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Abstract 
 

Perfume microcapsules are essential components of laundry formulations to ensure perfume 

compatibility and provide a durable fragrant benefit, giving a sense of freshness to the 

consumer. In this context, the demand for sustainable perfume encapsulation techniques has 

been experiencing rapid growth as the industry investigates eco-friendly shell materials such 

as inorganic matrixes and biodegradable polymers as alternatives to conventional organic 

polymers.  However, marrying the ecological demands with the technical challenges of having 

capsules that can retain and deliver the active ingredient in a complex formulated product is 

not straightforward.   

In this work, a novel sustainable encapsulation method based on nanoparticle-stabilized 

emulsions, so-called Pickering emulsions, combined with silica-based sol-gel chemistry was 

developed and characterized using a perfume model (hexyl salicylate). The new technology 

was then tested for the encapsulation of a real-world perfume oil composition used in laundry 

applications. The obtained fully-inorganic silica capsules demonstrated outstanding 

mechanical stability, good resistance against perfume leakage and promising freshness 

performance in a complex liquid detergent formulation. By tuning the nanoparticles surface, 

it was also possible to successfully encapsulate other hydrophobic and hydrophilic actives, 

showing that the technology is flexible and has potential as an alternative to commercial 

organic polymer microcapsules for several industrial applications.  
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Thesis outline  
 

Chapter 1– The literature review chapter begins by introducing the role of fragrances in 

consumer goods and highlighting current microencapsulation approaches to stabilised 

fragrances in formulations in general. Then, the current state-of-the-art for introducing 

fragrances to laundry products via microencapsulation is discussed including potential health 

and environmental safety issue related to current approaches. Finally, sustainable and 

environmentally friendly alternative encapsulation techniques are discussed followed by a 

more in deep review of Pickering emulsion-based encapsulation (so called, colloidosomes) 

and silica sol-gel chemistry encapsulation techniques. 

Chapter 2 – An overview of the materials and microcapsule characterisation techniques is 

described in detail.  Special attention is given to the different types of microscopy used 

throughout the project and the micromanipulation technique used for all mechanical 

properties measurements. The methods used in the industry for the performance and 

stability characterization of perfume microcapsules are also explored for the test of the silica 

capsules produced in this project. 

Chapter 3 – The first result chapter describes the fundamentals of emulsion stability for oil-

in-water emulsions using hydrophilic silica as Pickering emulsifier. Next, the preparation and 

characterization of the inorganic polymer used as silica precursor for the formation of the 

shell is presented. Finally, the mechanisms for the formation of Pickering emulsion-based 

silica capsules are fully discussed. 
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Chapter 4 – This chapter starts with the synthesis of silica capsules using a perfume model – 

hexyl salicylate – followed by a full technical characterisation of these capsules. Next, 

encapsulation parameters that can affect silicon-based capsules, for example: pH and the 

levels of the silica precursor and nanoparticles, are studied, including a summary of the 

mechanical properties of these capsules.  

Chapter 5 – The preparation and characterization of silica capsules with a real-world 

consumer good perfume formulation is presented and discussed, including details of 

performance and stability testing using laundry product formulations. 

Chapter 6 –In the first part of Chapter 6 methods to improve the stability and performance 

of perfume oil/silica are studied following two approaches: First using a hydrophobic co-

solvent in the core (Isopropyl myristate) with high affinity to the perfume oil, to minimize 

leakage. Then, a process to mineralise silica capsules using sodium silicate and 

tetraethoxysiloxane is designed to improve stability in the finished product. In the second 

part of the chapter, the technology developed in this project is used for the encapsulation of 

other strategic actives for consumer goods products including a water-soluble dye model 

(other water-soluble actives can benefit from this, such as enzymes) and Menthyl menthol 

lactate (used for hair care applications).  

Chapter 7 – Chapter 7 summarises the general conclusions from this project and proposes 

recommendations for future work and further development of the encapsulation process 

leading to better performance and stability in the finished product.
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CHAPTER 1. Literature Review  
Abstract 

The aim of this chapter is four-fold: 

(i) to understand the role of fragrances in consumer goods; 

(ii) highlight the challenges when introducing perfumes into consumer products; 

(iii) highlight current approaches to overcoming the challenges, via 

microencapsulation; 

(iv) highlight the environmental and health safety issues related to the current 

perfume encapsulation techniques;  

Building on the four points above and the current state-of-the-art for introducing perfumes 

into laundry products, this chapter will outline the hypothesis for the PhD research in this 

thesis for the microencapsulation of perfumes for introduction into laundry products. 

Encapsulation strategies will also be introduced, looking into sustainable and environmentally 

friendly alternatives to the currently used polymeric based microcapsules. These sustainable 

capsules must perform and be stable in the finished product similarly to their polymeric 

counterparts. More specifically, encapsulation using colloidal particles, the so-called 

colloidosomes, combined with silica-based sol-gel chemistry is investigated as potential 

technologies, to produce consumer and environmentally friendly perfume capsules that 

comply with recent legislations limiting the levels of plastic-based technologies in consumer 

goods. Finally, colloidosomes and silica-based capsules will be discussed in detail, including 
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the key parameters to enhance stability and performance of these capsules in consumer 

products.  

1.1 Fragrances in laundry products:  Why and the challenges  

Fragrances are mixtures of natural or synthetic essential oils, which can contain a wide range 

of molecular structures including alcohols, aldehydes, hydrocarbons and terpenes.1 

Fragrances are widely found in consumer products such as: 

(i) cosmetics; 

(ii) heavy-duty laundry detergents (HDL); 

(iii) liquid fabric enhancers (LFE), also known as fabric softeners; 

(iv)  leave-on hair conditioners (LOC) and,  

(v)  rinse-off hair conditioners (ROC).2 

 Fragrances are key components for such products as they can influence the consumer’s 

decision when (i) first selecting a product, (ii) considering the perception of the products 

effectiveness, and (iii) repeat buying, or not, the product. Therefore, fragrances are important 

in product formulations in terms of sales enhancement, even if they do not play any role in 

improving the product properties.3 Moreover, they represent a significant material cost to 

laundry products, with content ranging from 0.2 -1 wt% of laundry formulations.4  

Fragrances used in laundry products are designed to: 

(i) mask undesirable odours from cleansing agents within the formulation; 

(ii) give the consumer a sense of freshness when opening and using the product; and 
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(iii) deliver a fresh smell to the washed fabric, enhancing the experience of cleanliness. 

When it comes to laundry applications, it can be very challenging to deliver fragrance to the 

fabric during and after the washing cycle. This challenge results from the following 

considerations the fact that fragrances:  

(i) are a mixture of hydrophobic oils and these are the compound type that 

detergents are designed to remove from the fabric during the wash.  This is 

somewhat mitigated by introducing fabric softeners, which contain the fragrance, 

at the end of the wash-cycle; 

(ii) are volatile, so the post wash drying process, which involves heat, will lead to 

evaporative loss of the fragrance oils.5 

(iii) can suffer chemical degradation when interacting with other components in the 

formulation (i.e. aldehyde or alkene moieties with peroxides);  

(iv) in water-based formulations can lead to phase separation.6 

(v) can undergo hydrolysis (i.e. ester moieties) when in alkaline (i.e. detergents) or 

acidic (i.e. fabric softeners) conditions.7 

(vi) can undergo aerial oxidation (i.e. aldehyde and alkene moieties), accelerated by 

heat in the drying process when exposed on the fabric.8 

Depending on the end use of the laundry product, specific levels of fragrances are desired.  

The five main factors that affect the volume of a fragrance in a formulation are:5 

(i) odour contribution of the fragrance; 
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(ii) stability and performance in the finished product; 

(iii) safety to consumer health; 

(iv) impact on the environment; and 

(v) cost.  

Of course, the first two points have the potential to conflict with the last three points, in that 

to get to a desired consumer experience with regard to a pleasant odour of a product, may 

require so much fragrance, that it will be detrimental to consumer health, and/or the 

environment, as well as being prohibitively expensive to the cost of manufacture.  Thus, 

technologies that use less fragrance, whilst maintaining a quality consumer experience are 

desirable. 

1.1.1 Fragrance encapsulation  

Encapsulation of fragrances has been a topic of extensive interest for both academia and 

industry in the past years.4 More specifically, the consumer goods industry have identified 

encapsulation as a key technology when introducing fragrances to their formulations. 

Examples of consumer products that benefit from encapsulated fragrances are perfumes, 

personal care products, hair-care, laundry detergents and fabric softeners4(Table 1-1). 

The reason for the extensive interest has been that the microencapsulation of fragrances 

ensures, in principle that the perfume is: 

(i) delivered at the right time; 

(ii) to the right place; 
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(iii) via a controlled release mechanism; 

(iv) protecting the encapsulated perfume from the surrounding environment, 

avoiding degradation, evaporation and phase separation.9 

Table 1-1. Shares of perfume encapsulation in consumer products.10  

Product type 
Percentage (by volume) of the product type using 

perfume encapsulation 

Laundry detergents 10-20% 

Fabric softeners and scent boosters ~60% 

Other cleaning products <1% 

Deodorants <1% 

Other cosmetic and personal care products <1% 

 

The main objective of using encapsulation in consumer products is to deliver a long-lasting 

fragrance experience to the users of laundry and personal care products, allowing to: 

(i) maintain the sensory cues related to the important wellbeing, health and hygiene 

benefits that the use of these products provide to the consumer; 

(ii) avoid the use of high perfume dosages that could be damaging to the 

environment; 

(iii) avoid unnecessary repeated product application due to absence of sensory cue; 

(iv) efficiently use resources as the perfume is delivered to the right place at the right 

time.   

1.1.1.1 Fragrance encapsulation in laundry products   

As observed in Table 1-1, encapsulation technologies are mostly used in laundry products 

such as detergents and fabric softeners. This is because the physical protection of fragrances 
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using microcapsules comes as an advantageous way to protect the perfume not only during 

storage, but also through the fabric washing and drying process and ensure: 

(i) perfume compatibility, by segregating the fragrance from other reactive 

components in the formulation, and hence increasing shelf-life.10  

(ii) a more durable fragrant benefit after the fabric is dried, giving a sensation of 

freshness to the consumer, even when handling the fabric weeks or even months 

after the wash.  

(iii) a more environmentally friendly approach, as a result of using less perfume in the 

formulation, resulting in less perfume being released into the drains during the 

wash,4 or released to the atmosphere in the form of volatile organic compounds 

(VOCs).  

In terms of fabric care formulations, the most successful encapsulation technologies are those 

based on aminoplast resins, such as urea-formaldehyde (UF) and melamine-formaldehyde 

(MF), due to their desirable mechanical properties and low wall permeability to fragrance 

molecules.11 

In 2008, the microencapsulation specialist company Encapsys, in collaboration with Procter 

& Gamble (P&G), was the first to produce fragrance microcapsules for fabric softeners on a 

large scale.  When the technology was first introduced, mainly UF and MF microcapsules were 

used.12 Encapsys has now shown that it is capable of producing capsules with different wall 

chemistries, such as polyacrylate and gelatine.13 
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1.1.1.2 Polymer microcapsules in laundry products 

Encapsulation is a costly technology, however is partially compensated by the lower volumes 

of fragrances required in the formulation as result of the stabilisation and segregation of 

expensive actives, coupled to the enabling of targeted delivery, which enhances consumer 

satisfaction and drives up revenue. Companies must understand the consumer needs to make 

sure that it is advantageous to introduce microcapsules to the product.  

Health concerns are an important challenge. Although MF capsules are the lead technology 

when it comes to introducing fragrance capsules to fabric care products, these wall materials 

are formed from formaldehyde, which is suspected to be a carcinogenic compound and its  

concentration in the finished product is controlled by law.14 Although the formaldehyde is 

chemically bound with the urea or melamine in the microcapsule product, it is in equilibrium 

with free formaldehyde, making it difficult to completely eliminate formaldehyde from the 

slurry, albeit at low levels which are designated as safe with respect to its carcinogenic 

activity.15 In light of this, European and Asian governmental institutions have imposed 

restrictions on formaldehyde containing products in recent years. As a result, companies have 

been investing in research to identify potential alternatives to MF capsules, which are 

environmentally friendly and safe to human health, whilst also presenting good mechanical 

properties, and maintaining and stabilising the active within the capsule until the required 

application point.  

The environmental safety challenge has come into sharp focus in the last two years, where 

there is a growing concern regarding pollution caused by single use plastic which is finding its 

way into water ways and the oceans at an alarming rate. Thus, regulations are starting to 
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expand from the prohibition of single use items, such as plastic bags and straws, to other 

plastic products.16 Microcapsules formed from organic polymer walls are in scope to be 

banned from Europe17 and have already being banned for some countries in Asia, and hence 

legislation may be introduced to restrict or even prohibit their use. Clearly, and not 

withstanding a formal legal framework, replacement of these polymer microcapsules is the 

ethical course of action to protect an environment which is stressed by the population 

explosion of the last 100 years. 

Therefore, alternatives to MF polymeric wall capsules which are eco-friendly and safe to 

human health are being actively investigated. Thus, innovations in polymer capsule wall 

materials have been around the use of biodegradable polymers (polylactide,18 proteins,19 and 

other biodegradable polyesters20). 

1.1.1.3 Inorganic Polymer microcapsules  

More recently inorganic matrixes (silicates,21 clays,22 and calcium carbonate23) have begun to 

be investigated as wall materials. However, marrying the ecological demands with the 

technical challenges of having capsules that can retain and deliver the active in a complex 

formulated product is not straight forward. In particular, the biggest challenges for these 

emergent shell materials is the stability and performance in the finished product, as their 

shells tend to be porous when compared to organic polymer counterparts, and scale-up of 

the encapsulation process is challenging.   

1.2 Microencapsulation  

Microencapsulation is a process where droplets of liquids, particles of solids or gasses are 

enclosed inside a solid shell in the micrometre size range (diameter 1-100 m) (Figure 1-1).24 
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Depending on the method, shell and core material the resulting morphology can be classified 

as mononuclear (single or multi-walled), polynuclear, matrix or irregular. The shell material 

can consist of plastics, biopolymer or inorganic matrix and the core material is physically 

separated from the surrounding environment.4  

 

Figure 1-1. Schematic representation of a microcapsule and its key components: a core that 

contains an active material surrounded by a solid shell. 

The term microcapsule was first used in industry when the National Cash Register Company 

introduced carbonless copy paper in 1954 in Ohio, USA.25 Encapsulation science has grown to 

take the basic idea of carbonless paper to make increasingly sophisticated encapsulation 

processes for use in a wide range of applications.  

Today microcapsules are capable of:26 

(i) providing stability of a formulation or material via the physical separation of 

incompatible components; 

(ii) protecting the core material from the surrounding environment; 

(iii) mixing incompatible or immiscible materials; 

(iv) masking or hiding an undesirable attribute of the active; 

(v) controlling or triggering the release of the active to a specific time or location.  
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All of these attributes can lead to an increase of the shelf-life of a product and stabilisation of 

the “active ingredient” in liquid formulations.26  

1.2.1 Controlled release 

One of the principal features of the microencapsulation technology is the possibility of a 

controlled release of the encapsulated active. For microencapsulation, the controlled release 

is usually classified as sustainable release27 or triggered release:28 

• Sustainable release: the active is slowly released over time and the release is 

controllable by the permeability of the shell.  

• Triggered release: the microcapsule shell should be formed from a material that is 

non-permeable to the active until a particular external stimulus is applied, such as 

mechanical rupture,11, 29 light,30 pH,31, 32 temperature33 or osmotic pressure.34 

When the trigger is applied, the active is released.  

Both methods are extremely desirable for different industrial applications. For example, 

sustainable release is interesting for pharmaceutical applications, where a therapeutic agent 

must be delivered over a period of time. On the other hand, triggered release is interesting 

for food applications, whereas the encapsulated flavour must be released during chewing, 

providing the consumer with an enhanced sensation.  

1.3 Emulsions 

Formulated products may rely on oil-in-water emulsions to keep the materials dispersed.35 

An oil-in-water emulsion is formed when an oil is homogenised in an excess of water. This 

leads to the oil being dispersed in the water (continuous phase) as droplets.36 The droplet size 

is dependent on a number of factors, including the energy input into the homogenisation 
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(mixing process), with more energy leading to smaller droplets. Once the homogenisation 

process stops, i.e. the energy to sustain the dispersion of the oil in the continuous phase is 

removed; the oil and water will phase separate.35 Due to the large interfacial area of 

emulsions, the systems tends to be thermodynamically unstable and undergoes phase 

separation if a stabilizing agent is not added to the system. The large interfacial area in the 

absence of surfactants leads to an increase in the interfacial Gibbs free energy (𝛥𝐺) according 

to Equation 1-1: 

𝛥𝐺 ∼  𝛾𝑂𝑊𝛥𝐴𝑂𝑊,                                             Equation 1-1 

where, γOW is the interfacial tension and ΔAow is the change in the interfacial area between oil 

and water. During emulsification ΔAow increases dramatically leading 𝛥𝐺 to be positive and 

the emulsion to be thermodynamically unstable. Several mechanisms lead to emulsion 

instability, such as coalescence, flocculation, creaming and Oswald ripening (Figure 1-2).37 Of 

course, other parameters also play an import rule in the phase separation process such as the 

zeta potential, affecting the charged layer around the droplets hence their tendency to 

flocculate, as well as the viscosity and density of the oil which might affect the rates of 

creaming/ sedimentation. Surfactants and copolymers are commonly added to the system to 

increase emulsion stability, by decreasing the interfacial tension.38 
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Figure 1-2. Schematic of mechanisms leading to phase separation of oil-in-water emulsions. 

Adapted from Lupetinsky et. al., 2006.36 

As discussed above, the reason for the phase separation is that the surface tension between 

water and oil is high, and thus energetically the oil-water interface is not favourable. 

However, the introduction of an organic surfactant can lead to a thermodynamically stable 

emulsion, by reducing the difference in surface free energies. This stabilisation results from:39 

(i) the surfactant migrating to the interface between the oil droplet surface and the 

continuous phase, 

(ii) the hydrophobic moiety of the surfactant embeds in the oil droplet because of 

dispersive interactions, and 

(iii) the polar hydrophobic head-group embeds in the aqueous phase, stabilised by 

electrostatic and/or hydrogen bonding interactions with the water molecules. 
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1.4 Pickering emulsions  

Pickering emulsions are formed via self-assembly of solid particles at the interface between 

two immiscible phases such as oil and water (Figure 1-3).40 These emulsions are produced as 

follows: first, two highly immiscible phases are emulsified in the presence of colloidal particles 

(Pickering emulsifier). These particles assemble spontaneously at the water-oil interface, 

lowering the interfacial energy between the phases and consequentially, stabilising the 

emulsion.41 This type of emulsion was first identified by Ramsden42 in 1903, but first fully 

described by Pickering in 1907.43 

 

Figure 1-3. Simplified scheme of Pickering emulsion formation. First, an aqueous dispersion 

containing colloidal particles is prepared and added to an oil phase (A). Then, the aqueous and 

oil phases are emulsified forming oil droplets in a continuous aqueous medium (B). The 

colloidal particles then self-assemble at the water-oil interface lowering the interfacial energy 

and stabilising the emulsion (C). 
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A number of different particles have been described in the literature as capable of stabilizing 

emulsions, for example, latex,41 silica,44 oxides45 and clays.46 Parameters such as the emulsion 

polarity and hydrophobicity, the particles wettability, shape and size, the surface properties 

and the interactions between the particles are important when defining how effective 

particles are in stabilizing emulsions.47  

Some of the main benefits of Pickering emulsions over common organic amphiphilic 

surfactant-stabilized emulsions are:48 

(i) higher resistance to coalescence; 

(ii) mouldable permeability; 

(iii) flexibility in terms of biocompatibility and environmentally friendly materials; and 

(iv) facile and low-cost routes. 

1.4.1 Pickering emulsion stability  

To produce stable colloidal dispersions, it is essential to create an effective repulsion 

mechanism that is enough to overcome the van der Waals attraction between the particles. 

There are generally two types of colloidal stabilization mechanisms:49 

Electrostatic repulsion: produced by creating an electrical double layer around the particles 

as a result of charge separation. When two particles with extended double layers approach 

each other to a distance where the double layers begin to overlap, strong repulsion occurs, 

thus overcoming van der Waals attractions. 

Steric repulsion:  produced by adsorbed non-ionic surfactant or polymer layers (stabilization 

groups) and can extend from the particle surfaces giving an adsorbed layer thickness. When 

two particles approach to a distance that this thickness begins to overlap, repulsion occurs.  
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The stabilization mechanism also has a significant effect on the assembly to interfaces and on 

the formation, stability and properties of Pickering emulsions. Firstly, the surface of the 

particle is altered by the presence of the stabilization mechanism affecting the wetting 

properties and the equilibrium position of the particles at the interface. Secondly, the 

stabilization groups can lead to an activation barrier when a particle approaches the interface 

due to steric repulsion.49  

The fundamental difference between the stabilization of emulsions using surfactants and 

solid particles, reside in the fact that the relatively large size of the stabilising units of the 

latter along with the presence of three phases in the system, results in a three-phase contact 

angle (Figure 1-4). The stability of Pickering emulsions relies on the steric stabilization 

provided by the charged particle layer surrounding the droplet and preventing droplet 

aggregation and coalescence, therefore ideally, the particles exhibit partial wetting, 

assembling at interfaces, but remaining colloidal stable. To form Pickering emulsions that do 

not coalesce, the three-phase contact angle between the solid particle and the immiscible 

phases (Figure 1-4) should be close to 90°, where a high energy input is required for 

desorption, ΔGd, of the particle from the interface  according to Equation 1-2.50  

𝛥𝐺𝑑  =  𝜋𝑟
2𝛾𝑜𝑤(1 − 𝑐𝑜𝑠𝜃)

2,                             Equation 1-2 

where 𝛥𝐺𝑑  is the free energy difference due to desorption, r the particle radius, 𝛾𝑜𝑤 the 

interfacial tension between the oil and water phases and θ the three-phase contact angle.  

As explicit by the equation, the change of free energy of a spherical particle at the interface 

depends directly upon the water-oil interfacial tension and the radius of the particle.51 The 

wettability of the particle and the polarity of the oil can also influence the stability of the 
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emulsion via the contact angle. Thus, surface-active particles can spontaneously assemble at 

the oil-water interface and therefore lead to emulsion stability.52 

 

Figure 1-4. Scheme representing the three-phase contact angle Θ between a solid particle at 

the oil-water interface. Θ depends on the surface properties of the particle, particularly the 

wetting properties, and the particle-water, particle-oil and water-oil interface. γSO,  γOW and γSW 

represent the interfacial tension between solid-oil, oil-water and solid-water, respectively.  

1.4.2  Effects of particles parameters on Pickering emulsions 

1.4.2.1 Wettability of particles 

Particle wettability was first studied by Schulman and Leja,53 who described that depending 

on the contact angle, θ, of the particle with the water phase it would preferably form oil-in-

water or water-in-oil emulsions.54 

For particles with θ below 90°, the particle is more wetted by the water (hydrophilic particle) 

and an O/W emulsion is stabilized, as the particles minimise the energy by curving around the 

dispersed phase. The opposite is observed when the contact angle is above 90°, in this case 

the particle is more wetted by the oil phase (hydrophobic component) and a W/O emulsion 

is preferably formed (Figure 1-5).55, 56 If the contact angle is equal to 90 degrees, there is no 



Chapter 1. Literature Review 
 

17 |                                                                                                   R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  5 0 - 5 9  
                                                                                                 
 

preferentiality and the particles are wetted equally by both phases.47 ΔG is maximum for θ = 

90°, which is the maximum area of interface obliterated by placing the particles at it.54 

 

Figure 1-5. Scheme representing the formation of O/W or O/W emulsions depending on the 

contact angle between the particle and water. If θw < 90°, the resulting emulsion is O/W and 

if θw < 90° the resulting emulsion is W/O. 

In a work conducted by Bink et al.,51 silica nanoparticles with different hydrophilicities were 

used to study the stability of emulsions formed between toluene and water. The study 

identified that only particles with intermediate hydrophilicities (i.e. θ close to 90°) could 

spontaneously accumulate at the interface and stabilize the emulsion, which confirms that  

ΔG is maximum for θ = 90°.  

1.4.2.2 Particle size 

From Equation 1-2, it is possible to conclude that the size of the particle also has a great 

impact on their desorption energy. ΔGd increases as a function of r2, therefore bigger 

particles, in theory, can stabilize emulsions more efficiently. Bink et al.57 have studied the 

effect of the particle size on Pickering emulsions using latex particles of diameter varying from 

0.21 to 2.7 µm, and observed that they were all stable for more than six months, however 

their stability to sedimentation was higher for smaller particles (hence, more charged 

surfaces). In addition, average emulsion droplet increased with increasing the latex particle 
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diameter when the volume fraction of water, oil and particles was unchanged. This is due to 

the larger surface area that can be stabilized by smaller particles.  

However, Qi et al.58 used poly(D,L-lactic-co-glycolic acid) particles in three different sizes to 

understand the effects of size on the stabilization of the Pickering emulsion. They noticed that 

when using smaller particles (330 nm), dense layers deposited at the droplet surface, which 

stabilized the emulsion more efficiently than when bigger particles were used (620 and 1150 

nm). The explanation for the surprising results was that the adsorption kinetics of the larger 

particles was slow and resulted in less efficient packing at the droplet surface.  At larger sizes 

the relationship is not observed anymore, probably because not all particles are located at 

the drop interface. 

1.4.2.3 Particle shape 

Most of the studies involving Pickering emulsifiers have used spherical shaped particles. 

However, a few studies have also demonstrated the possibility to stabilize emulsions using 

particles with different shapes such as rods and fibres,59 nantubes,60 ellipses and cubes.61, 62 

Madivala et al.63 studied the effect of elliptical shaped polystyrene particles. The group 

noticed that elliptical particles could stabilize the emulsion more effectively when compared 

to spherical particles as they connected end-to-end forming triangular mesh structures 

preventing coalescence due to shape-induced capillary interactions.  

Kalashnikova et al.64 used rods as Pickering emulsifiers and noticed an improved stability of 

the emulsion. This improvement is because the rods connect forming a 2D network that give 

extra support to the structure. In terms of packing, non-spherical irregular particles should 

yield denser structures, which is advantageous when limited permeability is required.65 



Chapter 1. Literature Review 
 

19 |                                                                                                   R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  5 0 - 5 9  
                                                                                                 
 

1.4.2.4 Surface properties of the particles 

Colloidal particles tend to aggregate in solution unless there are repulsive forces between 

them, such as electrostatic repulsion or steric stabilisation. However, this repulsive force 

between the particles can act as a barrier for their adsorption at the interface.66 Multiple 

studies have shown that the stability of the Pickering emulsion directly depended on the 

electrostatic forces, which control the adsorption and desorption rate of particles at the oil-

water interface.67, 68  

The pH of the continuous phase, for example, can control the electrostatic repulsion between 

the particles and, in consequence, their adsorption at the interface.69 In terms of silica, it was 

shown that the fraction of silanol surface groups could affect the structure of the emulsion in 

a more significant way than the contact angle.70 Besides the surface charges of the particles, 

other surface properties of the particles can also have an effect on the Pickering emulsion 

stability, for example the roughness of the particle, which can reduce the contact surface 

hence reducing the emulsion stability.71, 72 

1.4.2.5 Particle concentration 

The particle concentration is important to ensure complete droplet coverage and avoid 

coalescence.73 Usually, by increasing the particle concentration, stability is improved.74 The 

droplet coverage can be calculated using Equation 1-3; it is defined as the ratio between the 

interfacial area that the particles can cover and the total interfacial area.  

𝑅𝑜 = 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑥 𝜋 𝑥 (
𝑊𝑜

𝑊𝑝
) 𝑥 (

𝜌𝑝

𝜌𝑜
) 𝑥 𝑅𝑝                     Equation 1-3 
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Where, Ro and Rp are the radius of oil droplet and particle, Wo and WP the weight of oil and 

particles, and ρp and ρo the density of particle and oil, respectively. For a dense monolayer of 

particles, the coverage is equal to 0.9, which corresponds to fractional area occupied by 

hexagonal closed-packed monodispersed particles.73 

The concentration of particles can also influence the surface properties of the particles. For 

example, silica particles behave more hydrophobically at higher concentration, as the 

hydrophilic silanol groups are shielded and involved in siloxane bond formation between 

particles, which induces hydrophobic character and can improve emulsion stabilisation.49 The 

concentration of particles also plays an important role in defining the droplet size via the so-

called limited coalescence phenomenon discussed next.  

1.4.3 Limited coalescence phenomenon  

When using surfactants to stabilize an emulsion, the higher the surfactant concentration, the 

smaller the droplet, and usually an enhancement in stability of the emulsion is observed.38 

When the surfactant concentration reaches the critical micelle concentration (CMC), the 

droplet size remains constant. For Pickering emulsions, a similar phenomenon is observed; 

the increase of particle concentration decreases the droplet size, due to the limited 

coalescence phenomenon in emulsions stabilized solely by solid particles.66  

Therefore, the limited coalescence phenomenon rationalises why an excess of oil-water 

interface is produced when compared to the area that can be covered by the particles, which 

must be irreversibly attached to the interface.75 The droplets coalesce to a limited extent 

which reduces the interfacial area between the oil and water, and progressively increases the 
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degree of coverage by the particles. As a result, a film of particles is formed at the interface, 

kinetically stabilizing the emulsion.75  

The phenomenon is represented by Figure 1-6 below: when the volume fraction of dispersed 

to continuous phase is fixed, by varying the concentration of particles it is possible to control 

the mean diameter of the formed droplet. 

 

Figure 1-6. Representative graph of the limited coalescence phenomenon and its features: 

when an excess of oil- water interface is formed when compared to the particle coverable area, 

the droplets coalesce until all surfaces are covered. The mean droplet diameter increases as 

the particle concentration to the dispersed phase decreases. 

Another important feature of the limited coalescence phenomenon is the possibility to not 

only control the final droplet diameter, but also to obtain a narrow size distribution. In a 

particle poor system, the droplets will coalesce until all surfaces are completely covered, 

leading to remarkably monodisperse emulsions. It is possible to obtain a linear relationship 

between the droplet diameter and the particle concentration, with the slope dependant on 
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the energy applied during the emulsification process.76 The lower the particle concentration, 

the more narrowly distributed the size of the resultant emulsion (Figure 1-6).  

Whitesides et al.77 have conducted extensive mathematical modelling experiments using 

theoretical analyses of droplet collisions during emulsification and concluded that the final 

size distribution does not depend on the emulsification conditions and the initial droplet size. 

In addition, the droplet size becomes narrow at early stages of the limited coalescence 

process because the amount of irreversibly adsorbed particles is constant and independent 

of the droplet size, leading to a smaller degree of coverage in smaller droplets, which coalesce 

faster. As smaller droplets coalesce faster than bigger ones, the obtained size distribution is 

usually relatively narrow. 

1.4.4 Pickering emulsion-based capsules – colloidosomes  

Colloidosomes are shell-core (microcapsules) structures whose shell are composed of post-

emulsification cross-linked colloidal particles and the core composed of a liquid or gel.78 The 

colloidosome structure formation is achieved via the pre-formation of a Pickering emulsion41. 

This cross-linking can be achieved via physical or chemical stabilization, such as thermal 

annealing, where the polymer particles are heated up above the glass transition temperature, 

fusing the particles together79 as well as covalent cross-linking.80 Thus, the particles can be 

locked at the interface via  mechanical stabilization; for example gel trapping, which involves 

the usage of a gel as internal phase, forming rigid capsules81 and the polymerization of the 

droplet, which takes place after the formation of the Pickering emulsion, inside or at the 

surface of the particles, trapping the particles at the interface.82, 83 These stabilisation 

methods can also be used to further reduce core leakage from the colloidosomes. 
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Colloidosomes can be obtained using varies types of Pickering emulsifiers and preparation 

routes. Moreover, the wide range of particles and stabilization methods enable the capsules 

to be designed for a specific application,41 which is extremely desirable, especially for bio-

applications.84 Colloidosomes formation can be achieved using multiple shell materials, for 

example: silica85, polymers86, oxides87, and microgel particles88. In addition, there is much 

current research looking to find an effective mechanism to stabilise the particles within the 

colloidosomes shell and avoid the disruption of the microcapsule. This research will be 

discussed in the following sections.  

The main advantage of colloidosomes for encapsulation is that the synthesis usually involves 

surfactant-free and environmental friendly conditions, which is extremely desirable for many 

industrial applications, such as pharmaceuticals and food.89 However, due to the solid nature 

of the colloidal particles forming the shell and its high permeability, the technology is still 

struggling to have real commercial applications, especially in terms of small volatile molecules 

encapsulation, such as perfume oils.41 

1.4.5  Permeability properties of colloidosomes  

Colloidosomes are usually formed by the soft-template method,41, 90 where the active to be 

encapsulated is loaded to droplets of an emulsion prior to the self-assembly of the colloidal 

particles. Colloidosomes are spherical, as the droplet will adopt a spherical shape in order the 

have the minimal interfacial energy.90 Furthermore, with the adsorption of the particles at 

the interface the total interfacial energy of the droplet decreases. As the adsorption energy 

of the colloidal particles at the oil-water interface usually exceeds the thermal energy by 

many orders, the particle cannot leave the surface, and it is confined at the interface,91 hence 



Chapter 1. Literature Review 
 

24 |                                                                                                   R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  5 0 - 5 9  
                                                                                                 
 

spherical particles will organize in a hexagonal network at the interface, showing regular 

spaces (pores) between them. 

Taking into account a monodispersed sphere planar-packing with diameter d, the interstitial 

diameter is approximately 0.15d.87 However, when this packing is curved to form the shell of 

the capsule, additional defects must be present to fully cover the surface of the shell; leading 

to a higher permeability of the colloidosome as the defects are described to be approximately 

the size of 0.70d (Figure 1-7).92 The pores size can be adjusted by varying the shape or  using 

a combination of different particle sizes.  However, innovations in sealant mechanism would 

are highly sought after to avoid shell leakage.  

 

Figure 1-7. Scheme representing the possible pore sizes for closed-packed shell made of 

particles with diameter d. 

A model proposed by Rosenberg et al.,93 demonstrated that for a colloidosome made of a 

monolayer of colloidal particles the diffusion of small molecules will be independent of the 

particle size.  However, for multilayer shells, smaller particle sizes can reduce significantly the 

rate of transport. The study also shows that when compared to an uncoated system, 

colloidosomes can hinder the diffusion of small molecules. 
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There are very few reports in the literature focusing on long-term retention using 

colloidosomes. Many of the techniques to make stable capsules are capable of only retaining 

actives for short periods (only minutes to hours). To be used in commercial applications, 

microcapsules must be able to retain actives on the time scale of months or years. 

Thus, in conclusion, although colloidosomes have advantages over conventional 

encapsulation processes, their full potential as an encapsulation technique is yet to be fully 

realised, in particular in relation to minimize colloidosome permeability. 

1.4.6 Approaches to minimize the permeability of colloidosomes  

To form microcapsules from Pickering emulsions a mechanism for reducing/eliminating shell 

permeability and prevent the particles from detaching from the interface, releasing the core 

material, is required, and several mechanisms have been developed as shown in Figure 1-8, 

some of which also increase the capsules mechanical properties. 

 

Figure 1-8. Scheme representing the possible ways of stabilizing colloidosomes from Pickering 

emulsions (Adapted from 41). 
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1.4.6.1 Thermal annealing 

The first method to lock the colloidosome shell in place was described by Dinsmore et al.,86 

by preparing latex particle colloidosomes and then heating up above the latex glass transition 

temperature (Tg) , to fuse them together. Using this method, the interstitial gaps between 

the particles could be controlled by varying the sintering time.  Furthermore, the method was 

applicable for both hydrophobic and hydrophilic encapsulation. The authors suggested that 

the permeability of the colloidosome could be controlled, however this aspect was not 

demonstrated. The main drawback of this method is the high temperature necessary to fuse 

the particles together, which could be damaging to the active to be encapsulated. 

1.4.6.2 Polymerization of the shell  

The enhancement of the colloidosome shell stability can also be achieved via polymerization 

either at the outer and/or inner surface of the shell of the colloidosome. Many examples of 

such method can be found in the literature.83 The first example was described using surface-

modified silica particles comprising initiator sites for radical polymerization as Pickering 

emulsifier for paraffin oil in water.82 Once the Pickering emulsion was formed, the initiator 

sites promote the in situ formation of the polymer on the surface of the colloidosome. The 

drawback for this method, according to the group, is that it is not suitable for scale-up and it 

is time consuming. 

Alternative approaches were described with the polymerization occurring in the interior of 

the droplet using latex,94 TiO2,95 SiO2
96 or ZnO97 as Pickering emulsifiers. The formation of the 

copolymer is possible via solvent evaporation, forming a thin layer of polymer in the inner 

surface of the shell. Long et al. 98 described a method using CaCO3 particles and interfacial 
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polymerization to form an organic polymer on the inner surface adjacent to the oil phase, and 

a second inorganic cross-linking with CaCO3 on the outer surface adjacent to the continuous 

water phase. This method demonstrated reduced core leakage when compared to non-

polymerized colloidosomes. 

1.4.6.3 Covalent cross-linking  

Stabilization of colloidosomes microcapsules can be achieved adding cross-linkers to the oil-

water interface. William et al.99 have described the formation of organic/inorganic 

colloidosomes encapsulating oils made of Magnafloc/Laponite nanoparticles coated by a 

cross-liked melamine formaldehyde film. Capsules formed were robust and could survive an 

alcohol challenge, which removes both the oil droplet phase and the aqueous continuous 

phase, keeping the capsules intact However, this study did not include a release profile data. 

Thompson et al.100, 101 have demonstrated a method to cross-link latex particles at the oil-

water interface having the cross-linker initially in the inner oil phase, and therefore avoiding 

inter-colloidosome fusion. This work also included release data, which suggests that the 

leakage is minimized when compared to non-cross-linked samples. However, the 

colloidosomes still experienced complete release within hours. 

The biggest advantage of the cross-linking method over the previous methods already 

described is that it can be achieved at ambient conditions, and therefore is suitable for the 

encapsulation of thermally sensitive actives, such as enzymes. However, for many methods 

the cross-linking is conducted from the continuous phase, which can possibly lead to inter-

colloidosome fusion. Cross-linking can also be used in conjunction with another method such 
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as thermal annealing, avoiding inter-droplet cross-linking, thus enhancing the capsule 

synthesis efficiency.102, 103 

1.4.6.4 Inorganic sealant 

Keen et al.104 have demonstrated that the colloidosomes can be sealed by the formation of a 

CaCO3 external shell blocking the pores between the colloidal particles and therefore avoiding 

the leakage of large actives up to weeks. The method was also interesting because it could be 

conducted at ambient temperature and without harsh solvents. 

For the formation of the CaCO3 sealed colloidosomes, CO3
2- was dissolved in the inner phase 

and the Ca2+ in the outer, continuous phase. During the synthesis, those salts meet at the 

channels between the particles, precipitating CaCO3, which acts as a cement blocking the 

channel and therefore sealing the colloidosome to avoid core leakage. The method is 

extremely interesting, however, it was demonstrated using a W/O systems. 

Wang and co-workers105 also reported the formation of a calcite shell in a similar fashion 

whereby CaCO3 nanoparticles were used as colloidal particles and nucleation sites and the 

capsules were further sealed using CaCl2 and CO2 gas to form a robust all CaCO3 shell. This 

work was reported using oil-in-water emulsions and limonene flavour was encapsulated.  

Furthermore, the authors have demonstrated that an acid trigger release can be applied to 

release the active from the shell by dissolving the CaCO3 wall. 

In a similar way, Zhao et al. reported the formation of all-silica colloidosomes encapsulating 

hydrophobic liquids in two similar works.89, 106 The group described the formation of Pickering 

emulsions formed from silica particles that could receive a further sol-gel treatment, gluing 

the particles at the O/W interface by a silica precursor polymer. Interestingly, the silica 
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precursor used was dispersed in the inner oily phase, so the formation of the silica “glue” 

happened from the inner side of the colloidosome. Moreover, the authors suggested a 100% 

efficiency of encapsulation using this method, in a chemically inert system, which would be 

interesting for cosmetics applications for example. The drawback of this approached is that it 

requires a pre-synthesis of the silica precursor which is tedious and increases considerably 

the preparation time. 

Also working with silica, Baillot et al.107 described a method for sequential mineralization of 

Pickering emulsions formed with silica nanoparticles using tetraethoxyothosilicate (TEOS) and 

cetylmethylammonium bromide (CTAB) as the silica precursor and a cationic surfactant, 

respectively. As opposite to the method described by Zhao et al., TEOS was added to the 

dispersed phase and the silica particles worked as nucleation sites for the formation of silica 

from the outside of the emulsion surface. The group have demonstrated that the 

colloidosomes could have their shell thickness and mechanical properties controlled when 

multiple mineralization steps were applied. A limitation of this method is the usage of TEOS 

in the continuous aqueous phase can cause full gelation of the system if the conditions are 

not well controlled. 

1.4.7 Trigger release mechanisms 

There are several ways to trigger the active release from colloidosomes. The first example is 

pH triggered release, which is attractive for pharmaceutical applications as it could be applied, 

for example, for the differential pH found in the gastrointestinal system from the mouth. 

Miguel and co-workers, have reported stimulus-responsive colloidosomes using a pH 

trigger.108 In this work, double emulsion templates of both W/O or O/W emulsions were used 
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to form completely polymeric colloidosomes that had rapid and complete capsule dissolution 

in response to a mild pH stimulus. In addition, Sander and Studart109 have demonstrated a 

methodology for the formation of complex colloidosomes that can release actives on-

demand in single or multiple release events using a pH trigger. 

Zhou and co-workers have demonstrated the synthesis of colloidosomes with a thermally 

switchable trigger based on the temperature dependent adsorption or desorption of a block 

copolymer dissolved in the core, onto or off the inner surface of the colloidosome.110 Thermo-

responsive colloidosomes were also reported by Cejkova et al.111 The group described the 

formation of PNIPAM/silica colloidosomes that could show temperature dependent 

swelling/deswelling properties, leading to a trigger release of the active. 

A trigger release based on the differential electrostatic interactions between oppositely 

charged ionic surfactants and particles was described by Zhu et al.112 In this work, the O/W 

emulsion was formed with negatively charged silica nanoparticles, and could be stabilized or 

destabilized by the addition of anionic or cationic surfactants, respectively. The colloidosomes 

had then a switchable characteristic, what could be interesting for many commercial 

applications, such as phase change materials.113 

As mentioned before, Keen et al.104 reported the formation of CaCO3-sealed colloidosomes 

using polystyrene as the colloidal particles. The authors described those capsules as having 

two different trigger release mechanisms: dilution and shear.  It was investigated that how 

much shear would be necessary to break the capsules using a rheometer as a function of the 

thickness of the calcium carbonate shell, showing that a high shear can break the 

colloidosomes, releasing the active immediately. In addition, a very large dilution in water 
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would also release the actives from the colloidosomes, but a small dilution would keep them 

intact, which is interesting for industrial applications such as laundry products. 

Zhao106 and Baillot107 also reported colloidosomes made of silica alone,  that had a mechanical 

force release trigger resulting from the brittle nature of silica. Those capsules were reported 

encapsulating hydrophobic liquids. Mechanical shear is interesting for consumer applications, 

for example, the active must be delivered when the consumer is handling the product. 

1.5 Silica based microcapsules 

In 1984, Avnir and co-workers published the first report demonstrating the possibility of 

entrapping organic molecules within an inorganic matrix.114 Since, silica has been used as a 

shell material to form inorganic walled-capsules as an alternative to organic polymers, due to 

its mechanical and thermal stability, chemical inertness, inorganic nature, biocompatibility, 

easy functionalization and optical transparency.115 In addition, silica can be manipulated to 

form dense walls, with well-defined porosity.116 

The sol-gel process is a physicochemical method that assists in the formation of capsules 

whose shells are made of metal oxides.117 Sol-gel encapsulation enables an effective 

controlled release, facility to manipulate the shell size and morphology and the possibility of 

room temperature processing, preventing degradation of the active material,115, 116 all of 

which are desirable to the industry along with the physical protection of the entrapped active. 

On the other hand, the major drawback is that the gelling agent is generally a strong acid or 

base, what can potentially degrade the active compound.118 

The main applications  of silica capsules are in the health care,119, 120 phase change 

materials,121 food122 and cosmetics industries.123 as amorphous silica is considered as 
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“generally recognized as Safe (GRAS)” by the US Food and Drugs Administration (FDA) and 

authorized as food additive in the European Union, including fumed and hydrated silica.124  

Companies such as Sol-gel Technologies, based in Israel and CeramiSphere, based in Australia 

are examples of business fully dedicated to the commercialization of sol-gel entrapped 

products. The first commercial application of silica particles was by Merck in 2001 in 

collaboration with Sol-gel Technologies for sun protection application: silica capsules were 

loaded with UV molecular chromophores, under the tradename Eusolex UV-Pearls. These 

capsules were added to sunblock formulations to provide long-lasting protection while 

preventing skin contact with the irritant molecules. 

1.5.1 The sol-gel process  

Sol-gel chemistry was first intensively studied in the mid-1970s, when metal alkoxides 

solutions were found to be able to produce a variety of inorganic polymer networks and have 

continued to be extensively studied.125 From metal alkoxide solutions, a variety of material 

types can be formed depending on the sol-gel process used, such as: aerogels, ceramics, 

uniform particles, films or fibres. Sol-gel materials are metastable solids formed in kinetically 

controlled reactions from molecular precursors. It consists of a dense amorphous network 

connecting the precursor molecules and their properties and final structure are directly 

influenced by several reaction parameters.126 

A stable suspension of colloidal particles in a liquid is called sol. The colloidal particles can be 

crystalline or amorphous. Whereas a gel consists of a porous solid network embedded in a 

liquid phase (“wet gel”). Usually, the formation of a gel (gelation) results from the formation 

of covalent bonds between the sol particles. When other forces are involved, such as 
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hydrogen bonds or van der Waals, gel formation can be reversible. The structure of the gel 

depends on the type, size and shape of the sol particles and can be densified when the solvent 

is (partially) removed, resulting in gel shrinkage (Figure 1-8).127 

 

Figure 1-9. Colloidal network formation in sol-gel materials (adapted from 128). 

The stability of the colloidal particles thus, ultimately controls the structure of the gel. The 

rate of agglomeration of sol particles can be determined by the van der Waals forces between 

these particles, such that electrolytes and organic additives can influence the gelation 

behaviour. Gelation can also be induced by fast drying of the solvent. This technique is 

particularly important for film and fibre formation. Moreover, at high pH values, where the 

particulates may have a high solubility in the sol, structures that are more porous are 

obtained. At low pH values, on the other hand, fine pore networks and dense structure are 

obtained due to low dissolution re-precipitation rate.129 

1.5.2  Hydrolysis and condensation reactions for silica-based materials 

The sol-gel process of silica-based materials relies upon the transformation of Si-OR (silicon 

alkoxides) and Si-OH (silanol) species to Si-O-Si (siloxane) via condensation reactions (loss of 

H2O or alcohol).128 
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 The most common precursors are silicon alkoxides, Si(OR)4, mostly tetraethoxysilane 

(TEOS), and aqueous solutions of silicates (“water glass”). Water glass solutions are a mixture 

of silicate species with an average composition of M2SiO3 (M= Na, K).127 The stability of such 

species in solution is highly dependent on the pH.  The point of zero charge (PZC) of silanol 

containing species is generally between pH 1.5 and 4.5. When the pH is brought down to 

below PZC the siliceous species are positively charged, and negatively charged when the pH 

is above the PZC (Equations 1-4).130 

Si-OH + H+ → Si-OH2
+ 

                              Si-OH + OH- → Si-O- + H2O                              Equations 1-4 

During the sol-gel process, the chemical reactions can be described by three equations 

(Equations 1-5). When silicon alkoxides are used as precursors, the hydrolysis reaction of Si-

OR groups must precede condensation to generate Si-OH groups, which are necessary for 

condensation, which takes place by alcohol or water elimination:130 

Hydrolysis:            ≡Si−OR + H2O       →    ≡Si−OH + ROH 

Condensation:      ≡Si−OH + Si−OR    →    ≡Si−O−Si≡ + ROH 

                                ≡Si−OH + Si−OH    →    ≡Si−O−Si≡ + H2O                                       Equations 1-5     

The most important differences between aqueous silicate and silicon alkoxides precursors are 

described in Table 1-2: 130 
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Table 1-2. Main differences between aqueous silicate and silicon alkoxides precursors 

 Aqueous silicates Silicon alkoxides 

Gelation initiation  pH change Water addition (hydrolysis reactions) 

Solvent Always water Neat or dissolved in an organic solvent 

(usually the alcohol produced during the 

condensation step) 

Catalyst Not necessary  Acidic or basic catalysts usually employed 

 

Silicon alkoxides reactions are usually more complex and allow for a better control of the 

structure of the material formed. Moreover, the reaction can be catalysed by both acidic or 

basic conditions. When the pH is below the PZC (acidic conditions), the oxygen atom is 

protonated in a fast first step (Equations 1-6 and 1-7). Water or alcohol is then eliminated, 

and the electron density withdrawn from the central silicon atom making it more susceptible 

to attack by water (hydrolysis) or another silanol group (condensation). 

Acidic conditions: 

Hydrolysis 

 

Equation 1-6 

Condensation 
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Equation 1-7 

On the other hand, under basic conditions, the reaction proceeds via nucleophilic attack of 

OH- (hydrolysis) or a ≡Si−O- ion (condensation) by a deprotonation of water or a ≡Si−OH group 

(Equation 1-8 and 1-9). Under strong alkaline conditions, the O-Si-O bonds can be cleaved 

again by OH- molecules.130 

Alkaline conditions: 

Hydrolysis 

 

Equation 1-8 

Condensation 

 

Equation 1-9 
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Inductive effects are very important when stabilizing the intermediate states in the hydrolysis 

and condensation reactions, which is controlled by the substituents attached to the central 

silicon atom. The consequence is that the substituents will control the reactions rate and the 

final structure of the gel, and it is ultimately dependant on the pH of the reaction media.130 

1.5.3 Factors influencing the rate of hydrolysis and condensation 

The reactions described above can happen at different rates depending on the parameters 

influencing the hydrolysis and condensation reactions. The most important parameters are 

discussed in this section.  

1.5.3.1 Type of precursor(s) 

Silica precursors can be salts, oxides, hydroxides, complexes, alkoxides, acrylates and amines. 

Lower electronegativity and higher Lewis acidity leads to an increase in the reactivity towards 

water. Higher alkyls networks can lead to incomplete monomers reaction, which remain in 

solution.131 For alkoxysilanes, branching and increasing the chain length of precursor 

substituent decreases the hydrolysis rate.132 

1.5.3.2 pH (OH-
 or H+

 catalysis), or other catalysts 

As previously discussed, the reactions for base or acid-catalysed hydrolysis and condensation 

follow different mechanisms. Furthermore, silicon alkoxides react slowly with water, but the 

reaction rate can be increased by the use of acid or base catalysts.133  

As observed in Figure 1-10, the reaction rate is minimal between pH 1.5 and 4.5 for 

condensation (PZC of silica) and pH 7 for hydrolysis.130 At pH below 5, condensation is the 

limiting step and hydrolysis favoured. The opposite is observed for reactions at pH above 5, 

where the hydrolysis is the limiting step and Si-OH species are fast consumed due to the fast 
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condensation.  At very high pH conditions (pH > 12) the hydrolysis is again favoured and the 

condensation minimal, so in strongly alkaline conditions, silicon materials tend to be fully 

hydrolysed.130 

 

Figure 1-10. Scheme representing the relative rates of the hydrolysis and condensation 

reaction as a function of the pH (Adapted from 130). 

Overall, in acid-catalysed conditions, the hydrolysis rate is faster than condensation, which 

will generally start when hydrolysis is completed. The opposite is true for alkali-catalysed 

systems (below pH 12), where condensation is favoured instead of hydrolysis, leading to 

highly condensed species and usually lager pores when compared to acid-catalysed 

conditions.128  

1.5.3.3 Alkoxides precursors to water ratio (Rw) 

The quantity of available water during the sol-gel process strongly affects the hydrolysis and 

condensation kinetics. At a fixed alkoxides precursor concentration, an increase in the water 

content leads to an increase in the hydrolysis rate. For tetraalkoxysilanes for example, two 

equivalents of water (Rw = 2) are necessary for the formation of SiO2, but four equivalents of 
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water (Rw = 1) are necessary for the full hydrolysis of Si(OR)4 to Si(OH)4. So, in this case for a 

high quantity of water (lower Rw) hydrolysis is favourable over condensation.130 

1.5.3.4 Type of solvent 

The solvent used during the hydrolysis and condensation steps may vary in their polarity and 

be aprotic or protic.128 Depending on the pH, the silanol groups involved in the condensation 

reaction might be protonated or deprotonated – protonated in base-catalysed reactions and 

deprotonated in acid-catalysed. In a protic solvent environment, hydrogen bonds will be 

formed between nucleophilic deprotonated silanol groups and the solvent, whereas aprotic 

solvents will form hydrogen bonds with electrophilic protonated silanol groups. As a result, 

protic solvents can promote acid-catalysed condensation and retard base-catalysed 

condensation reactions.128 

1.5.3.5 Presence of electrolytes 

Increasing the presence of electrolytes (salts) can accelerate the formation of the gel, as the 

electrical double layer around the sol particles is compressed causing the particles to 

coagulate as the attractive forces between the particles are uncharged and the repulsive 

barrier is reduced.130 Due to this effect, most base-catalase reactions take place using 

ammonia, as it is not ionic, avoiding the introduction of unwanted electrolytes to the reaction.  

For acid-catalysed reactions on the other hand, the counterion is inevitably introduced to the 

reaction and influences the gelation rate and behaviour. 130 

1.5.3.6 Temperature  

It is well known that temperature can fundamentally influence the kinetics of chemical 

reactions. Usually, the reaction happens faster at higher temperatures as there is an increase 
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in molecule and collision kinetics. In sol-gel processes, the temperature influences primarily 

the gelling time, which decreases with increasing the temperature.134  

Temperature may also influence the structure of the final material. It was observed that for 

TEOS-HCl systems, the pore size and pore percentage decrease with the increase of the 

gelation temperature until 60°C.134, 135 As the temperature increases further, the pore 

percentage increases, which leads to the apparent density to decrease. This decrease is due 

to the high condensation rate at elevated temperatures, which leads to a more porous 

structure.136 

1.5.4 Capsule structure 

Different structures can be obtained depending on the desired properties of the silica 

capsule. In general, the active can be protected in a solid silica shell, which can be poly, 

mononuclear, double shell or a matrix. 

1.5.4.1 Silica matrix structures 

Silica matrix encapsulation is the most widely type of carrier used in industry nowadays.117 

During the encapsulation process the active is usually mixed directly with the silica precursor 

before the hydrolysis step. In the presence of a solvent such as ethanol, both the active and 

the precursor are soluble. The silicate material is then “doped” with the active during the gel 

process.137, 138 TEOS is the main precursor used and this technique is used widely in the 

cosmetic, food and medical sectors, as it is easily scalable and the by-product , usually 

ethanol, is generally tolerable.123 The active ingredient release kinetics is controlled by the 

material porosity and chemicals interactions with the silica cage. 
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1.5.4.2 Core-shell structures from emulsion template 

Core-shell structures comprised of a thin silica shell encapsulating actives can be formed using 

interfacial polymerization which combines sol-gel and emulsion chemistry. This method is 

attractive when a high encapsulated load of the active is necessary, as the core can have a 

weight  as high as 90% of  the final material.123 The active release can be triggered using 

mechanical rupture or shell dissolution, releasing the content in a burst, or sustained manner, 

by controlling the pore sizes of the structures, which allows the active to be released over 

time.139 

 The emulsion droplet usually functions as a micro reactor for the hydrolysis and 

condensation of the silica precursor117 via two methods that differ by the use of a hydrophilic 

or a hydrophobic precursor. For both methods an oil-in-water emulsion is formed containing 

the active and either the precursor or the gelling agent in the oil phase - depending of the 

hydrophobicity of the precursor. In the following step, the solid shell of the capsule is formed 

by adding the missing component (gelling agent or precursor).118 

Low molecular weight silanes and alkylsilanes such as TEOS and tetramethylsiloxane (TMOS), 

are the main silica precursor used for the shell formation. Silica capsules with walls formed 

from condensed TEOS have been widely described in the literature.140-143 The hydrolysis and 

condensation rates for these low molecular weight molecules occur relatively fast when 

compared to other alkyl structures, due to the retarding effect of the bulkier ethoxide 

groups,126 which can be advantageous when forming a solid wall from an emulsion 

template.117 Moreover, TEOS is interesting for industrial applications as it a relatively cheap 
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and abundant starting material and is considered safe to be used in food and flavouring 

contact materials.144  

To form the emulsion, ionic and non-ionic surfactants are used to stabilize the oil-in-water 

emulsion and define the structure of the final shell. Ionic surfactants, such as CTAB, usually 

yield pore sizes between 2-4 nm117, 145 whereas non-ionic counterparts, such as Tween series 

(ethoxylated sorbitan esters), generate pores of around 10 nm.146  

Silica has also been investigated as Pickering emulsifier between water and oils.51 All silica 

microcapsules are typically formed when an additional silica precursor is added to the 

interface “sealing” the colloidal particles together. Typically TEOS is used as silica precursor, 

forming robust capsules that are mechanically stable as demonstrated by Jiang et al,147 where 

a hydrophilic active was encapsulated in submicron capsules that released the active when 

triggered by an environmental signal such as surfactant or ethanol.  

Wang et al. and Zhao et al.106, 148 have demonstrated the possibility of using hyperbranched 

polyethoxysilane (PEOS) as precursor to “glue” the particles together forming nanocapsules 

with a narrow size distribution. Both studies have used organically modified silica 

nanoparticles and PEOS to encapsulate both hydrophilic and hydrophobic actives at high pH 

with 100% efficiency and mechanical stability.  

The benefit of using PEOS over TEOS is that the former is a hydrophobic liquid that acts as a 

surfactant upon hydrolysis, which adheres to the water-oil interface, so the silica film 

formation is more efficient as less molecules are lost to the water phase (as happens to 

hydrolysed TEOS molecules).89 
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The pH of the continuous phase can also greatly affect the final structure of the capsule, 

specially the porosity. Reports have demonstrated that acid-catalysed sol-gel reactions tend 

to have slower gelation times and the resulting silica material is significantly less porous and 

more mechanically robust than the base-catalysed counterparts.143 Zhang and co-workers121 

for example, have demonstrated that the optimum pH to minimize porosity is between 2 and 

3.  Acidic conditions are, therefore, preferable for the formation of capsules with low porosity 

and basic conditions for the formation of mesoporous materials.140 

1.5.4.3 Hybrid silica capsules (double-shell) 

Silica-biopolymer hybrid capsules have also been studied as carriers for oily actives.149 As 

described in a patent by Firmenich,150 an oily active was first encapsulated in a gelatine/gum 

arabic shell, then TEOS is used to precipitate silica at the capsule surface forming a double 

shell. The company has demonstrated that the method is efficient for the encapsulation of 

fragrances and has enhanced mechanical properties when compared to conventional 

coacervate capsules. Sensory evaluation tests have also demonstrated that formulations 

containing encapsulated peppermint oil had superior performance than the non-

encapsulated counterpart.  

Other materials can be used to form a hybrid silica shell such as chitosan,151 organic 

polymers98, 152, alginate 149, 153, 154 and lipids.155 The advantage of forming a hybrid or double 

shell is the possibility to enhance and tailor the properties of the capsule for specific 

applications. The resulting capsule could have a less porous wall or enhanced mechanical 

properties, for example.  
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1.5.5 Fragrance encapsulation using silica capsules 

Fragrance encapsulation using silica-based materials have been receiving a notable increase 

in attention from encapsulation and fragrances companies as can be observed in the increase 

in patents applications in recent years (Figure 1-11). Fragrance companies such as IFF, 

Givaudan and Firmenich are constantly innovating in fragrance encapsulation, along with 

consumer good companies, such as P&G, Henkel and Unilever, which have an interest in 

stabilising fragrances in their products. 

 

Figure 1-11. Number of patent applications disclosing fragrance encapsulation mentioning 

silica-based materials in the past 20 years (data obtained from patents search using Orbit 

software, key works: fragrance, encapsulation, silica). 

Ciriminna et al. have published a comprehensive review of sol-gel microencapsulation of 

odourants and flavours,123 consisting mainly of porous silica-based materials, which is 

interesting for perfumes and personal care applications, as the silica matrix is doped with 

essential oils leading to controlled release.156 Zuobing and co-workers, for example, have 
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demonstrated the possibility to encapsulate lavender oil in organo-modified silica 

nanospheres.157 

For fabric care applications, usually it is necessary to have a high load of perfume and a trigger 

release by mechanical force, leading to a burst release of the perfume on the fabric.  Core-

shell structures would be more interesting in this case; the limitation is the capability of 

retaining the oil inside the microcapsule during storage in detergent formulations. Currently, 

there is no fully inorganic silica-based encapsulation method capable of stabilizing fragrances 

in liquid detergent formulations as stated by the industrial partner in this project (P&G). 

1.6 Conclusions 

Microencapsulation techniques have been extensively studied as tools to improve the 

efficiency of fragrance delivery in consumer products. Encapsulation can make formulations 

more environmentally friendly by reducing the amount of perfume added to the product and 

reducing waste. Capsules can also improve the stability of fragrance, prolong formulations’ 

shelf life and provide controlled release functions.  

However, current microcapsules are made from organic based materials and can potentially 

be toxic.  Thus, there is a clear necessity for technologies that are considered non-toxic to 

humans and the environment, by reducing the level of toxic materials and plastics used in the 

shell material. Although there are various wall chemistries available, such as biopolymers or 

inorganic matrixes, these still remain to be optimised in terms of stability in the finished 

product, performance, scaling up process and cost.  

Particle stabilised emulsions (Pickering emulsions), are routes for the formation of 

microcapsules with improved mechanical properties and high stability without the use of 
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organic surfactants. However, due to the high permeability of these materials, their use as 

carriers of small molecules, such as fragrances, is still limited. Nevertheless, the permeability 

can be controlled using methodologies to seal the pores with gelatines, polymers or inorganic 

materials. 

Silica has been studied as carrier for active materials for over a century and it is a promising 

material for a wide range of applications due to its thermal and mechanical stability, 

biocompatibility and chemical inertness. The health care, cosmetics and food industries, 

among others, already make use of silica-based materials as delivery systems in a large scale.  

To make use of silica-based wall chemistries for the encapsulation of fragrances for detergent 

applications it is necessary to adjust the shell structure to obtain minimum porosity (avoiding 

perfume leakage during storage and shipping) and improved mechanical properties, so the 

fragrances survive the wash cycle and delivery freshness to the consumer. Other aspects are 

also important to make the technology usable for industrial application, for example, the 

scaling-up process and cost. 

Overall, Pickering emulsions combined with sol-gel chemistry is a potential strategy for the 

formation of fully inorganic wall material for the encapsulation of fragrances with high 

payload. As described in the literature, the properties and structure of the shell can be tuned 

in order to minimise pore size, therefore leakage, and improve the materials mechanical 

properties. 

The development of a fully inorganic shell technology capable of stabilising fragrances in 

detergent formulations is still a great challenge for the fabric care industry. Nevertheless, it 

offers an exciting new area for innovation, with the objective of bringing more 
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environmentally friendly formulations to the consumer, while maintaining an enhanced 

freshness experience. 

1.7 Aim and Objectives 

1.7.1 The challenge 

Perfume microcapsules used in the fabric care industry today have their walls made of organic 

polymers. With the growing concerns regarding microplastics in the environment, alternative 

encapsulation technology must be explored. Some options available are technologies based 

on biopolymers, such as chitosan and alginate, which can be readily biodegraded in the 

environment or fully inorganic compositions, such as silica or calcium carbonate, where the 

formed shell is made of an inert material. The problem with these materials is that they are 

known for being porous, and therefore not able to stabilise perfume in surfactant-based 

formulations such as laundry detergents and fabric softeners. 

1.7.2 The Aim and Objectives 

The overall aim of this project is to formulate and characterise novel inorganic microcapsules 

with desirable structural and mechanical properties in order to provide stability, protection, 

long-term retention, and triggered release of strategic active ingredients in the Fast-Moving 

Consumer Goods (FMCG) industry, enhancing existing formulations as an alternative to 

organic polymer-based perfume microcapsules (PMCs). 

More specifically, the project investigates the usage of silica microcapsules formed by the 

combination of sol-gel chemistry and silica Pickering emulsifiers for long-term encapsulation 

and protection of fragrances for fabric care applications that are able to protect the fragrance 

during storage and shipping of the product and deliver freshness when mechanical force is 
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applied by the consumer. The objectives of this project are outlined below and summarized 

in Figure 1-12: 

1. To study of the stabilization of perfume oil using hydrophilic silica nanoparticles as 

Pickering emulsifier, and preparation and characterization of hyperbranched 

polyethoxysiloxane (PEOS), which will be used as silica precursor. These are the 

building blocks for the preparation of the silica shell encapsulating perfume oil or 

hexyl salicylate in the following chapters (Chapter 3). 

2. To development of an encapsulation strategy using a perfume model (hexyl 

salicylate) in order to understand the best approach to produce silica capsules 

from silica nanoparticles and PEOS, while minimizing leakage and enhancing 

mechanical properties (Chapter 4); 

3. To apply the developed encapsulation technology to a real-world perfume oil 

formulation (Chapter 5); 

4. To optimize the shell properties in order to enhance stability and performance in 

the finished product and improvement of the encapsulation process (Chapter 6); 

5. To test the capsules produced using methods used in the industry in terms of 

performance and stability and applying the technology to other consumer goods 

strategic actives (Chapters 5 and 6). 
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Figure 1-12. Scheme representing the key steps for the encapsulation of perfume oils in silica 

capsules.  

Table 1-3 below gives an overview of the core and shell materials studied in each of the results 

chapters. Chapter 3 presents the Pickering emulsion stability between perfume oil or hexyl 

salicylate using SiO2 NPs as Pickering emulsifier. Then, in the work presented in Chapter 4, 

silica capsules are formed using PEOS to cross-link the SiO2 NPs encapsulating hexyl salicylate. 

Chapter 5 investigates the encapsulation of the commercial perfume oil using PEOS and SiO2 

NPS to form the shell. Finally, in Chapter 6 Isopropyl myristate is used as core-modifier to 

optimise the encapsulation of perfume oil studied in Chapter 5, as well as the addition of an 

extra silica coating to these capsules.   
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Table 1-3. Overview of core and shell materials studied in each of the results chapters.   

  Chapter 3 Chapter 4 Chapter 5 Chapter 6 

Core 
materials 

Hexyl 
salicylate 

X X   

Perfume oil X  X X 

Isopropyl 
myristate 

   X 

Shell 
materials 

PEOS  X X X 

SiO2 NPs X X X X 
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CHAPTER 2. Materials and Methods 
Abstract 

This chapter introduces the chemicals, equipment and methods used throughout the PhD 

project. It is divided in four sections:  

1. The first section concerns the chemicals, including the perfume oil and Pickering 

emulsifier used.  

2. The second section describes the technique to produce the Pickering emulsions 

and the various emulsification methods used in this project.  

3. The third section describes the equipment used for capsule characterisation.  

4. The final section concerns the methods used in the industry to evaluate the 

stability and performance of perfume microcapsules (PMCs) in real-world 

consumer products. 

2.1 Chemicals 

Perfume oil and isopropyl myristate (IPM) were kindly provided by Procter and Gamble 

Brussels Innovation Centre. Hexyl salicylate (HS), acetic anhydride, titanium trimethylsilane 

(TETRAKIS), difluoro[2-[1-(3,5-dimethyl-2H-pyrrol-2-ylidene-N)ethyl]-3,5-dimethyl-1H-

pyrrolato-N]boron (PM546 – fluorescent dye) and Allura red dye (AR) were supplied by Sigma-

Aldrich, UK. Tetraethoxysilane (TEOS) and absolute ethanol were supplied by VWR, UK. 

Fumed silica nanoparticles (SiO2 NPs) - Aerosil 300 (A300) and Aerosil R816 were supplied by 

Evonik Industries. All Chemicals were used as received without further purification. 
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2.1.1 Perfume oil 

The perfume oil provided by P&G is a mixture of 13 different components, which includes 

aldehydes, esters, alcohols and hydrocarbons. The composition was not disclosed by P&G so 

the perfume activity and perfume leakage experiments were done at the company where the 

characterization methods are already established for the encapsulated perfume composition. 

These methods will be described and discussed later in Section 2.5.  

A fluorescent dye (PM546, excitation and emission 493 nm and 504 nm, respectively  - Figure 

2-1) was dissolved in the oil that was to be encapsulated, in order to follow the oil 

encapsulation process. The level of dye used was kept at 0.1 wt% to the oil phase for all 

experiments throughout the project.  

 

Figure 2-1. PM546 structure. 

2.1.2 Aerosil 300 fumed silica (A300) 

Commercial silica nanoparticles (SiO2 NPs) were selected for this project due to low cost and 

commercial availability. For industrial applications, these features are essential, as the 

availability and cost of raw materials are key points when it comes to bring a new technology 

to the market.  

The fumed silica particles used (A300) were produced by pyrolysis of silicon tetrachloride in 

an oxygen-hydrogen flame at high temperature (> 1500°C),1 according to Equation 2-1. In the 
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flame process, molecules of SiO2 collide and coalesce to form smooth and approximately 

spherical primary nanoparticles 10 - 20 nm in diameter. These primary nanoparticles collide 

and fuse at lower temperatures to form stable aggregates of 100 - 200 nm in diameter that 

can further agglomerate when at rest (Figure 2-2A).2  

𝑆𝑖𝐶𝑙4 + 2𝐻2 + 𝑂2  →  𝑆𝑖𝑂2 + 4𝐻𝐶𝑙                            Equation 2-1  

The resulting fumed silica nanoparticles are amorphous and possess a surface area of 300 m2 

g-1. The surface of these particles is covered by silanol groups (SiOH), which provide a 

hydrophilic character to the nanoparticles so they are easily dispersed in aqueous solutions.3 

Figure 2-2B  shows a TEM image of the A300 nanoparticles used throughout the project. In 

terms of porosity, A300 possess pore volume of 0.56 (cm3g-1). Full characterisation of Aerosil 

silica particles can be found in the Evonik webpage (www.aerosil.com). 

 

Figure 2-2. (A) Scheme representing the aggregation of the primary particles during the 

synthesis of fumed silica and (B) TEM micrograph of the Aerosil 300 nanoparticles as received 

by Evonik. Scale bar: 100 nm. 
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2.2 Pickering emulsion preparation  

Two homogenisers were used to prepare Pickering emulsions throughout the project, based 

at the University of Birmingham and Proctor and Gamble Brussels Innovation Centre.  

At the University of Birmingham (UoB): 

• Stuart Vortex mixer SA8 – variable speed (Boibby Stelin LTD – UK) operating at 2500 

RPM for 5 minutes.  

The Vortex was selected for the first studies due to its ability to mix millilitre volumes of 

liquids. It consists of an electric motor attached to a rubber cup that oscillates rapidly in a 

circular motion. As the vial is pressed to the top of the rubber cup, the motion is transferred 

to the mixture inside the vial generating a vortex and leading to emulsification of the mixture. 

The main limitation of using the vortex mixer is that the maximum speed for this equipment 

is 2500 RPM, which limits the droplet size range formed during emulsification.  

At Procter and Gamble (P&G): 

• IKA Ultra-Turrax T25 basic homogeniser (IKA-Werke GmbH & Co – Germany) equipped 

with a dispersing head of 10- or 25-mm diameter operating at 8500 RPM for 5 minutes 

(standard speed for perfume emulsification at the company). 

The Ultra-Turrax consists of rotor within a stationary stator (dispersion head). The rotor is 

attached to an electric motor that provides high circumferential speed; the liquid is drawn 

axially into the dispersing head and then forced radially through the voids in the motor-stator 

arrangement, providing strong shear forces to form the emulsion (Figure 2-3). The operation 
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volume varies between 1 to 2000 mL depending on the dispersing head used and it can 

operate in a wide range of speeds (3000 – 25000 RPM).   

 

Figure 2-3. Ultra-turrax main components. Images from IKA website 

(https://www.ika.com/laboratory-equipment/products/dispersers/products/2098/t-25-

digital-ultra-turrax) 

2.3 Capsule characterization techniques  

Capsules and materials were characterized using facilities in both UoB and P&G.  

(i) Mean size and size distribution of capsules and emulsions were characterised by laser 

diffraction.  

(ii) Capsule morphology, structure and shell thickness were characterized using optical 

microscopy, SEM and TEM.  

(iii) Mechanical properties were studied by micromanipulation via compression of 

single capsules to rupture.  

(iv) Encapsulation efficiency and leakage were characterized using UV/visible 

spectrometry.  

Details of each technique are presented in this section. 
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2.3.1 Laser diffraction particle sizing 

Laser diffraction technique is a non-destructive method well-established in industry to obtain 

the size distribution of particles and emulsion droplets. It uses the principles of static light 

scattering (SLS) and the Mie theory of light to calculate the size of the particles present.4 

The laser diffraction technique is based on the principle that particles interacting with a laser 

beam leads to light being diffracted, refracted, reflected or absorbed, which will result in 

characteristic scattering of light that is directly related to particle size (Figure 2-4).5 A wide 

range of scattered light angles and intensities are measured by detectors positioned around 

the sample in order to obtain the sample’s size distribution curve.  

The particle size is directly related to the light scattering angle and intensity; as the particle 

size increases, the scattering angle decreases logarithmically5 and the intensity of the light 

increases6. When the particles are considerably bigger than the light wavelength, diffraction 

will be the main source of light, hence the name of the technique.  

 

Figure 2-4. Scheme representing the possible light interactions with the particle: the light can 

suffer diffraction, refraction, absorption and re-radiation, and reflection, which will result in a 
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characteristic light scattering pattern for the particle. The information is collected by detectors 

and the particles size calculated using the Mie theory. 

A typical laser diffraction apparatus is represented by Figure 2-5. The apparatus operates with 

a laser source with a fixed wavelength, which is focused before reaching the sample. Some 

techniques use two different light sources, usually red and blue, for the measurement of 

particles of different sizes. The sample is homogenised using a dispersion unit to ensure that 

a constant stream of particles is passing thought the laser beam. As the laser passes through 

the sample and interacts with the particles as shown in Figure 2-4, the light is scattered, and 

an array of detectors can measure scattered light in a wide range of angles. Some apparatus 

also includes backscatter detectors, enabling the detection of particles as small as 20 nm. 

 

Figure 2-5. Scheme representing a laser diffraction optical system. The single-wavelength light 

originates from the laser beam source and interacts with the particles in the dispersing unit. 

The scattered light is detected and calculated by an array of detectors and the patters 

calculated using the Mie theory.   
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For this project, a Mastersizer 2000 instrument (Malvern Instruments Ltd, Malvern - UK) was 

used. The instrument measures the volume fraction of the capsules in different size bands in 

the size range of 20 nm to 2000 µm. The refractive index used was 1.46 (for amorphous silica7) 

and the data analysed using Excel®.  

2.3.1.1 Particle size distribution  

The particle size distributions are calculated by comparing the sample’s scattering pattern 

with the Mie Theory using a mathematical inversion process. The Mie Theory is based on 

Maxwell’s electromagnet field equations and is capable of predicting scattering intensities for 

different types of particles using the following assumptions8: 

•  The particles being measured are homogeneous and spherical (for non-spherical 

particles the size is expressed in terms of spherical equivalent diameter based on volume). 

•  The refractive index of both the particles and dispersed phase are known. 

•  The suspension is dilute, to reduce the probability that scattered light undergoes 

secondary scattering by other particles in the dispersion.  

An example of size distribution curve for microcapsules can be found in Figure 2-6. Laser 

diffraction results are reported in terms of volume, so the mean diameter over volume 

(D[4,3]) was used to define the size distribution of the capsules. The volume moment mean 

(De Brouckere Mean Diameter) is relevant for many samples as it reflects the size of those 

particles which constitute the bulk of the sample volume.9 It is most sensitive to the presence 

of large particulates in the size distribution. Equation 2-2 below defines the volume moment 

mean. It is interesting to note that although both A and B curves have the same mean particle 
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diameter, curve B shows a much narrow particle size distribution as the frequency is limited 

to smaller number of particle sizes.  

 

Figure 2-6. Example of a symmetric size distribution curve obtained using the laser diffraction 

technique. The result is typically obtained in terms of volume frequency for different size 

channels. The mean size is defined as the mean diameter over volume D[4,3]. 

𝐷[4,3] =  
∑ 𝑑𝑖

4𝑁
𝑖=1

∑ 𝑑𝑖
3𝑖=𝑁

𝑖=1

                                      Equation 2-29  

where, Di is the geometric mean: the square root of upper x lower capsule diameters for each 

size channel measured along with its percentage and N is the total number of capsules tested: 

For the numerator the geometric Di is taken to the fourth power multiplied by the percent in 

that channel, summed over all channels. For the denominator the geometric D taken to the 

third power multiplied by the percent in that channel, summed over all channels.9   

One of the common values used to define size distribution of a sample in laser diffraction is 

the SPAN, which describes the distribution width and is given by Equation 2-3. The lower the 
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SPAN value, the more narrowly distributed the sample is in terms of size. In the case of the 

example in Figure 2-6, Curve B has a smaller SPAN value than curve A. 

𝑆𝑃𝐴𝑁 = 
𝐷[0.9]−𝐷[0.1]

𝐷[0.5]
                                          Equation 2-3 

where, D[0.9], D[0.1] and D[0.5] represent the cumulative particle diameter that falls below 

90, 10 and 50% of the total population, respectively (Figure 2-7). 

 

Figure 2-7. Schematic representation of D[0.1], D[0.5] and D[0.9] for SPAN calculation. D[0.5] 

is defined as the diameter where half the population lies below this value. In the same way, 

90% of the distribution lies below D[0.9] and 10% below D[0.1]. 

2.3.2 Optical microscopy  

Optical microscopy is a powerful tool to assess emulsion stability and capsule formation. An 

optical microscope uses visible light combined with a series of lenses to magnify objects. 

Usually, the resolution limit of optical microscopes is 200 nm due to the light wavelength.10 

This type of microscope can also be equipped with special light sources such as UV which is a 
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powerful tool to observe different components in a sample when one or more are marked 

with a fluorescent probe.  

For the formation of an image using an optical microscope two components are 

indispensable: the objective lens, which collects light and forms an image and the condenser 

lens, which focuses the light in a small section of the sample.10 The diagram found in Figure 

2-8 shows the main components of a typical optical microscope: visible light is irradiated by 

a source and focused by the condenser lens before reaching the glass slide containing the 

sample. The image of the specimen is magnified by the objective lenses and with the help of 

the projection lens the operator can observe the magnified image using the eye piece.11  

 

Figure 2-8. Diagram representing the different components found in an optical microscope. 

At the University of Birmingham, an optical microscope (Leica DMRBE, Leica Microscope & 

Systems GmbH) equipped with a software package Moticam Pro 3.0 was used. In addition, a 
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CoolLED pE-300 white light source was attached to the microscope to observe capsules and 

emulsions filled with the fluorescence dye. The resolution of the microscope was 200 nm.  

When the research was undertaken in P&G, the microscope used was a Zeiss Axio imager 2 

pol (Carl Zeiss Microscopy – Germany, resolution 200 nm) also equipped with a UV light 

source (Kubler codex HXP 120C).  

2.3.3 Scanning electron microscopy (SEM) 

Scanning electron microscopy is a useful tool for the study of surfaces, giving great insight 

about the structure and morphology of capsules, as well as the shell thickness.  

Figure 2-9 presents a scheme representing the key components of a scanning electron 

microscope, which are: source of electrons, condenser and object lenses. First, a sample is 

placed in the sample holder; the sample can be coated with a nano-scaled layer of platinum 

or gold to improve contrast and the signal-to-noise ratio.12 The sample is then submitted to a 

high vacuum inside the microscope chamber, before being irradiated with a high-energy 

electron beam. The electrons are accelerated downwards passing through the lenses that 

make the beam focused allowing the sample to be scanned by moving the deflection coils.13 
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Figure 2-9. Schematic representation of the key components of a scanning electron 

microscope. 

The interaction between the beam and sample surface generates a series of signals that can 

be detected by the backscattered electron detector (Figure 2-10), X-rays and secondary 

electrons are also ejected from the sample. Secondary electrons have much lower energy 

when compared to backscattered electrons and can be used for topographic imaging as they 

are close to the surface. The difference in contrast of SEM images is due to the different 

atomic number of the elements present on the surface of the sample. Higher atomic number 

elements produce brighter images.14   
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Figure 2-10. Scheme representing the interactions between the high-energy electron beam and 

the sample surface. As the beam reaches the sample surface, X-ray protons, Auger electrons, 

secondary electrons and primary electrons are emitted. Primary electrons are detected, and 

the patterns transmitted to a computer output.  

The main advantages of using SEM is that the equipment can be connected to a wide range 

of detectors, providing valuable information about the sample, such as surface structure and 

morphology. In contrast, SEM is usually a more expensive and time-consuming technique 

relatively to optical microscopy. Another limitation is the necessity to operate under high 

vacuum, so the sample must be mechanical stable and dry. Typical SEM images are 

represented in Figure 2-11. 

Two different SEM types are used in this PhD project.  

1. At P&G a TM-1000 Tabletop Microscope (Hitachi, Ltd – Japan), magnification 

1500X.  
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2. at UoB a Philips XL-30 FEG Environmental SEM with Oxford Inca EDS (Philips UK 

ltd, Guildford – UK), magnification 3500X. 

When preparing the sample, a drop of water containing the microcapsules was allowed to dry 

on the surface of a mount containing a carbon impregnated self-adhesive disc. For shell 

thickness characterisation, a razor blade was used to break the capsules prior to placing the 

sample holder in the SEM vacuum chamber. Figure 2-11 shows examples of images obtained 

using the tabletop SEM at P&G (A) and the SEM used at UoB (B). 

 

Figure 2-11. SEM micrographs of the same capsule sample produced in this project. (A) was 

obtained using the TM – 1000 tabletop microscope at P&G (1500x magnification - scale bar: 

50 μm) and (B) using the Philips XL-30 FEG Environmental SEM at UoB (3500x magnification 

scale bar: 10 μm).  

2.3.4 Transmission electron microscopy (TEM) 

A transmission electron microscope (TEM) works in a similar way as a slide projector: the 

electron gun produces a monochromatic electron stream, which is transmitted through the 

sample, projecting onto the viewing screen an enlarged image of the specimen.15  
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A typical TEM layout is shown in Figure 2-12. The electron gun produces an electron beam, 

which passes through a pair of condenser lenses that determine the spot size and brightness. 

A condenser aperture then restricts the beam before it strikes the sample. At this point, part 

of the beam will be transmitted and focused by the objective lens into an image; the other 

part will be deflected.  

The image generated by the objective lens passes through intermediate and projector lenses 

to be enlarged when it reaches a fluorescent screen, generating light and allowing the user 

to view the image through the viewing window. Areas where fewer electrons are transmitted 

appear darker and the opposite is observed for light areas. Information about the structure 

of the sample in terms of density and thickness can thus be extracted.16  

As the wavelength of electrons are about 1 nm, the resolution attainable for TEM is much 

higher than that for optical microscopy, which uses visible light as source of radiation 

(wavelength of approximately 400 - 700 nm).  The resolution observed for TEM is about 0.5 

nm which is 400 times smaller than for an optical microscope (200 nm).17 



Chapter 2. Materials and Methods 
 

76 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  8 9 - 9 0  
 
 

 

Figure 2-12. Scheme representing the key components of a transmission electron microscope. 

For this project, TEM images were obtained using a Jeol 1200EX TEM (Jeol Ltd., Welwyn 

Garden City, UK). The sample aqueous dispersion was diluted 500x in DI water and a drop was 

placed onto a copper/carbon 200 mash grid and left to settle for 5 minutes before the excess 

of water was removed. The mash was then allowed to air dry and placed in the TEM chamber.  

2.3.5 Micromanipulation technique  

The micromanipulation technique is a well-established method to compress bacteria, animal 

and vegetable cells,18-20 yeast,21 and capsules22, 23 between two parallel surfaces. The 

information obtained is valuable to understand the mechanical properties of micro-sized 

structures22. For this project, the technique was used to obtain the force versus displacement 
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curves up to the rupture of individual capsules of known diameter, in order to compare 

mechanical properties as function of size, shell thickness and method of production.  

A schematic diagram of the micromanipulation rig can be found in Figure 2-13. For this 

experiment, the capsules were first diluted 500x in DI water, then a drop of the diluted 

dispersion was added to a glass slide and left to air dry. The glass containing the capsules was 

then positioned on the micromanipulation rig stage equipped with an electronically 

controlled force transducer (Model 403A, Aurora Scientific Inc., Canada, with a maximum 

operation limit of 5 mN) with a glass probe attached, capable of measuring the rupture force 

and the deformation suffered by the capsule as a known force is applied.  

The capsules are observed using the side view microscope connected to a camera and a 

monitor, this is to ensure that a single capsule is being compressed, and that the capsule is 

properly positioned under the glass probe prior to compression. The image obtained is also 

used to measure and record the size of the microcapsule. The probe travels down at 2 µm s.1 

The voltage data is obtained by the transducer and the data converted to force using an 

Excel® macro.  The system measures the force with a precision to 0.1 N and displacement 

to 0.2 µm.23 At least 10 individual capsules were tested for statistical analysis. 
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Figure 2-13. Schematic diagram of the micromanipulation rig (Adapted from23) 

2.3.5.1 Preparation of Transducer Probes 

A glass puller (Micro Forge, MF-900 Narishige, Japan) was used to heat and pull a borosilicate 

glass capillary with an inner diameter of 0.58 mm and outer diameter of 1.0 mm, to produce 

two glass needles. These needles were ground on their contact surface using a grinding 

machine (EG-40, Narishige, Japan) for 24 hours, to obtain a probe of the correct diameter and 

a flat surface. After grinding, the probe was fixed to a glass slide and observed under an 

optical microscope to measure the surface diameter and check if a flat surface was obtained 

(Figure 2-14). The probe was then attached to the force transducer using a commercial 

superglue (Loctite, UK) and allowed to dry for 24h. 
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Figure 2-14. Optical microscopy micrograph of a glass probe prepared in our laboratory. The 

tip diameters is about 120 µm. Scale bar: 100 µm. 

To ensure that the capsule is compressed between two flat surfaces, the probe diameter 

should be at least twice the diameter of the microcapsules to be tested. The probes used in 

this project had a diameter between 50 to 150 µm.  

2.3.5.2 Data obtained  

Typical data obtained from the micromanipulation rig when compressing a single 

microcapsule is shown in Figure 2-15 below. A corresponds to no contact between the 

particle and the probe – the probe is travelling in air prior to making contact with the 

microcapsule surface, so there is no force being measured. At point B the probe contacts the 

microcapsule and the force increases until point C, where the capsule suffers rupture – at this 

point the rupture force of the capsule is recorded. As the capsule is now ruptured there is no 

force applied to the probe so the force is back to the baseline as seen on point D. The probe 

continues to move down with no force registered until it begins to compress the capsule 
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debris and the glass slide at point E, and the force increases rapidly as the probe pushes 

against the glass surface. The motor stops automatically when the force reaches a maximum 

to avoid breakage of the probe and transducer.  

 

Figure 2-15. Typical Force vs. displacement graph obtained when compressing single capsules 

to rupture. A represents the baseline, B the first contact with the capsule when the force 

increases, at C the capsule is ruptured. At point D the probe begins to compress the capsule 

debris and E it reaches the glass slide. 

2.3.6 Ultraviolet-visible spectroscopy (UV-Vis) 

Solution state Ultraviolet-Visible (UV-Vis) spectroscopy is a facile and convenient technique 

to obtain the concentration of organic compounds that contain a chromophore,24 which 

makes use of the Beer-Lambert law25 (Equation 2-4). 

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼𝑡
=  𝜀𝑙𝑐                                              Equation 2-4 
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where, A is the sample absorbance, I0 is the incident light intensity, It the transmitted light 

intensity, ε is the extinction coefficient (mL g-1 cm-1), l is the optical path length (cm) and c the 

sample concentration (g mL-1). The concentration of a compound in solution can then be 

obtained by measuring the absorbance of the unknown concentration using Equation 2-4, if 

the extinction coefficient ε is known for the compound. 

In order to obtain an unknown concentration of a compound in solution a calibration curve 

of the compound λmax absorbance versus known concentrations is required as shown in Figure 

2-16 for hexyl salicylate (HS), where the slope is proportional to the extinction coefficient ε 

(mL g-1 cm-1). 

 For all UV-Vis measurement of HS, a binary miscible solvent mixture of 36% v/v propan-1-ol 

in water was used. This co-solvent mixture was used as suggested previously by Mercade-

Prieto et al.26 to increase the HS solubility in the continuous phase, enabling a direct 

measurement of HS absorbance.26  
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Figure 2-16. Calibration curve obtained at 305 nm for different levels of hexyl salicylate in 36% 

propan-1-ol aqueous solution. The data points represent the absorbance max (λmax) for each 

concentration (g mL-1). The linear fit obtained was y=0.0207x-0.0468. 

In this project, a UV-Vis spectrophotometer (Cecil Instruments, Cambridge, UK) was used to 

measure both the encapsulation efficiency and HS release from the microcapsules as a 

function of time. The absorbance was measured using quartz cuvettes with 3 mL volume 

capacity and 1 cm of optical path length.  

2.3.6.1 Encapsulation Efficiency  

The encapsulation efficiency was obtained using the calibration curve for HS and a UV-Vis 

spectrophotometer: a capsule sample was prepared containing a known HS mass. The 

capsules were then centrifuged at 2500 RPM per 10 min and the sediment (capsules) was 

redispersed in 36% propanol aqueous solution. Then, glass microbeads (50 µm in diameter) 

were added to the vial, which was put under vigorous magnetic stirring (500 RPM) for three 

days to break the microcapsules and free the HS. The sample was then centrifuged once again 
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to remove any capsule shell debris and the supernatant analysed using the UV.27 The payload 

and encapsulation efficiency were then calculated using Equation 2-5 and Equation 2-6: 

𝑃𝑎𝑦𝑙𝑜𝑎𝑑 =  
𝑚𝑜𝑖𝑙

𝑚𝑐𝑎𝑝𝑠
                                                Equation 2-5 

𝐸𝐸(%) = 100% 𝑥 
𝑚𝑎

𝑚𝑡
= 100% 𝑥 

𝑚𝑜𝑖𝑙
𝑚𝑐𝑎𝑝𝑠
𝑚𝑐

𝑚𝑐+𝑚𝑠

                              Equation 2-6 

where, moil represents the mass of core material in microcapsules, mcaps mass of capsules, ma 

actual loading; mt theoretical loading; mc mass of core material used for encapsulation and 

ms mass of shell material used for encapsulation. 

2.3.6.2 Release profile 

The release profile experiment was designed to measure the HS leakage from the 

microcapsule and establish the permeability of the shell. The experiment was repeated with 

different shell formation procedures to compare the release data versus time. 

For this experiment, 10g of capsule slurry, containing 20% w/w of capsules to water was 

added to a dialysis tubing. The tubing had its both ends sealed and was charged to a bottle 

containing 250ml of 36% propanol aqueous solution under magnetic agitation. Then the λmax 

of the solution at 305 nm was measured over time and the HS mass present in solution 

obtained using a calibration curve (Figure 2-16) using a UV-Vis spectrophotometer.   

2.4 Stability and Performance Tests in the Industry  

Perfume microcapsules (PMCs) prototypes are tested in industry against two main 

parameters: stability and performance in the heavy-duty laundry detergents (HDL) and liquid 

fabric enhancers (LFE), also known as fabric softeners. In terms of stability, it is desirable that 
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the capsules remain intact without any perfume leakage for at least six months in the finished 

product. This extended period of time is necessary when supply chain and storage are taken 

into account along with shelf-life of the product. On the other hand, performance measures 

the capability of the capsule to delivery freshness to the consumer at the correct time. When  

laundry products (HDL and LFE) are concerned, it is desirable to delivery freshness after 

washing/drying processes when the consumer handles the fabric.  

2.4.1 Pre-assessment: air drying in glass slide  

Capsule air-drying in glass slide tests were used to rapidly pre-assess stability and 

performance of prototypes. The stability was assessed using optical microscopy by the 

analysis of the shell deformation due to perfume leakage when capsules were air-dried. 

Performance was assessed through an ofactive assessment of the dried capsules.  

 The capsule slurry was diluted in DI water 500x and a few drops added to a glass slide and 

allowed to air-dry overnight at room temperature. Then, the capsules were observed under 

an optical microscope to check if their structure had collapsed or not (Figure 2-17). Capsules 

that collapse when air-dried are unlikely to be stable in finished products; soft-shell capsules 

have the tendency to shrink if perfume is leaking out, as they might not be mechanically 

robust due to thin or incomplete shell formation.  
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Figure 2-17. Optical microscopy images representing the air-drying on glass slide test: (A) non-

collapsing capsules, (B) collapsing capsules upon drying. Scale bar: 50μm. 

If the capsules did not collapse after air-drying overnight, they were assessed regarding their 

performance using an olfactive test: 

Step one: each slide was sniffed by at least 3 experts at no more than 5 cm of distance and 

the odour sense was assessed in the scale: no, low or high odour. Experts were trained in 

house to assess the intensity of fragrances. 

Step two:  a second clean glass slide was put on top of the slide containing the dried dilution 

(from step 1), trapping dry capsules between the slides. The slides were squeezed together 

to break the capsules. The second glass slide was them removed so the slide containing 

perfume could be assessed in terms of fragrance intensity against step one (scale: no, low, 

high). 

This test gave a quick pre-screening indication on whether the capsules were mechanically 

robust, capable of surviving air-drying and retaining the perfume inside their core. It could 

also indicate whether if the capsules were able to trigger release the perfume when 

compressive force is used to break their shell.  
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2.4.2 Stability assessments 

Stability assessments were performed at P&G in order to establish if the silica-based capsules 

were compatible with the desired finished product formulation. As discussed in Chapter 1, 

fragrances are a mixture of hydrophobic oils and these are the very compounds that 

detergents are designed to remove from the fabric during the wash, so the shell must be able 

to prevent the perfume oil from being extracted from the capsule core to the surfactant-rich 

continuous phase. 

2.4.2.1 Microscopy analysis  

Similarly, to the air-drying glass slide test, this test aims to visually assess whether the 

capsules were able to retain perfume when dispersed in the finished product. If the shell was 

soft, it should shrink as the perfume leaked out (Figure 2-18B). On the other hand, if the shell 

was solid but highly porous, it would retain its shape, however it should be visible that 

perfume was leaking out (Figure 2-18D).  
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Figure 2-18. Optical microscopy images illustrating capsules that are instable in a finished 

product. A and B are capsules with soft shell that deforms upon fragrance leakage. C and D 

are hard shell capsules that do not deform but it is clear that the fragrance leaks out due to 

porosity or defects (red arrow).  

2.4.2.2 Perfume headspace using GC-MS 

To assess quantitatively the amount of perfume that leaked out from the capsules in the 

finished product, a perfume headspace study was performed using a gas chromatograph 

apparatus connected to a mass spectrometry detector (GC-MS). As the perfume formulation 

is mixture of different perfume raw materials (PRMs), each of these PRMs was individually 

quantified by the GC-MS and its level assessed against a pure perfume reference.  

For this experiment a pre-calculated quantity of slurry containing 0.2g of encapsulated 

perfume was added to 20g of finished product (HDL, LFE or conditioner). The vial was shaken 

by hand and left undisturbed under controlled temperature for a desirable period before CG-

MS analysis. The obtained percentage of each RPM in the head-space was compared to a 

sample containing the same amount of fresh free perfume (no capsules), which is the positive 

control corresponding to 100% leakage.  GC-MS used was an Agilent technologies 7890B GC 

system and 5977B MS detector. 

2.4.3 Performance assessment – full scale wash test 

This test mimics the wash process for perfume capsules used in laundry applications. After 

going through washing and drying of fabrics the capsules must retain the perfume, which 

should be released when mechanical force (e.g. shear and compression) is applied to the dry 

fabrics as the consumer handles the fabric. 
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Perfume level calculation 

It is assumed that there is a 0.56% perfume activity in the laundry product, with a dosage of 

69.2g of water solution containing capsule. This means that 0.39g perfume per wash are 

necessary (69.2/100*0.56g). The assumed deposition on the fabric is 5% (as calculated for a 

wash cycle). A typical wash contains 3 kg of load, so 1.29 10-4 g perfume is needed per gram 

of fabric.  

Wash test 

A laundry product with no perfume was prepared containing a quantity of capsule slurry with 

the appropriated activity as calculated above. Then, five terry towels (fabric model) were 

washed using the prepared product in a Miele Softronic W1714 washing machine with the 

following wash conditions: 30°C, short crease recovery cycle and 1000 rpm. The rest of the 

load (3 kg) was completed using cotton ballast . After the wash, the terry towels were folded 

in three and put individually in an aluminium bag for transport to the drying room. The Terry 

towels were then line dried overnight in the drying room (20°C, 55% humidity). 

Evaluation of fabric 

The capsule performance was assessed in relation to commercial perfume microcapsules 

(PMCs) as positive control and free oil samples (samples that were washed in the presence of 

non-encapsulated perfume oil in the same level as microcapsules) as negative control. A panel 

of experts performed the ofactive assessment of the fabrics (no, low, high) in three different 

touch points: 
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Wet fabric odour (WFO) – Sample were smelled immediately after the wash, for this test a 

strong fragrance odour is usually expected for the free oil samples as they are not protected 

by a capsule wall and low odour for samples washed with PMCs.  

Dry fabric odour (DFO) – Fabrics were completely dried so any non-encapsulated oil 

evaporates. For this test, a low fragrance odour is expected for PMCs as they might partially 

diffuse the fragrance slowly and no odour is expected for the samples washed with free oil, 

as all fragrance should evaporate as the fabric dries.  

Rubbed fabric odour (RFO) – Dried fabrics were rubbed with the intent of breaking the 

microcapsules in order to release the perfume. A high perfume odour is expected for PMCs 

and no odour for free-oil samples. 
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CHAPTER 3. Pickering Emulsion Stability and PEOS Preparation 
and Characterization 

Abstract 

This chapter introduces the basis for the successful formation of silica capsules using Pickering 

emulsions. This was achieved by considering:  

(i) the fundamentals of Pickering emulsion stabilised using silica colloidal 

nanoparticles (SiO2 NPs) as Pickering emulsifiers and perfume oils as dispersed 

phase,  

(ii) the possibility of changing the emulsion type from oil-in-water (O/W) to water-in-

oil (W/O) by tuning the wetting properties of the SiO2 NPs, 

(iii) the Pickering emulsion’s (a) droplet diameter, and (b) size distribution, which was 

dependent on the concentration of the SiO2 NPs, due to the limited coalescence 

phenomenon.  Thus, the higher the nanoparticle concentration the smaller the 

emulsion droplet and the larger the size distribution.   

The synthesis and characterization of silica precursor used to form capsules from Pickering 

emulsions is also reported. The selected precursor was an oil soluble hyperbranched 

polyethoxysiloxane (PEOS), which is hydrolysed at the oil/water interface from hydrophobic 

ethoxysilane to hydrophilic silanol groups. This hydrolysis anchors the PEOS to the interface, 

leading to an interfacial silica layer as the silanol group undergoes a condensation reaction 

and cross-link affording the capsule wall.  
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3.1 Introduction 

The stability of the Pickering emulsion is the first step towards successful encapsulation of 

materials, as coalescence can occur if the emulsion is not properly stabilised (Chapter 1 - 

Section 1.3.1). Ideally, each droplet should retain its form and core until the capsule wall is 

formed, which can be achieved by thermal annealing1 or chemical cross-linking of the 

colloidal particles,2 among other methods.3, 4 

In principle, all emulsions tend to coalesce and phase separate, as they are 

thermodynamically unstable.5 This instability is due to the large interfacial area between the 

two immiscible phases (typically water and oil) upon emulsification and formation of the 

droplets. The large interfacial area in the absence of surfactants leads to an increase in the 

interfacial Gibbs free energy (𝛥𝐺) according to Equation 3-1: 

𝛥𝐺 ∼  𝛾𝑂𝑊𝛥𝐴𝑂𝑊,                                   Equation 3-1 

where γOW is the interfacial tension and ΔAOW is the change in the interfacial area between oil 

and water. During emulsification ΔAOW increases dramatically, leading 𝛥𝐺 to be positive and 

the emulsion to be thermodynamically unstable. The presence of surfactants during 

emulsification can affect 𝛥𝐺 by lowering the interfacial tension and stabilizing the emulsion.5 

Solid particles, on the other hand, do not alter the interfacial tension, but reduce the effective 

interfacial area AOW, by adsorbing at the water/oil interface.6  

In addition, when using solid nanoparticles as Pickering emulsifiers, the droplet size and size 

distribution can be controlled independently of the mixing conditions and the droplet volume 

fraction, due to the so-called limited coalescence phenomenon.7 
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The limited coalescence phenomenon rationalizes why an excess of oil-water interface is 

produced when compared to the area that can be covered by the nanoparticles, which must 

be irreversibly attached to the interface. The droplets coalesce to a limited extent, which 

reduces the interfacial area between the oil and water, and progressively increases the 

degree of coverage by the nanoparticles.7 As a result, a film of nanoparticles is formed at the 

interface, which kinetically stabilizes the emulsion. The resulting emulsions are stable over 

months and remarkably monodisperse.  

Hyperbranched polyethoxysilane (PEOS) is a silica polymer precursor used to prepare 

polymer/silica composites.  It also has technological interest as processable precursor for 

silica.8 It consists of a hydrophobic liquid, with a lower viscosity and much higher solubility in 

oils  when compared to other commercially available linear silica precursor polymers.9 

PEOS has been investigated as “green-emulsifier” due to its hydrolysis-induced interfacial 

activity, which leads to an effective O/W stabilisation, without the need of classical 

surfactants.10 In addition, it possesses a large number of active groups on the surface that can 

be easily functionalized.9 Another key characteristic is that hyperbranched PEOS possesses 

chemical stability upon long-term storage:  up to 2 years, when kept under dry condition.9   

3.1.1 Aim of this research chapter 

In this chapter, two preliminary aims of the research toward creating SiO2 capsules are 

addressed and shown graphically in Figure 3-1.   

Part 1 Aims: the aim is to investigate the stability of Pickering emulsions formed using a 

commercial perfume oil (PO) or hexyl salicylate (HS) as core materials and hydrophilic silica 

fumed nanoparticles (SiO2 NPs) as Pickering emulsifier. The Pickering emulsion stability was 
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studied for emulsions made of HS or PO droplets and SiO2 NPs as Pickering emulsifiers. Some 

emulsification parameters are modified to understand Pickering stabilization, such as the 

concentration of SiO2 NPs to oil, which controls the limited coalescence phenomenon, and 

the wettability of the SiO2 NPs which controls the type of emulsion formed (water-in-oil or 

oil-in-water) as well as the stability of the emulsion in general. As described above, the density 

and polarity of the oil can also influence the droplet size and stability.  

Table 3-1 below describes some key properties of these oils (structure, CLogP and density) 

which can influence the stability of the Pickering emulsion. The CLogP is an indication of the 

lipophilicity of the molecule and can affect the interfacial tension between oil and water as 

well as the solubility of the oil in water. Finally, the density can influence the size of the oil 

droplet formed. The oils were used in the following chapters for the development of a silica-

based encapsulation technology: HS was used as PO model for the development of the 

encapsulation technology (Chapter 4) and the commercial PO was encapsulated using the 

SiO2 NPs Pickering stabilisation-based approach in Chapter 5 and the shell properties were 

optimized in Chapter 6.   

Table 3-1. Properties of hexyl salicylate and the commercial perfume oil. Perfume oil data were 

provided by P&G.  

 Structure CLogP Density at 

25°C (g/cm3) 

Interfacial 

tension (mN.m-1) 

Hexyl salicylate 
(chapter 4) 

 

5.7 1.04 3.3 

Perfume oil 
(chapter 5 and 6) 

Mixture of 13 components 3.5 0.96 Unknown 
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Part 2 Aims: PEOS with variable properties (density, viscosity, degree of branching) was 

prepared by varying the fraction (f) of acetic anhydride to PEOS monomer, tetraethoxysilane 

(TEOS). The different PEOS produced were characterized and used as silica precursor for the 

formation of the silica shell crosslinking the SiO2 NPs and sealing the voids between the 

nanoparticles to form a mechanically stable silica capsule in Chapters 4 to 6.  

 

Figure 3-1. Road map for Chapter 3. In Part 1 of this results chapter, the stability of perfume 

oil or hexyl salicylate Pickering emulsions using hydrophilic SiO2 NPs as Pickering emulsifier is 

described varying the concentration of SiO2 NPs in relation to the oil phase and the wettability 

of the SiO2 NPs. Then, in Part 2, PEOS is prepared using different fraction of acetic anhydride 

to TEOS and the various PEOS structures are characterized.  
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3.2 Results and discussions 

3.2.1 Part 1. Pickering emulsion stability using hydrophilic SiO2 NPs 

As described by Binks et al.,11 SiO2 NPs can successfully form stable Pickering emulsions 

between water and multiple oils depending on the wettability of the SiO2 NPs in the interface 

between water and oil. A simple experiment was used to visually observe the emulsion 

stability between equal fractions of the commercial perfume oil and deionised (DI) water in 

the presence, and absence, of hydrophilic SiO2 NPs after emulsification using a vortex mixer 

at 2500 RPM for 5 minutes (Figure 3-2). An oil soluble dye (PM546 – described in Chapter 2) 

was added to the perfume oil to visualise the phase separation. Immediately after 

emulsification (Figure 3-2A) an emulsion is formed in both the presence and absence of SiO2 

NPs. However, after 60 seconds (Figure 3-2B) there is a clear phase separation in the vial 

where there are no SiO2 NPs, whilst in the presence of SiO2 NPs the emulsion was stabilised.  

A similar result was observed for HS, and the emulsion was successfully stabilized by the 

hydrophilic SIO2 NPs. For both PO and HS the emulsion stabilised by SiO2 NPs was stable for 

over a year, indicating that the SiO2 NPs were irreversibly attached to the interface, protecting 

the emulsion from coalescence due to electric repulsion.   
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Figure 3-2. Images showing the comparative study between O/W perfume oil emulsions in the 

presence and absence of SiO2 NPs as a function of time: immediately after emulsification (A), 

and 60 s (B) after emulsification.  

In general, the main reason for the high stability of Pickering emulsions is the irreversibility 

of the SiO2 NPs adsorption at the interface of the emulsion droplet when the three-phase 

contact angle is close to 90°(Section 1.3.1).11  Therefore, in order to maximise the stability of 

the emulsion, the hydrophobicity of the surface of the SiO2 NPs can be tuned to adjust the 

specific polarity of the oil used. The drop of free energy by placing nanoparticles at the 

interface becomes less significant with the decrease of the oil/water interfacial tension γow, 

so the Pickering emulsion becomes less stable when γow is lower.  

Hydrophilic fumed SiO2 NPs could, however, stabilize the perfume oil/water (and HS/water) 

emulsion due to the polar character of the oils used as a result of the adsorption of polar oil 

species onto the surface silanol groups of the SiO2  NPs.12 Thus , the stability of a Pickering 
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emulsion depends on a fine adjustment between nanoparticle surface properties and oil 

polarity, in addition to other factors such as pH, nanoparticle size and concentration.11  The 

hydrophobicity of the SiO2 NPs on Pickering emulsion stability is examined in Section 3.2.1.1 

below. 

3.2.1.1 Limited coalescence phenomenon  

The limited coalescence phenomenon was studied herein to verify the possibility of stabilizing 

perfume oil Pickering emulsion droplets using the hydrophilic SiO2 NPs, while controlling the 

droplet mean diameter and the SPAN of the size distribution, which describes the distribution 

width and is given by Equation 3-2. The lower the SPAN value, the more narrowly distributed 

the emulsion is in terms of size. 

𝑆𝑃𝐴𝑁 = 
𝐷[0.9]−𝐷[0.1]

𝐷[0.5]
 ,                                              Equation 3-2 

Where D[0.9], D[0.1] and D[0.5] represent the cumulative mean diameter that falls below 90, 

10 and 50% of the total population, respectively.  

For the experiment, three emulsions were prepared, at constant stirring speed (2500 RPM) 

and temperature (25°C) maintaining the same volumes of the aqueous continuous phase (8 

ml) and PO (2 ml) but varying the concentration of SiO2 NPs dispersed in the continuous 

phase, to give increasing wt% of NPs to PO. Figure 3-3 shows optical microscopy images of 

each sample. Clearly, as the concentration of SiO2 NPs increased the droplet diameter 

reduced, which is in agreement with the limited coalescence phenomenon theory.7  
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Figure 3-3. Optical microscopy images of samples containing 1.7, 3.4, and 6.8 wt% of SiO2 NPs 

to perfume oil. It was observed that the higher the concentration of SiO2 NPS in relation the oil 

phase, the smaller and more polydispersed the size of the emulsion droplets.  Scale bars: 200 

µm. 

The mean diameter and SPAN of the distribution can be found in Table 3-2. As observed, the 

SPAN of the size distribution could also be controlled; the sample prepared in the presence 

of 1.7 wt% SiO2 NPs had a smaller SPAN when compared to the samples prepared with higher 

concentrations of SiO2 NPs. This demonstrates the advantage of using a nanoparticle-poor 

regime to obtain emulsions with narrow size distributions; as the nanoparticles self-assemble 

at the interface the droplets coalesce until complete droplet coverage.13 The possibility of 

controlling the mean droplet diameter and the particle size distribution (PSD) is an important 

feature of Pickering emulsions, which suggests that the droplet was successfully stabilized by 

the SiO2 NPs.14 The experiment was repeated for HS droplets stabilised by SiO2 NPs, and it can 

be observed in Table 3-2, the droplets had a smaller mean diameter overall when compared 

to the emulsions prepared with perfume oil, this is due to the higher density of HS (1.04 g.cm-

3) compared to perfume oil (0.96 g.cm-3). 
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Table 3-2. Pickering Emulsion droplet size and distribution as a function on increasing NPs ratio 

relative to PO and HS. 

Oil phase 

Wt% of
 

SiO2 NPs 

to oil 
phase 

Mean 
diameter  

(D) μm 
SPAN 

Specific 
surface area 

(m
2
.g

-1
) 

Eq. 3-3 

Total 
surface area 
(S

inter
) (m2) 

Eq. 3-4 

Surface 
coverage 

(C) 

Eq. 3-5 

Number 
of NP 

layers (n) 

Eq. 3-6 

Perfume 
oil 

Density 
0.96 g.cm-3 

 

1.7 121.8 ± 21.0 
0.984 ± 
0.012 

 0.017 1.18 1.31 

3.4 80.6 ± 12.8 
1.054 ± 
0.016 

0.096 0.025 1.56 1.73 

6.8 41.4 ± 6.1 
1.227 ± 
0.017 

 0.049 1.60 1.78 

Hexyl 
salicylate 

Density 
1.04 g.cm-3 

1.7 114.5 ± 4.7 
0.919 ± 
0.007 

 0.018 1.11 1.23 

3.4 77.1 ± 4.8 
0.966 ± 
0.009 

0.101 0.026 1.49 1.65 

6.8 39.32 ± 4.2 
1.054 ± 
0.009 

 0.051 1.51 1.67 

 

Figure 3-2 shows the reciprocal of average droplet diameter has a linear dependence on the 

wt% of SiO2 NPs to oil phase, as would be expected from Equation 3-3, where, mp is the mass 

of nanoparticles, Vd  is the volume of dispersed phase (kept constant) and Sf the specific 

surface area, which is dependent on the stirring speed. 

1

𝐷
= 

𝑠𝑓𝑚𝑝

6𝑉𝑑
                                                   Equation 3-37 

This relationship holds providing that all solid nanoparticles are irreversibly attached to the 

interface, and no free nanoparticles are found free in the continuous phase, and if so it is 
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possible to control the droplet diameter by adjusting the mass ratio of nanoparticles to 

dispersed phase.  

 

Figure 3-4. Linear relation between the reciprocal of the droplet diameter and the SiO2 NPs 

concentration to perfume oil and hexyl salicylate. 

According to Equation 3-3, the slope of the equation depends only on the stirring speed and 

is proportional to the specific surface area, Sf, i.e. the oil droplet surface covered per unit 

mass of nanoparticles which is constant.  The Sf values were 0.096 m2.g-1 for PO and 0.101 

m2.g-1 for HS. As the mean size of the HS droplet was smaller, it was expected that a higher 

surface area could be covered by a specific mass of SiO2 NPs.  

As a derivation from Equation 3-3, the number of NPs layers (n) could also be estimated by 

calculating the total surface area formed (Equation 3-4) and the theoretical coverage (C) 

(Equation 3-5) of each droplet by the total mass of NPs (mp).  The total droplet surface area 

(Si) could be calculated by dividing the volume of the dispersed phase (Vd) by the mean 

droplet diameter (D): 
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𝑆𝑖 = 
6𝑉𝑑

𝐷
                                                    Equation 3-4 

Assuming that all NPs are adsorbed at the O/W interface, it was possible to define the surface 

coverage (C), which is the ratio between the interfacial area effectively covered by the NPs 

and the total surface area (Si). 

𝐶 = 
𝑚𝑝𝐷

4𝑑𝑁𝑃𝜌𝑁𝑃𝑉𝑑
 ,                                           Equation 3-5 

where dNP is the NP diameter and ρNP the density of the NP, (2.2 g.cm-3, according to the 

supplier). The number of NP layers (n) covering each oil droplet is obtained by dividing the 

coverage (C) by 0.9, which corresponds to the coverage of a dense monolayer of assumed 

spherical nanoparticles (Equation 3-6).14 

𝑛 =  
𝐶

0.9
                                                 Equation 3-6 

According to the literature,14, 15 NPs can adsorb either as a monolayer or multilayer up to 15, 

depending on the stirring method used. The observed differences can be explained by the fact 

that the aggregation of the SiO2 NPs prior to emulsification in aqueous solution, varying their 

mean diameter when absorbing at the interface. Here, the number of layers is around 1-2 

(depending on the state of aggregation of the fumed SiO2 NPs, between 100-200nm – Figure 

2-1, note that for simplicity, all images in this thesis are represented using one layer of NPs), 

suggesting that a monolayer is formed as the energy input of the vortex mixer is relatively low, 

so high aggregation is expected.  

The specific surface area (Sf), total surface area (Si), coverage (C) and number of NP layers (n), 

were calculated for both perfume oil and hexyl salicylate for the three SiO2 NPs concentrations 



Chapter 3. Pickering emulsion Stability and PEOS Preparation and Characterization 
 

103 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  1 1 9 - 1 2 0  
 
 

studied using the graph in Figure 3-4 and Equations 3-3 to 3-6.  The values can be found in 

Table 3-2. Note that all the calculations were done using the experimental volume mean 

diameter ([4,3]).  

Therefore, it was possible to take advantage of the limited coalescence phenomenon to 

produce PO and HS emulsions with narrow size distribution using a vortex mixer to produce 

the emulsions. The differences in terms of ClogP did not interfere in the stabilization of the 

emulsion, and hydrophilic SiO2 NPs could be used to stabilise emulsions in this range of 

polarities.  

The initial pH was of these emulsions was 4.7 ± 0.4 and the zeta potential was -16.0 ± 1.8 mV, 

indicating that the droplets surfaces were negatively charged. The emulsions could also be 

stored for 12 months without coalescence, which indicates that the Pickering emulsion 

formed were highly stable and could be used as template for the further formation of silica 

capsules, which is the subject of Chapter 4. 

1.1.1.1. SiO2 NPs wettability influence on the type of emulsion  

To understand how the wettability of the SiO2 NPs can affect the type of emulsion formed, 

emulsions were prepared using equal weight fractions of DI water and perfume oil and SiO2 

NPs of different hydrophilicities. Aerosil 300 was used as hydrophilic nanoparticles while 

Aerosil R816 was used as hydrophobic nanoparticle. R816 are also fumed silica nanoparticles, 

however the surface of these NPs is further treated with hexadecylsilane (Figure 3-5). 
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Figure 3-5. Scheme representing the surface of the fumed silica nanoparticles used. (A) Aerosil 

300 – non-treated hydrophilic surface. (B) Aerosil R816 – hydrophobic surface after treated 

with hexadecylsilane.  

Interestingly, the surface hydrophobicity of the SiO2 NPs influenced the emulsion type 

significantly (O/W or W/O) (Figure 3-6). As the hydrophilic nanoparticles were more wetted 

by the aqueous phase, the nanoparticle contact angle with the water was lower than 90°, and 

therefore the emulsion had the oil as the dispersed phase (Figure 3-6A and D). Whereas the 

opposite was observed for hydrophobic SiO2 NPs; they were more wetted by the oil phase, 

and consequently formed emulsions with water as the dispersed phase, as demonstrated by 

Figure 3-6C and F.  

Interestingly, when a mixture of 50 wt% hydrophobic and 50 wt% hydrophilic nanoparticles 

was used as Pickering emulsifier, a water-in-oil-in-water emulsion (W/O/W) was formed 

(Figure 3-6B and E), further demonstrating that the type of emulsion formed is highly 

dependent on the wettability of the colloidal nanoparticles. 
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Figure 3-6. Optical and fluorescence microscopy images of Pickering emulsions formed from 

SiO2 NPs, water and perfume oil. Images A and D show stable O/W emulsions using hydrophilic 

SiO2 NPs (A300) as Pickering emulsifier. Images C and F show stable W/O emulsions using 

hydrophobic SiO2 NPs (AR816 – fumed silica after treated with hexadecylsilane) as Pickering 

emulsifier. Images B and E show stable W/O/W emulsions using 50% hydrophilic and 50% 

hydrophobic SiO2 NPs as Pickering emulsifier. 

In summary, it is possible to use fumed SiO2 NPs to potentially encapsulate a wide range of 

actives, from hydrophobic oils to hydrophilic aqueous solutions, by adjusting the surface 

properties of the nanoparticles, and as consequence, their wettability. Therefore, this 

methodology is interesting from a commercial point of view, as one single encapsulation 
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process can be applied for multiple applications. The encapsulation of different actives is 

explored in Chapter 6 of this thesis.  

3.2.2 Part 2. Preparation and characterization of PEOS 

3.2.2.1 PEOS synthesis  

The PEOS synthesis process was based on the catalysed condensation reaction of 

tetraethoxysilane (TEOS) with acetic anhydride as shown in Equation 3-7. The catalyst used 

was tetrakis (trimethylsiloxy) titanium, which catalysed both the condensation reaction and 

acylation of ethoxysilane enhancing the conversion rate.9   

𝑆𝑖(𝑂𝐶2𝐻5)4 + 𝑓(𝐶𝐻3𝐶𝑂)2𝑂 
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡,135℃
→          𝑆𝑖𝑂𝑓(𝑂𝐶2𝐻5)4−2𝑓 + 2𝑓𝐶𝐻3𝐶(𝑂)𝑂𝐶2𝐻5 

Equation 3-7 

PEOS was produced following the methodology described by Zhu et al.9 (More details in the 

experimental section). By varying the ratio (f) between the acetic anhydride and TEOS 

(Equation 3-7) and keeping the temperature constant at 135°C and stirring speed at 400 RPM, 

it was possible to produce PEOS with controlled degree of branching, leading to a variable 

SiO2 content, density and viscosity (f = 1.0, 1.1, 1.15 and 1.2, and for identification purposes, 

all PEOS produced were named PEOS-f, PEOS 1.0, PEOS 1.1, PEOS 1.15 and PEOS 1.2). The 

proposed generic structure9 of PEOS using the method described is represented at Figure 3-7. 
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Figure 3-7. Structure of hyperbranched polyethoxysiloxane as proposed by Zhu et al.9 

The physical appearance of the PEOS at all f values was a yellow oily liquid.   

Figure 3-8  shows the example of PEOS 1.2. The synthesized PEOS was stable for months 

under a dry nitrogen atmosphere. Its long-term stability is due to the non-hydrolytic character 

of its synthesis, which avoids the formation of reactive silanol (Si-OH) end groups. However, 

PEOS reacted with H2O forming solid silica when in contact with humid environment for over 

one month, as observed in Figure 3-8.  

 

Figure 3-8. Images of PEOS 1.2 before (left) and after (right) exposure to air humidity for one 

month. 



Chapter 3. Pickering emulsion Stability and PEOS Preparation and Characterization 
 

108 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  1 1 9 - 1 2 0  
 
 

PEOS is a polymeric silica precursor that can be hydrolysed in the presence of water as 

described in section 1.4.2 (Equation 3-8). The hydrolysis and cross-linking condensation 

process liberates water and ethanol: 

Hydrolysis:           ≡Si−OEt + H2O       →    ≡Si−OH + EtOH 

Condensation:    ≡Si−OH + Si−OEt    →    ≡Si−O−Si≡ + EtOH 

                               ≡Si−OH + Si−OH    →    ≡Si−O−Si≡ + H2O                                        Equations 3-8 

Under limited availability of water, PEOS can be partially hydrolysed.10 The partially 

hydrolysed PEOS behaved as an interfacial-active surfactant, similar to hydrolysed long-alkyl-

substituted alkoxysilanes.16, 17 Full hydrolysis can be achieved if the H2O concentration is 

increased further (Figure 3-9).  

 

Figure 3-9. Scheme representing the different hydrolysed stages of PEOS. 

3.2.2.2 PEOS characterisation  

The 4 PEOS samples were characterised using standard organic molecular characterization 

techniques, which are described below.  For some experiments, such as IR and 1H NMR, only 

one example is shown in the results as the spectra are similar for all 4 PEOS types.  



Chapter 3. Pickering emulsion Stability and PEOS Preparation and Characterization 
 

109 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  1 1 9 - 1 2 0  
 
 

3.2.2.3 Infrared spectroscopy  

PEOS was first characterized via IR spectroscopy (Figure 3-10), and the results confirmed that 

carbonyl functional groups from the acetic anhydride, one at 1825 cm–1 (antisymmetric C=O 

/ C=O stetch) and a second one at 1758 cm–1 (symmetric C=O/C=O stretch) could not be 

detected, suggesting that the anhydride was fully consumed by the reaction.  

 

Figure 3-10. IR spectra of acetic anhydride PEOS 1.2. Important peaks: Si-O asymmetric 

vibration – 1090 cm-1, Si-OH asymmetric vibration - 950 cm-1, Si –O symmetric vibration – 795 

cm-1 and CH2/CH3 at the 2980-2850 cm-1 region. 
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It is also important to notice that the ethoxy group vibrations are present (CH3 – 2980 cm-1 

and CH2 – 2930 cm-1), as well as specific vibrations for alkoxyl silanes (Si-O – 1090 cm-1 and 

795 cm-1). As PEOS was exposed to air and consequently humidity for this measurement, a Si-

OH vibration is also present (950 cm-1). 

3.2.2.4 1H NMR 

Figure 3-11 shows the 1H NMR spectra of PEOS 1.2.  The two signals correspond to CH3 and 

CH2 of the ethoxy groups, which is  similar to spectra for the TEOS monomer starting material. 

There were no signals in the acetoxy region, suggesting that the condensation reaction was 

complete and no acetic anhydride was present in the product, in line with the IR data.  

 

Figure 3-11. 1H NMR spectra of the synthesized PEOS from a molar ratio of 1.2 of acetic 

anhydride to TEOS and 0.3 mol% of catalyst. The peaks at 7.27 and 0.0 ppm correspond to the 
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solvent CDCl3/TMF and the multiplets at 3.87 and 1.22 ppm to the ethoxy groups found in the 

product (CH2 and CH3, respectively). 

3.2.2.5 29Si NMR 

When Si NMR for hyperbranched silicon structures is concerned, it is expected to find 

different groups of peaks depending on the number of silicon atoms bearing the central 

silicon atom.9 The 29Si NMR spectra for all four PEOS samples are shown in Figure 3-12. From 

the left to right the peaks are: four ethoxy groups Q0 (-82 ppm, TEOS), three ethoxy groups 

Q1 (-89 ppm, terminal), two ethoxy groups Q2 (- 96 ppm, linear), one ethoxy group Q3 (104 

ppm, semidendritic) and no ethoxy group Q4 (-112 ppm, dendritic). TEOS would have only 

one signal – Q0 for four ethoxty groups, so the Q0 signal observed is proposed to be due to 

unreacted TEOS that remained in the sample after the reaction, which is in agreement with 

the results from IR analysis.  
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Figure 3-12. 29Si NMR spectra of PEOS synthesised from different acetic anhydride to TEOS 

molar ratio (f). 

It was possible to calculate the relative amount of each type of silicon atom in the polymer  

from the integration of the peaks (Table 3-3). This information was valuable for the 

calculation of the degree of branching (DB) of each sample (Equation 3-9). DB was expressed 

as a ratio of the actual growth direction of the polymer (R) to the maximum possible growth 

directions (Rmax).18 

𝐷𝐵 =  
𝑅

𝑅𝑚𝑎𝑥
= 

2𝑄4+𝑄3
2

3
(3𝑄4+2𝑄3+𝑄2)

                                 Equation 3-9 
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Table 3-3. Summary of the 29Si NMR data for the relative content of each building units of 

PEOS synthesised from different molar ratios of acetic anhydride to TEOS (f). 

PEOS (f) 

Units (%) 

DB 

SiO2 
content 

(%) 
from 

29Si 
NMR 

Theoretical 
SiO2 

content 
(%) 

Q0 
TEOS 

Q1 
terminal 

Q2 
linear 

Q3 
semi-

dendritic 

Q4 
dendritic 

1.00 4 26 43 25 4 0.48 45.7 44.8 

1.10 2 27 43 32 6 0.53 46.4 47.4 

1.15 2 16 39 34 8 0.57 49.6 48.8 

1.20 2 15 37 37 8 0.59 50.0 50.3 

 

The silica content values were very similar to the ones obtained theoretically from Equation 

3-7. As expected, an excess of acetic anhydride could increase the DB and lead to a more 

cross-linked product.9 A maximum degree of condensation without gelation, i.e. maximum 

branching and even intramolecular loop formation, while the product remains in liquid, would 

be favourable for most applications.9 Therefore, for the initial encapsulation protocols used 

in this thesis, PEOS 1.2 was used as the silica precursor as a degree of branching higher than 

0.59 was not possible due to saturation of branching leading to gelation of PEOS.  

3.2.2.6 Molecular weight and polydispersity index 

PEOS produced from the four different f values were analysed using gel permeation 

chromatography (GPC) with an evaporative light scattering detector (ELS).  Polystyrene 

standards were used to create a calibration curve, in order to estimate the molecular weight 

of the PEOS samples. As observed in Figure 3-13, the average molecular weight (MW) and the 

polydispersity index (PDI) increased as higher amounts of acetic anhydride were used in the 

reaction, whilst MN had a smaller variation across the different samples. 
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Figure 3-13. GPC results for PEOS produced with different molar ratios of acetic anhydride to 

TEOS illustrating weighted-average (MW – gray line), and numbered-average (MN  - blue line) 

molecular weights and PDI (MW/MN – red line) for each f used, the experiments were performed 

in triplicates.  

Clearly as the amount of anhydride increases the polymer grows, as would be expected from 

the PEOS cross-linking process, whilst at the same time the PDI increases presumably as a 

result of the DB increasing (Table 3-3). 

3.2.2.7 Density and viscosity  

The different types of PEOS produced were further characterized as neat liquids in terms of 

viscosity using an AR 550 rheometer/viscometer from TA Instruments (New Castle, DE, USA) 

and density, estimated by the mass/volume method (Figure 3-14).  The results agreed with 

the degree of branching values obtained via Si NMR and molecular weight. PEOS 1.2, which 

possessed the highest DB and MW, also possessed the highest viscosity and density.  
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Figure 3-14. Viscosity and density values for PEOS samples produced with different fractions 

of acetic anhydride. 

3.3 Conclusions 

In this chapter, the role of emulsion stabilisation was investigated with the support of 

experiments that demonstrate the Pickering stabilisation phenomenon, as well as the 

possibility of forming oil-in-water, water-in-oil or double emulsions depending on the wetting 

properties of the solid SiO2 nanoparticles. The three-phase contact angle is the key parameter 

to form highly stable emulsions.  However, the stability is also controlled by the size and 

wettability of the SiO2 nanoparticles and the polarity of the oil. 

It was possible to take advantage of the limited coalescence phenomenon to control the size 

and size distribution for emulsions formed with both PO and HS using hydrophilic SiO2 

nanoparticles as Pickering emulsifier. As the oil droplet size was finely controlled, it was clear 

that hydrophilic silica nanoparticles are efficient Pickering emulsifiers for both oils. It was also 

possible to confirm that a monolayer of SiO2 is formed around the droplets and the result was 

in agreement with the literature.15 
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PEOS was synthesised and characterized using multiple techniques (IR, NMR, GPC and 

Rheology). Si NMR was especially useful to identify the different silicon atom environments 

and degree of branching, showing that these can be controlled by manipulating the fraction 

of TEOS to acetic anhydride and to produce PEOS with variable molecular weight, DB, viscosity 

and density.  

Overall it was concluded that it is possible to stabilise PO and HS emulsions using hydrophilic 

SiO2 NPs.  These Pickering emulsions will be used as templates for the formation of silica 

capsules together with PEOS as silica precursor to cross-link the SiO2 NPs and seal the voids 

between the nanoparticles, with the objective of forming mechanically stable SiO2 capsules 

with minimal leakage of the encapsulated oil, which will be discussed in Chapter 4.  

3.4 Experimental 

3.4.1 Emulsions stability  

Two glass vials were charged with DI water (5 ml) and HS containing 0.1wt% of PM546 (oil 

soluble dye – full description in Chapter 2, Section 2.2.1) (5 ml). SiO2 NPs (0.1g , A300) were 

added to one of the vials and both were homogenized using a vortex mixer operating at 2500 

RPM for 5 minutes. The resulting emulsions were allowed to stand on the bench top and 

photographed immediately and after 60 seconds. Microscopy images were also obtained. The 

same procedure was repeated for the hydrophobic nanoparticles (AR816). 

3.4.2 Limited coalescence phenomenon study 

Emulsions were prepared by mixing PO or HS (2g) and DI water (8 ml) containing different 

fractions of Aerosil 300, relatively to the oil phase (1.7, 3.4 and 6.8 wt%), and homogenizing 

at 2500 RPM using a vortex mixer for 5 minutes. The emulsions were allowed to rest on the 
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bench top for the limited coalescence phenomenon to take place for 2 hours and optical 

microscopy and size distribution analysis (Mastersizer) was carried out.   

3.4.3 Synthesis of hyperbranched polyethoxysiloxane (PEOS) 

Hyperbranched polyethoxysiloxane (PEOS) was synthesized as described by Xiaomin et al.9 

(Equation 3-10). A 250ml two-neck round bottom flask was charged with TEOS (19.5 ml, 0.1 

mmol), acetic anhydride (1.0 to 1.2 molar ratio to TEOS) and titanium trimethylsiloxide (0.3 

mol% to TEOS), under an N2 atmosphere. Different molar ratios (f = 1.0, 1.1, 1.15 and 1.2) 

between TEOS and acetic were used to produce PEOS with variable molecular weight. The 

resulting solution was heated to 135°C and stirred at 400 RPM. As the reaction proceeded, 

ethyl acetate boiled off over ~24 hours, after which the reaction was allowed to cool to room 

temperature. 

 

Equation 3-10. PEOS formation from the reaction between TEOS and acetic anhydride in the 

presence of a catalyst at 135°C.  

3.4.4  PEOS characterisation 

3.4.4.1 Infrared spectroscopy 

IR spectra were recorded as neat oils between the wave numbers 650-4000 cm-1 on a 

PerkinElmer Spectrum 100 PT-IR equipped with an ATR detector and processed by 
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PerkinElmer Spectrum software. Samples were added directly to the ATR crystal prior 

measurement. An air background was taken before measuring the samples.  

3.4.4.2 1H NMR 

1H NMR spectra were recorded on a Bruker Avance III 300 MHz with the samples dissolved in 

CDCl3. The data was processed using Topspin software v 2.1. Chemical shifts are reported as 

δ values relative to CDCl3 at δH = 7.27 ppm. 

3.4.4.3 29Si NMR 

29Si NMR spectra were obtained using a Bruker 400Hz Avance III HD NMR operating with a 

Prodigy liquid nitrogen cooled probe, located at Procter and Gamble Great London Innovation 

Centre, with samples dissolved CDCl3, containing 0.015M chromium acetylacetonate as a 

relaxation agent. 

3.4.4.4 Gel permeation chromatography 

To obtain the molecular weight and PDI of the different PEOS molecules, a Waters 2695 GPC 

equipped with a Waters 2414 Refractive Index Detector and a Wyatt Dawn Heleos II light 

scattering detector was used. A Toluene solvent system was used with TOSOH TSKGel HHR 

series ranging from 1,000 Da to 60,000 Da with a pore size of 5 μm and 2 nm. Twelve 

polystyrene standards were used to create a calibration curve and estimate the molecular 

weight of the different PEOS molecules based on their elution volumes. 

3.4.4.5 Viscosity  

Viscosity of liquid PEOS products was measured using an AR 550 rheometer/viscometer from 

TA Instruments (New Castle, DE, USA), using parallel steel plates of 40 mm diameter and a 
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gap size of 500 µm.  The high shear viscosity at 20 s-1 and low shear viscosity at 0.05 s-1 was 

obtained from a logarithmic shear rate sweep from 0.1 s-1 to 25 s-1 in 3 minutes at 21 °C. 

3.4.4.6 Density 

Density of PEOS was estimated by the mass/volume method; PEOS was added to a pre-

weighted 10 ml volumetric flask. The container was re-weighted and the corresponding mass 

of PEOS noted. The PEOS mass was divided by the volume of the flask and the density 

calculated. 
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CHAPTER 4.  Preparation and Characterisation of Mechanically 
Robust SiO2 Shell Capsules from Oil-in-Water Pickering 
Emulsions – Encapsulation of Hexyl Salicylate 

Abstract    

In this chapter, an oil phase composed of hexyl salicylate (HS) and hyperbranched 

polyethoxysiloxane (PEOS) and an aqueous phase containing hydrophilic fumed silica 

nanoparticles (SiO2 NPs) are emulsified forming a stable oil-in-water emulsion. The SiO2 

nanoparticles undergo a spontaneous cross-linking and void-filling of the SiO2 nanoparticles 

at the oil-water interface takes place, via the hydrolysis of the PEOS at the oil-water interface, 

followed by subsequent crosslinking of the PEOS and between the SiO2 nanoparticles.  Thus, 

not only is a mechanically robust SiO2 shell formed, but also one in which the voids between 

the SiO2 nanoparticles are filled, leading to encapsulating the hexyl salicylate in water with 

very little leakage.  In addition, the SiO2 capsules could be dried and redispersed in water.  

The SiO2 capsules were characterized in terms of mean dimeter, SPAN, shell morphology and 

thickness, payload, encapsulation efficiency, release profile and mechanical properties. 

Encapsulation parameters, such as pH, SiO2 nanoparticles and PEOS concentration were 

varied in order to establish the optimal conditions for the formation of a shell with improved 

mechanical properties and size distribution.  As a result, capsules produced at lower pH had 

a narrow size distribution and a well-defined shell. On the other hand, high concentrations of 

PEOS led to the formation of a more mechanically resistant shell; however, the formed shell 

was highly porous and hexyl salicylate leaked quickly when the capsules were dispersed in 

liquid detergent matrix.  
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4.1 Introduction 

Generally, micron-scale capsules, which have been of intense research interest for many 

decades,1-5 are comprised of a shell to separate, control leakage/controlled delivery and 

protect an ‘active’ solid, liquid- or gas-filled interior from the surrounding environment.   

Furthermore, to be functional they need to allow a triggered release of the ‘active’ at a 

specified time and place to give the desired functionality. Such structures may be used for 

the encapsulation of a wide variety of compounds, including fragrances,1, 2 pharmaceuticals,3  

food additives,4 or catalysts.5   

In order to satisfy the sophisticated requirements that the shell must possess, for specific 

technologies, it has to have chemistries and mechanical properties to control leakage through 

the shell and rupture of the shell. In terms of fragrance encapsulation for the laundry industry 

the following properties are important:  

(i) The capsules must survive breakage during various processing and handling steps, 

where mechanical forces are generated in the wash-cycle, such as pumping, 

mixing washing and drying, but they should break by the mechanical forces 

generated when the consumer is handling/wearing the fabric to give a sensation 

of freshness.6  

(ii) The perfume capsules should not leak during storage (shelf-life) in the liquid 

detergent matrix, whilst also maintaining the mechanical properties in point (i).  

Melamine-formaldehyde capsules were found to accomplish these properties better than 

other materials.7 More recently, other types of shell chemistries based on acrylate polymers 

were also developed and showed good leakage resistance in detergent matrix.8 However, 
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both technologies are based on organic polymers and are considered micro-plastics, hence 

facing being banned from consumer products in Europe and some Asian countries.9 This 

legislation is likely to be followed by the rest of the world. Therefore, there is a need for new 

technologies to encapsulate perfume for laundry products using more sustainable and 

ecologically less damaging capsule shells.  These could be based on biodegradable polymeric 

or inorganic shells, or a combination of both.  

Pickering emulsions are formed via self-assembly of solid nanoparticles at the interface 

between two immiscible phases such as oil and water.10  These types of emulsions can 

advantageously be used as templates for the formation of fully inorganic capsules due to: 

 (i) their remarkable high resistance to coalesce,  

(ii) facile formation,  

(iii) low-cost, and  

(iv) range of biocompatible and environmentally friendly materials which can be used.11  

4.1.1 Aim of research in this chapter 

In this chapter, the initial aim was to prepare and characterise Pickering emulsion-based SiO2 

capsules encapsulating hexyl salicylate (HS) as perfume model using silica nanoparticles (SIO2 

NPs) as emulsifier (Chapter 3) and PEOS the agent to cross-link (Chapter 3) the interface 

attached SiO2 nanoparticles. The concentration of SiO2 NPs, the concentration of PEOS and 

the continuous phase pH were varied to understand how these three parameters affect the 

SiO2 capsule formation in terms of size, size distribution, mechanical properties and stability 

in liquid detergents.  
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Since perfume are complex mixtures of volatile organic oils that usually have variable 

polarities and densities, which can potentially affect emulsion stability and the formation of 

the shell, a single fragrance component (one molecular structure) was initially used for the 

development of an encapsulation method via the Pickering emulsion approach using SiO2 NPs 

as the emulsion stabiliser, prior to their cross-linking, to afford SiO2 capsules.  HS was selected 

as the single fragrance component as it is one of the main components of perfume 

formulations in detergent applications.12 HS is also a well-defined model found in the 

literature13 to describe encapsulation efficiency and release profile. 

4.1.2 SiO2 capsule formation mechanism 

The SiO2 capsule formation mechanism is a delicate interplay between emulsion stability, oil 

polarity and sol-gel kinetics and can be divided in three key steps: 

1. formation of O/W Pickering emulsion; 

2. hydrolysis of PEOS at the O/W interface; 

3. condensation of PEOS to cross-link the SiO2 nanoparticles. 

Figure 4-1 shows a scheme representing the hypothesised steps for the formation of SiO2 

capsules using the Pickering emulsion plus PEOS approach and HS as core material, which 

brings both parts of the research described in Chapter 3 together. 



Chapter 4. Preparation and Characterisation of Mechanically Robust SiO2 Shell Capsules from Oil-in-Water 
Pickering Emulsions – Encapsulation of Hexyl Salicylate 

 

125 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  1 6 2 - 1 6 3  
 
 

 

Figure 4-1. Proposed route for making SiO2 capsules. Step 1: a Pickering emulsion between 

hexyl salicylate containing PEOS and an aqueous phase containing SiO2 NPs was prepared. Step 

2: PEOS hydrolyses at the oil-water interface. Step 3: PEOS crosslinks via condensation reaction 

at the interface, not only linking the SiO2 NPs, to impart mechanical strength, but also filling 

the voids between the SiO2 NPs to reduce HS leakage.  

4.1.2.1 Step 1. Formation of the Pickering emulsion 

Starting with the pre-emulsification; the Pickering emulsifier (SiO2 NPs) is dispersed in the 

continuous aqueous phase, of known w/v, and PEOS is dispersed in HS, of known v/v to form 

the dispersed oil phase (Figure 4-2A). Then, the Pickering emulsion is formed (Figure 4-1, Step 

1), via the homogenisation of the two phases leading to the formation of an oil-in-water 

emulsion (Figure 4-2B), stabilized by the self-assembly of SiO2 NPs at the oil-water interface, 

lowering the interfacial energy, to form the Pickering emulsion (Figure 4-2C).  

For this step the wettability of the SiO2 NPs and the oil polarity are key to ensure a high 

emulsion stability. The concentration ratio of SiO2 NPs to the oil phase and the stirring method 

can be varied to control the size and size distribution of the Pickering emulsion droplet.  
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Figure 4-2. Simplified scheme of Pickering emulsion formation (Step 1) from SiO2 NPs and PEOS. 

First, an aqueous dispersion containing SiO2 NPs is prepared. Then, PEOS is mixed with HS in a 

separated vial (A). The aqueous and oil phases are then homogenised forming an O/W 

emulsion (B). The Pickering emulsifiers then self-assemble at the water-oil interface lowering 

the interfacial energy and stabilising the emulsion (C). 

4.1.2.2 Steps 2 and 3: PEOS hydrolysis and condensation at the O/W interface 

During Step 2, the PEOS dispersed within the oil phase starts to hydrolyse as it contacts the 

O/W interface. Upon hydrolysis, the hydrophobic ethoxysilane groups convert to hydrophilic 

silanol groups, with an affinity towards water, adhering it to the O/W interface (Figure 4-3A).  

The hydrolysed PEOS then cross-links both between itself (ethoxysilane and silanol groups) 

and the surface of the SiO2 NPs (silanol groups), creating a polymerised PEOS layer at the 

interface (Step 3), and on the SiO2 NPs surface, which continues to grow to fill the voids 

between the SiO2 NPs (Figure 4-3B), leading to a solid shell imparting mechanical strength to 

the SiO2 capsule, as well as creating a barrier to stop HS leaking.  
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Hydrolysis and condensation kinetics play an important role when forming a robust solid SiO2 

capsule shell, as it can affect the quality of the formed SiO2 capsule in terms of porosity and 

mechanical properties.14 The type of silica precursor used can ultimately influence the 

kinetics, as it must be interfacially active for effective hydrolysis and condensation to take 

place. Other parameters that can influence the kinetics are the interfacial tension15 between 

the oil (controlled by the polarity of the oil) and the water and the pH16 - both affecting the 

interfacial activity of PEOS.  

 

Figure 4-3. (A) Scheme representing the hydrolysis of PEOS at the O/W interface as it becomes 

partially hydrophilic and adherent to the interface (Step 2) and (B) condensation process of 
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PEOS at the O/W interface of the droplet solidifies the PEOS, crosslinks the SiO2 NPs and fills 

the voids between them (Step 3). 

4.1.2.3 The effects of pH 

The process as a whole depends strongly on the pH of the aqueous phase, which controls not 

only the interfacial activity of the PEOS (and its hydrolysis and condensation rates), but also 

of the SiO2 nanoparticles, by affecting the surface charge, as shown in Figure 4-4.  

 

Figure 4-4. Illustration of the interfacial activity of SiO2 nanoparticles and PEOS at different 

pHs, as well as the expected PEOS hydrolysis and condensation rates at the interface. The point 

of zero charge (PZC) for the SiO2 nanoparticles is also represented (value from the supplier).  

From Figure 4-4, the pH can affect the surface charge of the hydrophilic SiO2 NPs;17 at higher 

pH values the SiO2 NPs tend to have a negative surface charge (deprotonation of Si-OH groups 

to Si-O-), leading to a higher stability in the continuous water phase and, consequently, less 

interfacial activity. The opposite is true for lower pH values. In this case, the surface silanol 
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groups become protonated (Si-OH), and increasing the interfacial activity of the SiO2 NPs until 

the pH reaches the point of zero charge. Further decrease of the pH leads to further 

protonation of the surface silanol groups (Si-OH2
+) and the surface becomes positively 

charged.17   

For PEOS the interfacial activity tends to increase with the increase of the pH, as it becomes 

deprotonated it has more affinity towards the water phase.18 In addition both the hydrolysis 

and condensation rates depend on the pH as expected for silicon alkoxides in general 

(Chapter 1 - section 1.4.3.2).19 For the hydrolysis step, the maximum rate is obtained at low 

pH, the minimum at pH 7 and at high pH the rate is high as well. For the condensation step 

on the other hand, at very low pH (around zero), the condensation rate is high but not as high 

as the hydrolysis rate. At pH 2 the condensation rate is minimum, after that the rate starts to 

increase again and it reaches the maximum at pH 7. At higher pH the rate is as high as for the 

hydrolysis.  

Usually acidic or alkaline catalyses are used for the sol-gel process. For PEOS, at a low pH a 

hydrolysed PEOS layer is formed around the droplet and hydrolysis is complete before 

condensation starts. At neutral pH (around 7) on the other hand, the condensation rate 

reaches the maximum and hydrolysis minimum, which leads to the condensation of the PEOS 

molecules as they undergo hydrolysis. Finally, at high pH both hydrolysis and condensation 

rates are fast, which could lead to highly porous structures.14 From these considerations, the 

ideal pH for the formation of Pickering based SiO2 capsules using hydrophilic SiO2 NPs and 

PEOS could be optimised to ensure high interfacial activity of both SiO2 NPs and PEOS as well 
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as an optimal hydrolysis and condensation rate of PEOS leading to the formation of a well-

defined silica shell with a low porous structure.  

4.2 Results and Discussion  

4.2.1 Preparation and characterization of SiO2 capsules encapsulating HS 

SiO2 capsules were formed using:  

(i) HS as the oil phase, containing 20 wt% dispersed PEOS and 0.1 wt% of a green 

fluorescent dye (PM546), and  

(ii) 1 wt% hydrophilic SiO2 NPS as Pickering emulsifier dispersed in DI water as 

continuous phase (named, SiO2 NPs1-PEOS20-HS). 

The initial Pickering emulsion was formed via the homogenisation of the two phases using a 

vortex mixer at 2500 RPM for 5 min, at 25oC.  The pH of the aqueous phase was 4, as a result 

of the SiO2 NPs (Aerosil 300) being naturally acidic, due to their preparation process (see 

Chapter 2 – section 2.2.2). SiO2 capsules were then fully characterized, as described below. 

4.2.2 Morphology 

4.2.2.1 Optical Microscopy 

The optical and fluorescence microscope images are shown in Figure 4-5A and B, respectively. 

Clearly, it was possible to observe that the SiO2 NPs1-PEOS20-HS capsules were fluorescing and 

hence filled with the dye doped HS, and that there was no free HS visible in the continuous 

aqueous phase after Step 3 in Figure 4-1 (Figure 4-5B).  
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Figure 4-5. Optical (A) and Fluorescent (B) images of SiO2 NPs1-PEOS20-HS loaded with hexyl 

salicylate containing 0.1 wt% PM546. Scale bar: 50µm 

4.2.2.2 Scanning electronic microscopy (SEM) 

SEM is a powerful tool to analyse the surface morphology of a capsule shell. Figure 4-6 shows 

the SEM images for the SiO2 NPs1-PEOS20-HS capsules. First, it is possible to observe that the 

capsules formed were smooth and spherical indicating there were mechanically stable, as the 

surface did not shrink under the vacuum imposed by the SEM chamber. In addition, the SEM 

image of a broken capsule (rare) suggested the formation of a core-shell like structure (Figure 

4-6B). 

 

Figure 4-6. SEM micrographs of SiO2 NPs1-PEOS20-HS capsules. Scale bar is 50 μm in 

micrograph (A) and 20 μm in (B). 
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4.2.3 Capsule size distribution  

The average mean volume-based diameter and SPAN of the size distribution were 41.1 ± 0.5 

µm and 1.032 ± 0.06 for the SiO2 NPs1-PEOS20-HS capsules, respectively. The size distribution 

of these SiO2 capsules was relatively narrow, which demonstrates that even when HS was 

mixed with PEOS prior to emulsification (Step 1,Figure 4-1) the size distribution of the 

emulsion could still be controlled by the concentration of SiO2 NPs in relation to the volume 

of oil, in agreement with the observations in Chapter 4 - Section 4.2.1. Moreover, the mean 

diameter from the Mastersizer was in good agreement with the optical microscopy and SEM 

images. 

4.2.4 Payload and encapsulation efficiency  

The Payload and Encapsulation Efficiency (EE) were calculated using Equation 4-1 and 

Equation 4-2, respectively. The payload estimates what percentage of the total SiO2 NPs1-

PEOS20-HS capsule is composed of core material, while the Encapsulation Efficiency, EE, gives 

the percentage of oil initially encapsulated during Step 1 (Figure 4-1). 

𝑃𝑎𝑦𝑙𝑜𝑎𝑑 =
𝑚𝑐,𝑠𝑎𝑚𝑝

𝑚𝑠𝑎𝑚𝑝
                                          Equation 4-1 

𝐸𝐸(%) =  100% ×
𝑚𝑎

𝑚𝑜
  =  100% 𝑥

𝑚𝑐,𝑠𝑎𝑚𝑝

𝑚𝑠𝑎𝑚𝑝

  
𝑚𝑐

𝑚𝑐+𝑚𝑠
  
,              Equation 4-2 

where mc,samp = mass of core material in the capsules; mc = mass of core material used for 

encapsulation; ma = actual loading; mo = theoretical loading; msamp = mass of sample and ms = 

mass of shell material used for encapsulation. The obtained values were: 

• Payload: 82.1 ± 0.6 % 
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• EE: 99.4 ± 0.4% 

The high encapsulation efficiency is expected for Pickering emulsion based SiO2 capsules as 

the SiO2 NPs tend to be trapped at the O/W interface irreversibly, which leads to a high 

emulsion stability during the capsule formation, allowing the oil to be fully encapsulated.20  

4.2.5 Shell thickness and inner morphology  

The shell thickness was estimated using multiple SEM images of broken SiO2 NPs1-PEOS20-HS 

capsules cross-section and ImageJ software. An example of such image can be found at Figure 

4-7.  The average shell thickness was 0.5 ± 0.1 μm. As the SiO2 NPs used had a primary size of 

about 10 nm, which form aggregates of about 100 to 200 nm, this result implies that the shell 

thickness is made mainly of condensed PEOS, so PEOS is not only crosslinking the SiO2 

nanoparticles and filling the voids, but also forming a thick condensed SiO2 layer. A theoretical 

calculation was used to validate this speculation as it calculates the thickness of a shell formed 

only by a condensed SiO2 precursor ( 3).21 

 Equation 4-3 

where Rc = Mean radius of the capsules, ρs = Density of hydrated SiO2, ρc = Density of the core 

material, S = SiO2 content of PEOS (in this case 50.2% was assumed - from Chapter 3 data), dS 

= shell thickness, assuming that the core material is pure and it occupies the whole cavity of 

the SiO2 capsule. The shell thickness value from Equation 4-3 was 0.4 μm, which was very 

close to the value from the SEM images, confirming that the shell thickness is mainly made of 

condensed PEOS added to a monolayer of SiO2 NPs of about 100 nm.  

4[
4

3
𝜋𝑅𝑐

3 −
4

3
𝜋(𝑅𝑐 − 𝑑𝑠)

3] 𝜌𝑠 = 𝑆
4

3
𝜋(𝑅𝑐 − 𝑑𝑠)

3 𝜌𝑐, 
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Figure 4-7. Close-up SEM images of broken SiO2 NPs1-PEOS20-HS capsules. Scale bar 10 μm. 

SEM images (Figure 4-7) could also give valuable information regarding the inner morphology 

of the shell.  The inner surface was smooth, but also contained some ~1 um globular structure, 

which might be due to the hydrolysis and condensation of an excess of PEOS in the inner core. 

According to the literature,22 the growth of the PEOS layer is from the outside towards the 

inside of the core, as water migrates through the hydrolysed PEOS layer before full 

condensation, the globular structures could have been formed as a result of extra water 

migration in some points of the shell. 

4.2.6 Release profile  

One of the most important properties of capsules used for consumer goods applications is 

the capability of the capsule to retain the encapsulated active inside the shell for weeks or 

months without any leakage. Therefore, it is of great importance to test the shell permeability 

over time and obtain the release profile of the capsule. Hexyl salicylate has only a small 

solubility in water (∼10-6 g mL-1), hence it was preferable to use a solvent capable of 

increasing the solubility of HS, in order to observe the release profile of HS from the SiO2 

capsules over a shorter timeframe than if just water was used. The chosen solvent should: 

(i) not damage the SiO2 capsule shell; 
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(ii) be miscible with the slurry continuous phase, in this case water; 

(iii) be compatible with the detection method (here UV radiation being adsorbed by 

the aryl moiety in HS). 

The solvent identified to fulfil these criteria were aqueous-base solutions with low molecular 

weight alcohols.  According to the literature,13 an appropriate solvent is one that the solubility 

concentration, cs is around 2 x 10-2 to 2 x 10-4 g mL-1.  The co-solvent used was propan-1-ol at 

a level of 36 volume %, which gives a cs
 of 0.002 g mL-1. The mass HS released from the SiO2 

capsules was obtained using the HS absorbance max at 305 nm and the calibration curve in 

Figure 4-24.  

Figure 4-8 shows the release profile of HS in 36% propan-1-ol aqueous solution over time. It 

was possible to observe that the release over the first 30 days is quasi linear, after which it 

slows until it reaches 100% HS release after 60 days. Presumably, the mesoporosity of the 

shell material (as in amorphous SiO2 materials in general), is the route by which the HS passes 

into the continuous phase.  

 

Figure 4-8. Release profile of hexyl salicylate in 36% propa-1-ol aqueous solution over time. 

The absorbance max used was 305 nm. 
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Figure 4-9 shows the SiO2 capsules before and after complete release, which gives further 

evidence that the SiO2 capsules were completely emptied while maintaining an intact solid 

SiO2 shell, demonstrating that the co-solvent did not mechanically damage the SiO2 capsule 

shell during the experiment period.  

 

Figure 4-9. SiO2 NPs1-PEOS20-HS capsules before (A) and after (B) release profile experiment 

using 36% propan-1-ol in water. Scale bar 50 µm. 

The permeability of the SiO2 capsule can be extracted by fitting Equation 4-4 to the initial 

linear region of the HS% release graph13 (Figure 4-10), assuming a relatively narrow size 

distribution of the SiO2 capsules as the permeability is a function of the mean diameter of the 

SiO2 capsules: 

𝑅(𝑡) =
6

𝑑𝜌𝑜𝑖𝑙

𝑃

ℎ
𝐶𝑠𝑡                                                 Equation 4-4 

 

where, R(t) is the release as a function of time, d the capsule mean diameter, ρoil the density 

of the encapsulated oil, P the permeability of the shell, h the shell thickness, Cs the oil 

solubility in the continuous phase and t the time. Considering a constant shell thickness for 
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the SiO2 capsules of 500 nm, the permeability was found to be 5.3 X 10-16 m2s-1. Amorphous 

SiO2 materials are known for their high porosity, so the low permeability value is an 

encouraging result. This low porosity is probably due to a high degree of cross-linking during 

condensation of PEOS at the interface forming a thick solid SiO2 capsule shell that was capable 

of retaining HS for 60 days in water/propan-1-ol media.  

 

Figure 4-10. Relative release of the initial linear regime of Figure 4-8 (R < 0.6). Model 

parameters: P/h = 1.07 x 10-9 m/s-1, Cs = 0.002 g.mL-1, d = 41 µm and ρoil = 1.04 g.mL-1 

4.2.7 Trigger release  

For many consumer good applications, such as laundry products, it is necessary that the 

capsules completely release their content by mechanical force at a desired place/time, e.g. 

by mechanical breakage on cleaned dry garments or hair. To observe the SiO2 capsules 

releasing its content over time after their fracture, an experiment was designed using optical 

microscopy, whereby SiO2 capsules containing HS and PM546 (fluorescent dye) were placed 

on the surface of a glass slide, and a glass cover was carefully placed on top of the SiO2 

capsules. Then the glass cover was gently pressed to break the SiO2 capsules to observe the 
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oil being released from the fractured capsules (Figure 4-11). The images show that the 

capsule appears to fracture at one point, after which the oil is released, demonstrating the 

robust core-shell like structure of the capsule. 

 

Figure 4-11. Optical microscopy images of a single broken SiO2 capsule releasing HS (yellow 

oil) taken in 10 seconds intervals. HS is not soluble in water, so as it is released it forms an oil 

droplet. The diameter of the SiO2 capsule is approximately 40 µm. 

4.2.8 Mechanical properties  

The mechanical strength of capsules is one of the most important parameters for laundry 

products applications, along with the encapsulation efficiency and release profile of the 

encapsulated active.23 With the help of the micromanipulation rig, it was possible to 

compress single SiO2 capsules until rupture and obtain the force necessary to break the SiO2 

capsules, as well as the deformation at the rupture.  Figure 4-12 shows images collected by 

the microscope connected to the micromanipulation rig described in Chapter 2- Section 2.5.5. 
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The glass probe travels toward the SiO2 capsule (Figure 4-12A), it comes into contact and 

begins to deform the capsule (Figure 4-12B), until the capsule ruptures (Figure 4-12C). 

 

Figure 4-12. Images from the side view camera attached to a 10x optical lense. (A) before, (B) 

during and (C) after fracturing the capsule. The scale bar is 50 μm. 

The graph in Figure 4-13 shows a curve obtained when compressing a SiO2 NPs1-PEOS20-HS 

capsule (30 μm of diameter). Prior to point A (Figure 4-13) there was no contact between 

probe and SiO2 capsule. The increase in force from displacement 0 m is the probe coming 

into contact with the capsule and deforming it (Figure 4-13, point B), until the capsule suffers 

rupture at around 0.06 mN (Figure 4-13, point C) with a displacement of about 4 μm, which 

gives this SiO2 capsule a nominal deformation of about 13%. 
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Figure 4-13. Resulting force vs displacement curve when compressing a single SiO2 NPs1-

PEOS20-HS capsule (A) before, (B) during and (C) after fracturing the capsule. The clear rupture 

indicates the formation of a core-shell like structure that suffers rupture under pressure. The 

capsule diameter is 30 μm. 

The results for a population of SiO2 NPs1-PEOS20-HS capsules are summarized in Table 4-1; the 

displacement at rupture measures to what extent the SiO2 capsule shell is deformed before 

it suffers rupture, and the deformation at rupture represents the ratio of the displacement at 

rupture to the diameter of the particle. The rupture force is the force required to break the 

SiO2 capsule after the deformation and the nominal rupture stress is the ratio of the rupture 

force to the initial cross-sectional area of individual SiO2 capsules (Chapter 2 – Section 2.4.6)  
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Table 4-1.  Mechanical properties summary for a population of 10 SiO2 NPs1-PEOS20-HS 

capsules.  

Capsule Diameter (μm) 
Displacement at 

rupture (μm) 

Rupture force 

(mN) 

Deformation at 

rupture (%) 

Nominal rupture 

stress (MPa) 

1 26.9 2.04 0.06 8 0.10 

2 28.0 4.81 0.06 17 0.09 

3 32.3 7.61 0.10 23 0.12 

4 32.3 6.73 0.04 21 0.05 

5 32.3 6.34 0.06 19 0.08 

6 37.7 5.49 0.05 15 0.04 

7 40.9 8.08 0.10 19 0.08 

8 43.0 2.36 0.04 5 0.03 

9 43.0 3.42 0.06 8 0.04 

10 44.1 6.13 0.08 14 0.05 

Average ± St Dev 36.0 ± 6.4 5.3 ± 2.1 0.06 ± 0.02 15 ± 6 0.07 ± 0.03 

 

The values in Table 4-1 suggest that the SiO2 capsules, encapsulating HS, are relatively brittle 

as the deformation at rupture was 15% with a low nominal rupture stress (0.07 MPa) when 

compared to a typical sample of perfume microcapsule (PMC), which has a deformation at 

rupture of about 40% and a nominal rupture stress of about 1 MPa (for the same size band – 

data from P&G).  

4.2.9 Varying encapsulation parameters 

In order to understand the parameters involved in the formation of SiO2 capsules using SiO2 

NPs, Pickering emulsions and PEOS, a set of experiments were designed with the objective of 

varying some of the key emulsification encapsulation parameters, as outlined Step 1 and Step 
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2 (Figure 4-1), in order to obtain SiO2 capsules with optimized properties when compared to 

the capsules produced above. The parameters varied were: 

(i) concentration of SiO2 nanoparticles (Step 1); 

(ii) concentration of PEOS (Step 2); 

(iii) pH of the continuous phase (Step 3). 

4.2.9.1 SiO2 nanoparticles concentration: limited coalescence phenomenon 

As observed in Figure 4-14, SiO2 capsules were formed for higher (2 wt%) and lower (0.5 wt%) 

SiO2 NPs concentration to the one initially used (1 wt%), with the mean diameter and SPAN 

related to the concentration of SiO2 nanoparticles initially dispersed in the continuous phase, 

as discussed below. Samples were named:  

(i) SiO2 NPs0.5-PEOS20-HS, for SiO2 capsules produced using 0.5 wt% of SiO2 

nanoparticles and 20 wt% of PEOS,  

(ii) SiO2 NPs1-PEOS20-HS, for SiO2 capsules produced using 1 wt% of SiO2 nanoparticles 

and 20 wt% of PEOS (initial sample, discussed in Sections 4.2.1 to 4.2.8), and  

(iii) SiO2 NPs2-PEOS20-HS for those produced using 2 wt % of SiO2 nanoparticles and 20 

wt% of PEOS.  

The most interesting property of the SiO2 capsules formed is the possibility to control the 

mean diameter and size distribution (SPAN) when different concentrations of SiO2 NPs were 

used as observed in Figure 4-14 and confirmed by the graph at Figure 4-20A. 
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Figure 4-14. SiO2 NPs-PEOS-HS capsules produced with different levels of SiO2 NPs: (A) 0.5 wt% 

- SiO2 NPs0.5‐PEOS20‐HS (B) 1.0 wt% - SiO2 NPs1‐PEOS20‐HS and (C) 2.0 wt% - SiO2 NPs2‐PEOS20‐

HS. Scale bar: 50µm 

4.2.9.2 PEOS concentration 

The variation of PEOS concentration was investigated in order to define whether if SiO2 

capsules could still be formed at higher or lower levels of PEOS and the impact on the 

morphology and mechanical properties of the SiO2 capsule. Figure 4-15 shows optical 

microscopy images of SiO2 capsules produced using three different levels of PEOS in the oil 

phase. Samples were named: 

(i) SiO2 NPs1-PEOS10-HS, for SiO2 capsules produced using 10 wt% of PEOS,  

(ii) SiO2 NPs1-PEOS20-HS, for SiO2 capsules produced using 20 wt% of PEOS (initial 

sample, discussed in Sections 4.2.1 to 4.2.8), and 

(iii) SiO2 NPs1-PEOS40-HS for those produced using 40 wt % of PEOS. 
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Figure 4-15. Capsules produced with different levels of PEOS: (A) 10 wt% - SiO2 NPs1‐PEOS10‐

HS (B) 20 wt% - SiO2 NPs1‐PEOS20‐HS (c) 40 wt% - SiO2 NPs1‐PEOS40‐HS. Scale bar: 50µm 

When different concentrations of PEOS were used to produce SiO2 capsules, the shell 

morphology changes. SiO2 NPs1-PEOS10-HS capsule (Figure 4-15A) surface was much 

smoother when compared to SiO2 NPs1-PEOS40-HS (Figure 4-15C). Moreover, SiO2 NPs1-

PEOS40-HS had a higher contrast under the optical microscope, indicating shell thickening, 

which was confirmed using SEM (Figure 4-16). The shell thickness was calculated using image 

analysis (ImageJ 1.48v software package). From multiple SEM images, the differences 

regarding shell thickness were noticeable. While SiO2 NPs1-PEOS10-HS capsules formed a thin 

shell that was strong enough to survive the vacuum imposed by the SEM chamber (Figure 

4-16C), SiO2 NPs1-PEOS40-HS capsules also survived the vacuum, however the shell formed 

was much thicker, irregular and porous (Figure 4-16D).  
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Figure 4-16. SEM images of: (A and C) 10 wt% - SiO2 NPs1‐PEOS10‐HS and (B and D) 40 wt% - 

SiO2 NPs1‐PEOS40‐HS. The scale bar is 10 μm (A and C) and 20 μm (B and D). 

The differences in terms of structure for the SiO2 NPs1-PEOS40-HS capsule to SiO2 NPs1-PEOS10-

HS and SiO2 NPs1-PEOS20-HS capsules can be explained by the highly porous shell formed for 

the former one. This difference in terms of shell thickness is because at low pH, all PEOs must 

hydrolyse before condensation starts. So the PEOS forms a thin and dense layer at the 

interface and the excess PEOS that remains inside the SiO2 capsule hydrolyses and condenses 

slowly by water from the continuous phase diffusing through the still liquid like PEOS layer, 

before it is fully cross-linked.22 Table 4-2 shows the values for three different PEOS levels 

studied.  

Table 4-2. Shell thickness from SEM images for different levels of PEOS 

Sample 
Wt% of PEOS in the oil 

phase 
Shell thickness (μm) 

SiO
2
 NPs1-PEOS10-HS 10 0.15 ± 0.03 

SiO
2
 NPs1-PEOS20-HS 20 0.50 ± 0.04 

SiO
2
 NPs1-PEOS40-HS 40 7.01 ± 2.05 
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The SiO2 capsules prepared with different concentrations of PEOS were stored for a year at 

RT inside a cupboard, and re-examined optically (Figure 4-17).  The SiO2 NPs1-PEOS10-HS 

capsules were able to retain the oil after one year (A). In contrast, the SiO2 NPs1-PEOS40-HS 

capsules were mostly empty (B), confirming that the shell structure was presumably more 

porous, (Figure 4-16D). 

 

Figure 4-17. Optical images taken after one year of (A) 10 wt% - SiO2 NPs1‐PEOS10‐HS and (B) 

40 wt% - SiO2 NPs1‐PEOS40‐HS. Scale bar: 100µm 

4.2.9.3 pH of the continuous phase 

The formation of SiO2 capsules is extremely dependent on the pH of the continuous phase as 

it controls the hydrolysis and condensation rate of PEOS, and the surface charges of the SiO2 

NPs.18 Surprisingly, SiO2 capsules were formed for all pH tested (from pH 2 to pH 9). Samples 

were named:   

(i) SiO2 NPs1-PEOS20-HS-pH2,  

(ii) SiO2 NPs1-PEOS20-HS-pH4 (initial sample, discussed in Sections 4.2.1 to 4.2.8),  

(iii) SiO2 NPs1-PEOS20-HS-pH7, and  

(iv) SiO2 NPs1-PEOS20-HS-pH9. 
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In terms of sol-gel, it is an advantage to use acidic or alkaline conditions in order to catalyse 

the sol-gel process as discussed on Chapter 1 – Section 1.4.3.2, so the rate of hydrolysis and 

condensation can be finely controlled.19 Figure 4-18  below shows SiO2 capsules obtained in 

four different pH conditions. 

 

Figure 4-18. Optical microscopy images for SiO2 capsules prepared at pH 2, 4, 7 and 9. As it can 

be observed, capsules can be formed across all pH values, however at pH 9 they start to lose 

shape due to the high stability of the SiO2 NPS in the water phase.  

From Figure 4-18, it can be observed that SiO2 capsules produced at lower pH had a narrower 

size distribution than those produced at higher pH (Figure 4-20). Furthermore, at pH 9, the 

SiO2 capsules formed were larger and for many cases not spherical. This can potentially be 

explained by the fact that at high pH, the surface silanol SiOH group on the SiO2 nanoparticles 

are deprotonated, and therefore the nanoparticles carry a negative charge, leading to 

electrostatic repulsion between theam as well as may be increasing water stability, which 
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limits the nanoparticles interfacial activity, and hence the Pickering emulsion droplet loses 

stability.17  

At pH 7 the SiO2 capsules formed were spherical, with no mis-formed capsules, indicating the 

formation of a stable Pickering emulsion; however, capsules in multiple sizes were formed. 

As the condensation rate reaches the maximum at pH 7, PEOS starts solidifying before the 

complete formation of a liquid PEOS layer around the whole droplet (Step 2 - Figure 4-1), 

which could lead to a competition for droplet stabilisation between colloidal SiO2 

nanoparticles formed from rapidly condensed PEOS and the SiO2 NPs (More details in Chapter 

1 – Section 1.4.2). At pH 2 and 4 capsules were well defined with a relatively narrow size 

distribution due to the high surface activity of the SiO2 NPs at low pH, stabilising the emulsion.  

4.2.9.4 Solely PEOS SiO2 capsules  

To understand PEOS amphiphilic properties discussed in Chapter 3, SiO2 capsules were 

prepared without SiO2 NPs, i.e. solely PEOS SiO2 capsules maintaining the same PEOS level as 

the initial experiments: 20% to the oil phase (PEOS20-HS). Surprisingly, SiO2 capsules were 

successfully produced (Figure 4-19). It was possible to form SiO2 capsules due to the high 

stability resulting from a barrier layer formed by partially hydrolysed and partially condensed 

PEOS on the oil droplet surface, which prevents Ostwald ripening.18 SiO2 capsule presented a 

solid shell that could survive air-drying, as observed at Figure 4-19C through the 

micromanipulation side image and Figure 4-19D, which shows a SEM image of a broken shell, 

showing a core-shell structure. Moreover, the inner shell possessed a larger number of 

protruding sites when compared to the SiO2 NPs1-PEOS20-HS capsules which corresponded to 

an excess of PEOS solidifying the inner shell surface.  
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Figure 4-19. Optical (A) and Fluorescent (B) images of PEOS20-HS containing PM546. The scale 

bar is 50 μm. (C) Image of PEOS20-HS capsules from the micromanipulation rig side view 

camera (D) SEM image of a broken PEOS20-HS capsule showing the core-shell structure.  

4.2.10 Overall size and mechanical properties analysis  

For capsules produced with different concentrations of SiO2 to HS (SiO2 NPs0.5-PEOS20-HS, SiO2 

NPs1-PEOS20-HS  and SiO2 NPs2-PEOS20-HS) the different mean diameter and SPAN values can 

be explained by the limited coalescence phenomenon,24 which rationalises that the Pickering 

emulsion droplets will coalesce until the surface of each droplet is fully covered by the solid 

nanoparticles. Thus, increasing the concentration of SiO2 NPs will reduce the size of the 

Pickering emulsion droplets and increase the SPAN (Figure 4-20A).  

When different PEOS levels to HS were used (SiO2 NPs1-PEOS10-HS, SiO2 NPs1-PEOS20-HS and 

SiO2 NPs1-PEOS40-HS), the higher the PEOS concentration the higher the mean diameter 

(Figure 4-20B), which can indicate that the amphiphilic properties of PEOS could be 
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overcoming the Pickering stabilization, and at high PEOS concentration the droplet is 

stabilized primarily by PEOS. 

For the capsules produced at different pH values (pH 2, 4 , 7 and 9) both the mean diameter 

and SPAN increased with the increase of the aqueous phase pH (Figure 4-20C).  The mean 

diameter was particularly large for the pH 9 samples.  This data was probably an anomaly as 

the light scattering detects primarily round shaped-particles, so any non-round SiO2 capsule 

will be treated as a sphere leading to a larger size detection. At pH 2 the SPAN and mean 

diameter had the minimum value. This is due to the high protonation of the SiO2 NPs surface 

silanol groups at low pH, which increase their interfacial activity, so they become capable of 

stabilising the droplet at earlier stages.18  
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Figure 4-20. Mean diameter and SPAN of capsules prepared with (A) variable wt% of SiO2 NPs 

to HS, (B) variable wt% of PEOS and (C) variable pH.  

The mechanical properties of the SiO2 capsules produced in this chapter were compared 

against a typical PMC used in the industry nowadays. The SiO2 capsules produced using a 

higher amount of PEOS (SiO2 NPs1-PEOS40-HS) were the only ones that demonstrated a 

significant change in terms of rupture force (Figure 4-21). The samples produced with 10% 

PEOS (SiO2 NPs1-PEOS10-HS) and at pH 9 (SiO2 NPs1-PEOS20-HS-pH9) are not included in the 

graph as their resistance to the transducer probe was too low to be measured using a 0.5 mN 

transducer.  
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The mechanical properties of PEOS20-HS capsules were comparable to the ones prepared with 

SiO2 NPs (SiO2 NPs1-PEOS20-HS), which confirms that PEOS is the main contributor to the shell 

thickness and mechanical properties and the SiO2 NPs serves as Pickering emulsion template.  

 

Figure 4-21. Nominal rupture stress values of the SiO2 capsules produced in Section 4.2.9 

compared to the expected value of a commercial PMC. All SiO2 capsules tested had a mean 

diameter of approximately 35 μm, which is the mean diameter of the PMC example. 

The overall low nominal rupture stress value of the SiO2 capsules is probably due to the 

brittleness of the SiO2 shell, which allows for a small deformation of the shell before failure 

(around 20-15%). Although the sample containing 40 wt% PEOS had enhanced mechanical 

properties when compared to the other sample due to its thicker shell, the porous structure 

of the SiO2 capsule could be an issue, as for detergent applications the core material needs to 

be stabilized within the shell with minimum leakage during storage and supply chain of the 

product. The ideal silica capsule would therefore reconcile the mechanical properties of she 

sample containing 40 wt% PEOS and the leakage profile of a less porous shell, perhaps a dual-
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sell approach could be used to satisfy all the parameters (shell thickness, porosity and 

leakage). 

All SiO2 capsules produced in Sections 4.2.9 are summarized in Table 4-3 below, including the 

mean diameter, SPAN and mechanical properties.  

Table 4-3. Summary of all SiO2 capsules produced using hexyl salicylate as oil phase. 

Sample 
Wt% of 

PEOS to HS 

Wt% of 
SiO

2 NPs to 
HS 

pH 
aqueous 

phase 

Mean 
diameter 

(μm) 
SPAN 

Deformation 
at  rupture 

(%) 

Nominal 
rupture 

stress (MPa) 

SiO
2
 NPs0.5-PEOS20-HS 20 0.5 4 38.5 ±  0.3 0.95 ± 0.06 14 ± 3 0.07 ± 0.03 

SiO
2
 NPs1-PEOS20-HS 20 1 4 41.1 ± 0.5 1.04 ± 0.06 15 ± 6 0.07 ± 0.03 

SiO
2
 NPs2-PEOS20-HS 20 2 4 45.1  ± 0.9 1.22 ± 0.1 24 ± 5 0.16 ± 0.02 

SiO
2
 NPs1-PEOS10-HS 10 1 4 39.8  ± 0.3 1.02 ± 0.05 - - 

SiO
2
 NPs1-PEOS20-HS 20 1 4 41.1 ± 0.5 1.04 ± 0.06 15 ± 6 0.07 ± 0.03 

SiO
2
 NPs1-PEOS40-HS 40 1 4 51.6  ± 2.1 1.33 ± 0.13 34 ± 2 1.02 ± 0.17 

SiO
2
 NPs1-PEOS20-HS -

pH2 
20 1 2.5 34.6  ± 0.2 0.94 ± 0.07 19 ± 2 0.09 ± 0.02 

SiO
2
 NPs1-PEOS20-HS-

pH4 
20 1 4 41.1 ± 0.5 1.04 ± 0.06 15 ± 6 0.07 ± 0.03 

SiO
2
 NPs1-PEOS20-HS -

pH7 
20 1 7 42.4  ± 0.6 1.39 ± 0.1 14 ± 3 0.08 ± 0.03 

SiO
2
 NPs1-PEOS20-HS -

pH9 
20 1 9 58.1  ±  1.2 1.67 ± 0.14 - - 

PEOS20-HS 20 - 6 42.8  ± 0.2 1.17 ± 0.08 16 ± 7 0.06 ± 0.02 

 

4.2.11 Stability in liquid detergent  

SiO2 capsules produced with and without SiO2 NPs (SiO2 NPs1-PEOS20-HS and PEOS20-HS) had 

their barrier properties tested in liquid detergent (Liquid fabric enhancer - LFE). A simple 

microscope slide method was used as described in Chapter 2 – Section 2.4.2. Figure 4-22 
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shows the results of the SiO
2 
NPs1-PEOS20-HS sample. After just 10 minutes of contact between 

the SiO2 capsules and LFE the HS was already coming out of the shell (Figure 4-22B), and after 

1 hour it was clear that HS was being extracted from the core to the continuous, surfactant 

rich phase (Figure 4-22C).  After 24h the SiO2 capsules looked completely empty, however 

their structure was intact, suggesting that the SiO2 shell is solid, but highly porous (Figure 

4-22D).  

 

Figure 4-22. Optical microscopy images of SiO2 NPs1-PEOS20-HS capsules dispersed in LFE. 

A similar result was observed for the PEOS20-HS capsules. In this case, the SiO2 capsules tested 

had a fluorescent dye mixed in the HS so the leakage effect was easier to follow. After 1 hour 

it was possible to clearly observe that some HS had leaked out of the SiO2 capsule as indicated 

by the red arrow on Figure 4-23C below. After 24 hours the SiO2 capsule looked mostly empty, 

but intact, similar to the ones produced with SiO2 NPs (Figure 4-23E and F). It was possible to 

observe that the continuous phase also had a high concentration of florescent dye, giving 
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support to the hypothesis that the SiO2 capsules are highly porous and HS leaks out rapidly in 

a surfactant-based matrix.  

 

Figure 4-23. Optical microscopy images of PEOS20‐HS capsules dispersed in LFE. 

4.3 Conclusions  

As an overall conclusion, it was possible to encapsulate HS in SiO2 capsules using the Pickering 

emulsion – PEOS based technique proposed in this chapter. The SiO2 capsules formed were 

characterized thoroughly and they possessed a liquid core with a solid shell structure. The 

release profile of the SiO2 capsules was very encouraging as the SiO2 capsules were stable in 

the slurry for over 1 year and in a stressed environment (36% propan-1-ol) where the HS was 

released over a period of 60 days.  However, when added to a surfactant rich environment 

(LFE) the SiO2 capsules were completely emptied in less than 24h, which suggests that the 

SiO2 capsules are porous as the HS is rapidly extracted to the surfactant rich matrix. Regarding 

mechanical properties, the capsules showed a clear rupture, but the force necessary to 

rupture individual SiO2 capsules was much lower than for a typical PMC used in the industry, 

this is probably due to the brittleness of the thin SiO2 shell.  
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Emulsification and encapsulation parameters (Figure 4-1) were varied to control the mean 

diameter, SPAN and mechanical properties of the capsules.  When the wt% of SiO2 NPs to HS 

was varied (HS (SiO2 NPs0.5-PEOS20-HS, SiO2 NPs1-PEOS20-HS  and SiO2 NPs2-PEOS20-HS), the 

size of the final capsule and the SPAN of the size distribution could be controlled by taking 

advantage of the limited coalescence phenomenon, however there were no significant 

differences in terms of mechanical properties.   

Capsules could be produced with different wt% of PEOS in the core (SiO2 NPs1-PEOS10-HS, SiO2 

NPs1-PEOS20-HS and SiO2 NPs1-PEOS40-HS). However, only the SiO2 NPs1-PEOS40-HS capsules 

could have their nominal rupture stress and deformation at the rupture increased 

significantly, however these capsules were very porous. In terms of size, the higher the PEOS 

level, the higher the mean diameter, probably due to the stabilization of the droplets by PEOS 

(amphiphilic). 

 In terms of pH, well-defined capsules were produced at pH 2, 4 and 7 (SiO2 NPs1-PEOS20-HS-

pH2, SiO2 NPs1-PEOS20-HS-pH4 and SiO2 NPs1-PEOS20-HS-pH7). Capsules could not be 

produced at pH 9 (SiO2 NPs1-PEOS20-HS-pH9), as the condensation rate of PEOS reaches the 

maximum. SiO2 NPs1-PEOS20-HS-pH2 had a low SPAN, showing a narrow size distribution. As 

the process can be catalysed in acidic conditions, this pH should be further investigated in the 

next chapters along with higher levels of PEOS.  

Surprisingly, stable capsules were formed solely by PEOS (PEOS20-HS) as it acts as a surfactant 

due to its amphiphilic properties, which could make the method even simpler for industrial 
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applications. Solely PEOS capsules will be further investigated in the following chapters for 

the encapsulation of a real-world perfume composition.  

As an overall conclusion, the mechanisms for the formation of SiO2 capsules in general from 

Pickering emulsions and the hydrolysis and condensation of PEOS were elucidated, including 

some key parameters that can be controlled when forming a solid SiO2 shell: 

i. Wettability of the SiO2 nanoparticles - determinates the stability of the emulsion 

as well as the type of emulsion (O/W or W/O); 

ii. Concentration of SiO2 - controls the droplet size and size distribution; 

iii. Oil density and polarity – influences the emulsion stability as well as the SiO2 

capsule size and hydrolysis and condensation kinetics; 

iv. Concentration of PEOS – The ratio between the encapsulated oil to PEOS could be 

adjusted in order to control the size of the condensed layer, hence controlling the 

thickness of the formed wall.  

v. Hydrolysis and condensation kinetics – the hydrolysis rate influences the wetting 

layer formed by the precursor around the droplet, and condensation rate, the 

solidification of the shell. 

vi. pH - controls the interfacial activity of both PEOS and SiO2 nanoparticles as well as 

hydrolysis and condensation of PEOS. 
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4.4 Experimental 

4.4.1 Encapsulation of hexyl salicylate 

The preparation of the SiO2 capsules was possible following the following method: HS 

containing 0.1 wt% of PM546 dye was mixed with PEOS in different proportions depending 

on the experiment as described in Table 4-3. The resulting solution was added to a 1 wt% 

fumed SiO2 nanoparticles aqueous dispersion (10g) and emulsified using a vortex mixer for 5 

minutes (2500 RPM) forming an O/W Pickering emulsion. Emulsions were then left 

undisturbed at 25°C for 24 hours to allow hydrolysis and solidification of PEOS at the water-

oil interface. The resulting SiO2 capsules were isolated by centrifugation at 2000 RPM per 10 

minutes and re-dispersed in 10 ml of DI water. 

4.4.2 Optical microscopy 

Optical microscopy images were obtained using two microscopes: a Leica DMRBE, (Leica 

Microscope & Systems GmbH) equipped with a software package Moticam Pro 3.0 and a 

CoolLED pE-300 white light source. The resolution of the microscope was 200 nm. The second 

microscope used was a Zeiss Axio imager 2 pol (Carl Zeiss Microscopy – Germany, resolution 

200 nm) also equipped with a UV light source (Kubler codex HXP 120C).  

4.4.3 Scanning electron microscopy (SEM) 

SEM images were obtained using two different microscopes: a 1000 Tabletop Microscope 

(Hitachi, Ltd – Japan), magnification 1500X and a Philips XL-30 FEG Environmental SEM with 

Oxford Inca EDS (Philips UK ltd, Guildford – UK), magnification 3500X.  
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4.4.4  Size analysis 

Mean capsule size and size distribution of the SiO2 capsules in aqueous dispersion were 

obtained by static light-scattering using a Mastersizer 2000 instrument (Malvern Instruments 

Ltd, Malvern - UK). The instrument measures the volume fraction of the SiO2 capsules in 

different size bands in the size range of 20 nm to 2000 µm using a Helium-Neon laser 

connected to a dispersion unit. All experiments were performed at 25°C. The refractive index 

used was 1.46 (for amorphous SiO2
25) and the data analysed using Excel®.  

4.4.5 Payload and encapsulation efficiency sample preparation  

Capsules were prepared following the method described at Section 4.4.1. After 

centrifugation, the slurry was added to 50mL of 36% propanol in water (18mL propanol, 32mL 

DI water) with approximately 15g of glass microbeads (3mm) under magnetic stirring (1000 

RPM) per 2 days.  

Samples were centrifuged for 20 min (4000 RPM) and the supernatant separated from the 

solid. 100μl of supernatant was then added to 3ml of 36% propanol in water and the 

absorbance measured using UV CE 2021, (Cecil Instruments Ltd., UK) at λ = 305 nm   and the 

mass of HS present in solution calculated using a calibration curve (Figure 4-24). The mass 

was used to calculate payload and encapsulation efficiency.  
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Figure 4-24. Calibration curve for hexyl salicylate using different concentrations in 36% propan-

1-ol aqueous solution.  

4.4.6  Release profile and permeability  

Capsule samples were prepared as described in Section 4.4.1 in triplicates and 10g of SiO2 

capsule suspension containing 20% w/w of SiO2 capsule to water was added to a dialysis 

tubing. The tubing had its both ends sealed and was charged to a bottle containing 250ml of 

36% propanol aqueous solution under magnetic agitation. Then the λmax of the solution at 

305 nm was measured over time and the HS mass present in solution using a calibration curve 

(Figure 4-24). A UV-Vis spectrophotometer (Cecil Instruments, Cambridge, UK) was used to 

measure the absorbance over time using quartz cuvettes with 3 mL volume capacity and 1 

cm of optical path length. 

The SiO2 capsule permeability was determined using the models based on a monodisperse 

size assumption, which were implemented using commercial spreadsheet software (Excel®, 

Microsoft). 
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4.4.7  Trigger release 

0.1g of SiO2 capsule suspension containing 20% w/w SiO2 capsule to DI water was diluted in 

5ml of DI water. One drop of the diluted dispersion was placed onto the surface of a glass 

micro slide and covered with a cover slide. The cover slide was then pressed gently using a 

spatula to break the SiO2 capsules and  the oil being released under the optical microscope 

(Carl Zeiss Microscopy – Germany, resolution 200 nm) observed. 

4.4.8 Mechanical properties  

The mechanical properties of the SiO2 capsules were determined by micromanipulation. 0.1g 

of SiO2 capsule suspension containing 20% w/w SiO2 capsule to DI water was first diluted 500x 

in DI water then a drop of the diluted dispersion was added to a glass slide and left to air dry. 

The glass containing the SiO2 capsules was then positioned on the micromanipulation rig 

stage and observed using the side-view camera equipped with a 10x magnification lense. The 

glass slide was positioned perpendicular to a glass probe with a diameter of 100 μm mounted 

on an electronically controlled force transducer (Model 403A, Aurora Scientific Inc., Canada, 

with a maximum operation limit of 5 mN). A single SiO2 capsule was compressed by the glass 

probe travelling at 2 μm s-1. The voltage output generated by the transducer after the 

compression of the SiO2 capsule was recorder and converted to force using an excel macro. 

The sensitivity of the transducer used was 0.5 mN. Ten random SiO2 capsules were analysed 

per sample for statistical analysis. Details of the technique can be found in Chapter 2, Section 

2.4.6. 
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4.4.9  Stability in liquid detergent  

0.1g of SiO2 capsule suspension containing 20% w/w SiO2 capsule to DI water was added to a 

glass vial containing 5 ml of liquid detergent formulation (LFE). The vial was shaken by hand 

to ensure well dispersion of the SiO2 capsules and a drop of the product placed on a glass 

microslide and covered with a cover glass. Optical microscopy images were taken over time 

using a Zeiss Axio imager 2 pol (Carl Zeiss Microscopy – Germany, resolution 200 nm) also 

equipped with a UV light source (Kubler codex HXP 120C).  

4.5 References 

1. H. Lee, C.-H. Choi, A. Abbaspourrad, C. Wesner, M. Caggioni, T. Zhu and D. A. Weitz, 
Encapsulation and Enhanced Retention of Fragrance in Polymer Microcapsules, ACS 
Applied Materials & Interfaces, 2016, 8, 4007-4013. 

2. J. J. G. van Soest, in Flavours and Fragrances: Chemistry, Bioprocessing and 
Sustainability, ed. R. G. Berger, Springer Berlin Heidelberg, Berlin, Heidelberg, 2007, 
pp. 439-455. 

3. R. Gref, Y. Minamitake, M. Peracchia, V. Trubetskoy, V. Torchilin and R. Langer, 
Biodegradable Long-Circulating Polymeric Nanospheres, Science, 1994, 263, 1600-
1603. 

4. S. Gouin, Microencapsulation: Industrial Appraisal of Existing Technologies and Trends, 
Trends in Food Science & Technology, 2004, 15, 330-347. 

5. R. Akiyama and S. Kobayashi, “Microencapsulated” and Related Catalysts for Organic 
Chemistry and Organic Synthesis, Chemical Reviews, 2009, 109, 594-642. 

6. D. Caswell, Procter & Gamble,  Laundry System Having Unitized Dosing, US7534758B2, 
2006 

7. J. Ness, Quest International BV,  Perfume Encapsulates, US7238655B2, 2004 
8. L. F. T. A. S. R. S. B. N. Yan, Encapsys Inc,  Controlled Release Microcapsules, 2014 
9. E. Kentin, Cham, 2018. 
10. M. Destribats, S. Gineste, E. Laurichesse, H. Tanner, F. Leal-Calderon, V. Héroguez and 

V. Schmitt, Pickering Emulsions: What Are the Main Parameters Determining the 
Emulsion Type and Interfacial Properties?, Langmuir, 2014, 30, 9313-9326. 

11. Y. Chevalier and M.-A. Bolzinger, Emulsions Stabilized with Solid Nanoparticles: 
Pickering Emulsions, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
2013, 439, 23-34. 

12. K. Bauer, D. Garbe and H. Surburg, Common Fragrance and Flavor Materials: 
Preparation, Properties and Uses, Wiley, 2008. 

13. R. Mercadé-Prieto, R. Allen, D. York, J. A. Preece, T. E. Goodwin and Z. Zhang, 
Determination of the Shell Permeability of Microcapsules with a Core of Oil-Based 
Active Ingredient Journal of Microencapsulation, 2012, 29, 463-474. 



Chapter 4. Preparation and Characterisation of Mechanically Robust SiO2 Shell Capsules from Oil-in-Water 
Pickering Emulsions – Encapsulation of Hexyl Salicylate 

 

163 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  1 6 2 - 1 6 3  
 
 

14. C. J. Brinker, Hydrolysis and Condensation of Silicates: Effects on Structure, Journal of 
Non-Crystalline Solids, 1988, 100, 31-50. 

15. Y. Zhao, Y. Li, D. E. Demco, X. Zhu and M. Möller, Microencapsulation of Hydrophobic 
Liquids in Closed All-Silica Colloidosomes, Langmuir, 2014, 30, 4253-4261. 

16. Z. Jianing and R. Hans, Sol–Gel Science, the Physics and Chemistry of Sol–Gel Processing, 
Ed. By C. J. Brinker and G. W. Scherer, Academic Press, Boston 1990, Xiv, 908 Pp., 
Bound—Isbn 0-12-134970-5, Advanced Materials, 1991, 3, 522-522. 

17. B. P. Binks and C. P. Whitby, Nanoparticle Silica-Stabilised Oil-in-Water Emulsions: 
Improving Emulsion Stability, Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, 2005, 253, 105-115. 

18. Y. Zhao, Z. Chen, X. Zhu and M. Möller, Silica Nanoparticles Catalyse the Formation of 
Silica Nanocapsules in a Surfactant-Free Emulsion System, Journal of Materials 
Chemistry A, 2015, 3, 24428-24436. 

19. D. Levy and M. Zayat, The Sol-Gel Handbook: Synthesis, Characterization, and 
Applications, Wiley, 2015. 

20. K. L. Thompson, M. Williams and S. P. Armes, Colloidosomes: Synthesis, Properties and 
Applications, Journal of Colloid and Interface Science, 2015, 447, 217-228. 

21. Y. Zhao, Z. Chen, X. Zhu and M. Moller, Silica Nanoparticles Catalyse the Formation of 
Silica Nanocapsules in a Surfactant-Free Emulsion System, Journal of Materials 
Chemistry A, 2015, 3, 24428-24436. 

22. J. van Wijk, J. W. O. Salari, J. Meuldijk and B. Klumperman, Determination of the Shell 
Growth Direction During the Formation of Silica Microcapsules by Confocal 
Fluorescence Microscopy, Journal of Materials Chemistry B, 2015, 3, 7745-7751. 

23. G. Sun and Z. Zhang, Mechanical Strength of Microcapsules Made of Different Wall 
Materials, International Journal of Pharmaceutics, 2002, 242, 307-311. 

24. S. A. P. W. P. B. S. Leal-Calderon, Some General Features of Limited Coalescence in 
Solid-Stabilized Emulsions, The European Physical Journal E, 2003, 11, 273-281. 

25. G. Ghosh, Handbook of Refractive Index and Dispersion of Water for Scientists and 
Engineers, Ghosh, Sujata, 2005. 



Chapter 5. Encapsulation of a Commercial Perfume Oil in SiO2 Capsules 
 

164 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e  2 0 4  
 
 

CHAPTER 5. Encapsulation of a Commercial Perfume Oil in SiO2 
Capsules  

Abstract 

In this chapter, an oil phase composed of a commercial perfume oil (PO) and hyperbranched 

polyethoxysiloxane (PEOS) and an aqueous phase containing hydrophilic fumed silica 

nanoparticles (SiO2 NPs) are emulsified forming a stable oil-in-water emulsion. The emulsion 

then undergoes spontaneous formation of a condensed SiO2 shell to form SiO2 capsules. The 

PEOS cross-links the SiO2 NPs at the oil-water interface, via the hydrolysis and condensation 

of PEOS at the interface. Thus, a mechanically robust SiO2 shell encapsulating the perfume oil 

was formed, which could be dried and redispersed in water. 

The SiO2 shell morphology was dependent on the (i) pH of the aqueous phase, (ii) 

concentration of PEOS, and (iii) the molecular weight of PEOS, which controlled the interfacial 

activity of PEOS. As described in Chapter 4, the pH of the aqueous phase controls the 

interfacial activity of both the SiO2 NPs and PEOS, as well as the hydrolysis and condensation 

rate of PEOS, which significantly affects the resulting SiO2 shell, in terms of rigidity. 

The SiO2 capsules were characterized in terms of mean diameter, size distribution, shell 

morphology and thickness, mechanical properties and stability and performance in laundry 

products. Encapsulation parameters, such as pH, SiO2 NPs concentration, PEOS concentration 

and PEOs molecular weight were varied to establish the optimal conditions for the formation 

of a shell with improved mechanical properties, size distribution and stability in the laundry 

detergents.  
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5.1 Introduction 

As described in earlier chapters perfumes are important elements of a wide range of FMCG 

products, for a variety of reasons centred around consumer perception and satisfaction of 

the product. In Chapter 4, a single component fragrance oil, hexyl salicylate (HS), was used as 

a model for the formulation of SiO2 capsules from SiO2 nanoparticles.  Herein, SiO2 capsules 

are formulated from a complex mixture of fragrance oils that are used commercially.   This 

complex fragrance mixture has organic structures with various chemical functionalities, 

molecular weights, and densities. Therefore, the hydrophobicity and interfacial properties 

with water will be modified relative to HS alone, and one might expect the PEOS solubility 

and interfacial activity to be modified in the fragrance mixture, which may affect the SiO2 

capsule formation, and in turn affect the mechanical robustness and release profiles of the 

oils. The perfume oil (PO) to be encapsulated is a mixture of thirteen components including a 

wide range of molecular structures including alcohols, aldehydes, hydrocarbons and 

terpene.1 and it is used in laundry products at P&G, which includes a heavy-duty laundry 

detergent (HDL) and liquid fabric enhancers (LFE). Thus, the complexity of the commercial 

fragrance oil potentially makes its encapsulation much more challenging than the 

encapsulation of HS discussed in Chapter 4. Thus, the research in this chapter examines how 

the complex mixture modifies, if at all, any of the observations and results that were found 

in Chapter 4. 

5.1.1 Aims of research in this chapter  

In this chapter, the initial aim was to evaluate the encapsulation method using Pickering 

emulsion-based SiO2 capsules developed in the previous chapter using HS, for the 
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encapsulation of a 13-component commercial perfume oil (PO) used in P&G laundry products. 

The chapter is divided in two parts: 

Part 1: Encapsulation of PO in SiO2 capsules using the method developed for HS  

The strategy was to produce SiO2 capsules using the method described in Chapter 4, using 

PEOS as silica precursor with SiO2 NPs (part 1A) and without SiO2 NPs (part 1B).  SiO2 capsules 

were characterized in terms of mean diameter, size distribution, mechanical properties and 

stability in liquid detergents. The results were compared to HS SiO2 capsules produced in 

Chapter 4. Figure 5-1 provides a simplified roadmap of Part 1 of the chapter: 

 

Figure 5-1. Proposed route for making SiO2 capsules with SiO2 NPs (Part 1A) or without SiO2 

NPs (Part 1B). Step 1: an emulsion between PO containing PEOS and an aqueous phase with 

or without SiO2 NPs is prepared. Step 2: PEOS hydrolyses at the oil-water interface. Step 3: 

PEOS crosslinks via condensation reaction at the interface, forming a solid SiO2 shell.  
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Part 2. Optimization of the PO SiO2 capsules to meet the industry needs 

In Part 2 the encapsulation process was optimized to meet the industry needs in terms of: 

(i) SiO2 capsule mean diameter;  

(ii) mechanical properties;  

(iii) stability and performance in LFE. 

To optimize the solid SiO2 shell formation the following parameters were varied (Figure 5-2.): 

(i) emulsification method (stirring speed); 

(ii) concentration of SiO2 NPs to PO; 

(iii) pH of aqueous phase; 

(iv) concentration of PEOS; 

(v) PEOS molecular weight. 

The roadmap for Part 2 can be found in Figure 5-2. The emulsification method and 

concentration ratio of SiO2 NPs to PO are varied in Step 1, while the pH of aqueous phase, 

concentration and molecular weight of PEOS are varied in Step 2.  
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Figure 5-2. Proposed route for making improved SiO2 capsules (Part2). Step 1: an emulsion 

between PO containing PEOS and an aqueous phase with SiO2 NPs is prepared by varying the 

emulsification method and the concentration of SiO2 NPs. Step 2: PEOS hydrolyses at the oil-

water interface, varying the pH and concertation and molecular weight of PEOS. Step 3: PEOS 

crosslinks via condensation reaction at the interface, forming a solid SiO2 shell.  

To help with the assessment of the newly developed encapsulation technology, the mean 

diameter, mechanical properties, stability and performance for Part 2 were assessed against 

a commercially available polymeric perfume microcapsules (PMCs), encapsulating the same 

PO used in liquid detergent formulations nowadays, in order to identify whether the PO SiO2 

capsule prototypes could be potential sustainable alternative.  

5.1.1.1 Commercial polymeric perfume microcapsules (PMCs) 

The SiO2 capsules must have comparable performance and stability properties to PMCs 

currently used in industry. Melamine-Formaldehyde (MF) capsules were used as PMCs 

references for this project with the following properties that must be matched or improved: 
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(i)      stability: no more than 2% perfume leakage in the laundry product after 1 week at 

35C°; 

(ii)       performance: survive the wash and deliver freshness after the fabric is air-dried 

(noticeable dried fabric odour – DFO). 

In terms of physical and mechanical properties, MF capsules have: 

(i) mean size between 10 to 35 μm; 

(ii) nominal rupture stress around 1.5 – 2.5 MPa; 

(iii) deformation at rupture of 40-45%. 

SiO2 capsules encapsulating perfume oil produced in Part 2 were assessed against the above 

parameters. The PMCs encapsulating the same perfume oil used in this project were used as 

benchmark for the SiO2 capsules development. Commercial MF PMC data was courtesy of 

P&G.  

5.2 Results and discussions  

5.2.1 Part 1. Preparation and characterization of perfume oil SiO2 capsules With and 

Without SiO2 Nanoparticles  

5.2.1.1 Encapsulation method 

The procedure for the encapsulation of the commercial PO was adapted from the experiment 

designed for the encapsulation of HS. As it was possible to stabilise HS emulsions solely with 

PEOS, the initial experiments for PO made use of PEOS as silica precursor to form SiO2 

capsules in the presence and absence of SiO2 NPs, with DI water as continuous phase.  
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5.2.1.2 Structural and morphological characterization With and Without SiO2 

Nanoparticles  

With SiO2 nanoparticles (capsule ID: SiO2NPs-PEOS-PO):  Using the method developed for the 

encapsulation of HS with SiO2 NPs in Chapter 4, it proved possible to encapsulate the PO, but 

with a significant difference that the capsules appeared not spherical but deflated or 

crumpled2 (Figure 5-3A), as if they had lost some PO.  For these experiments, the pH of the 

continuous phase was found to be 4.5 ± 0.4, which is due to the fumed SiO2 nanoparticles 

used to stabilise the droplets, which act as a weak acid with a negative surface charge in 

neutral pH. One hypothesis for this apparent deflation/crumpling is that as ethanol is released 

at the interface it increases the solubility of some component oils in the complex PO at the 

interface, causing the core to lose volume, through solubilisation into the continuous phase, 

of the more hydrophilic oils in the PO. When PO was stabilised solely by SiO2 NPS (i.e without 

PEOS) in Chapter 3, Section 3.2.1, there were no signs of deflation, which supports that the 

ethanol formation is, at least in part, responsible for the deflation of SiO2NPs-PEOS-PO 

capsules.  

Without SiO2 nanoparticles (capsule ID: PEOS-PO): Using the method developed for the 

encapsulation of HS without SiO2 nanoparticles in Chapter 4, it proved possible to encapsulate 

the PO (Figure 5-3B), with apparently less deflation than when SiO2 NPs were used (Figure 

5-3A). Overall, the SiO2 capsules had a spherical shape with noticeable absence of deflated or 

crumpled sites. An explanation for this is that PEOS was completely hydrolysed before 

condensation started, forming a film of hydrolysed PEOS around the droplet before 

condensation, which could accommodate the loss in volume due to PEOS migration to the 

interface and ethanol formation that could drive up perfume solubility in water. When the 
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shell started to solidify the volume was already adjusted and no crumples were present. The 

pH in this case was found to be 5.9 ± 0.2. 

 

Figure 5-3. Optical microscopy images of (A) SiO2NPS-PEOS-PO (B) PEOS-PO capsules. Scale 

bar: 50µm 

5.2.1.3 Morphological Comparison of SiO2 capsule formation with and without 

SiO2 nanoparticles, and with PO or HS as the fragrance oil Component.  

The SEM images of SiO2NP-PEOS-PO and PEOS-PO capsules  are shown in Figure 5-4A and B. 

Interestingly, for both cases, a rough surface structure was observed, in direct contrast to 

when HS alone was used (Figure 5-4C and D) due to shrinking of the shell upon drying. This 

result implies some significant difference is occurring in the formation of the capsules as a 

result of the nature of the PO relative to HS. Clearly, as shrinking is observed for PEOS SiO2 

capsules prepared with and without SiO2 NPs, the PEOS layer is responsible for the 

phenomena, which indicates that some components of the PO interact with PEOS, preventing 

the formation of a well-defined SiO2 shell.  
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Figure 5-4. SEM images of PO SiO2 capsules (A) SIO2 NPs-PEOS-PO (B) PEOS-PO, showing clear 

signs of shell shrinking when dried for the SEM experiments, and HS SiO2 capsules (C) SIO2 NPs-

PEOS-HS (D) PEOS-HS (Chapter 4), showing a well-defined shell that survives air-drying. The 

scale bar is 20 μm.  

The shrinking phenomena observed when PO is used could be explained by considering the 

differences in polarity between PO and HS, whereby PO’s is lower (ClogP of PO: 3.5, HS: 5.1).  

Thus, the interfacial activity of PEOS will be less when PO is used, and hence the density of 

the SiO2 cross-linking will be less, and in turn the SiO2 capsule wall strength will be lower, and 

hence, upon drying, the shell shrinks when PO is used as a core. The SiO2NPs-PEOS-PO surface 

was observed in detail in Figure 5-5, where the surface looks much more porous than when 

HS was used, supporting the reduction in PEOS cross-linking.  
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Figure 5-5. SEM close up of a SiO2NPs-PEOS-PO showing a porous structure relative to when 

HS was used as the single component fragrant oil.  

5.2.1.4 Physical and mechanical properties  

The average diameter, SPAN and mechanical properties of both SiO2NPs-PEOS-PO and PEOS-

PO capsules using the Mastersizer and the micromanipulation rig were summarized in Table 

5-1. It was clear that when maintaining all other parameters fixed, SiO2 NPs-PEOS-PO capsules 

were around 8 μm smaller than PEOS-PO capsules. This difference in terms of size is due to 

the limited coalescence phenomenon that controls the droplet diameter after the Pickering 

emulsion is formed.3 There was no significant changes in terms of SPAN, suggesting that PEOS 

is an efficient emulsifier for PO in these conditions as observed for HS. It is clear that the 

SiO2NPs-PEOS-PO had a marginally higher rupture force and nominal rupture stress, while 

there was no significant difference in terms of deformation at rupture. It was also clear that 

the mean diameter from the micromanipulation rig, where SiO2 capsules are air-dried, was 

much lower than the one from the Mastersizer (where capsules are in solution), supporting 

the hypothesis that the capsules were shrinking in size upon drying.  
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Table 5-1.   Comparison of mechanical properties of SiO2 capsules produced with (SiO2NPs‐

PEOS‐PO) and without (PEOS‐PO) SiO2 NPs. 

Sample 

Mean 
diameter-

a 

SPAN 
Micromanipulation 

Mean diameter b 
Displacement 

at rupture 
Rupture 

force 
Deformation 
at  rupture 

Nominal 
rupture 
stress 

µm  µm µm mN % Mpa 

SiO2NPs-

PEOS-
PO 

42.6 ± 
3.9 

1.12 ± 
0.15 

37.1 ± 5.4 8.1 ± 1.5 
0.57 ± 
0.19 

21.7 ± 3.3 
0.53 ± 
0.08 

PEOS-
PO 

54.9 ± 
2.3 

0.99± 
0.17 

36.9 ± 5.7 9.0 ± 1.6 
0.50 

±0.15 
24.5 ± 2.9 

0.47 ± 
0.06 

a From Mastersizer 2000 
b Mean diameter From side-view camera of the Micromanipulation rig 

When dealing with capsules in general, usually the rupture force increases linearly with the 

diameter of a capsule.4 Figure 5-6 shows the graph for both type of SiO2 capsules, where it is 

possible to observe that there is visible increase of rupture force with the increase of the 

diameter. Moreover, from the experiments using HS (Chapter 4), it was suggested that the 

condensed PEOS layer is responsible for the mechanical properties of the capsule, so the 

PEOS-HS capsules had comparable rupture force to the SiO2NPs-PEOS-HS capsules. However, 

for the capsules prepared using PO as core, there was a small increase in terms of nominal 

rupture stress for the SiO2NPs-PEOS-PO capsules when compared to  PEOS-PO capsules. This 

small increase in terms of nominal rupture stress could be due to the cross-linking between 

PEOS and SiO2 NPs and the lower pH when acidic SiO2 NPs were present in solution, 

accelerating PEOS hydrolysis at the interface.5 
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Figure 5-6. Diameter versus rupture force values for the SiO2 NPs-PEOS-PO and PEOS-PO 

capsules.  

As discussed previously, the SiO2 capsules shrank in size upon drying, which could contribute 

to a higher nominal rupture stress for the PO SiO2 capsules when compared to the HS SiO2 

capsules (Figure 5-7). The noticeable difference is reflected by the fact, upon drying, the PO 

SiO2 capsules did not have a well–defined core–shell structure compared to HS SiO2 capsules 

produced under the same conditions. PO SiO2 capsules were also compared to a commercial 

PMC with similar size, and the nominal rupture stress and deformation at rupture were about 

half the values of the PMC (Figure 5-7).  
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Figure 5-7. Nominal rupture force and percentage of deformation at rupture for the SiO2 

capsules with PO core compared to the ones with HS core and a commercial PMC.  

The mechanical trigger release properties of the SiO2 capsule were also tested using the same 

method described for the HS SiO2 capsules. Capsules containing PO were placed on the 

surface of a glass slide and a glass cover was carefully placed on top of the SiO2 capsules under 

an optical microscope. The glass cover was gently pressed to break the SiO2 capsules in order 

to observe the PO being released (Figure 5-8). The PO was released in a similar fashion to HS 

in Chapter 4. PO was released from the SiO2 capsules, which confirms the core-shell like 
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structure of SiO2 capsules despite the highly rugged shell surface observed in the SEM images 

and side-view camera in the micromanipulation rig.   

 

Figure 5-8. Optical microscopy of SiO2NPs-PEOs-PO and PEOS-PO capsules that were gently 

broken using a glass cover, releasing liquid PO. The scale bar is 50 µm.  

5.2.1.5 Stability in laundry detergent 

The stability of the PO SiO2 capsules in fabric softer matrix (LFE) was assessed using the GC-

MS method (Chapter 2 – section 2.5). SiO2 capsules were dispersed in the liquid detergent 

matrix and divided in two batches; one stored at room temperature (25°C) and a second one 

stored at 35°C. Capsules tend to have a higher leakage rate when stored at higher 

temperature, so it can give a good indication on the stability of the capsules in the detergent 

matrix when compared to the ones stored at room temperature. It was found that there was 

100% leakage after 24h for both samples (the same result was obtained for the HS capsules 

– Chapter 4), suggesting that the SiO2 shell formed is highly porous, with or without SiO2 

nanoparticles in the shell.  
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5.2.2 Part 2. Optimization of the emulsification method to meet the industry needs  

5.2.2.1 Emulsification method  

For the industrial application, it is desirable that the capsule mean size is between 15-35 μm 

using a method that can be easily scaled-up  for industrial production. This research was then 

taken to P&G to investigate the possibility of using the methodology described in the previous 

sections for the preparation of PO SiO2 capsules in the 15-20 μm size range using methods 

used in the company to produce PMCs. An ultra-turrax emulsifier operating at 8000 RPM, 

which is the standard speed used at P&G to produce PMC prototypes, was tested for the SiO2 

capsules in order to produce droplets (and capsules) in the correct size. A new emulsification 

process needed to be used as the maximum operation speed of the vortex mixer used 

previously in this project was 2500 RPM. 

5.2.2.2 Limited coalescence phenomenon  

The limited coalescence phenomenon was investigated using the same method described in 

Chapter 3 for vortex mixing. Herein, four different ratios of SiO2 NPs to PO were investigated. 

It was possible to obtain droplets in the desired size range of 15 – 35 μm as observed in Table 

5-2.  

Table 5-2. Pickering Emulsion droplet size and distribution as a function of increasing SiO2 NPs 

ratio relative to PO using the ultra-turrax at 8000 RPM (Step 1). 

Wt% of  SiO2 NPs to PO Mean diameter, μm SPAN 

0.75 45.6 ± 0.8 0.72 ± 0.07 

1.5 30.1 ± 0.4 0.81 ± 0.07 

3 18.3 ± 0.5 0.96 ± 0.08 

6 12.13 ± 0.72 1.53 ± 0.11 
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As observed in Figure 5-9, the PO droplet size and SPAN of the size distribution could be 

controlled, by taking advantage of the limited coalescence phenomenon. Moreover, it was 

possible to obtain a liner relationship between the reciprocal of the mean dimeter and the 

concentration of SiO2 NPs in relation to PO with a specific surface area (PO droplet surface 

covered per unit mass of nanoparticles) of 0.345 m2g-1. This value is 3.5x more than the 

observed for the droplets produced using the vortex mixer at 2500 RPM (0.096 m2g-1, data 

from Chapter 3).  

 

Figure 5-9. The graph shows the linear relation between the reciprocal of the droplet diameter 

and the SiO2 NPs concentration to PO. Optical microscopy images of samples containing 0.75, 

1.5, 3 and 6 wt% of SiO2 NPs to PO when prepared using the ultra-turrax at 8000 RPM. Scale 

bars: 200 µm 
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5.2.2.3 Preparation of SiO2 capsules using the ultra-turrax 

The possibility of using a higher shear rate to prepare the emulsions was tested for the 

formation of SiO2 capsules with and without SiO2 NPs to stabilise the emulsion, as well as for 

different quantities of PEOS in the oil phase (varying from 20% to 40% in weight of the oil 

phase). As observed in Figure 5-10, it was possible to produce emulsions with 20% and 40% in 

weight of PEOS in the oil phase when SiO2 NPs were used to stabilise the emulsion (Figure 

5-10A and B). Interestingly, the emulsions formed with 40% PEOS in the oil phase sediment 

straight after the emulsification: the density of these droplets was 1.02 gcm-3, as it was made 

of 40 wt% PEOS (density: 1.11 g cm-3) and 60 wt% PO (density: 0.96 g cm-3). The density of 

hydrolysed silica is 1.65 g cm-3, so as PEOS started to hydrolyse at the interface, the density of 

the SiO2 capsule increased further and overcame the emulsion stability provided by the 

negatively charged SiO2 NPs covering the surface of the droplets.  

For the emulsions prepared with solely PEOS as emulsifier, an inverse emulsion was formed 

(Figure 5-10C), suggesting that PEOS was not an efficient emulsifier at higher shear rates. As 

a result, the following experiments were designed for PO capsules formed using SiO2 NPs to 

stabilise the emulsion, and 20 or 40 wt% of PEOS in the oil phase. 
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Figure 5-10. Optical microscopy images of emulsions prepared using the ultra-turrax operating 

at 8000 RPM. (A) emulsion between  1 wt% SiO2 NPs in DI water and PO containing 20 wt% 

PEOS, (B) emulsion between  1 wt% SiO2 NPs in DI water and PO containing 40 wt% PEOS and 

(C) emulsion between DI water and PO containing 20 wt% PEOS. (D) Optical image of the 

prepared emulsions. Scale bars are 50 μm. 

5.2.3 Optimization of SiO2 shell formation  

5.2.3.1 Effect of the PEOS level 

As described in Chapter 4 for the HS SiO2 capsules, by increasing the concentration of PEOS 

in the oil phase, it was possible to increase the shell thickness of the capsule. In addition, the 

samples prepared with 40wt% PEOS had improved mechanical properties when compared to 

the ones prepared with 20wt%. This improvement in terms of mechanical properties could 
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be due to the increase in terms of shell thickness, leading to the formation of capsules that 

are more resistant or core gelation due to the high concentration of PEOS. PO SiO2 capsules 

were produced with different concentrations of PEOS in relation to the oil phase and DI water 

as continuous phase (Figure 5-11).  When no PEOS was used (Figure 5-11A), as expected, the 

emulsion did not survive air drying. When 20 wt% PEOS was used (Figure 5-11B), the result 

was similar to the capsules formed from vortex emulsification at 2500 RPM (Figure 5-4). On 

the other hand, when 40 wt% PEOS was used there was no sign of shell shrinking (Figure 

5-11C), which suggests that the shell was more mechanically stable. However, the SEM image 

of a broken capsule (Figure 5-11D), suggested that the whole core was gelled, probably due 

to the high porosity of the material, allowing water to migrate to the interior of the core 

before full hydrolysis and condensation of the shell. As the surface area was much higher 

when capsules were prepared at 8000 RPM, the complete solidification of the shell took 5 

days at RT. 
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Figure 5-11. SEM images of PO SiO2 capsules prepared in DI water as continuous phase (pH 

4.6). (A) initial Pickering emulsion, showing that without PEOS, the emulsion does not survive 

air-drying, (B) PO SiO2 capsules prepared with 20 wt% of PEOS (SiO2NPS-PEOS 1.2-20%-PO-pH 

4.6), (C) PO SiO2 capsules prepared with 40 wt% of PEOS (SiO2NPS-PEOS 1.2-20%-PO-pH 4.6) 

and (D) close-up of a broken SiO2NPS-PEOS 1.2-20%-PO-pH 4.6 capsule. Images obtained after 

5 days of capsule preparation.  

5.2.3.2 Effect of pH  

The pH of the aqueous phase was varied when optimizing the formation of HS SiO2 capsules 

(Chapter 4 – Section 4.2.9.3). It was concluded that an acidic pH leads to the formation of 

more well-defined capsules, with more narrow size distribution (lower SPAN), which can be 

explained by the increased surface activity of the SiO2 NPs at lower pH, due to the protonation 

of the surface silanol groups (Figure 4-4), producing more stable Pickering emulsions.  A low 

pH also catalyses the hydrolysis of PEOS, which could contribute to the formation of a more 
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robust shell. Herein, PO SiO2 capsules were produced in different low pH values (1.2, 0.65 and 

0.55), to assess the best conditions of the formation of a well-defined SiO2. The PEOS 

concentration in the oil phase was kept as 20 and 40 wt% (Figure 5-12).  

 

Figure 5-12. SEM images of PO SiO2 capsules produced in different conditions: with 20wt% 

PEOS: (A) pH 1.2 (SiO2 NPs dispersed in 0.1M HCl(aq)), (B) pH 0.65 (SiO2 NPs dispersed in 1.0M 

HCl(aq)) and (C) pH 0.55 (SiO2 NPs dispersed in 0.55M HCl(aq)). With 40wt% PEOS: (D) pH 1.2 

(SiO2 NPs dispersed in 0.1M HCl(aq)), (E) pH 0.65 (SiO2 NPs dispersed in 1.0M HCl(aq)) and (F) pH 

0.55 (SiO2 NPs dispersed in 0.55M HCl(aq)). All images where obtained after 24h of the 

emulsification.  

From Figure 5-12, it is clear that capsules could be formed in all acid pH tested. In addition, 

the lower pH accelerated the shell formation time (from 5 days in DI water to 3 days in 0.1M 

HCl and 1 day for 1.6M HCl).  However, when the pH was below 1, there was a clear shell 

shrinking effect, probably because at this point both the hydrolysis and condensation of PEOs 
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are at the maximum rate, so porous structures are likely to be formed, regardless of the PEOS 

concentration. Moreover, at such low pH, the slurry started to become yellow, likely due to 

degradation of PO. At pH 1.2 however, there was no shell shrinking for most of the capsules 

and no colour change was observed, so this pH was selected for the following optimization 

experiments.   

5.2.3.3 Effect of PEOS Mw 

The shell shirking and crumpling effect observed for capsules produced with PEOS 1.2 clearly 

indicate that PEOS might not be as surface active in PO as in HS. PEOS becomes surface active 

as it starts to hydrolyse, increasing its affinity towards the water phase.6 The amphiphilic 

properties of PEOS also depend on the interfacial tension between oil and water. The higher 

the surface tension between the two phases, the more surface active PEOS is as it hydrolyses, 

accumulating at the interface before condensation. As the ClogP for PO (3.5) is lower than 

the ClogP of HS (5.7), the surface tension between perfume oil and water is lower, so PEOS is 

less surface active, condensing in the oil phase before reaching the interface. 

The shell properties can be improved by varying the molecular weight of PEOS, changing the 

surface activity of PEOS. PEOS can become more surface active not only by increasing the 

surface tension between water and oil, but also by increasing the rate at which PEOS becomes 

amphiphilic, i.e. the rate that PEOS becomes hydrolysed enough to accumulate at the 

interface. An approach to make PEOS more surface active would be to lower its molecular 

weight with the objective of forming a partially hydrolysed molecule that is surface active in 

the perfume oil/water interface, before full condensation of PEOS due to diffusion of water 

into the core.  
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In Chapter 3 – Section 3.3, four different PEOS samples were prepared (Table 3-5), varying in 

terms of molecular weight, degree of branching, density and viscosity. In addition, the 

possibility of preparing capsules using PEOS 1.0, 1.1 and 1.15 as silica precursor, which have 

a lower molecular weight when compared to PEOS 1.2, and could, in theory, be more surface 

active, was investigated. All types of PEOS could successfully form SiO2 capsule at pH 1.2. 

However, the samples prepared with the lowest molecular weight polymer, named PEOS 1.0, 

demonstrated the best result in terms of shell formation and mechanical properties. Capsules 

were prepared using 20% (SiO2 NPS-PEOS 1.0-20%-PO) and 40% of PEOS 1.0 (SiO2 NPS-PEOS 

1.0-40%-PO) and their shell properties were compared to the capsules produced using PEOS 

1.2 using 20% (SiO2NPS-PEOS 1.2-20%-PO) and 40% of PEOS 1.2 (SiO2NPS-PEOS 1.2-40%-PO).  

SiO2 NPS-PEOS 1.0-20%-PO had remarkably narrow size distributions (Figure 5-13) that could 

be finely controlled by the SiO2 NPs content in relation to the oil phase by taking advantage 

of the limited coalescence phenomenon during emulsification (Table 5-2) 

 

Figure 5-13. SEM image of SiO2 NPS-PEOS 1.0-20%-PO showing a remarkable narrow size 

distribution. 
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When SiO2 capsules were prepared at pH 1.2 using PEOS 1.0, a solid SiO2 shell that was able 

to survive air-drying as completely formed only after a 6-weeks period, which is much slower 

when compared to the 3 days required for the samples prepared with PEOS 1.2. This is likely 

due to the more advanced degree of condensation of PEOS 1.2 molecules and the lower 

number of hydrolysable moieties present in PEOS 1.2. It was not possible to produce capsules 

using PEOS 1.0 at pH 4.6, as the shell formation was extensively slow (more than 4 months). 

The reason for the faster shell formation at pH 1.2 is the same as the capsules prepared using 

PEOS 1.2: at pH 1.2, the hydrolysis step is catalysed, allowing for the formation of a hydrolysed 

PEOS film at the interface before condensation starts. 

5.2.3.4 Shell properties comparison  

SiO2 capsules prepared using 20 wt% or 40 wt% of PEOS 1.2 and 1.0 at pH 1.2 had their shell 

morphology compared using optical microscopy and SEM. The optical microscopy images 

show that for the samples produced using PEOS 1.2 in 0.1M HCl aqueous solution (Figure 

5-14A SiO2 NPS-PEOS 1.2-20%-PO and B SiO2 NPS-PEOS 1.0-40%-PO) a core-shell structure is 

formed. However, the solid shell was not completely filled with perfume oil and presented 

crumples, as observed for the capsules produced using PEOS 1.2 in DI water (Figure 5-3. 

Optical microscopy images of (A) SiO2NPS-PEOS-PO (B) PEOS-PO capsules. Scale bar: 50µm). 

The best hypothesis to explain the morphology of the shell is that the side product from the 

hydrolysis and condensation of PEOS is ethanol, which could drive up the solubility in water 

of some PO components, causing the core to lose volume before full solidification. 

The SiO2 capsules produced using PEOS 1.0 did not present crumples on the shell, which were 

completely round. However, from Figure 5-14C and D, it was clear that the shell was not 
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completely filled with perfume oil and a void was observed. The presence of a well-defined 

shell suggests that PEOS 1.0 was indeed more surface active than PEOS 1.2, as all hydrolysed 

PEOS 1.0 solidified at the interface, avoiding crumples of the shell due to core loss at the early 

stages of shell formation. Nevertheless, the presence of a void inside the shell suggests that 

perfume oil could still escape from the shell, probably due to the silica shell being highly 

porous, so some PO components with higher solubility towards water might have diffused to 

the aqueous phase, as the shell was slowly forming, probably due to the formation of ethanol. 

 

Figure 5-14. Optical microscopy images of SiO2 capsules produced with (A) SiO2 NPS-PEOS 1.2-

20%-PO; (B) SiO2 NPS-PEOS 1.2-40%-PO; (C) SiO2 NPS-PEOS 1.0-20%-PO and (D) SiO2 NPS-PEOS 

1.0-40%-PO. The scale bar is 20 μm. 
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Figure 5-15 compares the inner shell morphology of capsules produced with 20 and 40 wt% 

PEOS 1.0 or 1.2. It is clear that the samples SiO2 NPS-PEOS 1.2-20%-PO and SiO2 NPS-PEOS 

1.2-40%-PO had no significant difference in terms of shell thickness and the excess of PEOS 

condensed inside the shell (Figure 5-15A and B). A probable explanation is that the rate of 

water diffusion through the SiO2 NPs/hydrolysed PEOS shell is faster than the hydrolysis and 

condensation rate of PEOS at the interface, which indicates a low surface activity of PEOS in 

perfume oil. The insert of the images shows an intact SiO2 capsule where the crumple 

described above is clearly observed. On the other hand, the SiO2 NPS-PEOS 1.0-20%-PO and 

SiO2 NPS-PEOS 1.0-40%-PO capsules possess a well-defined shell that could have its thickness 

controlled by the amount of PEOS used (Figure 5-15C and D), the insert images of intact SiO2 

capsules show no signals of shell deformation.  
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Figure 5-15. SEM images of SiO2 capsule shells comparing samples produced with (A) SiO2 NPS-

PEOS 1.2-20%-PO; (B) SiO2 NPS-PEOS 1.2-40%-PO; (C) SiO2 NPS-PEOS 1.0-20%-PO and (D) SiO2 

NPS-PEOS 1.0-40%-PO. The insert shows intact capsules.  

As the only variable between the above samples is the molecular weight of the PEOS used as 

silica precursor, it was clear that the surface activity of PEOS could be tailored simply by 

varying the molecular weight. This variation leads to an efficient formation of a well-defined 

core-shell structure encapsulating a complex oil with a lower interfacial tension with water 

when compared to HS. The formation of a well-defined shell at pH 1.2 is likely to be due to a 

high hydrolysis rate in comparison to the condensation, so all the PEOS hydrolyses at the 

interface before condensation starts.7 The consequence is that hydrolysed PEOS molecules 
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are allowed to rearrange at the interface before solidification, allowing for the formation of 

a well-defined shell, as all PEOS is fully hydrolysed.5  

The mean diameter, SPAN, experimental shell thickness and theoretical calculation of the 

PEOS layer from Equation 4-5, for the capsules prepared using PEOS 1.2 at pH 4.6 and 1.2 and 

the capsules prepared using PEOS 1.0 are described in Table 6-4. Increasing the amount of 

PEOS in the oil phase from 20 to 40 wt% did not change significantly the mean diameter of 

the capsules or the SPAN of the size distribution.  
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Table 5-3. Mean diameter, SPAN, average shell thickness values and mechanical properties for the capsules produced at pH 1.2 with 20% 

and 40% in weight of PEOS 1.2 or 1.0 formulated in the oil phase.  

Sample 
pH SiO2 precursor Shell structure 

Shell 
solidification 

time 

Mean 
diameter 

SPAN 

Average 
shell 

thickness 

Theoretical 
PEOS 

condensed 
layer thickness 
(from Eq. 4-5) 

Deformation 
at rupture  

Nominal 
rupture 
stress  

 Type Conc.   μm μm nm nm % Mpa 

SiO2NPS-PEOS 
1.2-20%-PO-

pH 4.6 
4.6 PEOS 1.2 20 wt% 

Core/shell 
(shrinking 

upon drying) 
5 days 22.2 ± 1.9 1.23 ± 0.11 -a 232 18.85 ± 2.6 0.22 ± 0.06 

SiO2NPS-PEOS 
1.2-40%-PO-

pH 4.6 
4.6 PEOS 1.2 40 wt% 

Gelled 
core/shell 

5 days 26.8 ± 1.9 1.10 ± 0.13 -a 574 24.81 ± 2.7 0.89 ± 0.16 

SiO2NPS-PEOS 
1.2-20%-PO 

1.2 PEOS 1.2 20 wt% Core/shell 3 days 18.8 ± 1.2 1.02 ± 0.05 308 ± 28 232 21 ± 6 0.32 ± 0.14 

SiO2NPS-PEOS 
1.2-40%-PO 

1.2 PEOS 1.2 40 wt% 
Gelled 

core/shell 
3 days 19.0 ± 1.1 1.05 ± 0.08 383 ± 26 574 15 ± 5 0.79 ± 0.10 

SiO2NPS-PEOS 
1.0-20%-PO 

1.2 PEOS 1.0 20 wt% Core/shell 6 weeks 17.0 ± 1.0 0.99 ± 0.03 375 ± 41 174 20 ± 9 0.30 ± 0.09 

SiO2NPS-PEOS 
1.0-40%-PO 

1.2 PEOS 1.0 40 wt% Core/shell 6 weeks 17.1 ± 1.1 1.21 ± 0.23 750 ± 25 437 15 ± 5 1.04 ± 0.43 

a Shell thickness could not be measured experimentally 
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(a)  PO SIO2 capsule produced with PEOS 1.2 

The shell thickness for both samples at pH 1.2 was higher than the theoretical shell thickness 

from Equation 4-5, which considers the capsule mean diameter, the density of the oil phase 

and full conversion of PEOS into SiO2. The shell thickness for the SiO2 NPS-PEOS 1.2-20%-PO 

capsules (232 nm) was in relative agreement with the experimental data (308 nm); the 

difference is due to the SiO2 NPs layer that is not taken into account when theoretically 

calculating the condensed PEOS layer. As the fumed SiO2 NPs form aggregates of around 100 

nm, the experimental shell thickness was good agreement with the theoretical calculation.  

The SiO2 NPS-PEOS 1.2-40%-PO capsules had a much larger theoretical condensed PEOS 

thickness (574 nm) than the experimental value (383 nm), which is in agreement with the 

SEM images (Figure 5-15), showing that the excess of PEOS solidifies inside the shell. 

Interestingly, there seems to be a limited thickness of the condensed PEOS layer, as the shell 

thickness using 20 or 40 wt% PEOS was relatively similar due to water migration into the 

hydrated PEOS layer limited by complete hydrolysis and condensation of PEOS.6  

(b) PO SIO2 capsule produced with PEOS 1.0 

The experimental shell thickness for samples prepared with PEOS 1.0 was higher than the 

theoretical calculation (Equation 4-5). For the SiO2 NPS-PEOS 1.0-20%-PO capsules, the 

experimental shell thickness was 375 nm while the theoretical condensed PEOS thickness was 

174 nm. There was a difference of about 200 nm, which could imply that the condensed PEOS 

layer was highly porous, as the calculation is based on an assumption of  a dense structure. 

For the SiO2NPS-PEOS 1.0-40%-PO capsules, the experimental average shell thickness was 
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about 750 nm and the theoretical calculation returned a value of 437 nm. The difference 

again could be due to the formation of a porous structure, as from the SEM images of the 

shell (Figure 5-15D), the SiO2 NPs layer is much thinner when compared to the condensed 

PEOS layer and could not contribute significantly to the overall shell thickness. 

5.2.3.5 Overall mechanical properties  

Bar charts in Figure 5-16 compare (A) the nominal rupture stress and (B) the deformation at 

rupture of capsules at pH 1.2 using PEOS 1.0 and PEOS 1.2 containing 20 or 40 wt% PEOS as 

silica precursor. It is possible to observe that for both samples prepared with 20% PEOS (SiO2 

NPS-PEOS 1.2-20%-PO and SiO2 NPS-PEOS 1.0-20%-PO), there was no significant difference in 

terms of nominal rupture stress, and the values were about 3X smaller than the one of the 

commercial PMC (Figure 5-16A). The experimental shell thickness for these samples was 

quite similar (308 nm for PEOS 1.2 and 375 nm for PEOS 1.0), which is a plausible explanation 

for their similar mechanical properties.  

There was a significant increase in terms of nominal rupture stress for the samples produced 

using 40 wt% of PEOS compared to the ones produced using 20 wt%. The value for SiO2 NPS-

PEOS 1.0-40%-PO capsules was comparable to the PMC values for capsules with similar sizes. 

This difference in terms of nominal rupture stress is likely due to the shell thickening effect 

observed when more PEOS was used to form the shell, forming more mechanically strong 

SiO2 capsules. The SiO2 NPS-PEOS 1.2-40%-PO capsules also saw an increase in terms of 

nominal rupture stress when compared to the samples produced using 20 wt%. However, as 

observed in Figure 5-15B, there is an excess of PEOS condensing in the core and forming a 
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solid matrix, which provides the capsule more resistance to the force imposed by the probe 

during the micromanipulation experiment for a given deformation.  

 

Figure 5-16. (A) Nominal rupture force and (B) percentage of deformation at rupture for the 

SiO2 capsules with PEOS 1.0 or 1.2 (20 wt% and 40 wt%) produced at pH 1.2 compared to a 

commercial PMC. 

In terms of percentage of deformation at rupture (Figure 5-16B), capsules deformed around 

20% of their size, which is about half of the deformation observed for PMCs (40%). It can be 

explained by the brittle character of the SiO2 shell, leading to a small deformation before 



Chapter 5. Encapsulation of a Commercial Perfume Oil in SiO2 Capsules 
 

196 |                                                                                        R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e  2 0 5  
 
 

breaking, which explains the overall lower nominal rupture stress when compared to PMCs. 

The highly deformable shell found in PMCs can also improve their nominal rupture stress as 

the deformation can accommodate the force opposed by the probe before rupture.  

5.2.3.6 Overall stability and performance in laundry detergents 

(a)  Pre-assessment: air drying in glass slide  

Capsule air-drying in glass slide tests were used to rapidly pre-assess stability and 

performance of prototypes capsules. The stability was assessed using optical microscopy by 

the analysis of the shell deformation due to perfume leakage when capsules were air-dried. 

Performance was assessed through an olfactive assessment of the dried capsules by breaking 

the capsules when pressing a second glass slide against the one where the capsules were 

dried (method described in Chapter 2).  

For this test, all capsules produced could survive air-drying. However, only the capsules 

produced using PEOS 1.0 (SiO2 NPS-PEOS 1.0-20%-PO and SiO2 NPS-PEOS 1.0-40%-PO) could 

retain perfume after drying for 24h, which could be smelled when the capsules were broken 

using a second glass slide. This result indicates that PEOS 1.0 could form robust structures 

capable of protecting the perfume from escaping the shell during the drying process.  

(b)  Perfume headspace using GC-MS 

To assess quantitatively the amount of perfume that leaked out from the capsules in the 

laundry product (LFE – laundry fabric enhancer), a perfume headspace study was performed 

using a gas chromatograph system connected to a mass spectrometry detector (GC-MS). As 

the perfume formulation is a mixture of different perfume raw materials (PRMs), each of 

these PRMs was individually quantified by the GC-MS and its level was assessed against a pure 
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perfume reference. Perfume headspace was measured after 24h from the addition of the 

capsules to the laundry product. 

As expected, capsules produced with PEOS 1.2, which could not retain perfume using the 

above test, also had 100% leakage when the perfume headspace was tested using GC-MS. 

Unfortunately, even the samples prepared using PEOS 1.0 (SiO2 NPS-PEOS 1.0-20%-PO and 

SiO2 NPS-PEOS 1.0-40%-PO, that could retain the perfume after air-drying, could not prevent 

perfume leakage when the capsules were added to a detergent matrix (LFE) and had 100% 

leakage after 24h in the detergent matrix.  

Figure 5-17 shows optical images of capsules produced using PEOS 1.0 dispersed in LFE at the 

initial moment and after 24h. It is possible to see that initially the contrast of the SiO2 capsules 

with the background suggests that the capsules were filled with perfume oil. After 24h the 

perfume had leaked out and the contrast was almost completely lost and the shell looks 

empty. 
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Figure 5-17.  Optical microscopy images of SiO2 NPS-PEOS 1.0-20%-PO and SiO2 NPS-PEOS 1.0-

40%-PO capsules when initially dispersed in LFE and after 24h at RT. The scale bar is 50 μm. 

5.3 Conclusions  

SiO2 capsules formed using hydrophilic SiO2 fumed nanoparticles and PEOS as shell material 

and a commercial perfume oil as core were successfully produced.  SiO2 capsules were 

synthesised and characterized using the method described for the encapsulation of HS 

(Chapter 4).  Although the perfume oil could be successfully encapsulated, the capsules were 

much larger in size when compared to commercial PMCs (MF capsules) currently used in 

laundry products. Moreover, the SiO2 capsule wall was not rigid and started to shrink when 

air-dried, which made it difficult to measure the mechanical properties and shell thickness. In 

terms of performance and stability, these SiO2 capsules could not retain the perfume oil inside 

the shell when added to a liquid detergent matrix.  
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A new emulsification method was used to match the capsule size requirements of the P&G 

commercial capsules and the pH of the continuous phase was adjusted to catalyse the 

hydrolysis of the silica precursor polyethoxysiloxane (PEOS), and produce a more rigid shell 

that did not experience shrinking upon drying, producing capsules with a well-defined SiO2 

shell. When capsules were produced in a low pH media (pH 1.2) the shell was well-defined 

and did not shrink upon drying as the hydrolysis step is much faster than the condensation, 

allowing reorganization of hydrolysed PEOS molecules at the interface, leading to the 

formation of a well-defined shell.  

The molecular weight of the PEOS was also varied. The results suggested that the surface 

activity of PEOS could be tailored simply by varying the molecular weight. This simple 

variation leads to an efficient formation of a well-defined core-shell structure encapsulating 

a complex oil with a lower interfacial tension with water when compared to HS. There are 

three hypotheses to explain the different shell morphologies by varying the pH of the aqueous 

phase and the molecular weight of PEOS: 

(i) the side product from the hydrolysis and condensation of PEOS is ethanol, which 

could drive up the solubility in water of some PRM components, causing the core 

to lose volume at early stages of shell formation (most likely); 

(ii) as PEOS condenses, it is no longer part of the oil core volume, as the droplet is 

covered with solid SiO2 NPs, and therefore, the core volume is depleted of the 

volume occupied by PEOS (around 20%);  
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(iii) the solid shell is formed rapidly and some components of the perfume oil with 

higher solubility in water might diffuse to the aqueous phase due to the high 

porosity of the wall, independently of the presence of ethanol. 

Hypothesis (i) is more likely to explain the morphology of SiO2 capsules produced using PEOS 

1.2 and it is valid for capsules produced using both DI water and 0.1M HCl as aqueous phase. 

Hypothesis (ii) is less likely as the capsules produced using HS as core material did not present 

shell crumpling, suggesting that the morphology observed for SiO2 capsules produced using 

perfume oil as a core is likely due to the loss of PRM components, and not due to PEOS 

condensation. Hypothesis (iii) explains the morphology of the capsules produced using PEOS 

1.0, that has a higher surface activity hence all PEOS condenses at the interface, however 

some PRM still leaks out, possibly due to the porosity of the formed shell.  

Capsules produced with PEOS 1.0 had a much slower shell solidification kinetics when 

compared to capsules prepared using PEOS 1.2, likely to be due to the more advanced stage 

of condensation of PEOS 1.2 molecules and the lower number of hydrolysable moieties on 

the surface of PEOS 1.2, which accelerates the sol-gel process. Nevertheless, the smaller 

molecular weight of PEOS 1.0 molecules compared to PEOS 1.2, contributes to the easy 

rearrangement of the PEOS molecules at the interface and the formation of a well-defined 

shell, where all PEOS solidifies at the interface. 

The ratio of PEOS to oil was also varied in order to enhance the shell mechanical properties. 

When PEOS 1.0 was used to form the shell, by increasing the PEOS concentration it was 

possible to increase the shell thickness and as consequence, the nominal fracture strength, 

which had a comparable value to a commercial PMC. For SiO2 capsules produced with PEOS 
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1.2, there was no significant increase in terms of shell thickness, independently of the pH and 

the excess of PEOS solidified in the core of the capsule, due to the low surface activity.  

Although it was possible to produce SiO2 capsules with enhanced mechanical properties and 

capable of retaining perfume inside the shell when the capsule was air-dried, the capsules 

produced using PEOS 1.0 were not able to prevent the release of perfume oil when the 

capsules were added to a detergent matrixes (LFE), which could be explained by the porosity 

of the shell that released 100% of the encapsulated perfume in less than 24 hours. 

As a final conclusion, the SiO2 capsules produced at this stage could successfully match the 

size required by the P&G in a remarkable narrow size distribution and enhanced nominal 

rupture stress by controlling the shell thickness. However, due to the brittleness of the SiO2 

shell, the capsules exhibited a lower deformation at the rupture than the polymeric capsules 

counterparts. In addition, these capsules had 100% PO leakage after 24h when dispersed in a 

liquid detergent matrix (LFE).    

5.4 Experimental  

5.4.1 Encapsulation of perfume oil  

5.4.1.1 Using the vortex mixer 

A 1 wt% Aerosil 300 dispersion in DI water was prepared. In a separate vial, 0.1g of PEOS was 

dissolved in 0.4g of the perfume oil containing 0.1wt% of PM546. The perfume oil and PEOS 

mixture was then added to the water phase containing SiO2 nanoparticles (or only DI water 

for the experiments without SiO2 nanoparticles) and the mixture was then emulsified using a 

vortex mixer at 2500 RPM for 5 minutes. The vial was then left to stand on the bench top 
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(25°C) and centrifuged at 2000 RPM for 10 minutes to isolate the capsules after condensation 

was complete (variable for each sample). 

5.4.1.2 Using the ultra-turrax  

A 2.5 wt% Aerosil 300 dispersion in water was prepared. In a separate vial, 0.5g of PEOS was 

dissolved in 2 g of the PO (1g of PEOS for experiments with 40%PEOS in the core). The PO and 

PEOS mixture was then added to the water phase containing SiO2 nanoparticles and the 

mixture was then emulsified using an IKA Ultra-Turrax T25 basic homogeniser (IKA-Werke 

GmbH & Co – Germany) filled with a dispersing head of 10 mm diameter operating at 800 

RPM for 5 minutes. The vial was then left to stand on the bench top (25°C) for the 

condensation step to be completed.  

5.4.2 Size analysis  

Mean capsule diameter and SPAN of the size distribution of the capsules in aqueous 

dispersion were obtained by static light-scattering using a Mastersizer 2000 instrument 

(Malvern Instruments Ltd, Malvern - UK). The instrument measures the volume fraction of 

the capsules in different size bands in the size range of 20 nm to 2000 µm using a Helium-

Neon laser connected to a dispersion unit. All experiments were performed at 25°C. The 

refractive index used was 1.46 (for amorphous silica8) and the data analysed using Excel®.  

5.4.3 Optical microscopy 

Optical microscopy images were obtained using two microscopes: a Leica DMRBE, (Leica 

Microscope & Systems GmbH) equipped with a software package Moticam Pro 3.0 and a 

CoolLED pE-300 white light source. The resolution of the microscope was 200 nm. The second 
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microscope used was a Zeiss Axio imager 2 pol (Carl Zeiss Microscopy – Germany, resolution 

200 nm) also equipped with a UV light source (Kubler codex HXP 120C).  

5.4.4 Scanning Electron Microscopy  

SEM images were obtained using two different microscopes: a 1000 Tabletop Microscope 

(Hitachi, Ltd – Japan), magnification 1500X and a Philips XL-30 FEG Environmental SEM with 

Oxford Inca EDS (Philips UK ltd, Guildford – UK), magnification 3500X.  

5.4.5 Trigger release 

0.1g of SiO2 capsule suspension containing 20% w/w capsule to DI water was diluted in 5ml 

of DI water. One drop of the diluted dispersion was placed onto the surface of a glass micro 

slide and covered with a cover slide. The cover slide was then pressed gently using a spatula 

to break the SiO2 capsules and observe the oil being released under the optical microscope 

(Carl Zeiss Microscopy – Germany, resolution 200 nm). 

5.4.6  Mechanical properties  

The mechanical properties of the SiO2 capsules were determined by micromanipulation. 0.1g 

of SiO2 capsule suspension containing 20% w/w SiO2 capsule to DI water was fist diluted 500x 

in DI water, then a drop of the diluted dispersion was added to a glass slide and left to air dry. 

The glass containing the capsules was then positioned on the micromanipulation rig stage 

and observed using the side-view camera equipped with a 10x magnification lens. The glass 

slide was positioned perpendicular to a glass probe with a diameter of 100 μm mounted on 

an electronically controlled force transducer (Model 403A, Aurora Scientific Inc., Canada, with 

a maximum operation limit of 5 mN). A single SiO capsules was compressed by the glass probe 

travelling at 2 μm s-1. The voltage output generated by the transducer after the compression 
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of the capsule was recorder and converted to force using a excel macro. The sensitivity of the 

transducer used was 0.5 mN/V. Ten random capsules were analysed per sample for statistical 

analysis. Details of the technique can be found in Chapter 2, Section 2.4.6. 

5.4.7  Stability in liquid detergent  

5.4.7.1 Microscopy analysis 

0.1g of capsule suspension containing 20% w/w capsule to DI water was added to a glass vial 

containing 5 ml of liquid detergent formulation (HDL). The vial was shaken by hand to ensure 

well dispersion of the capsules and a drop of the product placed on a glass microslide and 

covered with a cover glass. Optical microscopy images were taken over time using a Zeiss Axio 

imager 2 pol (Carl Zeiss Microscopy – Germany, resolution 200 nm) also equipped with a UV 

light source (Kubler codex HXP 120C).  

5.4.7.2 Perfume headspace using GC-MS 

The leakage of perfume raw materials (PRM) from the capsules was assessed using GC-MS. A 

pre-calculated quantity of slurry containing 0.2g of encapsulated perfume was added to 20g 

of finished product (HDL or LFE). The vial was shaken by hand and left undisturbed under 

controlled temperature for a desirable period before CG-MS analysis. The obtained 

percentage of each RPM in the head-space was compared to a sample containing the same 

amount of fresh free perfume (no capsules), which is the positive control corresponding to 

100% leakage.  GC-MS used was an Agilent technologies 7890B GC system and 5977B MS 

detector.  
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CHAPTER 6.  Optimization of Perfume Capsules Stability and 
Performance in Liquid Detergent and Encapsulation of Other 
Actives  

Abstract 

In this study, the main objective was to improve the stability and performance of the perfume 

oil-silica capsules, produced in Chapter 5, in detergent matrixes. Two new approaches are 

taken to reduce the leakage rate of the perfume oil in this Chapter: 

1.  by adding a core modifier to the perfume oil, increasing hydrophobicity of the core, 

reducing diffusion of perfume oil to water, and  

2. by coating the already formed capsules with an extra silica layer, with the objective of 

sealing the porous silica structure.  

It was observed that by using a core modifier (isopropyl myristate (IPM)) the stability in liquid 

detergent was not substantially improved, however, surprisingly the PEOS sol-gel kinetics, 

shell thickness and mechanical properties were enhanced, probably due to the formation of 

less porous structures when the core modifier was present in high quantities.  

Two coating materials were used as silica precursor for the formation of an extra silica layer 

around the already formed SiO2 capsules:  

1. tetraethoxysiloxane (TEOS):  commonly used silica precursor, forming [Si(OH)4] when 

hydrolysed in aqueous solution,  leading to silica condensation at the capsule surface 

due to heterogeneous nucleation. 
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2. sodium silicate (Na2SiO3): a water-soluble salt, which precipitates as SiO2 at pH lower 

than 9.  

It was observed that when a controlled addition of both silica precursor to the capsule 

dispersion, the SiO2 capsule could be coated by an extra silica layer. Moreover, when coated 

with sodium silicate, the SiO2 capsules had their stability in liquid detergent greatly increased, 

suggesting that the porous structure was successfully coated. These SiO2 capsules also 

demonstrated enhanced performance in full wash tests, which is an encouraging result for 

silica-based perfume capsules.  

Finally, the technology developed for the encapsulation of perfume oils was expanded to the 

encapsulation of other strategic actives for industry. Firstly, a eutectic oil mixture of menthol 

and menthyl lactate was used (cooling agent), and secondly a water-soluble dye (allura red).  

Both were successfully encapsulated using the approach developed in this thesis, showing 

not only that the technology has flexibility in terms of the type of active being encapsulated, 

but also a wider applicability for the encapsulation of aqueous actives.  

6.1 Introduction 

As discussed previously, and recapped here, microencapsulation is a powerful technology 

used in the fabric and home care industry for the introduction of fragrances into liquid 

detergents,1 in order to enhance consumer experience when using laundry products giving a 

prolonged freshness sensation while maximizing the fragrance delivery to the fabric.2 It can 

provide enhanced active ingredients stability in the surfactant base matrix,3 aid deposition of 

the active to an specific substrate,4 and provide prolonged and controlled release of active 

ingredients.5 Controlled release encapsulation technologies usually rely on diffusion of active 
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ingredients from the core through a permeable shell to the desired site.6 However, 

permeability of capsules wall can also lead to loss of active ingredients from the core during 

processing and storage, and this is especially problematic for volatile core materials such as 

perfume oils.3 For laundry applications, such capsules should retain the encapsulated 

perfume oil inside the shell in all processing steps from manufacturing to washing, deposition 

on fabric surface after washing, until they are ruptured by mechanical rubbing and friction 

with fabric at end-use applications to release the perfume.7  

Perfume microcapsules (PMCs) prototypes are tested in industry against two main 

parameters: stability and performance in the heavy-duty laundry detergents (HDL) and liquid 

fabric enhancers (LFE), also known as fabric softeners. In terms of stability, it is desirable that 

the capsules remain intact without any perfume leakage for at least six months in the finished 

product to avoid phase-separation. This extended period is necessary when supply chain and 

storage are considered along with shelf-life of the product. On the other hand, performance 

measures the capability of the capsule to deliver the perception of freshness to the consumer 

at the correct time. When it comes to laundry products (HDL and LFE), it is desirable to deliver 

freshness after washing/drying processes when the consumer handles the fabric. 

In the work reported in the Chapter 5, a commercial perfume oil was successfully 

encapsulated in SiO2 capsules. The method was based on the Pickering emulsion stabilisation 

using fumed SiO2 nanoparticles followed by the hydrolysis and condensation of 

polyethoxysiloxane to form a robust SiO2 shell/perfume oil core composite. The SiO2 capsule 

had exceptional narrow size distribution and the mechanical properties could be tailored by 

controlling the shell thickness. However, these SiO2 capsules were not stable in liquid 
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detergent formulations, and the encapsulated oil leaked out completely in a matter of hours. 

Therefore, a method to reduce leakage of the active ingredient from SiO2 capsules and 

increase the mechanical stability of the wall is required. 

6.1.1 Aims of research in this chapter 

This chapter is divided in two parts:  

- Part 1. Optimisation of the shell properties of perfume oil capsules in terms of 

mechanical properties, stability and performance in the finished product (Figure 6-1) 

- Part 2. Application of the encapsulation method developed for hexyl salicylate and 

perfume oil to other actives with industrial application (Figure 6-2).  

For part 1, the aim is to minimize leakage of the perfume oil out of the silica capsules 

produced in Chapter 5 in a surfactant containing formulation (liquid detergents), and bloom 

noticed by consumers when the finished product formulation is utilized in fabric care 

applications. Two strategies are presented to obtain optimized SiO2 capsules (Figure 6-1):  

- Part 1A. Use isopropyl myristate (IPM) as a core modifier. In encapsulation, core 

modifiers are used to drive up the hydrophobicity of the oil and make it more stable in 

the core of the capsule. Here, IPM is investigated at varying concentrations to optimise 

the stability of perfume oil capsules in liquid detergent matrixes. 

- Part 1B. Formation of an extra SiO2 layer on the surface of the capsules via 

mineralization using sodium silicate or TEOS, to seal the porous shell, to avoid the 

leakage of perfume oil in liquid detergent matrixes. 
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The SiO2 capsules encapsulating perfume oil (PO) were characterized and compared to a 

benchmark polymeric perfume microcapsule (PMC). 

 

Figure 6-1. Road map for Part 1 of Chapter 6: Optimization of PO SiO2 capsules shell properties 

using two routes. Part 1A. Using a core modifier to drive up the hydrophobicity of the core, 

making the perfume more stable inside the SiO2 capsule. Part 1B. Mineralizing the SiO2 capsules 

with a SiO2  precursor with the objective of depositing an extra silica layer on top of the capsules 

optimising stability and performance.  

In the second part of the chapter, an exploration of the encapsulation of other actives with 

potential commercial application as a proof of concept is made.  

- Part 2A. Encapsulation of menthol menthyl lactate (MML). MML is a cooling agent used 

in consumer goods to give a “freshness” sensation. It finds applications in tooth paste 

and shampoos, for example.  
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- Part 2B. Encapsulation of a water-soluble active (allura red dye). Here, the idea is to 

use the Pickering emulsion stabilisation, that hydrophobic colloidal particles are more 

preferentially wetted by the oil phase and create water-in-oil emulsions to produce 

silica capsules based on the condensation of PEOS from the continuous phase. Allura 

red was used as the model dye, but the encapsulation of water-soluble actives can be 

extended to other actives such as hueing dyes, enzymes and bleach.  

 

Figure 6-2. Road map for the Part 2 of Chapter 6: Encapsulation of other actives. Part 2A – 

encapsulation of menthol menthyl lactate (MML). Part 2B – encapsulation of a water-soluble 

dye (allura red).  

6.2 Results and Discussions 

6.2.1 Part 1A. IPM as core modifier   

Isopropyl myristate (IPM) (Figure 6-3) is a fatty acid ester, prepared via conventional 

esterification of isopropanol with myristic acid.8 It finds many applications in food, cosmetic 



Chapter 6.  Optimization of Perfume Capsules Stability and Performance in Liquid Detergent and Encapsulation 
of Other Actives 

 

212 |                                                                                       R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  2 4 5 - 2 4 6  
 
 

and pharmaceutical industries as an emollient, thickening agent, or lubricant.9  IPM is used in 

cosmetics as a substitute for natural oils because it has excellent spreading properties and is 

absorbed easily into the skin. In many topical and transdermal preparations, IPM is also used 

as a co-solvent with skin penetration enhancement properties of active ingredients10     

IPM is also a common solvent for perfume encapsulation, as it can modify the partition 

coefficient of the perfume oil, making the core more hydrophobic and bring more stability to 

the encapsulated perfume in liquid detergent matrixes.11 The ClogP of IPM is 7.2 and the 

density at 250C is 0.85 g/cm3. 

 

Figure 6-3. Chemical structure of isopropyl myristate  

The level of IPM in the core can vary depending on the type of perfume or detergent matrix, 

in order to maximize the stability of the encapsulated perfume in the laundry product. IPM 

was used here to optimise the SiO2 capsules produced in Chapter 5, by making the core less 

likely to leak out the porous SiO2 shell when capsules are added to a surfactant rich matrix 

(LFE or HDL). 

6.2.1.1 Free energy of particle detachment  

IPM has a higher ClogP (7.2) than hexyl salicylate (5.7, Chapter 4) and perfume oil (3.5, 

Chapter 5), so according to the Pickering emulsification theory, hydrophilic fumed SiO2 NPs 

would be less efficient stabilizing an IPM-water emulsion as IPM is more hydrophobic.  To 

understand the emulsion stabilization at different contact angles, the free energy of particle 
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detachment (ΔGd) theoretical calculation was studied using IPM, hydrophilic fumed SiO2 NPs 

and DI water.  

Experimental determination of the three-phase contact angle between a solid particle and 

the oil-water interface can be challenging, especially for polydispersed and partially 

aggregated fumed SiO2 NPs.12 However, it was possible to obtain an approximated calculation 

using the Young equation (Equation 6-1): 

𝑐𝑜𝑠 𝜃 =  
𝛾𝑠𝑜− 𝛾𝑠𝑤

𝛾𝑜𝑤
                                           Equation 6-1 

For a solid nanoparticle (s) located at the water-oil interface, the interfacial tensions are 

related to the contact angle (θ), measured in the water phase. The interfacial tension 

between water and oil (γow) is relatively easy to obtain, however there is no direct measure 

for γsw and γso. Bink and co-workers12 have estimated the interfacial tension between 

hydrophilic fumed SiO2 NPs with water and IPM by expressing the surface tension γ as a sum 

of polar forces (γp) and dispersion forces (γd) (Equation 6-2): 

𝛾 =  𝛾𝑝 + 𝛾𝑑                                            Equation 6-2 

The interfacial tension between the phases could then be calculated for solid-water, solid-oil 

and oil-water using Equations 6-3. 

𝛾𝑠𝑤 = 𝛾𝑠𝑎 + 𝛾𝑎𝑤 − 2√𝛾𝑠
𝑑𝛾𝑤
𝑑 − 2√𝛾𝑠

𝑝𝛾𝑤
𝑝 

𝛾𝑠𝑜 = 𝛾𝑠𝑎 + 𝛾𝑜𝑎 − 2√𝛾𝑠
𝑑𝛾𝑜
𝑑 − 2√𝛾𝑠

𝑝𝛾𝑜
𝑝 

𝛾𝑜𝑤 = 𝛾𝑜𝑎 + 𝛾𝑎𝑤 − 2√𝛾𝑜
𝑑𝛾𝑤
𝑑 − 2√𝛾𝑜

𝑝𝛾𝑤
𝑝                      Equation 6-3 
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The calculated values are summarized in Table 6-1. Thus, utilising Equation 6-1, Equation 6-

2 and Equation 6-3, it was possible to calculate the contact angle of the hydrophilic fumed 

SiO2 NPs with water in a water/IPM emulsion as θ = 62°. The value is below 90°, which is 

expected for the formation of oil in water emulsions using hydrophilic nanoparticles.  

Table 6-1. Dispersion forces, polar forces and interfacial tension for IPM, Di water and fumed 

SiO2 NPs.12 

  
Dispersion forces 

(mN)  
Polar forces         

(mN)  
Interfacial tension 
with air (mN m-1)  

Interfacial tension  
(mN m-1)  

IPM γdo 26.1 γpo 3.2 γoa 29.3 γow 28.5 

DI water γdw 21.5 γpw 50.4 γwa 71.9 γsw 5.01 

Fumed SiO2 
NPs 

γds 42 γps 34 γsa 76 γos 18.22 

 

As mentioned previously, to form stable emulsions, the three-phase contact angle (θ)  

between the particle and the immiscible phases (Figure 1-4) should be close to 90°,13 because 

the larger adsorption energy for particles at the oil-water interface results in a higher energy 

input required for desorption. The minimum energy required for particle detachment to the 

continuous phases, ΔGd (free energy of particle detachment) could be calculated according 

to Equation 6-4:14  

𝛥𝐺𝑑  =  𝜋𝑟
2𝛾𝑜𝑤(1 ± 𝑐𝑜𝑠𝜃)

2,                            Equation 6-4 

where ∆𝐺𝑑 is the free energy, r is the particle radius, 𝛾𝑜𝑤 is the interfacial tension between 

the oil and water phases, θ the three-phase contact angle, and the ‘+’ term refers to the 

desorption of the particle into oil, whilst the ‘-‘ term refers to the desorption of the particle 
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into water. The calculated ΔGd for hydrophilic SiO2 NPs in the water/IPM interface was 

estimated using Equation 6-4 and the value was ΔGd = 626 kT, which is much greater than the 

thermal energy kT (the Boltzmann constant, k times the temperature, T), indicating the 

formation of a stable emulsion.  

The free energy of detachment to the oil and water was plotted against the contact angle for 

the IPM/water system (Figure 6-4). As the nanoparticles used were hydrophilic, the free 

energy of particle detachment into water (triangles) was smaller than that into oil (circles). 

The opposite would be true if hydrophobic SiO2 NPs were used.15 Overall, the minimum 

necessary energy for particle detachment (dashed line) was zero at 0° and 180° and maximum 

at 90°. 

 

Figure 6-4. Free energy of detachment of a spherical particle into water (triangles) and into oil 

(circles) calculated by Equation 6-4 with r = 10 nm and γow = 50 mN m-1 versus particle contact 

angle θ.  



Chapter 6.  Optimization of Perfume Capsules Stability and Performance in Liquid Detergent and Encapsulation 
of Other Actives 

 

216 |                                                                                       R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  2 4 5 - 2 4 6  
 
 

The energy of particle attachment to the fluid interface, ΔGa = - ΔGd, is negative for all contact 

angles (except close to 0° and 180°), hence the particle attachment is usually 

thermodynamically favourable. Therefore, solid colloidal particles with chemically 

homogeneous surfaces can spontaneously attach to fluid interfaces and are surface active.15 

6.2.1.2 IPM SiO2 capsules 

It was clear from the free energy of detachment calculations presented above that, in theory, 

it would be possible to stabilise IPM droplets using hydrophilic SiO2 nanoparticles, even with 

the high ClogP of the oil. To validate experimentally the calculations, SiO2 capsules were 

produced using solely IPM as core material and the encapsulation procedure presented in 

Chapters 4 and 5 based on the Pickering stabilisation of the oil droplets, followed by the 

hydrolysis and condensation of PEOS at the interface (IPM100 SiO2 capsules).  

As observed in Figure 6-5, IPM100 SiO2 capsules were successfully produced. Moreover, the 

stability to coalescence of the emulsion was remarkable, most of the water was released 

producing a high stable cream that could be dried and redispersed in water. As observed in 

Figure 6-5D, IPM100 SiO2 capsules had a well-defined and smooth shell. 
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Figure 6-5. SEM images of SiO2 capsules encapsulating IPM produced using 20 wt% PEOS 1.0 

under acidic conditions (IPM100 SiO2 capsules) showing (A) a population of capsules, (B and C) 

the capsule structure and (D) shell thickness. 

6.2.1.3 IPM + PO SiO2 capsules 

IPM was tested as core modifier for perfume oil at different concentration with the perfume 

oil, with the objective of producing capsules with higher stability in liquid detergent matrixes 

leading to an optimized performance in the finished product. Capsules were produced having 

a core composition of: 

- 80% IPM / 20% PO (IPM80PO20 SiO2 capsules) 

- 40% IPM / 60% PO (IPM40PO60 SiO2 capsules) 
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SiO2 capsules could be produced using both compositions. The inner shell morphology was 

analysed and compared to IPM100 SiO2 capsules and PO100 SiO2 capsules (SiO2 NPs-PEOS 1.0-

20%-PO in Chapter 5) using SEM microscopy (Figure 6-6). Interestingly, the inner shell 

morphology changed depending on the composition of the core.  A smooth surface was 

observed for the IPM100 SiO2 capsules (Figure 6-6A) and was still present for IPM80PO20 SiO2 

capsules (Figure 6-6B). However, when the level of PO used was higher (IPM40PO60 SiO2 

capsules - Figure 6-6C), the inner surface became rough and more similar to the surface of 

PO100 SiO2 capsules (Figure 6-6D). 

 

Figure 6-6. SEM images comparing the inter shell structure for capsules produced using 

different levels of IPM and PO: (A) IPM100 SiO2 capsules, (B), IPM80PO20 SiO2 capsules, (C) 

IPM40PO60 SiO2 capsules and (D) PO100 SiO2 capsules. 
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An explanation for these observations is that the PO is composed of 13 different perfume raw 

material (PRM) components, including aldehydes, alcohols, esters and hydrocarbons 

(according to P&G), some of which could have higher solubility towards the water phase, 

especially as ethanol is generated during hydrolysis and condensation of PEOS.   

Optical microscopy images (Figure 6-7) were used to confirm that some PRMs of the PO could 

indeed be solubilised to the water phase, perhaps due to the ethanol generation during the 

hydrolysis and condensation of PEOS at the interface.  IPM100 SiO2 capsules were completely 

full of oil after the solidification of the shell (Figure 6-7A). However, when PO was added to 

the core, the capsules were not completely filled with oil, which indicates the loss of PO during 

the emulsification process. Even for the IPM80PO20 SiO2 capsules the effect was observed 

(Figure 6-7B), however, as expected the void inside the shell was much smaller when 

compared to the IPM40PO60 SiO2 capsules. (Figure 6-7C and D) 
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Figure 6-7. Optical microscopy images comparing the capsules produced using different levels 

of IPM and PO: (A) 100% IPM, (B), 80% IPM and 20% PO, (C) 40% IPM and 60% PO and (D) 

100% PO. 

 SiO2 capsules produced with different levels of IPM and PO also had their mean diameter and 

SPAN of the size distribution measured. As observed in Table 6-2, the composition of the oil 

did not impact significantly the mean diameter and the SPAN of the size distribution.  

The average shell thickness changed significantly when the core composition was varied. The 

values are summarized in Table 6-2, along with the theoretical thickness of the PEOS 

condensed layer calculated theoretically. It was observed that as the level of IPM increased, 

the average shell thickness decreased. This result was the opposite of what was expected 
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from the theoretical calculation, which considers the density of the core material and the 

mean diameter of the capsule.  

As discussed in Chapter 4 and 5, the theoretical condensed PEOS layer does not take into 

account the SiO2 nanoparticles layer, which should be approximately 100 nm, so the 

experimental shell thickness is in fact the theoretical condensed layer in addition to the SiO2 

nanoparticles layer. The experimental and theoretical values for the IPM100 SiO2 capsules were 

very similar, indicating that all PEOS is hydrolysed and condenses to form the SiO2 shell. On 

the other hand, capsules formed with different levels of PO in the core had different values 

of shell thickness.   

 The differences observed between the experimental and theoretical shell thickness values 

are likely connected to the different inner shell morphologies observed in Figure 6-6, and it 

was hypothesised that some components of the PO might become more water-soluble as the 

shell is forming and ethanol is released from the hydrolysis and condensation of PEOS. This 

process could lead to the formation of a more porous SiO2, reflecting on a thicker shell for the 

SiO2 capsules produced with a higher level of PO even if the same concentration of PEOS was 

used to form all the capsules. 

Table 6-2. Core density, capsule mean diameter, SPAN of the capsule size distribution and 

experimental and theoretical shell thickness of capsules produced using different levels of IPM 

and PO. 
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Sample 
Mean diameter SPAN Core density 

Average shell 
thickness (from SEM 

images) 

Theoretical PEOS 
condensed layer 

thickness 
(from Equation 4-5) 

μm μm g.cm
-3

 nm nm 

PO100 SiO2 

capsules 
17.0 ± 1.0 0.99  ± 0.03 0.96 375 ± 41 174 

IPM40PO60 

SiO2 capsules 
20.4 ± 1.3 0.92 ± 0.07 0.92 355 ± 29 222 

IPM80PO20 

SiO2 capsules 
21.2 ± 1.2 0.93 ± 0.07 0.87 330 ± 63 221 

IPM100 SiO2 

capsules 
21.4 ± 1.9 0.98 ± 0.14 0.85 314 ± 26 216 

 

6.2.1.4 Sol-gel kinetics 

The higher the concentration of IPM in the core, the faster the SiO2 shell solidification. This 

result is illustrated in Figure 6-8, which contains SEM images of the PO/IPM SiO2 capsules 

after 3 days of the capsule synthesis. It was observed that for the IPM100 SiO2 capsules (Figure 

6-8A) and IPM80PO20 SiO2 capsules (Figure 6-8B) a solid SiO2 shell was already formed, and 

the shell could survive air-drying and the vacuum imposed by the SEM. The SiO2 capsules were 

still collapsing for the IPM40PO60 SiO2 capsules (Figure 6-8C) and PO100 SiO2 capsules (Figure 

6-8D), however, the IPM40PO60 SiO2 capsules seemed to be in a more advanced shell 

formation stage than PO100 SiO2 capsules, as a clear deflated shell is observed. As discussed 

in Chapter 5, PO100 SiO2 capsules were completely formed after 6 weeks.  
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Figure 6-8. SEM images comparing the SiO2 shell formation for capsules produced using 

different levels of IPM and PO: (A) IPM100 SiO2 capsules, (B), IPM80PO20 SiO2 capsules, (C) 

IPM40PO60 SiO2 capsules and (D) PO100 SiO2 capsules. Images were obtained after 3 days of the 

capsule synthesis.  

The explanation for the differences observed in Figure 6-8 is likely connected to the 

interactions between ethanol, IPM and PO, which were responsible for the different shell 

morphologies and thickness discussed in the above section (6.1.1.3). If ethanol has affinity 

with some PRM components, the equilibrium constant of the PEOS hydrolysis and 

condensation is higher, leading to a slower sol-gel kinetics when compared to IPM. IPM has a 

higher ClogP (higher surface tension with water), which contributes to the greater surface 

activity of PEOS, hence more efficient shell formation.  
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6.2.1.5 Mechanical properties  

The mechanical properties of the SiO2 capsules containing a core-modifier were evaluated 

using the micromanipulation technique described in Chapter 2 (Figure 6-9). Surprisingly, 

IPM100SiO2 capsules had a notable higher nominal fracture strength when compared to 

PO100SiO2 capsules (Figure 6-9A). Interestingly, the nominal rupture stress increased as the 

content of IPM increased.  However, even with a content as high as 80% IPM (IPM80PO20SiO2 

capsules), the nominal rupture stress was much lower when compared to the IPM100SiO2 

capsules.   

The density of the shell discussed above can explain the higher nominal rupture stress 

observed for the IPM100SiO2 capsules, as the condensed PEOS layer was denser and more 

resistant to the pressure imposed by the force transducer, when compared to the samples 

prepared using different levels of PO in the core.  In terms of deformation at the rupture 

(Figure 6-9B), the IPM100SiO2 capsules and IPM80PO20SiO2 capsules had a slightly smaller 

deformation, compared to the capsules with a higher level of PO, indicating that theses shells 

are more brittle, probably due to the lower porosity of the SiO2 shell.  
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Figure 6-9. Nominal rupture stress (A) and percentage of shell deformation at the rupture (B) 

for capsules produced using different levels of IPM and PO in the core.  

6.2.1.6 Stability in LFE  

The stability of the SiO2 capsules produced containing different levels of IPM as core modifier 

was tested in LFE matrix. Figure 6-10 shows SiO2 capsules initially dispersed in LFE and after 

6h and 30 hours. It was observed that for the IPM100 SiO2 capsules (Figure 6-10A - C), there is 

no significant change in the capsule core, and no IPM leaks to the surfactant rich LFE matrix 

after 30 hours. For the IPM80PO20 SiO2 capsules (Figure 6-10D - F) it can be seen that from the 

beginning the shell is not completely full of oil, as observed in Figure 6-7B, after 6 hours the 
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apparent void seems to be enlarged indicating the loss of core material l(Figure 6-10E). After 

30 hours, no significant change was found (Figure 6-10F). A similar behaviour was observed 

for the IPM40PO60 SiO2 capsules (Figure 6-10G - I). A void is observed initially, in agreement 

with Figure 6-7C, and it is then much larger after 6 and 30 hours (Figure 6-10H and I) indicating 

that PO is the component leaking out of the shell.  

 

Figure 6-10. Optical microscopy images of SiO2 capsules with different IPM levels to PO in the 

core (100, 80 and 40%) dispersed in LFE initially and after 6h and 30h. 

The optical microscopy images were compared to GC-MS data of PO leakage at P&G. Both 

capsules produced using IPM as core-modifier for PO (IPM80PO20 SiO2 and IPM40PO60 SiO2 
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capsules) had 100% leakage of PO after 24h in the LFE matrix, suggesting that the SiO2 capsule 

shell is still permeable to the PO, even if a core modifier was used.  

6.2.2 Part 1B. Mineralization using Na2SiO3 and TEOS 

6.2.2.1 Experiment design  

The stability experiments in Chapter 5 and Part 1A of this chapter confirmed that the 

encapsulated PO leaked out of the SiO2 capsules when added to a liquid detergent matrix, 

with and without IPM, suggesting that the SiO2 shell was porous, allowing perfume to be 

solubilised by the surfactant rich continuous phase. To minimize this porosity of the shell, a 

mineralization experiment was designed with the objective of depositing SiO2 on the surface 

of the already formed SiO2 capsules, sealing the pores and avoiding PO leakage in liquid 

detergent. Two SiO2 precursors were chosen for the experiment: tetraethoxysiloxane (TEOS) 

and sodium metasilicate (Na2SiO3).  

6.2.2.2 Mineralization using Na2SiO3 

The advantage of using crystalline silicates like sodium metasilicate for the deposition of 

amorphous silica on the surface of the SiO2 capsules is that they are readily soluble in water. 

For example, the solubility for anhydrous sodium metasilicate is 210 g/l at 20 °C.16 Depending 

on both pH and concentration of Na2SiO3, the Na2SiO3 aqueous solutions can contain varying 

proportions of monomeric tetrahedral ions, oligomeric linear or cyclic silicate ions (di- or 

trisilicate ions) and polysilicate ions of three-dimensional structure. These ions are in a 

constant dynamic equilibrium and the degree  of polymerisation of the silicate anions 

increases with increasing concentration.17  
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The pH of the medium also has a strong impact on the polymerisation-depolymerisation 

equilibrium of Na2SiO3; above a pH 11 stable solutions of monomeric and polymeric silicate 

ions exist and no insoluble amorphous SiO2 is present. Acidification below pH 11 leads to 

increasing precipitation of amorphous SiO2, which is characterised by the loss of interstitial 

alkali ions from the three-dimensional network.17 Precipitation rapidly increases when the pH 

is lowered to 9. Leading to the deposition of a silica coating on the porous SiO2 capsules 

Na2SiO3 could be used.  At pH values below 9 only a low but constant amount remains in 

solution as monomeric silicate ions. By considering the high dissociation constants of silicic 

acid (pKa 9.9 - 12 at 30 °C),16 when the Na2SiO3 solution is added to a 0.1M HCl solution (pH 

1.2), only a small proportion of silicate ions is in solution and amorphous SiO2 should 

precipitate onto the surface of the SiO2 capsules. 

Due to the alkaline character of sodium silicate, a limited amount of Na2SiO3 could be added 

to the capsule dispersion before it solubilises the SiO2 shell of the capsules. A Na2SiO3 titration 

was used to identify what is the maximum amount of a 10wt% Na2SiO3 solution which can be 

added to a 0.1M HCl solution before the pH changes. The curve can be found in Figure 6-11, 

and it can be observed that 0.5g of a 10wt% Na2SiO3 solution could be added to 10g of 0.1M 

HCl while maintaining the pH around 2. 
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Figure 6-11. Graph indicating the pH change when different amounts of a 10wt% Na2SiO3 

aqueous solution are added to 10g of a 0.1M HCl solution. The initial pH of the 10wt% Na2SiO3 

aqueous solution was pH 13 and the 0.1M HCL aqueous solution 1.2. The experiment was 

repeated 3x (error bars). 

It was calculated that if 1g of capsule slurry was added to the 10g of 0.1M HCl and taking into 

account the surface area of the capsules, it would be necessary that 0.01g of 10wt% Na2SiO3 

solution is required to cover all surface area of the capsules with at least one layer of SiO2 

molecules.  Therefore, the 0.5 g limit from the titration curve (Figure 6-11) would be enough 

to cover the capsules with about 50 layers of SiO2 molecules.  For the experiment, a syringe 

pump (Havard PHD 4000) was used to control the addition of Na2SiO3 to the slurry at a rate 

of 10 μl per minute.  

Figure 6-12 compares the surface morphology of the PO100 SiO2 capsule before (Figure 6-12A) 

and after (Figure 6-12B) mineralization with Na2SiO3. Significant difference is observed in the 

close-up images, in Figure 6-12D (close-up before mineralization) the SiO2 nanoparticles are 
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clearly observed, including the voids between them. After mineralization (Figure 6-12E) the 

surface was much smoother and no individual SiO2 nanoparticles or clear voids are observed, 

which indicates a successful mineralization.  

6.2.2.3 Mineralization using TEOS 

TEOS was controllably added to the SiO2 capsules dispersion with the help of a syringe pump 

at a rate of 10 µl per minute. The slow addition was necessary to avoid phase separation or 

the necessity of pre-hydrolysis of TEOS. Moreover a high [TEOS] induces a high [Si(OH)4] 

within the surrounding continuous water phase, which promotes the generation of monoliths 

rather than deposition of SiO2 on the surface of the capsules.  Below the TEOS concentration 

threshold of about 2.2M/m2 the silica condensation mostly takes place at the capsule surface, 

which is covered with SiO2 nanoparticles, favouring heterogeneous nucleation of TEOS at the 

interface and minimizing the nucleation enthalpy. 18 

Mineralization using TEOS also took place in 0.1M HCl aqueous solution (pH approx. 1.2, 

below the silica isoelectric point – approx. 2.). A low pH was chosen, not only to catalyse the 

hydrolysis step, but also because at high pH values, where the particulates may have a high 

solubility in the sol, more porous SIO2 structures are obtained. At low pH values fine pore 

networks and dense structure are formed due to low dissolution re-precipitation rate of 

TEOS.19 Figure 6-12 compares the surface morphology of the PO100 SiO2 capsule before 

mineralization with TEOS . Significant difference is observed in the close-up images, in Figure 

6-12D (close-up before mineralization) the SiO2 nanoparticles are clearly observed, including 

the voids between them. After mineralization (Figure 6-12F) the surface morphology has 
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changed, but the surface is not as clearly covered by a SiO2 layer as observed for the Na2SiO2 

mineralization.  

 

Figure 6-12. SEM images of a SiO2 capsule before (A) and after mineralization using TEOS (B) 

and Na2SiO3 (C). D-F shows the close-up of the surface of each capsule, respectively.  

6.2.2.4 Stability in liquid detergent  

SiO2 capsules mineralized with both TEOS and Na2SiO3 were dispersed in LFE matrix and their 

stability tested as function of perfume oil leakage percentage using the headspace GC-MS 

method discussed in Chapter 2. The results are in Figure 6-13. There was a clear decrease in 

terms of PO leakage when the capsules were treated with both Na2SiO3 and TEOS 

mineralization when compared to the original sample (PO100 SiO2 capsules) (Table 6-3). 
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Figure 6-13. Graph of leakage in LFE for PO SiO2 capsules compared to capsules mineralized 

with Na2SiO3 and TEOS. The first 7 days capsules were left at 25°C then put in a stability room 

at 35°C for an extra week.  

 The first measurement was obtained after 5h the capsules were dispersed in LFE at 25°C. At 

this point, the registered PO leakage was 89% for non-mineralized capsules and 6.4% and 30% 

for capsules mineralized with Na2SiO3 and TEOS, respectively. After 24h the PO leakage was 

94% for non-mineralized capsules, while for the capsules mineralized with Na2SiO3 was 11% 

and TEOS 41%, suggesting that the mineralization could in fact close the voids. The capsules 

were kept at 25°C for 7 days, and then put in a stability room at 35°C for additional 8 days to 

accelerate the leakage process; perfume kept diffusing through the shell and at 15 days the 

leakage was 44% for mineralization with Na2SiO3 and 73% for TEOS. At this point, the capsules 

were completely broken using a magnetic stirring bar, to release all the remaining perfume 

and confirm that no PO was lost during mineralization process, both mineralized samples had 

100% encapsulation efficiency from this experiment, confirming the success of the 

experiment.  
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Table 6-3. Leakage percentage of PO in LFE for the mineralized capsules compared to a non-

mineralized reference.  

Sample  Days 
0.2 (25°C) 1 (25°C) 7 (25°C) 8-15 (35°C) 

PO
100 

 SiO
2 

capsule-Na
2
SiO

3
 

min 6.4 ± 0.2% 11.4 ± 0.3% 26.87 ± 0.2% 44.4 ± 0.7% 
PO

100 
 SiO

2 
capsule-TEOS 

min. 30.1 ± 1.1% 40.8 ± 0.4% 57.12 ± 0.6% 72.7 ± 1.0% 

PO
100

 SiO
2
 Capsules 89.3 ± 2.1% 93.7 ± 3.2% 100.76 ± 1.5% 101.1 ± 1.8% 

 

The results show that both Na2SiO2 and TEOS mineralization process has reduced the PO 

leakage significantly, in particular for the Na2SiO3 mineralization. Figure 6-14 shows SiO2 

capsules mineralized with Na2SiO3, dispersed in LFE for 24h. In Figure 6-14A the SiO2 capsule 

in LFE. The capsule was then compressed with a second glass slide (Figure 6-14B) and it was 

observed that liquid PO was coming out of the broken shell, suggesting that PO was stable 

inside the capsule when dispersed in LFE confirming the data presented in Figure 6-13.  

 

Figure 6-14. Optical images of a PO100 SiO2 capsule mineralized with Na2siO3 dispersed in LFE 

matrix after 24h at 25°C. (A) SiO2 capsule before being compressed by a second glass slide and 

(B) after compression, where it is possible to observe perfume oil being released. The scale bar 

is 50 μm. 
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6.2.2.5 Performance in full scale wash test 

Olfactive performance of the SiO2 capsules mineralized with both TEOS and Na2SiO3 was 

assessed by: 

(i) laundering fabrics using a capsule slurry containing liquid fabric softener (LFE), 

(ii)  indoor line-drying the fabrics for 24 hours, and  

(iii)  recording the rubbed fabric odour (RFO) by expert perfumers. 

 The final perfume activity was calculated to be approximately the same amount as expected 

in a commercial LFE product (0.66% - data from P&G). Terry towels were used as model fabric 

for the wash, which was performed in a Miele Softronic W1714 washing machine, at 30°C, 

using a short crease recovery cycle and 1000 RPM rotation speed. The capsules were 

dispersed in LFE 1 hour before the wash test to minimize PO leakage. Figure 6-15 shows SEM 

image of SiO2 capsules depositing in terry towel.  

 

Figure 6-15. SEM images of PO100 SiO2 capsules mineralized with Na2SiO3 depositing in terry 

towels.  
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The olfactive assessment was relative to the commercial PMC (RFO = 100), and the results are 

summarized in Figure 6-16. It was observed that, the PO100 SiO2 capsules without 

mineralization did not delivery significant freshness after the towels were dried (RFO = 2). 

This result was expected as the PO100 SiO2 capsules had 100% PO leakage when added to LFE. 

The mineralized samples, however, had encouraging results. PO100 SiO2 capsules mineralized 

with TEOS had a RFO result of 19 and the ones mineralized with Na2SiO3 had RFO = 50, 

indicating that these capsules were capable of surviving the wash and drying conditions and 

delivery freshness when broken by the perfumers, releasing the perfume oil.  

 

Figure 6-16. Full-scale wash test RFO performance for SiO2 capsules using a commercial PMC 

as reference. Terry towels were used as fabric models and LFE as detergent matrix.  

6.2.3 Overall results for SiO2 capsules with PO as core 

Overall results for the PO SiO2 capsules produced in Chapter 6 are summarized in Table 6-4. 

It was possible to produced SiO2 capsules with comparable mean diameter as the commercial 

PMC. The overall SPAN was lower than that of the PMC, indicating that the SiO2 capsules have 

a narrower size distribution. Adding variable amounts of IPM to the core or the mineralization 

treatment with Na2SiO3 or TEOS did not alter the mean diameter and SPAN considerably. In 
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addition, the commercial PMC had a shell thickness of about 100 nm (data from P&G), which 

is about 3x less than the SiO2 capsules. 

Mineralization of SiO2 capsules had a huge impact on the PO stability in liquid detergent and 

performance in a full wash test. Moreover, there was a small increase of the nominal rupture 

stress for the SiO2 mineralized capsules (both with Na2SiO3  and TEOS).  However, as the 

stability in LFE increased significantly, there is an indication that for both mineralization 

processes there was a shell densification (closing the voids in the SiO2 shell) by the deposition 

of extra layers of silica on the capsule surface. 
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Table 6-4. Overall results for SiO2 capsules developed in Chapter 6 compared to a commercial polymeric PMC.  

  
Core 

material 
SiO2 

precursor 

Shell 
solidificatio

n time 

Mean 
diameter  

SPAN 
Average 

shell 
thickness  

Deformation 
at rupture (%) 

Nominal 
rupture 
stress  

glass 
slide test 

Stability in LFE 
(24h) – head 

space leakage  

Performance 
full scale 

wash 

    Μm  nm % Mpa  %  

SiO2 NPs-
PEOS 1.0-
20% -PO 

(PO100  SiO2 

capsule) 

100% PO 
PEOS 1.0 

20% 
6 weeks 17.0 ± 1.0 0.99 ± 0.03 375 ± 41 20 ± 9 0.30 ± 0.09 High 93% No 

IPM40PO60  
SiO2 capsule 

40% 
IPM/60% 

PO 

PEOS 1.0 
20% 

3 weeks 20.4 ± 1.3 0.92 ± 0.07 355 ± 29 22 ± 4 0.35 ± 0.13 High 97% -a 

IPM80PO20  
SiO2 capsule 

80% 
IPM/20% 

PO 

PEOS 1.0 
20% 

10 days 21.2 ± 1.2 0.93 ± 0.07 330 ± 63 18 ± 3 0.49 ± 0.15 High 100% -a 

PO100  SiO2 

capsule-
TEOS min. 

100% PO 
PEOS 1.0 

20% 
6 weeks 18.0 ± 1.4 0.91 ± 0.03 383 ± 57 14 ± 5 0.39 ± 0.12 High 41% Low 

PO100  SiO2 

capsule-
Na2SiO3 min 

100% PO 
PEOS 1.0 

20% 
6 weeks 17.4 ± 1.1 0.90 ± 0.05 362 ± 45 18 ± 5 0.59 ± 0.26 High 11%  Medium 

Commercial 
PMC 

? - - 18.2 ± 2.7 1.53 100 40 ± 3 1.50 ± 0.18 High 2% High 

a Capsules not evaluated using the wash test 
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6.2.4 Part 2. Encapsulation of other actives – proof of concept 

6.2.4.1 Part 2A. Encapsulation of Menthol Menthyl Lactate (MML) 

Menthol and menthyl lactate (MML) is a eutectic mixture used in cosmetics, personal care, 

food and pharma industry as cooling and flavouring agent.20  Menthol is a naturally occurring 

terpene compound, has a very long history of being used in food and medical-related 

products. Menthyl lactate on the other hand, is synthesized from menthol and lactic acid and 

it has also been used as cooling agent for skin products, chewing gun and tabaco.21 

Encapsulation of MML could bring more stability to the mixture in aqueous based products 

such as shampoos and toothpaste. 

As observed in Figure 6-17, it was possible to produce SiO2 shell/MML core capsules using the 

technology developed for the encapsulation of HS and PO. The capsules had a remarkable 

narrow size distribution as observed in Figure 6-17A. The mean diameter was 63.6 μm, the 

SPAN of the size distribution 0.68 and the average shell thickness 460 ± 39 nm.  

Some of the capsules had almost perfectly spherical fractures as a result of drying, due to 

LaPlace pressure:22 as the capsule dries, the differences in terms of pressure causes the shell 

to break. The fractures had a narrow size distribution across and the fractured part of the 

shell always ended up inside the capsule (Figure 6-17C and D). Capsules were intact in 

solution as no free oil was observed, so it was possible to encapsulate MML in SiO2 capsules, 

however, for dry applications the shell mechanical properties must be optimized.   
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Figure 6-17. Optical microscopy (A) and SEM (B-D) images of Pickering emulsion-based silica 

capsules encapsulating menthol menthyl lactate.   

6.2.4.2 Part 2B. Encapsulation of a water-soluble dye from W/O Pickering 

emulsions 

The technology developed for the encapsulation of a commercial perfume oil was also tested 

for the encapsulation of a water-soluble active using Allura red, a food-grade dye, as model 

active for the proof of concept. The objective was to use the Pickering emulsion theory, which 

rationalises the possibility of shaping the type of emulsion (water-in-oil or oil-in-water) 

depending on the wettability of the Pickering emulsifiers12 (Chapter 3 – Section 3.2.1.1). For 

the formation of water-in-oil emulsions, hydrophobic fumed SiO2 nanoparticles previously 

modified with hexadecylsilane were used as Pickering emulsifier (Aerosil R8160). These SiO2 
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nanoparticles must stabilize effectively w/o emulsions while a portion of free silanol groups 

are still available at the particle surface for reaction with PEOS.  

Figure 6-18 shows the water-soluble core capsules. It was observed that allura red was clearly 

encapsulated and shell showed sign of crumpling suggesting that some core material is lost, 

probably due to the sol-gel process (Figure 6-18A), as observed when encapsulating PO. 

Nevertheless, robust capsules that could survive air-drying were formed, confirming the 

water-soluble encapsulation prototype was successful (Figure 6-18B).   

 

Figure 6-18. Optical microscopy (A) and SEM (B) images of Pickering emulsion-based SiO2 

capsules encapsulating an aqueous solution of 0.1 wt% of Allura red.  

6.3 Conclusions 

For the optimization of the PO-SiO2 capsules stability and performance in liquid detergent 

matrixes, two approaches were studied: 

(i) the use of a core-modifier, to make the core more hydrophobic and less likely to 

be solubilise by the surfactant rich detergent matrix, and  

(ii) the mineralization of the SiO2 capsule to seal the shell voids and pores. 
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When IPM was used as core-modifier, it was observed that the mechanical properties and 

shell thickness were dependant on the final level of IPM in the core. Interestingly, when solely 

IPM was encapsulated (IPM100 SiO2 Capsules), the nominal rupture stress was 3.5x higher than 

the one observed for the PO100 SiO2 capsules and 2.3x higher than the PO20IPM80SiO2 capsules. 

The difference is probably due to the higher affinity of PO towards the water phase in the 

early stages of shell formation leading to the formation of a porous wall. Unfortunately, IPM 

did not have a significant positive impact on the stability of the capsules in liquid detergent 

matrix and all PO leaked out after 24h and only IPM remained inside the shell. Interestingly 

however, the shell formation kinetics were greatly improved when IPM was used as core 

material, minimising the time necessary for complete shell formation.   

Mineralization of the shell using Na2SiO3, could successfully overcome PO leakage of the SiO2 

capsules in liquid detergent, and encouraging results were obtained. These mineralised 

capsules could also survive a full-scale wash test, depositing on Terry towels, and releasing 

perfume oil when mechanical force was applied to the towels. Mineralization with TEOS also 

improved the stability of the SiO2 capsules in liquid detergent.  However, the performance in 

the full-wash test was much lower. These results were very encouraging, as for the first time 

SiO2 capsules encapsulating PO were capable of delivering freshness after a full wash cycle.  

Finally, it was possible to use the technique developed throughout this thesis for the 

encapsulation of other actives with potential application in the consumer goods industry. 

Herein, we have shown the examples of the encapsulation of a eutectic mixture (MML) and 

a water-soluble dye (allura red). The technology is versatile and has the potential to be used 

in many fields by tuning the shell properties for the desirable application.  



Chapter 6.  Optimization of Perfume Capsules Stability and Performance in Liquid Detergent and Encapsulation 
of Other Actives 

 

242 |                                                                                       R e f e r e n c e s  t o  t h i s  C h a p t e r  o n  p a g e s  2 4 6 - 2 4 7  
 
 

6.4 Experimental  

6.4.1 Encapsulation of PO and IPM 

A 2.5 wt% Aerosil 300 SiO2NPs dispersion in 0.1M HCl aqueous solution was prepared. In a 

separate vial, PEOS (0.5 g) was dissolved in PO/IPM (2 g) in different proportions depending 

on the experiment, as described in Section 6.2.13. The oil phase (PO/IPM/PEOS) was then 

added to 8 g of the aqueous phase containing SiO2 NPs and the resulting mixture was 

emulsified using an IKA Ultra-Turrax T25 basic homogeniser (IKA-Werke GmbH & Co – 

Germany) equipped with a dispersing head of 10 mm diameter operating at 8000 RPM for 5 

minutes. The vial was then left undisturbed at 25°C for the condensation step to be completed 

(1 to 6 weeks, depending on the core composition).  

6.4.2 Mineralization using Na2SiO3 

A 100 ml glass vial was charged with 0.1M HCl aqueous solution (20mL) and SiO2 capsule 

slurry (1 g) containing 20% of PO in weight. Then, a 10 wt% Na2SiO3 aqueous solution was 

added to the SiO2 capsules/0.1M HCl dispersion using a HAVARD PHD 4000 syringe pump at 

a rate of 10 μl per minute, for a total of 1 hour and 30 minutes (0.9 mL). The dispersion was 

continuously mixed using an IKA overhead stirrer at 400 RPM for the duration of the Na2SiO3  

addition. The dispersion was left under stirring (300 RPM) for 24h at 25°C, and then 

centrifuged at 2000 RPM for 10 minutes to isolate the mineralized SiO2 capsules, after decant 

the liquid. 

6.4.3 Mineralization using TEOS 

A 100 ml glass vial was charged with 20 mL of a 0.1M HCl aqueous solution and 1 g of SiO2 

capsules containing 2% of PO in weight. Then, TEOS was controllably added to the SiO2 
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capsules/0.1M HCl dispersion using a HAVARD PHD 4000 syringe pump at a rate of 10 μl per 

minute, for a total of 1 hour and 30 minutes (0.9 mL). The dispersion was continuously mixed 

using an IKA overhead stirrer at 400 RPM for the duration of TEOS addition. The dispersion 

was left under stirring (300 RPM) for 24h at 25°C, and then centrifuged at 2000 RPM per 10 

minutes to isolate the mineralized SiO2 capsules, after decanting the liquid. 

6.4.4 Size analysis  

Mean capsule diameter and SPAN of the size distribution of the capsules in aqueous 

dispersion were obtained by static light-scattering using a Mastersizer 2000 instrument 

(Malvern Instruments Ltd, Malvern - UK). The instrument measures the volume fraction of 

the capsules in different size bands in the size range of 20 nm to 2000 µm using a Helium-

Neon laser connected to a dispersion unit. All experiments were performed at 25°C. The 

refractive index used was 1.46 (for amorphous silica23) and the data analysed using Excel®.  

6.4.5 Optical microscopy 

Optical microscopy images were obtained using two microscopes: a Leica DMRBE, (Leica 

Microscope & Systems GmbH) equipped with a software package Moticam Pro 3.0 and a 

CoolLED pE-300 white light source. The resolution of the microscope was 200 nm. The second 

microscope used was a Zeiss Axio imager 2 pol (Carl Zeiss Microscopy – Germany, resolution 

200 nm) also equipped with a UV light source (Kubler codex HXP 120C).  

6.4.6 Scanning Electron Microscopy  

SEM images were obtaneide using two different microscopes: a 1000 Tabletop Microscope 

(Hitachi, Ltd – Japan), magnification 1500X and a Philips XL-30 FEG Environmental SEM with 

Oxford Inca EDS (Philips UK ltd, Guildford – UK), magnification 3500X.  
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6.4.7 Mechanical properties  

The mechanical properties of the microcapsules were determined by micromanipulation. 

0.1g of capsule suspension containing 20% w/w capsule to DI water was first diluted 500x in 

DI water, and then a drop of the diluted dispersion was added to a glass slide and left to air 

dry. The glass containing the capsules was then positioned on the micromanipulation rig stage 

and observed using the side-view camera equipped with a 10x magnification lense. The glass 

slide was positioned perpendicular to a glass probe with a diameter of 100 μm mounted on 

an electronically controlled force transducer (Model 403A, Aurora Scientific Inc., Canada, with 

a maximum operation limit of 5 mN). A single capsule was compressed by the glass probe 

travelling at 2 μm s-1. The voltage output generated by the transducer after the compression 

of the capsule was recorded and converted to force using an excel macro. The sensitivity of 

the transducer used was 0.5 mN/V. Ten random capsules were analysed per sample for 

statistical analysis. Details of the technique can be found in Chapter 2, Section 2.4.6. 

6.4.8  Perfume headspace using GC-MS 

The leakage of perfume raw materials (PRM) from the capsules was assessed using GC-MS. A 

pre-calculated quantity of slurry containing 0.2g of encapsulated perfume was added to 20g 

of finished product (HDL, LFE or conditioner). The vial was shaken by hand and left 

undisturbed under controlled temperature for a desirable period before CG-MS analysis. The 

obtained percentage of each RPM in the head-space was compared to a sample containing 

the same amount of fresh free perfume (no capsules), which is the positive control 

corresponding to 100% leakage. GC-MS used was an Agilent technologies 7890B GC system 

equipped with a 5977B MS detector.  
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6.4.9  Full wash-scale performance  

A laundry product with no perfume was prepared containing a quantity of capsule slurry with 

the appropriated activity as calculated above. Then, five terry towels (fabric model) were 

washed using the prepared product in a Miele Softronic W1714 washing machine with the 

following wash conditions: 30°C, short crease recovery cycle and 1000 rpm. The rest of the 

load (3 kg) was completed using Calderon load. After the wash, the terry towels were folded 

in three and put individually in an aluminium bag for transport to the drying room. The Terry 

towels were then line dried overnight in the drying room (20°C, 55% humidity).  

The capsule performance was assessed in relation to commercial perfume microcapsules 

(PMCs) as positive control. A panel of expert perfumers performed the ofactive assessment 

of the fabrics in relation to the Rubbed fabric odour (RFO), where dried fabrics are rubbed 

with the intent of breaking the capsules in order to release the perfume.  

6.4.10 Encapsulation of MML  

A 2.5 wt% Aerosil 300 SiO2 NPs dispersion in water was prepared. In a separate vial, 0.5g of 

PEOS was dissolved in 2g of MML. The MML and PEOS mixture was then added to the water 

phase containing SiO2 NPs (8g) and the mixture was then emulsified using an IKA Ultra-Turrax 

T25 basic homogeniser (IKA-Werke GmbH & Co – Germany) equipped with a dispersing head 

of 10 diameter operating at 8000 RPM for 5 minutes. The vial was then left to stand at 24h at 

25°C and centrifuged at 2000 RPM for 10 minutes to isolate the capsules. 

6.4.11 Encapsulation of a water-soluble dye 

0.1g of PEOS was mixed with a 1 wt% Aerosil R816 SiO2 NPs dispersion in HS (total of 5g). In 

a separate vial, a 0.1wt% allura red in water was prepared. The allura red solution (1g) was 
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then added to the oil phase (5g) and the mixture emulsified using vortex mixer at 2500 RPM 

for 5 minutes at 25°C. The vial was then left to stand for 4 weeks at 25°C and centrifuged at 

2000 RPM for 10 minutes to isolate the capsules.  
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CHAPTER 7. Conclusion and Future Work 

7.1 Overall conclusion 

The main objective of this research was to evaluate the possibility of encapsulating a 

commercial perfume oil in SiO2 capsules with desirable structural and mechanical properties, 

providing stability, protection and triggered release for laundry applications. Therefore, an 

encapsulation method based on SiO2 NPs as Pickering emulsion templates and the hydrolysis 

and condensation of hyperbranched polyethoxysilane (PEOS) was investigated for the 

formation of a robust SiO2 shell. The technology development was divided in 4 main steps: 

1. Understanding the stability of hexyl salicylate (HS) and perfume oil (PO) Pickering 

emulsion stabilised by SiO2 NPs followed by the synthesis and characterization of 

PEOS (Chapter 3); 

2. development of the encapsulation method using a perfume model as core 

material (HS) (Chapter 4); 

3. encapsulation of the commercial PO in the SiO2 capsules varying key parameters 

to obtain a robust SiO2 shell (Chapter 5); 

4. optimization of the SiO2 capsule shell for laundry applications (Chapter 6).  

PO SiO2 capsules were successfully produced and the results were encouraging, 

demonstrating that the technology has potential to substitute commercial polymer 

microcapsules (PMCs) in the future. The summary of the physical, mechanical properties, 

stability and performance of the SiO2 capsules produced throughout this research compared 

to a commercial PMC used for laundry products applications can be found in Table 7-1. 
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Table 7-1.  Summary of physical, mechanical properties, stability and performance data for the PO SiO2 capsules.  

 Ch. 
Core 

material 
SiO2 

precursor 
Mean size 

(μm) 
SPAN 

Average shell 
thickness 

(nm) 

Deformation 
at rupture (%) 

Nominal 
rupture stress 

(Mpa) 

glass slide 
test 

Stability in LFE 
(24h at RT) – 
head space 
leakage % 

Performance 
full scale 

wash 

SiO2NPS-PEOS 1.2-20%-PO-
pH 4.6 

5 100% PO 
PEOS 1.2 

20% 

22.21 ± 
1.94 

1.23 ± 0.11 -a 19 ± 3 0.22 ± 0.06 No 100% - 

SiO2NPS-PEOS 1.2-40%-PO-
pH 4.6 

5 100% PO 
PEOS 1.2 

40% 
26.77 ± 

1.86 
1.10 ± 0.13 -a 25 ± 3 0.89 ± 0.16 No 100% - 

SiO2 NPs-PEOS 1.2-20% -PO 5 100% PO 
PEOS 1.2 

20% 
18.76 ± 1.24 1.02 ± 0.05 308 ± 28 21 ± 6 0.32 ± 0.14 No 100% No 

SiO2 NPs-PEOS 1.2-40% -PO 5 100% PO 
PEOS 1.2 

40% 
19.01 ± 1.08 1.05 ± 0.08 383 ± 26 15 ± 5 0.79 ± 0.10 No 100% No 

SiO2 NPs-PEOS 1.0-20% -PO 
(PO100  SiO2 capsule) 

5 100% PO 
PEOS 1.0 

20% 
17.00 ± 1.01 0.99 ± 0.03 375 ± 41 20 ± 9 0.30 ± 0.09 High 93% No 

SiO2 NPs-PEOS 1.0-40% -PO 5 100% PO 
PEOS 1.0 

40% 
17.09 ± 1.08 1.21 ± 0.23 750 ± 25 15 ± 5 1.04 ± 0.43 High 100% No 

IPM40PO60  SiO2 capsule 6 
40% 

IPM/60% 
PO 

PEOS 1.0 
20% 

20.41 ± 1.27 0.92 ± 0.07 355 ± 29 22 ± 4 0.35 ± 0.13 High 97% No 

IPM80PO20  SiO2 capsule 6 
80% 

IPM/20% 
PO 

PEOS 1.0 
20% 

21.22 ± 1.23 0.93 ± 0.07 330 ± 63 18 ± 3 0.49 ± 0.15 High 100% No 

PO100  SiO2 capsule-TEOS 
min. 

6 100% PO 
PEOS 1.0 

20% 
18.04 ± 1.44 0.91 ± 0.03 383 ± 57 14 ± 5 0.39 ± 0.12 High 41% Low 

PO100  SiO2 capsule-Na2SiO3 
min 

6 100% PO 
PEOS 1.0 

20% 
17.45 ± 1.13 0.90 ± 0.05 362 ± 45 18 ± 5 0.59 ± 0.26 High 11% Medium 

Commercial PMC - ? - 18.20 ± 2.72 1.53 100 40 ± 3 1.50 ± 0.18 High 2% High 
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7.1.1  Emulsion stability  

PO and HS droplets could successfully be stabilized using hydrophilic fumed silica 

nanoparticles as Pickering emulsifiers. Pickering emulsions were stable for over 6 months. It 

was possible to take advantage of the limited coalescence phenomenon to control the mean 

size and the SPAN of the size distribution for emulsions.1 As the oil droplet mean diameter 

could be controlled by the concentration of SiO2 NPs to oil, it was clear that hydrophilic silica 

nanoparticles are efficient Pickering emulsifiers for both oils.2 

7.1.2  SiO2 capsule formation  

(a) The effect of the pH 

The silica sol-gel process is extremely dependent on the pH,3  which affects the surface activity 

of the SiO2 NPS and the hydrolysis and condensation rate of PEOS.4 As the SiO2 NPs used in 

this project were hydrophilic with a surface covered with Si-OH groups, a low pH was 

favourable for the formation of stable Pickering emulsions, as the surface silanol groups 

become protonated and less stable in the water phase, giving preference to the water-oil 

interface. A low pH was also ideal for a proper hydrolysis and condensation rates of PEOS; in 

these conditions both hydrolysis and condensation are fast, however, all PEOS hydrolyses 

before condensation starts, forming a film around the droplet,5 that can accommodate re-

arrangements and the formation of a well-defined shell.  

(b) The effect of the PEOS concentration 

SiO2 capsules could be formed with three different concentrations of PEOS in relation to the 

oil phase tested: 10, 20 and 40 wt%. By increasing the concentration of PEOS in the oil phase 

to 40 wt%, the SiO2 capsules had a higher nominal rupture stress compared to ones produce 
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with 10 or 20 wt%. The observed variations in terms of mechanical properties were due to 

two main factors: the formation of a thicker SiO2 shell or the solidification of an excess of 

PEOS inside the core. When PEOS 1.0 was used to form the shell, by increasing the PEOS 

concentration it was possible to increase the shell thickness and as consequence, the nominal 

fracture strength, which had a comparable value to a commercial PMC.6 For SiO2 capsules 

produced with PEOS 1.2, there was no significant increase in terms of shell thickness 

independently of the pH and the excess of PEOS solidified in the core of the capsule, due to 

the fast condensation rate, high viscosity and low surface activity of PEOS 1.2.  

(c) The effect of PEOS molecular weight (Mw) 

Two different PEOS batches produced in our laboratory were tested for the encapsulation of 

PO: PEOS 1.2 (Mw: 3700 g/mol) and PEOS 1.0 (Mw: 2500 g/mol). PEOS 1.2 also had a more 

advanced degree of condensation, as identified by the degree of branching calculations (0.59 

for PEOS 1.2 and 0.48 for PEOS 1.0). It was observed that capsules produced using PEOS 1.0 

as silica precursor (SiO2 NPs-PEOS 1.0-20% -PO and SiO2 NPs-PEOS 1.0-40% -PO), had 

consistently more well-defined shells and no PEOS condensed inside the core. The opposite 

was observed for PEOS 1.2, where when 40 wt% of PEOS was used (SiO2 NPs-PEOS 1.2-40% -

PO), core solidification was observed. These observations suggest that PEOS 1.0 was more 

surface active, i.e. had more amphiphilic properties when partially hydrolysed, so all PEOS 1.0 

condensed at the interface. PEOS 1.2 in the other hand had a more advanced degree of 

condensation (i.e. less hydrolysable moieties when compared to PEOS 1.0, so the 

condensation rate is faster)7 and a higher viscosity, so part of it started to condensate before 

reaching the interface. In terms of performance, capsules produced with PEOS 1.0 had a more 

promising results when compared to the ones produced using PEOS 1.2; when PEOS 1.0 was 
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used, capsules could survive airdrying and release perfume when mechanical force was 

applied to them, which was not observed for capsules produced using PEOS 1.2. However, 

the shell formation of SiO2NPs-PEOS 1.0 capsules was much slower than for the ones 

prepared with PEOS 1.2, probably due to the slow condensation rates.  

(d) The effect of the oil polarity 

Four oils were successfully encapsulated using the silica-based encapsulation technology 

described in this thesis: hexyl salicylate (ClogP 5.7), perfume oil (ClogP 3.5), isopropyl 

myristate (IPM) (ClogP 7.2) and menthol menthyl lactate (MML) (CloP 3.0). The polarity of the 

oil had an impact in the inner shell surface as well as the shell thickness of the capsule, 

therefore, contributing to the mechanical properties of the capsule. The polarity of the oil 

also influenced the shell solidification time; the solidification was faster when the core oil was 

less polar, which contributed to high interfacial tension between the oil and the water and 

promoting the surface activity of PEOS.  

(e) The effect of the mineralization  

A post treatment of the silica capsules with a slow addition of TEOS or sodium silicate seemed 

to have contributed for the formation of SiO2 layer around the pre-formed SiO2 capsules, 

minimising the porosity of the shell therefore, minimising leakage of PO from the capsule 

core. Mineralization of the shell using Na2SiO3, could successfully overcome the stability 

problems of the SiO2 capsules in liquid detergent, and encouraging results were obtained. 

These mineralised capsules could also survive a full-scale wash test, depositing on terry 

towels, and releasing perfume oil when shear was applied to the towels. Mineralization with 

TEOS also improved the stability of the SiO2 capsules in liquid detergent but the performance 
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in the full-wash test was much lower. These results were very encouraging, as for the first 

time all SiO2 capsules encapsulating PO could deliver freshness (release perfume oil) after a 

full wash cycle.  

(f) Encapsulation of other actives 

It was possible to use the technique developed throughout this thesis for the encapsulation 

of other actives with potential application in the consumer goods industry. Herein, we have 

shown the examples of the encapsulation of a single oil component (HS), a mixture of 

perfume raw materials (PO), a eutectic mixture (MML) and a water-soluble dye, Allura red. 

The technology is versatile and has the potential to be used in many fields by tuning the shell 

properties for the desirable application.  

7.1.3 Overall size and size distribution results  

The advantage of using Pickering emulsions as templates for the formation of silica capsules 

is that the mean size could be finely controlled by taking advantage of the limited coalescence 

phenomenon.1  Moreover, as an overall, the SPAN of the size distribution was much lower for 

the SiO2 capsules when compared to the commercial PMC, which could be interesting when 

while designing a encapsulation technology for different applications with targeted delivery.   

7.1.4 Overall mechanical properties results 

The mechanical properties of the capsules produced during this project could be controlled 

by two main parameters: the concentration of PEOS used to form the capsules and the 

composition of the oil phase. It was noticed that the higher the concentration of PEOS the 

thicker the SiO2 shell, leading to a higher nominal rupture stress. The composition of the oil 

phase also had an impact on the mechanical properties. When IPM was used as core-modifier, 
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it was observed that the mechanical properties and shell thickness were dependant on the 

final level of IPM in the core. Interestingly, when solely IPM was encapsulated (IPM100 SiO2 

Capsules), the nominal rupture stress was 3.5x higher than the one observed for the PO100 

SiO2 Capsules) and 2.3x higher than the PO20IPM80SiO2 capsules, while the shell thickness was 

lower. The difference is probably due to the higher affinity of some components of PO 

towards the water phase in the early stages of shell formation leading to the formation of a 

porous wall and a void inside the shell as observed in the PO100 SiO2 Capsules.  

7.1.5 Overall performance and stability results  

SiO2 capsules produced in chapters 4 and 5 (Table 7.1) were very porous when added to a 

surfactant rich matrix (LFE), as all oil phase quickly leaked out of the SiO2 shell. In chapter 6, 

when IPM was used in combination with PO in the oil phase, it was observed that the perfume 

oil still leaked completely out, while IPM remained stable inside the SiO2 capsule shell, as it is 

more hydrophobic than the PO. Mineralization using TEOS or sodium silicate improved the 

stability of perfume oil in silica capsules in LFE. These mineralised capsules could also survive 

a full-scale wash test, depositing on Terry towels, and releasing perfume oil when shear was 

applied to the towels. 

7.1.6 Have we developed a promising alternative perfume oil encapsulation 

technology for laundry products application? 

Promising. Nevertheless, there is a long way to go. According to P&G, for the first time it was 

possible to produce all-silica capsules encapsulating a complex commercial perfume oil, 

which are low leaking in a surfactant rich matrix and able to delivery freshness benefit after 

a full wash test. These results are extremely encouraging, however, there are many 
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challenges associated with bringing this technology to the market, such as bringing the 

leakage percentage down to maximum 2% for a prolonged period (6 months), matching the 

performance of the current PMCs in full scale wash tests and industrial scale production. 

7.2 Future work and recommendations  

This thesis has demonstrated the possibility of encapsulating a complex perfume oil in silica 

capsules for laundry applications. To further develop the technology, it is necessary to further 

understand the mechanistic transformations leading to the formation of the SiO2 shell, such 

as the sol-gel kinetics of PEOS at the water/oil interface, parameters controlling intrinsic 

reactivity of PEOS at the interface and understand the interactions of PEOS with SiO2 NPs and 

the different components of the PO. Gaining fundamental understanding of the 

microstructure of the capsules wall need to be fully characterized and studied to produce 

optimal SiO2 capsules with low porosity and higher nominal rupture stress in an acceptable 

time frame.  

Cleary the time necessary for the capsules to be fully solidified is not suitable for an industrial 

application, so the capsule curing process must be optimised. Initial experiments done in last 

month of the project suggested that by curing the capsule at 50°C for 3 weeks is enough to 

obtain fully solidified capsules. Temperature should be investigated further if it doesn’t cause 

degradation of the perfume oil. Other sol-gel acceleration procedures might be tested such 

as the use of a sol-gel catalyst and surface modified silica nanoparticles.   

By adding the mineralization step after the encapsulation process it was possible to minimize 

leakage; however, the percentage of PO leaking out of the capsule is still high for the 
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application (11% after 24h at room temperature). Therefore, the mineralization process must 

me optimized to reach acceptable leakage levels for commercial applications (less than 2%).  

For industrial applications, a new technology must be scalable to be produced at the plant. 

Therefore, the technology developed herein, in the millilitres scale, must be optimized for the 

production in the tons scale, especially for laundry applications which is P&G’s largest 

business operating worldwide. 

Finally, it was possible to encapsulate different oils using technology developed throughout 

this project (hexyl salicylate, perfume oil, isopropyl myristate and menthol menthyl lactate) 

and preliminary experiments suggested that it is possible to encapsulate water-soluble 

actives as well. These studies could be extended to the encapsulation of other strategic 

actives for the industry, such as enzymes, bleaching agents and dyes.  
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