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ABSTRACT  

 

Expancel microspheres are produced by suspension polymerization of silica-stabilized 

emulsions, and poor stabilization causes instabilities in the production. The purpose of 

this study was to investigate how emulsion stability is affected by, e.g., pH, shear force, 

flocculating agents, salt, and monomer droplet size. With the aim to improve the stability 

of these silica-stabilized monomer emulsions.  
 

The study consisted of literature studies, emulsion studies, polymerization, and 

characterization. Analytical methods used were e.g. microscopy for droplet size 

assessment, thermomechanical analysis, and gas chromatography to evaluate expansion 

properties. Emulsions were based on a recipe, of an existing grade of Expancel, modified 

to suit the method for emulsion studies. 

 

The study showed there are many ways of affecting the stability of silica-stabilized 

emulsions. Shear forces decrease the stability significantly, and emulsion stability is 

greatly affected by pH. For the type of emulsions used in this study, pH at 2.0 and 4.5-4.6 

were the most optimal for improved stability.  

 

The study contributes to more knowledge of improving silica stabilized Pickering 

emulsions, under certain conditions, with the hope of improving the product quality of 

expandable microspheres. 

 

Keywords: Pickering emulsions, silica stabilization, suspension polymerization, 

coalescence, thermally expandable microspheres. 
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1 Introduction     

Since the 70s Nouryon has produced thermally expandable particles, Expancel 

microspheres [1]. A variety of microsphere grades are available and are used broadly by 

the industry [2]. It works as a lightweight filler and blowing agent, and is used in a wide 

variety of applications, such as paint, shoe soles, and food packages [1]. The microspheres 

are spherical particles consisting of a thermoplastic shell encapsulating a gas. When heat 

is added, the shell softens, and the pressure from the gas increases, which results in an 

expansion of the particles up to 60 times their original volume [3] [4]. When the 

microspheres cool down, the particles maintain the expanded volume. Today Nouryon is 

one of the world’s leading producers of thermally expandable microspheres and 

research and development are continuously ongoing to improve product quality 

further.  

 

Expancel microspheres are produced by suspension polymerization with organic droplets 

in a water phase. The emulsions are often stabilized by silica particles. Coalescence of 

droplets due to shear forces and/or poor surface stabilization of the oil/water interface 

causes instabilities in the production process.  

 

The aim of this master thesis project was to investigate how emulsion stability is affected 

by, e.g., pH, shear force, hydrophilic-lipophilic balance (HLB) of the silica particles, 

flocculating agents, salt, and monomer droplet size. To improve the stability of these silica 

stabilized monomer emulsions. 
 

Questions to be answered by the study were how does the pH affect the emulsion system? 

How does the modification of the emulsifier affect the stability? Does salt or flocculating 

agents improve the stability? How does shear force affect the stability of the emulsion 

system? These questions were important to investigate to widen the knowledge and 

understanding of emulsion stability for Expancel polymerization process. 
 

In this study, the emulsion is based on a recipe from an existing grade of Expancel. 

However, it has been modified to suit the method used in emulsion studies. 

1.1 Theory 
 

In this study, it has been important to take into consideration and understand some 

fundamental theories about emulsion stability and microsphere polymerization. The 

essential theory important for this study is presented in this chapter. 
 

1.1.1 Thermally expandable microspheres 

Thermally expandable microspheres consist of a core with a saturated volatile 

hydrocarbon with a low boiling point; the core is surrounded by a gas-tight thermoplastic 

polymer shell, which prevents the hydrocarbon from escaping [5].  
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When heating the microspheres, the stiff shell softens and the hydrocarbon increases the 

internal pressures which promotes expansion and the volume increases exceedingly. See 

Figure 1 showing an image of unexpanded and expanded microspheres with their 

dimensions of shell thickness and sphere diameter.  As the microspheres cool down the 

polymer shell stiffens in the expanded state, and the density decreases from approximately 

1100 kg/m3 to almost 30 kg/m3. However, if the microspheres are exposed to continued 

heating, they will eventually collapse due to hydrocarbon loss [5]. 
 

 
Figure 1. Unexpanded microsphere and expanded microsphere with dimensions of shell thickness and diameter of the spheres 

[1]. 

 

The microspheres are produced by suspension polymerization. A mixture of monomers 

and hydrocarbon are dispersed in water to form an emulsion. An oil-soluble initiator is 

present to initiate the polymerization as the emulsion gets heated. The monomers begin 

to polymerize and encapsulate the hydrocarbon by forming the shell [5].  

 

The properties of microspheres depend on parameters such as boiling point of the 

hydrocarbon, polymer shell composition, and microsphere size [5]. 

Glass transition temperature, Tg, is also an important parameter to consider. Tg determines 

the expansion temperature of the microspheres. Below Tg the shell is stiff, but when heated 

above the glass transition temperature of the polymer shell it begins to soften and the 

ductility of the polymer shell increases allowing the microspheres to expand [2] [5]. 
 

The expansion properties of the microspheres are commonly determined by 

thermomechanical analysis, TMA.  With this method it is possible to monitor Tstart and 

Tmax which corresponds to the onset expansion temperature and the temperature giving 

maximum expansion, respectively. A measure of the sample volume increase is defined 

by the maximum probe displacement [5]. See Figure 2 for an example of a TMA-

thermogram where Tstart, maximum probe displacement, and Tmax are marked. 
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Figure 2. An example of a TMA-thermogram showing the expansion properties Tstart and Tmax of the microspheres. 

 

Chemical resistance, barrier- and mechanical properties are dependent of the composition 

of the polymer shell and are important for the ability to expand. These properties impact 

the ability to retain the blowing agent and prevent it from diffusion through the polymer 

shell and the deformation during expansion [5].   
 

The emulsions and microspheres prepared in this study are composed of acrylonitrile 

(ACN), meth acrylonitrile (MAN), and methyl acrylate (MA). ACN is the major 

component in the polymer shell of almost all microspheres, and is used due to its excellent 

barrier properties thanks to its high cohesive strength and semicrystalline structure. The 

thermoplastic characteristics of this polymer are insufficient which is why copolymers are 

added such as MAN and MA, which can result in a more ductile shell. Another commonly 

used monomer for the polymer shell is methyl methacrylate (MMA) [5].  
 

Adding a cross-linker is another way to alter the expansion properties of the polymer shell. 

The viscoelastic behavior can be modified as the structure of the polymer shell becomes 

denser by crosslinking which will increase the chemical resistance. Crosslinking is also 

stated to increase Tg due to decreased mobility of the polymer chain which will impact 

Tstart [2] [6].   
 

The expansion properties, Tstart and Tmax, are also dependent on the blowing agent. The 

boiling point of the encapsulated blowing agent affects Tstart directly since the 

microspheres expand when the internal pressure rises as the blowing agent evaporates [2]. 

Hydrocarbons used as blowing agents for this study are isooctane (IO) and isopentane (IP) 

which are commonly used blowing agents [5] [7]. Table 1 describes the chemical properties 

of the two blowing agents [2]. 
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Table 1. Chemical properties of IO and IP [8] [9]. 

Hydrocarbon Chemical structure Boiling point 

[℃] 

Vapor pressure 

at 20 ℃ [kPa] 

Isopentane, IP 

 

29 76 

Isooctane, IO 

 

99 5 

 

The encapsulated hydrocarbon is a condensed gas at room temperature and the pressure 

is determined by the vapor pressure at a given temperature. The expansion capacity of the 

microspheres correlates with the amount of hydrocarbon [5] as the volume increases when 

the condensed gas evaporates and expands as the temperature rises.  

 

1.1.2 Suspension polymerization 

Suspension polymerization is created by an oil phase containing monomer and initiator, 

dispersed as small droplets in a continuous phase, usually water. The initiator is soluble 

in the monomer and these two are insoluble in the continuous phase. The polymerization 

of particles takes place within the oil droplets [10] [11]. The particle diameters can range 

between 10 µm to 5 mm and the concentration of polymer is usually 30-50 % in the fully 

converted suspension [11] [12].  

 

The interfacial tension, the degree of agitation, and the design of the stirrer or reactor 

system are of importance to control the dispersion of monomer droplets. By varying the 

stirring speed, volume ratio of the monomer to suspension medium, concentration of the 

stabilizer, and viscosity of both phases, the average size of the monomer droplets, and so 

on the resulting particles, can be controlled [10]. 
 

At a set temperature, between 20-100 ℃, the polymerization is initiated. It is estimated 

that under these conditions the monomer droplets are converted directly to the 

corresponding polymer of approximately the same size [10]. 
 

The surface and bulk morphology of the individual particles obtained by the suspension 

polymerization is an important aspect of the process. The morphology is related to the 

degree by which the polymer dissolves, precipitates or swells in the monomer phase. 

Polymer particles with smooth surfaces and rather nonporous texture can be achieved 

when the polymer is soluble or swellable in its monomer mixture. When the formed 

polymer has a rough surface and a porous texture it is the opposite; the polymer is not 

soluble or swellable in its monomer mixture [10].  

 

Furthermore, studies show that the particle morphology is dependent on the surface 

tensions of the various components (i.e., polymer, monomer, continuous phase) during 

polymerization. Depending on the interfacial energy, hemispheres, core/shell, individual 

particles, or other morphologies can be established [13]. See Figure 3. 
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Figure 3. Examples of different particle morphologies that may form depending on the interfacial energy. The grey areas 

represent the polymer. Image is reprinted with permission from  [13], Copyright 2006 Elsevier Inc. 

  

A core/shell morphology will be thermodynamically favored during polymerization if: 
 

γwo > (γwp + γop) 

 

γwo describes as the interfacial tension of the water/oil interphase, γwp is the interfacial 

tension of the water/polymer interface and γop is described as the interfacial tension of the 

oil/polymer interface [13]. 
 

To form as uniform dispersion of monomer droplets in the aqueous phase as possible, 

control of coalescence of these droplets during the polymerization process is needed [12]. 

To maintain the dispersion of monomer droplets or polymer particles from coalescing it is 

common to add surface active stabilizing agents into the dispersion and apply suitable 

agitation. Furthermore, it means the particle size is controlled by the equilibrium between 

the droplet breakup and coalescence [11]. The presence of stabilizers also prevents the 

adhesion of partially polymerized particles during the course of polymerization [12] . 
 

Compared to other polymerization processes suspension polymerization has the 

advantage of easy heat removal and temperature control, low levels of impurities in the 

polymer, low dispersion viscosity, etc. On the other hand, disadvantages can be 

wastewater problems, lower productivity, polymer buildup on the reactor wall amongst 

others [12]. 
 

Apart from Expancel microspheres, several commercial resins are manufactured by 

suspension polymerization, such as polyvinyl chloride, styrene resins, and polyvinyl 

acetate among others [12]. 
 

1.1.3 Pickering emulsion 

An emulsion is a thermodynamically unstable mixture of two non-miscible phases, e.g., 

oil and water, stabilized by emulsifiers. An emulsion consists of droplets of one liquid 

phase dispersed in another continuous liquid phase. As the two phases are mixed during 

homogenization, both phases turn into droplets. The phase which consists of the drops 

that coalesce at a faster rate will become the continuous phase and it is also dependent on 
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the o/w ratio. Emulsions can either be described as oil-in-water (o/w) where oil droplets 

are dispersed in water or water-in-oil (w/o) where water is dispersed in oil [14]. 
 

Shear forces affect the physical properties of the o/w emulsions, depending on the speed 

applied to the homogenizer the emulsion gets exposed to forces to some extent. High shear 

homogenization is an effective way of improving the physical stability of emulsions [15]. 
 

Due to the immiscibility and difference in density of the two phases, the emulsion would 

soon destabilize as the droplets merge and phase separation would eventually occur. 

Emulsifiers such as surfactants, polymers, proteins, and solid particles are used to prevent 

this [14]. 
 

When emulsions are stabilized exclusively by solid particles, they are described as 

Pickering emulsions [16]. The dense particle adsorption of a monolayer of colloidal 

particles provides a steric hindrance for coalescence. Silica, clay- and latex particles are 

examples of emulsion stabilizers [17]. 
 

Pickering emulsions are recognized by their ability to disperse high volume fractions of 

discontinuous phase, and the particles adsorbed at the interface of the emulsion droplets 

act as a mechanical barrier which gives a huge stability against coalescence [16].  The 

work of Finkle et al. established the relationship between the type of solid and emulsion 

type, o/w or w/o. They stated that in an emulsion containing solid particles, one of the 

liquids will most likely wet the solid more than the other liquid. The more poorly 

wetting liquid will become the dispersed phase [18].  The importance of the wettability of 

the particles at the oil-water interface, quantified by the contact angle (θ) the particle 

makes was therefore stated [19]. 
 

 
 

Figure 4. Upper images show the positions of a spherical particle at oil-water interfaces with contact angles θow < 90°, θow = 90° 

and θow > 90° respectively. Lower image corresponding probable positioning of particles at a curved fluid-water interface 

creating o/w or w/o emulsions. Image is reprinted with permission from [19], Copyright 2002 Elsevier Inc. 

 

Particles with a contact angle of 90° are well wetted by both phases of the emulsion 

resulting in being equally submerged in the two phases. For the hydrophilic particles, θow 

< 90°, a larger part is submerged by the water phase. For hydrophobic particles, θow > 90°, 

a larger part is submerged by the oil phase [14]. This fact correlates with the interfacial 
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curvatures effects hence the monolayer will curve such that the larger area of particle 

surface remains on the external side [17] [19]. See Figure 4. 

 

A study conducted by Kralchevsky et al. stated that the contact angle and emulsion type 

are also important for stabilization. The experiment showed that hydrophilic particles 

stabilize o/w emulsions with contact angle θ < 90° while hydrophobic particles stabilize 

w/o emulsions with contact angle θ> 90°, see Figure 4. The contact angle, θ, is measured 

across the water phase [17]. Therefore, water-wet particles e.g., silica ought to stabilize o/w 

emulsions and oil-wet particles such as carbon black should stabilize w/o emulsions [19]. 

 

In a study by Schulman and Leja, the relevant contact angles were measured and the 

emulsion type and stability were determined. They stated that if the particles were too 

hydrophilic giving low θ, or too hydrophobic giving high θ, the particles tended to remain 

dispersed in either the aqueous or oil phase respectively which gave rise to very unstable 

emulsions [20] [19]. 

 

As opposed to emulsions stabilized by surfactants, Pickering emulsions can form without 

the need to reduce the interfacial tension as long as the energy input during the 

emulsification is sufficiently high to overcome the adsorption energy [16]. At oil-water 

interfaces particles assemble and form three-phase oil-water-particles, as the particles are 

partially immersed in both liquids. The attached particles reduce the total interfacial area 

between the oil and water which alters the free energy of the system by changing the 

balance of surface energies.  The free energy (ΔG) of attaching a spherical particle (with a 

radius of rp) to a drop is explained by equation (1) Where γow is interfacial tension between 

the oil/water interface [21]. 

ΔG =  −π γow𝑟𝑝
2(1 − 𝑐𝑜𝑠𝜃𝑜𝑤)2

   (1)

    

The equation shows that as the surface tension at the o/w interface and the radius of the 

particle increases, and as the three-phase contact angle nears 90°, the energy needed to 

remove the particle increases [14].   
 

1.1.4 Silica stabilization 

Oil and water emulsions can be made stable to coalescence using surfactants or particles. 

However, the hydrophile-lipophile balance number of the surfactant is fundamental when 

selecting the best emulsifier for the specific oil, and for particles it is their wettability at the 

oil-water interface that plays the most important role. In some cases, a mixture of these 

two can yield emulsions with long-term stability, where surfactant adsorption onto 

particles is followed by particle agglomeration which adsorbs at the oil [22]. 

 

Pickering emulsions stabilized with silica nanoparticles are widely used in industries. In 

such emulsions, nanoparticles play the role of stabilizers similar to surfactant molecules 

in traditional emulsions. In a study by Koroleva et al. silica nanoparticles were charged 

negatively. The isoelectric point was found at a pH slightly lower than 2, as stated in other 

literature data [23] [24]. The study showed that the particles were unstable for aggregation 
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due to the low charge at low pH values. The study also presented that at pH 2 and 4 

emulsions, stabilized with nanoparticles, were stable to coalescence but unstable to 

creaming [23]. 

 

Hydrophilic silica nanoparticles are poorly adsorbed on oil droplet surfaces in o/w 

emulsions. By surface modification with molecules and polymers or by branching alkyl 

silanes the hydrophobicity of SiO2 can be increased.  It has been stated that the most stable 

Pickering emulsions, concerning creaming and coalescence, are provided from 

stabilization with nanoparticle aggregates. Furthermore, stabilization with modified silica 

nanoparticles (negatively charged) leads to more stable emulsions, especially if flocculated 

in an aqueous phase before emulsification [23].  
 

1.1.5 Colloidal Silica 

Silicon oxides, also named silica, with its most common type being SiO2 can be found in 

nature in its crystalline form as quartz sand. On the other hand, amorphous silica is 

industrially manufactured in a variety of forms consisting of dense, amorphous particles 

of SiO2. The amorphous silica differs from crystalline silica as the SiO4-tetrahedra as 

building blocks are randomly distributed [25].  
 

Dispersions or sols of amorphous silica particles are called colloidal silica [14]. The silica 

particles can range from about 2 nm to 150 nm [25]. A most vital physical property of 

colloidal dispersions is the tendency of the particles to aggregate. The principle of 

aggregation is the van der Waals attraction forces between the particles. In a liquid media, 

encounters of the dispersed particles occur frequently and the stability of a dispersion is 

determined by the interaction between the particles during these encounters [26].   

 

The van der Waal attraction forces are long-range forces that require equally long-range 

repulsive forces to counteract and promote stability. Solution tends to be too short-range, 

but with electrostatic modification (overlap of similarly charged electric double layers) or 

polymeric and/or surfactant additives stabilization can be achieved [26].  
 

An ionic charge on the particles in the presence of alkali is the main mechanism of 

stabilization in commercial sols. Derjaguin et al. developed the basic principles of 

stabilization by the ionic double layer around particles, hence the classical Derjaguin, 

Landau, Verwey and Overbeek theory (DLVO-theory). However, under some conditions 

the stability of silica sols is in conflict with the DLVO-theory. At pH 2, where the charge 

on silica particles is zero, the particles aggregate at a slow rate and sol has the highest 

temporary stability. It is only in alkaline solutions as the particles are highly charged that 

sols are permanently stable, hence the double layer theory is more applicable [27]. The 

emulsion will become unstable as the attractive van der Walls forces dominate at small 

and at large interparticle distances and are hence stronger than the repulsive double layer 

force [14] [26].  

 

Most substances acquire a surface electric charge when in contact with a polar medium. 

This surface charge affects the distribution of the nearby ions in the polar medium. 
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Counter ions are attracted towards the surface, and co-ions repel from the surface. The 

charged surface and a neutralizing excess of counter-ions over co-ions distributed in the 

polar medium leads, together with the tendency of thermal motion, to the formation of an 

electric double layer [26].  

1.1.5.1 Levasil CC503 

Levasil CC503 is an alkaline aqueous colloidal silica dispersion with approximately 50 

wt% of solids manufactured by Nouryon Chemicals. The amorphous silica particles are 

surface-modified with silanes for optimized performance as an emulsion stabilizer. The 

particles carry a negative surface charge [28]. Table 2 describes the properties pH, weight 

percent of silica particles, average size, and density for Levasil CC503.  
 

Table 2. Specification of Levasil CC503 [28]. 

Specification 

SiO2 48.0-50.3 wt% 

pH at 20 ℃ 9.5-10.7 

Average particle size, calculated 34 (wide particle size distribution) nm 

Density at 20 ℃ 1.363-1.387 g/cm3 

Isoelectric point pH >2.0 

 

1.1.6 Emulsion ageing 

Emulsions change over time due to flocculation, coalescence, creaming, and Ostwald 

ripening [14] [21]. When discussing the instability of emulsions, distinguishing between 

these mechanisms which may occur after an emulsion is prepared is essential. 

Furthermore, as coalescence (a spontaneous joining of small droplets forming larger ones 

in the emulsion) occurs, it may eventually lead to breaking, meaning the emulsion has 

turned into two separate liquid layers (phase separation), see Figure 5 [29]. 

 
Figure 5. Illustration of different types of instability in emulsions. Redrawn from [29]. 
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1.1.6.1 Flocculation 

Flocculation is defined as the separation of solid particles from a liquid to form loose 

aggregation and is common within industrial processes, either a desired or an undesired 

phenomenon [30]. 

 

Particle-stabilized emulsions are sensitive to flocculation of the particles. However, studies 

show that weakly flocculated particles are most efficient at stabilizing emulsions [21] [31] 

[32]. A study by Briggs stated that strong flocculated particle aggregates may be too large 

to assemble into layers at the surface of drops [31].  
 

Flocculation of a silica sol occurs with the addition of flocculating agents such as cationic 

surfactants, cationic organic polymers or polymers containing electron donor groups such 

as ether, amides or hydroxyl. Depending on the type of flocculating agent, the mechanism 

by which silica particles are held together varies. The most commonly known mechanism 

is where the organic polymer or inorganic colloidal particle links the different silica 

particles together as the polymer adsorbs simultaneously on the surface of the silica 

particle. Such adsorption occurs either if the agent is cationic and therefore attracted to the 

negatively charged silica surface or it contains electron donor groups e.g., oxygen of a 

polyether, which by hydrogen bonding binds to the silica surface. However, at low pH, 

the silica surface consists of neutral silanol groups which affects the adsorption 

mechanism [27]. 

1.1.6.2 Limited coalescence 

Coalescence is a process where two drops merge to form a larger drop and reduce the total 

interfacial area in the emulsion. Even during the formation of an emulsion, coalescence 

can occur. Therefore, coalescence must be temporarily halted to impart kinetic stability to 

the emulsion. The strong attachment of particles to interfaces in Pickering emulsions 

means that coalescence can be limited or arrested [21].  

 

If there are not enough particles to coat the surfaces of the initially formed drops fully, 

limited coalescence will proceed until a critical degree of surface coverage is reached. If 

the combined surface area occupied by particles is higher than the interfacial area arrested 

coalescence would occur, meaning the coalescing drops is unable to be in a spherical shape 

as the coalescing drops remain trapped in an intermediate stage of coalescence 

[21].  

 

In the model for limited coalescence, it is assumed that the particles in an emulsion are 

equally effective at stabilizing drops. However, for mixtures of different particles this may 

not be the case. For particles with opposite charges, it is necessary that the particles hetero 

aggregate into networks or clusters to stabilize the emulsions [21].  

1.1.6.3 Ostwald ripening 

Ostwald ripening is one of the mechanisms by which drops thicken in oil-in-water 

Pickering emulsions and is controlled by the molecular solubility of the oil in the water 

phase. Molecules in small drops transfer to larger drops due to the pressure differences at 
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the fluid interfaces of differently sized drops. Altogether, the small drops shrink and larger 

drops swell. [21]. It is further stated that particles in the continuous phase may attach to 

the new surfaces that are created as the drop grows. If the attached particles on the surface 

of the shrinking drops are not easily displaced, they will compress into an insoluble barrier 

which finally hinders the ripening. [21]. 
 

The rate of Ostwald ripening is slower than the rate of particle attachment to the drop 

surfaces. If there are inadequate particles to stabilize the total oil/water interface in 

emulsions, destabilization may occur due to a combination of droplet flocculation and 

ripening. [21]. Oil transfer from small drops to larger drops is enhanced if there is close 

contact between flocculated drops. As the large drops swell over time, the surface density 

of attached particles is insufficient to protect the droplets from coalescence.   

1.1.6.4 Creaming 

Creaming is due to gravity affecting the system. Due to differences in density between the 

phases in o/w emulsions, the water is liberated from the system. The water will tend to 

collect at the bottom of the container due to its higher density than the emulsion and oil 

phase. Decreasing the droplet size, decreasing the density difference between the phases 

or increasing the viscosity of the continuous phase creaming can be reduced. Furthermore, 

creaming is reversible, unlike coalescence [14]. 
 

Creaming index (CI) is a parameter used to describe the stability and rheology of an 

emulsion. The creaming index is determined by measuring the change in height of the 

bottom phase during a time range.  To calculate CI, the height of the water phase is divided 

by the total height of the suspension according to equation (2) [33]. 
 

𝐶𝐼 =
𝐻𝑤

𝐻𝑠
⋅ 100 [%]    (2) 

 

A high value of CI and a high increasing rate of CI indicates poor stability. 

 

1.1.7 Effect of emulsions stability with shear force and salt 

When emulsions are exposed to shear force coalescence may be induced by the shear and 

inter-droplet forces. A study by Whitby et al. observed shear-induced coalescence and 

phase separation of silica-stabilized emulsions. They described that as the emulsions are 

sheared, the drop size increases. As the shearing time increases the population of larger 

drops increases even more indicating coalescence. At longer shearing times oil begins to 

be released [34]. 
 

Equation (3) describes the relationship between the coalescence rate, k, and the droplet 

diameter, d. 

 

𝑘 ∝ 𝑑3    (3) 
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This means that with a larger droplet diameter the rate of coalescence significantly 

increases [34]. 
 

Whitby et al. also stated that an increasing concentration of NaCl decreases the amount of 

released oil, hence salt may improve the emulsion stability. They described that particle-

particle interaction between the silica particles increases as salt concentrations increase as 

a part of the electrostatic repulsion between the particles affected by the salt ions. A lower 

charge of the silica surfaces increases the interaction of the silica surfaces pushing them 

towards each other and toward the oil droplets, giving rise to a higher emulsion stability 

[34]. Figure 6 illustrates the mechanism. 

 
Figure 6. Illustration of the effect of salt on particle interactions (left) and the emulsion structure at rest (middle) and during 

shearing (right). The salt concentration is higher at the lower part of the model. Image is reprinted with permission from [34], 

Copyright 2011 Elsevier Inc. 

 

Divalent and trivalent counterions, having higher valency, tend to be more attracted to the 

charged surface and, hence, to be more efficient in decreasing the stability. By exchanging 

monovalent counterions for ions of higher valency the number of ions will reduce and the 

osmotic barrier will be lower leading to poorer stability [35]. 
 

2 Materials and Methods 

The study consisted of literature studies, finding methods for droplet size measurements 

using optical microscope, emulsion studies, polymerization, and characterization. 

Analytical methods that were used were e.g. microscopy for particle size assessment, 

thermomechanical analysis for expansion properties, and gas chromatography to evaluate 

the amount of encapsulated blowing agent. 

2.1 Chemicals and Material 

Chemicals used were hydrochloric acid (HCl, 1 mol/l), acetic acid (HAc, >95 %), sodium 

hydroxide (NaOH, 50%), Levasil CC503 from Nouryon, dilauroyl peroxide (water 

suspension, 39-41%), dilauroyl peroxide (≥99-100 %), and trimethylolpropane 

trimethacrylate (≤100 %). 
 

Used monomers were acrylonitrile (ACN, 99.5 %), meth acrylonitrile (MAN, >99 %), and 

methyl acrylate (MA, 99.94 %). Used salts were sodium chloride (NaCl, 0- ≤100%), 

magnesium chloride (MgCl2, 46 - <48 %), and “Me3” (70%). 

https://ichemistry.intersolia.com/~master/application.aspx#:
https://ichemistry.intersolia.com/~master/application.aspx#:
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Blowing agents used were isooctane (IO, >95-100 %) and isopentane (IP, 100%). 

Flocculating agents used were Polymer 1 (mw 1000, 15 %) and Polymer 2 (mw 10000, 20%) 

2.2 Methods  

Levasil stabilized emulsions where prepared by mixing the organic phase, containing 

monomers and blowing agents, with water phase containing water, initiator, Levasil and 

other additives depending on the experiment. The recipes were based on a production 

recipe. 
 

2.2.1 Emulsions 

Monomers and the blowing agent were weighted according to the recipe for each 

experiment. The crosslinker XA was excluded because of the significantly small amount 

needed and it is believed not to have any major effect on the emulsion stability. The 

organic phase was then added to individual glass flasks for each emulsion.   

 

The water phase was prepared by adding water and buffer solution or HCl to plastic 

bottles for each emulsion. Levasil was added and the mixture was stirred homogeneously 

before the initiator was added. Additives, required for the particular experiment, were 

added at this stage. The water phases were stirred at a magnetic stirrer (RO 10, IKA, 

Germany) for 20 minutes, and afterward pH was measured with a pH-meter (PHM210, 

Meterlab, Republic of Korea). If needed, pH was adjusted with various amounts of HCl or 

NaOH/HAc to reach the planned pH value. 

 

The Organic phase was added to the corresponding water phase, and the mixture was 

homogenized with a high shear mixer (SL2T, Silverson, UK) at different rpms (between 

4500-11500 rpm) and during a variation of time (between 30-60 seconds). After 

emulsification the emulsion was divided into two 20 ml vials and a small sample was 

taken for microscopic analysis. One of the 20 ml glass vials (with a 15 mm stirring bar) was 

put at a magnetic stirrer at 900 rpm while the other was simply put to store. Both types of 

samples were stored at room temperature. See Figure 7 as an example of the vials with 

emulsions.  

 
Figure 7. Example image of vials filled with emulsion. Picture is taken directly after homogenization. 
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The emulsion droplets from each sample were studied over time, 1 h, 2.5 h, 5 h, and 24-26 

h after homogenization, and analyzed in an optical microscope (Leica DM 1000 LED, Leica 

microsystems, Germany). Additionally, photos were taken of the vials, observations were 

noted, and creaming phase and the suspension were measured for creaming index. The 

stirring was stopped for 30 minutes to let the emulsions settle before the analyses. pH of 

the suspension was measured after experiment completion after roughly 24 hours. 

 

The particle size of the droplets was obtained from the microscope pictures by using the 

image analysis tool in LAS V4.8 software. 
 

Five different series of studies were made, A-E, where various parameters were changed 

to observe the stability. Table 3 describes the varying parameters for each experiment 

series and the names of the experiments. See Appendix A for a more detailed description 

of the parameters used for the different series. 
 
Table 3. Experiment series with corresponding names and varying parameters. 

Experiment series Name of the 

experiments 

Varying parameters 

A A1, A2 Silverson: RPM & 

homogenization 

time 

B B1, B2, B3, B4 pH 

C C1 Initiator (Water 

suspension & 

flakes) 

D D1, D2, D3 Flocculating agents 

E E1, E2 Salts 
 

The rotational speed for Silverson varied between 4000 and 11500 rpm and 

homogenization time between 30 and 60 seconds in Serie A. The effect of pH was studied 

in Serie B and pH varied between pH 2.0-6.0. Before the emulsions were made some 

pretests were made to learn which ratios of buffer and amounts and concentrations of acid 

needed to reach the different pH values. A test where HCl was added before and after the 

addition of Levasil and initiator in the water phase was conducted to see at which stage in 

the method the pH should be corrected. Those tests set the recipe to receive the intended 

pH. However, some pH adjustments were needed when the water phase was mixed.  

 

In Serie C, the initiators were varied. The water suspension of the initiator (l) was the 

standard mixture used and with this series of tests the initiator was changed to flakes (s) 

with and without Surfactant A (as the initiator suspension contains Surfactant A). In Serie 

D, flocculants were studied at pH 2.0 and 4.5. Flocculating agents named Polymer 1, 

Polymer 2 and Me3 were used. In Serie E, the effect of adding salt was studied as different 

amounts of NaCl and MgCl2 were added. Standard pH (4.2 ±0.1) was used. For each series 

one reference sample was made, using the production recipe for laboratory scale. 
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2.2.2 Polymerization 

Polymerizations were performed according to the general procedure used at laboratory 

scale. Making the suspensions for polymerization followed the same method as the 

emulsion procedure, but the blowing agent was changed to IP and a crosslinker was added 

to the organic phase. After homogenization the mixture was poured into a 50 ml glass 

small-scale reactor (Tinyclave – small pressure reactor, Büchiglasuster, Switzerland). The 

polymerization was performed in two temperature steps, 62 ℃ and 75 ℃. After cooling, 

the slurry containing microspheres was de-watered by filtration. Wet samples were 

collected, and the rest were dried in 50 ℃ [4]. The polymerized microspheres were 

analyzed using Malvern, TMA and GC-HS. 

 

Two reference samples, two samples at pH 2.0 and 4.5, and samples with the three 

different flocculating agents at pH 2.0 and 4.5 were made. Two samples with 0.4 M NaCl 

and 0.2 M MgCl2, respectively, were also made. See Appendix A for further description. 

2.2.2.1 Particle size analysis 

Particle size analysis of the microspheres was made in Malvern (Mastersizer 2000 and 

hydro 200 SM, Malvern instruments, UK). Wet microspheres diluted in water were 

ultrasonicated (Ultrasonic cleaner, VWR, U.S) for 30 seconds before being added to the 

instrument. Average volume particle size dv(0.5) and number distribution dn(0.5) were 

determined. Span was also determined which indicates the width of the distribution by 

taking d(90) minus d(10) divided by d(50). 

2.2.2.2 Gas Chromatography 

Gas chromatography (Trace 1310 gas chromatograph, Tri plus 500 headspace, Thermo 

Scientific, U.S) was used to analyze the amount of blowing agent capsuled in the 

microspheres. Dried samples were weighed in glass vials and put into 230 ℃ oven for ten 

minutes to release the blowing agent as the microspheres collapsed at the high 

temperature. The analysis resulted in the percentage of IP. 
 

Thermogravimetric analysis (TGA/DSC 3+, Mettler toledo, U.S) was used to analyze the 

amount of volatile content and ash residue for some samples. The analysis was performed 

by process R&D at Nouryon Expancel. 

2.2.2.3 Thermal mechanical analysis 

Thermal mechanical analysis, TMA, was used to analyze expansion properties. The 

method followed the standard procedure as used in Nouryon quality control lab. Dry 

samples were weighted in aluminum oxide crucible and placed into the instrument 

(TMA/SDTA 2+, Mettler toledo, U.S). Temperature set in TMA were 30-200 °C. From the 

TMA- curves Tstart and Tmax were evaluated. 
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3 Results and Discussion 

The emulsion studies were divided into experiment series A-E (described in Table 3). In 

the following subchapters, the results of the different series are reported, but not in 

chronological order. Furthermore, the results of the polymerization are reported. 

3.1 Emulsion study A – Homogenization mixer speed and time 
In emulsion study A, the effect of different Silverson rotational speeds and 

homogenization times were studied. The result determined the rotational speed and 

mixing time for the other series.  

 

All emulsions put at a stirrer, phase separated after 24 hours and the non-stirred emulsions 

showed different amounts of creaming. A lower rotational speed of 4000 had the tendency 

of poor homogenization if a shorter mixing time was set, and with a longer mixing time 

the emulsion tended to phase separate faster than the other emulsions. Therefore, a lower 

rotational speed during homogenization tends to lower the stability of the emulsion. 

Emulsions homogenized with a rotational speed of 10000-11500 tended to show the 

highest stability and showed smaller droplet sizes. This correlates with a study by Rosdi 

et al. They observed that an increased homogenization time or high sheared emulsions 

results in smaller emulsion droplet sizes and an increasing stability. However, over-

processing the emulsion beyond the optimum parameters will contribute to an instability 

for colloid particles since higher input energy leads to coalescence [36]. 

 

Mixer speed 6000 rpm and mixing time 45 seconds were chosen for further experiments 

as it showed good stability but with the possibility of improvements. See Appendix B for 

more details. 

3.2 Effect of stirring the emulsions 

Two identical emulsions were prepared for each experiment, one vial was put at a stirrer 

with a magnetic bar and the other vial was left without stirring the emulsion, as described 

in Chapter 2.2.1. This method was used to study the effect of stirring, as the emulsions get 

exposed to shear force. As mentioned earlier, shear force tends to destabilize emulsions. 

The droplets break into smaller drops, due to the shear force, leading to an increase of the 

droplets surface area. Increased surface area will lead to not enough silica particles to 

adsorb at the surface, leading to coalescence [34]. The following results presented are from 

experiment A2. 
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Figure 8. The emulsions directly after homogenization 

 
Figure 9. The emulsions 24 hours after homogenization. The emulsions in the left image (odd-numbered vials) had been stirred 

while the emulsions in the right image (even-numbered vials) were not stirred. 

 

Figure 8 shows an image of the emulsions directly after homogenization, and Figure 9 

shows images of the emulsions 24 hours after homogenization. In Figure 9 the emulsions 

to the left (odd-numbered vials) have been stirred while the emulsions to the right (even-

numbered vials) have not. 
 

The results show that phase separation occurred for all of the samples that were stirred. 

Phase separation occurred for some of the samples already after 2.5 hours of stirring. 

Microscope images of the emulsion showed a more homogeneous emulsion, verifying 

more stable emulsions without stirring.  
 

Decreased emulsion stability and phase separation due to applied shear forces from 

stirring correlates with the published paper by Whitby et al. describing shear-induced 

coalescence and phase separation of silica stabilized emulsion [34]. The theory behind is 

described in Chapter 1.1.8. 

3.3 Emulsion study B– pH 
Initial tests showed that pH adjustment with HCl needed to be made after addition of 

Levasil and initiator as pH increased when adding Levasil or initiator. Tests also showed 

that pH in the water phase did not vary significantly after 20 min of stirring. 
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It was possible to make recipes that would give the expected pH from the start. However, 

tests showed that by using HCl for pH adjustment, the system was very sensitive around 

pH 3.0-4.5 as small amounts of HCl drastically changed pH. Since there could be error 

margins when weighing the components for the water phase, some pH adjustments 

needed to be done after stirring the water phase. 
 

The different pH studied is shown in Table 4. pH was adjusted with either HCl or 

NaOH/Hac buffer. 
 
Table 4. The different pH-values that were studied, adjusted by HCl or NaOH/Hac buffer.  

pH, HCl pH, NaOH/Hac 

buffer 

1.8 4.0 

2.0 4.5 

2.5 4.2(±0.1) (reference) 

3.0  

3.5  

3.9  

5.1  

6.0  
 

Phase separation was shown after one hour for the stirred emulsion with pH 1.8, 2.5, 3.5, 

3.9, 5.1, and 6.0. Furthermore, a high creaming index was shown after one hour for the 

emulsions that had not been stirred at pH 2.5-4.0 and 5.0-6.0. It was not possible to observe 

any major difference in droplet size over time for either the stirred nor non-stirred 

emulsions. See Appendix C for further data. 

 

Emulsions with pH 3.5-3.9, containing HCl, showed an increase of pH by 1.0 units after 24 

hours. pH for the other emulsions (in every series) was kept relatively stable with a slight 

increase of 0.1. 

 

Differences between the emulsion with pH 4.5 and the reference sample (pH 4.2±0.1) could 

be observed, even though they were close in pH. The emulsion with pH 4.5 showed a 

trend with lower CI, a low percentage of the separated organic phase, and a clearer water 

phase. These results indicate greater stability than the reference emulsion. The improved 

stability at pH 4.5 made it interesting to study a closer span of pH around 4.5. Further 

emulsions were investigated at pH 4.26, 4.36, 4.49, 4.65. Figure 10 shows the emulsions at 

pH 4.2-4.7 after and 24 hours.  
 

 



22 

 

 

 
Figure 10. images of the stirred emulsions (left) and the non-stirred emulsions (right). Upper pictures are after 5 hours and 

lower pictures are after 24 hours. pH of the emulsions is marked with red numbers on each vial. Emulsions in each image have 

the order of pH 4.26, 4.36, 4.49, 4.65 plus reference. 

 

As seen in Figure 10, the non-stirred emulsion with pH 4.49 and 4.65 have a clearer water 

phase and a small amount of precipitate at the bottom. This could be flocculated silica as 

the turbid aqueous phase became clearer. Taking the DLVO-theory into account it could 

be possible that the attractive van der Waals energy between the charged particles is 

higher at pH 4.5-4.6, which would give bigger flocs that accumulate at the bottom due to 

gravity and due to greater attraction between the silica particles than to the water or 

organic phase. 

 

A study about destabilization of Pickering emulsion using pH by A.K.F Dyab observed at 

pH 2.08 the water phase was slightly clearer than at higher and lower pH. Furthermore, 

pH <4.2 showed a more turbid aqueous phase and unstable emulsion which they referred 

to as being in accordance with the DLVO-theory. The experiment was conducted with 

partially hydrophobic (80%) silica particles [37]. 
 

Emulsions exposed to stirring have as stated, in Chapter 3.2, shown a tendency to phase 

separate after a time. As seen in Figure 10, emulsions with pH 4.49 and 4.65 showed greater 

stability, and at pH 4.65 phase separation did not occur even after 24 hours. Furthermore, 

the emulsion with pH 4.49 showed very similar results as the previous emulsion with 

similar pH. This indicates pH may prevent the shear force from affecting the coalescence 

rate of the emulsion. 
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Creaming index at different pH is shown in Figure 11. The samples presented are the non-

stirred emulsions and the stirred sample with pH 4.65. The stirred sample at pH 4.65 

showed a significantly low creaming index with a slow rate of change. The corresponding 

non-stirred sample showed a lower CI between 0-5 hours. After 5 hours CI increased 

seemingly, but still lower compared to at other pH. The emulsion stability regarding the 

creaming index correlates with the percentage of separated organic phase for the stirred 

emulsions as seen in Figure 12. See Appendix C for the measured data. 
 

 
Figure 11. Creaming index for emulsions at different pH. 

 

 
Figure 12. Separated organic phase for the stirred emulsions at different pH. 

 

Phase separation for the stirred samples occurred after 1-5 hours at pH 4.26 and 4.36, as 

seen in Figure 12. Phase separation was observed after 24 hours at pH 4.49. Since there is 

no data between 5-24 hours it is not possible to tell at which hour phase separation 

occurred. The sample with pH 4.65, did not indicate any phase separation. However, the 

droplet size increased significantly after 24 hours to 49 µm which could indicate that phase 

separation was about to occur due to coalescence. See Appendix C for further droplet size 

data. When comparing the droplets in the emulsion directly after homogenization and 

after 24 hours with microscopic images, Figure 13, it is observed that coalescence has 
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occurred since there are a lot of small droplets directly after homogenization, and after 24 

hours, the droplets are fewer and larger. 

 

 
Figure 13. Microscopic image (x10) of the stirred emulsion with pH 4.65 after 0 hours (left) and 24 hours (right). 

 

According to studies, emulsion type and stability depend on the pH of the aqueous phase 

and the electrolyte type [37]. Koroleva et al. performed a study about the stabilization of 

oil-in-water Pickering emulsions with surfactant-modified SiO2 nanoparticles. The 

emulsions in this study were stabilized with negatively charged and positively charged 

silica sols. Emulsions were made at different pH between 2 and 8, adjusted with HCl or 

NaOH. To determine the emulsion stability the aqueous and organic phases separated 

from the emulsions were measured in certain time periods. The study showed that 

negatively charged silica particles are more stable to coalescence, but unstable to creaming 

at pH 2 and 4 [23] which correlates with the results in this study. 

 

As shown by this experiment the stability of Pickering emulsions is greatly affected by pH 

and it is observed that small changes in pH can have major importance on the stability. 

3.4 Emulsion study D – Flocculating agents 
Experiments to see how a flocculating agent affects the emulsion stability were performed 

in study D. 
 

Three flocculating agents were chosen based on earlier experiments made within R&D 

Nouryon Stockvik, where the flocculation of silica in the water phase had been studied. 

The experiment included adding different flocculation agents to a silica/water mixture. 

The turbidity of the water phase was measured at various pH. So, it was suggested that 

the turbidity indicated the extent to which flocculation occurred. 
 

Three flocculating agents were used, named Polymer 1 (P1), Polymer 2 (P2), and Me3. As 

the theory states, flocculation may improve the emulsion stability if not too strongly 

flocculated. Flocculation of silica sol can occur with flocculating agents with a cationic 

polymer or polymer containing an electron donor group [27]. As for this case Polymer 1 

(P1, Mw: 1000) and Polymer 2 (P2 Mw: 10000) contain amine groups, and at low pH they 
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are protonated giving a positive charge. Me3 contains iron ions, which is described to 

work as a co-stabilizer for silica [38]. 
 

Two different pH were used for the experiment, pH 2.0 and 4.5, due to the observation of 

increased stability in the previous study B. It was also of interest to see how flocculating 

agents around pH 2.0 would affect the stability with respect to the iso electric point (≈2,0) 

of Levasil CC503. 
 

At pH 2.0 an improved stability for both the stirred and the non-stirred sample could be 

observed when adding flocculating agents. Figure 14 and Figure 15 show the emulsions 

with pH 2.0 after 5 h and 26 h, respectively. No phase separation occurred for the 

emulsions containing flocculating agents. The emulsion with no additives acted in a 

similar behavior as the reference. Creaming could be observed in all of the non-stirred 

emulsions. 
 

 
Figure 14. Images of the stirred emulsions (left) and non-stirred emulsions (right) with different flocculating agents (pH 2.0) 

after 5 hours from homogenization. The emulsions in each image contains flocculating agents in the following order; P1, P2, 

Me3 followed by nothing added and reference emulsion. 

 

 
Figure 15. Images of the stirred emulsions (left) and non-stirred emulsions (right) with different flocculating agents (pH 2.0) 

after 26 hours from homogenization. The emulsions in each image contains flocculating agents in the following order; P1, P2, 

Me3 followed by nothing added and reference emulsion. 

 

As seen in Figure 14 and Figure 15, the non-stirred sample containing Me3 had a clear 

water phase after 5 h, and after 26 h the water phase showed higher turbidity, but not as 

high as the reference. The flocculating agents P1 and P2 increased the clarity of the water 

phase over time for the non-stirred emulsions and no flocculation at the bottom could be 
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seen. These results indicate that flocculating agents have increased the flocculation enough 

to give higher stability. 

 

Several studies show that weakly flocculated particles are most efficient at stabilizing 

emulsions [21] [31] [32]. This could imply that for these systems, a weak flocculation of 

silica has occurred due to the low pH as the silanol groups at silica are neutral around pH 

2.0, which promotes hydrogen bonding to the surface with either non-ionic or weakly 

cationic polymers [27].  

 

After 26 hours the stirred emulsion containing Me3 had turned into some gel-like 

suspension and big white clusters could be seen. No measurable phases could be seen. The 

microscopic image, Figure 16, of this suspension showed increased droplets after 26 hours. 

The average droplet size was calculated to be 50 µm.  This may be a result of coalescence. 

 

 
Figure 16. Microscope image (10x) of emulsion droplets from the emulsion with Me3 (pH 2.0) after 26 hours. Measured droplets 

with different sizes are marked. 

 

Both vials (stirred and not stirred) containing Me3 were kept under further observation. 

After 5 days, the stirred suspension still had a gel-like texture, and on day 6 the consistency 

of the suspension had turned into a consistency of gum or semi-dried glue. The sample 

that had not been exposed to stirring had a small amount of liquid creaming phase on top 

of a very hard, impenetrable creaming phase. The microscope showed an average droplet 

size of 6 µm from the top creaming phase. An attempt to analyze the Me3 stirred sample 

in a microscope was made, but without success. 
 

One explanation could be that the silica particles have been affected by Me3 forming a 

network of aggregated silica. A published article by Koroleva et al. described that some 

types of modifications of silica particles could promote the formation of a gel-like network 

from aggregated silica [23].  Furthermore, according to Iler R.K, theory says that when 

silica particles are not charged, they link together into branched chains, which form three-

dimensional network regions in the sol. There are also factors such as pH, particle size, 
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concentration, and electrolytes. However, the rate of gel formation tends to increase at a 

higher pH around 3-5. Since no other emulsions showed this gel-like structure the 

conclusion could be that salt enhances this phenomenon. However, below pH 3.5 salts 

have a little influence on the rate of gelling [27]. Which does not make sense with the result 

seen in this experiment. However, the theory stated is only applied to colloidal silica.  
 

The non-stirred emulsion containing Me3 showed what looked like polymerized particles 

among the emulsion droplets (d50v=8 µm) in microscope. See Figure 17, which shows a 

microscope image of the emulsion. The droplets or particles with an irregular morphology 

are the unknown ones. It is not confirmed if there are polymerized particles seen on the 

image. If there are polymerized particles it is a very surprising finding. The question is 

how could a spontaneous polymerization occur? One thought is that it could be due to a 

reaction called Fenton reaction, meaning oxidation of hydrogen peroxide occurs in the 

presence of ferrous iron ions (Fe2+). In this case, radicals from the initiator (dilauroyl 

peroxide) may have formed, promoting polymerization [39]. A study by Lu et al. showed 

that the mechanism of the Fenton reaction is pH-dependent. Fenton oxidation has a 

maximal efficiency at around 2.5-3.5, and as pH increases the contribution of radicals are 

expected to decrease. However, the study shows below pH 2.2 the radicals are highly 

prominent [40]. 

 

 
Figure 17. Microscope image (40x) of emulsion containing Me3 (pH 2.0) with d50 (vol) 8 µm. The image may show both 

droplets and polymerized particles. 

 

Another reason could be contamination, but the process of taking samples and doing 

microscope analysis was made thoroughly and carefully to prevent contamination or 

faulty treatment of the samples that would affect the result. This only occurred for this 

sample, no other samples indicated any particles.  

 

Due to time limitations, no replica of the emulsion was made. Further test would need to 

be made to see if this phenomenon occurs again or if it was just a one-time coincidence 

and to rule out any contamination with certainty.  
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The emulsion with flocculating agents at pH 4.5, phase separation occurred after 26 h for 

the Me3 sample, but not with the other additives. See Figure 18 and Figure 19 for pictures 

of the emulsion after 5 and 26 hours, respectively.  

 

 
Figure 18. Images of the stirred emulsions (left) and non-stirred emulsions (right) with different flocculating agents and pH 4.5 

after 5 hours from homogenization. The emulsions in each image contains flocculating agents in the following order; P1, P2, 

Me3 followed by nothing added and reference emulsion. 

 

 
Figure 19. Images of the stirred emulsions (left) and non-stirred emulsions (right) with different flocculating agents and pH 4.5 

after 26 hours from homogenization. The emulsions in each image contains flocculating agents in the following order; P1, P2, 

Me3 followed by nothing added and reference emulsion. 

 

A clearer water phase for the emulsions containing P1 and P2 could be observed at pH 4.5 

compared to pH 2.0. This implies that the hydrophilic surface of silica has become more 

hydrophobic and tends to attract towards a more hydrophobic surface. Emulsion with 

Me3 had a yellow tone to the suspension compared to the corresponding samples at pH 

2.0, which had a white color. When Me3 is solved, hydrolysis may occur creating this 

yellow color. However, the solubility and type of iron ions vary at different pH which 

affects whether hydrolysis may occur [41] [42]. 
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Figure 20. Droplet size of the emulsions at pH 2.0. 

 

 
Figure 21. Droplet size of the emulsions at pH 4.5. 

 

Figure 20 and Figure 21 show graphs of the droplet size at pH 2.0 and 4.5, respectively, for 

the different emulsions. See Appendix D for data on which the figures are based on. 

 

A particle size increase could be seen for the samples stirred with flocculating agents at 

pH 2.0 between 5-24 hours. Whereas, Me3 gave a droplet size growth from the initiating 

size at 9 to 51 µm followed by P1 from 16 to 38 µm.  
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At pH 4.5, the stirred emulsion with P2 showed a significant droplet size increase from 8 

to 32 µm. The other samples did not indicate any major change in droplet size, only a slight 

decrease in size.  
 

The growth in droplet size could be due to limited coalescence. If the silica flocs, with the 

help of the polymer, the amount of silica covered surface reduces. As stated earlier, if there 

are not enough particles present to fully coat the surfaces of the initially formed drops, 

limited coalescence will proceed until a critical degree of surface coverage is reached. 

However, for mixtures of different particles this may not be the case. For particles with 

opposite charge, it is necessary that the particles hetero aggregate into networks or clusters 

to stabilize the emulsions [21]. Either the increase in droplet size is due to limited 

coalescence or due to aggregated networks it indicates that the polymers have aggregated 

sufficiently with silica. However, the possible limited coalescence contradicts the result 

showed as the emulsions had good stability at pH 2.0. Another reason could be the effect 

of shear force as seen in previous experiments. 
 

 
Figure 22. Creaming index for the emulsions with flocculating agents at pH 2.0. 
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Figure 23. Creaming index for the emulsions with flocculating agents at pH 4.5. 

 

Emulsions containing Me3 showed a low CI at pH 2.0, see Figure 22, which correlates to 

the observations made of the formed compact suspension. At pH 4.5, the stirred sample 

with Me3 had a low CI up to the fifth hour, after which phase separation occurred resulting 

in maximum CI, see Figure 23. The other emulsions with additives showed a lower CI 

during the first hours compared to the sample with no additives. However, the sample 

with no additives showed a lower CI than the reference sample, as also observed in 

previous experiment. 
 

The CI changes at a slower rate at pH 4.5 the first hours compared to at pH 2.0. With 

respect to the rate of change, pH 4.5 indicates higher stability than pH 2.0 during the first 

hours.  
 

The percentage of separated organic phase over a period of time is described in Figure 24 

and Figure 25 at pH 2.0 and 4.5 respectively. This is only counted for the emulsions that 

have been stirred, since they showed a tendency to phase separate. See Appendix D for 

more data. 
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Figure 24. Percentage of separated organic phase for the stirred samples at pH 2.0. 

 

 

 
Figure 25. Percentage of separated organic phase for the stirred samples at pH 4.5. 

 

As mentioned, no phase separation occurred for the samples with additives at pH 2.0 and 

for P1 and P2 at 4.5. This corresponds to zero percentage of phase separation as seen in 

Figure 24 and Figure 25. A lower amount of phase separation could be seen, compared to 

the reference, for the samples where phase separation occurred. 

 

If comparing the sample with no flocculating agent at pH 4.5 with the corresponding 

sample in previous emulsion in study B, there is a slight difference in the result. Phase 

separation occurred at different times for the stirred samples and CI was slightly higher 

in study B, indicating variations occur between replicas. This is furthermore described in 

Chapter 3.7. 
 

Emulsions with added Me3 were further studied at different pH ranging from 4.2-4.6. It 

was not observed any special trend, but both the stirred and non-stirred emulsions at pH 

4.6 showed the greatest stability. The stirred emulsions at pH 4.2 and 4.6 had a very turbid 
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water phase which implies that the silica flocs may be more hydrophilic. However, that is 

just an observation and does not explain why the emulsions between these pH did not 

show the same effect. More data can be found in Appendix D.  
 

The results from study D showed by adding flocculating agents the stability of Pickering 

emulsion improved at both pH 2.0 and pH 4.5. P1 and P2 showed promising results, 

however, further studies need to be made to see the possible effect of coalescence over 

time.  
 

The emulsion stability was also improved by adding Me3. At pH 2.0, questions remain of 

what happens over time considering the gel-like structure and possible polymerization of 

the emulsions. 

3.5 Emulsion study E – Salts 
Different concentrations of NaCl and MgCl2 were used to see the effect of salt. See Table 5 

describing the concentrations used. pH was not adjusted, however when adding the salt 

pH decreased with an increasing concentration of salt. See Table 5 for the different pH 

obtained after 20 min of stirring the water phase.  
 

Table 5. The used concentrations of the two salts and the measured pH in the water phases. 

Concentration 0.005 

[M] 

0.01 

[M] 

0.05 

[M] 

0.1 

[M] 

0.2 

[M] 

0.4 

[M] 

5 

[wt%] 

10 

[wt%] 

pH, NaCl - 4.33 - 4.24 - 4.17 - 4.03 

pH, MgCl2 4.38 - 4.22 - 4.07 - 3.86 - 
 

 

 
Figure 26. Images of the stirred emulsions containing different concentrations of NaCl (left) and MgCl2 (right) after 5 hours 

from homogenization. Concentrations of NaCl and MgCl2 in the vials are in the following order 0.01 M, 0.1 M, 0.4 M, 10 wt% 

and 0 M, and 0.005 M, 0.05 M, 0.2 M, 5 wt% and 0 M, respectively. 
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Figure 27. Images of the non-stirred emulsions containing different concentrations of NaCl (left) and MgCl2 (right) after 5 hours 

from homogenization. Concentrations of NaCl and MgCl2 in the vials are in the following order 0.01 M, 0.1 M, 0.4 M, 10 wt% 

and 0 M, and 0.005 M, 0.05 M, 0.2 M, 5 wt% and 0 M, respectively. 

 

Figure 26 shows images of the stirred emulsions after 5 hours. Figure 27 shows images of 

the corresponding non-stirred samples. 
 

As seen in Figure 26, the stirred samples did not showcase any significant difference in 

stability and creaming phase when comparing the salted emulsions with each other and 

the reference. Only a slight difference is seen for the sample with 5 wt% MgCl2, a slightly 

higher amount and clearer water phase can be observed.  

 

The non-stirred emulsions showed some differences, as seen in Figure 27. As the salt 

concentration increases an increasing clarity of the water phase can be seen, maybe 

because the salt has decreased the charge of silica particles which increases the interaction 

pushing them towards each other and the oil droplets as described by Whitby et al. [34].  
 

 
Figure 28. Images of the stirred emulsions containing different concentrations of NaCl (left) and MgCl2 (right) after 24 hours 

from homogenization. 

 

After 24 hours phase separation occurred for the stirred samples containing the lowest 

amount of salt (plus the reference) as seen in Figure 28. This indicates a lower stability at 

lower concentrations. The cause could be there are not enough ion particles to reduce the 

charge at the silica particles.  The percentage of separated organic phase were 9 and 22 % 

with 0.01 M NaCl and 0.005 M MgCl2, respectively. MgCl2 showed a higher instability than 

NaCl, which may be due to Mg2+ being a divalent ion and Na+ being a monovalent ion. As 

mentioned earlier, in the theory chapter, higher valency ions have the tendency to decrease 
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the stability more than a monovalent ion [35]. However, this trend could not be seen for 

all of the different concentrations.  

 

Though it looks as if the stirred sample of MgCl2, number 3 and 5, had a homogeneous 

emulsion in Figure 28,  an extremely turbid water phase was observed. It was very difficult 

to separate creaming phase and water phase when measuring creaming index.  This could 

possibly indicate that the silica tends to interact more with the water at these certain 

concentrations. However, that goes against the earlier mentioned theory about salt giving 

rise to an increased interaction. A study by Yang et al. showed that although a higher 

concentration of salt may stabilize the system, high concentrations may form too large 

flocs, which decreases the adsorption of flocs at the oil-water interface, leading to a less 

stable emulsion [43]. This could be an explanation for the emulsions in this study. 

However, the same phenomenon was not seen in the emulsion with the highest amount 

of salt, so there must be a more complex reason or a combination of different phenomena. 

 

 
Figure 29. Images of the non-stirred emulsions containing different concentrations of NaCl (left) and MgCl2 (right) after 24 

hours from homogenization. 

 

No phase separation occurred for the non-stirred samples as seen in Figure 29. A 

continuous trend of increasing water phase clarity as the salt concentration increases is 

seen. For the non-stirred emulsion with 0.05 M MgCl2, a very small amount of precipitate 

could be seen at the bottom.  
 

The creaming index for the stirred emulsions is shown in Figure 30. The phase separated 

emulsions were excluded from this diagram. Between 0 – 5 h there is not a significant 

variation, relatively low CI for all emulsions.  From 5 to 24 hours, drastic changes occur 

for some emulsions. 
 

 



36 

 

 
Figure 30. Creaming index of the stirred samples, the ones that were not phase separated. 

 

Apart from the phase-separated emulsions, the creaming index for emulsions containing 

MgCl2 showed a decreasing CI with an increasing salt concentration. This trend does not 

follow for the emulsions with NaCl, whereas 0.4 M NaCl indicates highest CI. The droplets 

in that emulsion increased in size to 43 µm. The other samples with NaCl showed the same 

trend as before, a relatively stable particle size over time, around 10-20 µm. NaCl also 

showed a low CI at 0.1 M and 0.4 M, and MgCl2 at 5 wt% had a low CI.  
 

 
Figure 31. Droplet size of the emulsion containing MgCl2. 

 

Figure 31 shows the droplet size of the emulsions containing MgCl2. The emulsions with 

0.05 M and 5 wt% showed an increased droplet size between 5-24 h. Average droplet size 

at 24 h where 51 µm and 52 µm, respectively. The emulsions with 0.005 and 0.2 M showed 

a stable particle size over time. Droplet size for the emulsions with NaCl did not indicate 
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any difference over time apart from the stirred emulsion with 0.4 M NaCl. The droplet size 

increased to 43 µm after 24 hours. See Appendix E for more data. 

 

 
Figure 32. Microscopic images (10x) of stirred emulsions containing 0.05 M MgCl2 after 5 hours (left) and 24 hours (right). 

 

 
Figure 33. Microscopic images (10x) of stirred emulsions containing 5 wt% MgCl2 after 5 hours (left) and 24 hours (right). 

 

Figure 32 and Figure 33 show microscopic images of samples containing 0.05 M and 5 wt% 

MgCl2, respectively, at 5 hours (left image) and 24 hours (right image). At 5 hours there 

were a lot of smaller droplets for both of the samples, and some potential coalescence 

seems to have initiated in the 0.05 M sample. The images at 24 hours shows larger droplets 

and there are only a few smaller droplets left. These are clear examples of coalescence.  
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Figure 34. Creaming index of the non-stirred samples, the ones that were not phase separated. 

 

Creaming index for the non-stirred emulsions is showed in Figure 34. There are no larger 

differences of CI between all of the samples.  However, it is clearly showed CI decreases 

when salt is added. 
 

CI was significantly lower with NaCl for the stirred samples than the non-stirred samples. 

As CI for the non-stirred sample was between 40-46 %. Since the creaming index was 

measured 30 min after stirring was stopped, maybe the suspension had not yet settled 

enough. In the next chapter, Chapter 3.6, results for study C are presented. One stirred 

sample from study C was put to settle for 6 hours after stirring for 24 hours, and a big 

difference could be seen regarding creaming phase and water phase as it was given time 

to settle. As for this case the CI would probably have increased if the sample had given 

more time to settle. 
 

Another reason could be due the density of the water phase, as an increasing salt 

concentration increases the water density. Although for these small concentrations there 

is not any major difference in water density [44] [45]. 
 

In conclusion, it is seen that the emulsion stability increases when salt is added, and the 

concentration of salt is clearly of importance. A lower concentration will not prevent phase 

separation, and shearing will induce coalescence at some concentrations. 

 

A study by Whitby et al. observed that by increasing the amount of salt (NaCl) the stability 

of emulsions could increase. They stated that the particle-particle interaction between the 

silica particles increases as the salt concentration increases since the salt ions prevent the 

electrostatic repulsion between the particles. Furthermore, they stated that the average 

drop size increased over time when the emulsions were sheared, and at longer shearing 

time coalescence was promoted. However, it was seen that at a fixed shearing rate, the 
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amount of oil released from sheared emulsions decreased as the salt concentration 

increased [34].  
 

The improved stability by adding salt correlates with the experiment conducted in this 

study, however, it does not show an increased stability as the salt concentration increases. 

In this study, it seems to be a certain salt concentration optimal for lowering CI and is 

varied depending on the ion charge. Whitby et al. stated that release of oil will decrease 

with increased salt concentration [34], which correlates with the result in this study.  

3.6 Emulsion study C- Initiator 
A certain surfactant, in this study named Surfactant A, is an ethoxylated fatty alcohol and 

used as a dispersant in the initiator suspension (l). It was of interest to study the effect of 

emulsion stability with and without the dispersant, as it is believed that Surfactant A could 

affect the system. Samples containing either only initiator suspension (l), initiator flakes 

(s) or initiator flakes (s) plus Surfactant A, at standard pH and pH 4.5 were prepared, see 

Table 6. The amount of Surfactant A added was corresponding to the amount in initiator 

suspension (l). 
 

Table 6. Prepared emulsions with their contents and pH. 

Sample C1-1 & 

C1-2 

C1-3 & 

C1-4 

C1-5 & 

C1-6 

C1-7 & 

C1-8 

pH Standard Standard 4.5 Standard 

Initiator suspension (l)    Yes 

Initiator flakes (s) Yes Yes Yes  

Surfactant A  Yes Yes  
 

The results showed no major difference in stability or droplet size between the samples at 

standard pH, except for the non-stirred emulsion containing only flakes. This sample had 

a slightly lower CI (22%) after 5 hours, but after 24 hours the CI had increased to 50 %, 

similar to the other samples. 

 

The samples that stood out from the other samples were the emulsions with pH 4.5. No 

phase separation occurred for the stirred sample after 24 hours, and the non-stirred sample 

had a clear water phase and 5 mm of precipitate at the bottom, see Figure 35. 

 

The stirred samples were observed further after 24 hours. The vials were taken off the 

stirrer and left to set for another 6 hours. The emulsion with pH 4.5 showed a major 

amount of precipitate at the bottom and no phase separation, see Figure 36.  
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Figure 35. Images of the stirred emulsion (left) and the non-stirred emulsion (right) after 24 h. 

 

 
Figure 36. Image of the stirred emulsion after 24 h of stirring and 6 h non-stirring. 

 

All of the relevant data can be seen in Appendix F. To shortly summarize the study, no 

notable changes in emulsion stability could be seen with or without Surfactant A or flakes 

vs suspension at standard pH. However, an increase in pH seemed to affect the emulsion. 

As seen in study B, the stability was improved at pH 4.5, which is also seen in this 

experiment. However, the difference is the large amount of precipitate at the bottom of the 

vial.  

 

Ethoxylated fatty alcohols represent a group of non-ionic surfactants consisting of a 

hydrophilic ethoxylate head and a hydrophobic fatty alcohol tail. This effectively reduces 

the surface tension between liquids [46]. A study by Belhaj et al. studied the effect of 

surfactant adsorption under different conditions. They stated that pH effect on surfactant 

adsorption is significant, and the degree of adsorption varies at different pHs depending 

on the surfactant charge interacting with the charges available at the surface [47].  

 

As for this case, an increased pH increases the silica charge, which may increase the 

possible hydrogen bonding creating stronger flocs accumulating at the bottom of the 

suspension. This effect may be a disadvantage since there will be less silica particles 

adsorbing to the o/w interface. 
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3.7 Repeatability 
For each experiment, a reference was made giving a total of eleven replicates of stirred 

and non-stirred emulsions for the standard recipe. Average value and standard deviation 

(STD) were calculated for particle size, pH, CI and percentage of separated organic phase. 

In Appendix G, tables of data of each sample, and the calculated average and STD data 

can be found.  

 

Average pH was 4.2(±0,1). The average droplet size and standard deviation are presented 

in Figure 37 and Figure 38 for the non-stirred emulsions and the stirred emulsions, 

respectively. The non-stirred emulsions showed a stable average droplet size over time 

with a relatively even STD. The stirred emulsions showed a major standard deviation 1 

hour after homogenization, as the droplet size was 15±8 µm. CI after 1 hour did also show 

a relatively high STD as CI was 16 ± 28 %, see Figure 39.  
 

 
Figure 37. Average droplet size [µm] and standard deviation for the stirred reference emulsions. 

 

 
Figure 38. Average droplet size [µm] and standard deviation for the non-stirred reference emulsions. 
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Figure 39. Average CI [%] and standard deviation for the stirred reference emulsions. 

 

These deviations are mainly dependent on whether phase separation occurred after 1 h or 

2.5 h. It was only one emulsion which phase separated after 1 hour, and the question is if 

it was only a one-time coincidence or if it may be occurring events. The results of CI go in 

hand with the amount of separated organic phase, seen in Figure 40, as the STD is bigger 

at 1, 2.5 and 5 hours depending on when phase separation occurred. 

 

More samples would be needed to make any conclusion of the deviation. Nevertheless, 

the difference at which time phase separation occurs, the STD increases significantly due 

to this variation. 

 

 
Figure 40. Average percentage of separated organic phase [%] and standard deviation for the stirred reference emulsions. 
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Figure 41. Average CI [%] and standard deviation for the non-stirred reference emulsions. 

 

The average CI, with corresponding STD, of the non-stirred samples are shown in Figure 

41. As for the CI, there is a large deviation at 2.5 hours with a CI of 27 ± 15 %.  

 

The results vary, especially between 1-5 hours after homogenization, which shows it is 

needed to take into consideration that there are most likely error margins of the results for 

all of the prepared emulsions. It is important to take into consideration the possible 

deviation of the results when making statements, which is quite obvious when doing 

experiments, especially when there is only one sample made of each emulsion type. 

3.8 Polymerization trials 
Based on the results from the emulsion studies, some recipes were chosen to proceed with 

polymerization trials in order to investigate whether it was possible to produce 

microspheres with the new parameters. Primarily the microsphere properties Tstart, 

Tmax, and particle size of the produced microspheres were of interest.  
 

3.8.1 Particle size 

The average volume particle size dv(0.5) (PSD), number distribution (ND) dn(0.5), and 

SPAN of the microspheres were received from the Malvern analysis, see Appendix H.  

 

The values are summarized in Figure 42, showing PSD and ND for each sample. 

0

10

20

30

40

50

60

0 5 10 15 20 25

C
I 

[%
]

Time [h]



44 

 

 
Figure 42. Particle size for the different polymerized samples. For each sample, average volume particle size dv(0.5) is presented 

to the left and number distribution dn(0.5) to the right. 

 

When comparing the PSD between the samples containing the same additives but at pH 

2.0 and 4.5, there is not any major difference apart from P2. At pH 4.5, smaller particles 

were made. Although this is only the average size. When looking at the PSD curves, Figure 

43 and Figure 44, at pH 2.0 and 4.5, respectively, there is a wide span ranging from 1.3 to 

3.7. Whereas, the span at 3.7 is P2 at pH 4.5. This wide span of particle size may be due to 

agglomerates, which was further observed in the microscope (see further down).  The 

number distribution may be of more interest, as the potential agglomerates may increase 

the PSD drastically.   
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Figure 43. Graph of the volume particle size distribution for the samples analyzed in Malvern.  

 

 
Figure 44. Graph of the volume particle size distribution for the samples analyzed in Malvern. 
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Figure 45. Graph of number distribution for the samples analyzed in Malvern. 

 

Figure 45 shows the ND for each sample. The P2 samples have a similar ND, unlike the 

PSD which varied. This indicates that there may be more agglomerates or bigger 

aggregates created at pH 2.0. The P2 samples at both pH showed a higher ND compared 

to the other samples. This indicates that P2 may create bigger particles. One thought could 

be that P2 is a bigger molecule, which maybe creates bigger flocs of silica. As seen in the 

previous experiment conducted within R&D, P2 gave lower turbidity in a silica water 

mixture than P1. The lower turbidity may be due to either smaller flocs or bigger flocs due 

to the light scattering. So, it is not possible to make any conclusions based on these results. 

 

Furthermore, if there is an excess of Silica, it will result in smaller spheres. However, as 

silica flocculates there will be fewer stabilized drops. Therefore, bigger flocs hinder the 

ability to stabilize the system. As seen in study D, P2 showed signs of an occurring 

coalescence, even though it showed improved stability. The same can be said for the 

polymerized microspheres. 
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Figure 46. Microscopic image (10x) of microsphere sample P2 pH 4.5. The big clusters seen in the image are agglomerated 

particles. 

 

The microspheres were observed with microscope and agglomerates were seen in all of 

the samples. Figure 46 shows a microscopic image of the sample P2 pH 4.5. It can be seen 

many agglomerated particles forming big clusters. From the PSD and the ND results, the 

microscopic images confirm that agglomeration has occurred. 

 

3.8.2 Expansion Properties 

The expansion properties were evaluated with TMA, see Appendix H for raw data. 

TMA-dens varied between 9-12 [g/l], which shows an acceptable expansion for all 

microsphere samples. The TMA results of Tstart and Tmax are presented in Figure 47. 
 

 
Figure 47. Graphic presentation of Tstart and Tmax for each sample analyzed with TMA. For each sample Tstart is presented to 

the left and Tmax to the right. 
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Tmax is quite similar for all of the samples, whereas Tstart varies. It seems to be a trend of 

a higher Tstart at 4.5 compared to pH 2.0. As described earlier, the pressure of the blowing 

agent inside the microsphere must be high enough to overcome the resistance in the shell 

for expansion to occur. Bigger particles tend to expand before the smaller particles, as they 

are less dense.  

 

TMA curves are depicted in Figure 48 and Figure 49. The curves show that samples with 

P1, P2, and no additives at pH 2.0 may have a higher number of larger spheres, since there 

is a higher amount of expansion at a temperature near Tstart compared to the other 

samples. This correlates slightly with the PSD, but cannot be stated with determination. 

Another thought could be that the lower pH has affected the viscoelastic properties of the 

shell, enabling expansion at lower temperatures. Further tests would be needed to 

investigate the actual cause. 

 

IB, isobutane, is used as a blowing agent in the production of microspheres, but for these 

experiments IP was used due to practical reasons which gives a higher Tstart due to the 

higher boiling point, and is not the best match for the shell created. 
 

 
Figure 48. Thermogram showing the expansion behavior of the samples analyzed with TMA. 
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Figure 49. Thermogram showing the expansion behavior of the samples analyzed with TMA. 

 

To identify how much blowing agent were encapsulated, GC were used. The result and 

the theoretical amount are presented in Figure 50 and Appendix H. 
 

 
Figure 50. Analyzed and theoretical amount of the blowing agent IP [%] for the different samples. 
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value may indicate that the blowing agent did not get completely encapsulated or it 

evaporated during the process of creating the emulsions. Two of the samples show a 

higher amount of blowing agent than the theoretical value, the results were verified by 

repeating the analysis. Sources of error could be due to the yield of the monomers and 

error margins when weighing the components. The samples were dried before usage, but 

when preparing the samples for GC-analyses the assumption is made the samples are dry, 

it is not taken into consideration any humidity in the samples. 

 

TGA was made on some samples to see whether any difference in the amount of blowing 

agent could be seen and to know the ash residue corresponding to the amount of silica. 

The results are shown in Table 7. 
 

Table 7. Results from GC and TGA analysis for some of the samples. 

Sample 

  

GC Blowing 

agent [%] 

TGA volatile 

content [%] 

Ash residue 

[%] 

Theoretical ash 

residue [%] 

P1 pH 2.0 14.1 14.2 8.3 7.2 

P1 pH 4.5 15.7 15.7 7.5 7.2 

0.4 M NaCl 13.3 13.5 7.0 6.9 

0.2 M MgCl2 15.7 15.9 7.5 6.7 

 

The TGA-analysis and the GC-analysis show similar amount of blowing agent. TGA 

analysis shows a slightly higher amount of IP. This could be due to the water content of 

the sample, which can have an effect when doing the TGA analysis, or it can be due to 

residual monomers. The ash residue, corresponding the silica amount, shows a slightly 

higher amount than the theoretical value. This could be due to, as mentioned earlier, the 

water content affecting the weight of the samples and it could be due to not having a 100 

% yield with e.g. the monomers. 
 

The sieve residue of the samples was very high for all of the samples, see Appendix H for 

further information.  

 

3.8.3 Polymerization Results 

The results from the polymerization trials are interesting. Observations can be made, but 

it is not possible to draw any conclusions apart from the fact it was possible to polymerize 

the emulsions into microspheres. TMA-dens showed good expansion and the blowing 

agent was effectively encapsulated, for all of the samples. The amount of blowing agent 

and adsorbed silica showed a good yield, however, there were indications of residual 

monomers. Unfortunately, all samples tended to agglomerate, and due to the high amount 

of sieve residue it was not possible to take any slurry samples for residual monomer 

analysis. 

 

It was very interesting to observe that it was possible to achieve expandable microspheres 

at pH 2.0. The TMA-result indicates that the shell may be softer both with and without 

added polymers as flocculating agent at pH 2.0. Furthermore, P2 may result in bigger 

microspheres. 
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Since there was not any sample standing out with a smaller sieve residue, all of the 

samples could be of interest to proceed to a bigger scale as the conditions in tiny clave are 

not optimal and tend to give rise to more agglomeration. Further tests should be made to 

see if concentrations should be changed and when to add the different components, such 

as flocculating agents. 
 

4 Environmental and Sustainability Aspects 

The seventeen sustainable development goals adopted by all United Nations members 

stated in 2015 are an important agenda for the people and the planet. All of the goals must 

be taken into consideration to create sustainable development. Governments are working 

to reach these goals, but it is everyone’s responsibility [48]. Global goal number nine is 

about creating sustainable and including industries. Innovation and technological 

progress are the keys to finding sustainable solutions for both economic and 

environmental reasons. It also promotes the creation of new markets, working 

opportunities, and an effective use of resources. To invest in research and innovation a 

sustainable industry can be developed [49]. 

 

This project addresses the UN goal number nine. By improving the emulsion stability of 

Pickering emulsion system and widening the knowledge about how the different 

parameters affect the system, it may in the future give rise to improved production of the 

microspheres.  

 

An improved production will be beneficial in many ways. The production line will be 

more efficient and hopefully decrease the use of resources, such as chemicals and energy. 

Furthermore, there will be an economic benefit in many ways and the working 

environment may improve e.g., due to fewer problems with dealing with agglomerates 

etc. 
 

5 Social and Ethical Aspects 

Scientists, engineers, and researchers have a responsibility to carry out their research in an 

ethical manner. It is important to follow guidelines of good scientific practice and ensure 

a high degree of scientific integrity [50]. 

 

Fundamental principles for good research practice are stated in the All European 

Academies´ (ALLEA) publication; “The European Code of Conduct for Research 

Integrity”. ALLEA´s code of conduct has been adopted as the ethical framework for e.g., 

the EU´s research funding [51].  

 

The code of conduct is described as four main principles, reliability, honesty, respect, and 

accountability. Reliability in keeping a good quality of the research which is reflected in 

the method, analysis, and use of resources. Honesty in developing, implementing, 

scrutinizing research, and informing others about research in an open and objective way. 

Respect for colleagues, society, ecosystem, cultural heritage, and the environment [51].  
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It is important to follow safety regulations and guidelines for labs and processes involving 

e.g., handling chemical substances and compounds to keep not only oneself safe but also 

co-workers as well as the local, regional, and global public environment [50]. The last of 

the four principles, accountability, stands for research from idea to publication, for 

management and organization, supervision and mentorship, and for their wider 

consequences [51]. These principles have been respected during the project.  
 

6 Conclusions 

This master thesis project has shown it is possible to modify silica stabilized Pickering 

emulsions to improve the emulsion stability.  

 

According to previous studies, it is shown that different parameters affect the emulsion 

stability, so it was expected that some improvement would be possible. However, the 

conditions can vary greatly depending on the concentration and types of components. Due 

to the complexity of Pickering emulsion the conclusions made in this study are mainly 

applicable to these certain conditions. 

 
In summary, it was observed that Pickering emulsions are greatly affected by different 

parameters. When emulsions are exposed to shear force the stability decreases 

significantly as shear force promotes coalescence. By adding flocculating agents or salt, the 

particle-particle interactions of silica and affinity to the water/oil interface improve, 

promoting increased stability. However, in the experiments it was observed a certain salt 

concentration gives rise to the highest stability, and there is a difference in effect between 

monovalent and divalent ions.  

 

The experiments showed that stability of emulsions is greatly affected by pH, even the 

smallest pH changes have a major effect. For the type of suspensions used for these 

experiments, pH 2.0 and 4.5-4.6 seemed to be the most optimal pH for an improved 

stability.  

 

The polymerization trials showed it was possible to polymerize the different emulsions, 

and it was a very surprising result that microspheres were polymerized at pH 2.0. 

However, the amount of sieve residue was not improved. Expansion properties of the 

different types of microspheres, analyzed with TMA and GC, showed good expansion and 

it would be of interest to proceed to a bigger scale for a more optimal polymerization 

process.  

 

There is an uncertainty in how reliable the results are, since there is only made one sample 

of each emulsion. The reference samples showed some variation in stability, meaning it 

should be taken into account a deviation of the other results. There are a lot of possible 

errors when performing the experiments, such as concentrations of the components, 

mixing variations, sample extraction, method of microscopic analysis, measurements of 

the phases, etc. More tests should be made to see if the results are replicable. Furthermore, 
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data should be taken at shorter time intervals to get a better understanding of the changes 

over time. 
 

In conclusion, there are many ways of affecting the stability of silica stabilized Pickering 

emulsions, and this study shows that pH and flocculating agents are of great importance. 

The study has provided more knowledge about improving silica stabilized Pickering 

emulsions under the conditions of a microsphere recipe. The results can contribute to 

future work in finding the most optimal parameters to improve the product quality of 

expandable microspheres. 
 

Further research should be made to see if concentrations of the different components 

should be changed, and when the different components should be added to the mixture. 

In this study flocculating agents and salts have been added to the water phase before 

mixing with the organic phase. It would be of interest to compare how the stability would 

be affected by adding additives after homogenization. More studies of how flocs change 

over time would also be of interest for a better understanding of the effect on emulsion 

stability when flocculating agents are added. 

 

Furthermore, the adjustments of pH have been made with a NaOH/HAc buffer or HCl, it 

would be interesting to look at the possibilities of using other buffers. Both to exclude if 

NaOH/HAc have an effect on instability and to more easily adjust pH at lower values. At 

pH 2.0 a potassium chloride-hydrochloride acid buffer, phosphate buffer or sulphate 

buffer could be used [52]. Although the results in this study showed a low emulsion 

stability around pH 2.5-4.0, the possibility of stability improvement should not be ruled 

out. Additionally, it would be of great interest, and importance, to continue researching 

the possibilities to use polymers and adjust the pH for a better outcome in the production.  
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Appendix A 

The following Table 1-11 describe the parameters set for each Serie A-E. Whether the 

samples were stirred or not is described as Y (yes) or N (no). Mixer speed and time for 

Serie B-E were 6000 rpm and 45 s. 

 
Table 1. Specific parameters for Serie A1. 

Sample A1-1 A1-2 A1-3 A1-4 A1-5 A1-6 A1-7 A1-8 A1-9 A1-10 

Mixer speed 

[rpm] 

4000 4000 6000 6000 8000 8000 10000 10000 11500 11500 

Time [s] 30 30 30 30 30 30 30 30 30 30 

Stirring Y N Y N Y N Y N Y N 

 

Table 2. Specific parameters for Serie A2. 

Sample A2-1 A2-2 A2-3 A2-4 A2-5 A2-6 A2-7 A2-8 A2-9 A2-10 

Mixer speed 

[rpm] 

4000 4000 4000 4000 6000 6000 6000 6000 8000 8000 

Time [s] 45 45 60 60 45 45 60 60 45 45 

Stirring Y N Y N Y N Y N Y N 

 

Table 3. Specific parameters for Serie B1. 

Sample B1-1 B1-2 B1-3 B1-4 B1-5 B1-6 B1-7 ref B1-8 ref 

pH 1,8 1,8 2,5 2,5 3,0 3,0 Standard Standard 

Stirring Y N Y N Y N Y N 

 
Table 4. Specific parameters for Serie B2. 

Sample B2-1 B2-2 B2-3 B2-4 B2-5 B2-6 B2-7 

(ref) 

B2-8 

(ref) 

pH 3.5 3.5 6.0 6.0 5.0 5.0 Standard Standard 

Stirring Y N Y N Y N Y N 

 
Table 5. Specific parameters for Serie B3. 

Sample B3-1 B3-2 B3-3 B3-4 B3-5 B3-6 B3-7 B3-8 B3-9 B3-10 

pH 2.0 2.0 3.9 3.9 4.0 4.0 4.5 4.5 Standard Standard 

Stirring Y N Y N Y N Y N Y N 

 
Table 6. Specific parameters for Serie B4. 

Sample B4-1 B4-2 B4-3 B4-4 B4-5 B4-6 B4-7 B4-8 B4-9 B4-10 

pH 4.26 4.26 4.36 4.36 4.49 4.49 4.65 4.65 Standard Standard 

Stirring Y N Y N Y N Y N Y N 
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Table 7. Specific parameters for Serie C1. 

Sample C1-1 C1-2 C1-3 C1-4 C1-5 C1-6 C1-7 C1-8 C1-9 

(ref) 

C1-10 (ref) 

pH Standard Standard Standard Standard Standard Standard 4.5 4.5 Standard Standard 

Initiator (l) 

[g] 

0.40 0.40         

Initiator (s) 

[g] 

  0.16 0.16 0.16 0.16 0.16 0.16   

Surfactant A 

[g] 

    0.012 0.012 0.012 0.012   

Stirring Y N Y N Y N Y N Y N 

 

Table 8. Specific parameters for Serie D1. 

Sample D1-1 D1-2 D1-3 D1-4 D1-5 D1-6 D1-

7 

D1-

8 

D1-10 

(ref) 

D1-10 

(ref) 

P1 [g dry/kg dry 

silica] 

8 8       

  

P2 [g dry/kg dry 

silica] 

  8 8     

  

Me3 [g dry/kg 

dry silica] 

    8 8   

  

pH 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 Standard Standard 

Stirring Y N Y N Y N Y N Y N 

 

Table 9. Specific parameters for Serie D2. 

Sample D2-1 D2-2 D2-3 D2-4 D2-5 D2-6 D2-

7 

D2-

8 

D2-10- 

(ref) 

D2-10-

(ref) 

P1 [g dry/l dry 

silica] 

8 8       

  

P2 [g dry/l dry 

silica] 

  8 8     

  

Me3 [g dry/l dry 

silica] 

    8 8   

  

pH 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 Standard Standard 

Stirring Y N Y N Y N Y N Y N 

 

Table 10. Specific parameters for Serie D3. 

Sample D3-1 D3-2 D3-3 D3-4 D3-5 D3-6 D3-7  D3-8 D3-9 

(ref) 

D3-10 

(ref) 

pH 4.2 4.2 4.3 4.3 4.5 4.5 4.6 4.6 Standard Standard 

Me3 [g dry/l dry 

silica] 

8 8 8 8 8 8 8 8 - - 

Stirring Y N Y N Y N Y N Y N 

 

Table 11. Specific parameters for Serie E1. 

Sample E1-1 E1-2 E1-3 E1-4 E1-5 E1-6 E1-7  E1-8 E1-9 

(ref) 

E1-10 

(ref) 

NaCl [M] 0.01 0.01 0.1 0.1 0.4 0.4 1.9 1.9 - - 

Stirring Y N Y N Y N Y N Y N 
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Table 12. Specific parameters for Serie E2. 

Sample E2-1 E2-2 E2-3 E2-4 E2-5 E2-6 E2-7  E2-8 E2-9 

(ref) 

E2-10 

(ref) 

MgCl2 [M] 0.005 0.005 0.05 0.05 0.02 0.2 0.5 0.5 - - 

Stirring Y N Y N Y N Y N Y N 

 

1.9 M NaCl and 0.5 M MgCl2 used in Serie EI (table 11) and Serie E2 (table 12) corresponds 

to 10 wt% and 5 wt% of salt, respectively. 

 

Table 13 describes the different sample names and descriptions of each polymerized 

sample. 

 
Table 13. Description of the polymerized samples. 

Sample name Description 

TC1-1 pH 2.0 & P1 

TC1-2 pH 2.0 & P2 

TC1-3 pH 2.0 & Me3 

TC1-4 pH 2.0 

TC1-5 Standard pH & 0.4 M NaCl 

TC1-6 Reference 

TC2-1 pH 4.5 & P1 

TC2-2 pH 4.5 & P2 

TC2-3 pH 4.5 & Me3 

TC2-4 pH 4.5 

TC2-5 Standard pH & 0.2 M MgCl2 

TC2-6 Reference 
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Appendix B 

Appendix B includes the measured data of droplet size, creaming index, and emulsion 

images of each emulsion from Serie A. 

 

Table 1 presents the droplet size for each emulsion from Serie A2 after 0 h and 24 hours. 

Due to events in the lab, it was not possible to perform a microscopic analysis at 2.5 hours. 
 

Table 1. Droplet size of emulsions from Serie A1 measured with microscopic analysis after 0 h and 24 h. 

Sample 

Mixing 

rate [rpm] 

Droplet size, d50 (vol) 

[µm] 

0 [h]  24 [h] 

A1-1 4000 x x 

A1-2 4000 x x 

A1-3 6000 34 x 

A1-4 6000 34 9 

A1-5 8000 7 11 

A1-6 8000 7 10 

A1-7 10000 8 7 

A1-8 10000 8 10 

A1-9 11500 7 8 

A1-10 11500 7 8 

 

Sample number A1-3 and A1-5 had some big clusters of droplets at 0 h, which made it 

difficult to do image analysis, resulting in a less liable result. For some samples it was not 

possible to see any droplets due to extreme phase separation, those samples are marked 

with an x in the table. An example of how these samples looked like are shown in Figure 

1, which is a microscopic image of emulsion A1-2 where no droplets can be seen. 
 

 
Figure 1. Microscopic image of emulsion A1-2 from series A1, 24 hours after homogenization. 
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Table 2 presents the droplet size for each emulsion from Serie A2 after 0 h, 2.5 h and 24 h. 

Figure 2-9 show images of the emulsions at different times, and measured creaming index 

for series A1 and A2 can be seen in table 3. 
 

Table 2. Droplet size of emulsions from Serie A2 measured with microscopic analysis at 0h, 2.5 h and 24 h after 

homogenization. 

Sample 

Mixing 

speed 

[rpm] 

Mixing 

time [s] 

 Droplet size, d50 (vol) [µm] 

0 [h] 2.5 [h] 24 [h] 

A2-1 4000 45 15 22 x 

A2-2 4000 45 15 33 20 

A2-3 4000 60 33 4 x 

A2-4 4000 60 33 28 30 

A2-5 6000 45 13 12 x 

A2-6 6000 45 13 16 13 

A2-7 6000 60 15 9 22 

A2-8 6000 60 15 14 10 

A2-9 8000 45 8 10 x 

A2-10 8000 45 8 22 10 

 

 
Figure 2. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from A1 after 2.5 h. 

   

 
Figure 3. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from A1 after 24 h. 
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Figure 4. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from A2 after 2.5 h. 

 
Figure 5. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from A2 after 24 h. 

 
Table 3. Measured creaming index after 2.5 h and 24 h for samples from series A1 and A2. 

Sample 
Creaming index, CI [%] 

Sample 
Creaming index, CI [%] 

2.5 [h] 24 [h] 25 [h] 24 [h] 

A1-1 100 100 A2-1 100 100 

A1.2 53 56 A2-2 51 53 

A1-3 100 100 A2-3 100 100 

A1-4 43 49 A2-4 49 54 

A1-5 4 100 A2-5 7 100 

A1-6 11 42 A2-6 24 50 

A1-7 2 100 A2-7 5 100 

A1-8 36 42 A2-8 15 47 

A1-9 2 100 A2-9 4 100 

A1-10 13 40 A2-10 7 44 
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Appendix C 

Appendix C includes the measured data of droplet size, creaming index, and separated 

organic phase from Serie B.  

 

Table 1 presents the droplet size of the emulsions from series B1-B3 analyzed with 

microscope. The results are further illustrated in Figure 1 and 2. The samples marked with 

orange are the samples which were pH adjusted with a buffer instead of HCl. The samples 

that could not be analyzed due to phase separation are marked with an x. 

 
Table 1. Droplet size of emulsions from series B1-B3 over a period of time measured with microscopic analysis.  

Sample pH 
Droplet size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 26 [h] 

B1-1 1.8 12 15 13 9 x 8 

B1-2 1.8 12 11 13 13 x 17 

B1-3 2.5 14 16 10 9 x 7 

B1-4 2.5 14 18 15 17 x 14 

B1-5 3.0 8 9 11 10 x 12 

B1-6 3.0 8 19 15 13 x 15 

B2-1 3.5 16 8 x 6 x x 

B2-2 3.5 16 20 18 15 19 x 

B2-3 6.0 13 13 9 x x x 

B2-4 6.0 13 16 13 17 13 x 

B2-5 5.1 13 10 8 3 x x 

B2-6 5.1 13 15 18 16 16 x 

B3-1 2.0 14 12 13 x 6 x 

B3-2 2.0 14 17 13 12 10 x 

B3-3 3.9 15 13 8 x x x 

B3-4 3.9 15 16 15 16 17 x 

B3-5 4.0 13 11 10 11 7 x 

B3-6 4.0 13 13 15 14 11 x 

B3-7 4.5 15 10 12 10 7 x 

B3-8 4.5 15 11 13 14 12 x 
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Figure 1. Droplet sizes of the stirred emulsions from series B1-B3. 

 

 
Figure 2. Droplets sizes of the non-stirred emulsions from series B1-B3. 
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Measured creaming phase for the non-stirred samples and the amount of separated 

organic phase are presented in Table 2. 

 
Table 2. Measured creaming index and amount of separated organic phase of the emulsions from series B1-B3. 

Sample 
pH 

Creaming index, CI [%] Separated organic phase [%] 

1 [h] 2.5 [h] 5 [h] 24-26 [h] 1 [h] 2.5 [h] 5 [h] 24-26 [h] 

B1-1 1.8 100 100 100 100 2 2 19 17 

B1-2 1.8 7 19 34 51         

B1-3 2.5 100 100 100 100 9 23 27 32 

B1-4 2.5 45 49 52 53         

B1-5 3.0 100 100 100 100 13 23 25 31 

B1-6 3.0 45 50 54 54         

B2-1 3.5 100 100 100 100 17 31 31 33 

B2-2 3.5 47 51 53 55         

B2-3 6.0 100 100 100 100 13 28 32 30 

B2-4 6.0 47 53 55 56         

B2-5 5.1 100 100 100 100 5 25 31 31 

B2-6 5.1 48 54 55 55         

B3-1 2.0 4 100 100 100 0 5 16 24 

B3-2 2.0 11 26 45 53         

B3-3 3.9 100 100 100 100 18 22 29 30 

B3-4 3.9 51 53 55 56         

B3-5 4.0 7 100 100 100 0 2 13 25 

B3-6 4.0 9 22 46 52         

B3-7 4.5 7 4 4 100 0 0 0 2 

B3-8 4.5 7 16 32 47         

 

Droplet size of the emulsions from Serie B4 are shown in Table 4. Creaming index of the 

emulsions from Serie B4 is shown in Table 5, and separated organic phase of the stirred 

emulsions from Serie B4 is shown in Table 6.  

 

Table 3. Droplet size of emulsions from Serie B4 over a period of time measured with microscopic analysis.  

Sample pH 
Particle size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 

B4-1 4.26 12 8 27 18 6 

B4-2 4.26 12 13 16 15 13 

B4-3 4.36 13 13 20 15 6 

B4-4 4.36 13 16 14 13 17 

B4-5 4.49 11 15 12 19 11 

B4-6 4.49 11 17 13 15 17 

B4-7 4.65 13 14 12 13 49 

B4-8 4.65 13 16 15 17 10 
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Table 4. Measured creaming index [%] of the stirred and non-stirred emulsions from Serie B4. 

Sample 

Creaming index, CI [%] 

1 [h] 2,5 [h] 5 [h] 24 [h] 

B4-1 7 7 100 100 

B4-2 9 16 43 51 

B4-3 5 100 100 100 

B4-4 9 26 46 55 

B4-5 3 5 4 100 

B4-6 7 16 38 49 

B4-7 2 2 4 4 

B4-8 6 11 17 46 

 

Table 5. Measured amount of separated organic phase [%] of the stirred emulsions from Serie B4. 

Sample 
Creaming index, CI [%] 

1 [h] 2,5 [h] 5 [h] 24 [h] 

B4-1 0 0 15 21.2 

B4-3  0 9 13 20.8 

B4-5 0 0 0 20.8 

B4-7 0 0 0 0 
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Appendix D 

Appendix D reports the measured data of droplet size, creaming index, and separated 

organic phase from series D1-D3. Table 1 shows the droplet size of emulsions from series 

D1 and D2, Table 2 shows the droplet size of emulsions from Serie D3. 

 
Table 1. Droplet size of emulsions from series D1 and D2 over a period of time measured with microscopic analysis.  

Sample pH Flocculent 

Droplet size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 26 [h] 

D1-1 2.0 P1 16 13 15 13 38 

D1-2 2.0 P1 16 11 10 14 10 

D1-3 2.0 P2 15 12 11 14 22 

D1-4 2.0 P2 15 11 11 11 10 

D1-5 2.0 Me3 11 11 10 10 51 

D1-6 2.0 Me3 11 8 11 9 8 

D1-7 2.0 - 13 17 11 18 11 

D1-8 2.0 - 13 13 15 13 11 

D2-1 4.5 P1 7 8 7 8 7 

D2-2 4.5 P1 7 8 10 8 7 

D2-3 4.5 P2 9 8 7 9 32 

D2-4 4.5 P2 9 7 8 9 10 

D2-5 4.5 Me3 9 11 10 12 10 

D2-6 4.5 Me3 9 11 10 12 10 

D2-7 4.5 - 17 10 14 9 7 

D2-8 4.5 - 17 1 14 15 10 

 

Table 2. Droplet size of emulsions from Serie D3 over a period of time measured with microscopic analysis.  

Sample pH Flocculent 

Droplet size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 26 [h] 

D3-1 4.2 Me3 10 12 13 13 44 

D3-2 4.2 Me3 10 14 17 12 12 

D3-3 4.3 Me3 34 32 24 38 13 

D3-4 4.3 Me3 34 29 28 25 23 

D3-5 4.5 Me3 20 13 8 14 21 

D3-6 4.5 Me3 20 12 13 13 12 

D3-7  4.6 Me3 15 13 11 26 17 

D3-8 4.6 Me3 15 16 18 13 14 

 

Measured creaming index and amount of separated organic phase for the series are 

presented in Table 3 and 4 for D1-D2 and D3, respectively.  
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Table 3. Measured creaming index and separated organic phase for the emulsions from series D1 and D2. 

Sample 

Creaming index [%] Separated organic phase [%] 

1 [h] 2.5 [h] 5 [h] 26 [h] 1 [h] 2.5 [h] 5 [h] 26 [h] 

D1-1 4 4 4 13         

D1-2 6 17 26 49         

D1-3 4 5 4 61         

D1-4 7 18 20 44         

D1-5 6 4 9 x         

D1-6 6 16 18 43         

D1-7 5 100 100 100 0 4 11 20 

D1-8 14 23 41 47         

D2-1 3 5 6 11         

D2-2 7 11 20 45         

D2-3 9 11 11 11.1         

D2-4 7 13 24 48         

D2-5 2 4 4 100         

D2-6 5 9 18 47         

D2-7 4 4 100 100 0 0 4 13 

D2-8 7 18 44 50         

 

Table 4. Measured creaming index and separated organic phase for the emulsions from Serie D3. 

Sample 

Creaming index [%] Separated organic phase [%] 

1 [h] 2.5 [h] 5 [h] 26 [h] 1 [h] 2.5 [h] 5 [h] 26 [h] 

D3-1 2 2 4 57         

D3-2 7 13 22 44         

D3-3 53 55 55 57         

D3-4 48 53 55 53         

D3-5 4 2 4 100       9 

D3-6 9 13 22 45         

D3-7  4 2 2 61         

D3-8 7 9 18 44         

 

Images of the emulsions from Serie D3 at different times are shown in Figure 1-4.  
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      Figure 1. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from D3 after 1 h. 

 
Figure 2. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from D3 after 24 h. 
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Appendix E 

Appendix E reports the measured data of droplet size, creaming index, and separated 

organic phase from series E1 and E2, see Table 1 and 2. 
Table 1. Droplet size of emulsions from series E1 and E2 over a period of time measured with microscopic analysis.  

 

 
Table 2. Measured creaming index and separated organic phase for the emulsions from series E1 and E2. 

Sample 
Creaming index [%] Separated organic phase [%] 

1 [h] 2.5 [h] 5 [h] 24 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 

E1-1 4 4 4 100       9 

E1-2 7 14 20 46         

E1-3 4 7 4 2         

E1-4 7 14 20 44         

E1-5 4 7 4 20         

E1-6 4 11 15 40         

E1-7 4 5 4 13         

E1-8 5 14 22 44         

E2-1 5 4 4 100       22 

E2-2 7 15 24 46         

E2-3 4 4 4 60         

E2-4 7 13 20 39         

E2-5 5 5 9 46         

E2-6 5 9 11 46         

E2-7 7 9 13 7         

E2-8 5 9 11 46         

Sample 
Droplet size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 

E1-1 13 14 15 11 10 

E1-2 13 11 15 30 12 

E1-3 14 11 11 13 8 

E1-4 14 10 8 10 17 

E1-5 13 11 11 27 43 

E1-6 13 11 11 12 21 

E1-7 11 12 11 11 9 

E1-8 11 11 9 13 12 

E2-1 15 13 11 14 9 

E2-2 15 18 11 14 12 

E2-3 11 11 10 15 51 

E2-4 11 19 13 13 13 

E2-5 10 10 11 11 14 

E2-6 10 14 11 11 17 

E2-7 13 12 12 10 52 

E2-8 13 15 13 11 13 
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Appendix F 

Appendix F reports the measured data of droplet size, creaming index, and separated 

organic phase from Serie C1. See Table 1 and 2. 

 
Table 1. Droplet size of emulsions from Serie C1 over period of time measured with microscopic analysis.  

Sample pH Surfactant A 

 

 

Initiator flakes 

Droplet size, d50 (vol) [µm] 

0 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 

C1-1 4.21 - Y 9 9 10 9 3 

C1-2 4.21 - Y 9 10 21 11 8 

C1-3 4.18 Y Y 19 22 19 11   

C1-4 4.18 Y Y 19 19 20 21 20 

C1-5 4.59 Y Y 17 13 58 66 7 

C1-6 4.59 Y Y 17 27 18 23 14 

 
Table 2. Measured creaming index and separated organic phase for the emulsions from Serie C1. 

Sample 

Creaming index [%] Separated organic phase [%] 

1 [h] 2.5 [h] 5 [h] 24 [h] 1 [h] 2.5 [h] 5 [h] 24 [h] 

C1-1 7 6 100 100     13 22 

C1-2 11 16 22 49         

C1-3 7 6 100 100     7 19 

C1-4 11 49 53 55         

C1-5 6 6 6 62         

C1-6 11 40 47 54         

 

 
Figure 1. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from C1 after 1 h. 
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Figure 2. Images of the stirred emulsions (left) and the non-stirred emulsions (right) from C1 after 5 h. 
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Appendix G 

Appendix G consists of the summarized results from the reference emulsions, measured 

from Serie A2, and series B-E. Standard deviation for each parameter are calculated and 

reported in each table. 
 

Table 1. Average droplets size and STD of the reference emulsions. 

Time[h] d50(vol) ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (STD)[µm], stirred emulsions, d50(vol) ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (STD)[µm], non-stirred emulsions 

0 14(±4) 14(±4) 

1 15(±8) 14(±2) 

2.5 13(±2) 15(±2) 

5 12(±3) 14(±3) 

24 9(±2) 14(±1) 

 

Table 2. Average creaming index and amount of separated organic phase of the reference emulsions. 

Time 

[h] 

𝐶𝐼̅̅̅(STD) [%], stirred 

emulsions 

𝐶𝐼̅̅̅(STD) [%], non-stirred 

emulsions 

Average separated organic phase (STD) 

[%], stirred emulsions 

0 0(±0) 0(±0) 0(±0) 

1 16(±28) 7(±1) 1(±3) 

2.5 50(±46) 27(±15) 5(±5) 

5 100(±0) 46(±8) 12(±3) 

24 100(±0) 53(±4) 22(±3) 
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Appendix H 

Appendix H reports the measured values of the polymerization samples analyzed with 

Malvern, TMA, and GC. Some observations about the sieve residue from each sample are 

reported as well. Table 1 shows the particle sizes and Table 2 shows the expansion 

properties. Furthermore, Table 3 reports the amount of blowing agent and the theoretical 

amount of IP of each sample. 
 

Table 1. Particle sizes Dv(50) and Dn(50) and span of each sample. 

Sample Dv(50) Span of Dv(50) Dn(50) Span of Dn(50) 

pH 2.0 P1 31 3 2 3 

pH 4.5 P1 33 3 3 2 

pH 2.0 P2 34 3 8 1 

pH 4.5 P2 18 4 7 1 

pH 2.0 Me3 23 3 2 3 

pH 4.5 Me3 15 1 2 4 

pH 2.0 30 3 2 4 

pH 4.5 22 2 2 3 

0.4 M NaCl 18 1 2 4 

0.4 M MgCl2 20 2 2 3 

Ref 1 35 3 4 2 

Ref 2 29 3 2 3 

 

Table 2. Expansion properties Tstart, Tmax, and TMA-dens of each sample. 

Sample Tstart [℃] Tmax [℃] TMA-dens [g/l] 

pH 2.0 P1 109 157 11 

pH 4.5 P1 117 157 10 

pH 2.0 P2 108 158 11 

pH 4.5 P2 115 155 11 

pH 2.0 Me3 109 156 10 

pH 4.5 Me3 122 155 10 

pH 2.0 107 158 12 

pH 4.5 111 159 9 

0.4 M NaCl 113 157 12 

0.4 M MgCl2 112 157 9 

Ref 1 105 160 13 

Ref 2 112 158 10 
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Table 3. Analyzed amount of blowing agent IP and the theoretical amount of IP. 

Sample IP [%] Theoretical IP [%] 

pH 2.0 P1 14 14 

pH 4.5 P1 16 14 

pH 2.0 P2 14 14 

pH 4.5 P2 
14 14 

pH 2.0 Me3 14 15 

pH 4.5 Me3 15 15 

pH 2.0 14 15 

pH 4.5 15 15 

0.4 M NaCl 13 15 

0.4 M MgCl2 16 14 

Ref 1 13 15 

Ref 2 15 15 

 

The sieve residue was very high for all of the samples. The samples showing the highest 

amount of sieve residue, with big clumps were the samples containing Me3. 
 

Microscopic image of the sieve residue, from sample pH 2.0 Me3, is showed in figure 1. 

Large agglomerated microspheres can be seen, which is an interesting observation as the 

emulsions in study D created some big aggregates and gel like structure. However, that 

happened over more than 24 hours after homogenization and the polymerization lasted 

for 12 hours, and the conditions were completely different making it impossible to draw 

any connections. 

 
Figure 1. Microscopic image of sieve residue from sample Me3 pH 2.0.  


