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Figure 3-8 Oil-water mixtures containing initial concentrations of DPPC ranging from 0.01–

1 mM in the aqueous phase. The image was taken after emulsification and the 24-hour 

equilibration period. The translucent upper fluid in each system was the less-dense oil-

rich layer and the turbid lower layer was comprised of the water-rich DPPC dispersions. 

An emulsified layer was formed only in mixtures containing ≥ 0.5 mM DPPC. The 

dashed (red) arrow indicates the location of a semi-stable emulsified layer and solid 

(green) arrow indicates a stable emulsified layer. ............................................................ 92 

Figure 3-9 (a) Gravitational phase separation analysis of bulk oil-water mixtures containing a 

fixed 2.5 wt.% SiO2 concentration and a varying concentration of DPPC in the aqueous 

phase. This image was taken after the 24-hour equilibration period following initial 

emulsification. Dashed (red) arrows indicate the location of semi-stable emulsified 

layers and solid (green) arrows indicate stable emulsified layers. (b) Separation Index 

(SI) values for the lower, water-rich layer (closed circles) and the upper, oil-rich layer 

in each oil-water mixture. Lower SI values correspond to greater stability to phase 

separation and coalescence. .............................................................................................. 94 

Figure 3-10 Optical micrographs of the emulsified layers sampled from bulk emulsions 

obtained after the 24-hour equilibration period. These images correspond to bulk 

emulsions that contained a fixed 2.5 wt.% SiO2 concentration and 0.2 mM DPPC (a-1, 

a-2), 0.5 mM DPPC (b-1, b-2), and 1 mM DPPC (c-1, c-2) in the aqueous dispersion 

prior to emulsification. Each emulsion was oil-in-water, as determined by dilution 

measurements. The scale bar in each image is 100 µm. ................................................... 96 

Figure 3-11 (a) Gravitational phase separation analysis of bulk oil-water mixtures containing 

a fixed DPPC concentration (0.1 mM) and a varying SiO2 concentration (0.5-20 wt.%). 

This image was taken after the 24-hour equilibration period following initial 

emulsification. Dashed (red) arrows indicate the location of semi-stable emulsified 

layers and solid (green) arrows indicate stable emulsified layers. (b) Separation Index 

(SI) values for the lower, water-rich layer (closed circles) and the upper, oil-rich layer 

in each oil-water mixture. Lower SI values correspond to greater stability to phase 

separation and coalescence. .............................................................................................. 98 
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Figure 3-12 Optical micrographs of the emulsified layers sampled from bulk emulsions 

obtained after the 24-hour equilibration period. These images correspond to bulk 

emulsions that contained a fixed 0.1 mM DPPC concentration and 2.5 wt.% SiO2 (a-1, 

a-2), 10 wt.% SiO2 (b-1, b-2), or 20 wt.% SiO2 (c-1, c-2) in the aqueous dispersion 

prior to emulsification. Each emulsion was oil-in-water, as determined by dilution 

measurements. The scale bar in each image is 100 µm. ................................................. 100 

Figure 4-1 Particle size distribution for a 1 wt.% Ludox CL nanoparticle aqueous suspension 

at pH 7.1, as determined by dynamic light scattering measurements using a Malvern 

Zetasizer Nano ZS instrument. The corresponding ζ potential for the nanoparticles in 

this suspension was measured to be + 26.5 ± 2.1 mV. ................................................... 112 

Figure 4-2 Photograph of the neat model emulsion partitioned into scintillation vials, 24 hours 

after initial emulsification. The emulsion in each of these vials comprises 25,000 ppm 

of dispersed oil and 2500 ppm SLES surfactant in deionized water. ............................. 113 

Figure 4-3 (a) Particle size distribution, as determined by dynamic light scattering 

measurements using a Malvern Zetasizer Nano ZS instrument, and (b) corresponding 

micrograph of the neat, oil-in-water model emulsion. The emulsion used in each 

analysis comprised ~12,500 ppm of dispersed oil. ......................................................... 114 

Figure 4-4 Photographs of bulk oil-in-water emulsions following dilution with positively 

charged SiO2 nanoparticles for a final nanoparticle concentration of 0, 0.1, 0.2, 0.5, 

0.75, 1, or 2 wt.% SiO2. The images illustrate systems which were not vortex mixed (a 

and c) and those that were vortex mixed (b and d) for 30 seconds at 2500 rpm 

immediately following dilution. Destabilization behavior is shown for the mixtures 

after a 30-minute (a and b) and 24-hour (c and d) equilibration interval. The opaque 

regions in each mixture illustrate flocculated, oil-rich regions and the 

translucent/slightly turbid regions correspond to the droplet-depleted, water-rich 

regions of the mixture. .................................................................................................... 117 

Figure 4-5 Photographs of bulk oil-in-water emulsions following dilution, where positively 

charged SiO2 nanoparticles were added to the neat model emulsion (a and c) or vice-
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versa (b and d). Each of these mixtures was vortex mixed for 30 seconds at 2500 rpm 

immediately following dilution. The final SiO2 concentrations in each set of 

experiments was 0, 0.1, 0.2, 0.5, 0.75, 1, or 2 wt.% SiO2. Destabilization behavior is 

shown for the mixtures after a 30-minute (a and b) and 24-hour (c and d) equilibration 

interval. The opaque regions in each mixture illustrate flocculated, oil-rich regions and 

the translucent/slightly turbid regions correspond to the droplet-depleted, water-rich 

regions of the mixture. .................................................................................................... 119 

Figure 4-6 Optical micrographs of aggregates formed within nanoparticle-emulsion mixtures 

with aqueous SiO2 nanoparticle concentrations of 0.1 (a), 1 (b), and 2 wt.% (c) SiO2 

nanoparticles. Images were taken following the addition of SiO2 nanoparticles to the 

neat emulsion, subsequent vortex mixing for 30 seconds at 2500 rpm, and a 24-hour 

equilibration period. Red circles highlight small and medium-sized aggregates. .......... 121 

Figure 4-7 Particle size distributions for the droplet-depleted, water-rich regions of 

nanoparticle-emulsion mixtures that contained (a) 0.2, (b) 0.75, and (c) 2 wt.% SiO2. 

Size distributions are shown for three mixing procedures: (1) where aqueous SiO2 

suspensions were added to the emulsion, followed by vortex mixing (black squares), 

(2) where the model emulsion was added to aqueous SiO2 suspensions, followed by 

vortex mixing (red circles), and (3) where aqueous SiO2 suspensions were added to the 

emulsion, but were not subjected to vortex mixing (blue triangles). .............................. 124 

Figure 5-1 An illustration of the experimental setup used to study coalescence between binary 

aqueous droplets in a surrounding oil. The leftmost aqueous droplet was laden with 

surfactant and the rightmost droplet was surfactant-free, yet contained a small 

concentration of dye to aid in flow visualization. ........................................................... 137 

Figure 5-2 Interfacial tension, γ, versus log of surfactant concentration, c, in aqueous solution 

at 23 °C at the triglyceride oil-water interface measured by the drop shape analysis 

technique. Lines represent best-fitting straight lines of the data in the low and high 

surfactant concentration regimes for each surfactant. The slope value of the best-fitting 

line in the low surfactant concentration regime was used in the determination of the 

surface excess concentration, Γm, for ALS and CTAB. .................................................. 140 
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Figure 5-3 Schematic representation of the experimental setup used to quantify interfacial 

spreading velocities, Us, under an induced interfacial tension gradient at the triglyceride 

oil-water interface. A side view depicting the introduction of a surfactant loaded water 

droplet at the surfactant-free, oil-water interface (containing tracer particles) is shown 

in (a) and an illustration of the surfactant diffusion mechanism, quantified by measuring 

the rate of displacement for tracer particles attached to the interface, is shown in (b). .. 142 

Figure 5-4 Kinetics of expansion for the connective bridge separating spherical droplets with 

an equivalent initial diameter, 2R (= 2 mm). The data represent the increase in the 

connective bridge diameter, Db, relative to 2R, as a function of the square-root-of-time, 

t1/2, succeeding the onset of droplet coalescence. ........................................................... 145 

Figure 5-5 Temporal shape profiles of equally sized water droplets coalescing in triglyceride 

oil. The leftmost droplet in each image contained either (a) no surfactant, (b) 2.5×10-3 

mol L-1 ALS, or (c) 2.5×10-3 mol L-1 CTAB, while the rightmost droplet in each image 

was surfactant-free, with dye added for flow visualization. The absence or presence of 

opposing flows at the interface and within the bulk of the merging droplets illustrate 

the effect of interfacially adsorbed surfactant molecules. Differences in the curvature 

of the jetted fluid following coalescence in (b) and (c) demonstrate the influence of 

surfactant headgroup architecture on the relative magnitude of these induced flows. 

The scale bars in each image are 0.5 mm in length. ....................................................... 147 

Figure 5-6 Flow profiles depicting the formation of fluid jets of different sizes for 

asymmetrically sized water droplets coalescing in triglyceride oil. The leftmost droplet 

in each image contained either (a) no surfactant, (b) 2.5×10-3 mol L-1 ALS, or (c) 

2.5×10-3 mol L-1 CTAB, while the rightmost droplet in each image was surfactant-free, 

with dye added for flow visualization. The scale bars in each image are 0.5 mm in 

length............................................................................................................................... 149 

Figure 5-7 Displacement of the jetted fluid apex, Δsjet, originating from the surfactant-free 

droplet into the surfactant-laden droplet as a function of time, t, succeeding droplet 

contact for asymmetrically sized droplet systems. Micrograph insets depict the position 
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of the fluid jets 17.2 ms after the onset of coalescence. The scale bars in each image are 

0.5 mm in length. ............................................................................................................ 151 

Figure 5-8 Seeded tracer particle displacement, Δsparticle, versus time, t, following the 

introduction of a 2.5×10-3 mol L-1 aqueous droplet solution of anionic ALS or cationic 

CTAB surfactant at a planar triglyceride oil-water interface. Motion of the interfacially 

seeded tracer particles resulted directly from the induced surfactant concentration 

gradient of either ALS or CTAB. Data are shown for fully developed particle 

displacement rates, 6.5 milliseconds after initial contact between the surfactant-laden 

drop and the planar oil water interface. .......................................................................... 154 
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Fluid interfaces stabilized by surface-active species (e.g., surfactants, polymers, and 

particles) have rheological properties that are vital to the kinetic stability of emulsions. Many 

practical applications of emulsions necessitate superb stability during storage, such as in emulsion-

based therapeutic delivery systems. While in other cases, stabilized systems are entirely unwanted 

(e.g., separating oil and aqueous phases in enhanced oil recovery and bilge water applications). 

Techniques for modulating emulsion phase separation processes are highly desired and are largely 

determined by the mechanics of interfacially trapped species which preserve the overall stability 

of bulk emulsions. However, the utility of these techniques is often limited by difficulties in 

measuring and interpreting the rheological properties of complex fluid interfaces. Lack of control 

over interface formation during emulsification magnifies this problem, further obscuring 

relationships between interfacial rheology and bulk emulsion stability. Therefore, the objectives 

of this thesis were to (1) elucidate fundamental relationships between the mechanics of complex 

fluid interfaces and the anticipated stability of the bulk emulsions they comprise through interfacial 

rheological measurements, and (2) present innovative methodologies for modulating the kinetic 

stability of model oil-in-water emulsions using physical chemistry principles. 

The introductory chapter of this thesis will provide a detailed overview of contemporary 

experimental tools used to probe the rheology of single- and multi-component complex fluid 

interfaces. Additionally, this chapter will include a discussion on the role of interfacial rheology 



19 

 

in an emulsion’s susceptibility to the key destabilization mechanisms that dominate its 

performance (e.g., coalescence, flocculation, and gravitational phase separation). 

The second and third chapters of this thesis focus on experimental methods that can be 

utilized to characterize an oil-in-water emulsion’s stability to droplet coalescence based on the 

interfacial adsorption and dilatational rheological characteristics of the stabilizing emulsifiers. In 

Chapter 2, a criterion for inhibiting the susceptibility to droplet coalescence of dilute oil-in-water 

emulsions based on the rheological properties of the surfactant-stabilized interfaces is presented. 

Chapter 3 details how droplet coalescence in concentrated oil-in-water emulsions can be inhibited 

by the interfacial steric hinderance of SiO2-surfactant complexes. 

The fourth and fifth chapters of this work focus on how physical chemistry principles can 

be used to control emulsion droplet destabilization and produce desirable physical outcomes within 

bulk emulsions. Chapter 4 details an investigation of how the gravitational phase separation of 

dilute, electrostatically stabilized oil-in-water emulsions can be induced by a complex 

coacervation mechanism. Here, attractive electrostatic interactions between the interface-

stabilizing anionic surfactant sodium lauryl ether sulfate (SLES) and positively charged silicon 

dioxide (SiO2) nanoparticles can be used to encourage droplet flocculation in model oil-in-water 

emulsions. Chapter 5 outlines an innovative methodology for encouraging tightly controlled 

internal mixing between coalescing water droplets via interfacial rheological methods. The 

methods established in this study have direct application in the development of micro-droplet 

reactors, which necessitate controlled mixing in microliter volumes. 

The knowledge garnered from this body of work is highly relevant to academic and 

industrial emulsion formulators who seek inexpensive, yet robust methods for predicting, 

characterizing and tailoring the extended kinetic stability of oil-in-water emulsions.  
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CHAPTER 1  INTRODUCTION 

 Interfacial Rheology 

Soft materials with high surface area-to-volume ratios are ubiquitous both in nature and 

technological applications. Easily recognized examples of such systems include food emulsions 

and foams,1,2 lipid vesicles,3,4 lung alveoli,5 polymersomes6 and core-shell microcapsules.7–9 The 

dominating presence of interfaces within such soft colloids suggests that interfacial mechanics are 

non-negligible to the overall physical behavior of the bulk. This is because each of these systems 

experience one or more complex interfacial deformation modes (e.g., shear, dilatation, bending, or 

extensional (Figure 1-1)10) either during the formation, stabilization, or degradation of the bulk 

material. 

 

 

  

Figure 1-1 Various deformation modes of an interfacial element. Adapted from Danov et al.10 



21 

 

While the interfaces between pure and simple fluids can be wholly characterized by their 

equilibrium interfacial tension, γ, compound interfaces laden with surface-active species (such as 

low molecular weight surfactants, particles, synthetic- or bio-macromolecules) routinely exhibit 

nonlinear viscoelastic behavior in response to complex deformation modes. As such, interfacial 

tension alone is no longer a comprehensive descriptor of the behavior observed within these 

compound interfacial layers. Interfacial rheology probes the fluid motion and deformation of 

vapor-liquid (e.g., air-water) and liquid-liquid (e.g., oil-water) interfaces in the presence of 

amphiphilic species.11,12 In many instances, mass and momentum transfer in two dimensions can 

be considered analogous to transport problems in three-dimensional bulk systems.11,13,14 Two 

important factors distinguish these two categories: (1) interfacial and bulk flows are coupled 

because mass and momentum can be transported between the interface and the surrounding bulk 

fluids, (2) interfacial monolayers are highly compressible, and thus the rate-dependent dilatational 

properties of interfaces are considerably more consequential to the developed flows in two 

dimensions than those in three dimensions.11 

Interfacial rheology is routinely studied within the context of the kinematics of the applied 

deformation mode, i.e., through dilatational, shear, or extensional rheometry. Dilatational 

measurements invoke uniform area compressions and/or expansions of an interfacial element, 

while conserving its shape,15 whereas shear and extensional rheometry experiments utilize 

shearing and extensional interfacial deformations, respectively, at constant area.16 It is often 

presumed in the scientific literature that dilatational deformations are expected to be important in 

the kinetic stabilization of foams and emulsions,17,18 while shear and extensional interfacial 

deformations are vital to the formation processes of complex fluids.19,20 
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Interfacial shear and dilatational studies of complex fluid interfaces appear to have 

dominated the recent literature due to the ease of probing well-defined mass and momentum 

transport modes at liquid interfaces with widely available rheometric tools. However, two key 

issues remain toward fully understanding the relevance of interfacial rheology in practical systems. 

The first is that many of the available interfacial rheometry tools struggle to quantify the 

mechanical properties of complex interfaces resulting from isolated deformation modes, as the 

imposed flows often contain both shear and dilatational components.21,22 The second issue is that 

direct translation of the properties obtained from interfacial rheological measurements to the 

anticipated mechanical behavior of bulk complex fluid systems is non-trivial and dependent upon 

specific physiochemical characteristics of the system. Thus, this thesis seeks to provide a critical 

review of best practices in experimental interfacial rheology, as well as insight on the possible 

contributions of interfacial rheology in the practical applications of oil-in-water emulsions. 

 Deformation and Mechanics of Immiscible Fluid Interfaces 

The rate of deformation directly impacts the stress that develops within an immiscible fluid 

interface. An interfacial stress tensor Ts and deformation rate tensor Ds are more comprehensive 

descriptors of these properties as compared to a single interfacial tension value.23,24 The total stress 

at a fluid interface, given by −𝜋𝐈𝐬 + 𝐓𝐬, can be described as the sum of the isotropic portion of the 

surface stress 𝜋𝐈𝐬  and the excess surface stress, Ts. Here, 𝜋 = 𝛾0 − 𝛾  represents the surface 

pressure, which is given by the difference between the interfacial tension of the pure fluids in the 

absence of adsorbed species, 𝛾0, and the equilibrium interfacial tension, 𝛾. Experimentally, Ds 

becomes a scalar quantity equivalent to the applied strain rate in rheometric measurements. In 

interfacial dilatational measurements, the strain (∆A/A0) is typically defined as the ratio of an 

incremental change in the interfacial area, ∆A, to the initial interfacial area, A0. Often, the strain is 
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modulated over time, and the dilatational strain rate is given by the time derivative of the applied 

strain, 
𝑑

𝑑𝑡
(

∆A

A0
). In interfacial shear measurements, the shear rate can be determined directly from 

angular velocity of a rotating geometry, as is the case when biconical disk and ring geometries are 

coupled with a conventional rheometer. 

The generalized Boussinesq-Scriven surface stress tensor25,26 for the surface of an arbitrary 

Newtonian fluid is given by 𝐓𝐬 = [(𝜅 − 𝜂)𝑑𝑖𝑣s𝐯𝐬]𝐐 + 2𝜂𝐃𝐬 , where 𝜅  corresponds to the 

interfacial dilatational viscosity, 𝜂 is the interfacial shear viscosity, 𝑑𝑖𝑣s is the divergence operator, 

and 𝐐 is a surface projection tensor which transforms each component into their corresponding 

component tangential to the fluid surface.24 Complex notation is often used instead of 𝜅 and 𝜂 to 

represent the complex shear and dilatational viscosities, 𝜅∗  and 𝜂∗ , respectively. Also, most 

interfacial rheology studies in the literature instead use complex modulus notation to describe 

interfacial mechanics, where 𝐺∗ = 𝐺′ + 𝑖𝐺′′ represents the complex shear modulus of the interface 

and 𝐸∗ = 𝐸′ + 𝑖𝐸′′ corresponds to the complex dilatational modulus of the interface. Here, the 

magnitude of the elastic contributions to the complex moduli are given by the values of 𝐺′ and 𝐸′, 

while the viscous contributions are given by 𝐺′′ and 𝐸′′.  

Generally, studies which investigate dilatational moduli utilize isotropic measurements of 

the dynamic interfacial tension, determined by a static force balance and fitting the shape profile 

of a hanging pendant drop to the Young-Laplace equation. With this technique, the quantities 

obtained therefore represent effective measurements of the dilatational moduli, rather than intrinsic 

moduli such as 𝜅 in the Boussinesq-Scriven surface stress tensor. However, this discrepancy is 

usually negligible and only becomes problematic when an interface is subjected to highly non-

uniform deformation fields and interfacial shear rigidity dominates over dilatational rigidity.27 

While shear and dilatational are not the only modes of deformation at fluid interfaces (bending and 
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extension have been shown to significantly influence the behavior of lipid bilayers for example28), 

these two modes are the most relevant to droplet break-up and stabilization in most high surface 

area-to-volume, oil-water and gas-water systems. 

Numerous techniques are available to probe the mechanics of interfacial monolayers. 

Several reviews have summarized the different apparatuses for measuring shear and dilatational 

interfacial deformations.29 To study interfacial shear rheology, existing flow measurement systems 

can be used with specially designed geometries, as has been done with the biconical disk geometry 

(Figure 1-2a). To investigate interfacial dilatational rheology, most studies utilize either the 

pendant drop (Figure 1-2b) or Langmuir-Blodgett trough (Figure 1-2c) technique because of their 

ease of use and commercial availability. Additionally, microfluidic apparatuses have been 

developed to probe the dilatational deformation mechanics of complex interfaces.30 

 

 

  

Figure 1-2 Illustrations of experimental interfacial rheometric devices including the (a) biconical disk 

geometry, (b) pendant drop apparatus, and (c) the Langmuir-Blodgett trough with Wilhelmy plate.29  
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1.2.1 Static Pendant Drop Tensiometry 

The pendant drop method was used for all interfacial tension and dilatational rheological 

measurements performed throughout this thesis. Extensive details on this experimental technique 

are provided in the literature.23–26 In brief, the interfacial tension of an oil-water interface was 

determined by fitting the Young-Laplace equation, given by 𝛾 (
1

𝑅1
+

1

𝑅2
) =  ∆𝑃, where R1 and R2 

are the principle radii of curvature, and ∆P is the Laplace pressure across the curved interface. For 

each of the pendant drop experiments performed in this thesis, this equation was fit to the profile 

of an axisymmetric oil droplet (V ≈ 30 µL to 32 µL) formed at the tip of a 20-gauge stainless steel 

needle (0.584 mm i.d.). The oil droplet was immersed in 5 mL of the aqueous surfactant solution 

in a rectangular glass cuvette. The dimensionless shape factor, β, exceeded the minimum value (|β| 

> 0.1) for accurate measurement of the interfacial tension for each system (|β| > 0.18).27 These 

measurements were performed using a contact goniometer/tensiometer (Model 500) manufactured 

by Ramé-Hart, Inc. (Succasunna, New Jersey, USA). The instrument was supplied with an 

automated drop volume dispensing system, a motor-driven oscillator, and a halogen fiber optic 

illuminator. The software used to control the instrument was DROPimage Advanced. This 

experimental setup was used for both static and oscillating pendant drop tensiometry. 

1.2.2 Oscillating Pendant Drop Tensiometry 

The viscoelasticity of complex oil-water interfaces throughout this thesis was measured by 

harmonically oscillating the initial interfacial area (A0) at a small dilatational strain (ΔA/A0 ≤ 

0.025) and a low frequency (ω), (i.e., between 5×10-3 and 10-1 Hz) by increasing and decreasing 

the droplet volume using an in-line mechanical plunger. The interfacial strain and oscillation 

frequency used in this analysis fell below critical limits defined in the literature, allowing interfaces 

to be considered at mechanical equilibrium.28 Frequently referred to as oscillating pendant drop 
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tensiometry, this technique has been applied to study the conformation of proteins,29–31 as well as 

the viscoelasticity of phospholipids,32 low molecular weight surfactants,27,33–36 and mixed 

surfactant/polymer solutions37 at oil-water and air-water interfaces. In this technique, the apparent 

complex viscoelastic modulus (E*) is determined by measuring the response in interfacial tension 

variation (Δγ) resulting from a small, harmonically applied strain (ΔA/A0), as well as the phase 

angle (δ) between the periodic interfacial tension and strain curves of an interfacial element.25 The 

magnitude of E* is given by 𝐸 =
∆𝛾

∆𝐴 𝐴0⁄
=  𝐸′ + 𝑖𝐸". 

This modulus is primarily a measure of the system’s response to dilatational deformation 

(although, there is some evidence to suggest that shear contributions may be present in mm-scale 

oscillating droplet measurements as well38,39) and quantifies the elastic storage modulus (E’) and 

the viscous loss modulus (E’’), both dependent on the oscillation frequency. For the oscillating 

drop measurements conducted in Chapter 2, the rheological behavior of surfactant adsorbed 

interfaces was monitored over 24 hours and area oscillations were imposed every 60 minutes. The 

first oscillatory measurement occurred 1 hour after the formation of a fresh oil drop at the tip of 

the inverted needle. Experiments were performed in a standard laboratory environment (T = 23°C). 

 Viscoelastic Behavior of Single- and Multi-Component Liquid Interfaces 

Numerous interesting questions remain in the study of interfacial rheology. One of which 

is what types of single- and multi-component interfacial layers can be probed with interfacial 

rheological measurements? Another is whether shear or dilatational measurements are more useful 

for practical applications of foams and emulsions? Several important classes of surface-active 

compounds have been studied in interfacial rheological investigations. However, depending on 

various physicochemical aspects of the adsorbed species, the properties that can be obtained from 
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experimental investigations can vary widely. For example, relaxation rates for low molecular 

weight surfactants can be orders of magnitude shorter than those of solid, interfacially adsorbed 

particles31 and techniques capable of probing these rapid relaxation dynamics remain scarce.  

1.3.1 Low Molecular Weight Surfactants 

Interfacial rheology has been applied extensively to the study of low molecular weight 

surfactants adsorbed to immiscible fluid interfaces, both under shear and dilatational deformations. 

Most commercial low molecular weight surfactants do not generally produce significant shear or 

dilatational responses when solely adsorbed to fluid interfaces; however, their response to shear 

deformation has been shown to become quite significant when co-adsorbed with other species (e.g., 

SDS/chitosan complexes,32 or C12TAB/polystyrene sulfonate33). Diffusional relaxation is most 

often presumed to be the mechanism responsible for the viscoelastic response of interfaces laden 

with low-molecular weight surfactants and, in general, larger, slow-diffusing species adsorbed to 

interfaces produce more substantial viscoelastic responses. In a similar manner, interfaces 

containing surfactant concentrations below saturation result in higher rheological responses 

because interfacial tension gradients have longer relaxation times under these conditions, whereas 

tension gradients within interfaces laden with rapidly diffusing soluble surfactants at saturation are 

shorter-lived and dilatational stresses are less important.34 

Phospholipids are highly relevant to the morphology and mechanical behavior of biological 

membranes, and as such, their interfacial rheological behavior has been studied extensively in the 

literature.35–38 In contrast to the rheological behavior of most soluble surfactants, phospholipids 

are insoluble in most bulk liquids and can exhibit substantial dilatational elasticity at fluid 

interfaces (E’ ~ 10-1 N m-1).39,40 However, the rheological response of these molecules to shear 

(Figure 1-3)41 has been shown to be several orders of magnitude lower (G’ ~ 10-6 N m-1).41,42 The 
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discrepancy between the magnitudes of the dilatational and shear moduli suggests that 

phospholipid monolayers readily undergo shear if such modes are available, but yield outstanding 

mechanical performance under predominately dilatational deformations, as with lung alveoli.43,44 

As such, the dilatational rheology of the phospholipid dipalmitoyl phosphatidylcholine (DPPC) 

was studied extensively in Chapter 2 and Chapter 3 of this thesis. 

 

 

  

Figure 1-3 Illustration of the history dependent linear viscoelasticity of dipalmitoylphosphatidylcholine 

(DPPC) at the air-water interface analyzed with a Ferromagnetic ‘microbutton’ probe. Note the relative 

magnitudes of G’ and G” in (a) and (c), as well as the transition from G’>G” to G”>G’ upon yielding. The 

micrographs in (b) and (d) illustrate the formation of a shear plane, given by the arrow (scale bar, 20 µm).41 
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1.3.2 Surface-Active Particles 

In many regards, particles behave much like surfactant molecules when adsorbed to 

immiscible fluid interfaces. Detailed reviews which outline the adsorptive and stabilizing 

properties of particles (as compared to common surfactant molecules) at the fluid-fluid interfaces 

can be found in the literature.45,46 For interface adsorbing particles, one of the most important 

parameters for predicting their potential effect on the stabilizing behavior of the interface is the 

contact angle, θ, it forms with the interface. Hydrophilic particles, e.g. iron oxide, tend to adopt a 

contact angle (measured through the aqueous phase) < 90°, whereas hydrophobic particle, e.g. 

asphaltenes and polystyrene latexes, usually take on contact angles > 90°. Analogous to surfactants 

with relatively high HLB values, particle monolayer predominantly comprised of particles with θ 

< 90° will tend to form oil-in-water emulsions, and vice-versa for particle interfacial monolayers 

primarily containing particles with θ > 90°. 

A vital difference between the adsorption of surfactants and particles is that particles can 

irreversibly attach to fluid-fluid interfaces. For sufficiently small spherical particles (usually less 

than ~10 microns in diameter) such that gravitational effects can be considered negligible, the 

detachment energy per particle, ∆𝐺, can be quantitatively described by ∆𝐺 = 𝜋𝑟2𝛾(1 − |cos 𝜃|)2, 

where r is the particle radius of the particle and γ is the interfacial tension between the bulk 

phases.47 The attachment energy for a 1 μm radius particle at an oil-water interface with γ = 50 

mN m-1 and θ = 75° can be ~2 ∙ 107 kBT, suggesting that particles are unlikely leave the interface 

without a substantial driving energy.46 The mechanical properties of high-interface materials such 

as oil-water emulsions are often significantly dependent on the mechanical behavior of the 

interfaces themselves.48 
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The three-phase contact angle that a particle adopts at the interface of two fluid describes 

its relative affinity for either fluid phase and can control the morphology and interfacial curvature 

between the bulk phases. Jamming between particles within an interfacial layer has been proposed 

as the primary contributing mechanism to the observed non-Netwonian rheological behavior, and 

both nanoscale and microscale particles have been studied for their possible interfacial 

contibutions.45 The interfacial rheological behavior of particles has be studied most widely through 

shear measurements, and adsorbed particles are known to produce substantial interfacial shear 

rigidity when they undergo aggregation (Figure 1-4).46,49 Adsorbed particles consistently produce 

high dilatational and shear moduli50 and they are of special interest for further investigations 

because of their potential applications in bi-continuous Pickering emulsions.46 Due to the known 

contribution to dilatational viscoelasticity and interfacial stabilization of adsorbed particles, SiO2 

nanoparticle-surfactant complexes were emphasized in Chapter 3 of this thesis. 
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1.3.3 Connecting Interfacial Mechanics to the Stability of Emulsions and Foams 

Links between the interfacial mechanics and bulk behavior of emulsions and foams have 

been observed by numerous authors. Interfacial rheological studies of proteins have shown that 

jammed, rigid interfaces provide considerable resilience to coalescence (droplet merging).18,48,51,52 

In addition to acting against droplet deformation, interfacial viscoelasticity can also lead to 

irregular droplet break-up during emulsification, and ultimately, high dispersity within a complex 

fluid system.53,54 Thus, understanding the rheological parameters of interfacial layers within a 

complex system of immiscible fluids is vitally important. 

  

Figure 1-4 (a) Elastic (closed) and viscous (open) shear moduli at 1 rad s-1 for 3 µm polystyrene particles 

at 79% coverage at an air-water interface with 0.4 M NaCl (circles), 0.004 M NaCl (diamonds), and 0 M 

NaCl (squares). (b) corresponding micrographs for these systems at 0.002% and 20% interfacial strain.46,47 
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 Mechanisms of Emulsion Destabilization and Their Characterization 

Emulsion stability refers to the tendency for the physical properties of the system to change 

over time under the influence of an internal or external force. Emulsion destabilization can be 

imposed by several physical mechanisms, the most dominant being coalescence, flocculation, and 

gravitational phase separation. In practice, emulsion destabilization typically occurs as two or 

more physical mechanisms transpire simultaneously. For example, an emulsion with rapidly 

flocculating droplets will subsequently lead to large aggregates that are strongly influenced by 

gravitational effects. This will in turn lead to faster rates of gravitational phase separation (i.e., 

creaming or sedimentation) of the aggregated droplets. Establishing effective strategies for 

modulating the stability of emulsified systems requires a deep understanding of how these 

destabilization mechanisms can be controlled.  

In Chapter 2 of this work, a criterion for inhibiting the susceptibility to droplet coalescence 

of dilute oil-in-water emulsions based on the rheological properties of the surfactant-stabilized 

interfaces is presented. In Chapter 3, the impedance of droplet coalescence in concentrated oil-in-

water emulsions by interfacially adsorbed nanoparticle-surfactant complexes is described. In 

Chapters 4 and 5, emulsion destabilization mechanisms are used to produce desirable physical 

behavior in bulk emulsions. 

1.4.1 Gravitational Phase Separation 

An emulsion’s resilience to gravitational separation can be determined inexpensively 

through visual observation analyses, otherwise known as “oiling off” tests 55. Oiling off tests are 

used extensively in Chapters 2, 3 and 4 of this work. This method consists of quantifying the 

amount of oil that forms as a distinct separate layer at the top of an oil-in-water emulsion over a 

certain period. The height of the serum layer, HS, and the height of the emulsion layer, HE, are 
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measured, and the relative extent of oiling off is given by %Oiling Off = 100 ×
𝐻𝑆

𝐻𝐸
. This method 

can be applied to emulsions that have or have not been subjected to additional environmental 

stresses other than standard gravity. In a similar manner, the percent of oiling off can be measured 

by differential scanning calorimetry, where the volume fraction of oil that crystallizes at low versus 

high temperatures is correlated to the fraction of oiling off.56 

1.4.2 Droplet Flocculation and Coalescence 

Droplet flocculation is a colloidal aggregation phenomenon where individual droplets 

associate with one another but retain their individual integrities. This emulsion destabilization 

mechanism occurs when attractive colloidal interactions overcome long-range repulsive forces, 

but not short-range repulsive forces, thus complete droplet merging does not occur. For dilute 

emulsions, droplet flocculation results in an increase in particle size which accelerates the rate of 

gravitational separation.57 Induced droplet flocculation can therefore be a viable route for reducing 

the kinetic stability of dilute, electrostatically stabilized oil-in-water emulsions. 

Coalescence is an aggregation phenomenon where individual droplets merge to form a single 

larger droplet. Like flocculation, this destabilization mechanism causes dispersed liquid droplets 

to phase separate more rapidly due to enhanced gravitational effects resulting from increased 

droplet sizes. Coalescence is less likely to occur naturally in very dilute emulsions comprised of 

electrostatically stabilized interfaces due to the relatively low collision frequencies between 

dispersed droplets. 20 However, coalescence becomes a dominant destabilization mechanism in 

concentrated emulsions, where droplet interfaces remain in contact for extended periods. In the 

case of oil-in-water emulsions, a fully developed understanding of the system’s susceptibility to 

coalescence will be highly relevant to the anticipated behavior of phase separated layers. 
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Coalescence and flocculation between dispersed droplets can be observed directly with 

optical microscopy. This process consists of placing an aliquot of an emulsion on a microscope 

slide and monitoring the change in the droplet size distribution as a function of time. The rate of 

sequential merging between the droplets provides insight on an emulsion’s 

susceptibility/resistance to coalescence. Moreover, for droplets that do not merge completely but 

halt in an aggregated state, the size of the flocs and degree of flocculation can also be directly 

observed using microscopy. Optical microscopy is used extensively for characterizing the degree 

of flocculation and coalescence in Chapters 3, 4 and 5 of this thesis. Changes in an emulsion’s 

droplet size distribution during storage can also be studied using more advanced forms of 

microscopy, such as confocal laser scanning microscopy.58,59 

 Particle Size Characterization 

The relative size of the droplets in an oil-water emulsion has a substantial impact on the 

overall stability of the system, specifically regarding the droplets’ tendency toward gravitational 

phase separation, flocculation, and coalescence. Therefore, reliably measuring and specifying the 

size of emulsion droplets is vital. Particle size analyzers that incorporate light scattering are quite 

effective providing quantitative information on the size distributions of dispersed emulsion 

droplets. Some systems can provide size distribution information for droplets dispersed in a dilute 

emulsion ranging from 10 nm to 1 mm in diameter. These tools enable detailed analyses of various 

mechanisms that contribute to the stability of emulsions, such as coalescence and flocculation, by 

indirectly observing any changes in the system’s size distribution with respect to time. 

Dynamic light scattering (also known as photon correlation spectroscopy) is used 

extensively for this purpose in Chapters 2, 3, 4, and 5 of this work. A Malvern Zetasizer Nano ZS 

was used for each of these measurements. Determining particle size distributions with this tool is 
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performed by measuring the Brownian motion of the dispersed particles and relating it to their size. 

This is done by illuminating the particles with a laser and analyzing the intensity fluctuations of 

the scattered light. The underlying principle of this method is that small particles diffuse quickly 

by Brownian motion in a dispersion medium, scattering very little incident light as they move. 

Contrarily, large particles diffuse slowly, scattering a large amount of light as they move. These 

scattering characteristics are then correlated to the distribution of sizes of the dispersed particles. 

 Particle Surface Charge Characterization 

The dispersed droplets in most emulsions have a considerable electrical charge. Given that 

the electrostatic interactions between similarly charged droplets is repulsive, droplet surface 

charge is often key to enhancing an emulsion’s resistance to droplet flocculation and coalescence. 

Many of the common emulsifiers used to stabilize emulsions are anionic, cationic, or nonionic, 

depending on their molecular architectures and the prevailing environmental conditions (e.g., pH, 

ionic strength, and temperature). The magnitude and sign of the electrical charge at surface of 

dispersed emulsion droplets therefore depends on the type of emulsifier(s) present. The surface 

charge density (σ) and the electrical surface potential (Ψ0) are two parameters often used to 

describe the electrical properties of a droplet interface, and properties of the fluid in which the 

droplets are dispersed can be described in terms of its ion concentration61. A useful mathematical 

expression known as the Poisson–Boltzmann equation relates the electrical potential in the 

immediate proximity of a charged surface to the concentration and valence of ions present in the 

surrounding electrolyte solution, and is given by 
𝑑2𝛹(𝑥)

𝑑𝑥2 =  −
𝑒

𝜖0𝜖𝑅
∑ 𝑧𝑖𝑛0𝑖 exp (

−𝑧𝑖𝑒𝛹(𝑥)

𝑘𝐵𝑇
)𝑖 , where 

n0i is the concentration of ionic species of type i in the bulk electrolyte solution (in molecule m-3), 

zi is the valence of ionic species i, e is the elementary charge (1.602 × 10−19 C), 𝜖0 is the dielectric 
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constant of a vacuum, 𝜖𝑅  is the relative dielectric constant of the medium, and 𝛹(𝑥)  is the 

electrical potential at a distance x from the charged surface. 

The effective charge of an emulsion droplet dispersed in a continuous fluid, known as the 

zeta (ξ) potential, can be quantified with electrophoresis measurements. This technique was 

implemented extensively in Chapters 2 through 4 of this work using dynamic light scattering 

analysis with a Malvern Zetasizer Nano ZS. The measurement procedure consists of placing an 

aliquot of a dilute emulsion into a folded capillary cell. The emulsion (or particulate dispersion) 

rests between two electrodes and an alternating current is applied to the system. The rate at which 

the droplets oscillate within the applied electric field is directly correlated to the magnitude of the 

charge on the particles at the “shear-plane”, which is essentially describes the charged ionic cloud 

that extends from the true surface of the drop (or particle) into the surrounding fluid media. In 

general, droplets with large magnitudes of the ξ potential are more resistant to coalescence and 

flocculation due to electrostatic repulsive forces. Therefore, having a detailed understanding of the 

ξ potential in real and model emulsions is of vital importance.  
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CHAPTER 2  STABILITY AND INTERFACIAL VISCOELASTICITY 

OF OIL-WATER NANOEMULSIONS STABILIZED BY SOY 

LECITHIN AND TWEEN 20 FOR THE ENCAPSULATION OF 

BIOACTIVE CARVACROL 

Portions of the following chapter contain text and figures adapted (with permission from J.J. Nash 

and K.A. Erk) from the article, “Stability and interfacial viscoelasticity of oil-water nanoemulsions 

stabilized by soy lecithin and Tween 20 for the encapsulation of bioactive carvacrol,” Colloids 

Surf., A., 517, 1–11 (2017). Copyright 2016 Elsevier B.V. DOI: 10.1016/j.colsurfa.2016.12.056 

 Introduction 

In recent years, the use of essential oils as natural antimicrobials in food products has 

attracted growing interest to meet consumers’ desires in terms of food quality and safety. These 

bioactive molecules are used for microbial disinfection during food processing, as well as to ensure 

a certain shelf-life of the food product without negatively affecting the organoleptic properties of 

food (e.g., taste, texture).1,2 Carvacrol (2-methyl-5-isopropylphenol) is an antimicrobial, lipophilic 

compound that is primarily derived from the essential oil fractions of oregano (~60-75%) and 

thyme (~45%).3–5 Carvacrol is added to many food products including baked goods and 

nonalcoholic beverages due to its antimicrobial activity against several strains of harmful 

foodborne bacteria (i.e. Escherichia coli, Staphylococcus aureus, Bacillus cereus, etc.).4–8 

Unfortunately, carvacrol (like most lipophilic bioactive compounds) has a limited solubility in 

water (0.83 mg L-1),9 where microorganisms are most likely to grow and proliferate.10,11 Thus, 

more advanced delivery methods are required to incorporate lipophilic bioactive molecules into 

the water-rich phases within food products. One of these methods includes encapsulating the 

bioactive molecules in oil-based emulsion droplets.12,13 Encapsulation of essential oils into 
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nanoscale delivery systems is known to increase their physical stability by protecting these 

compounds from undesirable chemical interactions with food ingredients.14 Also, encapsulation of 

the essential oil compounds carvacrol and eugenol within nanoscale micelles has been shown to 

increase their antimicrobial activity by enhancing physicochemical interactions between these 

molecules and the outer membranes harmful microorganisms.15,16  

Oil-in-water (O/W) nanoemulsions containing carvacrol have been recently created by 

high-energy homogenization,1 as well as low-energy spontaneous emulsification.17 In the latter 

study, initial droplet size was sensitive to the concentration of carvacrol in the carrier oil (medium 

chain triglyceride, MCT), and over 30 days, the droplets increased in size with the greatest 

increases observed for droplets containing the greatest amount of carvacrol (30, 40 wt.% carvacrol 

in MCT).17 The authors speculate that the increased polarity of the oil phase resulting from the 

increased concentration of carvacrol contributed to the accelerated droplet coalescence due to 

weakened adsorption of the surfactant (Tween 20) to the O/W interface.18 Indeed, the adsorption 

strength and level of intermolecular interactions of molecules adsorbed to fluid interfaces will have 

a strong effect on the overall kinetic stability of nanoemulsions, as well as the measured rheological 

response of the interface. Although, many past studies have concluded that there is not always a 

direct correlation between the interfacial rheological response and nanoemulsion stability.19,20 

Here, to directly quantify the molecular-level interactions of surfactant-stabilized O/W 

nanoemulsions containing carvacrol, we investigated O/W droplet interfaces containing 

zwitterionic (soy lecithin) or non-ionic (Tween 20) molecules using axisymmetric drop shape 

analysis. Lecithin is a naturally derived mixture of zwitterionic phospholipid molecules widely 

used as an emulsifying agent in the food industry. Its major component, phosphatidylcholine, is 

composed of a polar head group containing phosphocholine and glycerol residue. 
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Phosphatidylcholine also contains a non-polar region composed of two hydrocarbon fatty acid 

chains. The effectiveness of lecithin as a nanoemulsion stabilizer is attributed to the self-assembly 

of the molecule at the O/W interface and subsequent formation of a thick viscoelastic film 

strengthened by hydrogen bonding between phosphate groups on neighboring molecules.21 Tween 

20 is a food-grade, non-ionic surfactant containing a polyoxyethylene head group and fatty acid 

tail linked together by sorbitol. Recent investigations have attributed the protection against oil 

droplet coalescence in O/W emulsions stabilized by Tween 20 to the high surface activity and 

steric interactions of Tween 20 molecules at oil droplet interfaces.18,22 These surfactants were 

chosen to due to their widespread use as food grade emulsifiers. 

This study seeks to elucidate the contribution of the rheological properties of surfactant-

laden O/W interfaces in the stabilization of nanoemulsions containing carvacrol. The interfacial 

tension isotherms for soy lecithin or Tween 20 adsorbed O/W interfaces were measured by static 

pendant drop tensiometry. The development of viscoelasticity in these interfaces within the first 

24 hours of formation was quantified by oscillating pendant drop tensiometry. Nanoemulsions 

containing these surfactants were created by ultrasonication. The Z-Average (Z-Ave) diameter and 

zeta (ζ) potential of oil droplets were measured 24 hours after formulation. The Z-Ave diameter 

and ζ potential of nanoemulsions were monitored over 30 days at 23 °C under standard gravity and 

comparisons were made between initial and final values to illustrate extended emulsion 

stabilization behavior. 
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 Experimental Methods 

2.2.1 Materials and Reagents 

For both axisymmetric drop shape analysis and nanoemulsion preparation, the aqueous 

phase was a citrate-phosphate buffer (5 mmol citric acid and 10 mmol dibasic sodium phosphate) 

mixed in various ratios to obtain pH 7 and 3 buffers. These aqueous phase pH values were selected 

to mimic the neutral and acidic environments of common commercial beverages, such as milk and 

soft drinks. Deionized water with 18 MΩ cm resistivity was obtained from a Barnsted NanopureTM 

system with a 0.2 μm filter. The emulsifying agents investigated were Ultralec® P soy lecithin 

(Archer Daniels Midland Specialty Products, stored at 4 °C) and Tween® 20 (Sigma-Aldrich, 

stored at 23 °C) and were used as received. The manufacturer reported lecithin’s major 

phospholipid content as 23 wt.% phosphatidylcholine, 18 wt.% phosphatidylethanolamine, 15 

wt.% phosphatidylinositol, and 6 wt.% phosphatidic acid. 

For nanoemulsion preparation, the oil phase comprised 5 wt.% of the total 20 g 

nanoemulsion and the concentrations of carvacrol (≥99.8% pure, Sigma-Aldrich) in the oil phase 

were 0 (control), 5, 10, 20, 40, 60 and 80 wt.% carvacrol in Neobee® 1053 medium-chain 

triglyceride (MCT) oil (Stepan Specialty Products). Each oil phase mixture was passed through an 

alumina column three times to remove surface-active trace impurities prior to use. For 

axisymmetric drop shape analysis, the oil phase contained 10 wt.% carvacrol in MCT oil. 

2.2.2 Determination of Minimum Nanoemulsion Surfactant Concentration 

In the process of nanoemulsion formulation, very large surface to volume ratios of oil 

droplet interfaces are generated. Therefore, the concentration of emulsifier (lecithin or Tween 20) 

necessary to accommodate the large interfacial areas generated were determined prior to emulsion 

formulation. The minimum surfactant concentration (Ca) necessary for nanoemulsion formation is 
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given by Ca =
6φΓs

d
, where φ is the volume fraction of the disperse phase, d is the mean droplet 

diameter, and Γs is the surface load.40–42 For our nanoemulsions, the dispersed oil phase volume 

fraction was φ = 0.05 and the desired droplet diameter was d = 150 nm. 

The surface load, Γs, was estimated by assuming that the required surfactant concentration 

at the O/W interfaces was equal to the surface excess concentration of the surfactant, Γ∞, where 

the O/W interface is saturated with surfactant molecules.43 The surface excess concentration is 

given by Gibbs adsorption isotherm, 𝛤∞ =  −
1

𝑛𝑅𝑇

dγ

d ln C
, where γ is the interfacial tension (mN/m), 

C is the bulk concentration (mol/L), R is the gas constant, T is the temperature (K), and the integer, 

n, accounts for the charge interactions within the polar head group of the surfactant. For non-ionic 

surfactants (Tween 20) the value for n = 1.44,45 Likewise, the value for n may be taken as 1 for 

zwitterionic surfactants (lecithin) due to the zero-net ionization of the polar head group.46,47  

To estimate Γ∞, the diffusion-limited equilibrium adsorption was measured for each 

surfactant using static pendant drop tensiometry. Dynamic O/W interfacial tension isotherms were 

measured for each surfactant at various concentrations until a plateau value was reached and are 

provided in Figure 2-1. Plateau values obtained from O/W interfacial tension isotherms were 

plotted as a function of surfactant concentration in Figure 2-2 to estimate Γ∞. Furthermore, these 

data yielded approximations for the critical aggregation concentrations (CAC) of lecithin and 

Tween 20. The CAC values were determined to be 0.08 g/L (0.008 wt.%) for lecithin and 0.1 g/L 

(0.01 wt.%) for Tween 20. 
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Figure 2-1 Interfacial tension isotherms for (a) 0.35 wt.% lecithin stabilized interfaces and (b) 1 wt.% 

Tween 20 stabilized interfaces. The aqueous continuous phase contained the surfactant and citrate-

phosphate buffer at pH 7. The oil droplet phase contained 10 wt.% carvacrol in MCT oil. 
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Figure 2-2 Interfacial tension as a function of bulk surfactant concentration (mol L-1) for lecithin 

(blue/circles) and Tween 20 (green/triangles). Error bars represent ± 1 standard deviation. Surfactants were 

dispersed in a pH 7 citrate-phosphate buffer solution and the oil phase consisted of 10% (v/v) carvacrol in 

MCT oil. The lines are best fits of the Gibbs adsorption isotherm. 
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The slopes obtained from the semi-log plot of interfacial tension versus surfactant 

concentration, at concentrations near the point where the interfacial tension approaches a constant 

value, were used in the Gibbs adsorption isotherm.44,45 Values for Γ∞ were determined to be 2.0 

µmol/m2 for lecithin and 3.1 µmol/m2 for Tween 20. Substituting these values of Γ∞ for the values 

of Γs, Ca values were calculated for 150 nm diameter spherical oil droplets and an oil volume 

fraction, φ = 0.05. This analysis yielded approximate minimum nanoemulsion surfactant 

concentrations of 3.1 mg/mL (0.31 wt.%) for lecithin and 7.6 mg/mL (0.76 wt.%) for Tween 20. 

To quantify the measurable effect that surfactant concentration had on the interfacial rheology and 

kinetic stability of nanoemulsions, concentrations below Ca (0.25 wt.% lecithin and 0.25 wt.% 

Tween 20) and above Ca (0.35 wt.% lecithin and 1 wt.% Tween 20) were investigated. 

2.2.3 Nanoemulsion Preparation 

Nanoemulsions were prepared using a BransonTM digital sonifier. The sonifier was 

operated at 40% maximum intensity and sonics were applied for 2 second pulses for a total 

processing time of 3 minutes. Nanoemulsions were cooled during ultrasonic processing using an 

ice bath at 4 °C. A duplicate of each nanoemulsion was formulated to ensure reproducibility. Each 

nanoemulsion contained 5 wt.% oil dispersed in an aqueous citrate-phosphate buffer continuous 

phase, for a total emulsion mass of 20 g. 

The effect of oil phase composition on the coarsening behavior of bulk nanoemulsions was 

investigated first. The composition of the oil phase within bulk nanoemulsions was varied by 

combining different mass ratios of our bioactive compound (carvacrol) and carrier oil (MCT) prior 

to emulsification (0, 5, 10, 20, 40, 60 and 80 wt.% carvacrol in MCT oil). Otherwise, a standardized 

oil phase composition (10 wt.% Carvacrol in MCT oil) was used to compare the effects of lecithin 

or Tween 20 adsorption on viscoelasticity and long-term stabilization behavior in bulk 
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nanoemulsions. Details on the determination of Ca for lecithin and Tween 20 are provided in 

Chapter 2.2.2. The nanoemulsion surfactant concentrations less than Ca were 0.25 wt.% lecithin 

or 0.25 wt.% Tween 20 and the concentrations greater than Ca were 0.35 wt.% lecithin or 1 wt.% 

Tween 20. 

2.2.4 Nanoemulsion Droplet Size Measurements 

The droplet properties analyzed in this study were average oil droplet size (Z-Ave) and ζ 

potential, obtained after storage at 23 ºC for 1, 7, 15, and 30 days using a Malvern® Zetasizer Nano 

ZS under standard operating conditions. Values are reported as averages ± 1 standard deviation 

(for n > 3 measurements). 

 Results and Discussion 

2.3.1 Effect of Oil Phase Composition and Surfactant Concentration on Initial 

Nanoemulsion Stability 

The composition of the oil phase and concentration of the surfactant in the aqueous phase 

were major contributors to the initial stability of nanoemulsions that contained carvacrol. 

Nanoemulsion instability manifested as the formation of a distinct lipid layer at the top of the 

container and a relatively clear, droplet-depleted aqueous layer at the bottom of the container. 

Nanoemulsions stabilized by 0.25 wt.% Tween 20, a concentration below its Ca, were highly 

unstable within the first 24 hours. When the concentration of carvacrol in the oil phase exceeded 

10 wt.%, the formation of two distinct oil and aqueous phases begins to occur (Figure 2-3a). 

Nanoemulsions containing 1 wt.% Tween 20, a concentration above its Ca, appeared to be slightly 

more stable (Figure 2-3b). For these nanoemulsions, a distinct lipid layer at the top of the container 

also began to form when the concentration of carvacrol exceeded 10 wt.%. However, the bottom 

layer of the nanoemulsions remained relatively turbid until the concentration of carvacrol in the 
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oil phase exceeded 60 wt.%. Very low kinetic stability of nanoemulsions stabilized by Tween 20 

has also been observed in the literature.22  

 

 

 
 

 

Contrarily, nanoemulsions containing 0.25 wt. % lecithin, a concentration below its Ca, 

were notably more stable than Tween 20 nanoemulsions on all accounts. Nanoemulsions stabilized 

by lecithin did not form a visible lipid layer at the top of the container after 24 hours until the 

concentration of carvacrol in the oil phase exceeded 20 wt.%. Also, the bottom layer of these 

nanoemulsions remained turbid for each carvacrol concentrations investigated (Figure 2-3c). 

Furthermore, when the nanoemulsions contained 0.35 wt.% lecithin (above its Ca), the stability of 

carvacrol containing nanoemulsions further increased. Nanoemulsions remained turbid for all 

carvacrol concentrations investigated and no visible lipid layer formed until the concentration of 

carvacrol exceeded 40 wt.% of the oil phase (Figure 2-3d). 

Figure 2-3 Photographs taken 24 h after emulsification for oil-in-water nanoemulsions at pH 7 stabilized 

by (a) 0.25 wt.% Tween 20, (b) 1 wt.% Tween 20, (c) 0.25 wt.% lecithin or (d) 0.25 wt.% lecithin. Each 

emulsion contains 5 wt.% dispersed oil phase, with increasing amounts of carvacrol in MCT oil from left 

to right (0 (control), 5, 10, 20, 40, 60, 80 wt.% carvacrol). 
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The differences in kinetic stability seen between nanoemulsions containing surfactant 

concentrations below Ca to those above Ca may be partially due to a deficiency of surfactant in the 

aqueous phase that could adsorb to the large O/W interfacial areas generated during emulsification 

at surfactant concentrations below Ca. Generally, an excess of emulsifier is necessary because there 

is an equilibrium between emulsifier at the droplet surface and that in the continuous phase that 

must be achieved for adequate kinetic stability.41  

A recent investigation of O/W nanoemulsions containing carvacrol attributed the rapid 

O/W phase separation to coalescence and Ostwald ripening mechanisms resulting from the 

addition of carvacrol.17 Several studies have suggested that the high polarity and low interfacial 

tension of carvacrol (and similar compounds) accelerates the rate of emulsion droplet 

coalescence,17,18 the process where colliding droplets merge together.42,48 Likewise, 

nanoemulsions containing oils with some limited water solubility (i.e. carvacrol) have also been 

shown to be susceptible to Ostwald ripening,17,49 the process where large droplets grow at the 

expense of smaller droplets due to the transport of mass through the aqueous continuous 

medium.13,17,49,50 It has therefore been suggested that the presence of a non-polar, insoluble oil (i.e. 

MCT) decreases the rate of coalescence by decreasing the oil phase polarity and increasing the 

O/W interfacial tension17 and inhibits Ostwald ripening due to an entropy of mixing effect.49,51–53  

Indeed, the concentration of surfactant in the aqueous phase, relatively high polarity, low 

O/W interfacial tension, and limited water solubility of carvacrol molecules are likely attributable 

factors in the coalescence and Ostwald ripening of oil droplets and ultimately the macroscopic 

kinetic destabilization seen in these nanoemulsions. However, our interfacial rheometry results 

described in Chapter 2.3.2 indicate that the viscoelasticity of the surfactant-laden interfacial layer 

may also play a crucial role in the stabilization of nanoemulsion oil droplets. 
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2.3.2 Effect of Surfactant Concentration on Interfacial Viscoelasticity 

The apparent viscoelastic moduli, E’ and E’’, were measured for an oil droplet in aqueous 

surfactant solutions at pH 7 and 3. The oil droplet was a mixture of carvacrol and MCT oil (10 

wt.% carvacrol in MCT oil). The aqueous phase contained lecithin or Tween 20 at concentrations 

below and above their corresponding Ca values. It is important to note that all aqueous phase 

surfactant concentrations used in oscillating pendant drop experiments (0.25. 0.35 wt.% lecithin, 

or 0.25, 1 wt.% Tween 20) were much higher than the experimentally determined critical 

aggregation concentrations (CACs) for lecithin (≈ 0.008 wt.%) and Tween 20 (≈ 0.01 wt.%). 

The concentration of the surfactant in the aqueous phase appeared to slightly influence the 

developed viscoelastic response of O/W interfaces containing lecithin after 24 hours. When the 

concentration of surfactant in the aqueous phase (pH 7) was increased from 0.25 wt.% lecithin 

(Figure 2-4a) to 0.35 wt.% lecithin (Figure 2-5a), the apparent E’ value after 24 hours increased 

by ca. 13%. Similar viscoelastic behavior was seen for aqueous lecithin solutions at pH 3. When 

the concentration of lecithin was increased from 0.25 wt.% lecithin (Figure 2-4b) to 0.35 wt.% 

lecithin (Figure 2-5b), the developed E’ value increased by ca. 28%. Conversely, the developed 

viscoelastic response for O/W interfaces containing Tween 20 appeared to be insensitive to 

surfactant concentration in the aqueous phase (at pH 7 and 3). Values for E’ and E’’ remained 

unchanged when the concentration was increased from 0.25 wt.% Tween 20 to 1 wt.% Tween 20. 
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Figure 2-4 Evolution of the viscoelastic moduli, E’ and E”, over 24 h for 0.25 wt.% Lecithin and 0.25 wt.% 

Tween 20 stabilized O/W interfaces at (a) pH 7 and (b) pH 3. The aqueous phase contained the emulsifier, 

while the oil phase had a composition of 10 wt.% carvacrol in MCT oil. Oscillations were conducted at a 

frequency of 0.01 Hz. Lines simply connect data points to aid the eye. 

Figure 2-5 Evolution of the viscoelastic moduli, E’ and E”, over 24 h for 0.35 wt.% Lecithin and 1 wt.% 

Tween 20 stabilized O/W interfaces at (a) pH 7 and (b) pH 3. The aqueous phase contained the emulsifier, 

while the oil phase had a composition of 10 wt.% carvacrol in MCT oil. Oscillations were conducted at a 

frequency of 0.01 Hz. Lines simply connect data points to aid the eye. 
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In all interfacial rheological measurements of surfactant-laden interfaces, the applied area 

strain was small (2%) and rate of interfacial area deformation was low (0.01 Hz). Also, the 

concentrations of surfactant in the aqueous phase relative to the CACs for lecithin and Tween 20 

were several orders of magnitude higher. Therefore, the variations in the viscoelastic response (or 

lack thereof) resulting from increases in surfactant concentration in the aqueous phase were 

believed not to be a result of Marangoni stresses, where surfactant concentration gradients in the 

interface lead to non-uniform interfacial tension contributions. 

The slight increase in the elastic storage modulus, E’, when the concentration of lecithin 

was increased from 0.25 to 0.35 wt.% was presumably due to accumulation of lecithin molecules 

near the O/W interface and the further development of a rigid, two-dimensional layer of lecithin 

molecules in the aqueous sub-phase. As stated in the literature, lecithin is believed to form a thick 

viscoelastic film that is strengthened by hydrogen bonding between phosphate groups on 

neighboring molecules.21 On the other hand, Tween 20 molecules are non-ionic, and thus lack the 

ability to form a strongly associated network with neighboring molecules. Therefore, a very low 

resistance to interfacial deformation (i.e. a low viscoelastic response) was seen for each O/W 

interface containing 0.25 and 1 wt. % Tween 20. 

2.3.3 Effect of pH on Interfacial Viscoelasticity 

The pH of the aqueous phase markedly contributed to the apparent viscoelastic response 

developed after 24 hours for O/W interfaces containing lecithin. For aqueous solutions containing 

0.25 wt.% lecithin, shifting the pH from 7 to 3 decreased E’ by ca. -28% (Figure 2-4). Similarly, 

for aqueous solutions containing 0.35 wt.% lecithin, shifting the aqueous phase pH from 7 to 3 

decreased E’ by ca. -19% (Figure 2-5).  
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In previous studies,54,55 the surface mechanics of insoluble monolayers formed by 

phosphatidylcholine molecules at the air-water interface were investigated at pH 9, 7, and 5. The 

explicit underlying assumption in these studies was that all spread phospholipid molecules 

remained at the air–water interface during relaxation experiments. The authors created uniform 

phospholipid monolayers by direct spreading of phosphatidylcholine molecules at the air-water 

interface using a volatile solvent. With this process, the concentration of phosphatidylcholine 

molecules in the aqueous sub-phase was essentially zero, as all spread surfactant molecules 

adsorbed to and strongly remained at the air-water interface during rheological investigation. The 

authors stated that the presence of surfactant aggregates in the aqueous sub-phase may lead to 

desorption/readsorption of surfactant molecules from/to the interface during relaxation 

experiments, which would have a noticeable impact on the observed interfacial viscoelastic 

behavior.54 

In the current study, the interfacial systems investigated contained aqueous phases with 

high surfactant concentrations (and thus surfactant aggregates) in the bulk aqueous phase. The 

presence of surfactant aggregates in the aqueous sub-phase allows the surfactant molecules to 

readily adsorb/desorb to accommodate interfacial dilatational fluctuations. It is believed that at pH 

7, the tendency for desorption/readsorption of phospholipids from/to the oil-water interface is 

relatively low due to strong attractive van der Waals interactions (hydrogen-bonding) between 

phospholipids and surrounding molecules provided by the ionized phosphate moieties within 

phospholipid head-groups, and thus the measured elastic response of the interface is high. 

However, at pH 3, it is believed the desorption/readsorption tendency is slightly more 

pronounced due to a net increase in the repulsive electrostatic interactions between phospholipids. 

Presumably, this behavior is due to the protonation of the negatively charged phosphate moieties 
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(which begins to occur near pH 3 56) and the domination of repulsive interactions originating from 

the positively charged choline and ethanolamine moieties of PC and PE, respectively. Thus, 

surfactant desorption/adsorption would occur more easily at low pH for these systems and would 

in turn lead to the decrease in the elastic response of the surfactant stabilized interface observed in 

this study. 

Contrarily, the developed viscoelastic response after 24 hours for Tween 20 monolayers 

was very low overall and less sensitive to the pH of the aqueous phase. Adjusting the aqueous 

phase pH from 7 to 3 slightly decreased the O/W interface’s (very low) viscoelastic response. For 

aqueous solutions containing 0.25 wt.% Tween 20, adjusting the pH from 7 to 3 decreased E’ by 

ca. -11% (Figure 2-4). Likewise, when the aqueous phase contained 0.35 wt.% Tween 20, shifting 

the pH from 7 to 3 decreased E’ by ca. -7% (Figure 2-5). 

The very low viscoelastic response overall for interfaces stabilized by Tween 20 may be 

because these systems also contained high concentrations of surfactant in the bulk aqueous phase 

which would allow desorption/readsorption of surfactant molecules from/to the interface during 

relaxation experiments. Furthermore, the tendency for desorption/readsorption would be 

magnified by the nonionic nature of Tween 20 molecules and the lack of a strongly associated 

surfactant network to act as a barrier for surfactant desorption/readsorption from/to the interface 

in response to imposed dilatational strains for each pH investigated. 

In general, shifting the pH of the aqueous phase from neutral to acidic notably decreased 

the interfacial elasticity of O/W interfaces containing zwitterionic lecithin molecules, and to a 

much lesser extent for O/W interfaces containing non-ionic Tween 20 molecules. However, upon 

analysis of the evolution of nanoemulsion size distributions and change in Z-Ave droplet diameter 

over 30 days (discussed in Chapter 2.3.4), there was no apparent correlation between the pH of the 
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aqueous phase and the extended stability of the bulk surfactant-stabilized nanoemulsions. 

Therefore, the pH of the aqueous was determined to not be a primary contributor to the extended 

stability of bulk nanoemulsions (Table 2-1).



 

 

Table 2-1 Z-Ave oil droplet diameters collected on Day 1 and Day 30 for lecithin and Tween 20 nanoemulsions at pH 7 and 3. Each system had a 

dispersed oil phase that contained 10 wt.% carvacrol in MCT oil (0.05 wt.% carvacrol overall). Data are reported for nanoemulsions with lecithin or 

Tween 20 concentrations less than and greater than Ca. Values are reported as averages ± 1 standard deviation (n > 3). 

Z-Ave Diameter (nm) 

Nanoemulsions containing Tween 20 Nanoemulsions containing Lecithin 

Concentration pH Day 1 Day 30 
% Increase 

(time) 
Concentration pH Day 1 Day 30 

% Increase 

(time) 

0.25 wt.% 
7 159 ± 5 956 ± 73 500 

0.25 wt.% 
7 201 ± 3  248 ±5 23 

3 241 ± 3 584 ± 76 142 3 205 ± 2  218 ± 4 6 

1 wt.% 
7 232 ± 2 569 ± 81 145 

0.35 wt.% 
7 142 ± 2 151 ± 1 6 

3 228 ± 2 558 ± 69 145 3 196 ± 1 212 ± 2 8 
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2.3.4 Correlation Between Dilatational Viscoelasticity and Nanoemulsion Stability 

The viscoelastic response of O/W interfaces after 24 hours was shown to correlate with the 

extended kinetic stability of bulk nanoemulsions. For the O/W interface containing 0.25 wt.% 

Tween 20, a concentration below its Ca (Figure 2-4), a very low viscoelastic response was 

observed. Similarly, a low viscoelastic response was also observed for the O/W interface 

containing 1 wt.% Tween 20, a concentration above its Ca (Figure 2-5). Previous research on foam 

bubbles57 and emulsion droplets58 has indicated that interfacial films with low elasticity and 

electrical potential are susceptible to the development of bimodal droplet size distributions over 

time through the mechanism of Ostwald ripening.57,58  

This behavior was evident in the droplet size distributions of O/W nanoemulsions 

containing 0.25 wt.% Tween 20 at pH 7 (Figure 2-6a) and pH 3 (Figure 2-7a), as well as those 

containing 1 wt.% Tween 20 at pH 7 (Figure 2-6b) and pH 3 (Figure 2-7b). Over 30 days, the 

nanoemulsion droplet size distributions consistently transitioned from monomodal to biomodal. 

Furthermore, for all nanoemulsions containing Tween 20, the Z-Ave droplet diameters of oil 

droplets increased by a least 140% over 30 days of storage (Figure 2-8). Analysis of the droplet ζ 

potential 24 hours after formulation (Table 2-2) for pH 7 nanoemulsions containing 0.25 wt.% 

Tween 20 yielded near zero values of ca. +1.1 mV and those at a concentration of 1 wt.% Tween 

20 also yielded relatively low values of ca. +1.3 mV. Very similar ζ potential values were also 

observed when the pH was shifted from 7 to 3 (Table 2-2). 
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Figure 2-6 Intensity size distributions over 30 days for oil-in-water emulsions that contained 5 wt.% oil 

(10 wt.% carvacrol in MCT oil) stabilized by (a) 0.25 wt.% Tween 20, (b) 1 wt.% Tween 20, (c) 0.25 wt.% 

lecithin or (d) 0.35 wt.% lecithin at pH 7. Data were offset from zero to illustrate size distribution changes 

over time. 
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Figure 2-7 Intensity size distributions over 30 days for oil-in-water emulsions that contained 5 wt.% oil 

(10 wt.% carvacrol in MCT oil) stabilized by (a) 0.25 wt.% Tween 20, (b) 1 wt.% Tween 20, (c) 0.25 wt.% 

lecithin or (d) 0.35 wt.% lecithin at pH 3. Data were offset from zero to illustrate size distribution changes 

over time. 



 

 

Table 2-2 Zeta (ζ) potential measurements collected on Day 1 and Day 30 for lecithin and Tween 20 nanoemulsions at pH 7 and 3. Each 

system had a dispersed oil phase that contained 10 wt.% carvacrol in MCT oil (0.05 wt.% carvacrol overall). Data are reported for 

nanoemulsions with lecithin or Tween 20 concentrations less than and greater than Ca. Values are reported as averages ± 1 standard 

deviation (n > 3). 

ζ potential / (mV) 

Nanoemulsions containing Tween 20 Nanoemulsions containing Lecithin 

Concentration  pH Day 1 Day 30 Concentration  pH Day 1 Day 30 

0.25 wt.% 
7 1.1 ± 0.1  1.2 ± 0.1  

0.25 wt.% 
7 -33.9 ± 0.4  -32.4 ± 1.9  

3 1.0 ± 0.2 0.8 ± 0.3  3 -51.8 ± 0.1  -51.9 ± 0.3 

1 wt.% 
7 1.3 ± 0.2 1.4 ± 0.1 

0.35 wt.% 
7 -36.9 ± 0.9 -38.9 ± 0.2 

3 0.9 ± 0.1 0.9 ± 0.2 3 -48.9 ± 0.4 -56.9 ± 0.5 
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Contrary to the interfacial layer formed by non-ionic Tween 20 molecules, the layer formed 

by lecithin molecules was highly viscoelastic. This translated to greatly improved extended 

stability of nanoemulsions stabilized by lecithin. For nanoemulsions containing 0.25 wt.% lecithin 

at pH 7, the increase in droplet diameter was relatively small over the course of 30 days, increasing 

by 23% (Figure 2-8). Shifting the aqueous phase pH down to 3 reduced the change in oil droplet 

diameter over time, yielding increases of only ca. 6% after 30 days. Changing the pH of the 

aqueous phase also appeared to slightly affect the initial Z-Ave diameter of nanoemulsions 

containing 0.35 wt.% lecithin. At pH 7, the initial diameter of oil droplets was ca. 142 nm; 

however, when the aqueous phase pH was decreased to pH 3 at this surfactant concentration, the 

initial diameter of oil droplets increased to ca. 196 nm. Increases in droplet diameter over time 

remained small, however, increasing by ca. 8% after 30 days. 

 

 
  

Figure 2-8 Visualization of the % change in droplet Z-Ave diameter over 30 days for Tween 20 and lecithin 

stabilized nanoemulsions at surfactant concentrations (a) below and (b) above their corresponding Ca 

values. The oil phase made up 5 wt.% of the total nanoemulsion (10 wt.% carvacrol in MCT oil). Lines 

simply connect data points to aid the eye. 
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The dependence of initial droplet diameter on pH may due to a change in the optimum 

curvature of the surfactant at the O/W interface as a result of a change in the sub-phase pH, as 

discussed in the literature.41,59,60 This is supported by the behavior seen in the ζ potential 

measurements of lecithin-stabilized nanoemulsions over 30 days. Lecithin molecules adsorbed to 

O/W interface formed monolayers with relatively high ζ potential. For the nanoemulsions 

containing 0.25 wt.% lecithin at pH 7, the initial ζ potential values were ca. -34 mV. Likewise, for 

nanoemulsions containing 0.35 wt.% lecithin at pH 7, the ζ potential values were ca. -37 mV after 

24 hours, comparable to the values found by other researchers.61 When the pH of the aqueous 

phase was shifted to 3 for nanoemulsions containing 0.25 wt.% lecithin, there was a noticeable 

increase in the magnitude of the initial ζ potential to ca. -52 mV. Likewise, when the pH was 

shifted to 3 for nanoemulsions containing 0.35 wt. % lecithin, the magnitude of the initial ζ 

potential increased to ca. -49 mV. This correlated well with observed increase in initial Z-Ave 

droplet diameter of lecithin-stabilized nanoemulsions under acidic (pH 3) conditions, compared to 

those in a neutral environment (pH 7). Presumably, protonation of the phosphate ion in zwitterionic 

lecithin molecules would increase the overall ionization of these molecules and simultaneously 

change the optimum curvature of these molecules at the O/W interface. An increase in the number 

of adsorbed negative ions at the O/W interface would cause the increase in the magnitude of 

measured ζ potential. Likewise, the change in optimum curvature of lecithin molecules at the 

interface would result in the observed increase in initial oil droplet diameter. 

Generally, the nanoemulsions stabilized by Tween 20 were anticipated to have poor 

extended stability due to the absence of a strongly associated viscoelastic network of surfactant 

molecules at the O/W interface and low electrostatic stabilization between oil droplets. These 

properties likely led to the high susceptibility of Tween 20 stabilized nanoemulsions to 
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destabilization mechanisms involving interfacial deformation (i.e. coalescence). This behavior was 

supported by data showing the consistent formation of a bimodal droplet size distribution in Tween 

20 stabilized nanoemulsion over 30 days. However, nanoemulsions stabilized by lecithin were 

anticipated to be relatively more stable due to the formation of oil droplets with high interfacial 

viscoelasticity and electrical potential. These predictions were confirmed in the analysis of the oil 

droplet size for these nanoemulsions, which revealed the continuation of monomial size 

distributions over the storage time investigated, agreeing well with other researchers.58 This 

information potentially illustrates that the extended kinetic stabilization of nanoemulsion delivery 

systems is closely related to the physicochemical properties of the bulk nanoemulsion, as well as 

the mechanical properties of the interfacial layer.  

 Summary 

This investigation demonstrates that the formation of surfactant-laden interfacial layer with 

high viscoelasticity may provide additional benefits in food-based O/W nanoemulsion delivery 

systems. This study also supports the use of oscillating pendant drop tensiometry as a viable 

methodology for predicting the kinetic stability of nanoemulsions, which can be used in parallel 

with other nanoemulsion characterization analyses. Pendant drop results indicated that the O/W 

interface containing lecithin displayed much higher viscoelasticity than interfaces containing 

Tween 20, possibly due to strong chemical association between lecithin and adjacent molecules. 

This phenomenon correlated well with stability of nanoemulsions containing carvacrol, such as 

the nanoemulsion’s resistance to droplet size increases and the formation of a bimodal droplet size 

distribution over time.  

Past studies have ultimately determined that there is not always a direct correlation between 

measured shear or dilatational interfacial rheology and emulsion stability.19,20 It has been found, 
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however, that interfaces with highly elastic or gelled structures reduce the overall magnitude of 

deformation that a droplet encounters due to external forces.62,63 The results in this work indicate 

that the resistance to interfacial deformation displayed by lecithin-stabilized interface may 

contribute to the highly stable bulk nanoemulsion characteristics, in terms of resistance to increases 

in Z-Ave droplet diameter and the formation of a bimodal size distribution.  

This information is potentially very useful for the fabrication of stable nanoemulsion-based 

delivery systems containing other antimicrobial and flavor compounds with similar chemical 

architectures to carvacrol (i.e., thymol and menthol); however, due to the differences in 

physicochemical properties of these compounds, detailed analyses of such systems would be 

required for specific determination of the extended nanoemulsion stability. The techniques 

provided in this work also give insight into the interfacial criteria for selecting appropriate 

emulsifiers to use in nanoemulsion-based delivery systems containing food grade compounds. 
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CHAPTER 3  ADSORPTION, DILATATIONAL RHEOLOGY, AND 

EMULSION STABILIZATION OF SIO2-DPPC COMPLEXES AT THE 

OIL-WATER INTERFACE 

Portions of the following chapter contain text and figures adapted from the article, “Adsorption, 

Dilatational Rheology, and Emulsion Stabilization of SiO2-DPPC Complexes at the Oil-Water 

Interface,” with permission from J.J. Nash and K.A. Erk, which has been submitted for 

publication. 

 Introduction 

Recent advances in the production of pharmaceutical compounds has led to a large 

proportion (> 40%) of newly developed pharmaceuticals being lipophilic in character.1 The limited 

solubility of these drugs in aqueous media presents many challenges for pharmaceutical scientists 

including poor oral bioavailability, significant variation between human subjects, and limited 

flexibility in controlling appropriate dosing levels.2 Many approaches are currently used to 

overcome the difficulties associated with the suboptimal bioavailability of lipophilic 

pharmaceuticals, some of which include pre-dissolving the compound in a suitable solvent 

followed by filling the mixture into capsules3 or by creating a solid solution using water-soluble 

polymers.4 While these approaches can aid in partially dissolving poorly-soluble molecules within 

the aqueous environment of the gastrointestinal (GI) tract, major challenges including bulk drug 

accumulation upon introduction of the formulation into the GI tract remain.1 

One of the most promising and readily accessible strategies for overcoming these 

additional challenges is by using emulsion-based delivery systems, which encapsulate the oil-

soluble drug within a natural lipid vehicle. These delivery systems allow the oil-soluble drug to be 

dispersed uniformly in the GI tract and slowly release the encapsulated compound, thus increasing 
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the bioavailability of the poorly-soluble therapeutic. Naturally occurring oils (e.g., corn oil, 

soybean oil, palm oil, etc.) are well suited to act as carries for poorly-soluble therapeutics and are 

regularly utilized to deliver encapsulated flavor compounds in food engineering applications.5,6 

Many oil-in-water emulsions used in the delivery of pharmaceuticals are formulated using 

traditional low molecular weight biological surfactants that significantly reduce the interfacial 

tension of immiscible fluids and ultimately ease the creation of disperse phase droplets on the order 

10s of nanometer to several microns7,8 Often, a downside of these emulsions is their susceptibility 

to physical destabilization mechanisms over time, such as droplet coalescence and Ostwald 

ripening.9,10 The shelf-life of emulsions of this type has recently been shown to be dramatically 

extended for similar emulsion-based delivery systems that contain a combination of surfactant and 

silicon dioxide nanoparticles.11–14 Silicon dioxide (SiO2) has received the “Generally Recognized 

as Safe” classification as a food for human consumption by the United States Food and Drug 

Administration.15 However, many of the surfactants (e.g., cetyltrimethylammonium bromide or 

CTAB) employed alongside SiO2 nanoparticles in these studies for improving the dispersion of 

immiscible fluids exhibit a high degree of toxicity,16 and as such, their suitability in biological 

applications is significantly limited. 

Understanding the adsorptive and interfacial properties of colloidal silica nanoparticles in 

the presence of surfactants has proven to be of special interest in recent literature because of the 

noted association with enhanced dispersion stability.12,17–20 Surface tension measurements on 

aqueous particle-surfactant dispersions have been employed as a reliable method for determining 

the concentration of surfactant monomer in equilibrium with the adsorbed interfacial layer17,19 and 

the mechanics of mixed particle-surfactant monolayers have been studied by interfacial 

rheology.21,22 In a study by Liggieri et al.,21 wide frequency dilatational rheology measurements 
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(ranging from 10-3 to 103 Hz) for SiO2 nanoparticle-CTAB complexes were performed by using 

several devices with various operating frequency ranges in conjunction (i.e., an oscillating drop 

shape tensiometer, a capillary pressure tensiometer and a Langmuir trough). The authors 

postulated that interfacial monolayers comprised of particle-surfactant complexes exhibit two 

distinct relaxation mechanisms: one at low frequencies which corresponds to the motion of the 

surfactant-decorated nanoparticles and one at high frequencies that corresponds to the dynamics 

of the surfactant. Low-frequency dilatational elasticity has been evidenced as a key contributor in 

the impedance of film thinning between dispersed drops and bubbles22–24 (and coalescence by 

extension25), thus understanding such interfacial mechanics is vitally important. 

This study specifically seeks to elucidate fundamental phenomena underlying the 

fabrication of highly stable, oil-in-water emulsions generated by colloidal SiO2 decorated with the 

biologically safe emulsifier dipalmitoylphosphatidylcholine (DPPC). Additionally, this work 

focused solely on the physical correlations between the low-frequency (<10-1 Hz), small-amplitude 

(2.5% area strain) dilatational viscoelasticity of SiO2 nanoparticle-surfactant composite interfacial 

layers and the corresponding stability to coalescence and phase separation of the bulk emulsion. 

Emulsions stabilized by DPPC alone, SiO2 nanoparticles alone, and mixtures of the two emulsifiers 

were fabricated by ultrasonication and their bulk phase behavior and corresponding 

microstructures were correlated to their interfacial dilatational rheological properties. The 

connection between interfacial mechanics, observed bulk emulsion behavior, and drop 

morphology has yet to be adequately discussed within the literature. Thus, this work is exceedingly 

relevant to formulators seeking a framework for developing stable, nanoparticle-surfactant 

stabilized emulsions comprised entirely of biologically safe materials. 
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 Experimental Methods 

3.2.1 Materials and Reagents 

The zwitterionic surfactant 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%, 

CAS Registry No. 63-89-8) was obtained from Avanti Polar Lipids (Alabaster, AL) and was used 

as received. DPPC (Figure 3-1) is a semisynthetic phospholipid containing two palmitic acids 

bonded to a polar phosphocholine head-group. The head-group consists of a positively charged 

choline moiety covalently bonded to a negatively charged phosphate moiety. The critical micelle 

concentration of DPPC was reported by the manufacturer as 0.4×10-9 M, several orders of 

magnitude lower than the surfactant concentrations investigated in this study.  

 

 

Unmodified colloidal SiO2 (Ludox® HS-40, CAS Registry No. 7631-86-9) was purchased 

from Sigma-Aldrich (St. Louis, MO) and supplied as a 40 wt.% aqueous suspension at pH 9.8. 

The manufacturer reported specific surface area of the SiO2 suspension was 200 m2 g-1, with a 

density of 1.3 g cm-3. The oil phase in each adsorption experiment and bulk emulsion was a 

caprylic/capric triglyceride (Neobee® 1053, CAS Registry No. 73398-61-5, Stepan Company, 

Northfield, IL) with a density of 0.949 g cm-3. The oil was passed five times through a column 

containing Al2O3 (CAS Registry No. 1344-28-1, Fisher Scientific, Hampton, NH) prior to use to 

remove trace surface active impurities. The purity of the resulting oil was verified by measuring 

its interfacial tension with deionized water, which maintained a constant equilibrated value of 

Figure 3-1 Chemical structure of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, or DPPC. 
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24.57 ± 0.45 mN m-1 over 1.5 hours. The water used for each experiment in this study was 

produced by a Barnsted NanopureTM system containing a 0.2 µm filter and had a measured 

resistivity of 18 MΩ cm. 

3.2.2 Preparation of Aqueous Dispersions and Bulk Oil-in-Water Emulsions 

To obtain the desired concentration of SiO2 nanoparticles in the aqueous phase for each 

experiment, the as-supplied suspension was first diluted to 30 wt.% SiO2 and the pH of the was 

modulated to 7.06 ± 0.13 during dilution with a 0.1 M HCl aqueous solution. Further dilution with 

deionized water was performed to obtain aqueous particle suspensions with the desired 

concentrations: 0.05, 1, 2.5, 5, 10, and 20 wt.% SiO2 with respect to the aqueous phase. In the 

absence of any added emulsifiers, the SiO2 remained well-dispersed in water during dilution. The 

size and surface zeta (ζ) potential distributions of unmodified silica nanoparticles in aqueous 

solution at pH 7 were characterized by dynamic light scattering with a Malvern Zetasizer Nano 

ZS. Dynamic light scattering analysis for the neat SiO2 at pH 7 yielded a narrow size distribution 

with an average particle diameter of 23.02 ± 0.25 nm and average ζ potential of -42.05 ± 1.04 mV. 

The as-supplied colloidal SiO2 possessed a negative surface charge due to the addition of alkali 

and the subsequent dissociation of silanol groups on the surfaces of the nanoparticles within the 

aqueous suspension. The estimated contact angle of neat SiO2 is θ ~ 20-37°,26,27 indicating the bare 

SiO2 nanoparticles in this study were very hydrophilic. 

A 2.5 wt.% colloidal SiO2 concentration was chosen for interfacial and bulk emulsification 

studies to make comparisons with previous investigations which have incorporated CTAB as the 

co-adsorbing surfactant.12,19 Aqueous dispersions containing 2.5 wt.% colloidal SiO2 and the 

desired DPPC concentration (i.e., 0.01. 0.02, 0.05, 0.1, 0.2, 0.5, and 1 mM) were obtained by 

diluting a 5 wt.% colloidal SiO2 suspension with a concentrated DPPC aqueous suspension and 
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deionized water. Dilutions were performed by dropwise addition of the aqueous DPPC solution 

under constant stirring to avoid local particle aggregation upon dilution with the aqueous DPPC 

suspension. After mixing, the aqueous dispersions containing both emulsifiers were agitated in a 

sonic bath for 30 seconds, then equilibrated for 24 hours to allow DPPC adsorption onto SiO2 

surfaces. Dynamic light scattering measurements on DPPC-decorated SiO2 nanoparticles were 

taken within 48 hours of sample preparation.  

The first step in fabricating bulk emulsions consisted of hand-mixing vials containing a 1:1 

(v/v) ratio of purified oil and an aqueous dispersion containing one or both emulsifiers for 30 

seconds. The coarse emulsion was then sonicated in an ice bath at 4 °C using an ultrasonic probe 

sonicator (Branson Digital Sonifier, Model 250, 117V, max. output = 200 W) at 30% of the probe’s 

maximum intensity for 1 minute. Each of the resulting oil-water mixtures had a total volume equal 

to 4 mL. The microstructure and extent of phase separation of each mixture were then imaged and 

characterized 24 hours after emulsification. 

3.2.3 Phase Separation Stability and Morphology Characterization 

The stability to gravitational phase separation for each oil-in-water emulsion was 

determined by quantifying the height of the upper oil-rich layer (HO) and the height of the lower 

water-rich layer (HW) relative to the total height of the oil-water mixture (HT) after a predetermined 

equilibration time.7 The Separation Index (SI) for to the upper oil-rich layer (SI = 100 × HO/HT) 

and the lower water-rich layer (SI = 100 × HW/HT) was measured for each emulsion 24 hours after 

fabrication. The opaque middle layer present in select oil-water mixtures comprised the emulsified 

layer, which was sampled from and used for microstructural characterization. Within this context, 

smaller SI values corresponded to emulsions with greater stability to gravitational phase separation. 

All emulsion samples were stored under standard gravity at 25 °C. 
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Though additional techniques exist for directly measuring the gravity-induced settling rates 

of emulsions (e.g., X-ray transmission and light scattering techniques), visual observation and 

utilization of the Separation Index remain the most inexpensive and simply-applied methods for 

characterizing phase separation stability. Moreover, visual observation is a non-destructive 

technique that most accurately simulates the behavior of an emulsion under quiescent conditions. 

Thus, the expected shelf-life of emulsions can be most readily predicted with this method. 

The microstructure of the emulsified layer within select oil-water mixtures was studied by 

depositing an aliquot of the middle emulsified layer from select emulsions onto a glass slide placed 

on the stage of an inverted bright-field optical microscope (AmScope). Images of the dispersed 

emulsion droplets were taken with a digital single-lens reflex camera (Nikon D3300) and 

measurements of the average droplet size and ± 1 standard deviation were performed via image 

processing using open-source ImageJ software.28 

 Results and Discussion 

3.3.1 Effect of Bare SiO2 on Oil-Water Interfacial Properties 

The presence of bare SiO2 in the aqueous phase (for concentrations between 0.05-20 wt.%) 

did not measurably reduce the equilibrium interfacial tension from the value obtained for the clean 

oil–water interface, 25.47±0.35 mN m-1. Moreover, measurements of the dilatational viscoelastic 

moduli for these systems 1.5 hours after interface formation revealed that bare SiO2 nanoparticles 

alone did not modify the mechanics of the oil–water interface. The magnitudes of E’ and E” were 

not experimentally measurable (i.e., E’ and E” were < 1 mN m-1) following the 1.5-hour 

equilibration period irrespective of bulk aqueous concentration. This behavior that was 

synonymous to the mechanical behavior observed for the clean oil-water interface. Bare SiO2 

nanoparticles in the aqueous phase at pH 7 also displayed a large, negative zeta potential (ca. -40 
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mV). Each of these results agree well with the previous observations of aqueous dispersions 

containing bare colloidal SiO2 particles.18 It can be inferred from these results that the bare SiO2 

nanoparticles were very hydrophilic and possessed a low driving energy for spontaneous 

adsorption to the oil-water interface. 

3.3.2 Effect of DPPC Alone on Oil-Water Interfacial Properties 

Equilibrium interfacial tension measurements demonstrated that the rate of surfactant 

adsorption increased and the measured equilibrium interfacial tension values decreased with 

greater concentrations of DPPC in the bulk, suggesting a diffusion-controlled surfactant 

system.29,30 The corresponding equilibrium interfacial tension values versus DPPC concentration 

are provided in Figure 3-2, along with the best fit of the Langmuir adsorption isotherm to the 

experimental data. The Langmuir adsorption isotherm is given by 𝛤 = 𝛤∞
c0

aL+c0
 , where 𝛤∞ is the 

surface excess concentration, c0  is the bulk DPPC surfactant concentration, and aL  is the 

Langmuir adsorption constant (= 2.79×10-4 mol m3)29 which represents the concentration where 

half of the maximum interfacial coverage has been achieved (i.e., where 𝛤 = 𝛤∞/2 ). This 

adsorption model is commonly used for similar surfactant systems29 and provided a direct 

approximation of the surface excess concentration,  𝛤∞ ≈ 2.867 × 10−6 mol m−2 , for DPPC 

molecules at the oil-water interface. Aqueous solutions containing various concentrations of DPPC 

alone exhibited interfacial tension reduction and dilatational viscoelastic behavior at the oil-water 

interface that was anticipated for monolayers of this type.13,31 
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Measurements of the dilatational elastic (storage), E’, and viscous (loss) modulus, E”, 

versus interfacial deformation frequency were performed for oil-water interfaces containing 

various concentrations of DPPC. The results of this analysis are reported in Figure 3-3 and 

illustrate a moderate overall increase in E’ with DPPC concentration and no distinguishable trend 

in E” for these interfaces. This trend in the dilatational viscoelastic behavior has also been observed 

in our previous publication32 for oil-water interfaces laden with DPPC molecules, where higher 

concentrations of lecithin in the bulk aqueous phase increased adsorption of the surfactant to the 
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Figure 3-2 Equilibrium interfacial tensions versus DPPC concentration for oil-water interfaces containing 

DPPC alone and DPPC in the presence of a fixed SiO2 concentration (2.5 wt.%). Measurements were 

obtained 1.5 hours after interface formation. The solid line represents the best fit of the Langmuir adsorption 

isotherm. 



83 

 

oil-water interface and enabled strengthened hydrogen bonding interactions between molecules 

within the surfactant monolayer. 

 

 

  

Figure 3-3 Dilatational storage and loss moduli for oil-water interfaces laden with various concentrations 

of DPPC alone. Measurements were taken following an interface equilibration period of 1.5 hours. Solid 

lines are aids for the eye. 
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3.3.3 Physical Association of DPPC and SiO2 in Water 

As mentioned previously, a SiO2 nanoparticle concentration of 2.5 wt.% was chosen to 

make comparisons with previous research on the interfacial behavior of CTAB-decorated 

nanoparticles.12,19 The number of DPPC molecules adsorbed onto SiO2 surfaces per particle (in an 

aqueous environment) is plotted as a function of bulk DPPC concentration in Figure 3-4. These 

data are given for bulk SiO2 concentrations ranging from 0.1 – 20 wt.%. Approximation of the 

DPPC-to-SiO2 ratio assumed that all available DPPC molecules irreversibly adsorbed onto the 

available SiO2 surface area and that no free surfactant remained in the bulk aqueous dispersion 

following adsorption. Values for the DPPC-to-SiO2 ratio were calculated from the following mass 

balance, RatioDPPC to SiO2 =  
c0

𝑎𝑠𝜒𝑝𝑤𝜌
 , where c0 is the bulk concentration of DPPC, as is the total 

surface area of the bare SiO2 (taken as 200 m2 g-1 from the manufacturer’s specification), 𝜒𝑝𝑤 is 

the weight fraction of particle is aqueous dispersion (= 0.025), and 𝜌 is the density of the dispersion. 

This process has been routinely applied in the literature for the determination of CTAB adsorption 

onto the silica nanoparticles in aqueous media.18,21  

The results of this analysis, coupled with knowledge of 𝛤∞  for DPPC, revealed that 

complete adsorption of DPPC molecules onto SiO2 surfaces occurs at a bulk DPPC-to- SiO2 ratio 

~5000 to 1. Thus, complete adsorption of DPPC onto SiO2 surfaces is not expected to occur at any 

of the chosen DPPC concentrations (0.01–1 mmol L-1) for systems containing 2.5 wt.% SiO2. 

However, the results that follow regarding the interfacial rheology of SiO2-DPPC interfacial layers 

indicate that the relatively small concentration of DPPC that does adsorb onto SiO2 surfaces (~100 

DPPC molecules per particle) was enough to promote particle attachment to the oil-water interface 

and produce to rich dynamic mechanical behavior.  
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Figure 3-4 Calculations of DPPC molecule-to-SiO2 nanoparticle ratio plotted as a function of bulk DPPC 

concentration. These data assume complete, irreversible adsorption of DPPC molecules onto the available 

surfaces of SiO2 in the bulk aqueous phase. 
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The adsorption of DPPC molecules onto the free surfaces of SiO2 nanoparticles in the 

aqueous phase prior to emulsification was investigated by dynamic light scattering. The change in 

the average ζ potentials of SiO2 (2.5 wt.% loading in water) in the presence of increasing DPPC 

concentrations was studied at neutral pH (Figure 3-5). Measurement of the ζ potential show a stark 

decrease in the magnitude of the SiO2 surface charge, from ca. -40 mV for unmodified SiO2 

nanoparticles to ca. -5 mV for SiO2 in the presence of 2 mM DPPC. This downward trend toward 

in the magnitude of the ζ potential illustrate that DPPC became strongly adsorbed to SiO2 surfaces 

with increasing concentrations of DPPC in the aqueous suspension. Neutralization of the surface 

charge for dispersed SiO2 nanoparticles is a direct result of electrostatic ion paring between the 

negatively-charged silanol groups at the SiO2 surfaces and the positively charged choline moiety 

of DPPC molecules. Measurements of the average diameter of particles/agglomerates in the 

aqueous phase (Table 3-1) revealed an exponential increase in the average particle diameter when 

the concentration of DPPC exceeded 0.2 mM, which also illustrated surfactant adsorption onto the 

bare SiO2 surfaces. This phenomenon has been observed in similar studies of nanoparticle-

surfactant complexes.22,33  
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Figure 3-5 Influence of bulk DPPC concentration on the average zeta potential of SiO2 nanoparticles in an 

aqueous suspension at pH 7, as quantified by dynamic light scattering measurements at 25 °C. Each aqueous 

dispersion contained 2.5 wt.% SiO2 nanoparticles and measurements were taken within 48 hours of sample 

preparation. Error bars represent ± 1 standard deviation. 



 

 

Table 3-1 Average hydrodynamic diameters of particles/agglomerates in aqueous mixtures containing 2.5 wt.% SiO2 and various DPPC 

concentrations. Measurements were taken within 48 hours of sample preparation. 

DPPC Concentration / (mM) 0.01 0.02 0.05 0.10 0.20 0.50 1.00 2.00 

Average Diameter / (nm) 25.0 33.0 55.0 56.3 74.0 250.0 476.0 1210.0 

Standard Deviation / (nm) 6.23 6.82 5.99 6.54 7.61 9.2 11.47 27.16 
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3.3.4 Interfacial Rheology of Mixed SiO2-DPPC Systems 

The interfacial relaxation behavior observed for mixed SiO2-DPPC systems was quite 

different from the dynamics observed in systems containing either bare SiO2 or DPPC alone. 

Equilibrium interfacial tension values for each system were achieved within 3-5 minutes, and 

corresponding equilibrium interfacial tension values versus DPPC concentration are reported in 

Figure 3-2. The equilibrium interfacial tension was observed to decrease slightly with increasing 

DPPC concentration; however, not to the same extent as systems containing DPPC alone. This 

difference in interfacial tension reduction provides further evidence that DPPC molecules first 

adsorb onto the free SiO2 surfaces in the aqueous phase and partially hydrophobize the surface of 

the nanoparticles. Following DPPC adsorption onto nanoparticle surfaces, DPPC-decorated SiO2 

nanoparticles are then promoted to the oil-water interface. As discussed in Chapter 3.3.1, bare SiO2 

nanoparticles did not reduce the interfacial tension of the oil-water interface. Thus, partially 

hydrophobized SiO2 nanoparticles are presumed to be the key contributor to the observed decrease 

in the equilibrium interfacial tension. 

The response in the dilatational elasticity for oil-water systems containing composite SiO2-

DPPC mixtures is illustrated in Figure 3-6. The rheological behavior of these systems was different 

than the behavior observed in systems containing bare SiO2 nanoparticles (Chapter 3.3.1) or DPPC 

alone (Figure 3-3). The overall magnitude of the dilatational elasticity trended toward much higher 

values as the concentration of DPPC increased in the presence of 2.5 wt.% SiO2, as compared to 

systems that contained DPPC alone. Moreover, the frequency dependence of E’ is lower for 

composite interfaces as compared to interfaces laden with DPPC molecules alone. This behavior 

may be interpreted as synergistic physical interactions between the SiO2 and DPPC molecules at 

the oil-water interface. It has been shown that with sufficient surfactant adsorption, the contact 
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angle of SiO2 nanoparticles has increased from low θ values to θ ~ 60-80°.34,35 Thus, the increase 

in particle hydrophobicity resulting from DPPC adsorption onto SiO2 surfaces would presumably 

increase the driving energy for attachment of the nanoparticles at the oil water interface. Moreover, 

the partially hydrophobized SiO2 nanoparticles would provide additional rigidity to the interfacial 

monolayer due to interfacial particle jamming and other particle-surfactant interactions.36 

 

 

  

Figure 3-6 Dilatational storage and loss moduli for oil-water interfaces laden with DPPC-SiO2 nanoparticle 

complexes as a function of deformation frequency. Data are shown for increasing concentrations of DPPC 

in the presence of a fixed SiO2 nanoparticle concentration (2.5 wt.%). Measurements were taken following 

an interface equilibration period of 1.5 hours. Solid lines are aids for the eye. 
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3.3.5 Bulk Emulsion Stability and Morphology 

The stability of oil-water mixtures with aqueous phases containing either SiO2 

nanoparticles or DPPC alone were investigated first. Bare SiO2 nanoparticles alone proved to be 

very poor emulsifying agents for concentrations ranging from 0.05 to 20 wt.%, as shown in Figure 

3-7. The initial emulsion type for these systems was oil-in-water. However, each of these oil-water 

mixtures were highly unstable and susceptible to rapid coalescence and phase separation within 

the first 2 minutes of emulsification, as indicated by the formation of distinct upper oil-rich layer 

that comprised approximately half of the bulk mixture and lower water-rich layer containing the 

aqueous SiO2 nanoparticle dispersion. The SI values for both the upper oil-rich layer and lower 

water-rich layer for each of these emulsions was ~50%, indicating completely unstable emulsions. 

The turbidity of the lower water-rich layer in each of these emulsions was caused by scattering of 

light by SiO2 nanoparticle aggregates formed during emulsification. These aggregates sedimented 

to the bottom of each vial within 48 hours of emulsion formation. 

  

Figure 3-7 Bulk oil-water mixtures containing initial concentrations of bare SiO2 nanoparticles ranging 

from 0.05-20 wt.% in the aqueous phase. This image was taken after emulsification and the 24-hour 

equilibration period. The transparent upper fluid in each system was the less-dense oil-rich layer and the 

turbid lower layer fluid is the water-rich SiO2 nanoparticle suspension. No middle emulsified layer was 

formed in any of these mixtures. 
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Systems containing only DPPC in the aqueous phase were slightly better at forming stable 

emulsions. From Figure 3-8, the formation of an oil-in-water emulsified layer was not attainable 

for DPPC concentrations below 0.5 mM, which yielded mixtures with distinct oil-rich layers and 

SI values ~50%. At 0.5 mM DPPC, a semi-stable emulsified layer was observed; however, 

significant coalescence and phase separation was still evident at this concentration. At 1 mM DPPC, 

a stable emulsified layer was observed. These results illustrate that at sufficiently high 

concentrations, DPPC serves as a suitable emulsifier for oil-in-water emulsion-based delivery 

systems. 

 

 

  

Figure 3-8 Oil-water mixtures containing initial concentrations of DPPC ranging from 0.01–1 mM in the 

aqueous phase. The image was taken after emulsification and the 24-hour equilibration period. The 

translucent upper fluid in each system was the less-dense oil-rich layer and the turbid lower layer was 

comprised of the water-rich DPPC dispersions. An emulsified layer was formed only in mixtures containing 

≥ 0.5 mM DPPC. The dashed (red) arrow indicates the location of a semi-stable emulsified layer and solid 

(green) arrow indicates a stable emulsified layer. 
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The gravitational phase separation analysis performed after the 24-hour equilibration 

period for oil-water mixtures containing a fixed concentration of SiO2 (2.5 wt.%) and varying 

concentrations of DPPC (0.01-1 mM) are shown in Figure 3-9. Remarkable stability to 

gravitational phase separation within the 24-hour equilibration period was observed for DPPC 

concentrations ≥ 0.2 mM. A precipitous reduction in the SI values for the upper oil-rich layer in 

these mixtures was observed between 0.05 and 0.2 mM DPPC, while a linear reduction in the SI 

values for the lower water-rich layer was seen (Figure 3-9b). However, systems below a 

concentration of 0.2 mM DPPC, mixtures were unable to form an emulsified layer and phase 

separated on a timescale shorter than the equilibration period. 
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Figure 3-9 (a) Gravitational phase separation analysis of bulk oil-water mixtures containing a fixed 2.5 

wt.% SiO2 concentration and a varying concentration of DPPC in the aqueous phase. This image was taken 

after the 24-hour equilibration period following initial emulsification. Dashed (red) arrows indicate the 

location of semi-stable emulsified layers and solid (green) arrows indicate stable emulsified layers. (b) 

Separation Index (SI) values for the lower, water-rich layer (closed circles) and the upper, oil-rich layer in 

each oil-water mixture. Lower SI values correspond to greater stability to phase separation and coalescence. 
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Micrographs taken 24 hours after emulsification of the emulsified layers in oil-water 

systems containing a fixed 2.5 wt.% SiO2 concentration and DPPC concentrations ≥ 0.2 mM are 

shown in Figure 3-10. Each of these emulsions were oil-in-water, as determined by diluting an 

aliquot of the emulsified layers into a container of pure oil and pure water. Both the average 

diameter and size distribution of dispersed oil droplets decreased with greater DPPC concentration. 

The average droplet size and dispersity of the oil droplets in these emulsions trended downward 

from 178 ± 63 μm to 65 ± 32 μm to 44 ± 15 μm for the mixtures containing 0.2 mM (Figure 3-

10a), 0.5 mM (Figure 3-10b), and 1 mM DPPC (Figure 3-10c), respectively. 
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Figure 3-10 Optical micrographs of the emulsified layers sampled from bulk emulsions obtained after 

the 24-hour equilibration period. These images correspond to bulk emulsions that contained a fixed 2.5 

wt.% SiO2 concentration and 0.2 mM DPPC (a-1, a-2), 0.5 mM DPPC (b-1, b-2), and 1 mM DPPC (c-

1, c-2) in the aqueous dispersion prior to emulsification. Each emulsion was oil-in-water, as determined 

by dilution measurements. The scale bar in each image is 100 µm. 
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These behaviors may indicate that denser surfactant adsorption onto the available surfaces 

of the SiO2 nanoparticles increases the driving energy for particle attachment to the oil-water 

interface. This increased driving energy would encourage more nanoparticles to adhere to the oil-

water interface during emulsification. Oil-water interfaces densely populated by DPPC-SiO2 

complexes could then halt coalescence earlier, ultimately reducing the observed average diameter 

and size distribution of the emulsified oil droplets. Similar physical behavior has also been seen 

for dispersions stabilized by CTAB-SiO2 nanoparticle complexes,12,14 where the mechanism 

underlying this favorable stabilization behavior was attributed to interparticle aggregation within 

the oil-water interfacial layer. 

The effect of increasing SiO2 concentration at a fixed DPPC concentration (0.1 mM) on 

emulsion behavior was also determined (Figure 3-11). Noteworthy stability to gravitational phase 

separation was observed in oil-water mixtures containing ≥ 5 wt.% SiO2, moderate stability to 

phase separation was seen for systems containing 1 and 2.5 wt.% SiO2, and no phase separation 

stability was observed for the system containing 0.05 wt.% SiO2 nanoparticles (Figure 3-11a). The 

SI values for both the lower water-rich layer and the upper oil-rich layer decreased exponentially 

as the concentration of SiO2 nanoparticles increased from 0.05-10 wt.%. These values then appear 

to approach a plateau at concentrations >10 wt.% (Figure 3-11b). 
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Figure 3-11 (a) Gravitational phase separation analysis of bulk oil-water mixtures containing a fixed DPPC 

concentration (0.1 mM) and a varying SiO2 concentration (0.5-20 wt.%). This image was taken after the 

24-hour equilibration period following initial emulsification. Dashed (red) arrows indicate the location of 

semi-stable emulsified layers and solid (green) arrows indicate stable emulsified layers. (b) Separation 

Index (SI) values for the lower, water-rich layer (closed circles) and the upper, oil-rich layer in each oil-

water mixture. Lower SI values correspond to greater stability to phase separation and coalescence. 
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Micrographs taken 24 hours after emulsification of the emulsified layers in oil-water 

systems containing a fixed 0.1 mM DPPC concentration and the three highest SiO2 concentrations 

are provided in Figure 3-12. The average diameter and size distributions of the dispersed oil 

droplets trended downward from 149 ± 51 μm, 58 ± 17 μm, to 52 ± 13 μm for emulsions containing 

2.5 wt.% (Figure 3-12a), 10 wt.% (Figure 3-12b), and 20 wt.% (Figure 3-12c) SiO2, respectively. 

The average size and distribution of the dispersed drops appeared to decrease with increasing SiO2 

concentration until an equilibrium droplet size could be obtained, yielding oil droplets with highly 

consistent sizes, regardless of bulk SiO2 loading. This may be interpreted as the point where oil-

water interfaces become completed saturated with DPPC-decorated SiO2 nanoparticles and 

interparticle jamming halts the droplets at their equilibrium size. Beyond this point, no additional 

particles could adsorb to the interface, and further addition of SiO2 had no synergistic effect. 
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Figure 3-12 Optical micrographs of the emulsified layers sampled from bulk emulsions obtained after 

the 24-hour equilibration period. These images correspond to bulk emulsions that contained a fixed 0.1 

mM DPPC concentration and 2.5 wt.% SiO2 (a-1, a-2), 10 wt.% SiO2 (b-1, b-2), or 20 wt.% SiO2 (c-1, 

c-2) in the aqueous dispersion prior to emulsification. Each emulsion was oil-in-water, as determined by 

dilution measurements. The scale bar in each image is 100 µm. 
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Interestingly, emulsions containing a fixed SiO2 concentration and ≥ 0.5 mM DPPC 

(Figure 3-9a) did not show any visible signs of coalescence for > 3 months, whereas emulsions 

containing a fixed DPPC concentration and ≥ 5wt.% SiO2 (Figure 3-11a) began to display 

substantial signs of coalescence in < 3 days. The difference in stabilization observed for the two 

cases could be attributed to differences in the mechanism by which the dispersed droplets were 

stabilized. In the former case, the surface area available for molecules to adsorb remained fixed, 

while the concentration of molecules available to adsorb onto the free nanoparticle surfaces 

increased. This increased the density of surfactant adsorption onto the surfaces of the nanoparticles, 

and ultimately the density of nanoparticles that could populate the oil-water interface. In the latter 

case, the concentration of molecules available to adsorb onto the free nanoparticle surfaces 

remained constant, while the surface area available for surfactant adsorption (and bulk 

concentration of SiO2) increased. While the low concentration of DPPC could promote some 

interfacial particle attachment, the high concentration of nanoparticles in the aqueous phase would 

also stabilize the emulsions by reducing the rate of liquid drainage in the interstices between 

dispersed droplets. Coalescence between oil drops would still proceed rather easily in this case 

because the interfaces were insufficiently covered with nanoparticle-surfactant complexes. Thus, 

droplet breakup would readily occur, producing the observed bulk phase separation within 3 days. 

 Summary 

The results of this work illustrate the following: (1) DPPC addition modifies the 

hydrophobicity of initially hydrophilic SiO2 nanoparticles by amphiphilic adsorption. (2) The 

concentration of DPPC necessary to modify the hydrophilicity of SiO2 nanoparticles (and ergo, 

their interfacial affinity) is an order of magnitude lower than what has been previously observed 

for uncompressed CTAB-SiO2 nanoparticle complexes.21 (3) The magnitude of the dilatational 
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elastic modulus for uncompressed DPPC-SiO2 nanoparticle complexes is an order of magnitude 

higher than previous observations.14,21,22 (4) The observed stability to gravitational phase 

separation is markedly higher for oil-in-water emulsions stabilized by DPPC-SiO2 as compared to 

oil-in-water emulsion stabilized by either emulsifier alone. 

Low molecular weight surfactants are known to improve an emulsion’s resistance to 

various phenomena that contribute to bulk phase separation at sufficiently high concentrations.10 

However, reducing the bulk concentration of surfactant necessary to generate emulsion-based 

delivery with excellent coalescence and creaming stability is desirable, as doing so is anticipated 

to dramatically reduce the cost of fabricating emulsion-based delivery systems for 

biopharmaceutical applications. The amount of surfactant necessary to achieve an emulsion-based 

delivery system with desirable stability characteristics can be reduced by the incorporation of SiO2 

nanoparticles.  

While mixed monolayers of DPPC and solid particles have been investigated,37–40 direct 

relation to bulk emulsion stabilization phenomena have been omitted from these studies. The 

results of the present study therefore provide additional insight into the correlation between the 

interfacial rheological behavior of DPPC-SiO2 composite interfacial layers and bulk emulsion 

susceptibility to gravitational phase separation. These results are highly relevant for academic and 

industrial emulsion formulators that seek highly-stable oil-in-water emulsions comprised entirely 

of biologically safe materials. 
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CHAPTER 4  GRAVITATIONAL PHASE SEPARATION OF OIL-IN-

WATER EMULSIONS BY SIO2 NANOPARTICLE-INDUCED 

FLOCCULATION 

Portions of the following chapter contain text and figures adapted from the article “Gravitational 

phase separation of oil-in-water emulsions by SiO2 nanoparticle-induced flocculation,” with 

permission from J.J. Nash and K.A. Erk. 

 Introduction 

Requirements on the purity of the wastewater discharged by marine vessels into 

internationally regulated waters have become increasingly stringent in recent years.1 This is 

because a disproportionately large amount of the oily wastewater (of the order of millions of tons 

annually2) is released into aquatic environments by shipping and offshore oil and gas operations 

via bilge water, ballast water, and produced water.3 Oily bilge water is a multiphase emulsified 

mixture produced during shipboard machinery operation and maintenance and primarily 

comprised of water, oil (e.g., mineral, vegetable, or synthetic), and stabilizing surfactants (i.e., 

detergents).4,5 Separating the oil from bilge water presents many unique challenges, primarily 

because a significant portion of this oil is contained within well-dispersed oil droplets smaller than 

20 µm.6 Generally, the total oil content of oily waste water is ~1-10% and thus the formation of 

oil-in-water emulsions is favored.2 Many oil separation techniques have been employed to treat 

oily bilge water emulsion onboard marine vessels including centrifugation,7,8 reverse osmosis and 

ultrafiltration,9,10 and various photocatalytic methods.11,12 However, several drawbacks to each of 

these techniques remain including processing time, instrumentation costs, and scalability of the 

separation technique. 
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Oily bilge water emulsions are known to contain both ionic and nonionic surfactants, where 

the stabilizing ionic surfactant typically contains an anionic sulfate moiety.12 Ionic surfactants 

generally provide greater stability to droplet flocculation and gravitational phase separation (as 

compared to nonionic surfactants) due to their innate ability to electrostatically stabilize emulsion 

droplets, whereas nonionic surfactants provide enhanced mechanical stability to coalescence as a 

result of steric hinderance.13,14 It has been shown in the literature that anionic surfactants are the 

dominant stabilizing component of oily bilge water emulsions12 and that this category of 

surfactants is highly effective at inhibiting droplet flocculation and phase separation.14 

Additionally, the enhanced resistance to gravitational phase separation of the hardest to remove 

oil in bilge water has been shown to be due to the neutral buoyancy of the dispersed oil,15 the 

exceedingly small length scale of the droplets,6 and the electrostatic charge stabilization provided 

by the anionic surfactant.15 As such, a model oil-in-water emulsion comprised of a neutrally 

buoyant natural oil and a widely utilized industrial anionic surfactant was the primary focus of this 

study. 

The co-adsorption of surfactant molecules and silicon dioxide (SiO2) nanoparticles at the 

oil-water interface has been studied extensively for their combined ability to improve the 

coalescence resistance of oil-in-water Pickering emulsions.16–19 However, only one study has 

shown how colloidal SiO2 nanoparticles can be used to destabilize conventional surfactant-

stabilized oil-in-water emulsions,20 while none have investigated how oppositely-charged SiO2 

nanoparticles can be used phase separate electrostatically-stabilized oil-in-water emulsions. It was 

hypothesized that mixing oppositely-charged (positive) SiO2 nanoparticles with an 

electrostatically-stabilized, conventional oil-in-water emulsion would induce rapid droplet 

flocculation and phase separation. This hypothesis was based on the knowledge that (1) complex 
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coacervates can be created from the association of oppositely charged molecules in an aqueous 

solution and that (2) larger colloidal aggregates are more susceptible to gravitational effects than 

their primary constituents. 

It was predicted that the attractive electrostatic interactions between the negatively-charged 

oil droplet surfaces and the positively charged SiO2 surfaces in water could be exploited to control 

the size of flocs that formed within model bilge water emulsions. The rate of sedimentation or 

creaming for a spherical, rigid particle in a Newtonian fluid is given by Stokes’ Law, 𝑣 =

 −
2𝑔𝑟2(𝜌2− 𝜌1)

9𝜂1
, where r is the particle’s radius, g is the acceleration due to gravity, ρ1 and ρ2 are 

the densities of the continuous phase and dispersed phase, respectively, and η1 is the viscosity of 

the continuous phase. Stokes’ Law can also be used to calculate the sedimentation or creaming 

rate of flocs within an emulsion, assuming that the flocs are spherical and that the system is 

reasonably dilute.21 Here, the rate of displacement, 𝑣floc, depends on both the size and structure of 

the flocs. The characteristics of the primary droplets (𝑟, 𝜌2) are substituted by those of the flocs 

(𝑟floc, 𝜌floc), yielding 𝑣floc =  −
2𝑔𝑟floc

2 (𝜌floc− 𝜌1)

9𝜂1
. This equation states that the magnitude of the 

gravitational separation rate for a floc increases proportionally with the square of its radius. Thus, 

as expected, the rate of gravitational phase separation increases for larger flocs. 

In this work, a straightforward and cost-effective preprocessing methodology is outlined 

for the treatment of oily shipboard waste water. A model of hazardous oil-in-water bilge water 

emulsions was made using a naturally-derived triglyceride oil, which approximates the neutral 

buoyancy and hydrophobicity of the oily components in bilge water. This model emulsion was 

stabilized by the anionic surfactant sodium lauryl ether sulfate (SLES) because of its ubiquity in 

the cleaning solutions aboard marine vessels.12 Positively-charged SiO2 nanoparticles were 

incorporated into the emulsion to neutralize the electrostatic repulsive forces of the dispersed oil 
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droplets and to induce widespread flocculation. Destabilization behavior of nanoparticle-emulsion 

mixtures was monitored as a function of time and a simple mass balance for determining the 

concentration of nanoparticles necessary to induce this desired destabilization behavior was also 

established. 

The connection between interfacial mechanics and the observed stabilization behavior of 

oily bilge water emulsions has yet to be adequately analyzed in the literature. Thus, this work is 

exceedingly relevant to waste water managers aboard marine vessels, as the knowledge gathered 

in this study can be directly applied to optimize various processes involved in the separation of oil 

from shipboard bilge water emulsions. 

 Experimental Methods 

4.2.1 Materials 

The anionic surfactant sodium alkyl (C10-16) ether sulfate (SLES, molar mass = 328.38 g 

mol-1, CAS Registry No. 68585-34-2) was obtained from Stepan Company (Northfield, IL) and 

was used as received. The oil phase used to model the stabilized organic compounds found in bilge 

water emulsions was a caprylic/capric triglyceride (Neobee® 1053, CAS Registry No. 73398-61-

5, Stepan Company, Northfield, IL) with a viscosity of 15.9 mPa s and density of 0.949 g cm-3. 

The oil was passed five times through a column containing Al2O3 (CAS Registry No. 1344-28-1, 

Fisher Scientific, Hampton, NH) prior to use to remove trace surface active impurities. The purity 

of the resulting oil was verified by measuring its interfacial tension with deionized water, which 

maintained a constant equilibrated value of 24.57 ± 0.45 mN m-1 over 1.5 hours. The water used 

for each experiment in this study was produced by a Barnsted NanopureTM system containing a 

0.2 µm filter and had a measured resistivity of 18 MΩ cm. 
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The nanoparticles used were those of colloidal SiO2 (Ludox® CL, CAS Registry No. 7631-

86-9), which were purchased from Sigma-Aldrich (St. Louis, MO) and supplied as a 30 wt.% 

aqueous suspension at pH 3.8. The manufacturer reported a specific surface area of 230 m2 g-1 and 

a suspension density of 1.23 g cm-3 at 25 °C. The nanoparticles in this colloidal suspension have 

each been coated with a layer of Al2O3. This surface coating shifts the isoelectric point of the 

nanoparticles to ~8.5,22 leading them to possess a positive surface charge at low and neutral pH 

values. The size and surface zeta (ζ) potential distributions were measured for a 1 wt.% aqueous 

suspension of these colloidal SiO2 particles at pH 7.1 by dynamic light scattering measurements 

using a Zetasizer Nano ZS instrument (Malvern, Worcestershire, United Kingdom). The ζ potential 

for the SiO2 nanoparticles was +26.5 ± 2.1 mV, and the average particle diameter from the particle 

size distribution (Figure 4-1) was 31.2 ± 1.6 nm. Additionally, the estimated contact angle of neat 

SiO2 is θ ~ 20-37°,23,24 indicating the bare SiO2 nanoparticles in this study were very hydrophilic. 
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Figure 4-1 Particle size distribution for a 1 wt.% Ludox CL nanoparticle aqueous suspension at pH 7.1, as 

determined by dynamic light scattering measurements using a Malvern Zetasizer Nano ZS instrument. The 

corresponding ζ potential for the nanoparticles in this suspension was measured to be + 26.5 ± 2.1 mV. 
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4.2.2 Preparation of Model Oil-in-Water Bilge Emulsions 

The first step in fabricating model bilge water emulsions consisted of hand-mixing vials 

containing 25 g L-1 (25,000 ppm) triglyceride oil and 2.5 g L-1 (2500 ppm) SLES in a container of 

deionized water for 30 seconds. These concentrations were ~25 times higher than those used in 

previous investigations on model bilge water systems12,25 and were chosen to aid in illustrating the 

effectiveness of the investigated procedure through visual methods. The coarse emulsion was then 

sonicated in an ice bath at 4 °C using an ultrasonic probe sonicator (Branson Digital Sonifier, 

Model 250, 117V, max. output = 200 W) at 20% of the probe’s maximum intensity for 1 minute. 

Each of the resulting oil-in-water emulsions had a total mass equal to 100 g. The model emulsion 

was equilibrated for 24 hours following emulsification. Aliquots of the model bilge emulsion were 

then partitioned into 8 mL scintillation vials, each containing 3 mL of the emulsion (Figure 4-2). 

 

 

  

Figure 4-2 Photograph of the neat model emulsion partitioned into scintillation vials, 24 hours after initial 

emulsification. The emulsion in each of these vials comprises 25,000 ppm of dispersed oil and 2500 ppm 

SLES surfactant in deionized water. 
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The size and surface zeta (ζ) potential distributions of the model bilge water emulsion was 

characterized by dynamic light scattering with a Zetasizer Nano ZS (Malvern, Worcestershire, 

United Kingdom). Emulsification produced spherical oil-in-water emulsion droplets with bimodal 

size distribution. The average droplet diameters were located at 290.9 nm and 2.85 µm. Dispersed 

oil droplets also had an average ζ potential of -81.5 ± 6.2 mV, corresponding to highly negative, 

electrostatically stabilized droplets. The size distribution and morphology of the model bilge water 

emulsions are illustrated in Figure 4-3a and 4-3b, respectively. 

 

 

  

Figure 4-3 (a) Particle size distribution, as determined by dynamic light scattering measurements using a 

Malvern Zetasizer Nano ZS instrument, and (b) corresponding micrograph of the neat, oil-in-water model 

emulsion. The emulsion used in each analysis comprised ~12,500 ppm of dispersed oil. 
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4.2.3 Preparation of Aqueous SiO2 Nanoparticle Suspensions 

An approximation for the weight fraction of positively charged SiO2 nanoparticles 

necessary to induce flocculation between all of the dispersed oil droplets in the model bilge water 

emulsion was determined by the following mass balance, 𝜒SiO2
=

𝑐SLES

𝑎SiO2𝜌SiO2Γ∞
, where 𝑐SLES is the 

bulk concentration of the surfactant in the emulsion, 𝑎SiO2
  is the specific surface area of the 

positively charged SiO2 nanoparticles, 𝜌SiO2
 is the density of the SiO2 nanoparticle suspension, 

and Γ∞ is the saturation adsorption, or maximum surface density, of the surfactant. Here, 𝑐SLES 

was taken as 2.5 g L-1, Γ∞ was taken as 4.0 x 10-6 mol m-2 from Xu et al.,26 and 𝑎SiO2
 and 𝜌SiO2

 

were 230 m2 g-1 and 1.23 g mL-1, respectively, from the manufacturer’s specifications. These 

quantities predicted that 𝜒SiO2
= 0.67 g per 100 g of the model emulsion (i.e., 0.67 wt.% SiO2). This 

mass balance was inspired by previous research studies on particle-surfactant complexes.27,28 

To utilize this mass balance, it was assumed that all surfactant molecules in the emulsion 

were capable of adsorbing onto the available surface area of the SiO2 nanoparticles at their 

maximum surface density (Γ∞). Thus, this weight fraction estimates the maximum amount of SiO2 

required for complete transference of the surfactant molecules from their initial locations within 

the emulsion (i.e., at droplet interfaces and in micelles) to the surfaces of the SiO2 nanoparticles. 

However, it was anticipated that this value would be an upper limit for the concentration of SiO2 

required to induce flocculation, as complete transference of all surfactant molecules in the 

emulsion would not be necessary to elicit widespread aggregation of the dispersed oil droplets. To 

obtain aqueous dispersions with the desired concentrations of SiO2 nanoparticles, the as-supplied 

Ludox® CL suspension was diluted with deionized water. Aqueous dispersions containing 0.2, 0.4, 

1, 1.5, 2, 4, 10, and 22 wt.% SiO2 were prepared, which were then mixed in equal parts with the 

equilibrated model emulsion at a 1:1 (w/w) ratio. 
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4.2.4 Emulsion Stability Characterization 

The stability of the model emulsions following dilution with positively charge SiO2 

nanoparticles was investigated first by visual observation. Scintillation vials containing 3 mL of 

the model emulsion were diluted with 3 mL of a positively charged SiO2 nanoparticle aqueous 

suspension with a concentration ranging from 0.2-22 wt.% SiO2. Unless otherwise specified, the 

SiO2 nanoparticle suspension was added to the vials containing the model emulsion and was 

immediately vortex mixed for 30 seconds at 2500 rpm using an LP Vortex Mixer (Thermo Fisher 

Scientific, Waltham, MA). Images of the emulsion-particle mixtures were taken at two distinct 

intervals (i.e., 30 minutes and 24 hours after dilution) to qualitatively illustrate emulsion 

destabilization rates and physical behavior.  

The non-flocculated, water-rich regions of the particle-emulsion mixtures were sampled 

from for dynamic light scattering analysis to investigate the concentration and size distribution of 

oil droplets that remained dispersed following the dilution procedure. The microstructure of the 

flocculated layer within select particle-emulsion mixtures was studied by depositing an aliquot of 

the flocculated layer from select emulsions onto a glass slide placed on the stage of an inverted 

bright-field optical microscope (AmScope). Images of the dispersed emulsion droplets were taken 

with a digital single-lens reflex camera (Nikon D3300) and post processing was performed using 

open-source ImageJ software.29 Each of these destabilization analyses were performed following 

the dilution process and 24-hour equilibration period. 
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 Results and Discussion 

4.3.1 Emulsion Destabilization – Effect of Vortex Mixing and Order of Addition 

The accuracy of the mass balance proposed in Chapter 4.2.3 and the relative importance of 

vortex mixing following dilution were investigated first. Model oil-in-water emulsions which were 

diluted with 0-2 wt.% SiO2 nanoparticle aqueous suspensions are shown in Figure 4-4. Particle-

emulsion mixtures which were vortex mixed (Figure 4b and 4d) and were not vortex mixed (Figure 

4-4a and 4-4c) for 30 seconds at 2500 rpm following dilution are shown after a 30-minute (Figure 

4-4a and 4-4b) and a 24-hour (Figure 4-4c and 4-4d) equilibration period. 

Figure 4-4 Photographs of bulk oil-in-water emulsions following dilution with positively charged 

SiO2 nanoparticles for a final nanoparticle concentration of 0, 0.1, 0.2, 0.5, 0.75, 1, or 2 wt.% SiO2. 

The images illustrate systems which were not vortex mixed (a and c) and those that were vortex mixed 

(b and d) for 30 seconds at 2500 rpm immediately following dilution. Destabilization behavior is 

shown for the mixtures after a 30-minute (a and b) and 24-hour (c and d) equilibration interval. The 

opaque regions in each mixture illustrate flocculated, oil-rich regions and the translucent/slightly 

turbid regions correspond to the droplet-depleted, water-rich regions of the mixture. 
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Overall, vortex mixing after diluting the model emulsion with the positively charged SiO2 

nanoparticle suspension was observed to have a noteworthy positive effect on the degree of oil 

droplet gravitational phase separation. Droplet-depleted, water-rich regions in mixtures that were 

not subjected to vortex mixing (Figure 4-4a and 4-4c) were more turbid than systems that were 

vortex mixed (Figure 4-4b and 4-4d), after both the 30-minute and 24-hour equilibration period. 

For each emulsion set, oil droplet flocculation was most pronounced immediately after dilution 

when the mixture contained 0.2 wt.% SiO2. At this concentration, the nanoparticle-emulsion 

mixture displayed very rapid droplet flocculation (<30 minutes) when dilution was coupled with 

vortex mixing. In the absence of subsequent mixing, the timescale of complete droplet flocculation 

increased by at least two orders of magnitude (>>24 hours). 

Floc sedimentation stood in contrast to the creaming behavior (i.e., floc migration to the 

top of the vial) that is anticipated for similar oil-in-water emulsion systems.21 Generally, creaming 

behavior would be expected for aggregates in such systems because the density of the dispersed 

oil droplets (0.949 g cm-3) was lower than that of the surrounding water phase (0.998 g cm-3). 

Therefore, the sedimentation behavior observed for the flocculated oil droplets in these mixtures 

was presumably due to the interfacial adsorption of positively charged SiO2 nanoparticles. The 

SiO2 is this study had a greater effective density (1.9 g cm-3) than water,30 and thus, as the 

positively-charged SiO2 associated with the negatively-charged SLES molecules at droplet 

interfaces, the SiO2 became incorporated within the floc and increased its effective density. With 

the excess incorporation of SiO2, the density of the floc exceeded the density of aqueous 

continuous phase and produced a downward driving energy that favored floc sedimentation. 

A comparison of particle-emulsion mixtures which were either diluted with an aqueous 

SiO2 nanoparticle suspension or vice versa are shown in Figure 4-5. Each of these systems were 
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vortex mixed and are shown after a 30-minute (Figure 4-5a and 4-5b) and 24-hour (Figure 4-5c 

and 4-5d) equilibration period. When the SiO2 suspensions were added to the model emulsion and 

the mixtures were vortexed, droplet flocculation occurred rapidly (<30 minutes) for SiO2 

nanoparticle concentrations between 0.2-1 wt.%. All aggregates that formed in these mixtures 

sedimented to the bottom of their respective scintillation vials. The mixture that contained 0.2 wt.% 

SiO2 exhibited the fastest floc formation and sedimentation under standard gravity (~10 minutes). 

 

  

Figure 4-5 Photographs of bulk oil-in-water emulsions following dilution, where positively charged SiO2 

nanoparticles were added to the neat model emulsion (a and c) or vice-versa (b and d). Each of these 

mixtures was vortex mixed for 30 seconds at 2500 rpm immediately following dilution. The final SiO2 

concentrations in each set of experiments was 0, 0.1, 0.2, 0.5, 0.75, 1, or 2 wt.% SiO2. Destabilization 

behavior is shown for the mixtures after a 30-minute (a and b) and 24-hour (c and d) equilibration interval. 

The opaque regions in each mixture illustrate flocculated, oil-rich regions and the translucent/slightly turbid 

regions correspond to the droplet-depleted, water-rich regions of the mixture. 
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Similarly, when the model emulsion was added to the SiO2 suspensions (Figure 4-5b and 

4-5d), rapid droplet aggregation (<30 minutes) was also observed. However, the direction in which 

the flocculated emulsion droplets migrated following dilution was highly variable, as compared to 

the behavior observed when the SiO2 suspensions were used to dilute the model emulsion. For 

mixtures containing 0.1, 0.2, 0.75, and 2 wt.% SiO2, the flocs that formed after 30 minutes (Figure 

4-5b) displayed substantial creaming behavior. This behavior was contrary to the behavior 

observed for mixtures in the same set that contained 0.5 and 1 wt.% SiO2, which formed flocs that 

rapidly sedimented to the bottom of their respective scintillation vials following dilution and 

secondary mixing. After a 24-hour equilibration period (Figure 4-5d), the flocs that formed in the 

mixture containing 0.75 wt.% SiO2 also exhibited substantial sedimentation. 

One hypothesis for the source of this behavior is that adding the emulsion to the SiO2 

suspension causes local aggregation between the oil droplets that contact the SiO2 suspension first, 

leaving the droplets that would contact the SiO2 suspension at later times trapped within an 

aggregated droplet network. The effective density of these aggregates would likely be closely 

matched to the density of the primary oil droplets (~0.949 g cm-3), thus creaming behavior would 

be favored. The subtle variation in the density of these aggregates upon dilution could then be the 

source of variability between creaming and sedimentation. This hypothesis could be validated by 

studying the convergent flows of model emulsions and particulate suspensions using high-speed 

imaging and microcapillary microfluidic techniques.31–33 

4.3.2 Morphology of Flocculated Oil Droplets 

Representative microstructures are shown in Figure 4-6 which illustrate the flocs that 

formed after a 24-hour equilibration period for nanoparticle-emulsion mixtures. The aggregates in 

these images were formed by the addition of the aqueous SiO2 suspension to the model emulsion 
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and subsequent vortex mixing of the mixture. In the mixture that contained 0.1 wt.% SiO2 (Figure 

4-6a), several small aggregates comprised of ~1-3 primary oil droplets (~3-6 μm in diameter) were 

observed, with most of the oil droplets remaining well-dispersed. Substantially larger aggregates 

(~20-50 μm in diameter) were observed in the system that contained 1 wt.% SiO2 (Figure 4-6b), 

each comprising 10s-100s of primary oil droplets. All of oil droplets in this system were held 

within a larger aggregate. In the system with the highest SiO2 concentration (2 wt.%, Figure 4-6c), 

several moderately sized aggregates (~10 μm in diameter) comprising ~5-7 oil droplets were 

observed, with most of the primary oil droplets not exhibiting any aggregation. 

 

 

 

It was hypothesized that the degree of SiO2 interfacial adsorption attainable at different 

SiO2 concentrations was directly responsible for the observed variability in droplet aggregation. 

For SiO2 concentrations substantially below the value predicted by the mass balance for complete 

surfactant adsorption (e.g., 0.1 wt.%, Figure 4-6a), the free SiO2 surface area added likely induces 

partial amphiphilic adsorption of the free and interfacially-adsorbed SLES molecules. However, 

the available SiO2 surface area is insufficient for the high concentration of anionic surfactant in 

Figure 4-6 Optical micrographs of aggregates formed within nanoparticle-emulsion mixtures with aqueous 

SiO2 nanoparticle concentrations of 0.1 (a), 1 (b), and 2 wt.% (c) SiO2 nanoparticles. Images were taken 

following the addition of SiO2 nanoparticles to the neat emulsion, subsequent vortex mixing for 30 seconds 

at 2500 rpm, and a 24-hour equilibration period. Red circles highlight small and medium-sized aggregates. 
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the system and limits the attractive electrostatic interaction that can occur. Thus, the potential for 

SiO2 to reduce the electrostatic stabilization of the dispersed oil droplets and drive widespread 

droplet flocculation is limited at lower SiO2 concentrations. At SiO2 concentrations substantially 

greater than what was determined necessary by the mass balance (e.g., 2 wt.%, Figure 4-6c), excess 

SiO2 in the continuous aqueous phase of the mixture may form a percolated particle network which 

retards the gravitational phase separation of the dispersed oil droplets. 

However, as the SiO2 concentration approaches the value predicted by the mass balance 

(e.g., 0.2 wt.%, Figure 4-6b), complete neutralization of the negatively-charged SLES molecules 

by the positively-charged SiO2 nanoparticle surfaces occurs. It is worth noting that the SiO2 

nanoparticles do not remove the SLES molecules from the surfaces of the dispersed oil droplets in 

this case. Instead, the positively-charged SiO2 nanoparticles act as bridges between neighboring 

electrostatically-charged droplets which induce long-range floc formation. The progressive 

increase in the size of flocs following dilution and vortex mixing leads to the macroscopic 

gravitational phase separation that occurs in these systems (Figures 4-4 and 4-5). The tendency for 

floc sedimentation is enhanced by the increase in the effective density of the floc contributed by 

the integration of SiO2. The validity of the SiO2 interfacial adsorption hypothesis was tested by 

analyzing the oil droplet-depleted regions for each nanoparticle-emulsion mixture using dynamic 

light scattering, the result of which are discussed in the Chapter 4.3.3. 

Lastly, the primary oil droplets that comprised the flocs in the systems appeared to maintain 

their initial integrity, with no evidence of coalescence (interface disruption followed by droplet 

merging) after aggregation. Coalescence could potentially be facilitated during the prescribed 

droplet flocculation procedure through the utilization of hydrophobic particles with high aspect 
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ratios.34 The anisotropy of such particles could enable penetration of droplet interfaces, thus acting 

as nucleation sites for droplet coalescence events. 

4.3.3 Light Scattering Analysis of Droplet-Depleted Aqueous Regions 

Size distributions corresponding to the translucent, droplet-depleted, water-rich regions for 

representative nanoparticle-emulsion mixtures are shown in Figure 4-7. These data are shown for 

systems that contained 0.2, 0.75, or 2 wt.% SiO2. Small aliquots were taken from these systems 

after the 24-hour equilibration period that followed dilution. For the systems that contained 0.2 

wt.% SiO2 (Figure 4-7a), secondary vortex mixing was found to have a noteworthy effect on the 

degree of gravitational phase separation that occurred. When the nanoparticle-emulsion mixture 

was not subjected to secondary vortex mixing after dilution, most of the oil droplets from neat 

emulsion remained well-dispersed. This was represented by the presence of two peaks in the size 

distribution at 190.1 nm and 955.4 nm (Figure 4-7a), which strongly correlated to the initial peaks 

of the model emulsion (Figure 4-3). Contrarily, when the nanoparticle-emulsion suspension was 

subjected to vortex mixing (regardless of the order-of-addition), all dispersed oil droplets > 500 

nm in diameter were destabilized and phase separated. This was illustrated by the negligible 

scattering intensity from particles greater than 500 nm in diameter (Figure 4-7a). Additionally, the 

process of adding SiO2 to the model emulsion was shown to be markedly more effective at 

removing the dispersed oil droplets than when the order of this process was inverted. This was 

demonstrated by the slightly higher average diameter of the droplets that remained suspended in 

the droplet-depleted, water-rich phase in this case (i.e., 220.2 nm). 



 

 

 

Figure 4-7 Particle size distributions for the droplet-depleted, water-rich regions of nanoparticle-emulsion mixtures that contained (a) 0.2, (b) 0.75, 

and (c) 2 wt.% SiO2. Size distributions are shown for three mixing procedures: (1) where aqueous SiO2 suspensions were added to the emulsion, 

followed by vortex mixing (black squares), (2) where the model emulsion was added to aqueous SiO2 suspensions, followed by vortex mixing (red 

circles), and (3) where aqueous SiO2 suspensions were added to the emulsion, but were not subjected to vortex mixing (blue triangles). 
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Dynamic light scattering data for the droplet-depleted, water-rich regions of suspension 

containing 0.75 and 2 wt.% SiO2 (Figures 4-7b and 4-7c, respectively) provided additional support 

in favor of the SiO2 interfacial adsorption hypothesis proposed in Chapter 4.3.2. It can be clearly 

seen from the data in Figure 4-7 that as the concentration of SiO2 in the nanoparticle-emulsion 

mixture increased from 0.2 wt.% to 0.75 wt.% to 2 wt.%, the size distribution of the particles that 

remained dispersed in the system increased. Moreover, as the concentration of SiO2 increased, the 

intensity of a secondary peak at ~31 nm also increased. The emergence of this secondary peak 

very likely corresponds to the presence of excess SiO2 in the water-rich, droplet depleted region, 

given that the average diameter of the neat SiO2 nanoparticles was measured to be 31.2 nm (Figure 

4-1). The absence of this peak for the droplet-depleted regions of mixtures that contained 0.2 wt.% 

SiO2 also implies that all the nanoparticles added to the system were incorporated into the flocs 

which phase separated following dilution.  

It is worth noting here that some unknown proportion of oil droplets < 500 nm in diameter 

remained stabilized in the droplet-depleted, water-rich regions for all systems investigated. This 

behavior may be due to the comparable length scales of the SiO2 and the nanometric oil droplets. 

Even in the event that the positively-charged SiO2 completely neutralized and associated with all 

the negatively-charged oil droplets for a given system, the submicron nanoparticle-oil droplet 

complexes could remain stabilized by the thermal energy of the surrounding fluid. This contrasts 

with the dispersed oil droplets of the order of 1 μm or greater, which would have much higher 

surface areas available for association with SiO2 nanoparticles and would ultimately be more 

sensitive to the enhanced gravitational effects. Removal of these submicron oil droplets could be 

performed by any number of the currently implemented bilge water treatment methods, such as 
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centrifugation7,8 or ultrafiltration,9,10 each of which would benefit substantially from the 

incorporation of the currently proposed technique as a preprocessing step. 

 Summary 

The results of this work illustrate the following: (1) Complete gravitational phase 

separation of electrostatically-stabilized oil-in-water emulsions can be readily induced by 

attractive electrostatic interactions between the anionic surfactants at the droplet interfaces and 

positively charged SiO2 nanoparticles. (2) Rapid destabilization (< 1 hour) of all suspended oil 

droplets > 500 nm in diameter was observed when model emulsions were gently mixed with 0.2-

1 wt.% SiO2. (3) A simple mass balance based on the saturation adsorption of the stabilizing 

surfactant(s) and the free surface area of the added SiO2 nanoparticles can be used to predict the 

nanoparticle concentration required to induce widespread flocculation and phase separation of 

dispersed oil droplets.  

The results of the present study can be readily applied to similar oil-in-water emulsions 

with differing physicochemical properties by utilizing the following procedure: (1) quantify the 

interfacial adsorptive properties of the stabilizing surfactant via interfacial tension 

measurements,35–37, (2) measure the effective surface charge of the surfactant-stabilized oil 

droplets (e.g., via electrophoresis and light scattering measurements), (3) identify nanoparticles 

(e.g., SiO2, nanoclays, iron oxide, polymer latexes, or similar colloids) with a surface charge in the 

dispersion medium that is sufficiently high and opposite (positive or negative) to the surface charge 

of the surfactant-stabilized oil droplets, (4) approximate the nanoparticle concentration required to 

induce widespread droplet flocculation using the simple mass balance described herein, (5) add 

the necessary amount of nanoparticles to the emulsified system and follow with gentle shear 

mixing. 



127 

 

The prescribed procedure outlines a simple methodology which could be used in conjunction 

with many common water treatment techniques (e.g., ultrafiltration and centrifugation) to ease the 

strain on expensive equipment, reduce processing time, or to enhance the overall efficacy of the 

utilized treatment method. These results are therefore highly relevant to oil-water separation 

specialists that seek simple, effective, and inexpensive preprocessing strategies for the treatment 

of oil-in-water emulsions.  
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CHAPTER 5  CONTROLLABLE INTERNAL MIXING BETWEEN 

COALESCING DROPLETS INDUCED BY THE SOLUTAL 

MARANGONI CONVECTION OF SURFACTANTS WITH DISTINCT 

HEADGROUP ARCHITECTURES 

Portions of the following chapter contain text and figures adapted (with permission from J.J. Nash, 

P.T. Spicer, and K.A. Erk) from the article, “Controllable internal mixing in coalescing droplets 

induced by the solutal Marangoni convection of surfactants with distinct headgroup architectures,” 

J. Colloid Interface Sci., 529, 224-233, (2018) Copyright 2018 Elsevier Inc., DOI: 

10.1016/j.jcis.2018.06.011 

 Introduction 

The coalescence of two identical droplets, and the corresponding bulk fluid flows that 

emerge, has been studied at length in the literature.1–5 However, far less attention has been given 

to the coalescence of binary droplets with asymmetric physical properties, despite its importance 

to many industrial and research applications including enhanced oil recovery6, emulsification7, 

microfluidic reactors 8, and functional microparticle fabrication.9–11 

Many additional examples can be found in the literature of microfluidic applications that 

utilize the coalescence of droplets as a vital processing step in material fabrication. However, 

mixing immiscible phases in microfluidic devices often proves difficult because of the low 

Reynolds number flows encountered within microchannels. Several researchers have shown that 

the combination of immiscible fluids in microchannels can be improved with modified channel 

designs 12–14 or, quite often, by modulating the viscosity of one or both of the coalescing fluids to 

achieve desired bulk convective mixing. 15,16 While several detailed coalescence studies have 

investigated the effects of variable external oil phase viscosity on the generation of bulk flows in 
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coalescing water droplets,17,18 little attention was given to the potential influence of polar 

surfactant headgroup architecture in the generation of the observed opposing interfacial and bulk 

flows. Moreover, altering the viscosities of the bulk fluids is not always a viable option in 

microfluidic applications (for example, when high throughput is a processing requirement, or when 

a system is restricted to fluids with predetermined viscosities). Thus, additional routes for inducing 

a similar degree of internal mixing under these restrictions are necessary, and currently, no 

experimental studies in the literature have sought to provide insight into how appropriate surfactant 

selection can influence this phenomenon. 

Utilizing solutal Marangoni convection, also known as the Gibbs-Marangoni effect, 19,20 

provides a compelling avenue for inducing desired bulk flows in coalescing binary fluid systems, 

without the need for modulating bulk fluid viscosity. The Gibbs-Marangoni effect can be induced 

simply by adding a dilute concentration of a highly surface-active solute to one of the fluid 

droplets, while keeping the second drop initially free of any surfactant, then bringing the droplets 

into contact. When the two fluid droplets coalesce, a highly curved connective liquid bridge forms 

between them and expands rapidly due to interfacial stresses. In the inertial regime, a scaling 

relation derived from a simple physical argument can be used to describe the expansion of the 

coalescence bridge. 4 This scaling law predicts linear proportionality between the radius of the 

connective liquid bridge, rb (= Db/2), and the square root of the coalescence time, t1 2⁄ , given by 

the equation, Db/2 ∝ (Rγ ρout⁄ )1 4⁄ t1 2⁄ , where R is the initial drop radius, γ is the interfacial 

tension, and ρout is the density of the outer fluid. 

As bridge expansion proceeds, the resulting fluid motion acts to pull the droplets together to 

form a single, larger drop. However, in the presence of an induced surface tension (i.e., surfactant 

concentration) gradient between the droplets, opposing interfacial and bulk flows can emerge. This 



134 

 

is because surfactant molecules become nonuniformly distributed at the interface along the highly 

curved, connective liquid bridge separating the surfactant-laden and surfactant-free drops. 21 

Relaxation to a homogenous surfactant coverage does not proceed primarily by diffusion, but by 

a far more rapid process (i.e., the Gibbs-Marangoni effect) where the surfactant molecules at the 

interface swiftly migrate toward regions of highest local interfacial tension. This in turn generates 

interfacial motion in the direction of the surfactant concentration gradient that acts tangentially to 

the merging droplets, which is accompanied by bulk motion in the adjacent fluid layers. 

Consequently, bulk flows which drive the droplets together under the influence of a favorable 

reduction in capillary pressure, ∆P = 2γ/R, become unbalanced with interfacial flows. This 

ultimately results in opposing interfacial and bulk convective motion and can lead to pronounced 

bulk fluid mixing.  

It has been shown that the mobility22, as well as the degree of equilibrium interfacial 

adsorption of low molecular weight surfactants23,24, can vary substantially depending on the nature 

of the surfactant’s polar headgroup in a polar solvent such as water (i.e., whether it is anionic, 

cationic, nonionic, or zwitterionic). These interfacial characteristics are also well-known to have 

demonstrated importance in the occurrence of film rupture and coalescence for surfactant-laden 

fluid interfaces. 25,26 Therefore, it would stand to reason that strategically modulating the interfacial 

mobility, equilibrium saturation adsorption, and adsorption-desorption kinetics of the added 

surfactant would enable interested parties to control coalescence related phenomena, such as 

passively-induced internal mixing between emulsion droplets in the presence of a surfactant 

concentration gradient. Optimized design of such small-scale processes will require the ability to 

identify appropriate surfactants based on their physicochemical properties and performance in 

applications like diagnostic chips and other microfluidics systems. Thus, this work seeks to 
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demonstrate several key mechanisms relating the adsorption of two oppositely charged ionic 

surfactants and the manifested solutal Marangoni flows that drive bulk mixing between coalescing 

aqueous droplets in a viscous surrounding oil. Generalized relationships between the interfacial 

properties of low molecular weight surfactant and their potential influence on bulk coalescing 

phenomena are also provided. 

Many detailed experimental and theoretical analyses have been performed which elucidate 

early-stage coalescence phenomena of uniform liquid droplets both in air and an external liquid. 

1–5 However, fully developed mixing behaviors in the later stages of coalescence (i.e., several 

milliseconds following the onset of coalescence) are often a primary concern in microfluidic 

reactor applications. 8,27 Therefore, to aid in the design of such systems, the specific aims of this 

work were to (1) investigate the late-stage coalescence behavior of binary liquid droplets with an 

induced surfactant concentration gradient along the connective liquid bridge, and (2) illustrate how 

controlling equilibrium adsorption and solutal Marangoni motion through appropriate surfactant 

selection can encourage varying degrees of bulk fluid mixing. Through several complementary 

experiments, including equilibrium surfactant adsorption measurements, high-speed image 

processing, and concentration gradient-induced interfacial velocity measurements via particle 

tracking, we provide new insights into the fundamental relationships between optimized surfactant 

selection and bulk fluid mixing. Considering that the adsorption and interfacial spreading behavior 

of surfactants can vary dramatically depending on the electrostatic interactions of the surfactant 

present at the fluid interface in the bulk aqueous solution 28, detailed investigations which further 

elucidate the role of surfactant selection in the development of varying degrees of opposing flows 

within coalescing binary droplets are essential. 
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 Materials and Experimental Methods 

5.2.1 Materials 

The external liquid phase used during drop coalescence measurements was a triglyceride 

oil (Stepan Company, CAS Registry No. 73398-61-5) with a reported viscosity of 25 mPa∙s and 

density of 0.95 g cm-3, both at 25 °C. The oil was double-filtered through a chromatography 

column containing alumina (Fisher, CAS Registry No.  1344-28-1) to remove trace surface-active 

impurities prior to use. The droplets consisted of aqueous solutions prepared with water passed 

through a FilmtecTM reverse osmosis membrane (total dissolved solids ≤ 15 ppm, Dow Chemical 

Company). The two commercially available surfactants used in this study, ammonium lauryl 

sulfate, ALS (anionic surfactant, 30% in water, CAS Registry No.  2235-54-3) and 

cetyltrimethylammonium bromide, CTAB (cationic, ≥ 99%, CAS Registry No. 57-09-0), were 

obtained from Sigma-Aldrich and used without further purification. The blue dye added to the 

surfactant-free droplet in each droplet coalescence measurement used as an aid for visualizing bulk 

motion was purchased from Queen Fine Foods Pty Ltd. The flat metal capillaries (18-gauge x 1.0” 

blunt tip dispensing needles) used in coalescence experiments were obtained from CML Supply. 

5.2.2 Visualizing Rapid Binary Drop Coalescence 

A schematic of the experimental setup used for visualizing binary liquid droplet 

coalescence is shown in Figure 5-1. Experiments were performed using a pair of three-axis 

micromanipulators (Sensapex) secured to z-axis translational stages (THORLABS) flanking an 

inverted optical microscope (AE31, Motic Microscopes). Two water droplets with asymmetric 

compositional properties, each having an initial diameter of 2 mm (unless otherwise specified) 

were formed at the tips of 18-gauge metal capillaries and were made to contact at negligible 

approach velocities (~0.01 mm s-1) in a clear petri dish containing the low viscosity triglyceride 



137 

 

oil (5 mL working volume). Coalescence of the binary droplets was captured with a high-speed 

camera (Phantom v7.3) at 11000 frames per second. Measurements of the bridge expansion 

kinetics were performed via image processing using open-source ImageJ software.29 

 

 

 

A concentration gradient along the connective liquid between the two merging water drops 

was generated by adding the surfactant of interest to the leftmost coalescing droplet (Figure 5-1), 

while keeping the rightmost droplet surfactant-free. The surfactant-loaded droplet in each 

experiment contained either ALS or CTAB at a concentration of 2.5×10-3 mol L-1, which was near 

the experimentally determined critical micelle concentration (CMC) for each surfactant type. The 

relevant data used in determining the CMC for each surfactant is provided in Chapter 5.2.3. This 

initial bulk surfactant concentration was chosen because near and above the CMC, the chemical 

potential of the surfactant negligibly changes and as a result conditions at the interface do not 

change. 30 Thus, the surfactant-laden droplet interface in this experimental setup represents an 

Figure 5-1 An illustration of the experimental setup used to study coalescence between binary aqueous 

droplets in a surrounding oil. The leftmost aqueous droplet was laden with surfactant and the rightmost 

droplet was surfactant-free, yet contained a small concentration of dye to aid in flow visualization. 
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interfacial monolayer near saturation equilibrium. At the chosen bulk concentration, the 

equilibrium interfacial tension of the oil-water interface was 3.40 ± 0.48 mN m-1 for ALS and 3.01 

± 0.41 mN m-1 for CTAB, as determined by the drop shape analysis technique (Chapter 5.2.3). 

To help visualize the emergent bulk fluid motion during droplet coalescence, dye was 

added to the surfactant-free droplet at a concentration of 0.1 g L-1. The addition of dye did not 

substantially affect the oil-water interfacial tension (surfactant-free, pure droplet: γ = 23.67 ± 0.13 

mN m-1; surfactant-free, dyed droplet: γ = 21.42 ± 0.27 mN m-1), and thus its contribution to the 

emergent coalescence flows was presumed to be negligible in comparison to the presence of the 

highly surface-active molecules, ALS and CTAB.  

5.2.3 Determination of Interfacial Adsorptive Properties at the Oil-Water Interface 

Interpreting the relationship between the induced bulk flows and the contributing 

interfacial Marangoni stresses of coalescing binary droplets requires knowledge of the equilibrated 

interfacial adsorption for each surfactant-laden droplet prior to merging. The effective interfacial 

tension values for pure and surfactant-laden oil-water interfaces were obtained using axisymmetric 

drop shape analysis with a contact angle goniometer/tensiometer (Ramé-Hart) following 

experimental procedures established in previous work by Nash and Erk.31 The theory underpinning 

this technique and its corresponding application to study the effective interfacial tensions for air-

liquid and liquid-liquid monolayers have been previously discussed in the literature. 32,33 In brief, 

the interfacial tension of each oil-water interface was determined by fitting the shape profile of an 

aqueous pendant drop suspended from the tip of a flat 12-gauge PTFE capillary immersed in oil 

to the theoretical profile prescribed by the Young-Laplace equation, ∆P = γ (
1

R1
+

1

R2
). This force 

balance relates the differential in pressure, ∆P, across a curved interface to its principle radii of 

curvature R1 and R2, and interfacial tension, γ. As surface active solutes become adsorbed to the 
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interface, there is a demonstrable reduction in the capillary pressure. For a known pressure and 

interfacial curvature, the effective interfacial tension of the surfactant-laden interface can be 

directly measured. 

The equilibrium interfacial adsorption isotherms for dilute aqueous solutions of ALS or 

CTAB in contact with triglyceride oil are provided in Figure 5-2. In each adsorption experiment, 

the interfacial tension was measured over time for at least 45 minutes, or until a constant interfacial 

tension value was reached. The critical micelle concentration (CMC’s) for each surfactant was 

determined graphically from Figure 5-2 as the intersection of the linear fits to the low and high 

concentration regimes for each surfactant. Experimental CMC values for ALS and CTAB at 23 °C 

were ca. 5.5×10-3 mol L-1 and 0.95×10-3 mol L-1, respectively. The CMC value obtained here for 

ALS closely corresponded to the value found in the literature, 6.25×10-3 mol L-1. 34 Likewise, the 

CMC value obtained here for CTAB agreed well with previous observations in the literature of 

0.9×10-3 mol L-1 35 and 1×10-3 mol L-1.36 
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The surface excess concentration, Γm, corresponds to the maximum concentration of surfactant 

adsorbed to the oil-water interface of the surfactant-laden droplet at equilibrium and was 

approximated for each surfactant using the Gibbs adsorption equation, Γm =  −
1

mRT
(

dγ

d log c
)

𝑇,𝑃
, 

where γ is the interfacial tension (mN m-1), c is the bulk surfactant concentration (mol L-1), R is 

the gas constant, T is the temperature (K), and the integer, m, accounts for the charge interactions 

within the polar head group of the surfactant. For dilute aqueous solutions containing a single, 1:1 

ionic surfactant in the absence of excess salt, m = 4.606, which was taken for both anionic ALS 

and cationic CTAB. 37,38 Substituting the slope value of the best-fitting straight line in the low 

surfactant concentration regime from the interfacial tension versus log of surfactant concentration 

curve for 
dγ

d log c
 in the Gibbs adsorption equation, Γm was calculated for ALS and CTAB at the 

Figure 5-2 Interfacial tension, γ, versus log of surfactant concentration, c, in aqueous solution at 23 °C at 

the triglyceride oil-water interface measured by the drop shape analysis technique. Lines represent best-

fitting straight lines of the data in the low and high surfactant concentration regimes for each surfactant. 

The slope value of the best-fitting line in the low surfactant concentration regime was used in the 

determination of the surface excess concentration, Γm, for ALS and CTAB. 
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triglyceride oil-water interface. The minimum molecular area, Amin (Å2 molecule-1), was then 

determined from the equation, Amin =  
1×1020

ΓmNA
, where NA is Avogadro’s number. (Table 5-1). 

Determination of Surfactant-Induced Interfacial Spreading Velocity, Us 

The experimental setup used to study the interfacial spreading velocity, Us, of each 

surfactant when introduced into the pure triacylglyceride oil-water interface is shown in Figure 5-

3. The displacement of tracer particles (hollow glass spheres, 9-13 µm diameter, Sigma-Aldrich, 

CAS Registry No.  65997-17-3) seeded at the pure oil-water interface initiated by the introduction 

of a surfactant-loaded water droplet to the pure oil-water interface and driven by solutal Marangoni 

flow was measured. 

 

Table 5-1 Surface excess concentrations and minimum molecular areas calculated for ALS and CTAB 

at 23 °C at the triglyceride oil-water interface. 

Surfactant 

Surface Excess 

Concentration,  

Γm/(10
-6

 mol m-2)  

Minimum Molecular Area,  

Amin/(Å
2
 molecule-1)  

Ammonium Lauryl Sulfate (ALS) 0.76 218 

Cetyltrimethylammonium bromide (CTAB) 1.07 156 
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The motion of tracer particles was measured at a planar oil-water interface because this 

experimental scheme specifically enabled the measurement of Marangoni-induced flow rates 

under the effect of a surfactant concentration gradient at the oil-water interface. Ensuring that the 

measured flow rates were obtained for tracer particles located specifically at the oil-water interface 

and not within one of the subphases was most directly accomplished with a droplet coalescing with 

a planar oil-water interface. 

Preparation of a planar triglyceride oil-water interface containing the seeded glass spheres 

was performed using a modified optical microscopy cell and methodology adapted from the work 

of Park et al. 39 The cell used here consisted of a polystyrene petri dish (height 1 cm, outer diameter 

of 40 mm) and a concentric polystyrene cylinder (height 1 cm, outer diameters of 30 mm). An 

aluminum ring was inserted into the bottom of the inner polystyrene cylinder to pin the contact 

line of the oil-water interface. The inner cylinder was secured to the polystyrene petri dish using a 

Figure 5-3 Schematic representation of the experimental setup used to quantify interfacial spreading 

velocities, U
s
, under an induced interfacial tension gradient at the triglyceride oil-water interface. A side 

view depicting the introduction of a surfactant loaded water droplet at the surfactant-free, oil-water interface 

(containing tracer particles) is shown in (a) and an illustration of the surfactant diffusion mechanism, 

quantified by measuring the rate of displacement for tracer particles attached to the interface, is shown in 

(b). 
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fast curing epoxy and 0.1 mm glass spacers. This allowed for the oil-water system to achieve 

hydrostatic equilibrium, ensuring that a planar oil-water interface could be attained via the addition 

or removal of water from the outer portion of the sample cell.  

After forming a planar oil-water interface free of any solutes, an oil droplet containing 

tracer particles was directly added to the upper oil phase of the sample cell. This yielded a seeded 

tracer concentration of ~4×106 particles-cm-2 at the interface, a concentration which was necessary 

for accurate particle tracking measurements and quantifying the interfacial spreading velocities 

resulting from the introduction of surfactant. It should be noted that at this concentration, seeded 

tracer particles displayed slight aggregation. Very large aggregates would be expected to display 

lower interfacial spreading velocities in comparison to unaggregated primary particles due to their 

larger mass and could therefore introduce some degree of uncertainty into the measured interfacial 

spreading velocities in this experimental setup. However, the largest aggregates observed in this 

study consisted of 2-3 primary particles, and measurements of the steady-state, fully developed 

displacement rates for these aggregates were indistinguishable from the measured displacement 

rates of unaggregated, interfacially adsorbed primary particles. 

Following the seeding of tracer particles, the experimental cell was stabilized for 15 

minutes, then a 10 µL droplet of either surfactant solution was formed at the tip of a metal capillary 

within the oil layer. The droplet was equilibrated for an additional 30 minutes within the upper oil 

layer prior to contact with the planar oil-water interface to allow for saturated interfacial adsorption 

of the surfactant. Finally, the droplet was lowered slowly (~0.01 mm s-1) to contact the planar oil-

water interface and the resulting isotropic tracer particle motion was captured using an inverted 

microscope and high-speed camera (Photron Mini UX) at 2000 frames per second. Due to the 

remarkably high energy of attachment for micrometer-scale particles at the oil-water interface, 40 
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particle motion was presumed to be approximately two-dimensional for the duration of particle 

spreading. Care was taken to quantify the displacement of at least five tracer particles from two 

separate experiments for each oil-water-surfactant system, measured manually using ImageJ 

software. 

 Results and Discussion 

5.3.1 Effect of Surfactant Type on Bridge Expansion and Internal Mixing  

Our investigation of surfactant contributions in the generation of opposing flows within 

coalescing binary droplets begins with the consideration of two surfactant-free droplets sharing an 

equivalent initial diameter, 2R (= 2 mm), and approximately equal oil-water interfacial tensions 

(surfactant-free, undyed droplet: γ1 = 23.67 ± 0.13 mN m-1; surfactant-free, dyed droplet: γ2 = 

21.42 ± 0.27 mN m-1). Analysis of bridge expansion for the two, equally sized coalescing droplets 

with no added surfactant revealed that this system closely obeyed the Db/2 ∝ (Rγ ρout⁄ )1 4⁄ t1 2⁄  

scaling relation over the entire duration of droplet merging (Figure 5-4), agreeing well with the 

experimental observations of previous researchers.17,18 
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For equally sized coalescing droplets, where one of the drops contained 2.5×10-3 mol L-1 

ALS, the Db/2 ∝ t1/2 scaling relation was also closely obeyed, but a slightly reduced slope in the 

experimental data was observed. This indicates that the value of the prefactor, (Rγ ρout⁄ )1 4⁄ , in 

the coalescence scaling relation was influenced by the presence of ALS. Likewise, an even more 

pronounced decrease in the slope of this scaling relationship became apparent at longer times for 

systems containing 2.5×10-3 mol L-1 CTAB. This further suggests that the gradient in interfacial 

tension and timescale of solutal Marangoni flow of the chosen surfactant along the interface of 

expanding liquid bridge has a demonstrable influence on the value of the prefactor in the scaling 

relation, which was not explicitly accounted for or discussed in the derivation of this scaling 

relation. 

The characteristic time scale for coalescence of two equally sized drops with equal 

interfacial tensions in inviscid flow is set by τC = √(ρR3) γ⁄ . 41 For the merging of two 0.75-mm 

Figure 5-4 Kinetics of expansion for the connective bridge separating spherical droplets with an equivalent 

initial diameter, 2R (= 2 mm). The data represent the increase in the connective bridge diameter, Db, relative 

to 2R, as a function of the square-root-of-time, t1/2, succeeding the onset of droplet coalescence. 
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radius water drops in the inertial regime, with γ = 23 mN m-1, τC is ~4.2 ms. This characteristic 

relaxation time closely approximates the experimentally measured time required for the expanding 

bridge between the surfactant-free water droplets to become equal to the initial drop diameter for 

the system shown in Figure 5-5a. This approximation is less representative in the presence of a 

surfactant concentration gradient, which can be seen from the data in Figure 5-5b and 5c, for ALS 

and CTAB, respectively. Each of these systems require a longer duration for the diameter of the 

expanding bridge to be equal to the initial diameter of the drops. The observed increase in τC for 

systems containing ALS or CTAB, as well as the clear difference between their corresponding τC 

values, suggests that interfacial adsorptive and convective properties of the surfactant contribute 

to the decrease in the value of the prefactor in the coalescence scaling relation. This observation is 

discussed in greater detail in Chapter 5.3.3. 
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Figure 5-5a illustrates that negligible internal mixing occurred during the merging of 

surfactant-free droplets due to the generation of two balanced, plug-flow water jets which 

converged at the propagating coalescence neck. In this instance, the interfacial tensions of the 

converging droplets are balanced and thus no tangential stress was competing with the bulk fluid 

motion of the merging drops. This behavior agreed well with experimental observations of 

previous researchers. 17,18 Contrarily, coalescence of binary droplets with non-uniform 

Figure 5-5 Temporal shape profiles of equally sized water droplets coalescing in triglyceride oil. The 

leftmost droplet in each image contained either (a) no surfactant, (b) 2.5×10-3 mol L-1 ALS, or (c) 2.5×10-3 

mol L-1 CTAB, while the rightmost droplet in each image was surfactant-free, with dye added for flow 

visualization. The absence or presence of opposing flows at the interface and within the bulk of the merging 

droplets illustrate the effect of interfacially adsorbed surfactant molecules. Differences in the curvature of 

the jetted fluid following coalescence in (b) and (c) demonstrate the influence of surfactant headgroup 

architecture on the relative magnitude of these induced flows. The scale bars in each image are 0.5 mm in 

length. 
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compositions of a surface-active species displayed pronounced internal convective mixing during 

coalescence, the degrees of which strongly depended on the surfactant present at the oil-water 

interface of the surfactant-laden droplet.  

Distinct bulk fluid motion was observed in the presence of either anionic ALS or cationic 

surfactant CTAB for equally sized droplet with a capillary pressure ratio of ∆P2/∆P1 ≈ 5 (where 

∆P1 and ∆P2 are the capillary pressures of the leftmost droplet and the rightmost droplet, 

respectively) and are shown in Figures 5-5b and 5-5c. The presence of surfactant in the undyed, 

leftmost drop led to the formation of a fluid jet which propagated from the bulk of dyed, surfactant-

free drop as direct result of this droplet’s higher capillary pressure. For the binary droplets system 

containing 2.5×10-3 mol L-1 ALS, the motion of the jetted fluid appeared to occur under near plug 

flow conditions, with some discernable curvature of the jetting dyed fluid at later times. However, 

the internal mixing for the binary systems containing 2.5×10-3 mol L-1 CTAB was demonstrably 

more pronounced, displaying a much higher curvature of the jetted fluid at later stages of 

coalescence (i.e., after 5.8 milliseconds). 

5.3.2 Influence of Surfactant Type on the Development of Bulk Fluid Jetting 

To further aid in illustrating the marked influence of surfactant in the jetting behavior 

observed for binary droplet systems, the initial diameters of the two merging droplets were 

modulated by increasing the initial diameter of the leftmost droplet to 2.2 mm and decreasing the 

initial diameter of the rightmost droplet to 1.0 mm. Figure 5-6a shows that for asymmetrically 

sized droplets, both free of any added surfactant and of approximately equal interfacial tension, 

droplet merging led to only slight jetting of the fluid within the smaller diameter, surfactant-free 

droplet into the larger droplet as a direct result of the relatively small capillary pressure gradient 



149 

 

(∆P2/∆P1 ≈ 2) originating from the difference in initial droplet sizes. However, the magnitude of 

the capillary pressure gradient was insufficient to induce a great deal of internal mixing. 

 

In the case of binary droplet systems that contained a concentration gradient of either ALS 

or CTAB, the difference in diameter and interfacial tension between the binary droplets provided 

a much larger capillary pressure ratio (∆P2/∆P1 ≈ 11.5) and thus a greater driving energy for jetting 

of the fluid from the smaller droplet into the larger droplet containing surfactant during 

coalescence. The late-stage flows that emerged under these experimental conditions are shown in 

Figure 5-6 Flow profiles depicting the formation of fluid jets of different sizes for asymmetrically sized 

water droplets coalescing in triglyceride oil. The leftmost droplet in each image contained either (a) no 

surfactant, (b) 2.5×10-3 mol L-1 ALS, or (c) 2.5×10-3 mol L-1 CTAB, while the rightmost droplet in each 

image was surfactant-free, with dye added for flow visualization. The scale bars in each image are 0.5 mm 

in length. 
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Figure 5-6b and 5-6c, respectively. For the binary droplet system with 2.5×10-3 mol L-1 ALS 

present in the surfactant-laden droplet, the profile of the fluid jetted from the smaller, surfactant-

free droplet took the shape of a bulb-like plume with a relatively large diameter forming near the 

apex of the jetted fluid and slightly narrower base. Similarly, for the binary droplet system 

containing 2.5×10-3 mol L-1 CTAB, the late-stage internal flow also resulted in the formation of a 

fluid jet with a large bulb and narrow base. However, the jetting that occurred in this case was 

demonstrably stronger, with the formation of a mushroom-shaped plume of dyed water and a far 

narrower base.  

The difference in the shape of the jetted fluid that emerged in systems containing ALS or 

CTAB stemmed from the magnitudes of the convective mixing generated by the opposing bulk 

and Marangoni interfacial flows upon droplet coalescence. As the fluid from the dyed droplet 

flowed through the propagating coalescence neck, an interfacial diffusional flux developed in the 

opposite direction, as interfacially adsorbed surfactant molecules in the surfactant-laden droplet 

migrated from regions of high concentration to low concentration. This in turn generated eddy 

currents within the bulk of the merging droplets, just beneath the interface. In the case of CTAB, 

the driving energy for interfacial flux appeared to be sustained for a longer time than in the case 

of ALS, which led to more pronounced eddy currents and thus the observed jetting behavior. 

Furthermore, assessment of the displacement of the jetted fluid apex as a function of time 

for asymmetrically sized binary droplet systems, containing either ALS or CTAB (Figure 5-7), 

indicates a clear difference in the induced fluid motion. The rate of fluid jetting during the initial 

stages of coalescence was roughly 30% faster for the droplet system containing cationic CTAB 

compared to the analogous system containing anionic ALS (9.08 mm s-1 and 6.37 mm s-1, 

respectively, from a linear regression fit to the initial data in Figure 5-7). In Chapter 5.3.3, we 
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discuss in detail our experimental basis for attributing differences in the emerged jetting 

phenomena to differences in the magnitudes of the induced interfacial Marangoni flows 

accompanying each surfactant. The jetting phenomena observed between merging drops with an 

induced surfactant concentration gradient can also be explained by the induction of Marangoni 

convection, where low interfacial tension liquid along the oil-water interface of the coalescing 

neck is carried toward the higher interfacial tension regions in the surfactant-free droplet and 

accumulates. A localized increase in the hydrostatic pressure of this region follows and the 

development of a bulk flow of liquid from the surfactant-free droplet in the opposite direction of 

the Marangoni flow. 

 

  

Figure 5-7 Displacement of the jetted fluid apex, Δsjet, originating from the surfactant-free droplet into the 

surfactant-laden droplet as a function of time, t, succeeding droplet contact for asymmetrically sized droplet 

systems. Micrograph insets depict the position of the fluid jets 17.2 ms after the onset of coalescence. The 

scale bars in each image are 0.5 mm in length. 
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5.3.3 Comparison of ALS and CTAB Adsorption at the Oil-Water Interface 

Values for the surface excess concentration, Γm , in Table 5-1 indicate that CTAB 

molecules pack more densely at the triglyceride oil-water interface than ALS molecules, which is 

in line with previous experimental observations for the same or similar ionic surfactants at the oil-

water interface. 42,43 The negatively charged moiety of 1:1 anionic surfactants leads these 

molecules to have a relatively large hydrodynamic diameter in comparison to cationic surfactants, 

which have a comparably small hydrodynamic diameter surrounding their positively charged 

headgroups. 44 These differences in the hydrodynamic volume surrounding the hydrophilic 

portions of each surfactant molecule lead to differences in their corresponding equilibrium 

adsorptive capabilities at immiscible fluid interfaces. As a direct result, anionic surfactants tend to 

pack less efficiently at fluid interfaces than their cationic counterparts. 

Each of the experimental observations of the differences in the magnitudes of solutal 

Marangoni convection for ALS and CTAB would also suggest that Γm has a pivotal role in the 

timescale of Marangoni interfacial flow. A more densely packed interfacial layer laden with 

surfactant would be expected to behave more rigidly in response to interfacial tension and 

surfactant concentration perturbations. This rigidity restricts lateral surface movements and solutal 

Marangoni convention. Thus, the timescale for solutal Marangoni flow would increase, as the 

interface overall would take longer to relax to a homogenous state (i.e., regions of high interfacial 

tension and regions of low interfacial tension would exist longer for more densely packed 

interfaces). Under these conditions, the high interfacial tension regions would apply a high 

tangential surface stress over a longer duration. 

Likewise, considering that both ALS and CTAB are soluble in the aqueous phase, and can 

therefore adsorb and desorb from the bulk aqueous phase during droplet coalescence, both the 

surfactant’s diffusion coefficient, D, and bulk surfactant concentration, c, would be expected to 
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decrease the timescale of solutal Marangoni flow. A surfactant that can diffuse swiftly to the 

interface from the bulk would be expected to decrease the lifetime of interfacial tension gradient, 

(i.e., higher diffusion coefficients will favor a small concentration difference). Similarly, high 

concentrations of surfactant in the bulk would be expected to increase the overall adsorption rate 

of molecules near the interface, thus favoring small concentration gradients and reducing the 

timescale of solutal Marangoni convection. 

The timescale of solutal Marangoni convection, τM, was approximated using these 

parameters in the equation, τM =  
Γm

2

𝐷c2 . Incorporating the experimentally determined saturation 

adsorption values from Table 5-1, a bulk surfactant concentration of 2.5×10-3 mol L-1, and 

diffusion coefficients of 5×10-10 m2 s-1 for ALS, 45 and 1×10-10 m2 s-1 46 for CTAB, the 

characteristic timescale of solutal Marangoni becomes ~0.2 ms for ALS and ~2 ms for CTAB. The 

order of magnitude difference in τM implies that the time required for interfacially adsorbed ALS 

molecules to respond and dampen interfacial tension fluctuation is far faster than that of CTAB 

molecules. 

Regarding the flows observed in the coalescence of binary droplets with asymmetric 

compositions, the differences in interfacial motion between surfactants can be directly attributed 

to the magnitudes of the surfactant molecule’s corresponding τM values. The timescale of solutal 

Marangoni convection is shorter than the characteristic coalescence timescale for two water 

droplets of equal diameters and interfacial tensions in the inertial regime for ALS (i.e., τM < τC). 

The driving energy for solutal Marangoni-driven convection is therefore relatively low because 

interfacial relaxation toward a homogenous interfacial tension along the coalescing bridge occurs 

faster than the time required for droplets to completely merge. In contrast, these timescales are 

very close in magnitude for systems containing CTAB (i.e., τM ≈ τC). Thus, for CTAB molecules, 
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relaxation toward homogenous interfacial tension takes much longer and is on the order of the time 

required for droplets to merge, which leads to the development of strong Marangoni-driven 

convection and competing bulk and interfacial flows. 

5.3.4 Surfactant Interfacial Spreading Under an Induced Concentration Gradient 

Figure 5-8 shows the distance tracer particles travel as a function of time at the (initially) 

pure triglyceride oil-water interface following the introduction of a 2.5×10-3 mol L-1 aqueous 

droplet solution of either anionic ALS or cationic CTAB. These data represent the fully-developed 

motion of the particles, starting 6.5 ms after the introduction of surfactant into the pure oil-water 

interface. 

 

 

  

Figure 5-8 Seeded tracer particle displacement, Δsparticle, versus time, t, following the introduction of a 

2.5×10-3 mol L-1 aqueous droplet solution of anionic ALS or cationic CTAB surfactant at a planar 

triglyceride oil-water interface. Motion of the interfacially seeded tracer particles resulted directly from the 

induced surfactant concentration gradient of either ALS or CTAB. Data are shown for fully developed 

particle displacement rates, 6.5 milliseconds after initial contact between the surfactant-laden drop and the 

planar oil water interface. 
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These data show a clear difference in the steady-state spreading velocities, Us, of seeded 

glass spheres under the induced concentration gradient (i.e. for ALS: Us = 0.202 m s-1; for CTAB, 

Us = 0.333 m s-1) which implies that the surface motion driven by unbalanced interfacial tensions 

in the presence of cationic CTAB molecules exceeds that of ALS molecules. Taking the initial 

droplet diameter, 2R (= 2 mm), as the characteristic length scale, an estimation of the characteristic 

timescale for the oil-water interface to deform under the induced surfactant concentration gradient 

can be obtained from τD = 2R/Us. Approximations of τD yield 10 ms for ALS, and 6 ms for CTAB. 

These calculations for the characteristic timescales of interfacial deformation under and induced 

surfactant concentration gradient provide additional evidence that ALS molecules express a lower 

driving energy for solutal Marangoni-driven convection in comparison to CTAB molecules. As 

the driving energy for solutal Marangoni convection is lower for ALS, the overall motion of solutes 

attached to an oil-water interface when subjected to a concentration gradient would be expected to 

be influenced less by gradients in surfactant concentration because such gradients are short-lived. 

The primary difference between the between measuring the interfacial spreading properties 

that develop in a droplet-planar coalescence system as opposed to a droplet-droplet system is the 

direction of the generated bulk flow between the aqueous droplet and planar water reservoir upon 

coalescence. In the case of the droplet-planar interface arrangement, the capillary pressure ratio, 

∆P2/∆P1 (where ∆P1 and ∆P2 are the capillary pressures for the surfactant-laden droplet and planar 

water reservoir, respectively), would approach zero because of the approximately infinite radius 

of curvature of the planar water reservoir. This would in turn produce a driving energy for bulk 

fluid motion to propagate from the surfactant-laden droplet into the surfactant-free, planar 

reservoir. This bulk fluid behavior stands in contrast to the bulk flows observed and quantified in 

Chapter 5.3.3, where bulk fluid motion was driven from the surfactant-free droplet into the 
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surfactant-laden droplet due to the capillary pressure gradient. However, Marangoni-induced 

interfacial flows always act in the direction of the interfacial solute concentration gradient 19 and 

occur on a shorter timescale than bulk flows. Thus, the measured values for the interfacial 

spreading velocities (i.e. the Marangoni-induced interfacial flowrates) would presumably be 

minimally influenced by the experimental arrangement. 

It is worth noting once again that this difference in interfacial spreading was observed for 

two surfactants with distinct chemical architectures, which both reduced the interfacial tension of 

the pure triglyceride oil-water interface to approximately 3 mN m-1 at a high bulk concentration. 

The observed differences in interfacial spreading and jetting behavior during the coalescence of 

binary droplets with nonuniform compositional properties must be explained by additional 

interfacial relaxation mechanisms, which have not previously been studied in detail by the recent 

literature. 

 Summary 

Direct observation of the bulk flows generated during the coalescence of binary water-in-oil 

droplets with non-uniform physical properties and characterization of the contributive surfactant-

induced interfacial phenomenon was performed. Mechanisms responsible for the observed 

opposing interfacial and bulk flows between merging surfactant-laden and surfactant-free droplets 

were also described. Fluid jets that developed during binary droplet coalescence were a direct 

result of convection driven solutal Marangoni flows which generated a rapid redistribution of low 

interfacial tension bulk fluid around the perimeter of the high interfacial tension bulk fluid. The 

degree of interfacial spreading and bulk fluid redistribution was greater for cationic CTAB 

molecules compared to ALS molecules due to stark differences in their equilibrium adsorption 
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values, kinetic re-adsorptive rates during droplet coalescence, and overall tendency for expressing 

solutal Marangoni convection. 

This work stands in contrast to work of previous researchers in that control over bulk flows 

during the coalescence of binary water droplets was induced entirely through optimized surfactant 

selection, with no need for modulation of the bulk viscosities of the outer or inner liquid phases. 

Our experimental results provide additional experimental confirmation that the governing power-

law relationship for coalescing droplets in the inertial regime is obeyed in the presence of an 

induced surfactant concentration gradient, but the prefactor in this relationship is strongly 

dependent upon the interfacial properties of the added surfactant. 

The analyses and relationships outlined in this work can be generalized for many different 

surfactant types, including anionic or cationic surfactants with longer alkyl chains than those 

investigated here, nonionic surfactants with various alkyl tail lengths, and zwitterionic surfactants. 

The parameters which are expected to shorten the timescale of solutal Marangoni-convection 

(while decreasing its driving energy) include the surfactant’s diffusion coefficient and bulk 

concentration, while equilibrium interfacial saturation adsorption is the primary contributor in 

extending the timescale of solutal Marangoni convection. Thus, enhancing the bulk mixing of 

binary drops with an induced concentration gradient can be done by selecting a surfactant that 

packs densely at the immiscible fluid interface and adsorbs to the interface strongly. Zwitterionic 

and polymeric surfactant would likely be ideal candidates for such applications due to their 

relatively small diffusion coefficients and dense interfacial organization capabilities.47 

One of the most advantageous applications of using the controlled coalescence of droplets 

with asymmetric properties is in the synthesis of functional nanoparticles. Recently, Frenz et al. 27 

demonstrated that magnetic iron oxide nanoparticles could be precipitated in a highly reproducible 
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reaction following the fusion of droplet pairs consisting of different reagents in a 

hydrodynamically coupled, single-nozzle microfluidic device. Controlled pairwise mixing of 

aqueous droplets in oil was produced by electrocoalescence 48 and the droplets were prevented 

from fusing prematurely by using a uniformly distributed surfactant at the interfaces of both 

droplets. The methodology developed by these researchers could be readily adapted to incorporate 

the findings of the present manuscript by isolating the surfactant to one of the inlet droplet flows, 

while leaving the other surfactant-free. Upon merging, Marangoni-induced flows would produce 

pronounced bulk mixing between the drops, like those explored here. Moreover, enhanced control 

over the degree of mixing obtained between the drops at different timescales could be explored 

with the previously discussed surfactant selection criteria. 

In this study, we proposed a simple, yet robust experimental methodology for directly 

quantifying the solutal Marangoni timescales of surface-active compounds at the oil-water 

interface under an induced concentration gradient. With this method, the spreading efficiencies 

and encouragement of bulk fluid mixing for potentially any surfactant type at the oil water interface 

can be economically measured. The insights garnered from this work provide a compelling 

alternative route for inducing bulk flows in microfluidic devices without the need for modulating 

bulk phase viscosities. 
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CHAPTER 6  CONCLUSIONS 

 Summary of Projects 

The two main objectives of this thesis were to (1) elucidate fundamental relationships 

between the mechanics of complex fluid interfaces and the anticipated stability of bulk emulsions 

they comprise through interfacial rheological measurements, and (2) to present innovative 

methodologies for modulating the kinetic stability of model oil-in-water emulsions via physical 

chemistry principles. 

The first two projects of this work provided experimental evidence toward addressing 

Objective (1). The first project in this thesis focused on how interfacial rheology influences an oil-

in-water emulsion’s susceptibility to coalescence and, by extension, its extended kinetic stability. 

This analysis was carried out by measuring the dilatational rheology of conventional oil-in-water 

nanoemulsions stabilized by one of two emulsifiers; one of which displayed highly viscoelastic 

interfacial characteristics and one that did not. The results of this study illustrated that greater 

dilatational viscoelasticity positively correlates to a nanoemulsion’s resistance to coalescence. 

This correlation was demonstrated by dynamic light scattering measurements which revealed 

smaller increases in the average droplet diameter and size distribution of dispersed oil droplets 

over time for systems with highly viscoelastic interfaces (i.e., those stabilized by lecithin). 

The second project in this thesis built upon the premise that enhanced dilatational 

viscoelasticity contributes to an emulsion’s resistance to destabilization via coalescence. In this 

study, oil-in-water Pickering emulsions stabilized by SiO2-surfactant complexes were created. The 

interfacial mechanics of the SiO2-surfactant complexes were compared to the those of both the 

SiO2 and surfactant alone. The SiO2-surfactant complexes were shown to have a synergistic effect 

on the magnitude of the dilatational viscoelasticity of the multicomponent oil-water interface. 
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Moreover, the dilatational elastic modulus for uncompressed SiO2-DPPC surfactant complexes 

(~50 mN m-1) was also an order of magnitude higher than previous observations. The increase in 

interfacial viscoelasticity provided by the SiO2-surfactant complexes at the oil-water interface was 

positively correlated to the coalescence resistance of the dispersed oil droplets within the emulsion. 

The last two projects of this work provided experimental evidence toward addressing 

Objective (2). The third project utilized a complex coacervation mechanism to neutralize the 

surface charge of electrostatically stabilized oil droplets and induce rapid oil-water phase 

separation. Negatively-charged oil droplets stabilized by one of the most common industrial 

surfactants, SLES, were made to flocculate and gravitationally phase separate by positively-

charged SiO2 nanoparticles. A simple mass balance was developed which enabled the prediction 

of the required charged-nanoparticle concentration necessary be added to an electrostatically-

stabilized emulsion to produce the desired destabilization effects. 

The forth project of this thesis demonstrated how coalescence could be used to produce 

tightly controlled internal mixing between two merging droplets. It was found that asymmetric 

surfactant concentrations within the merging droplets produced pronounced fluid jets that 

propagated from the droplet of higher capillary pressure into the droplet of lower capillary 

pressure. Moreover, it was found that the rate of displacement for the jetted fluid could be 

modulated through appropriate surfactant selection. Surfactants with different headgroup 

architectures (i.e., anionic versus cationic) were found to produce different jetting rates due to 

differences in their adsorptive and interfacial dilatational rheological characteristics. 

 Future Work and Outlook 

The relationship between interfacial rheology and coalescence was studied extensively in 

Chapter 2 and Chapter 3, with some suggestions toward its role in inhibiting other destabilization 
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mechanisms (e.g., Ostwald ripening). Future work on this topic could focus on how interfacial 

viscoelasticity influences the dissolution rates of partially water-soluble lipophilic compounds 

encapsulated within oil-in-water emulsions. Dissolution rates could be probed experimentally 

using dynamic light scattering, visual observation, optical microscopy, and differential scanning 

calorimetry methods. 

Gravitational phase separation of dilute, electrostatically stabilized emulsions by a charge 

neutralization and flocculation mechanism was the emphasis of Chapter 4. Future work on this 

topic could focus on how different particulate chemistries can produce the same rapid phase 

separation behavior observed in this study. Specifically, polymer latexes may act as a suitable 

alternative to SiO2 nanoparticles due to their inexpensive fabrication, ease of surface chemistry 

modification, and closely matched density (~1.1 g cm-3) to that of water. Each of these 

characteristics make these materials worthy of further investigation in oil-in-water emulsion 

destabilization studies. 

In conclusion, interfacial rheology has been shown to be an invaluable characterization tool 

in predicting the stabilization behavior oil-in-water emulsions. The connection between interfacial 

dilatational rheology and bulk emulsion stability remains elusive. However, this body of work 

further elucidates its intimate connection with the susceptibility to coalescence of dispersed oil 

droplets. 
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