine) azobenzene 

bicarbonate (AZO-B4) is not able to interact with negatively charged silica nanoparticles and therefore, 

no stable emulsion is obtained (left). By bubbling carbon dioxide through the system, the surfactant gets 

protonated and renders the particles surface active which enables the formation of a stable emulsion 

(middle). The exposure to UV-light causes a configurational change of the double bond of AZO-B4 from 

trans to cis which goes along with less hydrophobic particles and bigger emulsion droplets (right). All 

processes are reversible. Reprinted with permission from (Langmuir, 2016, 32, 8668). Copyright (2016) 

American Chemical Society. 

Although most of the methods described until now enable demulsification at ambient 

temperatures and manage without applying extreme pH-values, the particles used for 

stabilization and in some cases the hydrophobizing agent in its inactive form remain in the 

system. This circumstance complicates the work-up after a chemical reaction that has been 

conducted inside the droplets or at the o/w interface. Therefore, it would be desirable to have 

a system in hand where the stabilizing species can be completely removed and only the pure 

oil and aqueous phase is left. Of course it would be an option to apply centrifugation to get rid 

of the particles, but on the one hand this may fail depending on the density and the size of the 

particles and on the other hand it is very hard to monitor this process with respect to 

completeness. Within this work, a new approach to cope with this challenge is presented. The 

publications SS2[152] and SS4[191] point out that o/w emulsions stabilized by water-soluble dyes 

in their aggregated form as molecular scale Pickering stabilizers offer the opportunity of 

demulsification by the addition of an appropriate adsorbent. Those adsorbents are normally 

macroscopic solids which can be easily removed afterwards and leave behind a pure aqueous 

and a pure oil-phase (see Figure 35).  
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Figure 35: Schematic representation of demulsification of dye-stabilized emulsions with helps of a solid 

adsorbent. 

The potential of this method has been shown using two examples: in SS2, a hydrogel from the 

protected dipeptide FmocLG (Fmoc=fluorenylmethyloxycarbonyl) is described to demulsify an 

emulsion stabilized by nile blue (see Figure 36 a).[152] SS4 deals with the interfacial reaction 

between tetraethyl orthosilicate (TEOS) and water at the interface of emulsion droplets 

stabilized by congo red (CR), among other things. For the ensuing work-up, chitosan which 

has already been reported to be a suitable adsorbent for CR by Wang and Wang[242] and 

especially nylon have been shown to completely remove the red dye from the system by 

adsorption which could be proved by UV-vis spectroscopy (see Figure 36 b and c).[191]   

 

Figure 36: Efficient demulsification of emulsions stabilized by water-soluble dyes using different 

adsorbents. a) A hydrogel from FmocLG is able to completely take up nile blue and thus convert the 
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original blue emulsion into a colourless oil-phase and a colourless aqueous phase. During that process, 

the gel turns blue. Adapted with permission from (Langmuir, 2017, 33, 1239). Copyright (2017) American 

Chemical Society. b) Chitosan can be used to demulsify an emulsion stabilized by CR. After gentle 

centrifugation which accelerates the sedimentation of chitosan flakes, both the oil and the water are left 

colorless. c) A nylon filter paper is even more efficient than chitosan with respect to removal of CR from 

an emulsion and consequently destabilize it. No centrifugation or the like is necessary to remove the 

adsorbent, it can be taken out with helps of tweezers. Reprinted with permission from (ACS Appl. Mater. 

Interfaces, 2018, 10, 24310). Copyright (2018) American Chemical Society. 

This principle is most probably not limited to nile blue and congo red as emulsion stabilizers 

because plenty of adsorbents for a variety of water-soluble dyes are known from literature. 

Although these solids have only been tested in pure aqueous systems, there is no reason why 

these adsorbents should not be able to demulsify dye-stabilized emulsions. Kureha and 

Suzuki[243] reported on nanocomposite microgels comprising poly(2-methoxyethyl acrylate) 

(pMEA) and a poly(oligo ethylene glycol methacrylate) hydrogel matrix. This material exhibits 

high formability and is easy in handling which allows the formation of films or pillars out of it. 

The authors were able to show that halogenated dyes such as eosin Y, erythrosine, phloxine B 

and rose bengal can be removed from aqueous solutions very efficiently with the help of the 

microgel. The group around Tomasini[244] investigated the ability of different pseudo-peptide 

hydrogels made from different concentrations of Fmoc-L-Phe-D-pGlu-OH and graphene oxide 

(GO) to remove methylene blue (MB) and eosin Y from aqueous solutions. It turned out that 

regardless of the presence of GO, methylene blue can be trapped completely as long as the 

concentration of Fmoc-L-Phe-D-pGlu-OH is high enough. This is likely to be due to -- and 

electrostatic interactions as MB is positively charged while both the gelator and GO are slightly 

negatively charged. The adsorption efficiency for Eosin Y is slightly lower because this dye 

carries like charges as the gelator and GO, but still --interactions cause a removal of up to 

95 % of the dye. Qiu et al.[245] prepared metal organic frameworks (MOFs) by assembling 

Zr6O4(OH)4 octahedrons with 1,4-benzenedicarboxylic acid under acidic conditions to obtain 

acid-promoted UiO-66. Subsequently, they examined the adsorption of methyl orange (MO), 

congo red, methylene blue and rhodamine B (RhB) from water to this material. The anionic 

dyes MO and CR turned out to adsorb preferentially to acid-promoted UiO-66 with adsorption 

capacities being as high as 96.7 mg/g for MO and 86.6 mg/g for CR, while the cationic dyes 

MB and RhB showed much less tendency to adsorb to the MOF (12.3 mg/g and 11.3 mg/g, 

respectively). This behaviour can be attributed to electrostatic interaction as acid-promoted 

UiO-66 is positively charged. The different affinity of anionic and cationic dyes can be used for 

separation applications (see Figure 37). 
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Figure 37: Adsorption of a MO/MB mixture (a) and a MO/RhB mixture (b) to acid promoted UiO-66 as a 

function of time. While the anionic dye MO is taken up almost completely by the MOF, cationic dyes stay 

in the aqueous solution. Reprinted from J. Colloid Interface Sci, 499, J. Qiu, Y. Feng, X. Zhang, M. Jia, 

J. Yao, Acid-promoted synthesis of UiO-66 for highly selective adsorption of anionic dyes: Adsorption 

performance and mechanisms, 151-158, Copyright (2017), with permission from Elsevier. 

The group around Wang[246] introduced a coacervate of 10 % hydrolyzed polyacrylamide 

(PAM) and hexamethylene-1,6-bis(dodecyldimethylammonium bromide) as well as coacervate 

phase modified quartz sand and melamine foam as adsorbent for MO reaching adsorption 

capacities of over 300 mg/g. Just as the acid-promoted UiO-66, these materials remove MO 

very efficiently from an aqueous phase by hydrophobic, -cation- and electrostatic interactions 

while MB does not exhibit a high affinity to the coacervate. In addition, the material can be 

recovered by treatment with acid which causes the desorption and subsequent release of the 

dye. Apart from artificial materials, several products from nature can serve as adsorbents for 

different dyes. Annadurai et al.[247] proposed the use of cellulose-based wastes for this 

purpose. They used banana and orange peels after washing, drying and sieving them for the 

adsorption of MB, MO, CR, RhB, methyl violet and amido black 10B from aqueous solutions. 

Adsorption capacities of up to 17.2 mg/g were obtained at optimized pH-values. A good 

overview including numerous examples of low-cost adsorbents for a variety of water-soluble 

dyes is given in “Application of low-cost adsorbents for dye removal – a review” by Gupta and 

Suhas.[248] 
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3 Summary and Outlook 

Within this thesis the in situ preparation of the stabilizing units for Pickering emulsions via 

different self-assembly processes and the subsequent in situ modification of the as-prepared 

emulsion droplets was investigated. Since many reports on Pickering emulsions with droplet 

sizes in the µm range can be found in literature but for some applications either smaller droplets 

or a larger o/w interface are beneficial or even crucial, the miniemulsion technique was applied 

in all studies performed and droplets with diameters below 1 µm could be obtained. Two 

different systems for various potential applications have been established: 

Starting from commercially available hydrophilic silica nanoparticles, inverse Pickering 

emulsions with a remarkable long-term stability were prepared by two self-assembly 

processes. In the key steps, the silica nanoparticles (SNPs) are hydrophobized by the 

adsorption of a polymeric hydrophobizing agent such as P(E/B)-PEO and the partially 

hydrophobized particles self-assemble at the oil-water interface. With this method, aqueous 

droplets with diameters between 180 nm and 450 nm and an excellent size distribution were 

stabilized in the high-boiling oil IsoparM. Not only negatively but also positively charged SNPs 

which are coated with a thin layer of alumina can be applied in combination with different 

hydrophobizing agents such as P(E/B)-PEO, lecithin, polyglycerol polyricinoleate and 

Lubrizol®U which gives rise to the assumption that the principle can be also extended for other 

particle/polymer combinations. An interesting type of structure was observed for some samples 

with the help of cryo-SEM images: not all of the silica particles are partially hydrophobized and 

contribute to the formation of a shell around the aqueous droplets but some SNPs are rendered 

hydrophilic and form a three-dimensional network inside the droplets. Structures like this can 

only be obtained if the particles originate from the dispersed phase which is the exception in 

most examples reported in literature. This network is not necessary for the stability of emulsion 

droplets but it could enhance the stability and might be useful in particular for the preparation 

of colloidosomes. Furthermore, the high flexibility of the investigated system also with respect 

to the volume and composition of the aqueous phase in combination with the small droplet size 

and the possibility of using biocompatible hydrophobizing agents makes these emulsions 

suitable candidates for biomedical applications. Another highly attractive application is the 

in situ modification of the transmittance of the emulsion. Initially, the inverse Pickering 

emulsion is milky-white as the droplets scatter light. Upon heating the emulsion, however, 

water from inside the droplets can be evaporated without changing the remaining composition 

of the emulsion. As the stabilizing particles with a diameter of 20 nm are much smaller than 

the wavelength of visible light, they don’t act as independent scattering objects but the droplet 

with the corresponding particular shell can be regarded as one single scattering object. 

Consequently, the refractive index of the droplets increases upon evaporation of water as the 
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RI of silica and the osmotic pressure agent sodium chloride is higher than the one of water. 

Since the RI of IsoparM is in between the one of pure silica/NaCl and the initial silica-NaCl-

water mixture, the RI of the droplets matches the one of the surrounding oil at a certain water 

content and the emulsion turns transparent. Transmittances of up to 86 % across the visible 

spectrum were obtained by this method which is unique for Pickering emulsions stabilized by 

SNPs. Additionally, a lower refractive oil such as n-pentane can be added to the emulsion if 

the RI of the aqueous phase is lower than the initial RI of the surrounding oil, and the addition 

of a higher refractive oil such as bromobenzene or toluene leads to transparency if the droplets 

exhibit a higher RI than the continuous phase in the initial state. This method to prepare highly 

transparent Pickering emulsion without adjusting the RI of the stabilizing particles is very 

attractive as it is on the one hand much easier than methods reported in literature where the 

RI of the particles has to be matched with the one of the water and the oil in advance which is 

quite challenging and up to now only reported for polymeric particles. On the other hand, the 

system proposed within this work is much more flexible as many different combinations of 

aqueous and oil phase which possess the same RI are thinkable and no additional modification 

of the particles is necessary. Potential applications of transparent emulsions can be found in 

the field of using emulsion droplets as compartments for light induced reactions or 

spectroscopic studies at the interface or inside the droplets which would be disturbed by 

scattering. Moreover, the linear scaling of the RI for many solvent mixtures offers the possibility 

to determine the RI of the emulsion droplets by titrating the continuous phase until the emulsion 

turns transparent. This allows the determination of the composition of the dispersed phase 

which might be difficult with other methods. Exemplarily, the water content of different 

emulsions has been determined by titration until transparency and compared to results from 

Karl-Fischer titration within this work. The remarkable agreement of both results can be taken 

as a proof of concept. In addition, this method might be interesting to follow the course of a 

chemical reaction inside the droplets if the RI changes during the course of the reaction. This 

would be a very easy way to monitor the reaction without any elaborate work-up. 

The second system which was investigated within this work established a completely new 

concept of stabilizing emulsions. Water-soluble organic dyes such as fluorescein, alizarin 

yellow, congo red, crystal violet and methylene blue were employed as building blocks for an 

in situ self-assembly process which leads to the formation of dye aggregates at the oil-water 

interface which for their part act as molecular scale Pickering stabilizers for direct 

miniemulsions. Remarkably, this self-assembly process takes place at very low dye 

concentrations where no aggregation can be observed in a pure aqueous solution. As soon as 

an interface is offered, however, self-assembly into aggregates takes place and these 

aggregates stay at the interface and stabilize the oil droplets. A direct prove of dye aggregates 
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at the interface of emulsion droplets was found in UV-vis spectroscopy. The spectrum of the 

cream phase of an emulsion stabilized by fluorescein shows absorption bands at higher and 

lower wavelengths than the typical band of the fluorescein monomer while only monomeric 

dye can be found in the serum of the same emulsion. The stabilization behaviour of fluorescein 

was compared exemplarily with the one of the classical surfactant SDS. While SDS lowers the 

interfacial tension between an aqueous solution and IsoparM significantly at concentrations 

which are necessary to obtain stable emulsions, the IFT is hardly affected by the addition of 

fluorescein. Nevertheless, the dyes are able to keep up with or even exceed SDS regarding 

efficiency. Traces of electrolyte were found to improve emulsion stability in the case of water-

soluble dyes as stabilizers since a slightly increased salinity enhances aggregation of the dyes. 

However, if SDS is employed as the stabilizer, the addition of salt has a detrimental effect even 

at low concentrations. Dye stabilized emulsions turned out to be very flexible with respect to 

the composition of the oil phase: besides non-polar oils such as IsoparM, cyclohexane and 

isooctane, polar oils like for example dichloromethane, chloroform or diethyl adipate, silicon 

oil, perfluorinated compounds and aromatic liquids like toluene and styrene can be stabilized 

in an aqueous continuous phase. The latter offers the possibility of performing free radical 

polymerization inside the droplets which has been successfully proven in systems stabilized 

by fluorescein and alizarin yellow. The polymerization of styrene in an emulsion containing 

alizarin yellow was studied in more detail. The dye turned out to be a fully compatible stabilizer 

for free radical polymerization initiated by a water-soluble azo initiator. The concentration of 

the dye was shown to have a great influence on both size and size distribution of the final latex: 

the particle size decreases with an increase in dye concentration and at the same time, the 

droplet size distribution gets narrower. The kinetics of polymerization was investigated and 

was proven to follow the polymerization behaviour typical for miniemulsion polymerization. 

Thus, a 1:1 transformation of emulsion droplets to particles takes place if the dye concentration 

is sufficiently high (above 1 mg/mL). Polystyrene particles with a diameter between 180 nm 

and 450 nm at almost quantitative styrene conversion could be obtained from dye stabilized 

emulsions. In contrast to SDS, the dye renders the final latex slightly yellow and thus provides 

an additional functionality to the particles. It is assumed that not only fluorescein and alizarin 

yellow but also other water-soluble dyes are compatible stabilizers for miniemulsion 

polymerization. This might be of interest since the stability of emulsions stabilized by dyes 

depends strongly on the combination of the dye and external conditions e. g. pH-value, salinity 

and temperature. Therefore, it is expected to be beneficial for specific miniemulsion 

polymerizations to have a variety of dyes in hand which can be used according to the 

conditions required or desired for the polymerization. On the other hand, emulsion droplets 

stabilized by water-soluble dyes were used as templates for the interfacial sol-gel process of 

TEOS which includes hydrolysis and condensation and results in the formation of silica. It could 
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be shown that either one silica capsule or many small silica nanoparticles with diameters in 

the range of or below 20 nm are obtained from one single emulsion droplet depending on the 

charge of the stabilizing dye. Positively charged dyes such as crystal violet support the 

formation of capsules which is in accordance with the behaviour of CTAB known from literature. 

Negatively charged dyes such as congo red, however, open the pathway to sub-20 nm 

nanoparticles. Presumably, small particles are formed in the initial state in all cases, but these 

primary particles are interconnected to form a shell around the droplet if cationic dyes are used 

as stabilizers while they are not interconnected but grow further to form isolable SNPs in the 

case of anionic dyes. This behaviour can be attributed to the local pH-value at the droplets’ 

interface: while positively charged dyes generate an acidic milieu around the droplets which is 

known to support the formation of silica networks in the sol-gel process, negatively charged 

dyes cause an increase in the interfacial pH-value compared to the surrounding bulk aqueous 

phase. Consequently, the interconnection of the particles and thus the formation of a network 

is inhibited which is also in accordance to the theory of the sol-gel process. In addition, 

negatively charged dyes seem to have an inhibiting effect on the growth of silica nanoparticles 

similar to some amino acids such as arginine and lysine which are frequently used in literature 

in order to prevent SNPs from growing too large. By variation of several reaction conditions 

such as temperature, concentration of the dye, salinity, pH-value and kind of the dye, 

monodisperse silica nanoparticles with diameters between 6 nm and 30 nm and in part 

outstanding standard deviations of less than 10 % were prepared. The flexibility of the system 

is further expressed by the possibility of upscaling. In contrast to synthesis routes for sub-

20 nm SNPs reported in literature, the process established within this work can be driven in 

accordance with the principle of “green chemistry”: particles can be produced at ambient 

temperature and pH-value without the use of any additional organic solvents under static 

conditions by simply preparing an emulsion comprising an aqueous congo red solution and 

TEOS and letting it undisturbed for several days. The work-up of these particles was either 

salting-out followed by several centrifugation and washing steps or by simply hanging a piece 

of nylon filter paper into the dispersion. Congo red has a very high affinity to nylon and adsorbs 

quantitatively to this solid adsorbent. Consequently, the dye is removed from the dispersion 

and a sol containing only water at neutral pH, SNPs and traces of ethanol is obtained. The 

possibility of removing the dye from an emulsion system with the help of an appropriate 

adsorbent is not only limited to the above-mentioned example but shows another great 

advantage of dye-stabilized emulsions over both surfactant and particle stabilized emulsions. 

Dye-stabilized emulsions can be separated in a very controlled manner into oil and water again 

by the addition of a (specific) dye scavenger. Other than emulsions that can be demulsified 

described in literature, the stabilizer is completely removed from the system and a pure oil as 

well as a pure water phase are obtained. Moreover, the process can be followed either visually 
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or by UV-vis spectroscopy very easily which is not the case for classical surfactants or 

particles. Thus, because of the outstanding flexibility and stability in combination with a 

controllable destabilization, dye stabilized emulsions are expected to have great potential for 

various applications including the compartmentalization of chemical reactions as they enable 

a work-up which is hard to beat with respect to simplicity. Moreover, dyes cannot only act as 

stabilizers in emulsion systems but can also bring additional functionality to the system and 

influence the course of chemical reactions which has been shown in the case of interfacial 

hydrolysis and condensation of TEOS. Therefore, especially for interfacial reactions or 

reactions within the emulsion droplets in which the dye is expected to participate, dye stabilized 

emulsions might open reaction pathways which are not accessible in the case of classical or 

particle stabilized emulsions.  
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6 List of figures 

 

Figure 1: Summary of the different projects and systems investigated within this work as well 

as the publications SS1 – SS5 reporting on the respective studies in detail. All studies 

deal with the in situ preparation of stabilizing units for Pickering emulsions by different 

self-assembly processes. On the one hand, already existing nanoparticles are 

hydrophobized in situ (left hand side, SS1) while in the second system, water-soluble 

dyes are employed in their molecular form and self-assemble into aggregates at the oil-

water interface which leads to the in situ formation of particular stabilizing structures 

(right hand side, SS2). Subsequently, the properties of the emulsion droplets are 

modified either chemically or physically by different polymerization processes which lead 

to the formation of solid particles or capsules of different materials (right hand side 

bottom, SS3 and SS4) or by evaporating water from the inside of the droplets which 

leads to a change in both droplet size and refractive index of the dispersed phase (left 

hand side bottom, SS5). .................................................................................................. 4 

Figure 2: Different amphiphile morphologies and the resulting micellar structures predicted with 

the help of CPP. Reprinted from Ref.[26] http://dx.doi.org/10.1155/2015/151683 is licensed 

under a Creative Commons license: https://creativecommons.org/licenses/by/4.0/. ...... 9 

Figure 3: Top: possible positions of a spherical particle which is partially wetted by water and 

oil at a flat oil-water interface. Left: If the particle is rather hydrophilic, the bigger part 

stays in the aqueous phase and the contact angle  is smaller than 90°. Middle: A particle 

which is wetted equally by water and oil shows a contact angle of 90°. Right: Contact 

angles larger than 90° are observed for rather hydrophobic particles. Bottom: Rather 

hydrophilic particles (left) at a bent interface are able to stabilize o/w emulsions, while 

rather hydrophobic ones (right) tend to stabilize inverse emulsions (adapted from 

Ref.[53]). ......................................................................................................................... 12 

Figure 4: Adsorption energy of a particle with a diameter of 10 nm at an oil-water interface with 

an interfacial tension of 36 mN/m at a temperature of 298 K.[49] At low (0° - 20°) and high 

(160° - 180°) contact angles, the adsorption energy is very low (10 kT or less) which 

indicates that very hydrophilic and very hydrophobic particles are not held in the 

interface, while particles which are wetted by both liquids equally and show a contact 

angle of 90° exhibit an adsorption energy of almost 3000 kT and are therefore held 

strongly in the interface. Reprinted with permission from (Langmuir, 2000, 16, 8622). 

Copyright (2000) American Chemical Society. ............................................................. 13 
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Figure 5: TEM images of triblock copolymer vesicles prepared by PISA. G, h and B represent 

glycerol monomethacrylate, 2-hydroxypropyl methacrylate and benzyl methacrylate 

blocks in the copolymer, respectively. [C. J. Mable, N. J. Warren, K. L. Thompson, O. O. 

Mykhaylyk, S. P. Armes, Chem. Sci. 2015, 6, 6179–6188.] - Published by The Royal 

Society of Chemistry. .................................................................................................... 15 

Figure 6: Surface modification of bare silica nanoparticles with polymer brushes via a grafting-

to approach. The grafting of poly(methyl methacrylate)-b-poly(glycidyl methacrylate)-b-

poly(tert-butyl methacrylate) to the particles’ surface with helps of triethylamine (TEA) is 

followed by the acid hydrolysis of the Pt-BMA block catalysed by trifluoroacetic acid 

(TFA). The resulting particles can stabilize either w/o emulsions at low pH-values or o/w-

emulsions at high pH-values by self-assembly at the toluene-water interface. Adapted 

with permission from (Colloid Polym. Sci., 2011, 289, 1885). Copyright (2011) Springer.

 ...................................................................................................................................... 17 

Figure 7: Evaluation of the stability of a toluene-in-water emulsion stabilized by silica 

nanoparticles which are activated by the addition of LaCl3. The open circles (left hand 

ordinate) show that creaming is less pronounced if LaCl3 concentrations between 2 and 

5 mM are applied. In the same concentration range, coalescence (filled circles, right hand 

ordinate) is lowest which indicates that intermediate concentrations of lanthanum 

chloride promote emulsion stability best. Reproduced from Ref.[48] with permission from 

the PCCP Owner Societies. .......................................................................................... 19 

Figure 8: Self-assembly of negatively charged nanoparticles at the o/w interface promoted by 

e. g. tetrabutylammonium nitrate. The TBA+-ions (promoters) stay in the oil-phase and 

screen the negative charge of the particles. Reprinted with permission from (Nano Lett., 

2016, 16, 5255). Copyright (2016) American Chemical Society. .................................. 19 

Figure 9: Depletion attraction promote the adsorption of silica particles to the o/w interface and 

suppress their desorption from the droplets. Reprinted with permission from Ref.[125] 

http://dx.doi.org/10.1038/ncomms14305 is licensed under a Creative Commons license: 

http://creativecommons.org/licenses/by/4.0/. ................................................................ 21 

Figure 10: Interaction between negatively charged silica nanoparticles (grey balls) with 8-

hydroxychinoline at different pH-values. Reprinted with permission from (J. Phys. Chem. 

C, 2010, 114, 17304). Copyright (2010) American Chemical Society. .......................... 21 

Figure 11: Preparation of w/o/w double emulsions and colloidosomes-in-colloidosomes using 

PEI/silica hybrid nanoparticles. The wettability of these particles can be fine-tuned by 

adjusting the PEI/silica ratio. Reprinted with permission from (Langmuir, 2014, 30, 2703). 

Copyright (2014) American Chemical Society. ............................................................. 23 
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Figure 12: Influence of the ratio between the double-chain cationic surfactant di-C10DMAB and 

hydrophilic SNPs on the particles’ wetting and stabilization behaviour. At low surfactant 

concentrations, particles are partially hydrophobized but still hydrophilic enough to 

stabilize o/w emulsions as the contact angle for water is below 90° while at intermediate 

concentrations, the particles’ surface is completely covered by di-C10DMAB. This leads 

to contact angles higher than 90° and consequently, w/o emulsions are formed. At high 

surfactant concentrations, however, a bilayer of di-C10DMAB renders the particles 

hydrophilic again. Adapted with permission from (Langmuir, 2013, 29, 4923). Copyright 

(2013) American Chemical Society. .............................................................................. 25 

Figure 13: Schematic representation of the preparation of inverse Pickering emulsions 

stabilized by in situ hydrophobized silica nanoparticles. ............................................... 29 

Figure 14: Cryo-SEM image of a w/o emulsion stabilized by a combination of hydrophilic silica 

nanoparticles and the surfactant P(E/B)-PEO showing that not all of the particles are 

located at the oil-water interface. Some particles stay inside the aqueous droplets and 

from a kind of network. Adapted with permission from (Langmuir, 2015, 31, 10392). 

Copyright (2015) American Chemical Society. ............................................................. 30 

Figure 15: Microscopy images of water droplets in CHB (A) and CHB-cis-decalin (B) stabilized 

without any additional surface-active compound but due to ion partitioning. The droplets 

are positively charged therefore repelling each other and arranging in a crystal-like order 

(“Wigner structure”). Reprinted from Ref. [150]. Copyright (2007) National Academy of 

Sciences........................................................................................................................ 33 

Figure 16: Schematic representation of the main point of SS2. Water-soluble dyes stabilize oil 

droplets in their aggregated form acting as “molecular-scale Pickering stabilizers”. .... 34 

Figure 17: Droplet size evolution upon changing the salinity of the aqueous phase at a fixed 

c(FL) = 0.5 mg/mL (a) and upon changing the concentration of FL (b). In both cases, the 

behaviour of FL (blue spheres) is compared with the one of SDS (red squares). The 

legend shown in (b) is also true for (a). Adapted with permission from (Langmuir, 2017, 

33, 1239). Copyright (2017) American Chemical Society. ............................................ 35 

Figure 18: Aqueous Pickering emulsion droplets packed into a column reactor are used to 

encapsulate a water-soluble catalyst which reacts with the oil-soluble reactants in a 

continuous flow biphasic catalysis reaction. Adapted with permission from (J. Am. Chem. 

Soc., 2016, 138, 10173). Copyright (2016) American Chemical Society. ..................... 38 
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Figure 19: Deacetylation-reduction cascade of benzaldehyde dimethylacetal. The final 

composition of the reaction containing HCl and NaBH4 in the bulk biphasic system shows 

that only negligible amounts of the desired product (red) are formed and far over 90 % 

of the starting material (green) are left unreacted (a1). The same is true for an emulsion 

system containing only NaBH4 and no HCl (a2). If only one kind of Pickering emulsion 

containing HCl is applied and the reducing agent is missing, benzaldehyde 

dimethylacetal is converted completely to the aldehyde (dark red) (a3) while a full 

conversion to the alcohol can be observed in the system containing two different droplet 

types containing HCl and NaBH4, respectively (a4). Adapted with permission from (J. 

Am. Chem. Soc., 2015, 137, 1362). Copyright (2015) American Chemical Society. .... 39 

Figure 20: Scanning electron microscopy (SEM) images of a colloidosome. A: The shell of the 

capsule is composed of PS particles. B, C: Close-ups of A) and B), respectively. The 

particles have been fixed on their positions by sintering (C). From [Science, 2002, 298, 

1006]. Reprinted with permission from AAAS. .............................................................. 40 

Figure 21: Preparation and application of colloidosomes for light-triggered cargo release. (3-

nitro-N-(3-(triethoxysilyl)propyl)-4-(((3-(triethoxysilyl)-propyl)-amino)methyl)benzamid) 

(NB) as an initially positively charged silane which turns neutral upon photocleavage is 

used to modify the surface of negatively charged silica nanoparticles to different extents 

(a). Upon irradiation, initially positively charged NBSN-2 particles are rendered 

negatively charged while initially negatively charged NBSN-1 particles stay negatively 

charged (b). As a consequence, originally stable colloidosomes composed of a 

combination of NBSN-1 and -2 can be destabilized by irradiation (c), which leads to the 

controlled release of a cargo (d). Reprinted with permission from (Angew. Chemie Int. 

Ed., 2018, 54, 6804). Copyright (2018) John Wiley and Sons. ..................................... 42 

Figure 22: Schematic representation of the radical polymerization of styrene in miniemulsions 

stabilized by alizarin yellow GG (AY). ........................................................................... 47 

Figure 23: TEM images of silica capsules formed from an emulsion stabilized by CV (A and B) 

and small silica nanoparticles formed from an emulsion stabilized by CR (C and D). The 

scale bars are 500 nm (A and C) and 200 nm (B and D). Reprinted with permission from 

(ACS Appl. Mater. Interfaces, 2018, 10, 24310). Copyright (2018) American Chemical 

Society. ......................................................................................................................... 50 

Figure 24: Schematic representation of the formation of both silica capsules and small silica 

nanoparticles from miniemulsions stabilized by cationic and anionic dyes, respectively.
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Figure 25: Schematic representation of the multilayer coating containing two different polymers 

along with silica nanoparticles (20 and 50 nm) (a). This coating shows good 

superhydrophobic properties as well as high transparency (b; the right side of the glass 

is coated while the left one is not). Reprinted with permission from (Langmuir, 2007, 23, 

7293). Copyright (2007) American Chemical Society. .................................................. 52 

Figure 26: The pH-value of an aqueous CR solution estimated with the help of indicator paper 

increases with an increase in the dye concentration. While a pH-value of 5 – 6 is 

measured for a concentration of 0.5 mg/mL, an increase in concentration over 1 to 

10 mg/mL results in a change of the pH-value over 6 – 7 to > 9. Reprinted with 

permission from (ACS Appl. Mater. Interfaces, 2018, 10, 24310). Copyright (2018) 

American Chemical Society. ......................................................................................... 59 

Figure 27: Schematic representation of the mechanisms leading to different silica structures 

from dye-stabilized emulsions containing TEOS in the oil-phase. The scheme of 

polymerization behaviour of silica has been adapted from Iler[227]. Scale bars in the TEM 

images are 50 nm. Independent of the type of dye used to stabilize the emulsion droplets, 

hydrolysis and condensation at the oil-water interface follows the purple path initially. 

After the silica particles have reached a size of approximately 5 nm, aggregation and 

interconnection is followed by the formation of hollow capsules around emulsion droplets 

in the low-pH regime caused by positively charged dyes (blue reaction pathway in the 

left-hand side). On the contrary, under alkaline conditions at the interface which are 

caused by negatively charged dyes as stabilizers, interconnection of the particles is 

suppressed and growth of the single particles continues until the final size is reached 

(red reaction pathway on the right-hand side). This in turn results in the formation of 

many sub-20 nm SNPs from one single emulsion droplet. Adapted with permission from 

(ACS Appl. Mater. Interfaces, 2018, 10, 24310). Copyright (2018) American Chemical 

Society. ......................................................................................................................... 60 

Figure 28: Overview over the particle sizes accessible via hydrolysis and condensation of 

TEOS in dye-stabilized emulsions. The particles’ diameter can be influenced by the 

concentration of the stabilizing dye, pH-value, reaction temperature and time, salinity 

and the kind of dye used for stabilization. Scale bars in the TEM images are 50 nm. 

Reprinted with permission from (ACS Appl. Mater. Interfaces, 2018, 10, 24310). 

Copyright (2018) American Chemical Society. ............................................................. 62 
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Figure 29: Structural formula of the diblock copolymer poly(lauryl methacrylate)-poly(benzyl 

methacrylate) (L-B) with a mean diblock composition of L16-B37 as well as a TEM image 

showing the worm-like morphology of the polymer. Adapted with permission from Ref.[229] 

https://pubs.acs.org/doi/10.1021/acs.langmuir.5b00630 is licensed under a Creative 

Commons license: https://creativecommons.org/licenses/by/4.0/. ................................ 65 

Figure 30: Schematic representation of the preparation of transparent inverse Pickering 

emulsions without adjusting the refractive index of the stabilizing particles by heating and 

thus evaporating water from the inside of the emulsion droplets. This process leads to a 

refractive index match of the aqueous phase containing water, sodium chloride and silica 
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(a). Thus, o/w emulsions can be stabilized by C12SeO2K and demulsification occurs upon 
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switching is reversible (b). Adapted with permission from (Langmuir, 2016, 32, 13728). 
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Figure 32: Effect of surface modification of titania nanoparticles on their ability to stabilize w/o 

emulsions. Long alkyl chains (C13H25) render the particles too hydrophobic to act as 

Pickering stabilizers (a and b). Upon irradiation, the alkyl chains are degraded and the 

resulting particles modified with C7H15-chains are good stabilizers for inverse emulsions 

(c and d). Exposure to UV-light of this emulsion leads to demulsification as the particles 

become too hydrophilic (e and f). Adapted with permission from (Langmuir, 2016, 32, 

9254). Copyright (2016) American Chemical Society. .................................................. 71 

Figure 33: Protonation of the initially hydrophobic modified silica nanoparticle leads to a 

charged and therefore hydrophilic particle (a). While at pH 7-8 the modified particles are 

able to stabilize w/o emulsions, phase-separation occurs upon addition of acid. Particles 
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Figure 34: In its neutral form, the surfactant 4-butyl-4-(4-N,N-dimethylbutoxyamine) 

azobenzene bicarbonate (AZO-B4) is not able to interact with negatively charged silica 

nanoparticles and therefore, no stable emulsion is obtained (left). By bubbling carbon 

dioxide through the system, the surfactant gets protonated and renders the particles 

surface active which enables the formation of a stable emulsion (middle). The exposure 

to UV-light causes a configurational change of the double bond of AZO-B4 from trans to 

cis which goes along with less hydrophobic particles and bigger emulsion droplets (right). 

All processes are reversible. Reprinted with permission from (Langmuir, 2016, 32, 8668). 
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and thus convert the original blue emulsion into a colourless oil-phase and a colourless 

aqueous phase. During that process, the gel turns blue. Adapted with permission from 

(Langmuir, 2017, 33, 1239). Copyright (2017) American Chemical Society. b) Chitosan 

can be used to demulsify an emulsion stabilized by CR. After gentle centrifugation which 

accelerates the sedimentation of chitosan flakes, both the oil and the water are left 

colorless. c) A nylon filter paper is even more efficient than chitosan with respect to 

removal of CR from an emulsion and consequently destabilize it. No centrifugation or the 

like is necessary to remove the adsorbent, it can be taken out with helps of tweezers. 

Reprinted with permission from (ACS Appl. Mater. Interfaces, 2018, 10, 24310). 

Copyright (2018) American Chemical Society. ............................................................. 75 

Figure 37: Adsorption of a MO/MB mixture (a) and a MO/RhB mixture (b) to acid promoted 

UiO-66 as a function of time. While the anionic dye MO is taken up almost completely by 

the MOF, cationic dyes stay in the aqueous solution. Reprinted from J. Colloid Interface 

Sci, 499, J. Qiu, Y. Feng, X. Zhang, M. Jia, J. Yao, Acid-promoted synthesis of UiO-66 

for highly selective adsorption of anionic dyes: Adsorption performance and 

mechanisms, 151-158, Copyright (2017), with permission from Elsevier. .................... 77 
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7 List of abbreviations 

 

(C12Se)2  didodecyl diselenide 

°   degree 

8-HQ   8-hydroxyquinoline 

a0   hydrophilic headgroup surface area of a surfactant 

AA   acrylic acid 

AAm   acrylamide 

AIBA   2,2-azobis(2-methylpropionamidine) hydrochloride 

AIBN   ,’-azoisobutyronitrile 

ATRP   atom-transfer radical polymerization 

AY   alizarin yellow GG 

AZO-B4  4-butyl-4-(4-N,N-dimethylbutoxyamine) azobenzene bicarbonate 

b   constant for the calculation of the capillary pressure 

BuA   butyl acrylate 

c   concentration 

C12SeO2K  potassium dodecyl seleninate 

CFT   critical flocculation temperature 

CHB   cyclohexyl bromide 

cmc   critical micelle concentration 

CPP   critical packing parameter 

CR   congo red 

CTAB   cetyltrimethylammonium bromide 

CTMA-Cl  cetyltrimethylammonium chloride 

CV   crystal violet 

DBP   di-butyl-phthalate 
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DBSA   p-dodecylbenzenesulfonic acid 

di-C10DMAB  didecyldimethylammonium bromide 

DLS   dynamic light scattering 

DLVO   Derjaguin, Landau, Verwey, Overbeek 

DNA   deoxyribonucleic acid 

DTAB   n-dodecyltrimethylammonium bromide 

DVB   divinylbenzene 

e. g.   for example (exempli gratia) 

EP   ethylene-co-propylene 

et al.   and others (et alii) 

FL   fluorescein (sodium salt) 

Fmoc   fluorenylmethyloxycarbonyl 

FSNP   fluorescent-dye-doped silica nanoparticles 

FTMA   (11- ferrocenylundecyl)trimethylammonium bromide 

G   glycine 

GO   graphene oxide 

HAADF  high angle annular dark field 

HAp   hydroxyapatite 

h-BN   hexagonal boron nitride 

HLB   hydrophilic-lipophilic balance 

HOA   oleic acid 

HPA   heteropolyacid 

HPC   hydroxypropyl cellulose 

i. e.   that is (id est) 

IEP   isoelectric point 

IFT   interfacial tension 
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k   Boltzmann constant   

KHP   potassium hydrogen phthalate 

KPS   potassium peroxodisulfate 

L   leucine 

L-B   poly(lauryl methacrylate)-poly(benzyl methacrylate) 

lc   length of the hydrophobic chain of a surfactant 

LCAT   lower critical solution temperature 

LDH   layered double hydroxides 

ln   natural logarithm 

M   molar 

MAA   methacrylic acid 

MB   methylene blue 

mg   milligram  

MH   molecular weight of the hydrophilic block of a nonionic amphiphile 

m   meter 

mL   millilitre 

mM   millimolar 

mN   millinewton 

MO   methyl orange 

MOF   metal organic framework 

MPS   -(trimethoxysilyl) propyl methacrylate 

Mtot   overall molecular weight of a nonionic amphiphile 

mV   millivolt 

N   newton 

Na-[CoD]  Na[3,3’-Co(C2B9H11)2] 
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NB 3-nitro-N-(3-(triethoxysilyl)propyl)-4-(((3-(triethoxysilyl)-propyl)-

amino)methyl)benzamid 

NBD   7-nitrobenzo-2-oxa-1,3-diazol 

ND   nanodiamond 

Nf    number of final latex particle in a unit volume 

Ni   initial droplets in a unit volume 

nm   nanometer 

NP   nanoparticle 

o/w   oil-in-water 

o/w/o   oil-in-water-in-oil 

P(E/B)-PEO  poly(ethylene-co-butylene)-block-poly(ethylene oxide) 

PAH   poly(allylamine hydrochloride) 

PAM   polyacrylamide 

PBS   phosphate buffered saline 

PDI   polydispersity index 

PDMAEMA  poly(2-(dimethylamino)ethyl methacrylate) 

PDMAEMA  poly(N,N-dimethylaminoethyl methacrylate) 

PDMS   poly(dimethylsiloxane) 

PEG   polyethylene glycol 

PEI   poly(ethylene imine) 

PGMA   poly(glycidyl methacrylate) 

PGMA–PTFEMA poly(glycerol monomethacrylate)–poly(2,2,2-trifluoroethyl methacrylate) 

PGPR 90  polyglycerol polyricinoleate 

pH   power of hydrogen 

PISA   polymerization-induced self-assembly 

PLMA–PTFEMA poly(glycerol monomethacrylate)–poly(benzyl methacrylate) 
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PMAA   poly(methacrylic acid) 

pmax   capillary pressure 

pMEA   poly(2-methoxyethyl acrylate) 

PMETAC  poly(2-(methacryloyloxy)-ethyl-trimethyl-ammonium chloride) 

PMMA   poly(methyl methacrylate) 

POE   polyoxyethylene 

poly(St-co-4-VP) poly(styrene-co-4-vinyl pyridine) 

PS   polystyrene 

PS-co-NIPAM  poly(styrene-co-N-isopropylacrylamide) 

PSS   poly(sodium styrenesulfonate) 

Pt-BMA  poly(tert-butyl methacrylate) 

r   radius of a particle 

RhB   rhodamine B 

RI   refractive index 

Rp   polymerization rate 

SAE   surface-active artificial enzyme 

SAM   self-assembled monolayers 

SDS   sodium dodecyl sulfate 

SEM   scanning electron microscope 

SLN   sentinel lymph node 

SNP   silica nanoparticle 

SPION   superparamagnetic iron oxide nanoparticle 

SPS   sodium 4-styrenesulfonate 

T   temperature 

TBA   tetrabutylammonium  

TEA   triethylamine 
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TEM   transmission electron microscopy 

TEOS   tetraethyl orthosilicate 

t   tert (tertiary)    

TFA   trifluoroacetic acid 

THAM   tris(hydroxymethyl)aminomethane 

THF   tetrahydrofuran 

TMOS   tetramethyl orthosilicate 

TPU   thermoplastic polyurethane 

TSA   p-toluenesulfonic acid 

UV-vis   ultraviolet–visible 

V   volume of the hydrophobic part of a surfactant in the core of a micelle 

V-086   2,2-azobis(2-methyl-N-(2-hydroxyethyl)propionamide 

via   by means of 

w/o   water-in-oil 

w/o/w   water-in-oil-in-water 

wt%   percentage by weight 

ZIF-8   zinc-based zeolitic imidazolate framework 

   dielectric constant 

O/W   oil-water interfacial tension 

m   micrometer 

   contact angle 
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