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Emulsions are a dispersion of two immiscible liquids that can be found in a variety of 

products frequently used in our daily lives. These dispersions of droplets are intrinsically unstable 

and would phase separate if no stabilizers were present. Even if the emulsions are stabilized, the 

emulsion system is still extremely dynamic and multiple phenomena could occur simultaneously 

to affect the stability of the dispersion. Therefore, fundamentally understanding how the droplets 

interact with each other is crucial when designing emulsion-based products.  

Small angle scattering is a unique technique that can provide information of a sample in its 

native environment. Moreover, custom-built sample environments could also be utilized with this 

technique to provide additional controllable parameters such as the application of acoustic forces 



 

to alter the dynamics in emulsion system. Thus, small angle scattering is an optimal method for 

characterizing emulsion systems. In this dissertation, three different fundamental interactions that 

occur in emulsion systems are probed using both small angle X-ray scattering and small angle 

neutron scattering.  

The role of acoustic forces in solid particle stabilized Pickering emulsion formation using 

sonication is first investigated. Cavitation events are found to be crucial in inducing particle 

adsorption onto the oil-water interface. Mass transport kinetics between emulsions are also 

presented in this dissertation. When the emulsions are at rest, oil molecules can exchange between 

oil droplets spontaneously by directly diffusing through the aqueous phase or via direct emulsion 

contact. When emulsions are sonicated, the acoustic-force induced cavitation can significantly 

accelerate the oil exchange process. Moreover, the electrostatic repulsion, Gibbs elasticity of the 

oil-water interface provided by the presence of surfactants, and the emulsion size all played a role 

in the acoustic force induced oil exchange process. This dissertation will demonstrate our work 

towards understanding the interactions in emulsion systems on a molecular scale to provide a 

fundamental knowledge on how to design an emulsion-based system. 
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Chapter 1. INTRODUCTION 

1.1 EMULSIONS  

Emulsions are dispersions of liquid droplets in another type of continuous liquid solvent in 

which the two liquids are not miscible with each other. This dissertation is restricted to emulsions 

of water and oil, either as oil-in-water or water-in-oil emulsions (Figure 1.1), and these emulsions 

have several applications in the food, agriculture, chemical manufacturing, and biomedical fields.1–

3 Some examples of commonly used emulsion products used in our daily lives include mayonnaise, 

butter, milk, paint, skin care products, pesticides, and drugs. 

 

Figure 1.1. Example of using two immiscible liquids to form emulsions. Based on the amount 

of the phases and the stabilizer used, one can form either water-in-oil (W/O) or oil-in-water 

(O/W) emulsions. 

 

Emulsions can be roughly divided and described as macroemulsions, microemulsions, and 

nanoemulsions based on their size and stability.4  Macroemulsions are droplets with sizes greater 

than 500 nm in diameter and the dispersion is usually milky white and turbid. On the other hand, 
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nanoemulsion and microemulsions are special cases where the dispersions are less turbid, 

sometimes event transparent. These droplets usually have sizes ranging from 5 to 500 nanometers 

in diameter. The main difference between nanoemulsion and microemulsion is their stability. 

Microemulsions are thermodynamically stable swollen micelles whereas nanoemulsions are 

metastable dispersions that are kinetically stable but thermodynamically unstable.4 Therefore, if 

given enough time, nanoemulsions will ultimately phase separate into the original two immiscible 

liquids. 

Based on the definition of different types of emulsion systems, it is clear that these 

dispersions are rarely thermodynamically stable. This is because emulsion systems are very 

dynamic and multiple processes could occur simultaneously to induce instability. These 

interactions are similar to lyophobic (hydrophobic) colloidal systems where the colloids undergo 

particle size disproportionation (Oswald ripening), phase segregation, flocculation, and 

coalescence.5,6 Ostwald ripening occurs through the dissolution of the dispersed molecules through 

the continuous phase, which would result in a growth of the larger and the disappearance of smaller 

droplets. If emulsion samples are allowed to sit over time, gravitational forces could cause 

emulsion phase segregation. Depending on the density differences between the dispersed and 

continuous phase, the droplets would either sediment or cream. Flocculation can also occur due to 

the attraction between droplets or the presence of other colloids (e.g. polymers/micelles/particles) 

in the dispersion, resulting in droplet clustering. Both phase segregation and flocculation will 

concentrate droplets in emulsion system and could potentially result in merging of droplets or 

‘coalescence’. Forming larger droplets further decreases interfacial area between immiscible 

liquids. Moreover, these droplets also have a larger tendency to sediment or cream due to the 

buoyance forces and the reduced diffusivity of larger droplets. As a result, further droplet 
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coalescence can occur and can ultimately lead to phase-separation, which is the minimal 

achievable interfacial area.  

Still, in order to induce coalescence, the thin liquid film between droplet interfaces must 

be drained. Draining the liquid films to a certain thickness ‘hc’ will destabilize and ruptures the 

oil-water interface thus inducing coalescence. However, whether the film will thicken or thins is 

correlated to the disjoining pressure, which is the differences between the pressure in the liquid 

film and the bulk solution. Disjoining pressure is affected by interfacial properties, therefore, one 

could alter the intermolecular forces (i.e. van der Waals attraction, repulsion from surfactants, and 

hydrogen bonding) to either synthesize a stable emulsion or demulsify the emulsion dispersion.7 

1.2 EMULSIFIERS FOR STABILIZING EMULSIONS 

In order to increase the shelf life of emulsions for potential applications, emulsifiers are 

often added to increase the kinetic stability of dispersions. Emulsifiers are stabilizing agents that 

can interact with both types of liquid, lowering the interfacial tension between the two insoluble 

liquids, and increasing the kinetic stability of the emulsions (Figure 1.2).8,9 When properly 

stabilized, emulsions can remain stable for many years. 

 

Figure 1.2. Emulsions stabilized by different types of emulsifiers. 
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Common surfactants that are used in our daily lives are small molecules that contain both 

hydrophobic and hydrophilic characteristics, such as anionic surfactant sodium dodecyl sulfate 

(SDS) or cationic surfactant cetrimonium bromide (CTAB). The hydrocarbon tail of surfactants 

can interact favorably with hydrophobic liquids whereas the hydrophilic head will be attracted to 

the aqueous phase. Thus, these small molecules can tightly pack onto oil-water interfaces and 

create repulsive forces between droplets due to the presence of charged hydrophilic head groups 

for oil in water emulsion systems (i.e. sulfate head groups), making the compounds useful as a 

detergent.  

Another method to stabilize an emulsion system is the use of non-ionic surfactants, such 

as macromolecules or polymers. These molecules can also contain hydrophobic blocks which 

interacts with the hydrophobic liquids and hydrophilic blocks that interacts with the aqueous phase. 

Adsorbed non-ionic surfactants can produce steric repulsion forces between droplets that are also 

stabilized by non-ionic surfactants, thus physically preventing the droplets from coalescing.10 

Examples of non-ionic surfactants include Tween®, Triton®, polysaccharides, and Span® 

commercial products, as well as polymers such as polyethylene glycol and Pluronic®.11–14 

Finally, solid particles can also be used to stabilize emulsion droplets in what is known as 

a Pickering emulsion. Pickering emulsions were first observed in 1907 by S.U. Pickering.15 One 

advantage of Pickering emulsions over traditional surfactant-stabilized emulsions is that the 

presence of particles at the oil-water interface produces a shell that significantly increases the 

droplet’s resistance to coalescing.16,17 Moreover, the amount of energy required to remove a 

particle from this oil-water interface tends to be significantly higher than of surfactant stabilized 

systems.18 Pickering emulsions have also been shown to have less toxicity, making them attractive 



5 

 

candidates for biomedical applications.16,17 Other applications for Pickering emulsions are found 

in the food synthesis, wastewater treatment, and oil recovery.1,16,19,20 

1.3 EMULSION SYNTHESIS 

A simplified schematic diagram of emulsion formation and breakup thermodynamics is 

shown in Figure 1.3. The free energy associated with forming emulsion dispersions from the 

separate liquid state could be expressed using equation (1.1), where ∆𝐺𝑎𝑟𝑒𝑎 is the interfacial free 

energy, T is the temperature, and ∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 is the configurational entropy. Moreover, the 

interfacial free energy at a constant temperature and pressure can be expressed as the total free 

energy of the increasing interfacial surfaces (equation (1.2)), where  is the interfacial tension at 

the oil-water interphase and A is the increased total contact area. The configurational entropy 

depends on the number of oil droplets formed in the dispersion and can be expressed using equation 

(1.3), where N is the number of emulsion droplets formed, k is the Boltzmann constant, and  is 

the oil volume fraction in the system. The free energy change ∆𝐺𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 between the emulsion 

dispersion state versus the separated bulk liquids state is generally greater than zero (e.g. 

macroemulsions and nanoemulsions) but there are systems where it is less than zero (e.g. 

microemulsions). However, as can be seen in Figure 1.3 there is an additional energy, the 

activation energy, separating the two states. This activation energy is usually significantly greater 

than the free energy change. Therefore, large amounts of mechanical energy are usually required 

to form stable emulsions. 
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Figure 1.3. Simplified thermodynamic diagram of emulsion formation and breakup. 

 

∆𝐺𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 = ∆𝐺𝑎𝑟𝑒𝑎 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (1.1) 

∆𝐺𝑎𝑟𝑒𝑎 = 𝛾∆𝐴 (1.2) 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  −𝑁𝑘 [ln ∅0 + (
1 − ∅0

∅0
) ln(1 − ∅0)] (1.3) 

As indicated above, mechanical energy is generally required to de-stabilize the interfaces 

between the two liquid phases to ‘break’ these down into smaller droplets during emulsification. 

The amount of energy that is required to form emulsions can range from as small as just shaking 

and mixing a sample by hand to using specialized equipment to induce high shear fields in the 

system to break down large droplets and to form smaller ones. Some of the techniques commonly 

used for synthesizing emulsions include high shear mixing, high pressure homogenization (i.e. 

Avestin), liquid jet breakup and sonication.  

On the other hand, emulsions can also form spontaneously and without the application of 

external forces. One example of spontaneous emulsification is the synthesis of microemulsions, 

where ∆𝐺𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 is less than zero and no energy barriers (i.e. activation energy) exists. Another 

example is the ‘ouzo effect’ in reference to the Greek alcoholic drink.21 In the latter case, the 

formation of emulsions can’t be explained using classical thermodynamics. Moreover, the 
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synthesized emulsions are still thermodynamically unstable and will phase-separate with enough 

time. The main mechanism behind this effect is that some hydrophobic oils have a finite solubility 

in solvents like ethanol. When a miscible bad solvent (i.e. water) is added into the system, the 

solubility of the oil decreases and oil is forced out of solution to form small droplets without any 

mechanical energy input. This method can synthesize very small and monodisperse emulsion 

droplets but requires three types of liquids which can be problematic for some systems. 

Phase inversion methods including phase inversion temperature (PIT) and catastrophic 

phase inversion (CPI) are also techniques that can be used to synthesize emulsions spontaneously. 

PIT takes advantage of the temperature dependent solubility of non-ionic surfactants (i.e. 

polyethoxylated surfactants) in water, where higher temperatures generally result in a decrease in 

the polymer’s affinity with water.22–24 For example, increasing temperatures for O/W emulsions 

stabilized by polyethylene glycol will result in inverting the system to W/O emulsions. Lowering 

the temperature could invert the system back to the O/W emulsion state. CPI, on the other hand, 

uses the volume fraction of the water and oil in the system for synthesizing emulsions. By adding 

water to an oil system containing surfactant, W/O emulsions can be initially formed. Increasing 

water volume fraction would result in forming more W/O emulsion droplets which will eventually 

coalesce and phase invert to an O/W system.25,26 Both phase inversion techniques have the 

advantage of being able to synthesize small monodisperse emulsion droplets and can be easily 

scaled up for manufacturing processes.23 However, these methods usually require the use of high 

concentrations of surfactants, which would potentially be problematic for some applications. 
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1.4 ULTRASOUND 

Ultrasound is defined as acoustic waves where the frequency is greater than the standard 

human audible limit (> 20k Hz). It is often associated with uses in the medical field for imaging 

or therapy (i.e. ablation) but it is also commonly used in other fields for applications including 

sonar, nondestructive testing, and ultrasonic humidifiers among many others. The application of 

ultrasound (sonication) is also one of the most commonly used techniques in chemical labs for 

glassware cleaning, re-suspension of dispersed material, and for emulsification.  

 When acoustic waves are propagating through the medium, they will result in constant 

compressing and pulling of liquid regions within the sample (Figure 1.4). The displacement 

relative to equilibrium can be expressed as equation (1.4), where A is the maximum amplitude, f 

is the frequency of the acoustic wave, and t is time. If the acoustic pressure is higher than a certain 

threshold, the local negative pressure could overcome the saturated vapor pressure of the solvent 

(or droplet) and result in the formation of vapor cavities. Vapor cavities can then oscillate with the 

acoustic pressure waves or collapse during the positive pressure phase.27 This formation and 

collapse of vapor bubbles is called cavitation and it has been demonstrated to be able to provide 

high local stresses, pressures, and temperatures up to 5000K.28–30 Stresses resulting from cavitation 

are the important contributors to many of the previously mentioned applications. 
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Figure 1.4. Oscillating acoustic waves can induce formation and collapse of vapor cavities 

(cavitation) which can provide high stresses and temperatures. 

 

𝑎 = 𝐴 sin 2𝜋𝑓𝑡 (1.4) 

As mentioned previously, sonication is one of the most frequently used methods for 

synthesizing emulsions. It has been demonstrated that ultrasound induced emulsification is a two 

stage process.31 The applied acoustic wave first induces a Rayleigh-Taylor instability at the 

interface between the bulk oil and water phase, resulting in the formation of large droplets (~100 

m in diameter). The second step is when cavitation occurs near the oil-water interfaces, further 

breaking down the droplets to very fine sizes with diameters as small as on the order of a couple 

of nanometers.32  

The final synthesized droplet size is affected by various parameters including the type and 

concentration of the surfactants used, the viscosity of the liquids, the oil volume fraction in the 

system, and the applied acoustic parameters.27,33,34 Using higher ultrasound frequencies have been 

shown to create marginally smaller emulsion droplets.32,35 However, the cavitation threshold also 

increases when using higher frequency acoustic sources. Therefore, this will require greater energy 

input for emulsification at higher frequencies.36 The effects of insonication time and applied 

acoustic power (intensity) on synthesized emulsion size (Sauter mean diameter d3,2) can be 

expressed using a power law equation (equation (1.5)), where Pw is the applied power density and 
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ts is sonication time. The decrease in emulsion size during sonication is more pronounced in the 

initial stage of sonication and the dispersion will eventually reach an equilibrium size. Increasing 

the input power will result in less sonication time required to reach the final equilibrium size.37 

Other parameters related to the ultrasound waves that will affect the emulsification process include 

the amount of dissolved gas and particles in the medium, the temperature, and the hydrostatic 

pressure of the system.27,38,39  

𝑑3,2 = 𝑃𝑤
−𝑎𝑡𝑠

−𝑏 (1.5) 

The use of ultrasound in emulsion systems is not only restricted to emulsion synthesis. One 

example is the use of sonication to induce particle adsorption onto emulsion interfaces to form of 

Pickering emulsions.16,40,41 Acoustic forces are also often used in sonochemistry, using emulsions 

as micro reactors for chemical synthesis.42–44 In these cases, the extreme conditions provided by 

the cavitation events can break chemical bonds (i.e. hydrogen bonds in water) to form radicals to 

initiate reactions in processes including emulsion polymerization and nanomaterial synthesis.42,45 

The application of ultrasound is also common in the oil industry for demulsifying W/O 

emulsions.46–48 Reports for these processes often use acoustic standing waves and demulsifiers to 

induce phase separation. The demulsifiers can displace the particles stabilizing the emulsion 

interface, the acoustic standing waves can concentrate the droplets to the antinodes, and the 

cavitation events can disrupt the oil-water interface to induce emulsion coalescence. 

 

1.5 GOAL AND OBJECTIVES 

The main goal of this thesis is to fundamentally examine interactions at emulsion 

interfaces. The approach taken in this dissertation is to use of both small angle X-ray scattering 
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and small angle neutron scattering to examine emulsion systems in their native dispersion state. 

To this end, a custom-built ultrasound sample environment is used in portions of the studies to 

examine acoustic-force induced interactions. Two different interactions at emulsion interfaces will 

be examined in this dissertation. First, we examine the role of acoustic forces in inducing the 

formation of particle stabilized emulsions. The second portion of this dissertation discusses mass 

transport phenomena that occurs in emulsion systems both at rest and under the influence of 

acoustic forces. 

The first system that will be examined is the formation of gold nanoparticle stabilized 

Pickering emulsions (Chapter 3). Despite having several advantages over the classical surfactant 

stabilized emulsions and having potential in numerous applications, there are still challenges 

associated with their synthesis process. One key challenge is the limitations in the synthesis of 

particles that are capable of forming Pickering emulsions. Another main challenge is the presence 

of energy barriers that may be present to prevent adsorption of particles onto the emulsion 

interface. In Chapter 3 we will examine an amphiphilic gold nanoparticle stabilized emulsion 

model system to determine which acoustic parameters are most crucial in overcoming existing 

energy barriers. Here we used ultra-small angle X-ray scattering to characterize structural changes 

occurring during the sonication process. We also developed a Debye scattering model to better fit 

the acquired scattering data. This model allows us to obtain important Pickering emulsion 

parameters including emulsion size, surface coverage, and amount of unbounded particles in the 

system. With this new approach, we show that cavitation events occurring during sonication are 

crucial to overcoming energy barriers to induce Pickering emulsion formation. In addition, 

different types of emulsions are used to synthesize Pickering emulsion and we show that there are 
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no substantial differences in the estimated cavitation thresholds. However, significant oil loss is 

also observed for lower boiling point emulsions, which can be an important consideration. 

In Chapters 4 and 5 we use time-resolved small angle neutron scattering with a combination 

of contrast variation to examine the transport of oil molecules between oil droplets at rest and 

under the influence of acoustic forces. The basis on the technique used in both of these chapters is 

the design of an emulsion system that would be contrast matched when oil molecules are fully 

exchanged between the different droplets. The main advantage of this technique is the ability to 

use only one chemical composition to examine mass transport in emulsion systems. In short, a 

mixture containing two different populations of emulsions, one with a higher scattering length 

density and one with a lower scattering length density, were allowed to exchange oil molecules 

either at rest or under the influence of acoustic forces. Any oil exchange occurring between 

different oil droplets resulted in a net decrease in contrast and thus a decrease in the recorded 

scattering intensities. Moreover, a relaxation function was defined and used to measure the extent 

of oil exchanged between droplets, providing a standardized method to quantify and compare oil 

exchange kinetics between various emulsion systems. 

The transport of oil molecules between oil droplets in emulsion systems at rest is first 

examined in Chapter 4. In this study, parameters including the concentration of stabilizing anionic 

surfactant (i.e. sodium dodecyl sulfate, hexyl sulfate sodium salt, and tetradecyl sulfate sodium 

salt), temperature of the samples, concentration of salt in the emulsion system, and the solubility 

of the oil phase was varied to examine its effects on the oil exchange kinetics. With this approach, 

we showed that the oil exchange kinetics is significantly faster when surfactants are present and 

when the samples were held at a higher temperature. Moreover, the concentration of surfactant 

present, the type of anionic surfactants used, and the addition of salt in emulsion systems showed 
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little effects on the exchange kinetics. However, it was also observed that the presence of surfactant 

micelles would minimally accelerate the oil exchange kinetics through depletion interactions. The 

main driving force to the observed oil exchange was hypothesized to be a combination of direct 

oil molecule diffusion through the aqueous phase and a direct emulsion contact mechanism. In 

contrast, direct oil diffusion mechanisms would dominate in emulsion systems when using higher 

solubility oils. Direct emulsion contact oil exchange would be the primary exchange mechanisms 

for insoluble emulsion systems.  

Acoustic force induced oil exchange in emulsion systems is further investigated in Chapter 

5. In this study, hexadecane emulsions stabilized by different concentrations of SDS were 

sonicated at various acoustic pressures. It was observed that the oil exchange process is greatly 

accelerated when sonicated but only when cavitation events occurred. Moreover, the presence of 

stabilizing surfactants at oil-water interfaces showed an opposite trend when compared to the 

results obtained for emulsion systems at rest. Surfactant stabilized emulsions exchanged oil 

molecules at a significantly slower rate and the exchange kinetics is strongly affected by the 

concentration of stabilizing surfactants (non-linear correlation). The mechanism driving the oil 

exchange process is hypothesized to be reversible droplet coalescence. Moreover, the droplet size, 

the electrostatic repulsion provided by the stabilizing surfactants, and the Gibbs elasticity provided 

by the surfactants decorating the emulsions played significant roles in deterring the rate of 

emulsion coalescence. Work in Chapters 4 and 5 demonstrates that mass transport in emulsion 

systems is extremely complex and time resolved small angle neutron scattering is a unique tool 

that can provide the ability to probe this type of system.  
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Chapter 2. THEORY AND METHODS 

2.1 SMALL ANGLE SCATTERING 

Small angle scattering is a non-destructive technique that can be used to examine structures 

within samples. Advantages of scattering as a characterization method include its ability to analyze 

samples in their original environment (e.g. nanoparticles dispersed in liquid) and the ability to 

provide structural information over a wide range of length scales (from 1 to 10000 nm) depending 

on the instrument that is used. Moreover, based on use of the different irradiation sources (i.e. 

light, neutron or X-ray), small angle scattering can be used to highlight and characterize different 

material structures and thus can be applied to a variety of areas including colloids, polymers, and 

biology.1,2  

2.1.1 Small Angle Scattering Theory 

Small angle scattering introduces a collimated irradiation source, either X-ray or neutron 

beam, through a sample. While most of the irradiation source passes and transmits through the 

sample undisturbed, a small portion interacts with the sample and is scattered as shown in Figure 

2.1. The intensity of the scattered beam is a function of angle and this contains information on the 

structure of the sample. The scattering is also a function of incident wavelength. Therefore, a 

scattering vector q is often used instead in order to compare data from instruments with sources 

that may have variable incident wavelengths. The scattering vector q, or momentum transfer 

vector, is defined as the difference between the incident vector (ki) and the scattered vector (ks) as 

shown in equation (2.1). Moreover, scattering data is the Fourier transform of the scattering length 

density distribution and has a unit of one over length. As a result, scattering data at regions of large 
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q provide information on smaller length scales whereas lower q section of the data has information 

on features spanning larger length scales. 

 

 

 
Figure 2.1. Schematic diagram of small angle scattering experimental setups. 

 

 

                                                     

𝑞 ≡ |𝑞⃑| = |𝑘𝑠 − 𝑘𝑖| =
4𝜋

𝜆
𝑠𝑖𝑛

𝜃

2
 (2.1) 

 

For small angle X-ray scattering (SAXS), the scattering signals acquired by the detector 

arise from elastic interactions between an incident X-ray photon and the electron clouds within the 

sample. Materials containing atoms with higher electron densities would have a higher probability 

of interacting with the incident X-ray and would scatter more, producing a higher scattering 

intensity. Thus, metal particles tend to scatter X-rays much more than organic molecules such as 

polymers or solvent molecules like water. On the other hand, scattering in small angle neutron 

scattering (SANS) originates from interactions between the incident neutron beam and the nucleus 

of atoms in the material, which also varies widely with different elements or isotopes. As a result, 

the amplitude of the interaction can differ significantly when compared to X-ray scattering   
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To quantify a material’s ability to scatter due to an incident beam containing either X-rays 

or neutrons, a parameter called the scattering length density (SLD) is defined. For a material with 

a composition of AmBn, its scattering length density is shown in equation (2.2) where b is the 

scattering length contribution of each atom type and m and n are the numbers of atoms in a unit 

volume v of material. The SLD value of a chemical can be estimated using the National Institute 

of Standards and Technology SLD calculator by providing information on the chemical 

composition and the density of the material.3               

𝑠𝑐𝑎𝑡𝑡𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑆𝐿𝐷) = 𝜌 =
𝑚𝑏𝐴 + 𝑛𝑏𝐵

𝑣
 (2.2) 

 

Knowing the SLD value for all of the components in a system, including the solvent, all 

dispersed materials, and the dissolved components is critical to planning or conducting small angle 

scattering experiments. This is because the recorded scattering data contains scattering signals 

from all components within the examined sample. Thus, if the material of interest has a similar 

scattering length density to the continuous phase, the contrast would be very low and very little 

scattering will be observed. As a result, the scattering data will be noisy, would require longer 

integration times and, at the same time, may provide inadequate data for analysis.  

Another crucial factor that needs to be considered when designing small angle scattering 

experiments is the amount of the incident beam that will transmit through the sample. Transmission 

intensity, which is measured at 0⁰, decays exponentially as a function of the sample thickness 

(d) and attenuation () as shown in equation (2.3). Attenuation of X-rays and neutrons is from a 

combination of absorption and scattering from the sample. The attenuation coefficient for neutron 

scattering is also called the total scattering cross-section and will vary with the wavelength of the 

neutrons used to perform the experiment. Total scattering cross-sections for different materials can 
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be estimated using information in the evaluated nuclear data file (ENDF), which is a database that 

provides nuclear reaction data (e.g. neutron cross-sections). The total scattering cross-section of a 

sample can be assumed to be a linear combination the different materials present weighed by their 

volume fraction.4 An example of estimating the neutron transmission through a sample in a small 

angle neutron scattering (SANS) experiment design while varying the amount of H2O/D2O in the 

solvent and sample thickness is shown in Figure 2.2. As can be seen in the figure, the transmission 

through the sample significantly decreases with an increase in sample thickness and the amount of 

H2O in the solvent due to its high incoherent scattering cross-section. Therefore, to obtain the 

maximum neutron transmission through the samples when a SANS experiment, one would ideally 

use a deuterated solvent and a short sample pathlength. However, in order to obtain strong 

scattering signals in SANS experiments the contrast between the structures characterized and 

solvent also has to be accounted for. For example, minimal scattering intensities would be recorded 

from a sample containing deuterated structures (with similar SLD values to the solvent) in a fully 

deuterated solvent despite having the great sample transmission. Thus, depending on the samples 

characterized, there may be a conflict between trying to promote a higher contrast within the 

sample and also having a higher transmission signal when designing a neutron scattering 

experiment. An example of having to optimize sample contrast versus transmission is shown in 

Chapters 4 and 5, where a long pathlength sample holder was used in SANS experiments.  

𝑇 =  
𝐼𝜃=0

𝐼0
= 𝑒−𝑑/Λ (2.3) 
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Figure 2.2. Example of sample transmission when using a 6 Å wavelength neutron as irradiation 

source. The transmitted intensity is a function of thickness and total scattering cross-section of 

the sample. 

2.1.2 Contrast Matching 

Although in most small angle scattering experiments it is ideal to have a sample where the 

contrast between the characterized material and the solvent is significant, having no contrast for 

portions of the analyzed system can also be beneficial. The use of zero contrast to highlight 

different parts of the sample is a technique called contrast matching (or contrast variation) and it 

is a unique method that is often used in SANS experiments.2 One simple way of achieving the 

contrast matching condition is to vary the solvent that is used to dissolve the material. Another 

method is to take advantage of the substantial SLD differences between hydrogen and deuterium 

to make a solvent using both types of isotopes to tune the solvent’s SLD. For example, when 

performing experiments in an aqueous solution, the SLD of the solvent could be tuned by mixing 

different ratios of H2O/D2O to obtain a solvent SLD ranging from -0.561x10-6 Å-2 (100% H2O) to 

6.363x x10-6 Å-2 (100%D2O).3 

One simplified example of using the contrast matching technique is when researchers are 

characterizing a sample that contains two different structures (e.g. squares and pentagons). The 

SLD of the solvent could be varied such that it matches one of the structure to highlight the other 
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(Figure 2.3 (a)). Contrast matching could also be applied to characterize portions of a structure 

within the same sample (e.g. a core-shell structure) to highlight either the shell thickness or the 

core size (Figure 2.3 (b)). 

 
Figure 2.3. Example of using contrast matching to (a) highlight one of two structures within the 

system and (b) examine the shell thickness/core size in a core-shell structure. 

 

Another example is also shown in Chapters 4 and 5 where contrast variation is used to 

examine the kinetics of oil exchange between oil in water emulsions using initial stock emulsions 

with different SLDs. This type of experiment is known as time-resolved SANS. Here, the system 

was designed to start with a mixture of higher SLD and lower SLD oil identical droplets with equal 

contrast to the solvent. Any oil exchange occurring in the system would result in a decrease in the 

contrast in the system and when the two emulsions are sufficiently exchanged, ideally no (or 

minimal) scattering would be detected from the sample (Figure 2.4). 
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Figure 2.4. Schematic diagram of oil in water emulsion oil exchange experiment. (a) Deuterated 

and partially deuterated droplets have relative equal contrast to the solvent. (b) Oil exchange 

between emulsions would result in forming a perfect contrast matching system. 

 

2.1.3 Example of Optimizing Sample Contrast Versus Transmission 

The overall measured scattering intensity is correlated with the sample transmission (T) 

and contrast (∆ρ) as shown in equation (2.4). Moreover, the contrast of the two stock emulsion 

systems can be expressed as equation (2.5), where SLDemulsion1 and SLDemulsion2 are scattering 

length densities (SLD) of the two populations of emulsion that are consistent with 

hydrogenated/deuterated hexadecane and SLDsolvent is the scattering length density of the solvent 

(H2O and D2O mixture). 

Ideally one would choose to use a fully deuterated hexadecane as the high SLD emulsion 

(SLD = 6.66x10-6 Å-2) and fully hydrogenated hexadecane as the low SLD emulsion (SLD =                         

-0.43x10-6 Å-2) as the two initial emulsion stocks because this maximizes contrast. Based on this 

emulsion composition, the corresponding SLD of the solvent could then be estimated to be 

3.11x10-6 Å-2, which consists of 46 vol% H2O and 54 vol% D2O. However, if oil exchange 

experiments were performed using this contrast matching condition and a long pathlength sample 

cell (i.e. 1 cm), the large absorption cross-section of H2O in the solvent would absorb nearly all of 

the neutrons passing through the system and minimal scattering intensities would be detected 

(transmission ~3%). Thus, a balance between the emulsion contrast and sample transmission must 
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be considered to optimize contrast matching of the emulsion systems for any given sample 

thickness. 

𝐼 ∝ 𝑇 ∗ ∆𝜌2 (2.4) 

∆𝜌2 = (𝑆𝐿𝐷𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛1 − 𝑆𝐿𝐷𝑠𝑜𝑙𝑣𝑒𝑛𝑡)2 = (𝑆𝐿𝐷𝑠𝑜𝑙𝑣𝑒𝑛𝑡 − 𝑆𝐿𝐷𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛2)2 (2.5) 

 

The first step for estimating the optimized contrast matching condition is to simplify 

equation (2.5) to minimize the number of parameters used in the calculation. The equation can be 

re-organized to express the fully exchanged system that is contrast matched. In addition, the 

amount of deuterated hexadecane (D-hexadecane) and hydrogenated hexadecane (H-hexadecane) 

in this system can be expressed in its corresponding volume fraction. For example, the fully mixed 

emulsion contains Xhex H-hexadecane and XD-hex D-hexadecane, which can also be expressed as 

(1- Xhex). The same process can also be performed to the solvent such that the mixture is expressed 

only using the volume fraction of H2O (equation (2.6)). The SLD values of the different 

components are constants that can be estimated using the NIST neutron activation and scattering 

calculator.3 Thus, the emulsion contrast matching condition can be simplified to using only one 

parameter (either in Xhex or XH2O) as shown in equation (2.7). 

 

𝑋ℎ𝑒𝑥 ∗ 𝑆𝐿𝐷ℎ𝑒𝑥 + (1 − 𝑋ℎ𝑒𝑥) ∗ 𝑆𝐿𝐷𝐷−ℎ𝑒𝑥                               

= 𝑋𝐻2𝑂 ∗ 𝑆𝐿𝐷𝐻2𝑂 + (1 − 𝑋𝐻2𝑂) ∗ 𝑆𝐿𝐷𝐷2𝑂 
(2.6) 

𝑋𝐻2𝑂 = 1.022𝑋𝐻𝑒𝑥 − 0.0417 (2.7) 
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The other part of the optimization process is to account for the sample transmission (T) 

using equation (2.3). The value of the total cross section used in this equation can be estimated 

using a linear combination of the cross sections of H2O (6.93 cm-1 for a 6 Å source) and D2O (0.72 

cm-1). For example, a solvent containing 25% H2O and 75% D2O results in a total solvent cross 

section of 2.27 cm-1.  

The theoretical scattering intensity can then be estimated using equation (2.4). The 

estimated contrast, transmission, and scattering intensities are shown in Figure 2.5. As can be seen 

in the figure, the optimal sample configuration should contain a contrast matched oil that consists 

of 30% H-hexadecane and 70% D-hexadecane. The corresponding solvent mixture would contain 

roughly 26.5% H2O and 73.5% D2O, which would provide 9% neutron transmission through a 1 

cm pathlength sample. 

 

 
Figure 2.5. Optimizing the detected scattering intensity by varying the transmission and contrast 

of the system.  

 

While the contrast matching configuration for the emulsion system could be estimated 

using the equations above, using the estimated values of the hydrogenated/deuterated material to 

make the sample could result in synthesizing a system that is not perfectly contrast matched. The 

mismatch between the calculation and the experimental measurement is due to variations in the 
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quality of raw materials that are purchased. The purity of the components affects the actual 

scattering length of the samples. Therefore, the estimated SLD of the different materials may not 

be entirely identical to the theoretically estimated value. Thus, it is crucial to validate that the 

synthesized system is actually contrast matched before conducting any time-resolved contrast 

matching experiments. 

The experimental contrast matching condition can be obtained by synthesizing the 

theoretically estimated contrast matching oil mixture (30% H-hexadecane and 70% D-hexadecane) 

in solvents with various amounts of H2O/D2O. The scattering profiles for each sample can be 

collected and the actual contrast matching point would be the condition where minimal scattering 

is observed. An alternative method for estimating the contrast matching point is to plot out the 

square root of the scattering intensity at a specific q versus the volume fraction of D2O in the 

solvent. The obtained result should resemble a ‘V’ shape since any contrast mismatch in the 

emulsion system would result in a higher observed scattering intensity.  

The curve can be further modified such that the contrast matching condition could be 

mathematically estimated. In short, the curve was linearized by multiplying half of the ‘V’ data 

point values by ‘-1’ as shown in Figure 2.6. The contrast matching point of the system would be 

the condition in which the line crosses the x-axis. For our system, the actual experimental contrast 

matching point occurred when the solvent contained 73.1% D2O and 26.9% H2O, which is 

relatively close to the theoretical calculation of 73.5% D2O and 26.5% H2O. Additional contrast 

matching validation experiments are also required when performing experiments that uses other 

oils as the dispersion phase (e.g. dodecane or octane). 

 

 



27 

 

 
Figure 2.6. Contrast matching validation for hexadecane emulsion systems showing that the 

synthesized sample based on the theoretically calculated value is close to the actual experimental 

contrast matching point. 

 

2.1.4 Scattering Data Fitting and Data Analysis 

The main method of analyzing a set of scattering data is to fit profiles with suitable 

scattering models. Small angle scattering data provides information not only on the shape and size 

of individual particles but also how these particles are arranged. This is because scattering signals 

are sensitive to interference of scattering events from each individual particle and its surrounding 

neighbors. For a system consisting of only one type of particle, the scattering intensity can be 

expressed using equation (2.8), where N is the number density of particles, Vp is the volume of a 

single particle, ∆ρ is the scattering length density difference between the particle and the solvent, 

P(q) is the form factor of a single particle, and S(q) is the structure factor which takes into 

consideration the inter-particle correlations. 

 

𝐼(𝑞) = 𝑁 ∗ 𝑉𝑝
2∆𝜌2𝑃(𝑞)𝑆(𝑞) + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (2.8) 
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Since the form factor corresponds to the scattering of an isolated particle, it provides 

information on the shape of the particles. Mathematically, this can be expressed as the summation 

of the intensity of all the scattering waves within one particle as shown in equation (2.9), where ri 

is the vector defining the distance between pairs of atoms within a particle.                     

 

𝑃(𝑞) = [
1

𝑉𝑝
∫ 𝑒𝑖𝑞𝑟𝑖𝑑𝑟𝑖

𝑉𝑝

]

2

 (2.9) 

 

2.1.4.1 Sphere Model 

The spherical model is the simplest scattering model and it was derived by Gunier.5 It is a 

fundamental model that is also the basis for modeling gold stabilized Pickering emulsion systems 

(Chapter 3). For a monodisperse spherical system with uniform electron density, the form factor 

of a sphere can be expressed using equation (2.10) where r is the radius of the spherical particle. 

𝑃(𝑞) = [3 ∗
sin(𝑞𝑟) − 𝑞𝑅 cos(𝑞𝑟)

(𝑞𝑟)3
]

2

 (2.10) 

 

For isolated (i.e. dilute) spherical particles in a dispersion, the structure factor has a value 

of 1 and the scattering intensity is expressed as shown in equation (2.11), where V is the total 

volume of the sample and φp is the volume fraction of scattering particles. 

𝐼(𝑞) =
𝜑𝑝

𝑉
∗ [3 ∗ 𝑉𝑝 ∗ ∆𝜌 ∗

sin(𝑞𝑟) − 𝑞𝑅 cos(𝑞𝑟)

(𝑞𝑟)3
]

2

+ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (2.11) 

 

The spherical model is a good representation for colloidal gold nanoparticles presented in 

this dissertation because the particles are synthesized in very dilute concentrations. Therefore, it 
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can be used to accurately measure the radius of the particles and to assess the dispersion stability 

and polydispersity. When using this model for fitting, the background and scattering length density 

for gold particles and water is kept constant since they are known or subtracted during data 

reduction process. The only variables are then the radius, volume fraction, and the polydispersity 

(if this is included in the model) of the particles. The estimated particle size can also be compared 

to the results obtained from transmission electron microscopy to determine if the modeled results 

are accurate. If the scattering profiles are reduced and plotted in absolute units, the scale parameter 

in the model represents the volume fraction.  

2.1.4.2 Raspberry model 

The first model used to analyze the synthesized Pickering emulsions in Chapter 3 is the 

Raspberry model developed by Larson-Smith et. al.6 This model describes a system where several 

small spherical particles decorate the surface of a large sphere (oil droplet). In addition, it assumed 

that the small particles are immersed on the oil-water interface and based on the wettability of the 

nanoparticles the particle contact angle on the interface would vary. The scattering intensity of a 

Pickering emulsion is summarized in equation (2.12), assuming the oil droplets and nanoparticles 

in the system are monodisperse. 

𝐼𝑇𝑜𝑡𝑎𝑙
𝑀𝑜𝑛𝑜 (𝑞) = 𝐼𝑜𝑝

𝑀𝑜𝑛𝑜(𝑞) + 𝐼𝑝
𝑀𝑜𝑛𝑜(𝑞) (2.12) 

 

Equation (2.12) can be expanded to the following equations, where Pop is the form factor 

of the Pickering emulsion, M is the scattering length of the overall Pickering emulsion, Sop is the 

structure factor or the Pickering emulsion, Spp is the structure factor for the particles, and δ is where 

the particle is at the interface (-1 ≤ δ≤ 1).                             
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𝐼𝑜𝑝
𝑀𝑜𝑛𝑜(𝑞) = (φ𝑜(∆𝜌𝑜)2𝑉𝑜 + 𝜑𝑝

𝑇𝜑𝑝
𝑎𝑁𝑝(∆𝜌𝑝)

2
𝑉𝑝) 𝑃𝑜𝑝 (2.13) 

𝐼𝑝
𝑀𝑜𝑛𝑜(𝑞) = 𝜑𝑝

𝑇(1 − 𝜑𝑝
𝑎)(∆𝜌𝑝)

2
𝑉𝑝𝜓𝑝

2 (2.14) 

𝜓𝑝 =
3[sin(𝑞𝑅𝑝) − 𝑞𝑅 cos(𝑞𝑅𝑝)]

(𝑞𝑅𝑝)3
 (2.15) 

𝜓𝑜 =
3[sin(𝑞𝑅𝑜) − 𝑞𝑅 cos(𝑞𝑅𝑜)]

(𝑞𝑅𝑜)3
 (2.16) 

𝑃𝑜𝑝 =
1

𝑀2
[

(∆𝜌𝑜)2𝑉𝑜
2𝜓𝑜

2 + 𝑁𝑝(∆𝜌𝑝)
2

𝑉𝑝
2𝜓𝑝

2

+𝑁𝑝(𝑁𝑝 − 1)(∆𝜌𝑝)
2

𝑉𝑝
2𝑆𝑝𝑝 + 2𝑁𝑝∆𝜌𝑜∆𝜌𝑝𝑉𝑜𝑉𝑝𝑆𝑜𝑝

] (2.17) 

𝑀 = ∆𝜌𝑜𝑉𝑜 + 𝑁𝑝∆𝜌𝑝𝑉𝑝 (2.18) 

𝑆𝑜𝑝 = 𝜓𝑜𝜓𝑝

sin (𝑞(𝑅𝑜 + 𝛿𝑅𝑝))

𝑞(𝑅𝑜 + 𝛿𝑅𝑝)
 (2.19) 

𝑆𝑝𝑝 = 𝜓𝑝
2 [

sin (𝑞(𝑅𝑜 + 𝛿𝑅𝑝))

𝑞(𝑅𝑜 + 𝛿𝑅𝑝)
]

2

 (2.20) 

Where: 

𝑅𝑜: Radius of the oil droplet 

𝑅𝑝: Radius of the particle 

φ𝑜: Volume fraction of the emulsion phase 

𝜑𝑝
𝑇: Volume fraction of the particles 

𝜑𝑝
𝑎: Volume fraction of the particles adsorbed onto the emulsion 

𝑁𝑝: Number of particles at the surface of a single emulsion 

𝑉𝑜: Volume of a single emulsion 

𝑉𝑝: Volume of a single particle 

𝜌𝑜: Scattering length density of the emulsion phase 

𝜌𝑝: Scattering length density of the particles 

𝜌𝑠: Scattering length density of the solvent 

∆𝜌𝑜 = (𝜌𝑜 − 𝜌𝑠): Scattering contrast between the emulsion and solvent 

∆𝜌𝑝 = (𝜌𝑝 − 𝜌𝑠) : Scattering contrast between the particles and solvent 
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When using the Raspberry model, parameters including background (set as 0), δ (set at 0 

which assumes that 50% of the particle is in each liquid phase), the particle radius, SLDs for the 

particle, solvent, and the emulsions were kept constant to simplify the modeling process. The initial 

input of the size of the emulsion is obtained from DLS. By using the raspberry model, one can 

estimate the emulsion size, emulsion surface coverage of the particles, polydispersity, volume 

fraction of the particles and emulsions in the Pickering emulsion system.  

2.1.4.3 Debye Model 

A Debye model consisting of ‘N’ smaller spheres (GNP) surrounding a large sphere 

(emulsion) was used to represent synthesized Pickering emulsions. All spheres were assumed to 

be hard spheres; therefore, they would not overlap with each other.7 The schematic of the Pickering 

emulsion is shown in Figure 2.7. The scattering intensity of a Pickering emulsion was divided into 

multiple terms, including scattering intensity of the individual GNPs, emulsion droplets, scattering 

due to the interactions between GNPs vs the emulsion droplets, and GNP-GNP interactions. Since 

both GNPs and emulsions in the system were all spheres, their form factors were expressed as the 

following equations, where q is the scattering vector, r and R are the radii of the GNPs and 

emulsion droplets, and  the scattering length density of the components or water. 
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Figure 2.7. Schematic figure of a Debye model used to fit Pickering emulsion scattering data. 

A spherical emulsion droplet with a radius R is evenly coated by N spherical GNPs with a radius 

r. 

 

 

𝐹𝑝𝑎𝑟𝑡𝑖𝑙𝑐𝑒 =  (𝜌𝑝 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑝

3[sin(𝑞𝑟) − 𝑞𝑟 cos(𝑞𝑟)]

(𝑞𝑟)3
 (2.21) 

𝐹𝑜𝑖𝑙 =  (𝜌𝑜 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑜

3[sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)]

(𝑞𝑅)3
 (2.22) 

𝑉𝑝 =
4

3
𝜋𝑟3 (2.23) 

𝑉𝑜 =
4

3
𝜋𝑅3 (2.24) 

 

The scattering intensities of the individual components and the interactions between these 

components was then calculated using equations (2.25) through (2.28). 
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𝑃𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =  (𝐹𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)
2
 (2.25) 

𝑃𝑜𝑖𝑙 =  (𝐹𝑜𝑖𝑙)2 (2.26) 

𝑃𝑜𝑝 = 2𝑁𝐹𝑜𝑖𝑙𝐹𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

sin(𝑞(𝑅 + 𝑟))

𝑞(𝑅 + 𝑟)
 (2.27) 

𝑃𝑝𝑝 = 2(𝐹𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)
2

∑ ∑
sin[𝑞(𝑟𝑖̂ − 𝑟𝑗̂)]

𝑞(𝑟𝑖̂ − 𝑟𝑗̂)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

 (2.28) 

 

The scattering intensity of one Pickering emulsion was then expressed as the summation 

of all the individual components with a weighing factor, where o is the scattering length density 

(SLD) of the emulsion core, solvent is the SLD of the solvent, and particle is the SLD of the gold 

nanoparticles 

𝑃𝑃𝑖𝑐𝑘𝑒𝑟𝑖𝑛𝑔 =
1

𝑀2
(𝑃𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 + 𝑃𝑜𝑖𝑙 + 𝑃𝑜𝑝 + 𝑃𝑝𝑝) (2.29) 

𝑀 = (𝜌𝑜 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑜 + 𝑁(𝜌𝑝 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑝 (2.30) 

 

However, since there were some particles not bound to the emulsion interface and free 

floating in the system, the final scattering intensity of a monodisperse Pickering emulsion with 

some excess particle in the system was then expressed as the following equation, where 𝜙𝑜 is the 

volume fraction of the oil phase, 𝜙𝑝
𝑡𝑜𝑡𝑎𝑙is the dosed total volume fraction of the particles, and 𝜙𝑒𝑥is 

the estimated ratio of excess particles in the system. 
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𝐼𝑠𝑦𝑠 = [
𝜙𝑜(𝜌𝑜 − 𝜌𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑜 +

𝜙𝑝
𝑡𝑜𝑡𝑎𝑙(1 − 𝜙𝑒𝑥)𝑁(𝜌𝑝 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑉𝑝

] 𝑃𝑃𝑖𝑐𝑘𝑒𝑟𝑖𝑛𝑔              

+ 𝜙𝑝
𝑡𝑜𝑡𝑎𝑙𝜙𝑒𝑥

𝑃𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑉𝑝
 

(2.31) 

Polydispersity of the Pickering emulsions was included by assuming their size distribution 

to be log-normal. The probability of each size within a bin size was estimated using the standard 

normal table on a log scale. Using more bins to express the lognormal distribution would provide 

a better estimation of the distribution but the scattering intensity calculation time also significantly 

increases with the increasing number of bins; therefore, a total of 5 bins was used for all modeling 

results shown in Chapter 3. 

The model was verified by changing the parameters and observing how scattering intensity 

characteristics varied. To simplify the system, a model where there were only Pickering emulsions 

and no ‘free’ excess particles was first examined to determine which parameters had the most 

effect on the scattering curve (Figure 2.8). Parameters including Pickering emulsion radius, 

amount of emulsion surface covered, and emulsion polydispersity were then varied while other 

parameters were kept constant. Based on the modeling results, increasing the Pickering emulsion 

radius resulted in a shift of the Guinier region into lower q. Increasing emulsion surface coverage 

gave rise to a shift of the characteristic peak, the GNP-GNP interaction peak, into higher q regions. 

Finally, increasing the polydispersity of the emulsion droplet smoothed the scattering curve.  
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Figure 2.8. Debye model of Pickering emulsions varying emulsion (a) radius, (b) surface 

coverage, and (c) polydispersity. No instrumental smearing or polydispersity is included in these 

models. Scattering length densities were fixed for water (9.47x10-6 Å-2), gold (124.69x10-6 Å-2) 

and emulsion (14.47x10-6 Å-2). 

 

An example of fitting an obtained Pickering emulsion scattering profile with both the 

raspberry and Debye model is shown in Figure 2.9. As can be seen in the figure, the Debye 
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modeled fit provides a better estimation of the gold particle-particle interaction peak. Another 

advantage of using the Debye model is the ability to calculate a non-perfect system containing 

multiple size distributions of gold nanoparticles and Pickering emulsions. Thus, the Debye model 

was used for modeling the acquired scattering profiles containing Pickering emulsions. 

 
Figure 2.9. Example of fitting Pickering emulsion data using the Debye model versus the 

raspberry model. 

 

2.1.4.4 Estimating Exchange Kinetics Using a Relaxation Function 

For analyzing time-resolved SANS on the other hand, the important information that one 

aims to obtain from the scattering profiles is the overall contrast of the emulsion system and not 

necessarily the size/shape of the oil droplets. One method to measure contrast in emulsion system 

is to model every single scattering profile while assuming the emulsion size distribution remains 

constant. This method is limited however, when analyzing larger sized emulsion systems where 

the size distribution may not be adequately modeled due to a limited q range. Thus, another method 

of obtaining the same information is to use a relaxation function to characterize the amount of 

mass that is transferred between oil droplets in an emulsion system. 

As mentioned previously, the recorded scattering intensity of a sample could be expressed 

using equation (2.8). If the emulsion size distribution within the sample does not change over time 
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and the droplets are dilute, the recorded scattering intensity is now only correlated to the square of 

the system’s contrast. The extent of the oil exchange can then be expressed as a relaxation function 

(R(t)) as shown in equation (2.32). I(t) is the integrated scattering intensity at any given time, I0 is 

the integrated scattering intensity at time zero which can be obtained using the control emulsion 

sample where the system contrast remained constant, and I∞ is the integrated scattering intensity 

at infinite time which is obtained from the pre-mixed control sample. Additional details on the 

emulsion systems, analysis, and models used to fit the relaxation functions are further discussed 

in Chapters 4 and 5. 

𝑅(𝑡) = (
𝐼(𝑡) − 𝐼∞

𝐼0 − 𝐼∞
)

1/2

 (2.32) 

2.1.5 Ultrasound Sample Environment 

An ultrasound sample environment was custom built to allow us to simultaneously probe 

acoustic force induced changes within a sample during sonication while performing small angle 

scattering experiments. The sample environment consists of a sample holder that can be 

sandwiched be two chambers containing water and focused ultrasound transducers (1.24 MHz 

Sonic Concepts H-102, f-number 0.98, 64 mm diameter, Sonic Concepts Inc., Bothell, WA, USA). 

The transducers have a well-defined acoustic beam and acoustic parameters including the applied 

acoustic pressure, duty cycle, and pulse repetition frequency could be controlled. The sample 

environment could also be modified for only one transducer as the acoustic source by using an 

empty water chamber or switching out one of the water chambers with a spherical reflector fixed 

onto the sample holder (in Chapter 5). Perpendicular to the acoustic source axis is a Kapton 

window that allows neutron and X-ray beams to pass through. Beneath the sample holder is a 

custom-made wide-band polyvinylidene difluoride (PVDF) transducer that receives any acoustic 
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waves passing through the sample, which would be used for acoustic cavitation analysis. Liquid 

samples can be loaded or removed through a threaded hole on top of the sample holder. The 

assembly of the sample environment is shown in Figure 2.10. 

 

The wiring of the acoustic setup is shown in Figure 2.11. In short, a laptop using MATLAB 

codes is used to control a dual-channel arbitrary waveform generator (4154, BK Precision, Yorba 

Linda, CA, USA) to select acoustic parameters including waveform, frequency, wave amplitude, 

and pulse length that are applied to the transducer. The signals are passed through a linear amplifier 

(A150, ENI, Rochester, NY, USA) to amplify the signals by 55dB. The amplified signal is then 

passed through a pre-amplifier (matching network) for the transducer and to the transducer which 

would then generate acoustic waves. Ultrasound signals passing through the sample holder are 

received by the PVDF transducer connected to a wideband preamplifier (Precision Acoustics, 

Dorchester, UK), oscilloscope (2190D, BK Precision) and finally saved on the computer. The 

laptop is also synchronized with the X-ray or neutron scattering instrument using a data acquisition 

card (USB-6001, National Instruments, TX, USA). Pictures of mounting the ultrasound sample 

environment onto a Bonse-Hart instrument configuration at beamline 9-ID-C (ultra-small angle X-

ray scattering) in Advanced Photon Source-Argonne National Lab are shown in Figure 2.12.  

 
Figure 2.10. (a) sample environment assembled and (b) top down slice view of the sample 

environment.8 
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Figure 2.11. Block diagram of ultrasound sample environment. Image is adapted based off of 

an image from Li et al.8 

 
Figure 2.12. Example pictures of ultrasound sample environment mounted onto the Bonse-Hart 

instrument and device wiring at beamline 9-ID-C in Argonne National Lab. 
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2.1.5.1 Acoustic Signal Analysis to Detect Cavitation Events 

The recorded acoustic signals were analyzed using a method adapted from Fabiilli, et al.9 In 

short, the average power of the recorded acoustic waves was obtained by applying a Hamming 

window and transferring the recorded data to the frequency domain using Fast Fourier transforms 

(FFTs). Background signals were then removed from the data by subtracting the average power 

that was estimated at high acoustic frequencies. The cavitation power of the sample was then 

estimated by summing the power values between 0.1 to 0.5 MHz. The sample mean power was 

then compared to the mean power obtained from a water sample sonicated at low sonication 

pressures (no cavitation). If the estimate sample cavitation power was 4 times greater than the 

value estimated from the water sample, it was defined to have a cavitation event occurring in that 

system. Cavitation probability could then be estimated by summing the total number of cavitation 

events and dividing that number by the total number of incident acoustic waves. The cavitation 

threshold was obtained from the acoustic pressure versus cavitation probability curve using a 

sigmoidal model to obtain the half way point as shown in the result section in the report. An 

example frequency spectrum for an emulsion sample sonicated below and above the cavitation 

threshold is shown in Figure 2.13. Additional details on ytthe cavitation analysis method is 

discussed in Chapter 3. 

 
Figure 2.13. Example frequency spectrum of sonicating an emulsion sample below (1.2 MPa) 

and above (8.6 MPa) the cavitation threshold. 
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2.2 ULTRAVIOLET-VISIBLE SPECTROSCOPY 

There are several ways to characterize the optical properties of a material in dispersion. 

UV-Vis spectroscopy is one of the most straightforward and simple characterization techniques 

which provides information related to material’s optical properties. UV-Vis spectroscopy provides 

information on the extinction of a material at specific wavelengths in the range of 200-1100 nm. 

UV-Vis spectrometers work by passing monochromatic light through a sample and measures the 

amount of that light transmitted through the sample using a photodetector. The extinction of the 

sample at a specific wavelength can then be calculated using Beer-Lambert’s law (equation (2.33)) 

where Ab is the extinction, A0 is the intensity of the incident light, and At is the intensity of the 

transmitted light detected.  

𝐴𝑏 = 𝑙𝑜𝑔10 (
𝐴0

𝐴𝑡
) (2.33) 

The Beer-Lambert’s law is also often expressed as equation (2.34), which accounts for the 

concentration (c) of the absorbing substrate in a solution, the path-length (L) of light through the 

sample and the extinction coefficient ( of the absorbing material. 

𝐴𝑏 = 𝜀𝑐𝐿 (2.34) 

By applying the principle of conservation of energy, the incident light can also be described 

as A0 = Aabsorbed+Ascattered+Atransmitted. Since the equipment cannot discriminate between absorption 

and scattering, the only information that is accurately provided is the attenuation of intensity by 

the inserted sample (i.e. Aabsorbed+Ascattered) as a function of wavelength. For small nanoparticles, 

the absorption of light is generally more significant than the fraction of scattered light but may not 

be true for all cases.10 The maximum absorbance wavelength of a plasmonic material can also be 

related to the arrangement of nanoparticles in solution.11  
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One example of using UV-Vis spectroscopy to obtain insight into material properties is the 

characterization of gold nanoparticles since gold nanoparticles have unique optical properties. 

Studies have shown that UV-Vis spectroscopy can effectively provide information on the size and 

shape of gold nanoparticles due to differences in localized surface plasmon resonance.11 For 

example, depending on the size of the particles, spherical gold nanoparticles usually exhibit one 

maximum absorbance peak at wavelengths ranging from 510-570 nm. On the other hand, rod-

shaped gold nanoparticles tends to have two absorbance peaks due to the existence of two different 

characteristic dimensions (i.e. radius and length).12  

The clustering of gold nanoparticles can also contribute to changes in maximum 

absorbance wavelength in the UV-Vis spectrum.13 For example, the 12 nanometer diameter gold 

nanospheres show a narrow characteristic maximum absorbance peak at 520 nm. However, after 

functionalizing the gold particles to form amphiphilic gold nanoclusters, the maximum peak 

wavelength of the spectrum red-shifts due to the plasmon coupling effects between adjacent gold 

particles in a nanocluster. Pickering emulsion droplets decorated with adsorbed gold nanoparticles 

show further redshifts into the near-IR region and the absorbance spectrum broadens as shown in 

Figure 2.14.14 Although contact between particles is not necessary to induce plasmon coupling, 

particles do need to be very close to each other (usually within a few nm) to maximize the shift. 
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2.3 DYNAMIC LIGHT SCATTERING (DLS) 

Dynamic light scattering (Quasi-Elastic Light Scattering) is yet another technique that can 

be used to obtain size distributions of dispersed materials. One advantage of this method is that it 

can characterize a sample in dispersion with a small volume size.15 Another advantage of DLS is 

its ability to characterize samples with sizes ranging from a couple of nanometers up to a few 

micrometers. DLS measurements are obtained by measuring the Brownian motion of the objects 

(e.g. particles and droplets) in dispersion and using the sample’s diffusivity to predict its size 

distribution. In short, a monochromic laser is applied through a sample and the scattered light 

intensity fluctuations are detected at a specific angle (i.e. 175° backscattering) relative to the 

incident beam. The fluctuating intensities are used to calculate the autocorrelation function g2 and 

this is further fit to obtain the object’s diffusion coefficient. Smaller objects have faster Brownian 

motions compared to more massive objects and therefore, would move out of the observing 

window faster and results in a more rapid decrease in the autocorrelation function. The size of the 

objects can then be obtained by using the Stoke-Einstein equation (equation (2.35)), where D is 

the diffusion coefficient, kB is the Boltzmann constant, T is sample temperature,  is the viscosity 

 
Figure 2.14. Example UV-vis spectrum of (a) gold nanoparticles (b) gold nanoclusters and (c) 

Pickering emulsions. 
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of the solvent, and rh is the hydrodynamic radius of the object. One main assumption applied when 

using the Stokes-Einstein equation is that all of the objects in the system are spherical. 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟ℎ
 (2.35) 

The size obtained using dynamic light scattering is the hydrodynamic radius, which is 

based on the movement of the objects in the solution and thus can easily be affected by the object’s 

surface characteristics. If the object’s surface is able to drag solvent molecules along while 

diffusing through the solvent, the obtained size distribution tends to be overestimated. For 

example, synthesized colloidal gold nanospheres in Chapter 3 were characterized using other 

techniques including transmission electron microscopy and small angle X-ray scattering, which 

both shows that the spherical particles have a diameter of 12 nanometers. However, the 

hydrodynamic diameter obtained from DLS was around 18 nanometers which is significantly 

larger than the actual particle size. The overestimation of size is due to the presence of surface-

capping molecules that increases the hydrodynamic drag of the particle and affects its diffusion 

coefficient.   

Another parameter that the DLS can provide is the polydispersity (PDI) of a system. It is 

extremely challenging to perform any synthesis and to be able to obtain uniformly sized objects. 

Usually, the materials in the system would have a distribution of various sizes and the degree of 

non-uniformity is provided by the PDI, which can be expressed as the square of the standard 

deviation divided (σ) by the mean of the size distribution (dmean) as shown in equation (2.36). Based 

on experience, the typical polydispersity of the gold nanoparticles synthesized in our lab using the 

Turkevich method is around 0.2, indicating that the synthesized nanoparticles are relatively 

monodisperse. On the other hand, synthesizing oil in water emulsions without the presence of 

surfactants usually results in forming samples with a PDI greater than 0.5. 
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𝑃𝐷𝐼 = (
𝜎

𝑑𝑚𝑒𝑎𝑛
)

2

 (2.36) 

Despite only being able to obtain the hydrodynamic radius/diameter and not the true size 

of a structure with DLS, this technique is still a useful tool since it provides a quick way of 

measuring the size of a dispersion and its polydispersity. Moreover, DLS can also be used to check 

changes in the structure of materials at each step during a synthesis process.14 For example in our 

gold nanoparticle system, once gold nanoparticles are functionalized with a hydrophilic thiol-

terminated poly(ethylene glycol) methyl ether (i.e. PEG-thiol), the hydrodynamic diameter of the 

functionalized particles would be close to 60 nanometers due to the presence of polymer chains on 

the gold particle surface. When gold nanoclusters are formed, the estimated cluster size is related 

to the amount of PEG-thiol on the gold particles and the number of particles in a cluster. This size 

distribution is usually on the order of 60 to100 nanometers. If the Pickering emulsions were 

synthesized successfully, the measured size distribution would further increase, primarily 

dominated by the oil droplet size, and can vary from a hundred nanometer up to microns in 

diameter (Figure 2.15).  

 

 
Figure 2.15. Example result obtained for dynamic light scattering showing the hydrodynamic 

diameter of gold nanoparticles, hydrophilic gold-PEG, gold nanoclusters, and Pickering 

emulsions. 
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2.4 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Characterization techniques such as UV-vis spectroscopy and DLS indirectly provide 

information on the structure of the system. On the other hand, TEM can directly visualize samples 

under high magnification/resolution and can provide information including the shape, size, 

polydispersity, structural arrangement, and surface features.16 The working principle of TEM is 

similar to optical microscopy however instead of normal visible light, high energy electrons beams 

are passed through the samples. When electrons are passed through a thin slice of a sample, it can 

either pass through the grid unaffected, be absorbed or scatter off the sample. The electrons are 

then focused by several lenses and displaced onto a fluorescent screen or CCD camera.  

 Figure 2.16 (a) is an example of a relatively monodisperse gold nanoparticle sample that 

was synthesized. Larger amphiphilic gold nanoclusters (Figure 2.16 (b)) are formed when the 

nanoparticles are functionalized with hydrophilic poly(ethylene glycol) methyl ether thiol and 

hydrophobic alkanethiol (i.e. octanethiol). When Pickering emulsions are formed (Figure 2.16 (c)) 

the nanostructure further increases in size and forms a more spherical structure. It can also be seen 

that not all of the gold nanoparticles are at the emulsion interface and that there are some excess 

particles present in the system. 

 

  

 
Figure 2.16. Example TEM image acquired for (a) gold nanoparticles (b) gold nanoclusters and 

(c) Pickering emulsions. 
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Chapter 3. ULTRASOUND-BASED FORMATION OF NANO-

PICKERING EMULSIONS INVESTIGATED VIA IN-

SITU SAXS 

Sonication is one of the most commonly used methods to synthesize Pickering emulsions. 

Yet, the process of emulsion sonication is rarely characterized in detail and acoustic conditions are 

largely determined by experimenter's personal experience. In this study, the role of sonication in 

the formation of Pickering emulsions from amphiphilic gold nanoparticles was investigated using 

a new sample environment combining ultrasound delivery with ultra-small-angle X-ray scattering 

(USAXS) measurements. The detection of acoustic cavitation and the simultaneous analysis of 

structural data via USAXS demonstrated direct correlation between Pickering emulsion formation 

and cavitation events. There was no evidence of spontaneous adsorption of particles onto the oil-

water interface without ultrasound, which suggests the presence of a stabilizing force. Acoustically 

detected cavitation events could originate in the bulk solvent and/or inside the emulsion droplets. 

These events helped overcome energy barriers to induce particle adsorption. 

3.1 INTRODUCTION 

Emulsions are metastable dispersions of two immiscible liquids that form an apparently 

homogeneous material (i.e. macroscopically). Without stabilizers, emulsions are intrinsically 

unstable and ultimately will separate into two different phases.1 Although surfactants commonly 

stabilize emulsions, solid particles have also been demonstrated to be effective stabilizers 

producing systems called Pickering emulsions.2–4 Based on the wettability of the particles, either 

oil-in-water or water-in-oil Pickering emulsions are formed.3 Other advantages of Pickering 

emulsions include a significant increase in the emulsion’s resistance to coalescence, increased 
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energy barriers to eject particles from the emulsion interface (i.e. nearly irreversible adsorption), 

and decreased toxicity to living cells.5–7 Consequently, Pickering emulsions can be used effectively 

in fields such as food science & engineering, oil recovery, cosmetics, and biomedical 

technologies.6,8–12  

Despite the wide range of potential applications, Pickering emulsions have not always been 

used extensively because of the challenges in controlling their synthesis. The formation of 

Pickering emulsions is known to be sensitive to particle shape, size, surface properties, and 

concentrations.6 Further, even if particles have adequate properties to stabilize an emulsion 

interface, factors such as energy barriers can prevent spontaneous adsorption.13,14  

Electrostatic repulsion is one such known energy barrier that can effectively prevent 

spontaneous particle adsorption. Still, it can be overcome by altering the charge on the particle 

surface using surface chemical functionalization or by altering the solvent’s environment (e.g. pH 

or ionic strength).15–17 Another possible barrier is steric repulsion, which is common for polymer-

functionalized particles acting as stabilizing agents. In this case, polymer layers form a physical 

barrier preventing particle adsorption.18,19 Steric repulsion can be overcome by applying 

mechanical forces such as high shear mixing, high-pressure homogenization, or sonication.20–22 In 

this work we carefully analyze the role of acoustic cavitation in overcoming such energy barriers 

using controlled sonication. 

Of all methods for applying mechanical forces to synthesize Pickering emulsions, 

sonication is the most frequently used. Bath or probe-type sonicators are common tools in most 

colloid laboratories. These emit strong acoustic waves in the ultrasound frequency range (>20 kHz) 

for mechanical agitation, redispersion, emulsification, and/or glassware cleaning.  Sonication is 

also effective in Pickering emulsion synthesis because it can simultaneously emulsify and force 
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particle adsorption onto droplet interfaces.  However, laboratory sonicators are rarely calibrated 

and acoustic settings and sonication times are usually selected by personal experience and/or trial 

and error resulting in widely variable results.  Moreover, most of these instruments produce poorly 

defined acoustic fields and do not provide information on important acoustic parameters (e.g. local 

acoustic pressure). Furthermore, differences in experimental parameters including probe/bath 

geometry, sample positioning, sample volume and vessel material, affect acoustic conditions and 

produce drastic variations in sonication results from system to system and sample to sample. For 

most studies reported in the literature, sonication is often treated as a ‘black box’ with little 

attention given to the underlying physics controlling these processes.  

In controlled ultrasound experiments, the acoustic frequency, pressure (intensity), duration, 

and pulse repetition frequency (or duty cycle) are carefully controlled. Acoustic radiation force, 

which scales proportionally with the square of acoustic pressure, could provide nanoparticles with 

the momentum necessary to both move in the dispersion and overcome energy barriers between 

the nanoparticle and the emulsion interface. Alternatively, cavitation could form and violently 

collapse vapor cavities in the liquid, producing locally high pressures, stresses, and temperatures 

that would induce the formation of Pickering emulsions.23,24 

This work uses in-situ scattering methods to understand the process of Pickering emulsion 

synthesis under controlled acoustic fields. The model system examined here consists of oil-in-

water emulsions insonated in the presence of polymer-coated amphiphilic gold nanoparticles 

(GNP). In previous studies, our lab has shown that these types of GNPs are effective in stabilizing 

both hydrocarbon and perfluorocarbon emulsions.22,25 This work mainly focuses on the use of 

perfluorinated oils for Pickering emulsion formation due to the increased interest in utilizing 

Pickering emulsion contrast agents for medical imaging. Previously, we have shown that Pickering 
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emulsions with perfluorinated cores can be a potential theranostic agents for sono-photoacoustic 

imaging.25–30 These Pickering emulsions can be activated using a combination of ultrasound and 

laser pulses to provide significant contrast for sono-photoacoustic imaging and can simultaneously 

break blood clots.26 Nevertheless, hydrogenated alkane oils such as hexadecane, are also included 

in this study in order to compare observations with Pickering emulsions that are of general interest 

for other applications.31–34  

Structural changes occurring within the samples are characterized using ultra-small angle 

X-ray scattering (USAXS) during sonication within a custom build focused ultrasound sample 

environment.35,36 Compared to other techniques which can only characterize the samples before 

and after the formation of Pickering emulsions, USAXS is a unique technique because it provides 

us with the ability to quantitatively examine structural changes during the application of acoustic 

forces. Moreover, the custom build sample environment enables user defined control over the 

transmitted acoustic settings (e.g. acoustic pressure, pulse duration, and pulse repetition frequency) 

while simultaneously monitoring for cavitation events. By varying the acoustic pressures, 

sonication times and the types of oils, we systematically explore the role of sonication parameters 

and emulsion composition in the formation of Pickering emulsions.  

 

3.2 MATERIALS AND METHODS 

3.2.1 Sample Preparation 

Gold (III) chloride trihydrate, sodium citrate dihydrate (>99.9%, CAS: 16961-25-4), 

hexadecane (99%, CAS:544-76-3), butanethiol (99%, CAS: 109-79-5), and sulfuric acid (98%, 

CAS: 7664-93-9) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 10 kDa thiol-

terminated poly (ethylene glycol) methyl ether (95%, PEG-thiol) was purchased from Polymer 
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Source (Dorval, Quebec, Canada). Perfluoroalkanes including perfluorononane (99%, CAS:375-

96-2), perfluorooctane (90%, CAS:307-34-6), and perfluorohexane (98%, CAS:355-42-0) were 

obtained from Synquest Laboratories (Alachua, FL, USA). Colloidal gold nanoparticles of ~12 nm 

average diameter were synthesized using methods described by Frens.37 All alkane and 

perfluoroalkane oils were fully linear with no branching. All glassware used in synthesizing gold 

nanoparticles was cleaned with a critical cleaning detergent Liquinox® (Alconox, Inc., NY, USA), 

sonicated in a sonication bath for 30 minutes, and set in an acid bath with Nochromix solution 

(Nochromix® powder, Godax Labs Inc., MD, USA, dissolved in pure sulfuric acid) for an hour to 

remove any potential residual organic material. GNPs with a dosing of 8 PEG-thiol chains/nm2 

and 20 butanethiol chains/nm2 were synthesized using methods adapted by Larson-Smith et al.26,38 

Coarse oil-in-water emulsions were prepared in a separate container by sonicating 1 vol% 

of oil (i.e. perfluorinated oils or hexadecane) in deionized water using a Branson Digital Sonifier 

S-450 with a 3 mm tapered microtip (Branson Ultrasonics, CT, USA) at 30% amplitude 50% duty 

cycle (i.e. 0.1 seconds on and 0.1 seconds off) for a total of 20 seconds of sonication time. The 

coarse surfactant-free emulsions were then added to GNP dispersions to form a 50:1 oil to gold 

volume ratio. The final volume fraction of oil in the sample was 3.4x10-3.  Each emulsion sample 

was freshly prepared before conducting experiments to avoid coarsening due to coalescence. The 

dispersions of oil droplets and nanoparticles were then sonicated using a focused ultrasound 

sample environment at various acoustic conditions. GNPs without emulsions and emulsions 

without nanoparticles were also sonicated as controls. An overall schematic diagram of the process 

for functionalizing GNP and synthesizing Pickering emulsion using ultrasound is shown in Figure 

3.1. 
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Figure 3.1. Overall schematic diagram of functionalizing GNP and Pickering emulsion 

formation. 

3.2.2 USAXS Measurements and Data Analysis 

USAXS experiments were performed using a custom designed acoustic sample 

environment.35 For each acoustic experiment, 2 coaxially aligned 1.24 MHz focused ultrasound 

transducers (Sonic Concepts H-102, f-number 0.98, 64 mm diameter, Sonic Concepts Inc., Bothell, 

WA, USA) were pulsed at acoustic pressures ranging from 0 to 7.2 MPa, at a repetition frequency 

(PRF) of 6.2 kHz and a 20% duty cycle.  Samples were insonated for a total of 3 minutes at each 

USAXS time-point measurement unless otherwise specified. The two face-to-face transducers 

were alternated at a rate of 1 Hz to prevent material buildup at one side of the sample holder due 

to acoustic radiation forces. All USAXS experiments were performed in a standard Bonse-Hart 

instrument configuration at beamline 9-ID-C in Advanced Photon Source-Argonne National 

Lab.39 The energy of the X-ray beam was 21 keV.  

The recorded USAXS scattering data was reduced to an absolute scale and desmeared using 

Indra module of SAS software.40,41  The desmeared scattering data was then modeled with two 

different models to describe these complex system, which may contain multiple coexisting 

components (e.g. ‘free’ particles, undecorated oil droplets, and droplets with adsorbed particles). 

In the first model, a sum of two polydisperse sphere populations, was used for samples containing 

GNPs and emulsions when no particle adsorption occurred (i.e. Pickering emulsions were not 

being formed). For these samples, it was assumed that GNPs and emulsion droplets were not 
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interacting with each other, which is a good assumption in the dilute conditions used in this study. 

Therefore, this was considered as a system containing two independent populations of spheres. 

The modeling of this 2-sphere system was performed using Irena to obtain size distributions (log-

normal) and volume fractions for each component.  

For samples and conditions that would form Pickering emulsions, a generalized scattering 

model developed by Debye was used to fit the scattering profiles. The Debye model can be used 

to model any arbitrary shape as long as it is composed of spherical subunits with known relative 

position.42 For Pickering emulsion systems, this was constructed as a large sphere (i.e. droplet) 

evenly decorated by smaller spheres (i.e. gold nanoparticles) corresponding to a certain area 

coverage. Model details were included in the Chapter 2. This model is similar to a raspberry model 

that has been previously described but it is better suited to describe the correlations between 

particles at the emulsion-water interface (i.e. curved spherical interface) at the expense of more 

expensive computations.43 Specific modeling parameters were found using a least squares routine 

coded into MATLAB. Size, surface coverage, volume fraction of the Pickering emulsion, and the 

amount of remaining non-adsorbed gold nanoparticles could be obtained using the Debye model. 

3.3 CAVITATION ANALYSIS  

Ultrasound signal analysis was performed using MATLAB to implement methods adapted 

from Fabiilli, et al.44 In short, a Hamming window was applied centered on the acoustic time of 

flight from the focused transducer to the sample. Fast Fourier transforms (FFTs) of windowed 

signals were calculated and an average power for the signal at high frequencies (background 

signal) was subtracted. Cavitation power was then obtained by summing power values between 

0.1 to 0.5 MHz to highlight non-linear signals that emerge due to the effects of cavitation when 

this is present. 
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The mean acoustic power was also obtained for a water sample at low acoustic pressures 

without cavitation. A cavitation threshold was defined to correspond to signals larger than 4 times 

the mean acoustic power of the water sample within this frequency window. The cavitation 

probability was then calculated by summing the number of signals whose cavitation power was 

greater than the cavitation threshold and dividing this by the total number of incident acoustic 

pulses. The cavitation threshold for each sample was found by fitting a sigmoid curve to a plot of 

the acoustic pressure versus cavitation probability and calculating the 50% crossing point.  

3.3.1 UV-Vis Characterization 

Optical extinction spectra were measured over the range of 300-1100 nm using ultraviolet-

visible (UV-Vis) spectroscopy (Thermo Scientific Evolution 300, Thermo Fisher Scientific, MA, 

USA). All samples were diluted 20 times in deionized water to avoid surpassing an extinction 

value greater than 2.  

3.3.2 TEM Analysis 

Samples before and after sonication were also dried and imaged using a FEI Tecnai G2 

F20 Transmission Electron Microscope (TEM) operating at 200 kV. TEM samples were prepared 

by diluting gold nanoparticle or Pickering emulsion dispersions 50 times in deionized water to 

prevent particle clustering during drying. The diluted dispersion was then deposited on a carbon 

TEM grid and allowed to dry in a desiccator for at least 24 hours before performing measurements. 

3.4 RESULTS 

GNPs, such as those used in this study, have been previously shown to form Pickering 

emulsions when sonicated in the presence of oil.22,38 Yet, we also found that these GNPs would 
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not spontaneously form Pickering emulsions by direct adsorption (e.g. simply mixing particles and 

oil emulsions) or by applying moderate shear (e.g. magnetic stirring). Under these conditions, 

optical extinction spectra showed no significant changes compared to those obtained from GNPs 

alone, which had a narrow peak at 520 nm characteristic of gold nanoparticle plasmonic resonance 

(Figure 3.2). The formation of Pickering emulsions usually red shifts the optical extinction 

spectrum as nanoparticles are packed in close proximity and interparticle plasmonic resonance 

begins to dominate.22,45 Of all methods tested, sonication was the only one that reliably produced 

Pickering emulsions. 

 

 

Figure 3.2. UV-Vis extinction spectra of GNP with perfluorooctane emulsions (a) allowed to 

rest, (b) magnetically stirred, and (c) sonicated. Insert: Photographs of the corresponding 

samples. 
 

To further explore the role of sonication in Pickering emulsion synthesis, a sample 

containing GNPs and perfluorooctane was sonicated in the acoustic sample environment at various 

acoustic pressures. Scattered acoustic signals were also recorded for cavitation detection. An 

example of the frequency spectrum for a sample with and without cavitation events is shown in 

Figure 3.3 (a). When there is no cavitation, the only peak is found at the transducer fundamental 
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frequency. At higher acoustic pressures, peak intensities at the carrier frequency (and its 

harmonics) increase proportionally. In addition, inertial cavitation from bubble collapse produced 

additional broadband noise, which is especially evident at lower frequencies. The cavitation 

probability curve was plotted for each sample using the calculated cavitation probability at each 

pressure (Figure 3.3 (b)). The cavitation threshold was estimated to be 6.4 MPa for this sample.  

Cavitation analysis of pure water shows that the emulsions reduced the cavitation threshold from 

7.3 to 6.4 MPa.  
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Figure 3.3. (a) An example frequency spectrum of GNP with perfluorooctane sonicated above 

(7.2 MPa) and below (1.0 MPa) the cavitation threshold. Cavitation detection was performed 

using amplitudes in the highlighted area. (b) Cavitation probability curves for GNP with 

perfluorooctane and pure water as obtained from acoustic analysis. 

 

TEM images of samples sonicated at various acoustic pressures further showed that 

Pickering emulsions would only form by sonicating GNPs and emulsions at cavitation pressures 

of 7.2 MPa (Figure 3.4). Regardless of aging time, GNP particles did not spontaneously adsorb 

onto the perfluorooctane droplet interface to form Pickering emulsions. Moreover, Pickering 

emulsion formation did not appear to scale proportionally with acoustic pressure, indicating a 

cavitation-based mechanism was essential for this sample. 
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Figure 3.4. TEM images of GNP (i.e. no oil present) (a) before sonication, (b) sonicated at 1 

MPa (no cavitation), (c) sonicated at 7.2 MPa (cavitation). Images of GNP in the presence of 

perfluorooctane emulsions (d) before sonication, (e) sonicated at 1 MPa, and (f) sonicated at 7.2 

MPa. 

 

Structural changes were also quantified using USAXS during sonication. USAXS can 

probe material structures over multiple length scales (1-10,000 nm) and in their native dispersed 

state during ultrasound manipulation. This removes potential structural changes due to aging or 

drying that may occur when preparing TEM samples, which requires high vacuum. Two main 

changes in scattering profiles were observed with increasing acoustic pressure; one in the low-q (q 

< 0.01 Å-1) and the other in the mid-q regions (0.01 < q < 0.07 Å-1) shown in Figure 3.5 (a). Low-

q changes are typically associated with a change in the droplet size distribution while changes in 

the mid-q region are characteristic features for Pickering emulsion formation.22 Based on the 

collected scattering data, only samples sonicated at 7.2 MPa showed this characteristic inflection.  
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Figure 3.5. (a) Desmeared USAXS profiles of GNP with perfluorooctane sonicated at various 

acoustic pressures. A model containing 2 spheres was used to fit the sample sonicated at acoustic 

pressures lower than the cavitation threshold (<6.4 MPa), and a Debye model was used to fit the 

sample sonicated at 7.2 MPa. Scattering length densities were fixed for water (9.47x10-6 Å-2), 

gold (124.69x10-6 Å-2) and perfluorooctane (14.47x10-6 Å-2). (b) Quantification of the emulsion 

surface coverage and amount of excess ‘free’ GNPs. 

 

The sizes and volume fractions of GNPs in the sample were obtained by modeling the 

scattering curves before sonication. Based on modeling results, GNPs consisted mostly of particles 

of 6.0 nm radii with a polydispersity (PDI, non-uniformity of the particles) of 0.12 (78.5 vol% of 

the total GNPs). PDI provides information on the non-uniformity of the particles and in our model 

was defined as the square of the standard deviation divided by the mean radius. However, a smaller 
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fraction (21.5 vol%) of larger particles (13.3 nm radii with a PDI of 0.19) were also present. The 

total GNP volume fraction was estimated based on the scattering to be 5.8x10-5.  

For samples sonicated below 7.2 MPa, TEM images and USAXS scattering curves suggest 

that no Pickering emulsions would be formed. Therefore, the system was modelled as a non-

interacting combination of individual GNPs and emulsions.  Results from modeling the samples 

confirm, as expected, that the size and volume fraction of GNPs did not change when varying the 

applied acoustic pressure. On the other hand, perfluorooctane emulsion sizes, distributions, and 

volume fractions changed, as demonstrated in Figure 3.6.  

 

Figure 3.6. Perfluorooctane emulsion size distribution (box plot) obtained from USAXS 

modeling showing emulsion size and emulsion volume fraction both decreased with increasing 

applied acoustic pressures. For the box and whisker plot, the box portion, from bottom to top, 

represents the 25th percentile, median, and 75th percentile of the distribution. The whisker portion 

represents the 10% percentile and 90% percentile 

 

Based on these modeling results, it was determined that the sizes of polydisperse emulsions 

significantly decreased with increasing applied acoustic pressures. The estimated emulsion volume 

fraction also decreased, suggesting that there was a significant loss of oil through vaporization 

during sonication. Additional details and modeling of GNP with perfluorooctane emulsions are 

provided in the supplemental information chapter (Chapter 7). 
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A Debye model was used to fit 1-D scattering curves to reproduce important scattering 

features of Pickering emulsions. Based on the modeled results, it was determined that two 

populations of Pickering emulsions of different sizes were present in the sample sonicated at 7.2 

MPa (Figure 3.5 (a)). For this sample, 60.9 vol% of the Pickering emulsions had a mean radius of 

19.7 nm and 39.1 vol% had a mean radius of 213.2 nm. A single emulsion size distribution would 

not fit the data. The remaining volume fraction of emulsion droplets in the system at these 

conditions was 5.0 x 10-4 (i.e. equivalent to 79.9% volume loss). All droplets were densely packed 

with GNPs with a surface coverage of ~82%, close to maximum packing and consistent with 

results observed in TEM images. However, not all GNPs were bound to an emulsion interface. 

Despite a GNP volume fraction of 5.8×10-5, approximately 59% of the particles were still un-

bound and diffusing freely in the continuous phase.  The surface coverage and excess of ‘free’ 

GNPs as a function of acoustic pressure is plotted in Figure 3.5 (b).  All major changes coincided 

with crossing the cavitation threshold for this sample. In contrast, the size of the perfluorooctane 

droplets changes well before reaching the cavitation threshold. This suggests that cavitation was 

not necessary to alter the original droplet size distribution but it is indeed essential to induce the 

adsorption of the GNPs to the emulsion interface. One disadvantage of our explicit Debye model 

was that the PDI of GNPs was not considered since it greatly increased computation times and 

required assumptions to be made on the relative adsorption of large and small particles at the oil-

water interface.    

Sonication time was also investigated to determine whether total time or the presence of 

cavitation was more important in Pickering emulsion formation. Two different samples of GNPs 

containing perfluorooctane emulsions were sonicated at different acoustic pressures, one above 

and one below the cavitation threshold. The sub-threshold sample did not show any characteristic 
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features of Pickering emulsion regardless of sonication time (Figure 3.7). The only observed 

changes in the scattering profile were due to changes in the perfluorooctane emulsion size 

distribution. On the other hand, the sample sonicated at 7.2 MPa showed an immediate change in 

the scattering profile. 

 

 

 

Figure 3.7. Scattering profiles of GNP with perfluorooctane sonicated at (a) 4 MPa (no 

cavitation) and (b) 7.2 MPa (cavitation) with increasing sonication time. 
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All data obtained with perfluorooctane as the emulsion core suggests that cavitation events 

were crucial for Pickering emulsion formation. To further test this, we also analyzed oils with 

different boiling points including perfluorohexane (b.p,= 56°C), perfluorononane (b.p.=124°C), 

and hexadecane (b.p.= 287°C). The cavitation probability curves for these emulsions (Figure 3.8) 

showed that despite using oils of different boiling point, all of the samples had similar cavitation 

thresholds.  

 

Figure 3.8. Cavitation probability curves for GNPs with perfluorohexane (Tboiling = 56°C), 

perfluorononane (Tboiling = 125°C), and hexadecane (Tboiling = 286.8°C) emulsions versus pure 

water. 

 

The corresponding USAXS profiles for samples sonicated at acoustic pressures above (7.2 

MPa) or below (6 MPa) the cavitation threshold are shown in Figure 3.9. Results for all of the 

samples showed that Pickering emulsions were only formed when sonicated above the cavitation 

threshold. The fine details observed in the calculated models were due to the assumption that all 

GNPs are monodisperse and evenly distributed at the emulsion interface. This created large 

intensity fluctuations in the model that were ‘smeared’ out in the experimental USAXS data. 

However, the most important parameters (i.e. emulsion size, emulsion packing density, and 

amount of free GNP) in Pickering emulsion system were adequately captured and were unaffected 
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by these intensity fluctuations. The estimated values of the important Pickering emulsion 

parameters, boiling point of the emulsions, and estimated cavitation thresholds are summarized in 

Table 3.1. All samples were prepared using the same batch of GNPs. Therefore, when modeling 

the scattering profiles, GNP particle size distributions were kept constant. The GNP volume 

fraction on the other hand was not constant due to possible small variations when pipetting. 
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Figure 3.9. USAXS data for GNP with (a) perfluorohexane, (b) perfluorononane, and (c) 

hexadecane emulsions sonicated at acoustic pressures below (6 MPa) and above (7.2 MPa) the 

cavitation threshold (Scattering data was shifted in the vertical direction by 1.5×106 cm-1 to show 

the changes in the scattering curve). The scattering length densities of perfluorohexane (13.76×10-6 

Å-2), perfluorononane (14.74×10-6 Å-2), and hexadecane (7.55×10-6 Å-2), were kept constant during 

the modeling process. 
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Based on USAXS modeling results, most samples produced two polydisperse size 

distributions of Pickering emulsions. Using lower boiling point oils resulted in forming smaller 

Pickering emulsions and in more emulsion volume loss due to vaporization. Only the scattering 

fits for the hexadecane sample, which has the highest boiling point, suggested that there was only 

one size distribution of droplets with a high PDI. Nevertheless, regardless of the emulsion boiling 

point there is always a large amount of ‘free’ GNPs remaining within the system. Additional details 

on the Debye model and the explanation on how the different parameters (i.e. free GNP%) were 

estimated were discussed in Chapter 2. 

 

 

Table 3.1. Boiling point, cavitation threshold, and Debye parameters obtained for different Pickering 

emulsions. 

Emulsion 

core 

Boiling 

point 

(°C) 

Cavitation 

threshold 

(MPa) 

GNP 

volume 

fraction 

Pickering 

emulsion radius: 

R+2rsmall (nm) 
PDI 

Emulsion 

volume fraction 

Excess 

‘Free’ 

GNP (%) 

PFH 56 6.4 6.4 x10-5 

17.1 

(76.5 vol%) 
0.5 

6.0x10-4 

(73.5% loss) 
59.7 

217.2 

(23.5 vol%) 
0.3 

PFO 104 6.4 5.8 x10-5 

19.7 

(60.9 vol%) 
0.1 

5.0x10-4 

(79.9% loss) 
59.0 

213.2  

(39.1 vol%) 
0.4 

PFN 124 6.6 7.2 x10-5 

29.2 

(36.0 vol%) 
0.4 

3.1x10-3 

(12.2% loss) 
45.9 

223.2  

(64.0 vol%) 
0.5 

Hexadecane 287 6.4 6.9 x10-5 362.2 0.3 
3.5x10-3 

(12.5% loss) 
56.0 
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3.5 DISCUSSION 

Based on the results it was clear that cavitation was required to produce Pickering 

emulsions in these systems. Although TEM is useful for directly visualizing the nanostructure, it 

could only be performed ex-situ and under high vacuum leading to the evaporation of the solvents. 

Moreover, TEM could only provide a limited field of view and the nanostructures can be affected 

by the drying process (e.g. GNP aggregation or deflated Pickering emulsion due to oil 

evaporation). For example, emulsion droplets decorated by particles are deflated and appear as 

dense aggregates of particles (Figure 3.4 (f)). On the other hand, when oil is not present, very small 

levels of aggregation is observed. The formation of small aggregates in samples that do not have 

oil (Figure 3.4 (c)) is likely triggered by cavitation events that may also provide enough mechanical 

energy to overcome the steric stabilization that is provided by the surface-bound PEG chains. Still, 

the extend of aggregation is clearly limited and much smaller than what is observed in the presence 

of oil. 

In contrast to TEM, USAXS is better suited to provide a direct structural analysis of the 

ensemble-averaged nanostructures directly from the dispersion state and while the sample is being 

manipulated with acoustic fields. Scattering profile for the same GNP control samples were 

acquired (Chapter 7 supplemental information, Figure 7.5) and results demonstrated that large 

aggregates were formed during sonication when oil was not present. Thus, USAXS was chosen as 

our main characterization technique to examine the formation of Pickering emulsions. Other 

techniques including UV-vis, TEM and Fourier-transform infrared spectroscopy (Chapter 7 

supplemental information, Figure 7.6) were performed to support observations made from the 

scattering measurements and to guide in the selection of a suitable scattering model for quantitative 

analysis. 
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Although bubbles are known to have large contrast due to their low density, cavitation 

bubbles are not detected using USAXS due to the long measurement times.  This was further 

explained by Li et al. by evaluating the cavitation of pure water and pure ethanol during similar 

USAXS measurements.46 Since cavitation bubble nucleation and collapse occurs over 

microsecond time scales, the short bubble lifetimes, relative to the total USAXS scan time (3 

minutes), means that the total contribution of cavitation bubbles to the scattering is negligible.   

USAXS results also showed that applying acoustic fields without cavitation resulted in a 

decrease in emulsion size and, for some samples, a significant loss of oil. The observed emulsion 

size change suggests that shear forces provided by just the acoustic fields, without cavitation, are 

sufficient to destabilize the interface to break emulsions into smaller droplets. This phenomenon 

was also observed by Kaci et al. where they synthesized sunflower oil emulsions in water using a 

high-frequency acoustic source.47 The oil loss detected during sonication of perfluorocarbon 

samples is likely due to the volatility of these oils, which are of significant interest for ultrasound 

and photoacoustic contrast agents.48 Lower boiling point perfluorocarbons (e.g. perfluorohexane, 

vapor pressure: 27 kPa at 25°C) are incredibly volatile and can evaporate at room temperature even 

in emulsified form. Thermal heating in samples due to acoustic forces can further facilitate 

emulsion vaporization. Thus, sonicating samples to induce droplet vaporization without achieving 

re-condensation results in irreversible vaporization. The applied acoustic pressure and time-scales 

may not be sufficient to achieve re-condensation of some bubbles back into droplets for the more 

volatile oils. This results in the irrecoverable loss of oil. In this study, we used a family of oils of 

variable susceptibility to vaporization in order to evaluate the influence of this effect on the way 

Pickering emulsions are typically synthesized.  
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Fortunately, in-situ analysis of these processes via USAXS enables quantification of 

droplet size distributions and volume fractions directly with only one technique. This observation 

is also similar to results from Fabiilli et al., who examined the process of sonicating 

perfluorocarbons with focused acoustic waves.44 They showed that the emulsion vaporization 

threshold and the inertial cavitation threshold could be different. For lower boiling point 

perfluorocarbon emulsions (i.e. perfluorohexane and perfluoropentane), the irreversible oil 

vaporization threshold could be significantly lower than the reversible cavitation threshold. Schad 

et al. later did a similar study using two receiving transducers to record reflected acoustic signals.49 

They revealed that the difference between the two thresholds is a function of both emulsion size 

and the applied acoustic frequency. Smaller droplets and lower acoustic frequencies prevented 

irreversible vaporization of emulsion droplets.  

After analyzing the acoustic data for all samples, it was also found that all samples had 

similar cavitation thresholds regardless of the oil that was used. This finding is similar to results 

obtained by Giesecke and Hynynen, who compared cavitation thresholds for various fluorinated 

emulsions.50 Several studies have also showed that the Laplace pressure, from interfacial tension, 

plays a significant role in stabilizing micro/nano-droplets and in increasing the boiling point of the 

droplets.51,52  Because of this enhanced droplet stability, it is difficult to conclusively determine if 

cavitation nucleated exclusively from the droplet core, from the bulk fluid or in both phases.  

Moreover, the ~3 minute acquisition rate of the USAXS prevented us from resolving the transient 

nature of cavitation bubble growth and collapse.  

It is logical that cavitation of the oil core is more likely to occur with low boiling point oil 

droplets (e.g. perfluorohexane), while cavitation of the solvent phase would be more likely with 

high boiling point oils (e.g. hexadecane).  However, when also taking into account the low volume 
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fraction of the emulsions that were used here, it would be expected that there will be a higher 

probability of cavitation events initiating in the solvent phase than within droplets.  

  

 

 

Figure 3.10. Schematic depiction of possible mechanisms for Pickering emulsion synthesis. 

Cavitation events in either the oil phase (top route) or the solvent phase (bottom route) could 

provide sufficient energy to overcome energy barriers for particle adsorption. 

 

Given two potential sources of cavitation, we hypothesize two possible ultrasound assisted 

Pickering emulsion formation mechanisms (Figure 3.10). The first assumes that cavitation events 

occur in the bulk fluid (i.e. water). Momentum transfer from the fluid to the particles and droplets 

due to surrounding random cavitation events could overcome the stabilizing energy barriers that 

otherwise prevent spontaneous adsorption of the nanoparticles to the oil-water interface. The 

second potential mechanism would be due to droplet or oil cavitation. During the rapid expansion 

(i.e. vaporization) and subsequent collapse (i.e. re-condensation) of oil micro/nano-droplets 

reversibly converting to gas bubbles, droplets expand up to an order of magnitude in diameter 

(three orders of magnitude in volume). The high interfacial velocities and large displacements 

during abrupt bubble expansion steps could entrap and induce GNPs in the surrounding medium 
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to adsorb onto the droplet interface.  Unfortunately, we are currently unable to differentiate 

between cavitation of the solvent versus the droplet phase due to the different time scales. 

However, this may be possible to study in the future with faster X-ray scattering techniques such 

as time resolved SAXS, which can provide scattering profiles on a sub microsecond time scale, 

using synchronization to acoustic pulses. The sample composition could also be altered to further 

favor where the cavitation events will occur. An example of a future experiment may include using 

a more volatile solvent (i.e. ethanol/water mixture) and smaller sized high boiling point emulsions 

(i.e. perfluorodecalin). Using the proposed samples could potentially prevent emulsions from 

cavitating and examine a system where cavitation events only occur in the continuous phase.  

Finally, we find that all synthesized Pickering emulsions had the same estimated surface 

coverage regardless of the type of oil used. The estimated value was similar to the theoretical 

maximum achievable surface coverage (~82%) when accounting for the butanethiol film thickness 

on gold surfaces.53 Having a surface coverage close to the theoretical maximum was reasonable 

given the strong adsorption energy. GNPs can also pack onto any ‘open’ emulsion surface until 

maximum surface coverage is reached during sonication. Interestingly, the results also show that 

45-60% of the GNPs would remain ‘free’ in dispersion without adsorption to the oil-water 

interface. This value seemed to be somewhat insensitive to the oil type or to the sonication process. 

One explanation for the presence of excess free particles was due to the statistical nature of droplet 

breakup and interfacial stabilization. In order to achieve 100% particle adsorption, it would be 

necessary for ultrasound to produce new interfaces (i.e. breaking droplets) that were rapidly 

decorated with ‘free’ nanoparticles before any coalescence could take place. However, in reality 

particle adsorption and interface formation processes may have widely variable time scales. In 

addition, ultrasound may also act to expel particles from interfaces in the same way that it may 
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also act to mechanically push ‘free’ particles to induce adsorption. Another potential explanation 

for this observation is from the emulsion stability standpoint. According to Binks et al., droplet 

surfaces that are not fully decorated by particles and that lacking an excess of ‘free’ particles would 

coalesce until reaching maximum surface coverage or would otherwise result in the formation of 

macroscopic oil films covering the walls of the sample holder.54 Our results suggest a potential 

steady state between adsorbed and excess ‘free’ particles in the system. This would need to be 

further investigated with other emulsion systems. 

Based on these results, a few strategies can be suggested to improve the cavitation 

conditions for Pickering emulsion synthesis, which is crucial when designing Pickering emulsions 

for use as medical contrast agents or for other applications.25–28,55 The frequency used in this 

experiment (i.e. 1.24 MHz) was higher than that commonly used in traditional laboratory 

sonication (i.e. 20-75 kHz).  Although a higher frequency allowed us to sonicate the samples at a 

relatively high pressure without cavitation, it also resulted in significant oil evaporation, up to 80 

volume percent of the dosed low boiling point emulsions, throughout the 30-minute sonication 

time. A lower frequency source (e.g. sonication bath or probe sonicator) could achieve a lower 

cavitation thresholds and insonate a larger volume.  

Another method to minimize emulsion loss is to use smaller initial droplets for Pickering 

emulsion synthesis. Nano-sized emulsions prepared using techniques such as high-pressure 

homogenization or spontaneous emulsification will produce higher Laplace pressures that can 

stabilize emulsions and prevent them from vaporizing during sonication. One example of 

spontaneous emulsification is the ouzo method where oil is first dissolved in a solvent (e.g. 

ethanol) and water is then added to induce the formation of small emulsion droplets. This 

spontaneous emulsification method is a reliable way to produce monodisperse nanoemulsions from 
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volatile oils.56 In general, direct analysis of emulsification via in-situ scattering presents a unique 

opportunity to understand the complex physics at play in these processes. 

3.6 CONCLUSION 

In this study, we provide a direct analysis of Pickering emulsion synthesis using 

amphiphilic gold nanoparticles and several different perfluorinated and hydrogenated alkanes.  A 

specially designed acoustic system, producing fields of well-defined shape and controllable 

intensity, was used along with ultra-small angle X-ray scattering (USAXS) to provide direct 

structural information on emulsion systems during simultaneous sonication. All previous works 

have only been able to characterize Pickering emulsions before and after synthesis but not during 

synthesis.4,8,22,31,33 Significantly, this work demonstrates, for the first time, that the formation of 

Pickering emulsions using sterically stabilized particles requires cavitation to occur due to the 

application of acoustic fields. No particle adsorption could be detected under weak acoustic fields 

that resulted in no cavitation. Moreover, we also demonstrate that there is significant loss of oil 

occurring during the sonication process when the volatility of the oil is high. In contrast, the loss 

becomes minimal when using high boiling point oils. Additionally, results show that there is also 

an excess of ‘free’ un-adsorbed particles (45-60%) present in all cases and conditions explored in 

this work. This suggests that processes leading to interface generation (i.e. drop breakup), interface 

destruction (i.e. drop coalescence), particle adsorption and particle desorption are all likely 

occurring simultaneously during ultrasound application and an excess of particles seems to always 

remain. USAXS results also show that Pickering emulsions were densely coated with gold 

nanoparticles achieving surface coverage that is near the close-packing limit. Interestingly, the 

boiling point of the core oil did not correlate with changes to the cavitation threshold or with 

surface coverage of the synthesized Pickering emulsion. However, this parameter did affect the 
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final droplet size distribution and the volume fraction of Pickering emulsion droplets remaining in 

the system. 

The main finding of this report is that structural changes could be correlated to cavitation 

events and that spontaneous particle adsorption did not occur in any case. This finding is extremely 

pertinent when designing Pickering emulsion systems for use in applications such as medical 

contrast agents, cosmetics and/or consumer products. Interestingly, cavitation events were 

detected at similar pressures regardless of the emulsion boiling point. Two potential mechanisms 

were also proposed to describe how different cavitation sources could induce adsorption of 

amphiphilic gold nanoparticles onto emulsion surfaces. Future experiments include the use of time 

resolved SAXS to differentiate between cavitation of the solvent versus the droplet phase. 
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Chapter 4. CONTRAST-VARIATION TIME-RESOLVED SANS 

ANALYSIS OF OIL EXCHANGE KINETICS 

BETWEEN OIL-IN-WATER EMULSIONS 

STABILIZED BY ANIONIC SURFACTANTS 

Contrast-variation time-resolved small angle neutron scattering (CV-SANS) was used to 

examine oil exchange kinetics between identical mixtures of hydrogenated/deuterated hexadecane 

emulsion systems without a net change in droplet size occurring within the timeline of the 

experiment. Oil exchange rates were estimated by transforming recorded scattering profiles to a 

relaxation function and by fitting to exponential decay models. We find the oil exchange process 

was accelerated when the droplets were stabilized by anionic surfactants even at concentrations 

well below the surfactant critical micelle concentration. Moreover, the exchange rate was not 

significantly accelerated when surfactant micelles were present. This suggests that micellar-

mediated transport mechanisms do not play the dominant role in these systems. Screening 

electrostatic repulsion by increasing the ionic strength of the medium also had a negligible effect 

on oil exchange kinetics. In contrast, the use of oils with shorter alkane chain lengths (e.g. 

dodecane), having a higher solubility in water, significantly accelerated rates of oil transport 

between droplets. Oil transport rates for hexadecane were also found to increase with temperature 

and to follow Arrhenius behavior. These results were rationalized as an increase in the droplet 

collision frequency due to Brownian motion that results in direct oil transport without irreversible 

coalescence. Thus, primary mechanisms for oil exchange in insoluble anionic surfactant-stabilized 

emulsion systems is hypothesized to be through direct emulsion contact, reversible coalescence 

and/or direct oil permeation through thin liquid films. CV-SANS is also demonstrated as a 

powerful technique for the study of transport kinetics in all kinds of emulsion systems.  
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4.1 INTRODUCTION 

Emulsion systems are dynamic and several phenomena can induce mass transport between 

dispersed oil droplets. Understanding how oil molecules exchange between droplets in emulsion 

systems is also crucial to designing emulsion-based drug-delivery vehicles, modifying properties 

(e.g. fragrance or flavor) of emulsion-based food products, or for utilizing droplets as 

microreactors for polymer and/or nanoparticle synthesis.1–7 Of all possible transport mechanisms, 

emulsion coalescence and Ostwald ripening are probably among the best understood.8–14 When 

emulsions are unstable, coalescence can occur due to colloidal forces and interactions. Droplet 

coalescence leads to size increases (i.e. coarsening) that ultimately cause water/oil macroscopic 

phase-separation. Ostwald ripening occurs in metastable emulsion systems through the dissolution 

of oil molecules in the continuous phase.9,15,16 The driving force for this mechanism originates 

from differences in oil solubility and chemical potential at the oil-water interface, which is 

correlated to a droplet’s radius of curvature.17 Smaller droplets lead to higher oil solubilities, which 

results in a net diffusion of oil molecules towards larger emulsion droplets. As a result, the size 

distribution changes over time with larger droplets growing at the expense of smaller ones. 

On the other hand, several studies have shown that poorly soluble oil molecules can also 

exchange between stabilized droplets, even without Ostwald ripening or coalescence, resulting in 

an equilibrium oil exchange without a net size change.10,11,18–24 For example, transport mechanisms 

between droplets stabilized by non-ionic surfactants have been previously examined using 

differential scanning calorimetry (DSC).10,18,19,25 In these studies, it was revealed that the oil 

exchange process only occurred when surfactant micelles were present at concentrations above the 

critical micelle concentration (CMC).23 Surfactant micelles can be excellent molecular carriers by 

helping to solubilize insoluble oils in their hydrophobic core and accelerating transport across the 
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continuous phase. An alternative oil-exchange mechanism was also proposed in studies using 

microscopy, pulse gradient NMR, fluorescence, and turbidity measurements.20,21 Here, the primary 

mechanism for oil exchange was based on direct emulsion contact where reversible collisions 

cause direct oil permeation through thin liquid films between the droplets as they collide due to 

Brownian motion.   

Recently, time-resolved contrast variation small angle neutron scattering (CV-SANS) was 

also used to examine oil exchange rates between insoluble oil droplets.22 In this study, Roger et al. 

examined the coarsening of nanosized hexadecane emulsions without the presence of additional 

surfactant micelles. It was observed that oil exchange rates occurred over a time scale that was 

significantly faster than that of any droplet size change. Moreover, the droplet growth rate also 

decreased with increasing chain length of the polyoxyethylene alkyl ether surfactants that were 

used to stabilize the droplets. These authors suggested that the main mechanism for oil exchange 

was due to droplet contact ripening.  

Although few reports use time-resolved CV-SANS to study emulsion transport kinetics, 

this powerful technique has been more widely used to examine the kinetics of exchange of 

molecules in lipid vesicle or block copolymer micelle systems.26–30 For example, time-resolved 

CV-SANS was used to distinguish the kinetic exchange rates of isotopically labelled lipids 

between different vesicles and within individual vesicles (e.g. lipid ‘flip-flop’ transitions).26,28,29,31 

Studies showed that lipids exchange between vesicles at faster time-scales than the rate of 

‘flipping’ within the bilayers of unilamellar systems. In contrast, the opposite trend was observed 

in supported lipid bilayer systems (i.e. lipid coated nanoparticles). In block copolymer micelle 

systems, studies have shown that the escape of unimers from micelles was the rate limiting step in 
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the exchange kinetics.30 For example, it was revealed that the molecular weight of the block 

copolymer, the degree of polymerization of the hydrophobic core-forming block, the interfacial 

tension between the solvent and hydrophobic block, and the sample temperature all played 

significant roles in mediating exchange kinetics.32–37 

The main advantage of CV-SANS as a molecular transport characterization tool originates 

from differences in scattering length densities (SLD) between hydrogenated and deuterated 

versions of identical molecules (e.g. block copolymers, lipids, and oils). This allows researchers 

to directly examine exchange kinetics using nearly identical molecular isotopes without the need 

for any additional labelling. For emulsion systems, this eliminates any potential confounding of 

oil exchange kinetics that may be due to differences in chemical composition and/or solubility of 

components in the continuous phase.21,24,25  

A schematic of CV-SANS experiments performed on emulsion systems in this work is 

shown in Figure 4.1. Two identical batches of deuterated/hydrogenated hexadecane emulsions are 

prepared with equal contrast to the solvent and the same size distribution. They are then mixed in 

equal proportions (1 to 1) at time zero and CV-SANS profiles are continuously collected. Any oil 

exchange that occurs after the initial mixing step would result in a decrease in contrast between 

the droplets and the solvent, which would ultimately decrease the scattering intensity. If all of the 

oil molecules are fully exchanged, minimal scattering should be detected.  

In this work we use time-resolved CV-SANS to examine transport processes in oil-in-water 

(e.g. hexadecane) emulsions stabilized by anionic surfactants (e.g. sodium dodecyl sulfate). By 

varying the stabilizing surfactant concentration, temperature, ionic strength, types of anionic 
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surfactant, and alkane chain length, we systematically examine oil exchange processes and identify 

dominant transport mechanisms. 

 
 

Figure 4.1. Schematic oil-in-water emulsion oil exchange CV-SANS experiment. (a) Identical 

emulsions containing deuterated oil and partially-deuterated oil are prepared to have opposite 

scattering length densities and equal contrast with the solvent. (b) When oil exchanges between 

droplets, a decrease in intensity is observed due to contrast matching. If no oil exchanges, the 

scattering intensity remains constant with time.  

 

4.2 MATERIALS AND METHODS 

Hexadecane (>99%, CAS: 544-76-3), dodecane (>99%, CAS: 112-40-3), octane (>99%, 

CAS: 111-65-9), sodium dodecyl sulfate (SDS, CAS: 151-21-3), hexyl sulfate sodium salt (SHS, 

CAS: 2207-98-9), tetradecyl sulfate sodium salt (STS, CAS: 1197-50-0), and sodium chloride 

(CAS: 7647-14-5) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deuterated 

hexadecane (D34, 99%, CAS: 15716-08-2), deuterated dodecane (D26, 98%, CAS: 16416-30-1), 

deuterated octane (D18, 99%, CAS: 17252-77-6), and deuterium oxide (99.9%, CAS: 7789-20-0) 

were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Aerosil® 

R816 was obtained as a gift from Evonik Industries (Essen, Germany). 

Fully deuterated (high SLD) and partially deuterated (low SLD, 60 vol% hydrogenated and 

40 vol% deuterated) alkane emulsion stocks with equal contrast to the solvent were prepared 

identically and subsequently mixed, right before an experiment, to monitor the oil exchange 
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kinetics. In short, concentrated stock emulsions were first synthesized by sonicating 1.2 volume 

percent oil in the solvent using a Branson Digital Sonifier S-450 with a 3 mm sonicating microtip 

(Branson Ultrasonics, CT, USA) at 30% amplitude 50% duty cycle (1 seconds on and 1 seconds 

off) for a total of 25 minutes of sonication time. The solvents used in this study for synthesizing 

the emulsion stocks contain small concentrations of surfactants (i.e. 1 mM of anionic surfactants), 

with the exception of the samples where no surfactants were present. The details on the SLDs of 

the stock emulsions and the exact composition of the solvents for different contrast matched 

emulsion systems are summarized in Table 4.1 and Table 4.2. Emulsion stocks in the presence of 

a desired surfactant concentration (e.g. 20 mM SDS) were then prepared by using the initial 

emulsion stock, high concentrations of stabilizing agents (e.g. 100 mM SDS) and additional 

H2O/D2O solvent. Using this method to synthesize samples allowed us to form identically sized 

emulsions having variable surfactant concentrations. The final composition of the emulsion stocks 

contained 1 vol % of alkane droplets in solvents containing surfactant at concentrations ranging 

from 0 to 20 mM. Solid fumed silica particles (Aerosil® R816) were also used as the stabilizing 

agent in some samples of this study. The particle-stabilized Pickering emulsion stocks were 

synthesized by directly sonicating 1 vol% percent of stock oil with 1 wt% of silica particles. The 

two stock oil-in-water emulsions with the same stabilizing agent concentrations were then mixed 

at a 1:1 volume ratio prior to loading the sample into a 0.4 cm pathlength NIST titanium 

demountable sample cell with quartz windows 

Table 4.1. Details on the dispersed phase (oil) used for contrast matched emulsion systems. 

Oil Type 

High SLD Emulsion 

(100 vol% D-Hexadecane) 

Low SLD Emulsion 

(40 vol% D-Hexadecane) 

SLD (x10-6 Å-2) Density (g/mL) SLD (x10-6 Å-2) Density (g/mL) 

Hexadecane 6.66 0.88 2.41 0.85 

Dodecane 6.56 0.86 2.35 0.79 

Octane 6.36 0.81 2.23 0.75 
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Table 4.2. Continuous phase (water) compositions for contrast matched emulsion systems. 

Oil type in emulsion 

system 

Hydrogenated water 

(vol%) 

Deuterated water 

(vol%) 

Solvent SLD 

(x10-6 Å-2) 

Hexadecane 26.5 73.5 4.54 

Dodecane 27.7 72.3 4.46 

Octane 30.0 70.0 4.29 

 

Pre-mixed emulsions, prepared from the two high/low SLD components, were also 

synthesized to quantify any residual scattering in ‘perfectly mixed’ samples containing different 

surfactant species and concentrations. Running such control samples was important since the 

surfactants and interfacial stabilizers that were used in this study were not contrast matched to the 

solvent. This resulted in some residual scattering in CV-SANS profiles even after ‘perfect’ oil 

mixing. These control samples were synthesized by pre-mixing a 1:1 ratio of high and low SLD 

stock oils at a total of 1 vol% prior to adding to the solvents containing different concentrations of 

the stabilizing agents. The pre-mixed emulsions were then further sonicated using the tip sonicator 

with identical acoustic parameters to those used for other emulsions. This resulted in fast and 

effective mixing of the oil molecules to achieve the equivalent to samples that are left to exchange 

oil over an infinitely long period of time.  

It is important to note that a fully hydrogenated alkane emulsion could not be used as the 

lower SLD emulsion due to the large absorption cross-section of the solvent, which prevented the 

use of thicker samples. The contrast matching condition was carefully designed and optimized for 

a system with a sample pathlength of 1 cm, which was used in a parallel study investigating the 

effects of acoustic forces inducing emulsion mixing. Additional information on the optimization 

of the contrast matching condition was provided in Chapter 2. 
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4.2.1 Small Angle Neutron Scattering (SANS) 

Small angle neutron scattering (SANS) experiments were conducted at the National 

Institute of Standards and Technology Center for Neutron Research (NCNR) using the 45-meter-

long very small angle neutron scattering (VSANS) instrument. Two detector configurations (i.e. 

sample-to-detector distances) were used simultaneously during experiments to simultaneously 

acquire scattering intensities spanning from a q range of 1.9x10-3 to 1.7x10-1 Å-1. In each 

experiment, up to 17 samples could be loaded onto the instrument and each sample was exposed 

to neutrons at 1- or 5-minute intervals to collect the full-range scattering profile. VSANS was 

uniquely suited for this study because it allowed for full q-range collection at once as a function 

of time. 

4.2.2 SANS Data Analysis 

The recorded SANS data were reduced using standard VSANS Igor reduction protocols.38 

The extent of oil exchange could be expressed using the relaxation function (equation (4.1)) since 

the contrast of the emulsion system was proportional to the square root of the scattering intensity.30 

I(t) is the integrated scattering intensity at any given time, I0 is the integrated scattering intensity 

at time zero which can be obtained using the unmixed 100% deuterated alkane control sample, and 

I∞ is the integrated scattering intensity at infinite time which is obtained from the pre-mixed control 

sample. An assumption for utilizing the relaxation function was that the size distribution did not 

change over time (constant I0). To check this, scattering profiles of the unmixed 100% deuterated 

alkane emulsion systems were also tracked over the duration of an experiment. These profiles 

showed little or no change over time (Chapter 7 supplemental information) suggesting that the 

assumption of constant I0 is reasonable for these systems. A few samples showed small scattering 

changes over time that suggested some slight change in size. For these samples, additional analyses 
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were performed using the control sample (unmixed 100% deuterated samples) to estimate the 

corresponding I0. The effect of accounting for these small changes in droplet size was negligible 

and this is further discussed in the results section. 

𝑅(𝑡) = (
𝐼(𝑡) − 𝐼∞

𝐼0 − 𝐼∞
)

1/2

 (4.1) 

 The kinetic oil exchange parameters were then estimated by fitting the relaxation function 

R(t) to an exponential decay model (equation (4.2)), where k is a decay constant, t is time and a is 

a final plateau value or residual scattering that persists due to slow oil exchange processes that 

occur outside of the measurement window. For samples without any added surfactants, the plateau 

value a was fixed at 0 since it was not necessary to include in order to obtain good model fits. 

𝑅(𝑡) = (1 − 𝑎) ∙ 𝑒−𝑘𝑡 + 𝑎 (4.2) 

 

4.2.3 Emulsion Size Estimation 

The size of the synthesized emulsions was obtained either through dynamic light scattering 

(DLS) using a Malvern Zetasizer Nano ZS, (Malvern Instruments Ltd., Worcestershire, United 

Kingdom) or by fitting a simple sphere model to the CV-SANS scattering data when it was 

possible. Unfortunately, due to the limited q range of the instrument, the size distribution of some 

of the larger droplets could not be estimated using solely the recorded CV-SANS profiles. 

Therefore, for consistency purposes, all reported sizes are obtained from DLS. The size 

distribution obtained from fitting the scattering data was only used to qualitatively assess for 

possible emulsion size changes during an experiment with the control samples. 
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4.3 RESULTS 

The kinetics of oil exchange between hexadecane droplets in emulsions with and without 

the presence of SDS was examined first. The emulsions without the presence of surfactants had a 

hydrodynamic diameter of 603 nm with a polydispersity index (PDI) of 0.3 while emulsions 

containing stabilizing surfactants had a mean diameter of 113 nm with a PDI of 0.2. The DLS 

measurements for the emulsions are provided in the supplemental information chapter (Chapter 

7). Examples of the obtained SANS profiles at 25°C are shown in Figure 4.2. As can be seen in 

the figures, all of the samples showed a decrease in scattering intensities over time, indicating that 

oil molecules were able to exchange between droplets regardless of whether or not surfactants 

were present. Interestingly, the decrease in scattering intensity was extremely slow for samples 

without stabilizing surfactants. Still, ultimately the emulsion systems would reach a fully mixed 

state where minimal scattering intensities were recorded in the pre-mixed control samples. 

 
Figure 4.2. Oil Exchange between hexadecane droplets (a) without the presence of any 

surfactants, stabilized by (b) 1 mM and (c) 20 mM SDS at 25 °C. Emulsions stabilized by 

surfactant shows a significant faster oil exchange process. 

 

When surfactants were present, the recorded scattering intensities decreased at a 

significantly faster rate. Moreover, it was observed that the scattering intensities of samples 
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containing lower (1 mM) and higher (20 mM) surfactant concentrations seemed to decrease at a 

similar rate. The main difference between the two systems was only observed in fully exchanged 

scattering profiles of pre-mixed control samples, where the sample containing 20 mM of SDS had 

a significantly higher residual scattering intensity due to the presence of greater amount of the non-

contrast matched surfactant. Oil exchange experiments for emulsion systems containing other 

concentrations of SDS (i.e. 2.5, 5, 10, and 15 mM) were also performed and the corresponding 

scattering profiles are provided in the supplemental information chapter (Chapter 7). In general, 

the scattering profiles for emulsion systems stabilized by various concentrations of SDS, above 

and below its critical micelle concentration (CMCSDS in presence of emulsion = ~11.94 mM) all 

showed similar rates of decrease in the scattering intensities. The CMC of SDS in the presence of 

emulsion droplets was estimated through conductivity measurements. This resulted in a slightly 

higher CMC value (theoretical CMCSDS = 8.2 mM) due to the adsorption of some SDS molecules 

onto the oil-water interface.39,40 Additional information on the measurements is provided in the 

supplemental information chapter (Chapter 7). 

Another parameter that could significantly affect the oil exchange kinetics was the sample 

temperature. Example scattering profiles of oil exchange between emulsions stabilized by 1 mM 

SDS at various sample temperatures is shown in Figure 4.3. As can be seen in the figure, increasing 

the sample temperature resulted in a significantly faster scattering intensity decay. This trend, 

where increasing the temperature results in faster oil exchange, was also observed in samples 

containing other surfactant concentrations (Chapter 7 supplemental information). 
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Figure 4.3. Scattering profiles of droplet oil exchange at (a) 35 °C, (b) 45 °C, and (c) 60 °C of a 1 

vol% hexadecane emulsions stabilized by 1 mM SDS sample. Increasing sample environment 

temperature results in a faster decrease in scattering intensities. 

 

To quantitatively compare the oil exchange kinetics between emulsion samples containing 

different concentrations of surfactants and at different sample temperatures, the scattering profiles 

were transformed using a relaxation function (equation (4.1)) to express the average normalized 

contrast of the emulsion systems. An advantage of using the relaxation function for analysis is that 

it automatically accounts for differences in residual scattering and that it provides a standardized 

method for comparing oil transport kinetics between different samples. Figure 4.4 is an example 

of the estimated relaxation functions for emulsion samples stabilized by 1 mM SDS at various 

temperatures.  

The estimated relaxation decay functions were then fit to an exponential decay model 

(equation (4.2)) to obtain important oil exchange kinetic parameters. The exponential decay model 

contains a plateau value ‘a’ to accommodate the observation that some relaxation functions for 

samples at the highest temperatures studied (60 °C) still did not fully decay to 0 even after very 

long elapsed times (Figure 4.4, blue curve). Using a simple exponential decay to fit the relaxation 

function would otherwise consistently overestimate the decays at longer time points. On the other 

hand, fitting the relaxation functions of emulsion systems at lower temperatures using exponential 
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decay models either with/without a plateau had little effects on the time constant of the exponential 

decay. Still, for consistency, we chose to use the exponential decay model with an added plateau 

to fit all the estimated relaxation functions. In addition, the plateau value used in all of the modeling 

was kept constant and based on the estimated value obtained from samples measured at the highest 

temperatures (i.e. 60 °C). The only exceptions are the samples where the experiments were only 

performed at 25 °C (i.e. 2.5 and 15 mM SDS) and not at elevated temperatures.  

Based on the modeled fits, the plateau value for emulsion systems containing 1 mM SDS 

is around 0.12 and the estimated decay constants are 9.7x10-4 (25 °C), 1.3 x10-3 (35 °C), 2.1 x10-3 

(45 °C) and 6.3x10-3 min-1 (60 °C). The effect of accounting for emulsion size change on the 

estimated relaxation function value was also investigated and was found to have little consequence 

in the parameters extracted from the relaxation decay curve. Therefore, since emulsion sizes 

showed little to no variation in DLS and in CV-SANS over the time-scales of experiments, they 

were assumed to remain constant in our analysis. Additional details are provided in the 

supplemental information chapter (Chapter 7). 

 
Figure 4.4. Example emulsion oil exchange kinetic curve with modeled fits for hexadecane 

mixtures stabilized at 1 mM SDS.  
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The relaxation functions with corresponding fits at various surfactant concentrations and 

temperatures are shown in Figure 4.5. The results again confirm the observation that the presence 

of surfactants and the increase in sample temperature accelerated the oil exchange process. The 

modeling results also suggest that temperature has a more significant effect on the oil exchange 

kinetics for emulsion systems stabilized by surfactants. It was also observed that the relaxation 

function of the emulsion sample containing 20 mM SDS decayed slightly faster than the other 

samples, especially at elevated temperatures.  

 
Figure 4.5..  Relaxation function of emulsion systems stabilized by various SDS concentration 

and held at different temperatures. The results show that the oil exchange kinetics is similar 

across most SDS concentrations at all temperatures. The exception are samples with 20 mM 

SDS, where a slightly accelerated decay is observed at elevated temperatures. Samples without 

added surfactant are also included for comparison (red).  
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The estimated decay constants for the different emulsion systems could be fit with an 

Arrhenius equation (equation (4.3)), where k is the estimated decay constant, A is the pre-

exponential factor, Ea is the activation energy, R is the gas constant, and T is the absolute 

temperature. The results are shown in Figure 4.6 and the summary of the parameters estimated 

from the Arrhenius plot is shown in Table 4.3. The estimated Arrhenius parameters for emulsion 

systems without any stabilizing surfactants were different from those with stabilizers. However, 

little variation was observed for samples with different concentrations of SDS above and below 

the CMC.  

 
Figure 4.6. (a) Estimated kinetic decay constants for samples with variable SDS concentration 

and at various temperatures. Parameters were obtained from fits to (4.2), where the plateau 

constant (a) was fixed and estimated from experiments at 60 °C. (b) Arrhenius plot for the 

kinetic decay constant for emulsion systems at variable surfactant concentrations.   

. 

ln(𝑘) = ln(𝐴) −
𝐸𝑎

𝑅
(

1

𝑇
) 

(4.3) 

Table 4.3. Kinetic parameters estimated from the Arrhenius analysis. 

SDS concentration (mM) ln(A) (min-1) Ea (kJ/mol-k) 

0 2.0 ±1.2 23.8±3.2 

1 10.8±2.8 44.4±7.4 

5 12.1±1.8 48.1±4.8 

10 13.1±1.6 50.8±4.2 

20 14.7±1.4 54.5±3.7 

  



96 

 

Emulsion oil exchange experiments were also performed for anionic surfactants with 

identical head groups but longer and shorter alkyl tails, STS (C14) and SHS (C6), to further 

examine the role of surfactant structure and the presence of micelles on oil exchange kinetics. All 

surfactants have the same polar head group and the only difference between the surfactants is the 

hydrophobic tail length, which resulted in a significant difference in the surfactant’s critical 

micelle concentrations (i.e. theoretical CMC for STS = 2 mM and for SHS = 300 mM). This 

portion of the experiment was carried out at 45 °C due to the poor solubility of STS at 25 °C. 

Example oil exchange scattering profiles obtained SHS and STS stabilized emulsion systems are 

shown in Figure 4.7 (a) and (b). As can be seen in the figure, the size distribution of the as-

synthesized emulsions is different for different surfactants. Emulsions stabilized by STS have a 

mean hydrodynamic diameter of 105 nm and PDI of 0.2, similar to emulsions samples where SDS 

was used as the stabilizing agent. On the other hand, emulsions in the sample with SHS present 

are larger and have a mean hydrodynamic of 261 nm and PDI of 0.4. Additional scattering profiles 

of emulsion systems stabilized by SHS and STS is provided in the supplemental information 

chapter (Chapter 7). The estimated relaxation functions and decay constants are shown in Figure 

4.7 (c) and (d). As can be seen in the figure, the emulsion systems stabilized by STS showed similar 

decay rates to the results obtained from SDS systems and is not affected by the concentration of 

stabilizing surfactant. Results obtained from emulsion systems stabilized by SHS also showed little 

correlation between surfactant concentration and rate of oil exchange. However, the estimated 

decay constant had a value much lower than for emulsion systems containing SDS and STS. The 

difference in the decay rate was likely due to differences in emulsion size that affected droplet 

diffusion rates, collision probabilities and total interfacial area.  
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Figure 4.7. (a) CV-SANS scattering profiles for 1 vol% hexadecane emulsion stabilized by 1 

mM SHS as a function of time. (b) CV-SANS scattering profiles for emulsions stabilized by 1 

mM STS. (c) Relaxation function of emulsions stabilized by anionic surfactants SHS, SDS and 

STS. The kinetics of oil transport is also not significantly affected by the concentration of the 

stabilizing surfactants. (d) Estimated decay constants for emulsion systems with different 

surfactants. 

 

We also performed an experiment to determine if the ionic strength of the continuous water 

phase affected the oil exchange kinetics. One hypothesis to explain the insignificant effect of 

surfactant concentrations on oil exchange kinetics was that strong electrostatic repulsion forces 

provided by the dense packing of charged ionic head groups at the interface of oil droplets could 

prevent micelles from approaching the droplet. Adding salt into the system, increasing the ionic 

strength, could screen this repulsive force and potentially accelerate micelle-driven oil exchange. 

However, relaxation functions in Figure 4.8 show that screening the electrostatic repulsion forces 

in emulsion systems with the presence of micelles (20 mM SDS) did not significantly affect oil 
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exchange kinetics in any form. The estimated decay constants for samples containing 0 mM, 5 

mM and 50 mM NaCl were identical (k = 1.2x10-3). Results from this experiment again suggest 

that perhaps the main driving force inducing oil exchange in anionic surfactant stabilized emulsion 

systems was not micelle driven and that another dominant form of oil exchange is present. 

 
Figure 4.8. Oil exchange kinetics for identical SDS emulsion samples prepared with varying 

NaCl concentration at 35°C. Results show that screening electrostatic repulsion in the system 

has little effect on the oil mixing kinetics. 

 

 The last parameter that was examined was the effect of oil type on the oil exchange kinetics. 

Figure 4.9 (a) shows an example scattering profile for oil exchanging between dodecane 

emulsions, stabilized by 1 mM of SDS at 25°C. The synthesized dodecane emulsion droplets were 

142 nm in diameter with a PDI of 0.1, slightly larger than the emulsions in the hexadecane system. 

However, as can be seen in its relaxation curve (Figure 4.9 (b)), the dodecane emulsion system 

exchanges oil molecules over a time scale of minutes. In contrast, hexadecane emulsion systems, 

with the same stabilizing surfactant concentration and sample temperature, would need to 

exchange oil over a period of several hours to achieve similar mixing states. The estimated decay 

constant was 1.8 x 10-1 min-1 and the plateau was 0.095. Oil exchange between dodecane droplets 

stabilized at other SDS concentrations at 25°C was also performed and also showed that oil 

exchanges significantly faster (Chapter 7 supplemental information). Clearly, the oil molecule size 
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has a significant effect on the oil exchange kinetics. In fact, it was so significant that dodecane 

droplets still exchange oil at faster rates at 5°C than hexadecane droplets at 60°C. The kinetic 

decay constants for dodecane droplets stabilized by 5 and 20 mM SDS were 2.0x10-2 and        

2.7x10-2 respectively.  

 
Figure 4.9. (a) CV-SANS profiles of oil exchange between dodecane droplets stabilized by 20 

mM SDS at 25°C. Oil exchanges significantly faster than for hexadecane emulsion systems. (b) 

Estimated relaxation curve at 25°C. (c) Relaxation function of dodecane emulsions stabilized by 

either 5 or 20 mM SDS at 5°C. 

 

The effects of the solubility of oil molecules in the continuous water phase on the kinetics 

of exchange was further examined by using solid particles as stabilizing agents in lieu of anionic 

surfactants. The purpose of using particle stabilized emulsions (Pickering emulsions) to study oil 

exchange kinetics was that solid particles provide a steric barrier against coalescence and also 

prevent the formation of thin liquid films through which the oil molecules could permeate. 

However, such emulsion droplets still have significant interfacial areas exposing oil directly to the 

continuous water phase for transport through the bulk. Thus, for these samples, the only possible 

oil exchange mechanism is through direct molecular solubilization and diffusion across the 

continuous phase. Example scattering profiles with hexadecane as the oil phase are shown in 

Figure 4.10 (a). The scattering profiles only show slight changes in the recorded scattering 
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intensities over time that can be captured in the corresponding relaxation curve Figure 4.10 (b). 

Moreover, the estimated relaxation decay of the more soluble emulsion systems shows that the oil 

exchange kinetics significantly accelerate with decreasing alkane chain length (i.e. increasing 

solubility). The kinetic decay constants increase from 2.4x10-4 min-1 (hexadecane) to                

1.3x10-2 min-1 (dodecane) and 1.9x10-1 min-1 (octane) with decreasing oil molecule size. 

 
Figure 4.10. (a) CV-SANS profiles of oil exchange between Pickering emulsions with 

hexadecane as the oil phase. The exchange is extremely slow due to the low solubility of 

hexadecane in water. (b) Relaxation functions for Pickering emulsions prepared with 

hexadecane, dodecane, and octane as the oil phase. 

 

4.4 DISCUSSION 

All of the recorded SANS data and estimated relaxation functions shown here suggest that 

the concentration of the stabilizing anionic surfactant had minimal effect on the oil exchange 

kinetics. Therefore, micelle-dominated oil exchange can be ruled out as a main contributor since 

significant transport was observed in emulsion systems stabilized by surfactants at concentrations 

well under the critical micelle concentration of the surfactant. These observations are also similar 

to other reports examining Ostwald ripening processes.12,41 One example is a report by Kabalnov 

et al. where the authors observed that the concentration of SDS, ranging from 33 mM to 1 M, had 

minimal effect on the undecane emulsion ripening rate. Screening the electrostatic repulsion 
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between the micelles and emulsions also did not result in an increased oil exchange rate. It was 

suggested that perhaps the micelles provided a minimal contribution to oil mass transport since 

these had a limited ability to solubilize oil molecules from the continuous phase.  

Additional oil exchange mechanisms, including direct molecular diffusion through the 

continuous phase and direct emulsion contact, could simultaneously occur in emulsion systems. 

Experiments using Pickering emulsions were performed to isolate the two exchange mechanisms, 

providing the ability to only examine the oil exchange that was induced by bulk molecular 

diffusion of oil through water. For the relatively insoluble hexadecane emulsion system, it was 

observed that relaxation function decayed minimally, suggesting that almost no oil molecules were 

exchanged due to its extremely low solubility in water (2.1x10-5 mg/L at 25°C). On the other hand, 

changing the solubility of the emulsion core from hexadecane to dodecane (3.7x10-3 mg/L) and 

octane (6.6x10-1 mg/L) resulted in accelerating the oil exchange kinetics by orders of magnitudes, 

allowing emulsion systems to reach exchange equilibrium within minutes. Based on these 

observations, it is clear that direct oil molecule diffusive transport across the continuous aqueous 

phase occurs in emulsion systems. Furthermore, this oil exchange mechanism would become the 

primary method of transport in emulsion systems when using more soluble oils in the dispersed 

emulsion phase. Direct molecular transport and how this is affected by oil solubility has been 

examined in other reports, primarily in relation to the stability of emulsions. For example, prior 

reports have shown that the Ostwald ripening rate in emulsion systems decreases when using 

longer alkane chain length molecules as the dispersed emulsion phase.9,22 

On the other hand, our results show that oil molecules still exchanged in insoluble emulsion 

systems where the direct oil diffusion mechanisms were severely hindered due to poor oil 
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solubility. In such systems, including hexadecane emulsion systems, the mechanisms that likely 

dominate oil exchange processes are through direct emulsion contacts. When two droplets collide 

without undergoing coalescence, oil molecules could still exchange via direct permeation through 

thin liquid films, by reversible emulsion coalescence, or by a combination of the two. Spontaneous 

contact between dispersed droplets occurs via Brownian motion. When contact happens, thin 

liquid films can form between the two curved interfaces as the droplets move close to each other 

as shown in Figure 4.11. The lifetime of these liquid films is a function of the disjoining pressure 

between the droplets, the salt concentration, pH, and temperature.13,42–44 Examples of droplets 

undergoing reversible coagulation have been captured using video enhanced microscopy.45 Under 

certain conditions, the thin liquid film can be stable and persist for long periods of time. For 

example, reports have shown that SDS stabilized emulsions can form stable flocs of adhesive 

emulsions when the systems contain high concentrations of salt and the samples are held at 

elevated temperatures.13,46–49 However, further varying the environmental conditions resulted in 

disruptions to this balance and droplets separated from each other.49 The presence of liquid thin 

films, regardless their lifetime, can provide an environment where oil molecules can diffuse 

through a much shorter distance across the continuous phase and exchange faster between droplets. 

Direct permeation of oil molecules through the liquid film has been observed and proposed as the 

main driving force for inducing oil exchange in multiple emulsion systems examining oil exchange 

between dissimilar oil emulsions.14,22,50,51  This work shows that direct permeation induced oil 

exchange can also occur spontaneously for homogeneous emulsion systems.  
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Figure 4.11. Schematic diagram of emulsions forming thin liquid films and nanopores when 

moving close to each other. 

 

Transient holes or pores in the liquid thin film could also form if the droplets were able to 

continue moving closer to each other, inducing partial emulsion coalescence and allowing oil 

molecules to rapidly exchange between the droplets directly through nanopores. The formation of 

these transient holes should be temporary for surfactant stabilized emulsions since the surfactant 

molecules around the nucleated pores would be packed with an unfavorable curvature.52,53 As a 

result, surfactant molecules at these highly curved interfaces would exhibit strong repulsive forces 

between each other and form a high activation energy barrier for further emulsion coalescence as 

shown in lower portion of Figure 4.11. Unless this activation energy barrier is surpassed, the 

droplets would detach from the doublet form back to two individual drops. While reversible 

coalescence of stabilized emulsions seemed counterintuitive, this mechanism has been proposed 

as a primary mechanism for transport between droplets in multiple water-in-oil microemulsion 

systems.53–55 For example, Fletcher et al. examined mass exchange between thermodynamically 

stable water in heptane microemulsions by observing the quenching of fluorescent molecules that 
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were dissolved in their core.53 The observed exchange kinetics between microemulsions was not 

affected by the size of the fluorescent molecules that were used, suggesting the exchange process 

was not due to the permeation of the solutes through liquid thin films. Moreover, the authors also 

observed that mixing two sizes of microemulsions together resulted in an intermediate size shortly 

after adding the two together. If reversible coalescence can occur in thermodynamically stable 

systems, this process may also occur in kinetically stable emulsion systems. Unfortunately, both 

contact-induced mechanisms occur over time scales that are significantly faster than the timescales 

of our characterization technique. Thus, it is not yet possible with our data to distinguish and 

determine which mechanism is dominating the observed oil exchange for insoluble oils. 

Another important observation stemming from our work was that hexadecane emulsion 

systems containing 20 mM of SDS showed a slightly faster decay in the estimated relaxation 

function. We hypothesize that this small increase in transport may be due to depletion interactions 

arising due to the presence of excess surfactant micelles. Depletion forces can occur between large 

particles (e.g. droplets) when they are suspended in a solution with other non-adsorbing 

components (e.g. micelles) present. Studies on depletion interactions between surfaces using light 

scattering, electron microscopy, and atomic force microscopy showed that depletion forces can 

oscillate and can either be attractive or repulsive, depending on the distance between the surfaces 

and the concentration of the surfactant micelles that are present.52,56–60 For systems containing 

small concentrations of micelles, depletion forces generally result in attractive interactions 

between emulsion surfaces, allowing droplets to be closer with their neighbors and to have a higher 

probability of inducing direct emulsion contact-based oil exchange.  
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When modeling oil exchange kinetics, it was observed that a simple exponential decay was 

not able to fit the relaxation decay function when surfactant was present. Adding a small plateau 

constant to the model fit was required to fit the data points at longer time points. The presence of 

a non-zero plateau value could be due to some chemical impurities in the system, resulting in slight 

contrast mismatch. However, the relaxation function was normalized to a pre-mixed sample which 

should already account for any residual scattering intensities due to contrast mismatch. Moreover, 

the model fits also showed slight deviations between the fits and the estimated relaxation function 

even when adding the plateau constant to the model. One proposed explanation is that polydisperse 

emulsion systems exhibit a relaxation function that consisted of more than one exponential 

decay.20 Another hypothesis is that oil exchange consists of multiple processes where a fast decay 

is due to direct exchange between droplets that dominates in the initial phases of transport. The 

slower exchange process could potentially be due to complexation of longer oil molecules within 

emulsion droplets. It is possible that such molecular complexes may only break when significant 

energy is added to the system (e.g. via sonication during pre-mixing). These small complexes of 

oil molecules may bundle together and transport as a group, rather than as single molecules, unless 

a certain energy threshold is exceeded. If the diffusion of stable oil complexes is much slower than 

that of isolated oil molecules a slower relaxation process would be measured. As a result, there is 

a small portion of oil that will take much longer to fully exchange and to reach the contrast 

matching conditions. On the other hand, this mismatch in oil composition is not observed in the 

pre-mix sample since the complexation of oil molecules may be broken by the large acoustic 

energies that are applied to the system during the pre-mixing process. It should be noted, however, 

that the plateau constant was a low value that usually represented ~10% of the signal. 
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A third potential explanation for this plateau relates to the coupling of 

hydrogenated/deuterated alkane molecules to the hydrophobic tails of surfactants. As a result, the 

hydrogenated and deuterated oil molecules could diffuse across surfactant-oil interfaces at 

different rates. This hypothesis may be supported by a molecular simulation study by Ahn et al. 

on the oil transport through non-ionic surfactant coated oil-water interfaces.61 In their study, it was 

shown that the origin of the transport energy barrier was due to the inhomogeneity of the surfactant 

monolayers at the oil and water interface. It was observed that the transport barrier was affected 

by the size of solute, but mainly due to the size differences in the molecule’s cross section and not 

the length of the solute. Although their study was performed on non-ionic surfactant stabilized 

emulsion systems, the effect of solute size on the transport barrier should be a universal 

phenomenon.  

The impacts of hydrogenated/deuterated molecules on mass transport kinetics was also 

observed in a study by Fletcher et al..53 It was noted that deuterated water-in-oil emulsions had a 

slightly slower transport rate compared to the rate that was recorded in hydrogenated water-in-oil 

emulsion systems. Moreover, the estimated decay constant decreased with the increase in the 

volume fraction of deuterated water in the inverse emulsion system. The difference in 

hydrogenated/deuterated hexadecane molecular diffusion rates could also slightly affect the oil 

exchange rates in our reported emulsion system. However, it shouldn’t affect the overall observed 

trends between the different emulsion systems since all samples were all prepared from the same 

stocks of oil-in-water emulsions. One potential experiment that could be performed in the future 

to determine if the chemical compositions had a significant effect on the oil exchange kinetics is 

to synthesize emulsion systems with the same concentration of stabilizing surfactants but with 

different starting ratios of hydrogenated/deuterated alkane oils.  
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Based on the observation that the oil exchange process in hexadecane emulsion systems is 

one of direct contact, the results obtained from the Arrhenius equation can be explained as follows. 

The values of the pre-exponential factor and activation energy are both higher in emulsion systems 

containing surfactants.  The activation energy represents the amount of energy required to 

overcome the transport barrier. Thus, observing larger transport energy barriers when surfactant 

monolayers are present is logical. On the other hand, the pre-exponential factor is correlated to the 

frequency of droplet collisions.  

Our results suggest that stabilized emulsions had a significantly higher collision frequency 

which was counter intuitive since anionic surfactant stabilized emulsions carry a more negative 

zeta-potential when compared to the bare emulsions. However, the collision frequency is also 

correlated to the oil concentration and the size of the droplets that are present in the system. The 

bare emulsions synthesized in our experiments were significantly larger (~600 nm in diameter) 

than those prepared with stabilizing surfactants (~100 nm in diameter). As a result, the bare 

emulsion systems had significantly fewer droplets in the sample and lower diffusion coefficients 

that resulted in a lower collision rate. Additional experiments could be performed by synthesizing 

emulsions of differing size and concentration followed by systematic Arrhenius analyses. 

Nevertheless, the use of time-resolved SANS with contrast matching presents a unique opportunity 

to fundamentally understand the kinetics of mass transport between droplets in emulsion systems. 

4.5 CONCLUSION 

In this study, we directly examined oil exchange kinetics between emulsions using contrast 

variation small angle neutron scattering (CV-SANS). Parameters including the type and 

concentration of stabilizing agent used, the sample temperature, the solubility of the oil phase, and 
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the ionic strength in the emulsion system were varied to examine its effects on the oil exchange 

kinetics. The rate of oil exchange was estimated using a relaxation function. Oil exchange kinetic 

results obtained from several emulsion systems suggest that two different oil exchange 

mechanisms occurred within the system. For emulsion systems containing shorter alkane chains 

and more soluble oils, the oil exchange was dominated by the direct diffusion of oil molecules 

through the aqueous phase.  

On the other hand, insoluble systems such as hexadecane emulsions, exchange through 

direct droplet contact mechanisms consisting of reversible coalescence or permeation through 

transient holes in the thin liquid films. The estimated relaxation function also showed that the 

presence of surfactants and the increase of the sample temperature would result in an accelerated 

oil exchange. Moreover, the estimated kinetic decay constants follow Arrhenius behavior. On the 

other hand, the concentration of anionic surfactant and the concentration of salt in the emulsion 

system had little effect on oil exchange kinetics. 

 Modeling of the relaxation decay functions suggest that other processes could be involved 

in the oil exchange, resulting in a deviation from a single exponential decay. A fast exchange 

between droplets dominates the initial stages of oil transport. However, the presence of a slower 

oil exchange process was also observed at longer time points and it is hypothesized to originate 

from either molecular complexation and/or from differences in transport rate between 

hydrogenated and deuterated hexadecane molecules (i.e. molecular interaction effects due to 

isotopic substitution).  

 Importantly, contrast variation time-resolved small angle neutron scattering (CV-SANS) 

is not limited to examining oil exchange rates between droplets stabilized by anionic surfactants. 
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It can also be extended to examine exchange rates between emulsions stabilized by other interfacial 

agents and under variable conditions. Moreover, time-resolved CV-SANS also provides a unique 

ability to examine transport induced by external fields (e.g. shear) in real time, which is not 

possible with other characterization techniques.   
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Chapter 5. KINETIC ANALYSIS OF ULTRASOUND INDUCED 

OIL EXCHANGE IN OIL-IN-WATER EMULSIONS 

THROUGH CONTRAST VARIATION TIME-

RESOLVED SANS 

Ultrasound is one of the most commonly used methods for synthesizing and processing 

emulsion systems. In this study, the kinetics of acoustically induced emulsion oil exchange was 

examined using contrast variation time-resolved small angle neutron scattering (CV-SANS). A 

custom-built sample environment was used to deliver acoustic forces while simultaneously 

performing CV-SANS experiments. It was observed that the oil exchange rate was significantly 

accelerated when sonicating at high acoustic pressures, where violent cavitation events can induce 

droplet coalescence and breakup. No significant oil exchange occurred at acoustic pressures below 

the cavitation threshold.  

It was also observed that the oil exchange kinetics was deterred when emulsions were 

stabilized by surfactants. In addition, oil exchange rates varied non-linearly with the concentration 

of surfactants present and exchange was slowest when the emulsions were stabilized by an 

intermediate concentration of surfactant. It is hypothesized that emulsion size, electrostatic 

repulsion and Gibbs elasticity of the oil-water interface play significant roles in the observed 

trends. The observed trends in oil exchange rates versus surfactant concentration coincides well 

with theoretical models for the fluctuation of the elasticity of the interface. Acoustically induced 

oil exchange was most inefficient when the interfacial elasticity was at its maximum value. 
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5.1 INTRODUCTION 

Immiscible liquids, such as oil and water, can be mixed to form metastable dispersions or 

emulsions for use in numerous applications. The dynamics of the emulsion system is significantly 

affected by the conditions of its environment. For example, the type and concentration of 

stabilizing agents that are present in the system, the temperature and the ionic strength can affect 

droplet stability through Ostwald ripening and/or by inducing coalescence over time.1–6 Even if an 

emulsion system is apparently stable over an extended period of time, mass transport of oil between 

droplets can still occur.7–12 Understanding the dynamics of transport in emulsion systems is, 

therefore, critical to designing improved droplet-based systems, processes and applications.13–17 

One example relates to the use of droplets as microreactors for synthesizing high molecular weight 

polymers (i.e. emulsion polymerization), where transport of radical initiators dictates the rate of 

polymerization, the molecular weight of the synthesized polymers, and the synthesis yield.13,17–20 

Another example is the use of droplets as drug carriers, where an improved understanding in the 

transport of the water insoluble drugs could help better predict the bioavailability at a desired 

location and its corresponding pharmacokinetics.21–23 

 In the past, researchers have taken advantage of compositional variations in properties to 

fundamentally examine oil exchange kinetics between droplets in emulsions.8,9,11,12,24 For example, 

researchers have used differential scanning calorimetry (DSC) to examine oil exchange processes 

between oil droplets that have different melting points.11,12,24,25 Most of these studies examined 

emulsion systems stabilized by non-ionic surfactants and found that the main mechanism for 

inducing oil exchange between the droplets was related to excess surfactant micelles that were 

present in the dispersion. Other examples of using compositional differences to characterize oil 

exchange include the use of hydrophobic fluorescent dyes, chemical quenching of fluorescent 
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compounds, and turbidity measurements for emulsion systems containing droplets with different 

refractive indices.8,9,26,26–30 

 Contrast variation time-resolved small angle neutron scattering (CV-SANS) has also been 

used as an alternative technique to examine mass transport in colloidal systems including the 

exchange of oil molecules in emulsion systems, unimer exchange in block-copolymer micelles, 

and lipid exchange between/within vesicles.31–36 The main advantage for using this method relates 

to its ability to examine transport between nearly identical chemical compositions due to the vast 

differences in scattering length densities (SLD) between the hydrogenated versus deuterated 

versions of molecular isotopes. An example of CV-SANS used to examine oil exchange processes 

was recently reported by Roger et al., where they examined oil transport between non-ionic 

surfactant stabilized hexadecane droplets.31 In their study, both Ostwald ripening and emulsion 

coalescence were hindered, and no excess surfactant micelles were present. The hydrophobic and 

hydrophilic properties of polyoxyethylene alkyl ether surfactants used to stabilize the emulsions 

were also varied, and the author examined the growth rate of the droplet size over time and 

compared it to the oil exchange rates. It was observed that oil molecules exchanged efficiently 

between the droplets well before any measurable change in droplet size was apparent. This 

suggested that droplet contact ripening was the main mechanism for the observed exchange.  

 This work aims to further demonstrate the use CV-SANS to examine variations in oil 

exchange rates in emulsion systems under the influence of externally applied acoustic forces. We 

focus on ultrasound because sonication is frequently applied to synthesize and process emulsion 

systems. Moreover, acoustic forces have also been shown to be able to enhance mass and heat 

transfer in various systems.37–41 For example, in ultrasound enhanced emulsion polymerization and 

in sonochemistry, the application of acoustic forces to emulsion systems was shown to improve 
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the transport of chemical species (e.g. radicals or ions) to accelerate reaction processes and/or to 

produce a higher product yields.42–44 

 In this report, we examine ultrasound induced oil exchange in model systems consisting of 

hexadecane-in-water emulsions. Experiments presented here are performed using a custom-built 

ultrasound sample environment that allows for direct probing of oil exchange kinetics in well-

characterized and controlled acoustic fields with simultaneous collection of time-resolved SANS 

data (Figure 5.1 (a)).45,46 In short, two emulsion stocks with the same contrast to the solvent were 

individually synthesized and mixed together right before initiating CV-SANS data collection 

(Figure 5.1 (b)). Any oil exchange between droplets would result in a decrease in the overall 

contrast within the emulsion system and thus minimal contrast would be observed when emulsions 

fully exchange their oil. By varying the applied acoustic pressure and the concentration of 

surfactants stabilizing the emulsion interface, we can have a better fundamental understanding of 

how oil exchanges under the influence of acoustic forces.  

 

 
Figure 5.1. (a) In-situ ultrasound sample environment for small angle neutron scattering 

experiments. (b) Schematic diagram of ultrasound induced oil exchange where oil molecules 

exchanging between droplets would result in a decrease in the detected scattering intensity.  
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5.2 MATERIALS AND METHODS 

Hexadecane (>99%, CAS: 544-76-3) and sodium dodecyl sulfate (SDS, CAS: 151-21-3) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deuterated hexadecane (D34, 99%, 

CAS: 15716-08-2), deuterated sodium dodecyl sulfate (98%), and deuterium oxide (99.9%, CAS: 

7789-20-0) were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). 

Contrast variation emulsion systems were designed to account for the sample transmission due to 

the use of long pathlength sample holders in the ultrasound sample environment (1 cm). In short, 

two stock emulsions, one fully deuterated (high SLD, oil density = 0.88 g/mL and SLD =              

6.66 x10-6 Å-2) and one partially deuterated (low SLD, 60 vol% hydrogenated and 40 vol% 

deuterated, density = 0.85 g/mL and SLD = 2.41 x10-6 Å-2) with equal contrast to the solvent were 

synthesized identically by sonicating 1 volume percent of oil in the solvent with the presence of 

desired concentration of SDS (e.g. 0.1 mM) using a Branson Digital Sonifier S-450 with a 3 mm 

sonicating microtip (Branson Ultrasonics, CT, USA) at 30% amplitude 50% duty cycle (1 seconds 

on and 1 seconds off) for a total of 30 minutes. The SDS used in this study was contrast matched 

to the solvent, which contained 26.5 vol% hydrogenated water and 73.5 vol% deuterated water. 

The two stock emulsions containing the same concentration of surfactants were then mixed at a 

1:1 volume ratio right before starting CV-SANS data collection. The mixture was quickly loaded 

into a 2 mm pathlength standard NIST sample cell with quartz windows, 4 mm pathlength standard 

NIST sample cell (i.e. for experiments at rest), or into an in-situ ultrasound sample environment 

sample holder to monitor the oil exchange kinetics (i.e. for samples under sonication).  
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5.2.1 Small Angle Neutron Scattering (SANS) 

The majority of the small angle neutron scattering experiments were performed at the 

National Institute of Standards and Technology Center for Neutron Research (NCNR) using the 

NGB 30m SANS instrument. Three detector distances were used during the experiment to acquire 

scattering intensities spanning a q-range from 0.0034 to 0.47 Å-1 for samples before/after the 

sonication process and for the initial time point (t=0) of samples at rest (without the application of 

acoustic forces). On the other hand, only the 13m detector was used for scattering data collection 

(i.e. lowest q range) during most of the oil exchange process. Since the collection of SANS data 

over the whole q range requires moving the detectors during the scan, which would result in extra 

downtime, we decided to collect the bulk of the data at the lowest-q configuration where the largest 

changes in intensity were being observed. For samples that exchanged rapidly (i.e. sonicated 

samples), the downtime involved in moving the detectors would ultimately result in an inability to 

characterize initial rates of oil exchange. 

Portions of the experiments were repeated and also performed at the National Institute of 

Standards and Technology Center for Neutron Research (NCNR) using the new 45-meter-long 

very small angle neutron scattering (VSANS) instrument. The main advantage of the VSANS 

instrument is its ability to obtain the scattering intensities over the whole q range simultaneously 

without having downtime due to moving the detectors. Two detectors were used simultaneously 

when collecting scattering data to acquire scattering intensities from a q range of 1.9x10-3 to 

1.7x10-1 Å-1. Each sample was exposed to neutrons for 5 minute intervals to collect a full-range 

scattering profile.  

 The in-situ sonication experiments were conducted using a custom-built ultrasound 

environment that has been previously described.45,46 In short, a sample holder was sandwiched 
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between two water baths that could each contain a focused ultrasound transducer (1.24 MHz Sonic 

Concepts H-102, f-number 0.98, 64 mm diameter, Sonic Concepts Inc., Bothell, WA, USA). 

Perpendicular to the acoustic axis is a pair of Kapton windows that allows the neutron beam to 

pass. Moreover, a custom made wide-bandwidth polyvinylidene fluoride (PVDF) hydrophone was 

also place under the sample holder to record the acoustic signal that passes through the sample 

holder. One additional modification made for this study was the use of a single focused ultrasound 

transducer coupled to a spherical metal reflector on the opposite side of the acoustic source (Figure 

5.1).45,47 The use of the spherical metal reflector was to induce constructive interference to increase 

the applied acoustic pressure fields in the system. In general, the ultrasound sample environment 

was operated at acoustic pressures ranging from 0 to 8.6 MPa with a pulse repetition frequency 

(PRF) at 1250 Hz, pulse duration of 50 cycles (40 s pulse length) and a 5 percent duty cycle. 

Each sample was sonicated for 3-minute intervals for each SANS time-point measurement. The 

experiments were then stopped when no significant changes were observed in scattering profiles 

or after reaching one hour of total sonication time. 

5.2.2 SANS Data Analysis 

All recorded SANS data were reduced using standard NCNR Igor reduction protocols.48 A 

relaxation function (equation (5.1)) was used to express the extent of oil exchanged in the emulsion 

system. I(t) is the integrated scattering intensity within a q range of 0.003 to 0.03 Å-1 at any given 

time, I0 is the integrated scattering intensity at time 0 (i.e. intensity prior to the application of any 

acoustic forces), and I∞ is the integrated scattering intensity at infinite time, which was obtained 

from a ‘pre-mixed’ control sample. Such control samples contained mixed compositions 

equivalent to a 1:1 mixture of deuterated and hydrogenated emulsions that were ultrasonically 

processed externally to ensure full mixing of the oils. All incoherent scattering and background 
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signals were subtracted to account for the use of different sample pathlengths during the data 

analysis. One main assumption made when using the relaxation function was that there was no net 

emulsion size change during the duration of the experiment. For samples at rest, this assumption 

was confirmed by tracking the scattering profiles of a control fully deuterated hexadecane 

emulsion sample to measure the emulsion size change over time. Relaxation functions were then 

estimated accounting for the emulsion size change and also under the assumption of no size 

change. The differences between the two estimated relaxation decay curves were minimal. As for 

emulsions that were sonicated, the assumption that the emulsion size did not change over time was 

confirmed using dynamic light scattering (DLS) measurements. Further discussion and supporting 

data is provided in the result and in the supplemental information chapter (Chapter 7). 

𝑅(𝑡) = (
𝐼(𝑡) − 𝐼∞

𝐼0 − 𝐼∞
)

1/2

 (5.1) 

Oil exchange kinetic parameters were estimated from fits to the relaxation functions using 

a single exponential decay with a plateau (equation (5.2)), where k is the decay constant, t is time, 

c is the equilibrium plateau. 

𝑅(𝑡) = (1 − 𝑐)𝑒−𝑘𝑡 + 𝑐 (5.2)  

5.2.3 Emulsion Size Measurement 

The emulsion size distribution was obtained either using DLS or, when possible, by fitting 

the recorded scattering data with a simple sphere model. Unfortunately, the distribution of the 

largest emulsions could not be estimated using the collected SANS scattering profiles due to the 

limited q range in the data. Thus, for consistency, all emulsion sizes reported in this study 

correspond to the hydrodynamic diameters that are estimated from DLS. 
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5.3 RESULTS 

Oil exchange between hexadecane oil droplets without the presence of any stabilizing 

surfactant was first examined. Example scattering profiles of emulsion systems exchanging 

spontaneously at rest as well as during sonication at low/high acoustic pressures are shown in 

Figure 5.2. Based on the scattering profiles in Figure 5.2 (a), it can be observed that the scattering 

intensities decrease over time, even without the application of acoustic forces or the presence of 

any stabilizing surfactants. This indicates that oil molecules can indeed exchange between the oil 

droplets spontaneously, but at a relatively slow pace taking many hours. On the other hand, the 

scattering intensities decreased over a matter of minutes when the sample was sonicated at high 

acoustic pressures, indicating an accelerated oil exchange process. Interestingly, CV-SANS results 

also showed that not all sonicated samples exchanged oil molecules efficiently. Emulsion samples 

sonicated at low acoustic pressures showed minimal scattering changes when compared to samples 

exposed to higher acoustic pressures over the same time period. 

 
Figure 5.2. Oil exchange between bare hexadecane droplets (a) at rest (i.e. no ultrasound), (b) with 

application of acoustic forces at low acoustic pressures (1.2 MPa), and (c) with high acoustic 

pressures (8.6 MPa). The application of high acoustic pressures significantly accelerated the oil 

exchange process. 

 

Based on results shown in Figure 5.2, it is clear that the applied acoustic pressure or 

intensity has a direct effect on oil exchange kinetics. Acoustic radiation forces and/or acoustic 
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cavitation events could both contribute to the observed acceleration of oil exchange kinetics. If oil 

exchange was primarily driven by acoustic radiation forces, by accelerating mixing and droplet 

advection, one would expect kinetics to scale proportionally to the applied acoustic pressures. 

Sonicating the sample at higher acoustic pressures would induce stronger acoustic radiation forces 

and the observed oil exchange would be more efficient. On the other hand, if the main driving 

force is based on cavitation, oil exchange kinetics would only accelerate when samples are 

sonicated at acoustic pressures higher than the cavitation threshold of the sample. The cavitation 

threshold is defined here, as well as in previous works, as the acoustic pressures necessary to 

achieve a 50% probability that an acoustic pulse would result in at least one cavitation event in the 

sample. This can be measured by acoustically monitoring cavitation events in our ultrasound 

sample environment with an integrated PVDF acoustic hydrophone.45  

Bare hexadecane emulsion mixtures (i.e. in the absence of any surfactant stabilizer) were 

also sonicated at various acoustic pressures to explore the role of acoustic intensity on the oil 

exchange process. All of the CV-SANS profiles were transformed into a relaxation function 

(Figure 5.3 (a)) using equation (5.1). The recorded CV-SANS profiles of the samples sonicated at 

various acoustic pressures are also provided in the supplemental information chapter (Chapter 7) 

for completeness. Based on these results, it can be observed that the relaxation function decays 

minimally over time when the samples are sonicated at low acoustic pressures. This observation 

indicates that the acoustic forces provided under these conditions do not induce significant oil 

exchange between droplets. Increasing the applied acoustic pressure to 6.0 MPa resulted in only a 

minor decrease in the relaxation function over time. The only sample that showed significant oil 

exchange, in a manner of minutes, was the sample sonicated at the highest applied acoustic 

pressure of 8.6 MPa. Since the oil exchange kinetics did not scale linearly with the applied acoustic 
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pressure, it suggests that the acoustic radiation forces provided by the acoustic transducer were not 

the main driving force to the observed oil exchange.  

Recorded scattering acoustic signals from the PVDF hydrophone were then examined and 

analyzed to determine if acoustic cavitation events were the main contributor to the observed 

relaxation function decay. Details on the cavitation analysis method were previously published 

and are also provided in Chapter 2.47 The estimated cavitation probability curve is shown in Figure 

5.3 (b).47,49 Emulsion samples were also sonicated at additional acoustic pressures outside of the 

beam to obtain a more detailed cavitation probability curve and a more accurate cavitation 

threshold estimation. The estimated cavitation threshold for hexadecane in water emulsions is 

about 6.2 MPa and the oil exchange kinetics does indeed accelerate significantly when sonicated 

above this threshold. Results from the pressure scan experiment demonstrate that the observed 

acceleration in oil exchange kinetics is indeed due to acoustic cavitation and not due to acoustic 

radiation forces.  

 
Figure 5.3. (a) Relaxation functions for bare hexadecane emulsions sonicated at various incident 

acoustic pressures. (b) Cavitation probability curves estimated from recorded acoustic signals 

from PVDF hydrophone during the sonication process. 
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After determining that acoustic cavitation is essential to inducing oil exchange between oil 

droplets, we then turn to examine how the presence of stabilizing surfactants at emulsion interfaces 

affects the kinetics of oil exchange during ultrasound application. As mentioned in material and 

methods, all emulsion stock solutions were synthesized by sonicating oil in water with the presence 

of a desired concentration of surfactant ranging from 0 to 20 mM SDS. Moreover, emulsion stocks 

were sonicated for an extended period of time (30 minutes) to ensure that samples reached an 

equilibrium droplet size distribution. Therefore, any further ultrasound application to emulsions 

during the CV-SANS measurement would not affect the droplet size distribution any further.  

Without this, it would be difficult to unambiguously determine if an observed decrease in 

scattering intensity during CV-SANS sonication was due to a change in emulsion size or to oil 

molecules exchanging between droplets (i.e. decrease in contrast). The size distributions of the 

different emulsion stocks were measured after the preparation process, before mixing deuterated 

and hydrogenated stocks, and are shown as box plots in Figure 5.4 (a). As a further check on the 

possibility of inducing size changes during the CV-SANS experiment, scattering profiles were also 

collected for a fully deuterated hexadecane emulsion control sample in the in-situ ultrasound 

environment as shown in Figure 5.4 (b). The lack of variation in intensity demonstrates that the 

rapid decrease that is measured with CV-SANS is due primarily to oil exchange and not to size 

variations. Additional examples of DLS experiments for measuring emulsion size distributions 

with increasing sonication time are provided in the supplemental information chapter (Chapter 7). 
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Figure 5.4. (a) Box plots of size distributions for emulsion systems synthesized using a sonication 

horn for 30 minutes with variable SDS concentrations. The box portion of the plot, from bottom 

to top, represents the 25th percentile, median, and 75th percentile of the distribution. The whisker 

portion represents the 5% percentile and 95% percentile. (b) CV-SANS profile during sonication 

of a fully deuterated hexadecane emulsion sample showing no variations due to size changes over 

time. 

 

 Example CV-SANS profiles corresponding to sonicating an emulsion sample containing 

10 mM of SDS at high acoustic pressures is shown in Figure 5.5 (a). As can be seen in the figure, 

the scattering intensities decayed significantly slower than those of bare emulsions samples (i.e. 

no surfactant). Slower oil exchange kinetics were also observed in all emulsion samples containing 

surfactants and the corresponding relaxation decay curves with model fits to equation (5.2) are 

shown in Figure 5.5 (b). The relaxation decay rate varied non-linearly with the concentration of 

surfactant that was present. For example, the rate of relaxation function decay (k parameter) first 

slows down with increasing SDS concentrations (0 to 1 mM SDS). However, further increasing 

the SDS concentration from 1 to 20 mM resulted in slightly faster decay rates compared to the 

emulsion system stabilized by 1 mM of SDS. 
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Figure 5.5.  (a) CV-SANS profiles of ultrasound induced oil exchange between hexadecane 

droplets stabilized by 10 mM SDS. (b) Relaxation decay curves with modeled fits (equation (5.2)) 

for emulsion systems containing various concentration of SDS and sonicated using the in-situ 

ultrasound environment. 

 

A CV-SANS profile collected for an emulsion system containing 1 mM of SDS that was 

allowed to exchange oil molecules at rest, without the application of ultrasound, is also shown in 

Figure 5.6 (a). Clearly, the presence of stabilizing surfactant resulted in a faster decay rate when 

no ultrasound was applied, which is opposite to results observed when acoustic fields are used to 

induce oil exchange. This observation also holds true for emulsion systems stabilized at other 

concentrations of SDS as shown in Figure 5.6 (b). A portion of the data (e.g. 5 and 10 mM SDS) 

was collected at a separate very small angle neutron scattering (VSANS) experiment. The results 

obtained from two different instruments are almost identical, showing the robustness of the 

experimental design. All of the relaxation curves showed that the presence of surfactants resulted 

in a faster oil exchange kinetics when the emulsion systems were exchanging spontaneously and 

without the influence of acoustic forces. 
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Figure 5.6. (a) CV-SANS profiles of oil exchange between hexadecane droplets stabilized by 1 

mM SDS without the presence of any acoustic forces. (b) Relaxation decay curves of emulsion 

systems stabilized by various concentrations of SDS and the corresponding fits to equation (5.2). 

 

The relaxation decay curves of the different emulsion systems were also fit to a single 

exponential decay with an equilibrium plateau model. For emulsion systems at rest (i.e. no 

ultrasound), the plateau was kept at 0 because these systems were still at the initial oil exchange 

stages and decayed similarly to a simple single exponential decay. Allowing the plateau to vary 

would result in obtaining an estimated exchange rate that is extremely slow and an overestimated 

plateau value that is high (e.g. 0.3). The estimated kinetic decay constants are shown in Figure 5.7. 

As can be seen in Figure 5.7, the oil exchange kinetics with and without the application of acoustic 

forces are on a completely different time scale and the effect of stabilizing surfactants is completely 

opposite. Furthermore, the estimated equilibrium plateau value is very small but it is present in all 

of the samples that were analyzed. 
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Figure 5.7.. Estimated decay constants, k, and equilibrium plateau, a, for emulsion oil exchange (a) 

at rest without the presence of acoustic forces and (b) sonicated at high acoustic pressure (8.6 MPa).  

 

5.4 DISCUSSION 

Based on the presented CV-SANS data, it is clear that the application of acoustic forces 

significantly affects how oil molecules exchange in emulsion systems. Although oil molecules can 

also exchange between oil droplets spontaneously and without the presence of any stabilizing 

surfactants, the process is extremely slow and takes on the order of hours for hexadecane due to 

its poor solubility in water. On the other hand, the oil exchange process was accelerated 

significantly when acoustic forces induced cavitation events, allowing the system to reach 

equilibrium within just a few minutes of sonication. In acoustics research, cavitation events are 

defined by the formation and abrupt collapse of vapor cavities that occur when high acoustic 

pressures are applied to samples. The abrupt collapse of these unstable cavities generates a 

powerful shock wave that can provide significant mechanical forces to the surrounding system. 

These forces can cause droplets to collide and coalesce with each other leading to rapid mixing of 

oil molecules. However, the same shear forces that are caused by local cavitation events can also 

induce instabilities in larger droplets causing them to rupture and break into smaller units. Since 

there are two different liquids in an emulsion system, the source of cavitation could come from 
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either the continuous (i.e. water) phase or dispersed phases (i.e. oil). In this case, however, the low 

volume fraction of oil and the high boiling point of hexadecane (286.8 °C) make it likely that 

cavitation originates in the continuous water phase. In other emulsion systems, the dispersed phase 

may be more likely to cavitate and this could affect the kinetics of transport. A schematic depiction 

of ultrasound-induced oil exchange due to droplet coalescence/breakup is shown in Figure 5.8. 

 

 
Figure 5.8.. Proposed mechanism for acoustic force induced oil exchange. Cavitation events 

occurring in the system induce random droplet collision/coalescence, causing rapid exchange of oil 

molecules between droplets. Cavitation evens can also break larger droplets down to smaller 

equilibrium sizes so that there is no net deviation in size distribution.  

 

 The properties of the oil-water interface are also significantly altered when surfactants are 

present. Interestingly, this significantly affected the rate of oil molecule exchange between 

droplets. When emulsions were allowed to exchange spontaneously at rest, it was observed that 

the presence of SDS in emulsion systems would actually enhance, though only moderately, the oil 

exchange process. However, after some minimum amount of surfactant was present in the system, 

the exchange kinetics was no longer significantly affected by further increasing the concentration 

of surfactant (Figure 5.7 (a)). For systems without applied ultrasound, it is hypothesized that oil 

exchange occurs via a combination of oil molecule diffusion through the continuous phase as well 

as random collisions induced by Brownian motion. Collisions in emulsions, even if they do not 

result in coalescence, can still induce oil exchange via direct emulsion contact through reversible 
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coalescence and/or permeation through thin liquid films when the droplets are close to each 

other.8,9,31,50  

 On the other hand, results obtained from identical samples under ultrasound showed 

insonation, surprisingly, a completely opposite trend. Here, oil exchange kinetics were strongly 

affected by the concentration of stabilizing surfactant (Figure 5.7 (b)). As mentioned previously, 

the primary mechanism for inducing oil exchange in sonicated emulsion systems is via droplet 

coalescence and breakup. Therefore, the average size of droplets could also play a significant role 

on oil exchange kinetics since this affects the total number concentration of droplets and the 

hydrodynamic forces that the droplets experience due to cavitation. Also larger oil droplets would 

be able to exchange more oil molecules after a single collision event and cause a faster decrease 

in contrast. However, since all of the emulsion samples were synthesized using the same oil 

volume fraction, there would also be a larger number concentration of oil droplets in smaller sized 

emulsion systems than in larger ones. Thus, the droplet collision frequency is also affected by the 

number of droplets present and one could also anticipate larger emulsion systems would 

experience a lower collision frequency. Therefore, the observed effect is not trivially predicted and 

quantitative models accounting for analyses of droplet population changes would need to be 

applied to properly compare collision frequency and rates of contrast decay.  

Moreover, the addition of surfactant also affects the colloidal interactions that droplets 

experience in dispersion and this can further affect the collision efficiency in both static (i.e. rest) 

and in acoustic field CV-SANS experiments. The electrostatic repulsion provided by anionic 

surfactant head groups of SDS are likely to reduce collision efficiency for droplets at higher 

surfactant concentrations. Therefore, despite having more droplets in the samples due to the 

smaller size distribution, samples prepared at higher surfactant concentrations may also have less 
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frequent collisions due to the effects of stronger colloidal interaction forces. The combination of 

effects caused by changes in droplet size and increased electrostatic repulsion results in a net 

decrease in the oil exchange efficiency with increasing concentration of stabilizing surfactants. 

However, these effects could only explain results observed in emulsion systems containing 0 to 1 

mM of SDS. When even more surfactant is added (i.e. 10 and 20 mM), synthesized droplets 

become even smaller and electrostatic repulsion should still be high. Yet, observed oil exchange 

in these systems shows an increased rate when compared to emulsion samples containing 1 mM 

SDS. Therefore, there is another factor that is playing a significant role in oil transport. 

 In addition to providing electrostatic repulsion, the presence of surfactants at oil-water 

interfaces have been shown to allow the interface to act as an elastic membrane. This phenomenon 

is known as the Gibbs-Marangoni effect and it can resist distortion, dampen capillary waves and 

affect drainage rates of thin liquid films as two droplets move closer to each other.51 The ability 

for emulsion interfaces to resist distortion due to this effect can also cause a reduction in the 

collision efficiency (Figure 5.9 (a)). The Gibbs elasticity makes the draining film 

hydrodynamically rigid and reduces the rate of collision by preventing droplets from moving closer 

to each other.  

 The origin of the Gibbs elasticity arises from the Marangoni effect that occurs at the oil-

water interface. For unsaturated interfaces, draining of the thin liquid film between droplets can 

change the distribution of surfactant molecules at the oil-water interface due to the viscous drag of 

the moving fluid. This generates an interfacial tension gradient at the interface and a restoring 

surface force is generated to redistribute the surfactant molecules along the interface. Since this 

restoring force arises from an interfacial tension gradient, it is strongly affected by the 

concentration of surfactants that are present at the interface (Figure 5.9 (b)). Thus, increasing the 
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concentration of surfactant beyond an optimum value can actually result in a decrease in the 

interfacial tension gradient and a reduction of the Gibbs-Marangoni elasticity. Ultimately, when 

they have saturated interfaces, droplets lose this elasticity and this can result in increases in the 

collision efficiency and coalesce rates. The nearly identical decay curve for samples with 10 and 

20 mM SDS, further suggest that this is a viable explanation since it is consistent with the 

saturation of the interface with surfactant. Theoretical estimation of the Gibbs elasticity for a thin 

liquid film decorated by SDS have also been investigated by Tempel et al.52 In their study, the 

estimated Gibbs elasticity of the interface first increases then decreases with increasing surfactant 

concentration, with a maximum peak elasticity found around 1.2 mM of SDS. This trend is similar 

to our observations of variations in exchange rates, where emulsion systems with a higher 

predicted Gibbs-Marangoni elasticity results in the slowest oil exchange rate. 

 

 
Figure 5.9. (a) Surfactants at emulsion interfaces can dampen forces on the interface.  (b) The 

presence of surfactants also provides restoring forces that prevents the emulsions from 

coalescing. The Gibbs-Marangoni elasticity is affected by the amount of surfactant that is present 

at the interface. 

 

When modeling oil exchange kinetics, it was observed that an exponential decay with an 

equilibrium plateau was required to fit the relaxation function decay. The deviation from a single 

exponential decay model have also been observed in several other mass transport studies. 

Variations of the exponential decay model have also been used for data fitting and several potential 

hypotheses were proposed to explain this discrepancy.28–30,34 For our system, the deviation could 
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potentially be attributed to polydispersity of the droplet sizes. Other potential explanations include 

the possibility of the presence of a distribution of oil exchange time scales and isotope effects on 

the exchange rate. Additional experiments would be required to further determine the fundamental 

cause to this experimental observation. 

5.5 CONCLUSION 

In this study, contrast variation time-resolved small angle neutron scattering was used to 

examine the oil exchange between hexadecane in water emulsion system under the influence of 

acoustic forces. CV-SANS Results show that oil exchange processes could significantly accelerate 

from equilibrium rates that occur on the order of hours (i.e. in absence of ultrasound) to exchange 

rates over time scales of minutes when acoustic cavitation was induced. It was proposed that 

cavitation events occurring when sonicating at high acoustic pressures induce oil exchange through 

steady-state droplet coalescence and breakup. Moreover, it was observed that oil exchange kinetics 

was effectively reduced when surfactants were used to stabilize emulsions.  The decay constant 

was found to be a non-linear a function of the stabilizing surfactant concentration. It first reduced 

significantly with increasing SDS concentration followed by a small increase with further 

increasing of the stabilizing surfactant concentration. It was proposed that the changing size of 

emulsions, the electrostatic repulsion, and the Gibbs-Marangoni elasticity all contribute to 

observed trends of oil exchange rate with concentration.  
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Chapter 6. CONCLUSIONS AND OUTLOOK 

6.1 KEY RESULTS 

Emulsion systems are incredibly dynamic. Therefore, understanding how stabilized 

emulsions are synthesized as well as the kinetics of mass transport that can occur within these 

stabilized systems is critical when designing any new droplet-based system. In this research, we 

demonstrate that small angle scattering is a unique technique that can facilitate in unraveling of 

these phenomena in their native dispersion state. Moreover, with the combination of the use of an 

ultrasound sample environment, we were able to examine acoustic force induced interactions while 

we simultaneously characterized any structural or dynamic changes during the sonication process. 

These results provide some insights on the fundamental molecular scaled interactions that would 

be hard to characterize with other techniques. 

In Chapter 3, we directly examined the role of acoustic forces in the formation of 

amphiphilic gold nanoparticle stabilized Pickering emulsions. Several types of perfluorocarbon 

and alkane oils were used as the emulsion core in this study. Ultra-small angle X-ray scattering 

was the primary characterization technique and we demonstrated that acoustic force induced 

cavitation events were required to induce the formation of Pickering emulsions when using 

sterically stabilized particles as stabilizers. Pickering emulsions would not form spontaneously, 

and no particle adsorption was observed when weak acoustic forces, where no cavitation events 

occurred, were applied. Moreover, we demonstrated that there would be a significant amount of 

oil loss when using volatile oils as the emulsion core. Furthermore, it was observed that there was 

also an excess amount of free un-absorbed particles in the emulsion system after the synthesis. 

Two potential mechanisms were proposed to describe how different cavitation sources could 
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induce adsorption of the gold nanoparticles onto emulsion surfaces. These results were published 

in the Journal of Colloid and Interface Science in 2019. 

We then examined the mass transport that occurs between oil droplets using contrast 

variation time-resolved small angle neutron scattering. The extent of oil exchange in these 

emulsion systems was evaluated using a relaxation decay function and the kinetic decay rates were 

obtained using an exponential decay model. In Chapter 4, we examined the oil exchange kinetics 

that occurs between droplets when at rest. In this study, we observed that oil molecules could 

exchange over time even when no stabilizing surfactants were present. The oil exchange kinetics 

was accelerated when the emulsions were stabilized by surfactants (i.e. sodium dodecyl sulfate), 

held at higher temperatures, and when a more water-soluble oil was used as the emulsion phase. 

Moreover, the estimated decay constants follow the Arrhenius equation. On the other hand, 

varying the stabilizing surfactant concentration and screening the electrostatic repulsion forces 

showed little effect on the oil exchange kinetics.  

It was hypothesized that two oil exchange mechanisms occurred in the emulsion system. 

The first mechanism was direct oil diffusion, where the oil molecules diffused from one droplet to 

another through the aqueous phase. The oil molecule diffusion-based oil exchange was observed 

when examining the oil exchange between Pickering emulsions, where the other oil exchange 

mechanisms were hindered. It was observed that emulsion systems with higher oil solubilities 

exchanged significantly more rapid. The other mechanism proposed was that the oil molecules 

exchange through direct emulsion contact, through reversible droplet coalescence and/or direct 

permeation of oil molecules through the thin liquid film between the oil droplets. The latter 

mechanism was observed in emulsion systems where the oil molecules were extremely immiscible 

with water.  
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In Chapter 5, we directly examine the acoustic force induced oil exchange using our 

custom-built ultrasound sample environment. We demonstrated that acoustic force induced 

cavitation events could induce oil exchange between oil droplets through droplet 

coalescence/breakup. Under the influence of the cavitation events, the oil exchange kinetics was 

accelerated from hours to minutes. The presence of stabilizing surfactants resulted in a deterred oil 

exchange kinetics compared to the oil exchange in a bare emulsion system. Moreover, it was 

observed that the oil exchange rate varied non-linearly with the surfactant concentrations. The oil 

exchange rate first decreases with increasing surfactant concentration. A minimal exchange rate 

value was observed at an intermediate concentration and further increasing the surfactant 

concentration resulted in a slight recovery of the exchange rate.  

The combination of droplet size, electrostatic repulsion provided by the surfactants, and 

the Gibbs elasticity of the oil-water interface were hypothesized to contribute to the observed deter 

in the oil exchange kinetics. The latter phenomenon could resist distortion at the oil-water interface 

and prevent the drainage of thin liquid films, which both prevented emulsion coalescence. In 

addition, the Gibbs elasticity was also a function of surfactant concentration, where there was a 

maximum elasticity value at an intermediate surfactant concentration. 

The collective results in Chapters 3 to 5 contribute to a better understanding of the 

dynamics in emulsion systems. We have studied three different emulsion systems and uncovered 

several interactions that occurred on a molecular scale. Moreover, we have demonstrated that 

cavitation events could greatly affect the interactions that occurred in emulsion systems. 

Furthermore, these results demonstrate that small angle scattering is an effective tool to examine 

interactions that occurs in emulsion systems. 
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6.2 FUTURE WORK 

This research has laid the groundwork of using small angle scattering to examine 

fundamental interactions at emulsion interfaces. However, there are still many more projects that 

can be pursued further as a result of this work. Some of these potential future works are briefly 

discussed in this section. 

6.2.1 Oil Exchange Between Oil Droplets Stabilized by Other Surfactants 

In Chapter, 4 we examined the oil exchange kinetics of an anionic surfactant stabilized 

emulsion system. The same characterization technique could also be performed on emulsion 

systems stabilized by cationic surfactants, nonionic surfactants, or lipids. Prior studies have also 

examined the oil exchange kinetics in nonionic surfactant stabilized emulsion systems but used 

alternative techniques and dissimilar oils.1,2 Preliminary experiments examining the oil exchange 

kinetics between hexadecane emulsions stabilized by nonionic surfactants (i.e. tetraethylene glycol 

monooctyl ether, C8E4) were also performed at the very-small angle neutron scattering (VSANS) 

instrument. Example scattering profiles obtained are shown in Figure 6.1 and the corresponding 

estimated relaxation functions are shown in Figure 6.2. As can be seen in the figures, the size of 

the synthesized droplets was significantly larger than of the ones used in Chapter 4. The 

preliminary data demonstrate that the oil exchange mechanism was surfactant micelle driven since 

minimal oil exchange was observed when no surfactant micelles were present at concentrations 

under the critical micelle concentration (~8 mM). Moreover, the oil exchange rate was faster when 

more surfactant micelles were present. This observation is similar to reports performed using other 

characterization techniques.  
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Figure 6.1. Oil exchange between emulsions stabilized by (a) 5, (b) 10, and (c) 20 mM of 

nonionic surfactant tetraethylene glycol monooctyl ether (C8E4). Oil molecules were only 

exchanged when surfactant micelles were present, and the exchange rate scales with micelle 

concentration. 

 

 

 
Figure 6.2. Estimated relation function oil exchange between hexadecane emulsions stabilized 

by C8E4 (a) below the critical micelle concentration (CMC) and (b) above the CMC.  
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Another observation from the preliminary results was that the estimated relaxation function 

seemed to be ‘stuck’ and minimal oil exchange occurred after 5 minutes of exchange. Using a 

single exponential decay with plateau function to model these relaxation functions resulted in a 

large estimated equilibrium plateau. However, results obtained from significantly longer time 

points (Figure 6.3) show that the emulsion system could reach exchange equilibrium where 

minimal scattering intensities were recorded. These results suggest that two oil exchange 

mechanisms occur in the emulsion systems. Additional experiments are required to further 

examine these two-step exchange mechanisms. Moreover, other experiments that could be done 

on nonionic surfactant stabilized emulsion systems include the design an emulsion system that 

exchanges oil molecules on a more manageable time scale, analyze the effects of varying the 

properties of the nonionic surfactant (e.g. molecular weight and ratio of the hydrophobic versus 

hydrophilic portion of the surfactant), and the used of multiple nonionic surfactants to examine its 

effects on the oil exchange rate. The experiments could be performed using the white beam mode 

on the VSANS instrument to obtain better statistics in the scattering profiles. 

 

 
Figure 6.3. Scattering profiles of hexadecane emulsions stabilized by (a) 10 mM and (b) 20 mM 

C8E4 showing that the emulsion system can reach oil exchange equilibrium at longer time 

points. 
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On the other hand, the oil exchange kinetics and driving mechanism could be completely 

different in lipid stabilized emulsion systems. Therefore, a systematic study is required to 

determine the effects of lipids and vesicles on the oil exchange kinetics. Understanding the oil 

exchange between lipid-coated droplets may potentially be extremely impactful since there is an 

abundance of interest in developing a lipid-coated emulsion for biomedical applications. 

6.2.2 Drug Release in Emulsion Systems 

The primary advantage of contrast variation time-resolved SANS is that it provides the 

ability to track mass transport that is occurring in the system on a molecular base. Another follow 

up future project that could be pursued is to examine the release of chemical compounds from oil 

droplets into the solvent. For droplet-based drugs, the transport of oil soluble molecules would 

dictate the shelf-life of the product and the required method for delivering/releasing the drugs into 

the human body. One could design a model system where the solvent phase is contrast matched to 

the drug molecules that are dissolved in oil. In this system, an overall contrast increase would be 

observed in the emulsion system when the molecules are released from the droplets into the 

continuous phase. Furthermore, how the environment (e.g. pH, salinity, external force induced 

release) can affect the release kinetics could be investigated using this characterization technique. 

6.2.3 Demulsification of Emulsions 

As mentioned in the report, ultrasound is frequently applied to emulsion systems. While 

most of the presented results were focused on the emulsion synthesis and the dynamics at the 

equilibrium state, another phenomenon that could occur in emulsion systems is the destabilization 

of droplets under the influence of acoustic forces. Therefore, another project that could be pursued 

is the investigation of emulsion destabilization kinetics. Water in oil emulsions (W/O) are 
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commonly formed during crude oil extraction, transportation, and treatment.3–6 These inverse 

emulsions are stabilized by solid particles or high molecular weight hydrocarbons and can be 

problematic for downstream processes. Thus, it is a common procedure for facilities to treat and 

remove water from the freshly extracted crude oil before transporting or performing any refinery 

operations.4 Recently, the use of high-frequency acoustic waves (ultrasound) was investigated as 

a method to demulsify inverse emulsions.7–11 It was observed that the application of demulsifiers 

(i.e. molecules with high hydrophilic-lipophilic balance values) and ultrasound could rapidly 

induce the coalescence of water droplets in inverse emulsion systems.  

Preliminary experiments were performed to examine the ultrasound induced 

demulsification process using our ultrasound sample environment. Inverse emulsions containing 

10 to 30 volume percent of water in West Texas crude oil were synthesized using high shear 

homogenization. Demulsification of the inverse emulsions could be observed when the samples 

were sonicated above the cavitation threshold and with the presence of demulsifiers (Brij® L23) 

as shown in Figure 6.4. Experiments were also performed on the ultra-small angle X-ray scattering 

instrument, but preliminary results suggest that the size of the stabilizing particles (i.e. asphaltene) 

and the inverse emulsions were too large for this characterization technique. 
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Figure 6.4. (a) Using ultrasound sample environment for demulsifying water in crude oil inverse 

emulsions. (b) Water droplets coalesced and sedimented in the sample holder after sonication. 

(c) Sedimentation of water droplets were only observed when demulsifiers were added to the 

inverse emulsion system  

 

An alternative model system could be developed using smaller sized stabilizers and 

hydrocarbon oils. An example stabilizer that can be used to is Span® 80. Preliminary results of 

sonicating a 1 volume percent of water in hexadecane inverse emulsion is shown in Figure 6.5. It 

was observed that the inverse emulsions were stable and sonicating them did not result in emulsion 

size change. On the other hand, adding demulsifiers destabilized the system to forming larger 

inverse emulsions when dispersing the demulsifiers. Moreover, sonicating the sample resulted in 

further phase separation and a decrease in scattering intensities due to emulsion coalescence. 

Additional experiments are required to further explore this demulsification process. However, the 

primary hurdle for using this model system is that it is limited to examining systems with low 

volume fraction of inverse emulsions. Synthesizing inverse emulsions using a higher volume 

fraction of water (e.g. 10 vol%) resulted in observing multiple scattering and the presence of 

structure factors in the recorded scattering profiles. 
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Figure 6.5. (a) Sonicating 1 vol% water in hexadecane inverse emulsion showing no significant 

size change over time. (b) Adding demulsifiers to the inverse emulsion sample resulted in 

forming larger droplets and sonicating the sample resulted in the droplets coalescing and 

separating from the dispersion. 

 

6.2.4 Design of an Acoustic System for Inducing Standing Wave/or Concentrating Samples 

Though cavitation events are extremely efficient in inducing the desired processes, the 

presence of cavitation events would result in the system to be chaotic and hard to control. Another 

direction that can be taken to induce demulsification of inverse emulsions is to design a new 

acoustic sample environment to induce a more controlled and less extreme acoustic field that can 

concentrate the samples to a desired location. One potential direction is to induce a standing wave 

within the sample holder where the acoustic radiation forces provided by the transducers can 

concentrate the droplets to either the node or antinode of the standing wave (depending on the sign 

of the acoustic contrast factor). The use of standing waves also has been explored and shown to be 

effective in inducing destabilization of the inverse emulsions.8,10,12 Another strategy is to offset the 

two driving transducers such that the acoustic forces could induce fluid flow, which concentrates 

to the center of the sample holder. Nevertheless, extensive modeling is required to determine its 

feasibility and for optimizing the system design. Ultimately, this work is not limited to only 
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examine the demulsification process and could also be applied to other systems such as acoustic 

force induced assembly of nanoparticles/particles. 
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Chapter 7. SUPPORTING INFORMATION 

7.1 SUPPORTING INFORMATION FOR CHAPTER 3 

7.1.1 Energy Barrier Calculations  

The interaction potential between a polymer coated particle and emulsion surface was 

calculated using the Dolan Edwards model.1,2 Theoretical interaction energy potential between a 

12 nanometer diameter particle coated with a 10 kDa molecular weight PEG-thiol and non-

polymer coated emulsion droplet was estimated using Equations (7.1) and (7.2). This estimation 

showed that there was a significant energy barrier (relative to kT) between the two surfaces. Thus, 

it was not possible to induce spontaneous adsorption and would require a large force into the 

system to form Pickering emulsions. 

 

𝑑𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 < √3 × 𝑅𝐹:   
𝐸(𝑑)

𝑘𝑇
= 𝛤 {𝑙𝑛 [(

𝑑2

8𝜋𝑙𝐿
)

0.5

] +
𝜋2

2
(

𝑙𝐿

𝑑2
)} (7.1) 

𝑑𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 > √3 × 𝑅𝐹:   
𝐸(𝑑)

𝑘𝑇
= −𝛤 ∗ 𝑙𝑛 {1 − 2 × 𝑒𝑥𝑝 [

−𝑑2

2𝑙𝐿
]} (7.2) 

where:  

d: Separation distance 

RF: Flory radius of the polymer chain 

k: Boltzmann constant 

T: Temperature 

l: Length of monomer in the polymer chain 

L: Contour length of the polymer chain 

Γ: Surface density of the anchored polymer chain 
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Figure 7.1. Theoretical estimation of energy barrier between a polymer grafted nanoparticle and 

emulsion surface using the Dolan Edwards model where RF = 6.0 nm, l = 0.3 nm, L = 63.0 nm, 

and Γ = 1.2 chains/nm2.  

7.1.2 Optimizing Hydrophobic vs Hydrophilic Forces on Synthesized GNP 

To effectively examine the role of sonication during emulsion formation, it was crucial to 

choose the correct type and amount of hydrophilic/hydrophobic chains used to functionalize GNPs. 

Based on previous experiences, increasing the grafting densities or using larger molecular weights 

of the dosed hydrophilic PEG-thiol to functionalize the surface of GNPs increases the stability of 

the particles and results in smaller nanoclusters.3 If the additional steric repulsion force on GNPs 

is strong enough to overcome the hydrophobic attractive force, the GNPs will stay as a stable 

‘singlet’ spherical particles and will not form larger structures. These stable GNPs have been 

shown to stay in this ‘singlet’ form even after sonication. 

Selecting the right hydrophobic alkane thiol was also important. For these experiments, we 

selected the smallest amounts needed to fully coat the surface of the GNPs, avoiding a large excess 

of thiol. We also selected to use shorter thiol chains that have been shown to form more surface 

active particles and lead to more pronounced correlation peaks in the scattering profiles from 

Pickering emulsions.4 If the spacing between gold nanoparticles at the emulsion interface is limited 
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by the length of the alkane thiol (i.e. assuming close contact), then the use of short chain alkane 

thiols can result in denser packing of nanoparticles on a finite emulsion interface. More particles 

on the emulsion would then result in more particle-particle correlations and a more pronounced 

characteristic peak in the mid-q regions of the scattering profiles. For a 12 nm diameter butanethiol 

functionalized GNP, the theoretical maximum surface coverage estimated was around 82% 

whereas longer chains such as octanethiol had a theoretical maximum surface coverage of 67%.5 

7.1.3 Ultra-small X-ray Scattering Profile of Different Components in The Pickering 

Emulsion Synthesis Process  

An example of the scattering profile of the different materials used for our Pickering 

emulsion synthesis is shown in Figure 7.2. As can be seen, emulsions had higher scattering 

intensities in the lower q region whereas GNP dominated the scattering intensities at high q 

regions. When the two materials were combined, scattering data were basically a combination of 

the two different components. However, when sonicated at high acoustic pressure, the scattering 

profile of the sample significantly alters in the mid and low q regions indicating the formation of 

Pickering emulsions. 
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Figure 7.2. Example of desmeared USAXS data for perfluorooctane emulsions, GNP, GNP with 

perfluorooctane emulsions presence (no sonication), and Pickering emulsions. Scattering data 

are arbitrarily shifted in the y axis to show the difference in the characteristic between curves. 

 

Figure 7.3 is an example of modeling the scattering profile of a sample sonicated at low 

acoustic pressure showing that the final fitted scattering curve was a combination of two spheres, 

one for emulsions and one for gold nanoparticles. Fits suggest that the system consisted of a 

polydisperse perfluorooctane with mean radius of 411.6 nanometers with a PDI of 0.5. In addition, 

two different size distributions of GNPs were present, where 78.5 vol% of the particles had a radius 

of 6.00 nm and 21.5 vol% were 13.3 nm. This model was also used to provide information on the 

changes of emulsion droplet size and volume fraction in the sample during sonication.  
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Figure 7.3. Desmeared USAXS scattering data at low acoustic pressure can be fitted with a 

model containing 2 spherical components, the perfluorooctane emulsion and GNP. 

 

7.1.4 Control Samples to Help Determine Pickering Emulsion Formation 

To investigate the role of sonication in the formation of Pickering emulsions, it was 

important to be sure that no false positives were observed during experiments. The first control 

experiment used hydrophilic gold nanoparticles (Gold-PEG) with emulsion droplets to determine 

whether or not Pickering emulsions could be synthesized without hydrophobic alkane thiol chains. 

Figure 7.4 is an example of the result of scattering data obtained showing no Pickering emulsion 

characteristic peaks were formed in the mid q region regardless of the acoustic pressure. The only 

difference was the change in slope in the low q regions suggesting that the only change in the 

system was the size distribution of emulsion droplets. 



156 

 

 

Figure 7.4. USAXS profile for Gold-PEG with perfluorooctane sonicated at different acoustic 

pressure showing that Gold-PEG will not adsorb onto emulsion surfaces even when sonicated 

at high acoustic pressures. 

 

GNP alone was also evaluated to determine whether or not it would form a larger structure 

when sonicated. As mentioned in the discussion, choosing the correct parameters for synthesizing 

GNPs was crucial. Figure 7.5, the result of sonicating GNPs alone, showed that no larger clusters 

were formed even when with cavitation. These two control experiments proved that it was safe to 

assume that any significant changes observed in the scattering profile when sonicating a GNP with 

emulsion sample was from formation of Pickering emulsions. 

 

Figure 7.5. USAXS profile of GNP sonicated at different acoustic pressure showing that no 

larger structures will form even with cavitation. 
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7.1.5 Using FTIR Spectrum to Verify the Integrity of the Ligands on the GNPs 

Fourier-transform infrared spectroscopy (FTIR) was performed on GNP with 

perfluorooctane samples before and after sonication. The samples were synthesized, lyophilized, 

mixed with dry KBr and pressed into a pellet using KBr pellet a die kit. The FTIR measurements 

were performed using a Bruker Vector 33 FTIR spectrophotometer (Bruker Corporation, MA, 

USA). This experiment was used to examine whether or not cavitation events have an effect on 

the ligands binding to the GNP surfaces. The obtained spectra are shown in Figure 7.6. The broad 

peak in the 3100-3700 cm-1 region corresponds to the OH group on the PEG-thiol. The peak at 

around 1100 cm-1 is from the C-O bond on the PEG-thiol and the peak in the 2800-2950 cm-1 

region is from the alkane bonds (combination of PEG-thiol and alkanethiol). The presence of a 

peak at 2350 cm-1 is due to CO2, which was a small background subtraction error within the 

instrument. Since the FTIR spectrum of the sample before and after sonication remains identical, 

it demonstrates that alkanethiol and PEG-thiol coatings are unaffected by the application of 

ultrasound.   

 

Figure 7.6. FTIR spectrum of GNP with perfluorooctane before and after sonication. 
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7.2 SUPPORTING INFORMATION FOR CHAPTER 4 

7.2.1 Scattering Profiles of Emulsion Oil Exchange at Various Surfactant Concentrations, 

Salt Concentrations, and Temperatures 

 
Figure 7.7. Oil exchange between hexadecane droplets stabilized by (a) 2.5, (b) 5, (c) 10, and 

(d) 15 mM sodium dodecyl sulfate (SDS) (25 °C). The rate of decay in scattering intensities is 

similar across various stabilizing surfactant concentrations. 
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Figure 7.8. Oil exchange between hexadecane droplets with the presence of (a) 0, (b) 5, (c) 10, 

and (d) 20 mM SDS (35 °C). 
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Figure 7.9. Oil exchange between hexadecane droplets with the presence of (a) 0, (b) 5, (c) 10, 

and (d) 20 mM SDS (45 °C). 
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Figure 7.10. Oil exchange between hexadecane droplets with the presence of (a) 0, (b) 5, (c) 10, 

and (d) 20 mM SDS (60 °C). 

 

 

 
Figure 7.11.. Oil exchange between hexadecane droplets with the presence of (a) 5 mM SHS, (b) 

20 mM SHS, and (c) 5 mM STS at 45 °C. 
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Figure 7.12.. Oil exchange between hexadecane droplets stabilized by 20 mM SDS in (a) 5 mM 

and (b) 50 mM NaCl at 35 °C. 

 

 
Figure 7.13.. Oil exchange between dodecane (DodeMix) droplets stabilized by (a) 1 mM, (b) 5 

mM, and (c) 20 mM SDS at 25 °C. 

 

 

 
Figure 7.14.. Oil exchange between dodecane droplets stabilized in (a) 5 mM and (b) 20 mM 

SDS at 5 °C. 
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Figure 7.15.. Oil exchange between silica particle stabilized Pickering emulsions with (a) 

dodecane (DodeMix) and (b) octane (OctMix) as the emulsion core at 25 °C. 

 

 

7.2.2 Emulsion Size Estimation 

The hydrodynamic size distribution of emulsions was obtained using dynamic light 

scattering as shown in Figure 7.16. On the other hand, the size distribution of smaller emulsions 

could also be obtained by fitting the scattering data with a sphere model. For example, the emulsion 

size distribution of control samples (e.g. 1 vol% D-hexadecane with 20 mM SDS) was estimated 

by fitting the recorded scattering profiles with a sphere model using Irena.6 The size distributions 

at different time points could be expressed using a box and whisker plot. The box portion of the 

plot, from bottom to top, represents the 25th percentile, median, and 75th percentile of the 

distribution. The whisker portion represents the 10% percentile and 90% percentile. An example 

of estimating the emulsion size distribution at the start and end of the experiment is shown in 

Figure 7.17. Based on the results, it could be observed that the overall distribution does not change 

significantly over the course of the experiment.  
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Figure 7.16.. Hydrodynamic size distribution of emulsions obtained using dynamic light 

scattering. 

 

 

 
Figure 7.17. (a) Scattering profile of 1 vol% D-hexadecane with 1 mM SDS tracked over time 

at 25 °C. (b) Size distribution (box plot) of emulsions at the start and finish of the experiment. 

The scattering length densities of the emulsion system were 6.67x10-6Å-2 (D-hexadecane) and 

4.54x10-6Å-2 (solvent) 

 

 

On the other hand, the scattering profiles and emulsion size distributions change more 

prominently over time in samples at elevated temperature or when stabilized with a lower 

concentration of surfactants. An example is the emulsion sample stabilized with 1 mM of SDS 

held at 60 °C. The recorded scattering profile and estimated emulsion size distribution are shown 

in Figure 7.18. Luckily, the change in emulsion size distribution has minimal effect on the 

estimated relaxation function. 
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Figure 7.18. (a) Scattering profile of 1 vol% D-hexadecane with 1 mM SDS tracked over time 

at 60 °C. (b) Size distribution (box plot) of emulsions at the start and finish of the experiment. 

 

 

7.2.3 Estimation of Relaxation Function While Accounting for Emulsion Size Change Over 

Time 

For samples that showed some variations in size distributions during the time scale of the 

experiments, additional analysis was performed to estimate their impact on the kinetic analysis. 

One example of the calculation of the relaxation function with/without accounting for droplet size 

changes is shown in Figure 7.19. This sample was chosen because it represented a ‘worst-case 

scenario’ since it showed the most significant size change in the scattering profile due to the use 

of lower surfactant concentrations. Based on the figure, it can be observed that accounting for the 

changes in droplet size had little effect on the estimated values of the relaxation functions. 

However, a significant increase in uncertainty was observed at the longer time points due to 

increasing uncertainty in the control sample’s scattering profiles and the propagation of error. 

Fitting the two decay curves resulted in very small changes to the plateau value, from 0.12 to 0.10. 

On the other hand, the estimated decay constant remained identical (6.31x10-3 min-1). Therefore, 

the assumption that any changes in droplet size are small over the measured time-scales was used 

for all of the analysis in this report. 
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Figure 7.19. Comparison of the estimated relaxation function for a sample accounting for 

changes in droplet size versus assuming constant emulsion size. Accounting for emulsion size 

changes had a minimal effect on the estimated decay constants and plateau values. 

 

 

 

7.2.4 Examining the Critical Micelle Concentration with the Presence of Emulsion Droplets 

The presence of oil droplets in a system could potentially affect the critical micelle 

concentration (CMC) of a surfactant. Portions of the surfactants decorates the oil-water interface; 

therefore, the concentration of surfactants in the dispersed phase would be lower than the dosed 

concentration. On the other hand, the surfactant micelles have been known to solubilize oil 

molecules into their hydrophobic cores. This could facilitate the formation of ‘swollen’ micelles 

at lower surfactant concentrations that could also affect transport. Two experiments were 

performed to examine whether the surfactant’s CMC was affected by the presence of oil droplets 

in water. 

The first experiment was to use small angle neutron scattering (SANS) to determine 

whether the presence of dissolved oil molecules would affect the surfactant CMC. Two series of 

surfactant solutions were synthesized. In one series of samples, there was a layer of oil ‘floating’ 

on top of the aqueous surfactant solution. These samples were synthesized days before performing 

the SANS experiments such that the oil molecules were allowed to equilibrate and dissolve into 
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the aqueous surfactant solution. Surfactant solutions without the presence of micelles would scatter 

similar to a solvent only sample. On the other hand, the scattering profiles would show a significant 

increase in intensity if surfactant micelles were present. The results are shown in Figure 7.20 and 

it can be seen that no significant differences in the CMC were observed between the two series of 

samples. Both samples, with and without equilibrated oil, showed a similar increase in scattering 

between 8 and 10 mM SDS. This observation suggest that the presence of dissolved oil molecules 

will not significantly increase or decrease the CMC of SDS. 

 

 
Figure 7.20. Scattering profiles for (a) SDS solutions and (b) SDS solutions after long-term 

stabilization (4 days) with an excess layer of hexadecane. 

 

The second experiment was to perform conductivity measurements to obtain the CMC of 

surfactants in water and in surfactant-stabilized emulsion systems. The CMC of surfactants were 

first obtained by slowly adding high concentrations of surfactants (e.g. 200 mM SDS) into DI 

water and monitoring the changes in the sample conductivity (Figure 7.21 (a), (c), and (e)). A slope 

change was observed and the intercept of the two fit lines is the CMC. The measured CMC values 

for SDS (8.51 mM), STS (1.94 mM), and SHS (299.6 mM) were all close to the theoretically 

estimated values.  
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The same experiment was then performed on samples containing 1 volume percent of 

dispersed hexadecane oil droplets. The estimated CMC for surfactants dissolved in hexadecane 

emulsions were 11.94 mM for SDS and 5.93 mM for STS. These CMC values are larger than the 

values obtained from surfactants dissolved in pure water. The increase in CMC is likely due to the 

adsorption of some surfactant molecules onto the oil-water interface, resulting in a lower effective 

concentration in the bulk phase. Similar results were also observed by Chang et al.7 Conductivity 

measurements for emulsions stabilized by SHS were not performed since the surfactant 

concentrations used in this study were well below the CMC of the surfactant (~300 mM). 
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Figure 7.21. Conductivity measurements of (a) SDS, (b) SDS stabilized emulsions, (c) STS, (d) 

STS stabilized emulsions, and (e) SHS. 

 

7.2.5 Reproducibility of the Experiments 

The reproducibility of the oil exchange experiments was examined by comparing the 

experimental results obtained at two different beamlines, the VSANS and NGB 30 SANS. The 

relaxation functions estimated using data from the same q range (3.0x10-3 to 3.0x10-2 Å-1) of 

several emulsion systems are almost identical as shown in Figure 7.22.  
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Figure 7.22. Estimated relaxation function for hexadecane emulsions stabilized by (a) 0, (b) 1, and 

(c) 20 mM SDS using the VSANS and NGB 30 SANS instrument at National Institute of Standards 

and Technology Center for Neutron Research. 

 

 

 

 

 

7.3 SUPPORTING INFORMATION FOR CHAPTER 5 

7.3.1 Scattering Profiles of Bare Hexadecane Emulsion System Sonicated at Various 

Acoustic Pressures 

 
Figure 7.23. Scattering profiles of bare hexadecane emulsion mixtures sonicated at (a) 4.2 and 

(b) 6 MPa. Slight decrease in scattering intensities over time was only observed in the sample 

sonicated at 6 MPa. 
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7.3.2 Scattering Profiles of Emulsion Oil Exchange While Varying the Concentration of 

Stabilizing Surfactant Under the Influence of Acoustic Forces 

 

 
Figure 7.24. Scattering profiles of acoustic force (8.6 MPa) induced oil exchange between 

hexadecane emulsions stabilized by (a) 0.1, (b) 1, and (c) 20 mM of SDS. 
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7.3.3 Scattering Profiles of Emulsion Oil Exchange While Varying Concentration of 

Stabilizing Surfactant Without the Application of Any Acoustic Forces 

 
Figure 7.25. Scattering profiles of oil exchange between hexadecane droplets stabilized by (a) 

20 (NGB 30 SANS), (b) 0, (c) 5, and 10 mM SDS (VSANS) without the influence of any 

acoustic forces. 

 

 

 

 

7.3.4 Dynamic Light Scattering Results for Observing Emulsion Size Change Over Time 

Under the Influence of Sonication  

The stock emulsions were sonicated using a Branson Digital Sonifier S-450 with a 3 mm 

sonicating microtip (Branson Ultrasonics, CT, USA) at 30% amplitude 50% duty cycle (1 seconds 

on and 1 seconds off). Figure 7.26 is a typical result obtained when tracking the emulsion size 

change during the sonication process. As can be seen in the figure, the emulsions rapidly reached 

an equilibrium size and additional sonication does not further decrease the size of the emulsions. 
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The sample shown here contained a relatively low concentration of SDS since generally it takes a 

longer time for samples containing less surfactants to reach the steady-state emulsion size 

distribution. 

 

Figure 7.26. Box plot of the emulsion (0.1 mM SDS) size change over time when sonicated 

using a sonicating horn. The box portion of the plot, from bottom to top, represents the 25th 

percentile, median, and 75th percentile of the distribution. The whisker portion represents the 

5% percentile and 95% percentile 
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